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Abstract

The cationic magnesium  moiety of chargedseparated magnesium
organohaloaluminate complexes, relevant to rechargeable Mg battery electrolytes,
typically takes the thermodynamically favourable dinuclear JfBAg* form in the
solid-stae. This thesis reports that judicious choice of Lewis donor allows the
deliberate synthesis and isolation of pineviously putativenononuclear [MgCi]and
trinuclear [MgCls]* modifications, hitherto only postulated as existing within
electrolytic solubns, forming a comparable series with a common aluminate anion
[(Dipp)(MesSi)NAICI3]".

Battery prototypes using these magnesium aluminates possessing different cation
aggregation as electrolytes were built in order to study the effect of the aggregation
state on their performances. Despite early decomposition hindrance of some of the
studied electrolytes, surprising behaviouaswobserved with thestability of the
mononuclear specigsvhichis highly enhanced compared to the higher aggregates.
Rationally, this increased stability was attributed to the presence of the tetradentate
Lewisdonor, MesTREN, used to control the aggregationtbé mononucleazomplex

Rechargeable batteriesing magnesium organohaloalumie electrolytes suffer from
unwanted corrosion of the components of the battery cell (e.g., stainless steel parts),
which is attributed to the presence of chloride ions. We déageocedure to prepare
soughta f t er magnesium compounds possessing
[Mg 6THF]**, by simply transmetallating the organic moieties from a magnesium
reagent MgRto an aluminium reagent AIR(R = Ph or pyrrolyl). Irrespective of how
successful the method is, these types of compound were revealed to be insoluble in
ethereal solvents, presumably due to the strong opposite charge attraction emanating
for the dication. By usinga -diketiminate ligand, the magnesium cation
[(°PPPNacnac)Mg2THF]" was created, reducing the opposite charge attraction to give

a soluble complex. These synthetic advances, alongstiminary battery tests, give

an insight into where the problemsilethe applicability of chlordree compounds as

electrolytes.

Finally, as a potential alternative to aluminate complexes reported in the literature, the
synthesis and characterization of analogous group 13 gallate complexes was

successfully carried out.
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Chapter 1: Introduction

This chapter is an introduction covering the most useful aspects of
organometallic chemistry required to have a basic understanding in the synthesis of
complexes which can potentially be used rashargeable magnesium batteries
electrolytes. It will start with a general view of the two major metals involved in this
study, namely magnesium and aluminium. The introduction will then continue with
chemistry more related to the battery area, whichxisemely wide and requires a
broad knowledge in a variety of chemistr:
mostly approach the essential basics in electrochemistry and material chemistry to give
an overview of the full process, but it will cover raan-depth the advances in the
hunt for the perfect electrolyte featuringhe fundamental and current issues
encountered, the evolutions leading to the first prototype and the novelties that led to
the results presented in this thesis.

1.1. Metals of irterest

Throughout thisPhD projectsthesis a few metals were continuously used in
the laboratory under different forms and for different purposes. As introduced earlier
the two metals of interest, magnesium and aluminium, will be presented first and so in
a relevant fashion to frame the context of this thesis and make the reader familiar with
the previous advances judged important. It is however worth mentioning that despite
not being introduced, organolithium reagents were used to prepare a varietijraf star
materials in classical synthetic ways. For more information, a review by Rathman and
Schwinder man provides wuseful accounts or
handling of commercial organolithiums: alkyllithiums, lithium s#ganoamides, and

it hi um alkoxi deso.

l|Page



Chapter 1: Introduction

1.1.1. Magnesium

Group 2: Alkaline earth metal
Atomic mass: 24 g/mol
Density: 1.738 g/cth

Oxidation state+2, +1, 0
Orbital: [Ne] 3%

Price: 1.41 GBP/kg
Production: 800 000 tames/year

Magnesium is tb second lightest element gfoup 2 of thePeriodic Table
which are cokctively know as alkaline earth metals. Oarh it isassumed to bine
fourth most abundamhetal( 1 3. 9% of % His & hebasthammagraally.
used in ancient times undeetform of talc and soap stoné@ggszSisO10(OH).2] which
were found in the Magnesian district of Thessaly situated in GfeBoe.discovery
of elemental magnesium was however attributed to the Scottish scientist Joseph Black
who studied the edict of magnesium carbonate for the treatment of kidney diseases
back in 1755 at the University of Glasgow, but we had to wait some 50 years before

observing magnesium its pure form thanks to Sir Humphry Davy.

Since then magnesium found its use in a ity of ways due to its promising
properties; being one of the lightest meialwas a popular constituent for aircrafts

during the Second World War, its ionic properties improves disease prevention and
oneds overall heal t h pomadtelément @ thenyistry with b e c a
the example of the widely used organometallic Grignard reagents in synthetic
chemistry (of empirical formula RMg)R: alktl, aryl, vinyl,X: CI, Br, 1).>'” However

its potential is not yet fufi exploited and magnesium is already making its way to its

next breakthrough in energy storage with the development of rechargeable magnesium

batteries which in theory outclasses the recent powerfigri_batterie$:®

2| Page



Chapter 1: Introduction

1.1.1.1. Preparation ofmagnesium reagents

In the world of chemistry, Grignard reagents have been one indispensable tool
in the formation of numerous elemeadrbon bonds for more thatDO years. In
comparison with its other commercially available organometallic competitors, such as
organoithiums or organoaluminiurgy organomagnesiums offer a few notable
advantages. The solvent of choice both for preparation and utilisation of Grignard
reagents has been diethyl etfterO) for many years before being gradually replaced
by tetrahydrofuran (HF), in contrast, organolithiums are known to react at room
temperature with ethers and therefore hydrocarbons are usually favoured. The
relatively easy preparation of Grignard reagents and related compounds (Scheme
with elemental magnesium and orghatbgen compounds generally offers a good
flexibility for the choice of the R group, either for its nature (alkyl, amine) but also for
its steric bulk Bu, CH:SiMe3).°

O O
\—
Et,O dioxane /\
Mg + RX —2— 3 RMgX ——— 3 0.5MgR, + 0.5[MgX;-G O]
Etzo —

Grignard reagent

Scheme 1.1 Preparaion of Grignardand other organomagnesiuneagents.

A noticeable numér of recent breakthroughs in organomagnesium chemistry originate
from Knochel and cavorkers since he first reported a route for the preparation of
functionalised Grignard reagents via halogeetal exchange reaction, this
overcoming thesynthesisof organomagnesium reagenissing poorly activated
functionalised groups-*?Other efficient preparation methods were later achieved by
insertion of magnesium (this method was also extended to zinc chemistry)@ito C

and GBr bonds in the presence of LIEi’l n 2004 Knochel -develo
Grignard reagent o, an enhanced Grignard
of LiCl to 'PrMgCI 18 This enhanced reactivity idtained by the cooperation between

both metals within the molecule to form &ate complex leading to synergic
metallation of aromatic compounds. Whereas Knochel pioneered the salt supported

approached?® Kondo?° Uchiyama?! Mongin?>2Hevia*? and Mulvey® 28 focused

3| Page



Chapter 1: Introduction

on the mixed organic anion approach, but also applied this new generation of
organometallic reagents to other metdi$hese bases are commonly made up of an
alkali metal such as Li, Na d¢ and a secondary metal such as'Miin®®, zn:, to
form a contacted iorMl)pair oOated compl ex

a) b) ? ) ?
o, /\ .‘Q \/ /<N \ /<N
a/ \Mn—N

i Mg N NIPZRN
0 \\./ °N N )\‘ Li_  Zn-"Bu
(ol RS /N </ % N/ \nB/
u
llllll N ?Hz /\
N SiMe,

Figure 1.1: Representative examples of bimetallic bases) (THRLi(CRMg(THF)(TMP),b)
(TMEDA)Na(TMP)(€$IMeg)Mn(TMP) c) (TMEDA)Li(TMP)ZBu).

1.1.1.2. Structures of Grignard reagents and magnesium s$gl

This thesis reports the constitutional behaviour of Grignard reagents and
magnesium chloride in both the solid state and solution. In the literature a few studies
showed that the investigation of these compounds in solution was very challenging
and alttough the solid state can provide useful information, the solution state often
involves complicated equilibria. Yamaguchi and Imamoto decided to use coldspray
ionisation mass spectrometry (G8B5) and Xxray crystallography to study Grignard
reagents in teéthydrofuran (THF). Their solidtate studies on different recrystallised
Grignard reagents (RMgCl, R: Bn, PBu, Me) in THF showed three dominant
constitutions of MgGland RMgCI (Figurel.2). The neutral dimef which possesses
two tetracoordinated mageium atoms with the organic moiety, two chloride atoms
and one THF and two hexacoordinated magnesium with four chloride atoms bridging
the Mg atoms together. The molecuBsand C are both magnesium magnesiate
separated ion pairs which possess the satwated dinuclear cation where three ClI
atoms are bridging two Mg atoms ([MYsATHF]"). The anion ofB is a solvated
monomer [RMgCIAHF] whereas C has a an unsolvated dianionic dimer
[RaMg2Clz]? .32
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Figure 1.2:Molecular structures ot) BzMgsCk(THF, A (phenyl rings are omitted for clarityl)
['BuMgCITHF] [Mg2CEi6 THF] B; c) [PhuMg2Cb]?> 2[Mg.CEI6 THF], C

The solution study of Grignard reagents with G&8 supported the importance of the

[Mg2Cls]* cation observed ithe solid state which is believed to be a key component
inthereagen6s reactivity. The study etlireea sol
main ion peaks ah/z457, 529 and 601 corresponding to [MeX@ATHFH]* where

n =4, 5 and 6 respectively (Figute3). lonisation mass spectrometry is known to

induce ionisation of neutral species by adding hydrogen atoms to a metal, hence these
results support the presence of the neutral species MEMGIHF (n= 46).33 In

addition to this study, the most observed form of cationic magnesiumdghiorthe

literature is [MgClsATHF]" with a large variety oounteranions34 36
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o0 529 [MeMg,Cla(THF)s—H]*

601 [MeMg,Cls(THF)e—H]™

50
457 [MeMg,Cla(THF) 4—H]*

360 400 500 600 700 800
m/z

Figure 1.3 CSIMS spectrum of a solution of NUgClI in THF.

Many more aggregation | evels of neutr al
showed dependence upon the counter anion, the sterics of the donor solvent and the
reaction stoicrimetry. It is interesting to start with Nig the simplest form of Mg

cation often found in aqueous solution but also observed in ethereal solvents. Studies
by Harder show that no aggregation rel at
certain counterrdons are used, a rare case as the relatively strong electrostatic bonding
shared by the doubly charged alkaline metals of Group 2 and the anions tend to induce

a kinetic stabilization of the contacted ion pair. However the separated ion pair can be
readily formed if both the cation and anion are stabilized. The two examples in Figure

1.4 show how six molecules of the strong polar donor solvent THF coordinates to
obtain a nearly perfect octahedral geometry enhancing this stabilization effect. Harder

et al.believed that the coordination effect of the donor solvent is not the only factor
involved, and that the packing of the counter anion plays a massive role by
encapsul atindgdtbat[ MgABTHFR boxo which i
between the TH | i gands and the <counter ani on
bonds®"38
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Figurel.4 Molecular structure oB) wa 31 S*'Q[PHBB andb)wa 31T S QENDG&H:OMe)] .
One Ph and one {GHsOMe) per anion were omitted to show the encapsulation with more clari

In the case of the mononuclear cation [MgQiwas observed only a handful of times

by X-Ray crystallography. In order to preserve this cationic form the Mg atom requires
a significantoulk with at least five THF moleculesrepresented in Figurk5. Other
examplesreported include a [MgCi]lmonomer using more sterically demanding
ligands such as crown ethers which still need an extra coordinated water molecule to
occupy the other axigosition trans to the chloride apdevent the formation of the
neutral MgC# species® The reason why the cation adopts this aggregation level in
bulk THF instead of the more commonly observed {BIg8THF]" has not been
investigated. And the rational exX@yanat.i
t h e bia efechdoes not seem to be applied in this case. With only four examples
with different counter anions ([AlG]l, [FeClL] , [Fe(CHPh)] and [Cus(viph)sBr2] ,

viph = o-vinylphenyl) the most probable supposition is that being not often observed
in solid state it is thought to be a less favoured aggregation state, but it nevertheless

shows evidence of its existence in soluti®f?
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Figure 1.5Molecular structure othe cation[MgCISTHF".

The dicationic dimer [MgClLLADME]?** was reported when I@methoxyethane
(DME alsotraditionally known aglyme), was used as the Lewis donor solvent. The
difference of bulk and denticity of two glyme molecules compared to the three THF
molecules seems to prevent a third chloride bridging &4fdAMoving to the even
higher denticity of diglyme [bis(®ethoxyethyl) ether] a neutral dimeric form of
MgCl. is favoured as there ispace for only onetridentate solvent molecule
coordinating the Mg atom hence not covering the area around the Mg atom enough to
prevent MgCl terminal bond$® Finally a bidentate donor ligand or a donor solvent
with a moderate bulk such as TMEDA or dietlether wasshown to favour the
trinuclear [Mg( £Cl)2( £Cl)sAonor] cation (counter ion [Fe(Bgl). This
aggregation represtma cluster where each Mg atersurrounded by four Cl atoms,
where three of the Cl atoms are bridging two Mg atoms to form #LNlgng. The

two remaining Cl atoms coordinate togh Mg atoms to give a trigonal bipyramifd?’

These different studies show how diverse forms of magnesium chloride can be
observed by Xay crystallography and how difficult it can be to predict which
aggregation state# would adopt during a reactioithe structure of a compound in
solid state is also dependent on the packing which is also related to the lattice energy
expressed by the Boiirandé equation (Equatiot). Moreover, in solution the
behaviour of the speaeis often complicated due to equilibria and redistributions
hence no definite conclusions can be made only based on the solid state structures
(Figurel.6).
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0O —— p - Equationl
Na: Avogadro consta 8o . permittivity of free space
M : Madelung constatnt ro : distance closes to ion
Z’%: numeric charge number of cation/anion n : Born exponent

e : elementary charge

Figure 1.6Molecular structures ofl) [Mg-Cki4DME}* b) [Mg=Chki2diglyme]c) [MgsCESTMEDA]

1.1.2. Aluminium

Group 13: Post trasition metal
Atomic mass: 26.982 g/mol
Density: 2.700 g/cfh
Oxidation state#3, +2, +1, 0
Orbital: [Ne] 383p*

Price: 1.085BP/kg
Production:45 million
tonnesfyear

Aluminium is the second lightest element of group 13 and is the first post
transition metal of the periodic table. The natural abundance of aluminium is even
more notable than magnesium, being the third most abundant element on earth and the
most abundant met al in the earthds crust
Greeks and the Romans during the antiquity period in the dyeing process as a
mordant®® Since its first partial elemental isolation in 1825 by the Danish scientist

Hans Christian Oersted, aluminium rapidly became an egtyepopular metal in
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everyday life due to its advantageous properties; lightheignetal, resistant to

oxidation and corrosion, malleable, ductile, fioric and noAmagnetic.

If aluminium is notoriously popular as a material, in chemistry organoaluminium
reagents do not have the notoriety organomagnesium reagents have. Nevettheless i
stil is a huge actor in the organometallic world, with the example of
trimethylaluminium known as a chloride abstractofcatalyst for the ZiegleNatta
reaction in the polymerisation of alploéefins, chemistry that was rewardeth the
Nobel Prizem 1963*° Sincethen aluminium grew in popularity in synthetic chemistry

as a strong Lewis acid catalyst for the FrieQedft reaction, a reducing and alkylating
reagent or in synthetic organic chemist¥y? In the last five years, Nakamura et al.
developed the first Negishi cressupling variant using cheaper irgatalyst and aryl
aluminum reagents, and even more recently a direct cross coupling using
organoaluminium reagents in the absence of angatalysts was reported by

Uchiyama3'°°

1.1.2.1. Uses of aluminium reagents in chemistry

Organoaluminium and related compoundsrafatively easy to synthesise and
various routes have been developed. A quick highlight would include direct insertion
of aluminium powder into alkyl halides and more recently into aryl halides in the
presence of LIiCl salt, an extremely useful methodditep to an efficient
functionalisation of aromatic and heteroaromatic aluminium compoiinaisother
method involves the reaction of alinium powder with alkenes in the presence of
hydrogen leading to hydror carbe alumination which can further react with alkenes
or alkynes; a method often used for cross coupling reactfodsAnd finally a
classical transmetallation method with more electropositive organolithium reagents

leads to efftient metathesis reaction with aluminium halides (Schi?)é°
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Al (3 eq.)
a) LiCl (3 eq.)
F5C TMSCI (3 mol%)
Catalyst (5 mol%)
X THF, 25 °C
X=lorCl
TMSCI = activator
b) R'——R? R’
2
+ - . R'zAl)\/R
'BuyAl-H or R
MesAl/Cp,ZrCl
3 & 2 R =H or Me
c)
"BuLi, THF
1, il L [y Qi
N -50 °Cto 0 °C, 1h N

Li

F3C\©\
A

Catalyst: TiCly, InCls,
BiCl3, PbCl,

lo/3X

Pd or Ni cat. R

Rsp3'x R2
Rsp3 ~
R

_— >

Direct coupling

AICI; (0.33 eq.)
~  AI(TMP)3-3LiCl
-78 °C to -60 °C, 15h

Scheme 1.2Different methods of preparation of organoaluminium reagetsdirect insertion of #
powder into aryl halidesb) hydro- or carboe alumination of alkynesg) transmetallation of bulk

2,2,6,6tetramethylpiperidide(TMP).

In the solid state aluminium appears in various types of compoundx&onple as

aluminium hydrides (alanes), organoaluminium compounds or salts. Each form can

occur as clusters, contactexh pairs or separated ion pair comple%é% Simple

trialkylaluminium or aluminium amide reagents usually exist as dimers at room

temperature wheréor trialkylaluminium reagentswo alkyls are bridging the two

aluminium centres leading to an electaeficient compound according to th&8ntre

2-electron bond rule. HowevéH NMR studies show evidence of an association

dissociation of the dimer with exchanges betweedimer and the bridging or terminal

groups of another dimer which is too fast on the NMR scale, leading to a single

resonance hence suggesting a monomer intermediate. This issue is easily overcome

using bulky ligands on the aluminium to form exclusivélg monomef ¢
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1.1.2.2. Weakly coordinating anions

Aluminium halides are frequently used in both organic and inorganic chemistry
as strong Lewis acids and fairly soft anions to form salt adducts with Lewis bases such
as NMe or from a multitude of halide containing reagents suctBaBr (forming
MesNAIX 3 and [ALBr7] [‘Bu]* respectively and where X = Cl, Br, %% Krossing
and ceworkers are working extensively with aluminium halide based anions as a tool
to stabilise and isolate organic cations in a crystalline solid salt and characterise them
by X-ray crystallography. This ingenious technique ledhi® characterisation ekry
sensitivecarbocations of different size and stability with the particularly interesting
examples of 'Bu]*®® [CIg]*%® [CeH7]",’® [C7Hg" "t and finally the first
pentacoordinated carbon in the nonclassieabgbornyl cation [GH11]* 2 In his
studies Krossing evaluated the ability of different aluminium anions to pair and
stabilise a variety of cations using different aluminium halides and its derivatives. By
moving from the simple salt AlBrto the less common alkoxyaluminate superacid
LIAI(OR); [when R = C(CB)s] he controls the coordinating strength of the
corresponding anion, ideal to avoid the formation of contacted ion pairs. Bigure
shows three carbocations which possess different counteranions. The more delocalised
[Al2Br7] anion will stabilise the norobornyl cation as its lower aggregate form
[AIBr4] seems to be not as efficient. The stabilization of such an unstable cation with
[Al2Br7] however requires diffraction with controlled temperatures to avoid cracks,
hydride shifts andearrangements (slow cooling down to 40 K) in order to obtain
usable data. [AlX] are generally weak enough coordinating anions to stabilise a large
number of cations most of which possess metal centres or easily polarised groups. The
last example catiowas stabilised by the customised superacid [Al@PRYvhich is
one of the weakest nonoxidising coordinating anions developed hence it is used to

stabilise the most challenging catidig?
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b H |
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CARBOCATION
ALUMINIUM ANION
© Br. ©B (F3C)3C\
Br\ /Br\ /Br r\ % r 5 @O/C(CF3)3
Al AI\ Al \AI/
Br | | ~Br /N o o
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C(CF3)3

Figure 1.7: Carbocations (top) and their counter aluminium anions (bottom); (lefthclassical 4
norbornyl cation [ALBr7] [CHia]™; (middle) carbocation of toluenglAlIBr] [CHo]*; (right)
triiodocarbon carbocatiofAl(OR)] [CE]*.

In the literature many other aluminium reagents are used both simultaneously for
chemical transfer (transmetallation or halogen transfer) and to improve the
stabilisation of the organometallic compounds by formingpaisged ion pair salt.
Common aluminium reagents of this type include organoaluminium anions such as
[AIMe2Cl;] ,” [AIEtCIl3] “® or [AIPh4] ;*'but also aluminium amide and aluminium
alkoxide anions [AIGIN'Pr)2] ,””" [AICI3(OCsH4CFs)] .78 Due to the alkyl, aryl,

ami de, al koxi de and other substituents
coordinating propeigs are increasing (Figurg.8) and its overall stability is reduced
compared to its halide equivalent [Ad)X, it however shows advantages in terms of

solubility in organic solvent&
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1.1.2.3. Aluminium containing heterobimetallic compounds

Section 1.1.1.1. mentioned the existence of heterobimetallic complexes
containing aluminium. Tlsi referred to two reagents dominating the alkadtal
mediated alumination chemistry, LiTMR('Bu); developed by Uchiyama and
LITMP-AI(TMP)('Bu). developed by Mulve§®®! Recent studies showonflicting
evidenceof the initial hypothesis on their functionality, where the metallation of a
substrate was believed to be the work of the lithium aluminate cedtexat pair. The
study demonstrates that neitloéthe bimetallidbases are able to aluminate a substrate
through acooperativdithium aluminate species, but it is in fact a lithiation reaction
which induces the formation of a carbanion which is rapiothpped by the
alkylaluminium reagent leading to an aluminpteduct in high yield even when the
lithiation occurs in only low yield since it removes lithiated substrate and alters the
position of equilibrium (Schemt.3).8283

\A OMe + LiITMP OMe
(TMP)AWBU), THF Li
- / \\ EE———— + TMP(H)

lithiation

+ (TMP)AI(Bu),

trans-metal trapping

Y

OMe
[Al]Li

Scheme 1.3Proposed twestep pathway for the alumination of anisole.
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1.2. Advances itfmagnesiumbatteries

The world of batteries has known quite an evolution since the first battery
invented by Volta in 1800. The first major battery commercially available and still
topical is the leadcid battery (invented in 1859) whighstill used worldwide to start
the engine ohutomobile fuel, due to its supply of high surge current. However their
drawback comes from their low energy to weight and volume ratio, but also for the
very toxic properties of some lead compounds. THevgtlespread nickel batteries
(Ni-Cd, in 1898, and more recent-MiH in 1967) are generally used for small devices
but rarely found their applications for larger, more demanding apparatus. Moreover
nickel metal requires an intensive industry as eitradion is difficult and
unsustainabl&®® Lithium-ion batteries are the latest innovation in commercially
available batteries, imposing their domination in the energy storage market and
maintaining a constant evolution. Hoveevy bei ng todayds ulti mat
mean that it possesses all the characteristics for the perfect battery, and many
undesirable features still existhnamely the dangerous dendrite formations,
flammability and possible explosions, cost and emmental impact. The search for
a powerful, environmentally friendly, cheap battery is therefore still on and many
scientists are pursuing it by developing sodium, aluminium, proton and finally

magnesium batteries; whose advances are introduced in tpieidia

&

7 PbhO, ¢ NiOOH Liz,Co0,
+ 1 + 1 +
PbsO, Ni{OH), LiCoO,
v 1 t PG t ’
) + nl :
& PbsO. e M & Ce €W .
ot — = —
pb' MH, LiCy + P
H50,/H,0 KOH/H,0 LiPF; EC-DMC =
Lead-acid Ni-MH Lithium-ion
0 s (2-3vV)
| | | L ~——"
1860 1967 1991 e

Figure 1.9Evolutions through the years of useable rechargeable batteries to a utopian green |
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1.2.1. Basiqrinciples of arechargeablebattery

The current knowledge in the opeoatal mechanism of rechargeable batteries
was mostly acquired from the large efforts furnished in the developmention Li
batteries (LIB). Thissection discusses what is known so far for LIB to give a basic
understanding on how metain rechargeable batries run in general. This gives
insight into the processes leading to the elediramsfer responsible for the supply of
energy, the different components of a battery system and the features more specific to

LIBs which enhance their performances butahhare not transferable to Mg batteries.

Figurel.10displays a simplified explanation in what happens to the Li ions within a
battery during the discharging process. When a LIB is fully charged Li ions are
intercalated within one of the electredenly. During the discharge this electrode is

the negative electrode known as the anode, théohs start to migrate toward the
positive electrode known as the cathode until the anode is left empty and the cathode
is now full. The electrons are passing throughexternal circuit, simultaneously

producing a current. During the charging process the opposite phenomenon occurs.

Charged battery Discharge Discharged battery
-
el || i n | | e
electrolyte electrolyte electrolyte
- = ——— [—— — e ———
 — — ——— _:.l: — | —e————
——— | — ——— — | —
———— T’: ——— [——
 — | e— — - | —  — [ r—
——— — — ——4 — S ————
——— ———3 — ——— —] [ ————
 — ——— ———— 4’= _ [~————
—— ——— — | e— ———— e
negative positive negative positive negative positive
electrode electrode electrode electrode electrode electrode
. L, N&

Figure 1.101on transferduring the discharge of an LIB.

Ideally, in rechargeable batteries the anode is simply a sheet of elementary metal of
the ions used to produce this current, hendhe case of LIB the use of lithium metal

is desirable. In practice however the use of a Li metal anode is hindered by undesired
properties during the deposition process. More precisely the Li ions deposit onto the
anode in a specific way, giving barbednch formations called dendrites. Figlirgl

shows that if theses dendrites grow too large and manage to pierce through the

separator holding the electrolyte, they can come into contact with the cathode
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producing a short circuit path. This will creattharmal runaway situation leading to
a large increase of temperature, and in an LIB which contains flammable components,
such malfunction can clearly lead to dangerous situations. Instead of using a Li metal
anode, efforts were made to produce a mateaijphble of intercalating Li ions within
the structure of the material. Often a material as sinaglegraphite is used in

commercially available LIB/8

Li Anode Separator Cathode
Short
circuit

/ path
—
Dendrite

Figure 1.11Diagram showing the formation of dendrite following the deposition of Li using a Li
in a lithium battery.

Developing new cathode materials tdB is the most widely focused research in this
area, as the need for a high energy cathode is increasing with thdonaedre
energy?¥°? The cathode materials used in currently commercially available LIB are a
type called insertion cathodes (Figurdd2g. These materials are most commonly
made usig metal oxides, where the metal of choice must have a versatile oxidation
state number. When the Li ions are intercalated within the cathode the metal used is
reduced by one oxidation state, liberating 1 electron in the process generating the
current suply. The most frequently used metals for this type of cathode material are
Mn, Fe, Ni or Co and can form porous composites with different morphologies. Figure
1.12b shows a few typically observed morphologies where the pores within the
material can be founds straight or distorted channels or layers which can intercalate
Li ions but also déntercalate ther! It is the reversibility othe intercalation process

which dictates the ability of a battery to be rechargeable and the intercalation/de
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intercalation kinetics which dictates its disch&dparge rate. For the case of
magnesium batteries, the metal from the cathode must be abiddogo a 2 electron
oxidation state change to be able to intercalate the divalent Mg ions. Although efforts
invested in finding different compatible cathode materials were rewarded with a
variety of cathodes now available, the cathode of choice for bemkhbattery
performance test regarding the other components of the battery is the Chevrel phase
MosSg introduced by Aurbach et al. which was the cathode proposed for the first Mg
rechargeable prototyé.

Li,M,Z

Common process
(Low capacity)

3 %
as Li* . ”’

MnOG

Layered (LiCoO,) Spinel (LiMn,0,) Tavorite (LiFeSO,4F) Olivine (LiFePO,)

Figure 1.12:a) Diagramshowing the principle of insertiory) structural representatio of different
classe®f insertion cathode material.

Another type of cathode material which attracts more and more attention every day is
the conversion cathodé.Instead of having the ions being intercalated within a
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material, a chemical reaction ags with the cathode changing its general
composition. The most advance cathode of this class is the sulphur cathode in Li/S
batteries. As shown in Figuel3 during the discharge the Li ions are inserted within
the sulphur element composite to form ti@sv single phase composite&i Although

it is not currently commercially available it exhibits more attractive energy storage
properties reaching higher practical capacity value. However it also displays more
sluggish insertion/desertion kinetics ashe chemical reaction is generally slower
than ion stripping from a porous material, but one other major issue is the change of
volume during the running of the battery, over time reducing the interactions with the
different battery components eventualgadling to disconnection with the current

collector.

Liinsertion Completion
Conversion s E— >
Single phase

Under development
(Large capacity)

Figure 1.B: Diagram showing the operation of a conversation sulphur cathode in LIB.

1.2.2. Simple rechargeable battery scheme

Negative Positive
electrode electrode
- 4 +
el e
L Charge I

Mg y 1 Mg2+
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Discharge

Conducting electrolyte
solution

Figure 1.14Scheme of a rechargeable magnesium battery.
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Figurel.14shows a general scheme of a rechargeable battery, displaying the electron

transfer directions during the charge and the discharge.

1.2.3. Arguments formagnesium batteries

The motives of developing magnesium batteries are basé#uedheoretical
properties ofmagnesium metal, which promise to provide better storage capacity,
more power, sustainability, safety, lower cost and a smaifgact on the environment.

In more scientific tans, as a result of the divalenof magnesium its specific
volumetic capacity reaches 3832 mAh/&nwhich is nearly twice as much as for
lithium (2046 mAh¢m?®).8 This is a very valuable characteristic in the development of
smaller, lighter batteries with a better sustainabilitye power is expressed in energy
density, which theoretically reaches 4500 Wh/L for magnesium, almost three times the
most powerful existing battery (1680 Wh/L for lithium air batteries) and more than a
hundred times higher than leadid batteries (40 Wh).% The sustainability of a
battery is defined by the number of charges/discharges the batteacoamulate
without losing its capacity, this number being expressed in cycle life. This value is
affected by the deposition/dissolution of the metal onto the electrodes which depends
on both the electrolyte (conducting substance betwelectrodes) and tlvathode
material. The matter of safety also comes into consideration and most current batteries
would not fulfil a clean risk assessment. Indeed lead is known to be toxic, but other
batteries have flammable compounds, even explosives in particular immlith
batteries. Moreover there is the present dendrite formation in the metallic lithium on
the electrodes which can lead to short circuit, a phenomenon not observed with
magnesi um. As a final argument , the abun

offerssignificantlymore material availability at a lower cost.

Five relatively recent and complete reviews which cover many different aspects of
magnesium batteries are recommended for one who wished to acquirs+depth
knowledge in this field:®2°%"Meanwhile, a concise summary of the area is provided

below.
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1.2.4. Early studies and first issues

Early studies were focusexh the search for a suitable electrolytespessing
high ionic conductivity and inducing reversible deposition. However these studies
showed that simple Mg salts such as Mgi&®)> and Mg(ClQ)2 in standard solvents
(N,N-dimethylformamide, acetonitrile or propylene carbonate) could not undergo
re¢yer si ble deposition due to the formatio
surface, inhibiting the activity of the electrochemical cell. Addition of water to the
system also lead to passivation of the electrode with the formation of magnesium
oxides MgO and Mg(OH) retarding the formation of the electaotive specie& 1°
These early poor results forced the study toward the more reactive organomagnesium
and Grignard reagents as potential electrolytes, which showed efficient reversible
deposition in ethereal solvents but a too limibedlative stability to be applicable for
batteriest®?

The first real breakthrough was introduced by Gregory back in 1990 by investigating
the electrochemistry of the reaction of dialkylmagnesium with the strong Lewis acidic
organoborons (BBEd) and aluminium halides (AlG) in ethereal solutions. This
coupling showednincrease in the oxidative stability to a more suitable level, which

relaunched the interest for magnesium battéffes.

1.2.5. Magnesium aluminates as electrolytes

Further to Gregor y o-workeroimvess a tot,of efloutr b a c h
in the characterisation and developmerft magnesium organohaloaluminate
compounds as viable electrolytes for a working battery. Ir thaily work they
thoroughly studied the electrochemical and the deposition/dissolution properties of
magnesium salts Mg(AIGhRy)2 obtained by mixing commercially available
compounds such as Bvg with AICI;R (R = Me, Et, Bu) or AIGL1%¥1%€ The gudy
of these electrolytes was conducted in a consistent manner by different groups of
researchers using similar material (electrodes) to display an adequate comparison
between the electrolytes properties. Most of these materials were based on the first

prototype of a magnesium battery built in 2000 which was composed of a Chevrel
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phase type cathode containing theeBlocluster and a simple magnesium andtde.
Nevertheless it is important to mention that since then groupsatdrial chemists
have made significant progress in developing more efficient Chevrel phase cathodes

and magnesium alloy anod¥$ 10°

Although the improvement of electrochemical properties of the electrolytes &f one
the major concerns to forge a practicable battery, it is a necessity to explore more
obscure paths in order to achieve a more finalized product but also temgrs
process in more deta\urbach moved in this direction by using a variety of anzdyti

met hods to have a better understanding
how the aluminium reagent interacts with the magnesium to lead to the observed

enhanced properties.

1.2.5.1. Multinuclear NMR spectroscopy studies of magnesium alunmate

solutions

Aurbach and cavorkers were not satisfied by preliminaryry studies on a
single crystal structure obtained from an electrolyte solution, [AHELCI
[Mg2CIsATHF]', which they believed did not represent the species in sottfidhey
hence decided to use multinuclear NMpectroscopymore preciselyH, C, Mg
and?’Al, to identify the compoents resulting from the reaction o&Flig and EtAICh
in THF at different stoichiometric ratiod4 and**C NMR spectroscoppot providing
much information in this situation, they mostly turned their interegtAinrand 2°Mg
NMR spectroscopy. However is iknown that in practice both methods are very
sensitive to the geometry of the molecule, and tend to exhibit broad and noisy signals
for nonsymmetrical species. TRGAI NMR spectroscopgpectrum of three solutions
at different stoichiometry lead to tlréifferentresonancesorresponding to different
aluminium species (Figure15a). When 0.5 equiv. of Etlg was added to EtAIG)

H NMR spectroscopghows evidence of transmetalation of Et from the magnesium
to the aluminium to form a tetracoordinatédrainium species, th&€Al NMR signal
shows a broad peak related to a lack of symmetry within the molecule. Given the
stoichiometry of the reaction Aurbach proposed-Q#Al-CIl-AICIEt;] to be the
species present in solution. For a 1:1 ratio the main resonance $fAthiMR
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spectrum shifted, retaining its broad shape meaning the formation of another, non
symmetrical species assigned asfiEEl] . Finally when 2 equiientsof EtMg was
added, a sharp signal was observed, characteristibighly symmetrical species, in

this case [AIEf] .11°

a) 27A1 NMR b) 25Mg NMR
[AIEt] Mg(AICIEtBU)
EtAIC) : EtMg mwm-/\«wmm
1:2
BuMgCl

EtAIC] : EeMg 40 20 0 20 -40
11

EtAIC]: EtMg
2:1

190 180 170 160 150 140 ppm

Figure 1.15a) /Al NMRspectraof the addition of EMg to EtAlGlat different ratics; b) Mg NMF
spectraof BuMgCl ad Mg(AIGEtBu} in THFE) Mg NMRspectrafrom Mg(AIGIR,). with different
concentrationof TBACI, 0 M, 0.1 M, 0.25 M, 0.5 M, 0.6 M TBACI (bottom to top).

25Mg NMR spectroscopy is not a commonly used method due to its low sensitivity and
symmetry dependence but has shown some appealing outcomes, especially in the study
of the Schlenk equilibrium in organomagnesium compoudhda. few experiments

have been performed on magnesium electrolytes uSiig NMR spectroscopy in

order to develop a method of characterisation for magnesium electrolytes in solution.
Figure 1.15b shows that no resonances are observable for the poorly symmetrical
Grignard reagenBuMgCl whereas a solution of Mg(AlgEtBu), in THF exhibis a
noticeable resonance around 5 ppm, a hint of the presence of a more symmetrical
species!? Another study involves the addition of tetrabutylammonium chloride
(TBACI) to a Mg(AICkLR2), solution in THF (R = Et, Bu, Figur&.159. The?Mg

NMR spectra shows a change of shift and shape in the electrolyte resonance with the
additionof TBACI, wheremore TBACI was added the highevasthe shift and the

broader was the resonance. TBi& known to be a stable cation, hence these data
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support Aurbachés belief that it either r

of a[MgCl4]* dianion?®

Both ?’Al and Mg NMR spectroscopy can be used for characterisation of the
electrolytes in solution; however their applicatiorretatively limited as very little
information can be gained due to the lack of comparison with similar species but also

the weak resolution of the signal when dealing with poorly symmetrical compounds.

1.2.5.2. Raman gectroscopy studies of magnesium aiminate electrolytes

After some unsatisfying results with multinuclear NMR spectroscopy, Aurbach
decided to change his focus toward Raman spectroscopy in the hope of observing the
Raman active vibrations of the electrolyte resulting in the identificafidine species
present in solution and in the construction of a comprehensive spectral reference
library. This work has been performed in complementarity with single crysidy
diffraction as a support to identify the active vibrations by comparingethaéts of the
electrolyte in the solidtate and in solution. Three major electrolyte systems were
studied, [AICknEt)] [Mg2CIsATHF]" (n = 1 or 2), [AIPh] [Mg2CIsATHF]" and
[AICIq [ Mg C| A'sfdar WMRigh the crystal structures were reported (Figure
1.16).41:46:105

Figure 1.B: Molecular structures ofAICtEL] [Mg2CEi6THF], D; [AlPh] [Mg2CEi6THF], E and
[AICH wa3/ ftt,R¢I CB

The crystal structures of the electrolytes studied are all solvent separated ion pairs
containing an aluminium anion and a magnesium chloride c&liandE both possess
the previously introduced cationic dinuclear maijue species [MgCIsATHF]

when the counter ion is an organohado organealuminium anion ([AICIEt;] and
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[AIPhg] respectively). F possesses the monomeric magnesium chloride cation

[ Mg C| A*withta Rdloaluminium counter anion [AKTI. As mentioned in section

1.1.2 ofthis chapter, the dinuclear cation seems to be more favoured in a crystal lattice,
but the monomeric structure was occasionally observed-Bay crystallography
giving a clue of a dynamic equilibrium in solution. The electrolydeand E were
prepared byeacting a Grignard reagent (here EtMgCI and PhMgCIl) with an organo
or halealuminium species (EtAlGlor AICI3) which allows transfer of the ethyl or
phenyl groups from the magnesium to the aluminium. These three crystal structures
are interesting fortadying their Raman spectra for their distinctive aluminium anions
and magnesium cations and are thought to give rise to different vibrational bands, more
particularly differences between the bridging4@gMg bond and the terminal MGl

bond.

Starting wth the aluminium anion [AIGKEt] Aurbach compared the obtained
spectrum of the electrolyte in THF with the standard spectraaf, BtAlCI, EtAICI >
(Figure1.179. The organohaloaluminium reagents show two signals corresponding
to the AFCI bonds at lower wavelengths (2880 cm! region) and to the AC bond

at higher wavelengths (4550 cm' region). The intensity of the peaks show
dependence with the Et:Cl ratio, as observed by comparing the EsXIEIE;AICI
spectra where the scattering wavenumber corresponding@b dkbps when there is

one Cl atom less. The spectrum of supposedbAIEl;] [Mg2ClsBTHF]" exhibits a

new peak around 370 chassigned to the [EAICI;] anion, the presence of ALCI

and EtAl is also noticeable (Figure.179, top spectrumji*

a) [EbAIC,] MaCHETHA b)
1 2
|ERAICI . 40 EuAI
1 M pAe ELAICH [
. w“*-‘.\/ v/\'\ r"j[
S M/\’““\W N 2EtMgCI + BAICI
A EtAl Bol  [MgCH
= 80 [ ‘E
Em BoAl ¢ | EtMgCl + BAl
£ EtAIG) £
i ELAICI £ )
» THF

100 150 200 250 300 350 400 450 500 550 600 650 700 750 B00 850 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 B850
-l -1
cm cm

Figue 1.17:a) Raman spectraf [ERLAICE [MgCEi6THF} and Al starting materials in THf);Rama
spectra of two reactions between different ratio Af and Mg starting materiah THF
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The study of the magnesium species vibrational energies is expected to be slightly
simpler in theory as only the presencepafaks attributable td1g-Cl bonds are
predicted. Aurbach decided then to measure two samplesadifiginent ratios of

Mg/Al that would lead to the rational synthesis of [MgGll:1) and [MgCl3]" (2:1)

using MgC} as a standard (Figufel7hb). The first system only shows the signal for
[EtsAl] , but the second system exhibits a signal close to Mgiafted to higher
wavelengths which was associated to f8lig]" by default. This study showed that
Raman has a potential application to study the behaviour of these electrolytes in
solution, however the [MgCl]cation was not observed likely due to a namfn

active MgCl bond in this specific case. [M@I3]* involving three MgCl four
membered rings, a feature known to lead to Raman signal, exhibits a distinguishable

signal.
5 997
a) [ ‘ 1027
49 inl
A I

—iig ‘

=

4.,

=

g y

E

100 300 500 700 900 1100 1300
Raman Shift (cm™)
b) Species peak position, cm

[PhAI 201 624 649 985 997 1027 1152
[Mg.CE6THF} | 241
[AICH] 180 (B) 348 (A)
MgCh.THF 212
AICLTHF 330 860
THF 289 585655 1031 1072

Figure 1.18: alRaman spectra oEsolid,Fsolid THF/EO solution and-in THFb) Raman spectialata

The electrolyte [AIPE [Mg2CI:ATHF]" E, entitled alphenyl complex (RC), was
studied both in THF and as a solid powder, however due to very poor solubility in THF
[AICI4] [ Mg C| A'F-WasPily studied as a solid powder. Egithe presence of
phenyl groups gives rise to a variety of signals past 60bapart for the sual AFC
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signal around 200 ¢t Compared to the APC spectrum in solution, the spectrum of

the solid exhibs the same signals minusoge of THF, displaying an overall tidier

spectrum where [M&IsATHF]" can still be observed at 241 €niThe spectrumfo

[AICI4] [ Mg CI| A'5shaws the presence of the [AILI anion however no
conclusions can be made on the cldhtati on ap
could be the result of some aggregation of the cation to the dinuclear structure (Figure
1.189.4

1.2.5.3. Crystallographic studies of magnesium battery electrolytes

Since the first release of an electrol
reveal the struare of new electrolyte systemaenever possiblé&iguresl.19shows
a selection of structures which display similar solvent separated ion pair arrangements,
including a magnesium chloride cation and an aluminium, boron or in some cases
magnesiuntentredcounter anion. In the presence of the JABATHF]" cation, the
aluminium anions demonstrate that a variety of functional groups can be successfully
attached to the aluminium atom. Such groups include exclusively chloride @pfs (
aromatic rings K),*:’° simple aliphatic groupsl),*® phenolates J)’® and amides
(K).1151181n terms of application for batteries, all chlegtectrolytes, despite showing
high oxidative stability, are very poorly soluble in ethereal solvéntse containing
phenyl groups show good electroafieal properties, but have a nucleophilic nature
which is not compatible with electrophilic cathode material such as sulphur cathodes;
those withaliphatic groups such as ethyl are sulphur compatible, but with an average
oxidative stability and electrochécal properties; phenolate improves the oxidative
stability while keeping average electrochemical properdied finally amides give a
non-nucleophilic electrolyte with enhanced oxidative stability and electrochemical
properties, making them arguably theshsuitable of those mentioned.

Not only aluminium was used as the Lewis acid stabiliser of Grignard and
organomagnesium reagents, boron reagents have also proved to be good candidates to
fulfil this task. Despite been studied to a far lesser extent arfgstal structures were
obtained using aromatically substituted boron reagents B(Ar)= aryl group) with

PhMgCI to form a magnesium borate containing the usuabQW4&THF]" cation

27| Page



Chapter 1: Introduction

(Figure1.19 L, M).1*"18Mohtadi and ceworkers aimed to develop a chloride free
electrolyte to overcome the corrosive nature of halogens by using borohydride
reagentsl’ However her attempts to obtain a representative structure of Mj(BH
failed, hence she de@&d to use carboranes and Grignard reagents to get closer to her
goal. This resulted in the formation of the magnesium magnesiate solvent separated
ion pair with the anion bearing the two carborane clusters along with a chimmide
(Figurel.19 N), she havever characterised a chloriftee electrolyte earlier this year
featuring the DME solvated Mg dication [MMPME]?* with two carborane [CBH12]

counter anion$!®*?! Liao andco-workers studied a Lewis acftee system using
phenolate magnesium reagent (DTBP)MgCI (DTBP =d2;&rt-butylphenolate) and
MgCl> mixture at different ratios. The resultinglectrolyte structure is another
magnesium magnesiate with the [(DTBRY] anion (Figurel.19 O), this system

has potential if a strong Lewis acid free electrolyte is reqdfied.

Mg cation || Boron
counter
anion

Magnesium
counter
anion

Aluminium
counter anion

N

Figure 1.19: Molecular structures of separated ion pair containing tihgjCEI6THRF* cation and
different aluminium(G-K), boron (, M) and magnesiuni\, O) counter anios.

Li and coworkers studied the behaviour of these etdgtes in DMEinstead of THF,

in addition to their suitable electrochemical results they recently identified the

structure which contas the magnesium chloride dication [MipADME]?* with two
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equivalentof the classical counter anions [AlLIor [EtAICI3] (Figurel.20, Pand

Q). This is an example of the effect of the donor solvent on the electrolyte structure
and especially on thmagnesium chloride cation which has so far been seen essentially
in the [MgCls]* form.*

Figure 1.20Molecular structure of electrolytes containing tfidg.Cbi4ADME}"* dication and two
[AIC}H] , Pand [EtAIG] , Q counter aniors.

1.2.5.4. Electrochemistry of magnesium aluminate electrolytes

This section summams the electrochemical behaviour of magnesium
aluminate electrolytes. Most expmental studies are performed using twpey of
cells; a three electrode electrochemicdil @ea prototype battery cell. Often the three
electrodes of choica the electrochemical cell arbtg metal as both the counter and
reference electrodes; thenhat Pt, Al, Ni, Cu, glassy carbon or stainless steel as the
working electrode (Figur&.219. For the prototype battery cell, it is possible to find
it under different forms, a commonly used piece of equipment for the purpose of
rechargeable battery reselaris the Swageldk cell as showed in Figuré.21h
Another widely used substitute is the coin cell which is constructed the same way as

the commercially available button batteries.
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a) b)
Potentiostat Spring
Cathode bolt Cathode current Anode bolt
\ collector
H UMLDI D
Cathode Anode
(Chevrel Phase) (Mg metal)

Separator/Electrolyte

Potentiostat

— Counterelectrode: Mg

— Working electrode: Pt, Al, Cu, Ni...

2 Reference electrode: Mg

Figure 1.21:Diagrams o#) a three electrode electrochmical cellb) a Swagelok battery cell.

Using a three electroddectrochemical cell is intersg for studying the ability of

the electrolyte to be reversybtleposed on the electrodes, atsb indicates at what
voltage the electrolyte starts to decompose. These features can be easily identified by
performing a cyclic voltammetric experiment, whimeasurgthe current response as

a function of applied voltage. The voltage range at which the electrolyte can cycle
between without decomposing is known as the electrochemical window. In the
example taken from a publication by Aurbach etsllgwnin Figurel1.223 two cyclic
voltammograms (CV) corresponding to two different electrolyte solutions are
compared?® The butylethyl complex (BEC) corresponds to an EtAlgYBu

mixture in a 1:2 ratio and was used in the first battery prototype. The APC correspond
to a AICk:PhMgCI mixture in a 1:2 ratio, fohts compound the active species was
characterised by Xay crystallography as [AIRh [Mg2:ClsATHF]" which was
previously introduced in section 1.2.5.2. Both CVs show different behaviour
depending on the choice of electrolyte, the APC has a smallergaiani between the
reduction peak (negative current) and the oxidation peak (positive current) known as
the overpotential. A larger overpotential means that there is a larger excess of energy
required by the electrochemical cell to allow the oxidatiorake fplace; in a battery
system such surplus of energy will be lost as heat and is hence undesired. After the

oxidation peak appeared, the cyclic voltammetry experiment was left running at higher
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potential until a new current signal is observed. This ngnasis a response from the
decomposition of the electrolyte which also creaecurrent.The APC electrolyte
displays higher stability compared to the BEC electrolyte (3.5 V and 2.5 V
respectively), this added to the lower overpotential means the ABBvisusly a

better candidate as an electrolyte for rechargeable Mg batteries and this can easily be
determined only by compagntheir CVs. The more desirabjeoperties of the APC
were attri but e ydiogen greseat inahe sllkylracamgue, femdyving

t he pos s ihgdrobeiséliminatioih reactiob responsible for the low oxidative

stability of the BEC.

. a) . b)

CE(Volts)‘ L

I (mA/em?)

25 3 as 4

2 20

o 0 10 “0 0 ®
E (Volts) vs. Mg Capacity (mAh/gr)

Figure 1.2: a) Cyclic voltarmograms of a 0.25M BEC solution (black line) and a 0.4M APC s
(red line) measured with Pt electrodes at 25 mM3;C/8 charge/discharge profilesf the 3rc
(dischargen black, charge in red) and 94th (discharge in blue, charge in green) forckebattery
with 0.4 M solution ofAPC in THRR, Mg anode and an M& cathode.

After determining the dlity of an electrolyte to reversibly depbdg and in what
electrochemical window it can cycle without decomposition, it is necessary to
determine if Mg* ions can be intercalated within an insertion cathode using this
electrolyte. Figurd..22bshows thegalvanostatic experiment of a battery using APC

as tre electrolyte, Mg metal as the analed the Chevrel phase as the cathode. This
experiment allows measurement of the specific capacity this battery system can reach
during both the discharge and the e also known as the charge/discharge profile

of the battery. The rate of charge and discharge is fixed; C/8 means 8h is needed to
either charge or discharge the battery, hence the specific capacity is expressed in mA.h
per gram of cathode material (mAgh Here the APC electrolyte shows a good

compatibility over about 100 cycles with the Chevrel phase, it was also shown to be
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compatible with a variety of other cathode matemadking it a benchmark electrolyte

in the testing of new cathodes.

1.2.5.5Investigating the operating mechanism o€hlorinated magnesiumbattery

electrolyte

One principal aim of studying these electrolytes is to understand their operating
mechanisma in the reversible magnesium deposition operation. Like for many
chemical systms the attempts to discoves ihechanism involves a variety of results
covering many different approaches. In this situation a few different groups made
efforts to discover the mechanism of these electrolytes, Aurbach observed the
correlation between thecyclic efficiency (the ability of the electrolyte to
depo#t/dissolve) and the morphology of the deped magnesium onto the
electrode’! Nakayama proposed a mechanism for magnesium deposition resulting
from his studies using different spectroscopic mashonainly multinuclear NMR
spectroscopy?(Al and?°Mg NMR) and Xray absorption fine structure measurements
(Figure 1.239.11112 Kim investigated the chemical equilibrium, the deposition
pathway and the electrolyte oxidation by mean of density functional theory
calculatons (DFT)!?* while Liu proposed another mechanism based on mild
ionisation mass spectroscopy &g NMR spectroscopy (Figurg.23b).1%°

+
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Figure 1.23: aProposed mechanism of Mg deposition by Nakamby&roposed mechanismf
deposition/dissolution of Mg by Liu

In his propsed mechanism, Nakayama suggested@W& THF]** as the magnesium

intermediate to 2Mg cations which then deposibnto the electrode as elemental
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magnesium MY (Figure1.239. They claim that the neutral complex/RCIAHF is
essential for the reversibility of the reaction. This scheme is yawslightly
incomplete as it make no reference to the previously studiedM§THF]" and

[ Mg CI| A'gdfidhs; Which might involve more complicated redistributions. Liu did
take into account the different aggregation states of magnesium chloride eétien

he believes that the monomeric form [MJCik the active species leading to
magnesium deposition. He proposes that four major species are involved in the
process, [MgCIsBTHF]", [MgsCIs®THF]", [ M&THF]Aa®d MgCATHF (n=0

- 4) all existirg in a complicated equilibriunF{gure1.23b).1%°

1.26. Nontcorrosive, nonchlorinated magnesium electrolytes

Referencingnost of the characterised magnesium electrolytes mentioned, above
a recent study suggested that a high content of chlmideis responsible for the
corrosion of battery components neadf nornoble metal$® Prospecting for future
commercial electrolytes, the preparation of qwomnrcsive electrolytes is essential in
terms of safety and in the making of durable batteries. This issue has raised a lot of
effort in the preparation of less or roarrosive electrolytes by reducing or totally
removing the chloridensfrom the electrolyteomposition.

Preliminary studies by Muldoon et al. propose to make an electrolyte ansitog

[BPhy] [Mg:Cls&THF[*'but with a Anakedo magnesi um d
be achieved by reacting MgPwith BPhs in THF. The resulting solid was poorly
soluble in THF, and was recrys¥2BPhli sed i i
but displayed no activity as an electrolyte in an Mg batteBartlett et al., instead of
completely removing the chloride atoms, studied how reducing the amount of chloride

ions affects the corrosion level of the electrolytic mixtufég(re 1.24).1%° They

showed that a mixture of AI(OPAPhMQgCI displays no obvious corrosion to a
stainless steel working electrode after cycling during a cyclic voltammetryierger

In comparison, using an Al&RPhMgCI mixture as it is, known as the APC, shows a

high level of corrosion to stainless steel. It is worth noting that the active electrolytic
species from the AI(OPiPhMgCI was not characterised byR@y crystallogaphy

hence the composition of either the anion or the cation is not known.
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Fresh Stainless Steel After electrolysis (4.5 V)

TR

1:4 Al(OPh), : PhMgCl, 96 h 1:2 AICl, : PhMgCl, 24h

Figure 1.24:mages of stainless steel sheets after electrolysis at 4.5 V using differemesian
aluminate electrolytes.

So far one of the most successful electrolytes possessing no chlorides was developed

by Mohtadi et al. This electrolyte was characterised sgycrystallography, showing

that it possesses a nak e*dcounterlgplareedibyutwo di c a
carborane anions [GBH12] , P. This electrolyte exhibits good solubility in ethereal
solvents of the glyme family and its electrochemical properties are comparable to the
APC electrolyte (Figurd.25.1%!
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Figure 1.25Molecular structure otoa 31 0252fC&®Bh2] , P (top);a) CV ofPin triglyme (red line
and tetraglyme (black line) using a Pt working electrode at 5 md)/€omparison of the char
/discharge profile between a battery using APC (red curvesPdbthck curves) as the electrolyt
a Mg anode and th€hevrel phase as the cathode.
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Currenty, researchers continue investing their efforts in developing new efiego
compounds displaying good electrolytic peoies to propose a variety in choice of
non-corrosive electrolyte in Mg batteries. More of such compounds are introduced in
this thesis in Section 4.1. of Chapter 4.
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Chapter 2: Synthesis, Structure and Solution
Characterisation of Different MagnesiumCation
Aggregates

This chapter preents the results of a synthetic study performed for the
development of new magnesium amidohaloaluminate complexes, akin to those
described in Chapter 1 and having potential for use in the area of rechargeable battery
electrolytes. These results comprisdhe first place the elaboration of a new, facile,
sturdy method to design customised electrolytes, and then the effect of donor ligands
on the aggregation state of the magnesium cation. The characterisation of these species
in both solid sate and solutin wascarried ouby X-Ray crystallography, electrospray

ionisation mass spectrometry, Raman spectroscopy and $tid&roscopy

2.1. Introduction

The early preparation of magnesium aluminate electrolytes was based on the
Al to Mg reagents stoichiometryiving the best electrochemical properties, usually
obtained with a 2:1 ratid? It was only laterwhen the firstrelevantcrystal structure
of a magnesium aluminate species [EtA]JCMg2( £Cl)sATHF]* was published that
a better, more rational route was sought. Most methods involve transmetallation of an
organic group from the magnesium to the aluminium using Grignard or
organomagnesium reagents (RMgCl aMg) and aluminium tricldride Scheme
2.1). This method is efficient when using commercially available reagents with a
variety of R groups such as phenyl, ethyl, phenolate, amide and chloride. However the
reactionds stoichiometry is haifrgmoheo sat.

reagent to anothér®

®
THFE tHE |

e, 1) —e
cl M\% R
| / ‘e I ci—Al
R—Mg—-Cl 4 _AI —_— cicl € A
ci” cl THF, 1t A\ Ccl c
Mg
S THF
THFTHF

Scheme 2.1:Unbalanced equation of the preparation of magnesium aluminate electrolytes
transmetallation.
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Liu and coeworkers develope@ cheaper, rational approach reacting Mg@ith
commercially available aluminium reagents of the type RAI&I AIR3 to form
[RhAICI4n] [Mg2( £Cl)sATHF]* (Scheme2.2, R= Et, Cl). Unfortunately no yields

are reported so the efficiency of this routersatrbe determine8l.

THFE THE |@
e, 1/ —e
i i "
2 cl—Mg-ClI + Al e ciCl Ci
ci” Scl THF«t \B
Mg
S| THF
THFTHF

Scheme 2.2Equation of the rational prepatimn of magnesim aluminate electrolytes devaeped by

Liu.

As mentioned in the previous chapter, the magnesium amidohaloalunmetitelgte
[(HMDS)AICI3] [Mg2Cls&THF]" (Figure2.1) demonstrated the best properties;-non
nucleophilic, high cyclic efficiency, high coulombic efficiency and high oxidative
stability.”® The presence of the AN bond is speculated to be the mairsaraleading

to the enhancement of these valuable properties, however it might be worth
considering the effect of HMDS, which is known to lead to unusual properties from
the presence of the bulky Simoiety leading to slightly polarised bonds, increase
of lipophilicity and a lack ofa-hydrogen atoms increasing the oxidative stability at

higher voltaned

Figure 2.1Molecular structure of(HMDSAICE [Mg2CEi6THF.
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As mentioned in Chaptel Section 1.2.5 the characterisation of these species in
solution isa difficult task due to a lack afiagnosticNMR observable groups the

Mg centredcation. Raman spectroscopy was thought to be a useful technique by
Aurbach who atempted to compare their mononuclear all chlenagnesium
aluminate compound AICl4 [MgCI 5THF]* with dinuclear APC [AlPhy]
[Mg2ClsATHF]" and stared tobuild a library for future reference use.

2.2. A note to the reader

The reader must be aware that this chapter is closely related to Chapter 3 which
preserg the electrolytic performancef the compounds introduced herein. The
original series of compounds wée synthesis is presented encountered obstacles
during the battery performance tests. More precisely they were subject to early
decomposition during the running of the battery, reqgiriredesign of these
compounds to tackle the decomposition. As a result some cross references with some
sections of Chapter 3 will be added in order to help the reader to understand the reason

behind certain plans of action.

For ease of discussion, thenflyesis supported by molecular structures to confirm
identity of target compounds will be presented first, followed by a comparison of their

solid state structures and then a comparison of their solution characterisation.

2.3. Synthesis of new magnesiunmadohaloaluminates

The initial aim of this project was to reproduce the preparation of the
previously reported separated ion pair magnesium amidohaloaluminates
[(R2N)AICI3] [Mg2Clz 6THF]" using a different amide. The amide of choice was the
noncommercially available 2;8iisopropytN-(trimethylsilyl)aniline OippNHSiIMe3
Dipp = 2,6diisopropylpheny), Figure 2.2 The amine wagrepared in the lab
according to the literata® The reason fothis choice derives fronhe presence of a

trimethylsilyl arm which hopefully provides tioesirableproperties introduced earlier
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in the HMDS analogue, and combined them witstexically demanding arygroup,
another integely studied groumntothe aluminium aniorf.

Preliminary battery testusing magnesium aluminates based with this amine as
electrolyte showed their compatibility withrachargeable magnesium battesil;
however undesired decomposition of these electrolytes was observed. In the necessity
to tackle the decomposition the uskother amines was considered instead: 2,6
dimethytN-(trimethylsilyl)aniline (DmpNHSiMe, Dmp = 26-dimethylphenyl) and
N-(trimethylsilyl)aniline (PhNHSiIMg), two less bulky versions of DippNHSilge
where the two isopropyl groups are replaced by methyl groups or hydrogen atoms
respectively The bulk of the amide was considered one of the medson ér the
decomposition, hence the reason behind uaisignilar amine with a reduced steric
hindrance. The second source of the decomposition was blamed on the presence of an
N-SiMes bond which is known to be easily alable, therefore another amine without
such a bond was sought. In this study the chwias 2,2,6,&etramethylpiperidine
(TMPH, Figure 2.2, a secondary amine widegmployed due to the bulk of four
methyl groups protecting the nitrogen atom, lowering its nucleophilicity but increasing
its basicity. Originally, all reactions were first performed using DippNHSildg the

main amine to try and promotais previously designed amine @ new area of

chemistry.

HN\ HN\ HN\

SiMe3 SiMe3 SiMe3

Figure 2.2Amines used for the magnesium aluminate electrolyte study.
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2.3.1. Synthesis of magnesium aluminate compounds possessing a

dinuclear cation

The first step was to reproduce the transmetallation reaction used in the
literature to obtain the classical solwsaparated ion pair equivalent to
[(HMDS)AICI 3] [Mg2ClsATHF]" with DippNHSiIMes. Starting by the preparation of
the starting materialshe corresponding magnesiumassde [(Dipp)(SiMe)N]-Mg
and Hauser base [(Dipp)(SiM)8&lIMgCI were prepared by refluxing a mixture of
DippNHSiMes with "Bu2Mg (2:1) or"BuMgCl (1:1) in hexane for 5hrhe bisamide
magnesium species was previously synthesised and structurally characterised by
RuhlandtSenge et al® The hexane was replaced by THF and 2 emjaivtsof AICI3
(according to the literatural:2 ratio gives better electrochemical propejtiagere
added to the solutiomhich wasstirred for 6h at room temperatur@dfter slow
diffusion of hexane a crop of crystals was observed. Unfortunately unit cell
measurements revealed the formation of theepv i ou s | y -crhd pa rot ed mpd le
by Aurbach, [AICKT Mg C| A'S The¢ Fricreased steric bulk of the amine in
comparison to the previous literature examples is a potential reason for the

unsuccessful transmetallation reaction

THF | ® —|@
MesSiy Cl THF, | (THF <|>I

|
N—Mg—-ClI + 2 Al —— Mg —~Al, + other species
/d cI” Ncl THF rt THEY | YTHF C'Cll |

Cl

Scheme 2.3:Attempt of the transmetallation reaction for the preparation of magnesiu
amidohaloaluminate electrolytes.

l nspired by Liubs approach of reacting
reagents such as EtAKCbr ERAICI with MgCl> in THF, (R2N)AICI> which is
presumably found under its dimeric forpiQipp)(SiMe3)N]AICI ] according to the
literature vas prepared by reacting the corresponding lithiated amide avieh
equivalent ofAICI in diethyl ether at OC.!* After filtering off the white suspension

(LiCl), the ether was replacedy @HF and the magnesium reageaither MgCs,

"BuMgCl or "Bu:Mg wasadded to th solution at room temperature in a 1:1 ratio
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(Scheme?.4). Using MgC), a crop of crystals wasbtained in THF atl5°C, but using
"BuMgCl or "Bu:Mg required slow diffusion of hexarieto the THF solutionThe
crystals obtained using Mg&here of too pooquality to diffract sufficiently andthe

'H NMR spectrumof the batch displayed resonances corresponding to THF only
suggesting the product isinreacted MgGl Unlike with MgCh, the Xray
crystallography showed that the crystals obtained u$SBigMgCl or "Bu-Mg
corresponded to the targeted prod[(®ipp)(SiMes)NAICI3] [Mg2ClsATHF], 1,
(Figure2.3). The yield of the reaction is higher wh#uMgCl is used ovetBu,Mg,

an observation that can be related to the presence of an extra chloride atem in th
reaction which seems to be the limiting element using this pathway. The recovered
yield was 44% out of 50% possible due to the Al/Mg 1:1 ratio. Surprisingly, a 1:2 ratio

of Al to Mg using similar conditions did not lead to higher yields.

i .
R R Al .
R Et,0, 0°C . c1” “ci N~ SiMes
HN + "Buli —— LiN_ — e > | R}
SiMe; -"BuH SiMe; cl” al
R =Pr, Me, H
THF e @ ) THF, rt
THF, \ , |
/“"‘9' R R "BuMgClI
ciCl Cl N -
N\E C|—‘AI SiMe;
Mg cr g
< | THF
THF THF

Scheme 2.4New preparation route for the synthesis of magnesium amidohaloaluraie&ctrolytes
using ArNHSiMgas the amine of choice.
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Figure 23: Molecular structure ofl [(Dipp)(SiMe)NAICY] [Mg.CEi6THF]. Hydrogen &éoms anc
disorder present on one dhe THF uni&are omitted for clarity. Thermal ellipsoids are drawn at
50 % probability leveBelected bond distances (A) and ang?®sAI1:N1 1.8172(16); ACI 2.1571; N
Cl 1.441(2)N1-Si1 1.7343(16); M@l 2.5027; MgMg2 3.1494(9); Mg 2.0808; AINI-CI
121.41(12); AIN1-Si1 121.98(9); CNI1-Sil 116.59(12); M@HMg 77.98; CMg-Cl 84.610-Mg-Clrans
176.91; GMg-Clis92.98; GMg-O 89.36. Atoms which do not carry a numerichElaepresent averag
parameter values.

Following the unsatisfying electrochemical results using compolnés a
rechargeable magnesium battery electrolyte duke¢ompositior{see Section 2.2),
the preparation and -Kay characterisation of [(Dmp)SiMe3)NAICI3]
[Mg2ClsBTHF]*, 2 (Figure 2.4),[(Ph)(SiMes)NAICI3] [Mg2CIsATHFT, 3 (Figure
2.5), and[(TMP)AICI3s]" [Mg2ClsATHF]*,4 (Figure2.6), was successfully carried out
using the same synthetic route, with similar yieldd toeing recovered. The success
of this method using different amines proves that this preparation roggeneral,

reproducible and reliable.
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Figure 24: Molecular structure of2 [(Dmp)SiMea)NAICE [Mg2CEi6THF]. Hydrogen #&sioms are
omitted for clarity.The structure is represented in a ball and stick style due to the low quality
data.

Figure 25: Molecular stucture of3 [(PhYSiMe)NAICE] [Mg-CEi6 THF]. Hydrogen éomsare omittec
for clarity. Thermal ellipsoids are drawn at t15€ % probability levelThe quality of the data allows
use it for connectivity only hence the bond parameters are not disculssesl
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Figure 26: Molecular structure of4 [(TMPAICS] [Mg2Cki6THF]. Hydrogenatoms and disorde
present on two othe THF ungatomsare omitted for clarity. Thermadllipsoids are drawn at thBO
% probability levelSelected bond distances (A) and angt@sAlI1-N1 1.8340(15); ACI 2.1777; M
2.5096;Mg1-Mg2 3.1405(8); Mg 2.0759; AINN1-C3 120.39(11); AI1-C7 118.91(11)Mg-CHMg
77.47; GMg-Cl 85.000-M@-Clrans 176.38; GMg-Clis 92.44; GMg-O 60.16. Atoms which do not ca
a numerical label represent average parameter values.

The structures of, 2, 3 and4 differ only by the identity of the amé bound tothe
aluminium. The literature shows only two crystal structures of a corresponding
magnesium amidohaloaluminate, the previously presentédMDS)AICI 3]
[Mg2CIsATHF]* and with the dianionic acenaphtheh@-diimine ligand, 1,2
bis[(2,6-diisopropylphenyl)iminojacenaphthene (dipBIAN) to form [(dipp-
BIAN)AICI 2] [Mg2ClaATHF]* (Figure2.7).t?

cehnl

P

Figure 2.7Anionic moietyof [(dipp-BIAN)AIG] [Mg2CEi6THF]

The dinuclear magnesium catifMg.Cls&THF]" in compound4, 2, 3 and4, as seen

previously in other relevant magnesium aluminates has-&nystallographic @axis
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of symmetry passing through th&o magnesium atoms, which are in a virtually
octahedral environment consisting of three briddiagchloride anions and three

terminal THF molecules. All the different anions adopt distorted tetrahedral
geometries, unfortunately due to the too low gualf the Xray data of compoun®

and3t heir bond | engt h anhbwesenthdir eosneatinatynidt b e
definite The distortion level of a tetrahedral geometry can be represented using the
formula proposed by Houser et al. (Equat®)rwhe e U and $Hthedtwor r es p ¢
largest angles in the fouoordinate species. i value closer to 1.0 indicates that a

species approaches a perfect tetrahedral geonsetnyerselya 4 Mdlue closer to 0.0

indicates a species adopting a square planar giephi

. 360coh b
U= Equation2
141

At this stage, thanks to the good quality of thedra¥ data, only the anions of
compounddand4can be thoroughl y c avalpes,itheahion Accor
of 1 possesses a less distorted tetrahedral geometry than the ahios300.954 and

0.892 respectively). This could be related to the different steric properties of the
amides, TMP haa bulk located directly next to the nitrogen atoms whereas the bulk

of DippNSiMe; arises from the more distafr groups located on the phenyl ring but

also the SiMegroup more adjacent to the nitrogen atoms. The distortion being bigger

in the anion o# indicates that theulk of TMP is mordocally pronouncedhan the

bulk of DippNSiMe, a statement backed up by the length of thalXond being

longer in compound4 than in compoundl (1.8341(15) A and 1.8172(16) A

respectively).

The overall stoichiomtry of the reaction is not efficient as it involves the Schlenk
equilibrium Scheme.5; Equation3) and further Cl rearrangements. Considering that
in the case of the new route deveddmn this study, the Grignard reagent is veslas
a soluble sourcefaMgCl. accessible through the Schlenk equilibrium, it woloéd
necessary to use 4 equivalentsBfiMgCl to get a reaction with the hgreagent to

product ratio (Equatiod). However, the same product is obtained wtguiVigCl is
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replaced by"Bu:Mg, suggsting theCl rearrangment involvest h e ;NAIGR0
intermediate.

2"'Bu-Mg-CI —————> (CI-Mg-Cl + "Bu—Mg-"Bu
Equation 3
THF.
THF, \}HF A—le
Ar\N,SiMe3 g‘% ,‘j r
+ 2CI-Mg-Cl + 2"Bu-Mg-"Bu — » CI Cl . + 2 "Bu-Mg-"
| Cl-Mg-ClI Bu—Mg-"Bu cl ‘s cl—Al \SiMe;, Bu—Mg-"Bu
c” e N / N\ :
Y Mg ch e
S OTHF :
4 "Bu-Mg-Cl THF #HF Equation 4

Ar = Dipp, Dmp, Ph.

Scheme 2.5Scheme of the Schlenk equilibriufaquation 3 and synthesis of(fAr)(SiMe)NAICH]
[M@2CEiI6THF]in a 1:4 ratio Al/Mg Equation 3.

2.3.2. Synthesis of magnesium aluminate compounds in MeTHF:

Formation of a trinuclear cation

Successfupreparation of new magnesium amidohaloalummatessessing
different anides was achieved. Yet, apart from changing the anion and prg@os
new synthetic pathway the contribution to magnesium electrohgmistryis meagre.
Following this the true interest was to conserve the same anion but alter the magnesium
cation compsition in order to study how the cation affects the electrochemical
properties of an electrolyteThis is believed to be especially important in
understanding the mechanistic process the electrolyte undergo during the reversible
deposition of magnesium isnin the battery. A few studies postulate on the
involvement of different magnesium chloride cationic species which adopts different
aggregation staté€.'® Developing electrolytes with different cations couldabstep
forward toward understanding what structural/aggregation features enhance the
performance of an electrolyteBy searching the cryallographic database we
discoveredchloromagnesium cations with a different aggregation level at the cation
when E$O was solvating the metahstead of THF. The chloromagnesium cation in
Et:O forms the trinuclear aggregate [MsAELO]*, in the database only three

structures possess such a cation plus two others with two or three chloride atoms
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replaced by bromide atorh$23

None of theseare paired withan aluminium anion but most anionsntainheavier

group 13 atoms Ga or In. Examining the structure, it is obvioustbaxtraateral

bulk on the E4O ligand preversithe coordination of thregonors per metas observed

with THF in [MgCIlsATHF]*. Only having two ligands, even if 8 is singularly

more encumbering than THF, there is vacant space for a smaller unit to coordinate the
magnesium site. With the absence of another donor ligand there is space for an extra
molecule of MgGIRELO to co-complex to the cation through the chloride atpms
maintaining a six coordinate octahedral magnesium ceiitnenking ahead and
considering a battery system we decided thg® Etas not a good choice of solvent

due to its very low boiling point and hatility.
Boiling point

/O/‘ /\\| ‘ o\ EtO 34°C

| /| O\ MeTHF  80°C

'\
M
\,ol'i)J () THF 66°C

N\~ o

STERICS
o

Figure 2.8:Structural representation ofMgsCH6ERO]" (left) and visual comparison ohé steric
hindrance and boiling point betweenZt, MeTHF and THF (right).

Aiming to find another donor solvent piding a similar bulk ® Et2O but displaying
more attractive properties required foreghargeable magnesium batteggtem our
choice movedtowards 2-methyitetrahydrofuran (MeTHF). Visually its Buseems
situated between ED and THF where the additionateralmethyl group mimisone

arm of the E4O molecule; moreover its boiling point is higher than Thileeting the
properties stipulated for an electrolytic solvent in battery systdfigre 2.8).
Furthermore MeTHF is praised for its environmentally friendly assets, awarding it the
green solvent title which arisérom the natural origin of its precursor (furfural from
corncob and bagasse), its poor miscibility with water and its lower volatiliich

make its purification/isolation more environmentally friengfty.
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Using the same synthetic route as previoudiy DippNSiMes amide was first
attached to the aluminium atom via the lithium amide intermediate, then 1 equivalent
of "BuMgCI (preprepared as a 0.5M solution by reactiByCl with Mg metal in
MeTHF  as to avoid the presence of THF)"BuMg was addedX-ray quality
colourless crystals were obtained by slow diffusion of hexane to yield the magnesium
aluminate compoun{Dipp)(SiMes)NAICI3] [MgsCls®MeTHF]*, 5. The aluminium

anion is unchanged conmea tol but the cation successfully adopts the sowdter
higher aggregation state of a trinuclear spedtgufe2.9). The yield of the reaction

is rather low with 31% but according to the Mg to Al ratio used in the reaction a
maximum yield ofonly 33% is possible.

The cationof 5 contairs a six membered (MgGl¥ing capped on either side by &
bridging chloride anion. In each case, the magnesium centres are in a distorted
octahedral environment made up of two mutually @d.ewis donor atoms from the
MeTHF, two transC | 4) and two cisC | ). sCompared to [MgCIsBELO]" the
presence of MeTH over EtO satisfyingly did not change the geometry of the
trinuclear structure. Most bond lengimd angles remain within the same ramyen

the parameters most likely to be affected such as th®Mygeragebond distances
(2.035 and 2.056 A for compad5 and[MgsCIsAE©O]* respectively) and the-®g-

O angle (90.67 and 91.2 A respectively). Even if these values suggest that MeTHF is
slightly less bulky than ED the difference islearlyminor.

Repeating this reaction with slightly less bulky amide DmpNSiNeoducel
crystalline materiajnamed compoun€) but no matter how big or good looking they

are the diffraction was too weak to provide a solvable data_acking the Xray
characterised structure identifying the cation aggregation, efforts were invested using
electrospray ionisation mgsspectrometry (ESVS) instead, whichconfirms the
presence othe trinuclear aggregation iMeTHF solution; the results are discussed
later within this chapter in Section72.Using PhNSiMg TMP and even HMDS a
poorly solublemicrocrystalline solid is produced at the end of the reaction in MeTHF
only. Attempts to characterise theselids by X-ray crystallographyfailed andH

NMR spectroscopy inTHF of the solid did not display resonances corresponding

to the amide. Analysg an aliquot from the mother liquor shows resonances of the
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freeamines, the reason for the afmmmation of the product is not clear but atidew

failed repeat$urther attempts were aborted.

L
(I:| \ /CI\ ."L e
Al LMo, M9 |
cl” “ci N/SiM63 MeTHF, rt | ~'Ci ’gf |
LiN —_— I —>» a\: o N

\ - LiCl Al
SiMe; cl "BuMgCl /M
L

Et,0

Figure 29: Molecular structure ob [(Dipp)(SiMs3)NAICY] [MgsCki6MeTHF. Hydrogen éoms anc
disorder present on five of the Mé&TF unis are omitted for clarity. Thermal ellipsoids are drawi
the 50 % probability leveBelected bond distances (A) and angt@sAI:N1 1.819(3); NC1 1.443(4
N1-Sil 1.B5(3); MgMg 3.2936; MeClE2) 2.4929; Mg-Cles) 2.5555; GMg 2.034; AlIN1-CI
119.58(19); AMNI-Si1 121.98(9); GNI1-Sil 116.54(19); CH)-Mg-Cl¢2) 157.25; CHz)-Mg-Cles)
83.84; CK2)-Mg-ClE3) 81.58; 157.25 MEIE2)-Mg 82.68; MegClE3)-Mg 80.24; GMg-ClE2)cis 98.11
O-Mg-ClE3)trans 176.52; GMg-ClE3)cis 93.95; GMg-O 88.28.Atoms which do not carry a numeri
label represent average parameter values.

2.3.3. Use of multidentate Lewis donor lignds

The previous section clearly shows how changing the donor ligand coordinated
to the Mg atoms affects the aggregation state of the cation. The major criteria
responsible for this modification being the sterics of the donor ligand use, it was
tempting b considerthe different Lewis doors often encountered in organetallic
synthesis and observe how the cation aggregation reorganises itself. Here the study
focuses on N-polydentate ligands; namely the bidentate ligaNd, N, N6, N©
tetramethiethylenediamine (TMEDA), the tridentate ligandN, N, N&- No, NoO
pentamethyldiethylenetriamine (PMDETA) anthe tetradentate ligand tris{2
(dimethylamino)ethyll]amine (M@ REN) (Figure 2.10).
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TMEDA PMDETA MesTREN

Figure 2.10Multidentate ligand donors used in the pursuit of magnesium amidohaloaluminates i
attempt to control the cation aggregation state.

2.3.4. Use of TMEDA: Formation of a trinuclear cation

Utilizing the prewously discussed protocol in THF, TMEDA was then
introduced toa solution of A(Dipp)(SiMes)NAICI.0, before adding"BuMgCl,
unfortunately no crystals were formed by slow diffusion of hexane. Alternatively, an
excess of TMEDA was added to a solutiorpmdviouslyisolated crystals of complex
1 in THF. X-ray quality crystals were obtained from a toluene/THF solution
representing the magnesium aluminf@Ripp)(SiMes)NAICI3] [MgsClsBTMEDA]",
7,in a 21 % yieldFigure2.11). The anion o6 is unchanged compedl tol, however
for its cation the TMEDA ligands replaces the THF units, engendering a change in
aggregation from dinuclear to trinuclear. The structure of the new product, being richer
in Mg, suggests that some sort of disproportionatioourred aftertte addition of
TMEDA to a solution of compound, explaining the low yield of the reaction.
Consequentlysome neutral aluminium species should be formed a byproduct
unless the magnesium cation is able to adopt smaller aggregation states in solution.
Regardless, this reaction proves that the dinuclear magnesium catioGIp8GHF]*
can easily change its aggregation state in bulk THF upon the addition of the slightly
stronger coordinatingidentatdigand. This observation is a slim hint that the change
in the cationbds aggregation statéeéagdrom d
input of energy, hencéoth dinuclear and trinbear species could be present in
solution before addition of TMEDA as predicted by Liu ettal.

57| Page



Chapter2: Synthesis, Structure and Solution
Characteisation of Different Magnesium
Cation Aggregates

Crystals of compound were found to be twinned. The raw data was processed as
originating from two crystals related by the mattix017-0.0014 0.70280.0009-

1.0026 0.0008 0.000P.0005-1.0013 and the reflection data was presented as a hklf

5 formatted file. Refinement against this file gave a model that was far superior in
terms of R factors, displacement ellipsoid shapes and residual electron density peaks
than a model refined against a dataset with no twin treatment. The BASF parameter
wasrefined to 0.3918(6)Structurally the trinuclear core of the cation/as identical

to the cation 06, and is unaffected by the ligand change. From the bidentate nature of
the TMEDA and particularly the presence @@ ld-CH. backbone, the NMig-N angle

is more restricted than the-Kdg-O angle (84.12 and 88.28espectively) where the
tetminal MeTHF molecules are free to adopt more favoured positions with wider
angles. In the crystallographic database thes{Btg8TMEDA]* cation was previously
observed with iron counter anions [Fe(Bn)and [Fe(Bn)] (Bn = benzyl)while

studying ironcatlysed Kumada crossoupling reaction systenis.

|@ 3 |
THFTH‘FTHF |e (‘N// o 7Y ° |e
' 'Mg/ N1 \ g/ \M;‘N\\
¥ R et || Other
caq s N c_\s_c N +  unidentified
\‘; cl—Al SiMe; TMEDA \Ma/ cl—Al \SiMe3 products
Mg Cl ¢ 4 CI‘ -
S ) THF =N NZ Cl
THF THF J

Figure 211: Molecular structure of7 [(Dipp)(SiMe)NAICH] [MgsCE3TMEDA]. Hydrogen atoms a
omitted for clarity. Thermal ellipsoids are drawn at the 50 % probability level. Selected bond di
(A) and angles (°): AN1 1.819(3); NT1 1.443(4); N$il 1.735(3); Mg 3.8B7; Mg-/ f 222489
Mg-/ £ 3Pp2:573;N-Mg 2.190 Al1-N1-C1 116.3(3)AI1-N1-Sil1 15.4(2); CEN1-Si1 1B.2(30 T 2)Mg-
[ €20 >Mmp T @)EMg-T £30 &9 r OpMdl {APBIGE; Mg 2pMg 82.65Mg-/ f spMg 79.42
N-Mg-/ f 2)2is98.38 N-Mg-/ f afran 178.32 N-Mg-/ f 3)3i95.48; NMg-N 84.12 Atoms which do nc
carry a numerical label represent average parameter values.
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Due to the poor solubility and hence inapplicability’afs an electrolyte the study of
TMEDA solvates was not pursued further.

2.3.5. Use of PMDETA

Following the success of reacting compouhdwith bidentate Ndonor
TMEDA, the same protocol was repeated using tridentate PMDETA, expecting that it
could act asn isodentate surrogate for three molecules of THF, yielding a dinuclear
N-solvated cationsimilar to 1. Using the same procedure employed to prepare
compound?, but replacing TMEDA by PMDETA, a soligrecipitatedwithin 5
minutes after the addition of thieidentate ligand. Upon heating a solution was
obtained and »Ray quality crysta grew upon slow cooling. Despiar expectations,
PMDETA did not replace the THF molecules&®ep the dinuclearation aggregation
but instead generated a neutral magmasilichloride complex MgGRPMDETA, 8,
(Figure2.12. In a previous study by Zhagarger et al., the presence of the related
tridentate Gdonor bis(2methoxyethyl)ether (diglyme) in a similar system also results
in a neutral magnesium complex over the formation of a magnesiumnaliemi
compound?® This suggests that acyclic tridentate dando not possess the correct
spatial conformation of their donor atoms to adequately protect one end ofGl{Mg
fragment as they are aligned foerrather tharfac coordination to an octahedral metal
centre, while they do not have the requisite nemaf donor atoms to protect a

mononuclear or trinuclear cation.

Complex8 is a fivecoordinate magnesium monomer, where the three nitrogen atoms

of PMDETA and two chlorides atoms place the Mg atomge@metry lyingoetween

square pyramid and tiogal bpyramidal. Thels equation (Equatios) devebped by

Addison et al. allows the determinatioh a5 coordinate element adoptsg@uare

pyramidal or trigo n a | bi pyrami dal geometry. I n t hi
| argest angl es, anll= UtheGtrufture @ddoptsstaydnal Wh e n
bipyramidal geometry and whék= 1 the structure adopts a square pyramid geometry.

In the case of Mg in the structure of compo@ritie (} valueis equal to 0.34, meaning

that its geometry is situated in between bggbmetries but with a greater affinity for

thesquare gramidal geometry.
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=y

= Equation5

Figure 2.12Molecular structure of one of the independent molecules of comBlEMgChk-PMDHEA].

Hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at the 50 % probability
Selected bond distances (A) and angles Niy1cCI1 2.3913(7) [2.3770(6)]; MgTI2 2.3108(7)
[2.3371(6)]; Mg&N12.1932(15) [2.1886(13)]; MgN22.323(13) [2.2959(13)]; MgdN3 2.21£(15)

[2.2226(13)]; ClgMg1cCI2 106.26(3) [105.26(3)]; CtMg1cN1 93.44(4) [93.19(4)]; CtRMgicN1

109.78(4) [106.25(4)]; CiMgIcN2 96.84(4) [98.09(4)]; CiRMIgIcN2 156.89(4) [156.78(4)]; Ci1
Mg1cN3 93.20(4) [92.27(4)]; CGERMglgN3 109.25(4) [13.79(4)]; NEMgIgN2 78.91(5) [79.78(5)];
N1¢Mg1cN3 136.63(5) [136.49(5)]; NMglcN3 78.42(5) [78.48(5)]Bond parameters of seconc
indeperdent molecule are in parentheses. Atoms which do not carry a numerical label repre
average pararter values.

The monomeric motifof compound8 is commonly observed in the literature with
dialkyl-, dialkoxide and dihalidemagnesium compounds using PMDET&8When

using the analogousthereal ligand diglyme, the absence of one terminal methyl
groups on the outer @onor atoms leave enough space for the moldoutemerise

via chloride bridgesleavingthe Mg atom in a distorted octahedral geomé&trs
mentioned in the previous paragraph it is the more fadbomer alignment of the
donor atoms of the | igand whi chtreplace t he
the THF units ifMg2CIs&THF]" which adopts dac arrangement. It is however not
impossible for a PMDETA ligand to rearrange itself so the donor atomsadre
aligned, and was observed in two cases where the molecule adopts a distorted
tetrahedal geometry, allowing the formation of the mononuclear Mg cation

[ Mg Cp AP M@ E Ayclopentadienyle, §8s5 ).2°3° There is however a major
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steric and eleobnic difference between a Cp group and a halogen atom, which seems
to be key to stabilise such a conformation.

2.3.6. Use of MeTREN: Formation of a mononuclear cation

The largest multidentate-tlonor ligand of the series, NIEREN, is known to easily

cg one hemisphere of reasonably small metal atoms and is often exploited to trap
sensitive mononuclear organometallic spedies. By repeating the procedure to
synthesie compoundl in THF, but introducing the tripodal ligand before the addition

of "BuMgCl, X-ray quality single crystals were obtained from afOETHF mixture.

As anticpated the tetradentate ligand occupies one hemisphere of the metal to yield
[(Dipp)(SiMe3)NAICI3] [ Mg C IsTREN], 9, in a yield of 65 %Figure2.13. This

result unequivocally confirmed our view that a mononuclear MgCl cation could be
prepared on demanbly fully occupying one hemisphere of the metalprevent
oligomerisationa n d represents t he feTRENJt to kex amp | e
synthesised and crystallography characterised. Moreover, this represents potentially a
key breakthrough for the solutiorusy of mononuclear magnesium aluminate battery
electrolyte complexe since the previously synthesismonomeric THF solvate
displays poor solubility even in polar THRhesynthesis and characterisation of other
mononuclear magnesium aluminates using the less sterically hindered amines,
DmpNHSiM&, PhNHSiMe and HMDS(H) was also successful yielding
[(Dmp)(SiMe3s)NAICI3] [ Mg C IsTREN]", 10, yield: 63 % (Figure 2.14);
[(PhXSiMe3)NAICIs] [ Mg C leTREN]', 11, yield: 69 % (Figure 2.15 and
[(HMDS)AICI3] [ Mg C IsTREN], 12 (Figure2.16).
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Figure 2.13Molecular structure o® [(Dipp)(SiMe)NAICG] wa 3/ §TRENEHydrogen atoms are
omitted for clarity. Thermal ellipsoids are drawn at the 50 % probability level. Selected bond dist
(A) and angles (°): AN1 1.87(3); N1C1 1.4384); N1Sil 1.735(3)Mg1¢Cl4 2.3229(2); MgN2
2.219; M@ Neq2.182; AIEN1-C1 116.3(3)AI1-N1-Si1 12.75(14); CIN1-Si1 17.54(19); N2cMg1cCl4
178.28(6); MecMg1¢Cl498.98; NZMQg1Neq 81.06; Ng¢Mg1cNeq 117.61.Atoms which do not carry ¢
numerical label represent average parameter values.

Figure 2.14Molecular structure ofl0 [(Dmp)(SiMe)NAIC)] @wa 3/ §TRENEHydrogen atoms are
omitted for clarity. Thermal ellipsoids are drawn at the 50 % probability level. Selected bond dist
(A) and angles (°): AN1 1.81(2); NAC1 1.431(4); NSil1 1.73{L); MglcCl4 2.3195(11); MgN2
2.214(3); MgNeq 2.184; AIINI-C1 117.22(18)AI1-N1-Sil 12.49(14); CIN1-Si1 20.23(19); N2
Mg1¢Cl4178.34(8); MNcMg1cCl499.18; NZMg1¢Neq 80.81; Ng¢MgIcNeq 117.50. Atoms which do
not carry a numerical label represent average parameter values.
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Figure 2.15Molecular structure ofL1 [(PH(SiM@)NAICY] wa 3/ §TRENEHydrogen atomsnd
disorder present on each arm of the MEREN unitire omitted for clarity. Thermal ellipsoids ar
drawn at the 50 % probability level. Selected bond distances (A) and angles-{4)t A811(4); N1
C1 1.430(6); NSil1 1.7354); MglcCl4 2.3155(16); MgN2 2.211(4); MgNeq 2.188; AlIN1-C1
118.8(3) Al1:N1-Sil 15.4(2); CIN1-Si1 115.3(3); N2¢Mg1cCl4179.47(13); MicMg1cCl498.98; N2,
M@1¢Neq 81.02; Ng¢Mg1GNeq 117.71. Atoms which do not carry a numerical label represgeatage
parameter values.

Figure 2.16Molecular structure ofl2 [(HMDSAICY wa 3/ §TREN$Hydrogen atomare omitted
for clarity. Thermal ellipsoids are drawn at the 50 % probability level. Selected bond distances (
angles (°): AIN1 18227(17); NiSi 1.7374; MgdCl4 2.3083(8); MgN22.2262(17); MgNeq2.1901;
AIN-Si 119.44 N2¢Mg1¢Cl4 178.38(5); McMglcCl4 99.22; NZMgIcNeq 80.77; NgGMgICNeq
117.47. Atoms which do not carry a numerical label represent average parameter values.
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The mononuclear cation [MdCA §WREN]" of compounds, 10, 11 and12 are all
identical with only irrelevant variations. Structurally the Mg centre lies in a trigonal
bipyramidal environment with the central nitrogen and chloride occupying axial
positions with the three pendant arrrdibinor atoms occupying equatorial sites. The
MesTREN ligand is versatile and in certain ca#ecan adapt to the coordination
sphere of a metal by acting as a tridentate ligand, with one aramésfordinated (e.qg.
LIHMDSMesTREN, 2-BuCsHsNLiMesTREN).34%° Because of this alify, the
representation of these compounds in solid state is not necessarily the same as in the
solution state. The characterisation of Mg reagents witTREN was only studied
inonepreviouspu bl i cati on by Haz arslREN]tcatanwas wher e
observed, as well athe neutral MeMg A MREN where MeéTREN acts as a

tridentate ligand.

2.4. Xray crystallographic comparison of magnesium

aluminate complexes

This syntheticstudyhas showrmow the use of different donor ligands controls
the aggregtion statdmonao, di- and trinuclearpf thecation inpreviously introduced
magnesium amidohaloaluminate compounds. This discussion will review the pertinent
bond lengths and angles of the obtained structures to show the effect of thetdifferen
amides o the aluminium aniorffocussing specifically od, 10, 11, 12 and4), the
effect of the different catioaggregations on the anion andanore detaithe difference
between the aggregation state of the cationk (ofinuclear)5, 7 (trinuclear), an®

(mononuclear).

2.41. Crystallographic study of the aluminium anion

In the literature there are only a feexamples of a magnesium aluminate
solventseparated ion pair with a magnesium chloride cation which is not
[Mg2ClaATHF]*; specifically[MgCIATHF]*wit h a-nhfaltbo counter a
anion [AICL] , [Mg2Cl,ADME]?* with two [AICI 4] or [EtAICI3] counter aniongnd
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finally the naked ma ¥ withitsvocounterchnionsa[AlMdo n [ Mg /
or [AICl4 counter anion&?®3%3"The first part of the anion study will discuss the

effect the different cation aggregations haveaonommonaluminium anion. The

following discussion wilthendiscuss the bond lengths and angles of anions containing
different amides, atudy related to the electrochemistfyltese compounds presented

in Chapter3. The relatioshipbetween the amide and the electrochemistry was linked

due to the early decomposition of compounds possessing the DippiN&iMee,

requiring he useof less lulky substituents on the phenyl ring. Studying the changes
occurring in the anion structure using different amides can give an insight if the extra

sterics from théPr groups of the Dipjs influential in the solid state.

2.41.1. Effect of the magnesiuntation on the aluminium anion

Table2.1:Selected bond lengths and angles for {(Ripp)(SiME)NAIC]] anion ofl, 5, 7 and 9.

1 5 7 9
Cation aggregation stat¢ dinuclear trinuclear trinuclear mononuclear
Donor ligand THF MeTHF TMEDA MesTREN

Selectedond lengths (A)

N1-All 1.8172(16)  1.819(3) 1.815(4) 1.809(6)
Al1-Cl1 2.1483(7) 2.1396(13)  2.152(2) 2.143(3)
Al1-CI2 2.1648(7) 2.1646(14)  2.168(2) 2.166(3)
Al1-CI3 2.1582(7) 2.1524(14)  2.155(2) 2.152(3)
Al1-Cl mean 2.1571 2.1522 2.158 2.154

Selectedond angles (°)

N1-Al1-Cl1 113.00(6) 111.41(9) 112.13(15)  110.3(2)
N1-Al1-CI2 111.32(6) 114.80(10)  113.16(16)  116.7(2)
N1-Al1-CI3 112.50(6) 111.25(10)  113.37(16)  109.3(2)
N1-Al1-Cl mean 112.27 112.49 112.89 112.10
CI1-Al1-CI2 107.19(3) 105.65(6) 10724(9) 105.90(12)
CI1-Al1-CI3 106.74(3) 108.54(6) 106.32(9) 109.97(13)
CI2-Al1-CI3 105.65(3) 104.75(6) 103.99(8) 104.34(12)
CI-Al1-Cl mean 106.53 106.31 105.85 106.74
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Table2.1 shows that the anions &f 5, 7 and9 are nearly identical, thus insinuadi

that the presence of different coordinating ligands and the different aggregation states

adopted by the magnesium chloride catidosiot alter or interact with the aluminium

anion. The slight differences in theAN and Al-Cl bond lengthsre too insigificant

and carpotentially be attributetb a difference of packing in the crystal lattice. The

same observations can be made with th#& NCIl and CIAI-Cl bond angles. This result

is not a surprise and is beexpected in a solversieparated ion paitrsicture.

2.41.2. Effect of the amide on the aluminium anion

Table 2.2Selected bond lengths and angles for the anionk @b, 11, 12 and4. * N1-Si2 bond length;
"SiEN1-Si2 bond angle; Al1-N1-Si2 bond angle.

1 10 11 12 4
Selected bond length8)
Amide DippN(SiMes) DmpN(SiMe) PhN(SiMe) HMDS TMP
N1-AlLl 1.8172(16) 1.8114(17) 1.811(4) 1.8227(17) 1.8341(15)
C1-N1 1.441(2) 1.431(4) 1.430(6) 1.741017 -
N1-Sil 1.7343(16) 1.734(2) 1.735(4) 1733917) -
Al1-CI1 2.1483(7) 2.1675(8) 2.1551(15) 2.1624(7)  2.1787(7)
Al1-CI2 2.1648(7) 2.1682(8) 2.1751(15) 2.1727(7)  2.1774(7)
Al1-CI3 2.1582(7) 2.1422(7) 2.1641(15) 2.1679(7)  2.1772(7)
Al1-Cl mean 2.1571 2.1593 2.1648 2.1677 2.1777
Selected bond angles (°)

Al1-N1-Sil 121.98(3) 122.48(10) 125.4(2) 118.26(9)  --
C1-N1-Sil 116.59(12) 120.24(13) 115.3(3) 120.00(9% -
C1-N1-All 121.42(12) 117.22(18) 118.8(3) 120.63(10)  --
N1-Al1-CI1 113.00(6) 115.74(6) 110.76(13) 114.06(6)  118.31(5)
N1-Al1-CI2 111.32(6) 110.52(6) 112.27(13) 113.92(6)  115.89(5)
N1-Al1-CI3 112.50(6) 109.93(6) 112.90(13) 112.01(6) 111.61(5)
N1-Al1-Cl mean 112.27 112.06 111.98 113.33 115.27
Cl1-Al1-CI2 107.19(3) 103.70(3) 106.72(6) 105.26(3)  98.09(3)
Cl1-Al1-CI3 106.74(3) 107.36(3) 108.48(7) 105.19(3) 105.08(3)
CI2-Al1-CI3 105.65(3 109.29(3) 105.37(6)  105.59(3)  106.30(3)
CI-Al1-Cl mean 106.53 106.78 106.86 105.35 103.15

Due to the low Xray data quality of compoundsand 3, direct comparisons with

compounds containing the dinuclear cation exclusively is not possible. But after
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establishing that the magnesium cation, whatever its aggregation teweke s n 0 t
interfere with the aluminium anion it allows us to compare the anions possessing

different amide goups even if the counter cation is different.

Table2.2 displays selected Ind lengths and angles of the anions of compoands,

11, 12 and4. Overall there is no major impact on the anions when the nature of the
amide is changed. A slight difference perhap®bserved when TMP is used, where
the N-Al bond length seems to ireaise, while the EAI-Cl bond angle slightly
decreases with the bulkinesstbé amde. To extend this point a similar observation
can be made witf(Dipp)(SiMe3)NAICI3] compared t¢(Dmp)(SiMe3)NAICI3] and
[(PhXSiMe)NAICI3] (longer NAI bond and smaller GAI-Cl angle with
DippN(SiMe3)), but these differences are not significant enough to make any firm
conclusions. Another miniad trend can be noticewhen comparinghe Al-N-Si
angle, whichunsurprisinglydecreases with the bulk of the substituents on the aryl ring.

In electrochemical testind\l-boundamides were shown to improve the magnesium
aluminates attributes as electrolytésThis study showed that lmhanging the amide

the general structure of the magnesium aluminate is conserved and the bond lengths
and angles do not give conclusive informatiorttom stability of the aluminat&rom

these observations, and relating them to the low oxidative stabflityoth the
[(Dipp)(SiMe3)NAICI 5] and [(Dmp)(SiMe3)NAICI 3] anions over the
[(Ph)XSiMe3)NAICI3] demonstrated in Chapter 3, the reason for the destabilisation is
more likely to be an electronic effect arising from the substituents instead of a steric
effect. The impact of the TMP dhe anion is more pronounced, suggestireganion

will be less stabldue tothe longer NAI bonds and smaller €Al-Cl angle Moreover

a theoretical study calculated the HOMOMO energy gap involved in different
aluminate aions [RAICl4n] (n=1, 2,3 and R =ClI, Et, Mes, TMP, Ph, HMDS, OPh),
which isbelieved to be a good indication of the oxidative stability of dreesponding
electrolyte. Amonghe different ligands used the anicontainingTMP possessthe

lowest energy gap, henpessessing the lowest oxidative stabilitylodse studied
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2.42. Crystallographic study of the magnesium chloride cation

The structures1, 5 7 and 9 possess this time the same anion
[(Dipp)(SiMe3)NAICI3] but by using a different donor solvent (THAeTHF) or
introducing selected multidentate donor ligands{MREN, TMEDA) the aggregation
state of the cation was altered, leading to the formation of the commonly observed
dinuclear cation [MgCIsATHF]" 1, two trinuclear cations with the novel cation
[MgsClsAMeTHF]* 5 and [Mg:CIsBTMEDA]* 7 (previously observed by Bedford
with an ironcentred counter anior),and finaly the novel monomeric cation
[ Mg KRdsTREN]* 9. As mentioned earlier, magnesium aluminate electrolyte
literature displays only two different aggregation states of magnesium chloride cations
(excluding [MgCIATHF]) , t he mo nBHR2and thelvege@tipublished
dicationic dimer [MgCL,ADME]?>" (DME: 1,2-dimethoxyethane also called
glyme)#?® In this section a comparative discussion between the bond lengths and

angles of the different cation structad 1, 5, 7 and9 will be presented.

Table 2.3Selected average bond lengths and angles for the catiohs5f7 and9.

1 5 7 9
Cation aggregation stat¢ dinuclear trinuclear trinuclear mononuclear
Donor ligand THF MeTHF TMEDA MesTREN

Selected avage bond lengths (A)

Mg-Cl 9 ¢ 2.5027 2.4929 2.489
Mg-Cl Y ¢ - 2.5555 2.573
Mg-Clierm - - -- 2.3229(13)
Mg-Nax - - - 2.219(3)
Mg-Neq - - - 2.182
Mg-N - - 2.189
Mg-O 2.0808 2.034
Mg-Mg 3.1494(9) 3.2905 3.297
Selected asrage bond angles (°)
Cl JP-Mg-Cl 3 ¢ 84.61 157.25 157.32
Cl Y-Mg-Cl J ¢ -- 83.84 84.92
Cl -®g-Cl J ¢ -- 81.58 81.02
Mg-C | -Klg 77.98 82.69 82.65
Mg-C | -Klg - 80.24 79.42
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N-Mg-C | {cie
N-Mg-C | Ycie
N-Mg-CI(£%)trans
Nax-Mg-Cl

NecMg-Cl

O-Mg-C | e
O-Mg-Cl(e?)wans
O-Mg-C | e
O-Mg-Cl(e%)yans

NaxMg-Neq
NeqMg-Neg

92.98
176.91

98.11

93.95
176.52

98.38
96.00
178.36

178.28
98.98

81.6
117.61

Table2.3 shows that the terminal MGlerm bond length fron® is unsurprisingly the
shortestat 2.3229(13) A against an average of 2.5027 fomMgrC | 3) Bond in the

dinucear cation of, and average of 2.573 for By-Cl(¢®) bond in the trinucear cation

of 7; a slorter bond is often associated walstronger one. Coraped to the terminal

bond from thecrystal structure of the THF solvated neutral magnesium chloride
MgCLATHF from the CCLZ,*® the MgClierm bond from9 is also shorte(Mg-Cl

2.443A average bond length fdgClATHF), which is to be expectesince the M§'

s h ar i n@ompatedts thecnbutral grecturei t h
of MgCLAAMDETA in compound (selected bond length and angleSattion 2.3.5),

the difference of the M&liermbond lengths is lespronouncedvith a bond only 0.036

centre

i s

only

A shorter for9 (Mg-Cl 2.351A average bond length f8). A similar observation with

MgBr bonds suppr t s

this

t h e MesYREN]'wchtienr has aashofteMg Br A

metal halidebond length than MgBATHF2°4°However the effect of the nature of

the donor ligand (N or O) or the numberdanor atoms on the terminal Mgl bond

cannot be excluded as in comparison to the previously demonstretéaT plF

sol vated

repl aced.

mo MR} ey Aufbadily @é Ml bond isslightly longer
(2.391 Athat its M@TREN analogue. For the bridging chlorigése MgC | 4) mond
is slightly longer than the M@ | ) lsond, and therefore expected to be more easily

Thi s

statement

can

be strength

in the same batch & where an-butoxide group (presumably obiad by hydrolysis

from the

"BuMgCI

solution)

replaced a

capping ClI

atom to give

[MgsCls(O"B u )MATEHF]" 13 (Figure2.17). A similar structure with aNIgCIlsAHF]
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counteranion was reported in a magnesium battery paper where the two capping ClI
atoms are repked by twan-butoxidesin [MgsCls(O"Bu).ATHF]". 4

Figure 2.17:Molecular structure ofl3 [(Dipp)(SIMENAIC]] [MgsCk(Q'. dz0 i ¢ a.3H§droGes
atoms and the carbon atoms of the MeTHF molecules are omitted for clarity. Thermal ellipsc
drawn at the 50 % probability level. The quality of this structure is hindered by the high di
involved in the MeTHE&nits, this structure is only the result of impugs present in the sample her
the bond parameters are not discussed.

The table also shows that the MNI(i 2)-Mg bond angles of have an average acute
angle of 77.98°, for5 and 7 the angle opens more giving 82.69° and 82.65°
respectively, while the MEI(i 3)-Mg angles are also in the same range (80.24°,
79.42°,7). These values reflect their participation in both fovembered and six
membered rings within the trinuclear species. As expected, for the trinuclear species
(5and?7) the CIf 2)-Mg-CI(i 2) angles are wider to be able to form the (Mg@t)meric

ring (157.25°5; 157.32°,7) whereas the Qlg)-Mg-CI(i 3) angles (83.84%; 84.92°,

7) are similar to the Ci(x)-Mg-CI(i 2) angles of the dinuclear catidn84.61°). These
observationsllow the propodeof an alternative view to the trinuclear cation which
could be seen as a dinuclgily.Cls]™ cation being coordinated by one molecule of
MgClz (Figure2.18. The NMg-C | 4)cisand OMg-C | {)cigangles are also slightly
different where TMEDA leads to enore open angle by just over 2°, the same
observation is made with the anglesMg-C | {uwgsand GMg-C | Augs For the
monomer9, the Nu-Mg-Cl angle is nearly linear at a 178°3ngle and the d-Mg-

Cl angle is more open than a right angle at 98sb®wing the equatorial N atoms are
slightly out of a perfect equatorial plane. These data show thatREN is capping

one hemisphere of the magnesium atom.
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Cl4

Dinuclear cation
[Mg2CE]* .

=

g Magnesiumdichloride
Mg3 MgCh

Figure 2.18Alternative view of thenolecular structure of the [MgCk]* core, the donor ligands we
removed for more clarity

2.43. Further crystallographic studies

In addition to the structures obtained foe throduct of each reaction, it is
important to investigate the crystal structure of the starting material b$lepte the
struct ur §SIMBSNAIGIHDiwaps) sought to see i f th
dimer [[Dipp)(SiMe3)NAICI 2]z introduced by Roeskgnd ceworkers, who obtained
it by an alternative method, namely treatin@ipp)(SiMes)NAIMe]> with
trimethyltin chloride(Scheme2.6).1142

Me;Si CH Me;Si Me;Si Cl
7 [ Hexane N /\ + Me;SnCl N\ /N
NH + Al _ N—Al Al—N — . N—A[ AI—N
HyC” CH;  Reflux NV \SiMe3 Nei \SiMe3

Scheme26w2 S&1 &8 Q& aeéyidKSiKDpp)SVERAH2 G2 L

Crystals were obtaineddm a solution in THF at70°C after the addition of one
equivalent of (Dipp)(SiMes)NLi to AIClz in EtO, followed by filtration of the

resulting LiCl. The structure obtained upon cooling7@°C was the solveseparated
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lithium aluminate] (Dipp)(SiMezs)NAICIs] [ L THEW 14, in a yield of 55 %{Figure

2.19. It was surprising at first thought as the LiCl precipitate was fully filtered to
obtain a clear solution, but tipeoductmust haveesultedrrom the slight solubility of

LiCl in Et20, it is however evidese that this other side product should be considered
in the reaction. This observation may somehow turn to our advantage as the
[(Dipp)(SiMe3)NAICI 3] anion is already formed, hence boosting the yield in further

reaction to give magnesium complexes, whichmited by the Cl ratio.

Figure 2.19Molecular structure ofi4 [(Dipp)(SiMe)NAIC]] [Li4THF". Hydrogen atomsare omittec
for clarity. Thermal ellipsoids are drawhthe 50 % probability level.

A related structure was obtained when the same syntsito prepare compound

1 was performed in DME instead of THF, in an attempt to obtain two
[(Dipp)(SiMe3)NAICI3] anions with the previously demonstrated pagADME]?*

dication®® However the crystals obtained after addition ®BuMgCl to
A(Dipp)(SiMe3)NAICI20 and sl ow di ffusi on edpardieelx ane,
lithium aluminatd] (Dipp)(SiMes)NAICIs] [ L DME3* 15, yield: 60 %(Figure2.20).
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Figure 2.20Molecular structure ofl5[(Dipp)(SiMe)NAICE] @[ A i Ja Bydr8gen atomare omittec
for clarity. Thermal ellipsoids are draven the 50 % probability leveSelected bond distances (A
angles (°): KD 2.113; AIN1 1.820(2);A-Cl 2.1581;N1-C1 1.439%); N1Si1 1.740(2); AIN1-C1
118.82(18) Al1-N1-Si1118.05(18) CEN1-Si1123.13(13) O-LiO 77.81%; O4Lil-0O3 93.2(2); O1i1-04
165.0(3); O4i1-05 98.3(2); OL1il-06 94.2(2), ORil-0O3 101.1(2); ORi1-04 91.2(2); ORil-Ot
93.2(2); O.i1-06 166.6(3)03Lil-0O4 163.2(3); ORBi1l-06 90.2(2); O4i1-06 98.2(2)Atoms whicl
do not carry a numerical label represent average parameter vatugge angle of DME.

2.5. Introduction: characterisation techniques for the

solution studies of magnesiumaluminates

2.5.1. Ramanspectroscopy

Raman spectroscopy is a close relative to {Rfea (IR) spectroscopysdoth

provide information about the vibrational and rotational state of the molecule studied
(Figure 2.21b. Their differences arise from the collection of the information; IR
spectroscopy recognises changes in the dipole moment of a molecule, wheraas Ram
spectroscopy detects polarization variations of this molecule by measuring the
scattering light. In more detadh molecule is irradiated by a monochromatic light, often

a laser beam, which disrupts the electron cloud causing changes in the polarisation
The molecule gains energy and is excited

than the real excited state of the molecule. From this phenomenon, three types of lights
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are scattered and measured: namely Stokes;Stokes and Rayleigh scattegi
(Figure2.219.

Raman spectroscopy is widely used in a number of areas requiring microscopic, non
damaging chemical analysis and imaging measurements. It is quick, sensitive, easy to
use and the analyte can be solid, gaseous or liquid but also gglpslapowder. The

fields using Raman spectroscopy generally consist of pharmaceuticals and cosmetic
companies, geologists and mineralogists, material developments (carbon material and

semiconductors) and finally life scient®&*°

a) : Incident : Scattered b) H,0
photon radiation @ @
+ Virtual energy | Raman active Raman active
Energy states IR active IR active

&g%

Raman active

co IR active
Vibrational 4
energy states . M
3
— 2 Raman active Raman inactive
v —1 IR inactive IR active
£ v AV
Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman
scattering scattering Raman inactive

IR active

Figure 2.21a)diagramshowing the thredypes of light scattered in Ramapectroscpy; b) Differen
vibrational states observed in Raman and IR spectroscopy.

Because of certain &nan inactive vibrations, there is a certéimitation in the
recognition of a few types of compounds. Therefore, in most cases Raman
spectroscopy is chosen for molecules containing features leading to strong Raman
spectral bands; these features can Ibensarised as symmetrical stretching, multiple

bonds, rings and heavier atoms.

Raman spectroscopy was previously used in a few studies of magnesium aluminate
electrolytes, both in solution and solid state. Secti@rb2of Chapter 1 covers these

studies immore details.
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2.5.2. Electrosprayionisation mass spectrometry

In an ESIMS, the metal capillary from which the solution of the sample arises
is subjected to a high voltage. An electric field is created and the emerging sample
solution undergoes electropretic movement in respsato this electric field. The
positive ion mode forces the anions to migrate toward the metal capillary by inducing
a positive potential (oxidation), whereas the cations will be repulsed from the metal
capillary and be attractdaly the counteelectrode situated a short distance from the
end of the capillaryRigure2.22. The pull of the cations at the edge of the capillary
creates a surface tension to form a cone called the Taylor cone, where its tip is its least
stable part, @ating a fine strand which breaks to form a mist of charged microdroplets
progressively decreasing in size to nanodroplets. In the negative mode the process is
simply reversed where the reduction occurs at the capillary and the oxidation at the
counterelectrode®®°® ESFMS gradually made its way to a vargeful method for the
characterisation of organometallic reagents. Its strength emanates from its ability to
specifically deduce the stoichiometry of a studied compound but also its aggregation
state in solution and the solvation on a metal centre. iy to exclusively detect
the charged species present in solution gives theroehto observe ionic behaviaor
solution often involved in organometallic reactions originating from the electronic

differences between the metal and the organic moiti8s

Mass
Spectrometer
Initial droplets (um) Final droplets (nm)
ESI capillary
® ° e
Y @O@ @@ ee."..'.
analyte \_ ) T o o et
solution - © G? o 60° e I
@ o o
Taylor cone © ° o
= e}
Oxidation e o
le
Reduction
| l
! o
Power supply ™C

Figure 2.22Schematic illustration of E®IS process in the positive ion mode.
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Subambient pressure ionisation with nanoelectrospray mass spectrometry, a mild
variant of ESIMS, was usedby Liu and ceworkers where they observed the presence

of the mononucleama gnesi um c¢ h |l o rTHH®In acTAE solation of Mg C| A
[PheAICI] - [Mg2ClaBTHF]*.18

2.6. Ramanspectroscopyresults

This section presents preliminary results performed on Raman spectroscopy,
in collaboration with Professor Duncan Graham within the University of Strathclyde,
for dinuclearl, trinuclear5 and mononuclea®. As a reminder, Raman spectroscopy
was used by Aurbach on his magnesium aluminate electrolytes where his aim was to
observe different vibrational bands corresponding to both the aluminium anion and the
magnesium cation leading to charaig&tion of these electrolytes in solutibiere we
want to investigate this technique with the compounds presented in Section 2.3
possessing the common anidriDipp)(SiMe3)NAICI3] but different cations
[Mg2ClaBTHF]*, [MgsClsAMeTHF]* and[ Mg KésTREN]*. First their study in
solid state using pure isolated compounds was carried out to identifyfthen ger pr i n-
signals specific to the different aggregation states and more pyeitisalifferent
energies between the different M bonds [MgClierm, Mg-(i 2-Cl) and Mg(i z-CI)].

This work was then extended to the study of these compounds in solution in the hope
of observing any presence of a dynamic equilibrium between the diftaggragates,

a proposition made by Liu et al. who believe that they are key components involved in
the reversible deposition mechanism of a Mg battery using electrolytes possessing the
[Mg2ClsBTHF]" cation.!®

2.61. Raman spectroscopy studies ithe solid state

All samples were crushed using a mortar andg@@sthe glove box and flame
sealed in small melting point capillaries as done for the solution samples. The
measurements were performed with a lower energy laser (785 nm) to avoid any
possible degradation of the sample, but also to limit the backgroisd frequently
observed for solid samples. The measurements focused on thaAddVgCh region

(150 - 550 cm') for more clarity. Each sample displays vibrational bands for
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[(Dipp)(SiMe3)NAICI 3] identified by comparison with the spectra of DippNHSiMe
and AICk (Figure2.24). The strong vibrational band of the samples corresponding to
the AI-CI bond shifted from 356 to 328 cinit is however harder to say how much the
signals for the amine chged due to weaker signal intensity. Moreover these weak but
numerous amine signals seem to overlap with the vibrational bands-61 blonds,
especially for the major one at 240 tn# few differences between the samples can
however be spotted, especialith the two signals at 242 and 272 &nfor 5 (Figure

2.23 black spectrum) the intensity is stronger for the signal at 242 fon1 (pink
spectrum) the two signals are more even and firta{tyreen spectrum) displays only

a signal at 272 crh It is however not clear if these changes are influenced by

differences in MgCl bonds or if they come from the amine itself.

20000 ~

M a) MgCl,

15000 +

b) AICI,

1%%—wwmﬁwww/\wﬂhmﬁALMNWWMWN“meWWMJMMq5mmikkMMHH+
WW d) 1 [MgzClaBTHF]*

5000

Relative signal intensity

e) 8[ Mg KidsTREN]"

T T T T T T
200 300 400 500
Raman shift (cm™)

Figure 2.23Raman spectra oi powder sample o&) MgCt b) AICk c) 5d) 1 e) 9 f) DippNHSIMg
(liquid).

2.62. Raman spectroscopy studies in solution

Although no conclusive results were obtained from the study of thpaands

in solid state, the solution analysis was still carried out, hoping to observe
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complementary informatio.hree samples were prepared in the glove box, where 0.1
M solutions were prepared in THF for compouridend 9, and in MeTHF for
compound5 to precludeLewis donor exchange and then aggregation state change.
These solutions were then transferred in small melting point glass capillaries prior to
flame sealing using a Bunsen burner. The 633 nm monochromatic laser was manually
focused on the capdly, but unfortunately the signal displayed peaks almost
exclusively corresponding to THF for compourddsnd9 (Figure3.24), and MeTHF

for compound5 (Figure 2.23. The solutions of MgGland AICk in THF show
characteristic signals at 207 and 321 amspectively. The spectra band9 display

small vibrational bands at 321 dnshowing presence of an aluminium species if not
AICl 3 itself. A signal from MeTHF appeed at a similar wavelength but the related
signal for5 is stronger than the MeTHF staard showing evidence of an aluminium
species as well. However no spectra from the magnesium aluminates display
vibrational bands near the MgQir even signals for Dipp{$iMes). This seemsra

odd result as the literature shows successful acquisition omgstemission of
vibrational bands with [EtAIG]" [Mg2Cls&THF]*, which is in theory less Raman

active tharl due to the absence of an aromatic group.

These results are only preliminary and further experiments using different parameters
could supply morelracteristic spectra. Such changes could involve the use of less
powerful laser source (785 nm) which could attenuate the strong vibrational bands
from the THF and MeTHF, but also the use of more concentrated solution, and the use
of a larger sample coriteer. The very narrow capillary tubes and the manual focus of
the laser do not combine to give accuracy in the measurement, using\sakled

instead would allowtte useof autefocusing apparatus newly acquired.
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b) 5 [MgsClsAMeTHF]*
>
g d) MgCl,
2 e) AICl,
= \/ \\/\ f) 1 [MgzCloaTHF]*
g 9) 8[ Mg KdsTREN]*
® h) THF
(O]
>
I
Q
e

T T T T T T T T T T T
200 400 600 800 1000 1200

Raman shift (cm™)

Figure 2.24Raman spectra &) pure DippNHSiMsb) 0.1 M solution ob in MeTHFE) MeTHRI) MgCk
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2.63. Raman spectroscpy summary

Both solution and solid studies of compounts5 and 9 using Raman
spectroscopy shows no apparent pattern identifying the presence of different
aggregation level in their cations. The spectra of the solid state study display only
subtle diffeences which, due to the lack of existing library of similar compounds, did
not give conclusive information. Even without the characteristic features in the Raman
spectra corresponding to the different cation aggregation hoped for from the solid state
study, the study with the compounds in solution went ahead. The spectra in solution
exhibit almost exclusively overpowering bands corresponding to THF or MeTHF,
whereas the signals of interest at lower shifts seemed to be too low in intensity to be
accuratelybserved. According to these results
be a powerful method to study and analyse the different aggregations in both solid
state and solution. It was theredalecided to focus on a different technique to achieve

a successi study, namely Electrosprdgnisation Mass Spectrometry.
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2.7. Electrospray ionisation mass spectrometry studies

This section presents the results of the-EISl measurements performed at
GeorgAugust Universitat in Gottingen thanks to a close collation with Professor
Konrad Koszinowski. These measurements were carried out on solutions of pure
isolated crystals ofl, 2, 4, 6, 8 and 9 in THF and5 in MeTHF. Supplementary
experiments were made by runnihgn MeTHF, hoping to see the behaviour of the
THF solvated cation of [Mg-ClsATHF]" in bulk MeTHF and vicerersa with the
MeTHF solvated cation & [MgsCls®MeTHF]" in bulk THF. Finally a study of the
effect of the sample concentration on the aggregation state of the catlowasf

carried out.

2.7.1. ESEMS of the aluminium anions
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Figure 225: a) Negativeion mode ESinass spectrum of a 20 mM solution [§Dipp)(SiMe)NAIC]]
[Mg2CEi6THF], 1 in THF;b) Negativeion mode ESI mass spectrum of a 20 mM solutid
[(Dmp)(SiMe)NAICH] [Mg2CE6THF], 2, in THFg) Negativeion mode ESinass spectrum of a 20 rr
solution of [TMPAICE] [Mg2CEI6THF, 4, in THF.
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Negativeion mode ESMS of a THF solution ofl [(Dipp)(SiMes)NAICI]
[Mg2CIsATHF]" and 2 [(Dmp)(SiMe3)NAICI3] [Mg2ClsBTHF]" led to exclusive
detection of the anionic compound of this sBlg(re 2.25a and b). For all other salts
investigated which contained these two amiseg &nd9 with DippN(SiMe), 2 with
DmpN(SiMe)), virtually the same result was obtained. These findings strongly
suggest that solutions of these salts all contain tystattographically characterised
free [(Dipp)(SiMes)NAICI3] and [(Dmp)(SiMes)NAICI3s] to a significant extent.
Same signals corresponding to [(DigPSiMes)NAICI 3] and
[(Dmp)(OSiMe&3)NAICI 3] which can come from the preparation step of the amine
itself, or from oxygen insertion into the desired product duringstBkemeasurement,

are observed in small proportions at higher masses. FoMP)AICI3]
[Mg2ClsATHF]* the presence of [AIG] is also observed, which can be related to the
X-Ray study which showed that the comparison of the bond lengths and angles of the
TMP containing anion hinted to a less stable structure (long&rbdnds) compared

to anions possessing DippN(SiMler DmpN(SiMe). The observed isotope patterns

of [(Dipp)(SiMe3)NAICI 3] and[(Dmp)(SiMe3)NAICI3] shownin Figure2.26are also
consistetwith the simulated ones where the typical patterns for chlorides and carbons

are present
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Figure 2.26: a) Comparison of observedblack and simulated @d) isotope patern ¢
[(Dipp)XSiMe)NAIC]] ; b) Comparison of observeddlack and simulated &d) isotope patern ¢
[(Dmp)(SiMe)NAIC]] .
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2.7.2. ESIMS of the different magnesium cations

In positiveion mode, the THF solvated dinuclear magnesium cation
[Mg2ClsATHF]* of 1, 2 and4 display virtually identicalspectra in THF feeFigure
2.27afor the spectrum aof) where the trinuclear complex [MQIsATHF]* (n = 5 and
6) is predominantly observed, but also to a slightly lesser extent the dinuclear complex
[Mg2ClsATHF]* (n=3,4 and). Finaly t he mononucl! eTHR'isspeci e
also detected in small quantities. It is not clear whether all these different aggregates
of the magnesium cation were already present in the origimapleasolution or
whether theyformed during the ESprocess. The ESI process produces charged
nanodroplets, which permanently lose solvent molecules due to evaporation. The
increased effective concentration in these nanodroplets can lead to shifts of
aggregation equilibria and thus, to formation of theeolsd trinuclear ion€:%? The
concentration dependent measuremenisanfs, 15, 30 and 50 mM in THHEisplayed
in Figure2.27b showthat the relative abundee of the mononuclear ion decreases as
a function of concentration, as expected througtihe basis of the law of mass action.

The fraction of the dinuclear ions slightly increases with higher concentrations,
whereas that of their trinuclear counterpatéxreases slightly, the reason for this

decrease not being obvious.
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Figure 2.27:2) positiveion mode ESI mass spectrioha 20 mM solution of(Dipp)(SiMe)NAIC]]
[Mg2CEi6THF], 1, in THFp) concentation dependence of the normalized abundances of moiié
and trinuclear cations observed upon positivede ESI of solutions dfat 5, 15, 30 and 50 mM
THF.

Further information was obtained from the -gdmsefragmentation experiments

shownin Figure 2.28 The Mg complexes biing THF exclusively dissociatby
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losing one or twoa@vent molecules. The larger and more fully solvated ions lose one
THF molecule so easily that it occurred without a touch of excitation energy, as the
poorer mass resolution of the observed isotope patterns for these species indicates
(Figure2.289. Forthe smaller, less solvated molecules the loss of one THF requires
more excitation energy inducing the concomitant addition of one water molecule to
counter the decrease in the coordination number (the ion trap mass spectrometer

inevitably contains a low p#al pressure of background watefiqure2.28h).
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Figure 2.28: p Mass spectrum of masselected [MgCE5THRF" (m/z = 610) and itfragment ion:
produced upon collision induced dissociatiovkx{ = 0.45 V)b) Mass spectrum of masselectec
[Mg2CEi3THF} (m/z 371) and its fragment iongroduced upon collision induced dissociatiofix¢ =
0.40 V).

As mentioned in the previous paragraph, higher solvation of the cation leads to poor
resolution of the isotope pattern where broad signals give rise to a few peaks only
which seems to ban accordance with the simulated isotope pattern. Less solvated

cations led however to cleaner, well resolved isotope patterns which match the

simulated ong
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Figure 2.29Compoundl: a) Comparison of observed (blgc&nd simulated @d) isotope patern of
[Mg:CEI5STHF; b) Comparison of observed (blgckand simulated @d) isotope pdtern of
[Mg:CEi4THRF"; c¢) Compariso of observed (blagk and simulated @d) isotope patern of
[Mg:CEi3THF; d) Comparison of observed (blgckand simulated @d) isotope patern of
[@3/ filoc¢l C

The positiveion mode of a solution & [(Dipp)(SiMes)NAICI3] [MgsClsBMeTHF]'
results in the detection of the trinuclear ions fRgAMeTHF]* (n = 4 and 5). In
comparison with the previous spectra withn THF, the nuclearity of the present
complexes is significantly shifted toward the higher aggregation staecardance

with the behaviour in the solid statéiqure2.30g. As previously observed with the
THF solvated cations, the higher MeTHF solvate easily loses one solvent molecule
upon collision induced dissociation buetless solvated species requitereenergy,

which often results in coordination of water molecules present in the ion trap so the
Mg atom conserves a suitable coordination numBigufe2.30b). Again, the MeTHF
richer cation displaysa poorly resolved isotope pattern due to the easy
assodaation/dissociation of a fifth MeTHHR~{gure2.30 candd).
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Figure 2.30a) Positiveion mode ESI ass spectrunof a 20 mM solution of(Dipp)(SiMe)NAICH]
[MgzCEi6MeTHF, 5, in MeTHF;b) Mass spectrum of masselected MgzCEi6MeTHF](m/z679) anc
its fragment ions produced upon collision induced dissociatidi: & 0.40 V);c) Comparison ¢
obseved (black) and simulated (red) isotope patterrjMdfjsCki4AMeTHIF; d) Comparison of observe
(black) and simulated (red) isotope pattern[dMg-CEi3MeTHF}

Another study was made by measuring the-HSI spectrum of a solution of the
MeTHF solvated compoun® [(Dipp)(SiMes)NAICI3] [MgsClsBMeTHF]" in THF.

The recorded sp&wm shows that all the MeTHF molecules were replaced by THF
present in large excedsigure2.31g. The controkeverse experiment, where the THF
solvated compound. [(Dipp)(SiMe3)NAICIs] [Mg2Cls&THF]", was dissolved in
MeTHF, was performed. This ressilin the replacement of most THF molecules by
MeTHF, but a couple of complexes retain a single THF molecule as well (e.qg.
[MgsClsA H FMeZHF]*, Figure2.31b). This incomplete exchange indicates that the
coordinating power of THF with the Mg atom is strongfegan that of MeTHFas
expected on the basis of the steric bulk of the ligand
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Figure 2.31a) Positive-ion mode ESI mass spectrum of a8 solution of5 [(Dipp)(Siles)NAICGH
[MgsCEi6MeTHF] in THF;b) positiveion mode ESI mass spectrum of a-M@n solution of 1
[(Dipp)(SiMe)NAIC]] [Mg2CEI6THF] in MeTHF.

Moving to the Nchelating ligand containing compound [(Dipp)(SiMes)NAICI 3]
[MgsCIsBTMEDA]*, the sample wasun at lower concentration due to its poor
sdubility in THF. The ions observed belong exclusively to the homologous series
[MgnCloniATMEDA] Y, where n = 1, 2 and Figure 2.329, which all exhibit a 1:1
stoichiometry of magnesium and TMEDA. Likewise, the absence of any THF adducts
points to the lek of empty coordination sites at the magnesium centre. Upon collision
induced dissociation, the ions exchanged a TMEDA ligand for water only to a minor
extent, and due to the presence of the stronger coordinating TMEDA ligand, mainly
decomposed by the exision of a neutral MgGRMEDA fragment Figure2.32 cand

d). This result supports previous observations thatzBi" could be viewed as
[Mg2Cls]* coordinated by a neutral molecule of MgChnd in the same way,
[Mg2Cls]" viewed as [MgCH coordinated by MgGl(Section 24.3; Figure 2.18).
Because of the absence of association/dissociation of TMEDA, the corresponding
isotope pattern of the homologous series is well resolvepie2.32 bandChapter

6 Section 6.2.7 Figuré.5).
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Figure 2.32a) Positive-ion mode ESI mass spectrum of a saturateldtion of 7 [(Dipp)(SWes)NAICE ™
[MgsCE3TMEDA in THF;b) Comparison of observed (black) and simulated (red) isotope patte
[MgsCEI3TMEDA; c) Mass spectrum of masselected[MgsCE3TMEDA (m/z599) and its fragmer
ions produced upon collisminduced dissociationkx. = 0.60 V)d) Mass spectrum of masselectec
[Mg-CEi2TMEDA](m/z 387) and its fragment ions produced upon collision induced dissociatiet
=1.20 V).

For the M@TREN coordinated cations 0B, [ Mp{TREA]*, the XRay
characterised mononuclear catign$1g KesTREN]* and its dinuclear homologue
[Mg2ClsRMesTREN]" were observedrigure2.339. Like in the case with TMEDA,
these chelated ions display a 1:1 Mg:ligand stoichiometry and donibtddTHF. In
addition, ions containing the protonated ligand were detected. Because of its high
Brgnsted basicity, the ligand can easily react with traces of protiarmmants
remaining in theglasswareused or the ESI source. During collision induced
dissociation of the dinuclear ion, the loss of neutral M3@sTREN was observed
whereas its mononuclear counterpart undergoes partial decomposition of the ligand

(Figure 2.33 ¢ and d). As observed for TMEDA, due to the strong coordinating
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properties of MeTREN and hence its weak dissociation, the isotope paitéhe two
species are generally well resolvé&digure2.33b and Chapte6.2.7.Figure6.6).
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Figure 2.33: ajositiveion mode ESI mass spectrum of a 20 mM solutior® §Dipp)(Sles)NAICE ™
[MgG i@ AREN in THE b) Comparison of observed (black) and simulated (red) isotope patte
[MgCEi2MesTREN; ¢) Mass spectrum of masselected Mg:Cki2MesTRERN (m/z 615 and it
fragment ions produced upon collision induced dissociatier £ 0.30 V)d) Mass spectrum of mas

AAAAA

dissociation Yexc= 0.45 V). (L = MEREN).

2.7.3. ESIMS study of compound 6in MeTHF

This section shows an E®S study on a crystalline product egeX-ray data
was too weaka be solvablecompounds. The product was obtained after following
the same procedure used to prepare compdubdt using DmpNHSiMe over
DippNHSiIMe; as the amine of choice, hoping to madkBmp)(SiMes)NAICI 3]
[Mg2ClaBMeTHF]*, 6. The other interest of this study is to show that without a
successful characterisation of the solid state structure of these types of magnesium
aluminate compounds, both the anion and the cation can still be successfully identified
in solutin using ESIMS.
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Figure 234: a) Negativeion mode ESinass spectrum of a 20 mM solutiona@dmpound6 in MeTHF
b) Positiveion mode ESI mass spectrum of a 20 mM solutiocoaipound6 in MeTHE

Figure 2.34 shows the ESMS spectra of compound 6, presumed to be
[(DmMp)(SiMe3)NAICI3]” [MgsClsBMeTHF]". The regativeion mode spectrum
shown in Figure 2.34a indisputably shows the presence of the expected anion
[(Dmp)(SiMe3)NAICI 3] . The positiveon mode spectrum displayed kiigure2.34b
exhibits three different signals for trinuclear species possessing a divergent nfimber o
coordinated MeTHF units. This trinuclegrecies ighe same as the ones observed in
compound 5. Other than the signals for trinuclear aggregates, a minor peak
representing a dinuclear species is also obseiad.species does not appaathe
spectrum of compounsl but looking more clsely atthe spectrum the peak is present

as well, but in mucholwer quantities. The spectrum of positiee mode of compound

6 is most related to the spectrumfFigure2.309 over the spectrum df (Figure
2.27a) hence the cation was attributed as the trinuclear specie€[MeTHF]*.

This resultshows that BI-MS can be a fast technique to characterize the structure of
a compound in solution without knowing it solid state structure. This technique can be
very useful to study a solution of an electrolyte generatesitunwithout prior
purification and charaetisation through crystallisation aixdray diffraction study,
allowing a direct identification of the species involved, but also giving information on

the purity of the mixture when compared with a purified electrolyte in solution.
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2.8. NMR studies

Previous multinuclear NMR studies from the literature on these magnesium
aluminate complexes’@l, Mg, *H and**C NMR spectroscopywere not conclusive
especially due to the lack of symmetry within the moleculé’fdrand?>Mg, and also
the lack of'H ard 13C active groups on the magnesium cation. This section shows the
H and 3C NMR spectroscopicstudies of the magnesium amidohaloaluminate
compoundsl, 5, 7 and9 (i.e. all containing the sanjéDipp)(SiMe3)NAICI3] anion
pairedwith a different cation). Even knowing that it might be difficult to study the
behaviour of these compounds in solution by this method, it is still a common
technique extensively used in organometallic chemistry and worthy of some attention.

The!H spectra of all purified isolated crystals stmiw Figure2.35were collected in
ds-benzene (6Ds). The solubility of these compounds igCzs is fairly low but apart

for compound?, all samples displayed suitable spectra #dr unfortunately the
concentration was too low to observe the resonance corresponding to quaternary
carbons in thé3C NMR spectraFigure3.35shows that surprisingly the resonances

of the amides are remarkably different between the three different compounds. The
resonancesof the aromatic protons are relatively similar for DippNHS§Meand5

where all three protons are displayed as a multiplet formed from signal overlapping.
For 9 the multiplet is resolved into a doublet more downfield (equivalestaCH
protons at 24 ppm) and a tripletqrtho-CH at 7.10 ppm). The protons from the CH

of the isopropyl groups are deshielded when the amine was bound to the aluminium;
however the deshielding effect observed9aeemed to be more pronouncddb
ppm)than forl and5 (3.90and3.88 ppm respectively)rheresonancef the methyl
groups of the isopropyl group shows similar results where the resona@ceagfain

more deshielded with a larger split of the two doublets corresponding to two
inequivalent CH groups L.64 and K3 ppm) 1 also exhibits two doublets but they

are very close leading to overlah33 and 1.31 ppm}-or5 theresonancg@ossesses

the same shift akbut due to the presence of a MeTHF resonanessiatilar shift, it

is hard to clarify the splitting p@rn. Again, for SiMethe resonance & (0.64 ppm)

is more deshielded than those Ioind 5 (both 0.35 ppm). The reasons for these
differences, and especially the differences for the shiféscoimpared td and5, are
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not obvious as thgDipp)(SiMe3)NAICI 3] anion is expected to be the same for all the
different compounds as observed in the crystallographic study and with tHd3ESI
study, hence this suggests an influence of the cation’*th&IMR spectra did not

give more information asome of the resonaesare generally too weak to besolved

4 e :Ar-H
Y e :CH(Me),

N e :CH(CH.),
\( SiMe, .
° e :Si(CH;);
[ ] ° ° [ ]
9 ' m T ]
I | . T
5 |l\ ‘!MN Az..ll,t.t\"""]i,, \.‘-ld@" .‘,U ‘\ui o Mo,
° i P [ ]
. \| b4

I i | \
Eigl\tjrue 2.35:1I-'iﬂ\l\fihl\/lﬂﬁnspectra of (bottom to_"{;tj'op'RzNH (DippNH'g\il\_flé, 1 ([(Dipp)(SiMe)N;AiCd]
[Mg-CEi6THF]), 5 ([(Dipp)(SIMENAIC)]  [MgsCki6MeTHEF), 9  ([(Dipp)(SiMe)NAIC]]
¢ a IMetTREN).
The NMR study was repeated usingTHF instead of €Ds, which leads to stronger
signal intensity due to higher solubility. Unlike withs[@s, the proton resonances
corresponding td(Dipp)(SiMes)NAICI3] (1, 5, 7 and 9) all possessed the same
chemical shiftsTable2.4). Comparing the shifts of the free donor ligands with these
results showed that all but MeTHF were still coordinated to Mg, confirming the similar
observations made with the EBIS where 'HF did not replace TMEDA or M@REN
(see Table2.5. Thanks to the greater solubility of the magnesium aluminate
compounds in §THF, aresonance in th& Al NMR spectrumwas observedh the
form of a broad peak at 100 ppnheBeresuls couldimply that lenzene is somehow
responsible for théH NMR spectroscopyesonance shifts observed earlier with
compound. By simple comparisons and observations, the speculation would be that
the benzene affects the cation as it is the only variable factorSwatid 1 which

subsequently affect the anion giving rise to different resonances.
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Table 24: 'H (top) and*C (bottom)NMR spectroscopialata for the anionic moieties of

complexesl, 5, 7,9 and DippNHSIiIMgn ds-THF.

d
b_a
c 1 5 7 9 DippNHSiMg
NG
\( SiMes
Cation . . .
X dinuclear trinuclear | trinuclear | mononuclear
nuclearity
a 1.13 1.13 1.14 1.15 1.17
26.1/25.2 | 26.1/25.2 26.2 26.3/25.2 24.1
b 3.88 3.89 3.88 3.88 3.51
27.8 27.8 27.9 27.9 28.9
¢ 1474 1474 147.6 1474 145.5
d 6.83 6.84 6.85 6.88 6.98
123.0 123.0 123.0 123.0 123.4
o 6.74 6.74 6.75 6.78 6.93
122.2 122.2 122.3 122.3 124.3
f 0.04 0.05 0.04 0.05 0.12
3.1 3.1 3.1 2.9 1.0

Table 2.5:Comparison of the resonansdetween free TMEDA and MERENwith the
corresponding ligands coordinated to Mg in compouidsd9 by *H NMR spectroscopy in

ds-THF.
Resonance 7 9 Free ligand
. U 2.38 2.30
(\N, Ua : :

—N: U 2.25 2.14
—y e 2.92 2.54

Y N7 N
<i \ o 2.79 2.30
) 'i{\ i 2.49 2.15
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2.9. Conclusionof the solution-state characterisation

In summary, ESMS appearsa suitable method to observe the equilibrium
between the monpdi- and trinuclear cldro-magnesium cations in THF solutions. It
also shows the influence of the concentrations on this equilibrium where the minor
presenc®@ f t he mononuc ITKEFH decreaaes at bigher cokbgriratidn3
Presence of the stronger coordinative liganddEDA and MeTREN lead to
dissociation of the neutral Mgl (L = TMEDA or MeTREN) instead of the
dissociation of the ligand itself, as observed with THF and MeTHF. Preliminary results
using Raman spectroscopy were not as successful as the study odiomagaieminate
compounds in THF solution lemd) to almost exclusively vibrational bands for the
THF. Solid samples however gave hope in observing a difference in the vibrational
energies arising from different M@l bondingmodes (Mg(i 2-Cl) in 1 and5, Mg-(i =-

Cl) in5and MgClemin 9). NMR spectroscopy continues to be a limited tool for these
compounds, where even if some differences are observedDy) tGe measurements
in dg-THF display identical chemical shifts which do not give information on the

aggregation state of the magnesium cation.

2.10 Conclusion of thesolid-state characterisation

This section presented a sturdy synthetic route to synthesise magnesium
amidohaloaluminate compounds in THF adopting the generally observed solvent
separatedbn pair structure(Rz2N)AICI3] [Mg2ClaATHF]* using the different amines
DippNHSiIMe;, DmpNHSiMe, PhNHSiIMe and TMPH. This was necessary as
following previously discussed transmetallation protocols failed to provide access to
such specied?® The isolated yields are moderate with-80% for a nonrational
reaction whichis affected by an inefficienstoichiometry according to the final

product.

Following the setup of this new synthetic route to prepare amidohaloaluminate anions
easily, our interest was the modification of the magnesium cation aggregation. This

was simply achieved by using a variety Lewis donos, coordinating to the
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magnesium atoms in different fashions and by altering its bulk the aggregation of the
cation was readily alteed t o gi ve a MelRBN) uacdineclear [ Mg C
species [Mg:ClsATHF]'and two trinuclear species [MOs&MeTHF]" and
[MgsCIsBTMEDA]*. The easy control of new aggregation states in magnesium
aluminate compounds is a major advance as it strongly supports a mechanism for
electrolyte deposition suggested by Liu andnarkers who believe this involves a

mixture of the dinuclear speciegMg2Cls8THF], the trinuclear species
[MgsCIsATHF]* and the mononucledr Mg CTHAGaggregates, all found in an
equilibrium in solution Figure2.36). Although the monomer was observed in solution

using the mild conditionsf@ subambient pressure ionisation with nanoelectrospray

mass spectrometry, the trinuclear species was‘®ndhe crystal structure of a
magnesium amidohaloaluminate in its mononuclear and trinuclear form was, to the

best of our knowledge, never observed. The electrochemistry measurements of these
potential eletrolytes is presented in the next chapter, hence it is not possible to observe
the influence of the cationds aggregatior
to know the difference between a magnesium deficient electrolyte (mononuclear

cation) and a magnesium rich electrolyte (trinuclear cation).

@ THFTHF @ ®
THR, . THF | THF,'\‘A, THF

C s
THF""Mgf/\M.g’THF /‘g" THF/, \\THF
Cl \ 7 _CI s I
\M'g/ \\:
‘> Mg _ Cl
THF  THF <A “THE
THF THF

Figure 2.36Magnesium chloride cations implicated in magnesium aluminate solution chemistry.

This study supports the existence of the different aggregation in a solution of
magnesium alumiate electrolyte, however solglate structures often do not reflect

what is really happening in solution. A few techniques were mentioned in previous
papersvhich are proven to have potential for the identification of species in solution,

such as Ramarpsctroscopy, electrospray ionization mass spectrometry and to a lesser
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extent NMR spectroscopy. Complementarily to the solid state studies wiayX
crystallography, these techniques were used to investigate the behaviour of these
magnesium amidohaloalundtes compounds in solution and form the cornerstone of
the second part of this chapter.
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Chapter 3: The Influence of Cation Aggregation State on
Battery Performance on Magnesium Amidohaloaluminate
Electrolytes

This chapter presents the battery performance employing magnesium
amidohaloaluminates possessing different cation aggregations as electrolytes. First the
behaviour of the fully characterised series containing the DippNgidheido ligand
is presented. The battery tests of this series are hindered by their low oxidative
stability, dramatically affecting the electrochemical window. The link between low
oxidative stability and the organometallic fragment of the electrolyte was previously
proposed in the literatufeThe provenance of the oxidative stability in our system was
studied and reassessed. Synthesis and characterisation of another full series using less
bulky amines was sought but not reached, hampered by troubles to produce another
electrolyte posssing the trinuclear cation. The electrochemical experimental results

using these partially characterised series are presented as well.

3.1. Introduction

A multitude of different research groups generate their electrolytic solutions
by adding a group 1Bewis acid to a THF solution of organomagnesium reagent.
When a highly active electrolytic mixture allowing reversible Mg deposition is
discovered, the X ay characterised fAactiveodo speci
observed dinuclear magnesium cation A THF]" in THF. The electrolytes often
only vary by the nature or composition of the counter anion, and from these studies it
is manifest that the anion is closely related to the electrochemical windo® size.
When the anionic moiety contains alkyl groups, the observed oxidative stability of the
electrolyte varies from 1.7 to 2.5 V (GrapHa).” These values are among the lowest
observed in the literature and were proven to bededuy the AIC bond cleavage
v i a-hydridebelimination mechanisfht! Changing from an alkyl group to a phenyl
group, whi ch -dydregens,dhe oxplaiive stabditg is improved to 2.7
V (Graph3.10).2° Moving away from aniongossessing an AT bond, alternative
electrolytes were developed using alkoxide groups which enable the formation of a

stronger AIO bond. Bartlett et al. used the fluorinated phenoxi¢teffuoromethyl)

100l Page



Chapter 3:The Influenceof Cation Aggregation Staten Battery
Performance in Magnesium Amidohaloaluminate Electrolytes

phenolate (FMP) enhancing the electrochemicadwim up to 2.9 V (GrapB.1c).*

To date the highest observed oxidation stability using a magnesium
organhalooaluminate electrolyte wa®served using the amido group HMDS,
containing an AN bond. This electrolyte is stable up to 3.3 V and owing to the non
nucleophilic nature of the AN bond, its compatibility with a sulpheathode was also
demonstratedGraph3.1d).312
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Graph 3.1Cyclic voltammogram @f) THF solutions of [AIGER] [Mg2CEi6 THFY; b) THF solutions of
the APC electrolytéblack: APC 1:1; red: 0.4 M APC; blue: 0.4 M APC + 0.8 M LICl; green: 0.25
; €) 0.5 M THF solution of(fMPRAICE] [Mg2Ck.6THF], and d) THF solution of (HMDSAICY]
[Mg=CEi6THF] (0.2 M, red) (HMDS)MgCI (0.4M, green) and 3:1 mixture of (HM@S)MGI(0.4 M
according to Mg, blue). BhCVs were run in a 3 electrodell using Mg athe counter and refeence
electrodes, an Aworking electrode for a) and a Pt working electrode for b), ¢) and d).

These publications agree with each other thab{BtgS THF]" is the electrochemically
active species in MIBs. In other words, it is a good carrier fof*Nems from one
electrode to another, additionally allowing reversible Mg insertion and deposition at
the electrolyte/electrode interfaces. The aluminimmomis not directly linked to the
reversible deposition of Mg, although in certain electrolytic systems Al deposition was
detected. Such behaviour is observed during the conditioning of the fully inorganic

electrolyte [AICL] [Mg2CleBTHF]" (magnesiumaluminium chloride complex or
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MACC). The conditioning of an electrolyte refers to the need for repeated cycling in
an electrochemical cell, generating an equilibrium favouring the more active species
present in the electrolytic solution. Irreversible Al vere Mg deposition occurs at the
electrodes until an ideal Mg to Al ratio is achieved, displaying a high Coulombic

efficiency!®

Apart from extensive studies on electrolytes containing different anions, developing
electrolytes possessing a different cation than[Bkgs THF]" is more of a challenge.
Aurbach et al. synthesised the fully inorganic magnesium aluminate compound
[AICI4] [ Mg Cl A'5 WhidR | possesses the mononuclear analogue of
[Mg2CIsATHF]*. Unfortunately, no electrochemical studies were recorded due to the
low sdubility of the salt in commonly used solverfsLi et al. studied the
electrochemical performances of the Mg@&IClz mixture in DME, a mixture which
promotes the foration of the MACC electrolyte in THF. The change of solvent from
the monodentate to the chelating ligand affected the cationic structure to form the
magnesium chloride dinuclear dication [MpADME]?. A high electrochemical
activity was observed for this electrolyte using a standard three electrodes cell, but no
further discussions were provided regarding the differences induced by the presence
of a new catioit species over the usually obsetVMgClsATHF]" cation!* Dai et

al. characterised a magnesium magnesiate [MGBF] [MgsCls(OBuRASTHH*

from a 1:1 mixture of (BuO)MgCI:AlGlin THF 1° This structure is reminiscent of the
formation of a magnesium magnesiate separated ion pair MRuM§CLAHF]
[Mg2ClaBTHF]" isolated from Grignard solution by Yamaguchak!® In this case the

'Bu group is replaced b§BuO which prefers to stay on the cation over the anion,
forming a trinuclear speciesThis poentially implies that [MgGAHF]
[MgsCls(OBuXATHF]" is in fact a representation of the starting materi@B(QMgCl
altered by the Schlenk equilibriuamd that some other Al containing species also exist
in the solutionNo comments were made whether the anion [MBEIF] , posssesing

a Mg atom, is involved in the redox process, or if the catiors(NM@O"Bu).ATHFH*
displays an electrochemical response different than that seen feCIpBIHF]",
especially in terms of intercalation or deposition at the electrodes interface.

To wummarise, a couple of chloromagnesium cations were discovered and

characterised, yet no association between the electrochemical performance of an
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electrolyte and its cation structure was proposed. In this chapter, a series of potential
electrolytes containg a common anion but different cations were studied in order to

identify what cation aggregation is most beneficial in an MIB system.

3.2. Experimental results

In this study three different aggregations of magnesium cation are studied in
the electrolyit solution of an MIB cell. The type of cell employed in this study was a
Swagelok cell, using polished Mg metal as the anode, the Chevrel pheSeasithe
cathode material and two current collectors madaadnel 625 The first of the three
cations agregation studied was the dinuclear cation f®IgSTHF]", used as the
standard reference electrolyte of the series due to its already known electrolytic
activity. Then moving to the trinuclear cation [A@is&MeTHF]" whose behaviour in
a battery is unknown, it would be interesting to see if the 3:1 Mg tatio makes this
electrolyte more economically attractive or if the size of the aggregate alters the
electrolyte/electrode interface interplay. Finally by testing the mononuclear cation
[ Mg C IsTREN], it would be compelling to see if the presenceadétradentate
ligand coordinated to the Mg atom still allows the release of th& Mgs to be
intercalated within the Chevrel phase. The use of (Bl g8TMEDA]* was not
attempted in this study due to its lower solubility in THF.

In the literature, mostlectrochemical tests done by cyclic voltammetry (CV) were
measured using a three electrodes cell witlolasle metal working electrode. lhi$
studywe prefer to focus on the properties of these electrolytes within a full battery
prototype instead, contang an insertion cathode so the effect that the cation

aggregation has on the MIBs is more representative.
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3.2.1. Battery test: [[HMDS)AICI 5] [Mg:Cls&THF]* electrolyte

The known electrolyt¢(HMDS)AICI3] [Mg2ClsATHF]" (referred to as the
HMDS electrolyte in this thesis) was first studied. This experiment is not a repeat from
the literature because no CVs were recorded using a battenyittelan insertion
cathode such as the Chevrel phase. Additionally, it is necessary to have a reference for
a dinuclear species already known to be active so a comparison with the unstudied
compound (Dipp)(SiMes)NAICI3] [Mg2ClsATHF]" (1) can be made.

€] ®
; THF —l
Me3s'\N/SiMe3 THR 3
_Mg—
HMDS electrolyte . IS
a) —— cyclel b) 20
109 cycles2-6
< I
O (=)
< 05- % 1.5
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Graph 32: a) CV cyclegsix cycles, the first cycle displayed in te@1 mV/s, andb) C/10
charge/discharge profiled30 cycles)for a rechargeable battery with 075 M solution of
[(HMDSAICE] [Mg2CEi6THF]in THE a Mg anode and an MiSs cathode.

The CV displayed inGraph 3.2a shows the redox peaks exhibited by the HMDS
electrolyte confirming reversibility of this battery. The reduction peak corresponds to
the discharge of the battery, which occurs at 0.90 V after the first cydexXidhation

peak corresponds to the charge of the battery and occurs at 1.36 V after the first cycle.
The first cycle is diierent than the following oneshere the redox peaks are further
apart leading to a higher overpotential. A high overpotential st the battery cell

need¢ more energy to charge the battery, this surplus of energy is lost

thermodynamically, reducing the efficiency of the battery. Visually a good assumption
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can be made regarding the quality of the intercalation kinetics of ttteodyée within

the MaSs structure. The broadness of a redox peak is directly related to the
intercalation, the broader the peak the slower the intercalation. For this battery the
kinetics are rather sluggish compared with what is observed in Li baftefibs is
thought to be caused Isyronginteractions involving the divalent Mgions and the
electrodes requiring higher potential to achieve continuous intercaldfic®ome
electrochemical responses are observed at higher potential than the main oxidation
peak, indicating the presence of different knosites within the Chevrel phase. The
response appearing at higher potential means that there is a requirement for higher
energy to strip the Mg atom out of the active matéfiah a less obvious way, a
shoulder can be observed in the reduction peak also corresponding to the intercalation

of Mg?* ions in those diffrent site$°

Graph3.2b represents the galvanostatic experiment using the same battery system.
The first cycle is significantly different from the following ones as it reaches the
maximum theoretical specific capacity the Chevrel phase (128 mAh/g). All the
subsequent charge/discharges cycles have a lower specific capacity with a retention
varying from 66 to 78 mAh/g. The difference between the first cycles and the
following ones is a feature linked to the partial geatrapping phenomenon occurring

in the Chevrel phase, where some Mg atomsidape released from the structdte.
Eventually, running the battery at higher temperature is known to increase the kinetics
and the deintercalation of the Kg*>?*The overpotential of the first cycle (0.72 V) is
more impatant than the following cycles, which themselves see their overpotential
improve cycle after cycle, only displaying 0.12 V at cycle 30. Overall in our system
this battery exhibits an electrochemical window and specific capacity similar to the

literature.

105| Page



Chapter 3:The Influenceof Cation Aggregation Staten Battery
Performance in Magnesium Amidohaloaluminate Electrolytes

3.2.2. Battery test: [(Dipp)(SiMe3)NAICI 3] electrolyte series
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Graph 33: a) CV cycles, 0.1 mV/s, atj C/10charge/discharge profilefor a rechargeable battery
with 0.175M solution of[(Dipp)(SiM&)NAICE] [Mg2CEi6THF] (1) in THF a Mg anode and an M&
cathode.

Graph 3.3 shows the electrochemical behaviour of compofind an Mg*/MosSs

battery cell. The CV irGraph3.3a displays reversible Mg deposition in this system,
meaning that compourilis compatible with the Chevrel pb& As observed for the
HMDS electrolyte the reduction peak of the first cycle at 0.58 V is shifted toward
lower potential compared to the reduction peak of the second cycle, appearing at 0.74
V. The oxidation peaks of the two cycles appear at more sivaltges (1.47 V and

1.51 Vin cycle 1 and 2 respectively). The intercalation/deintercalation kinetics with
compoundl are even more sluggish than for the HMDS electrolyte, which could be
affected by the presence of the DippN(SgMemido unit on the anro DippN(SiMe),

due to the presence of the Dipp group, is larger than the simpler HMDS group, and as
a result the ion transport velocity of the electrolyte in the electrolytic solution while
the battery is running is reduced. A small shoulder in the lmexhattion peak of the
second cycle is also observed, corresponding to the intercalation®6fdvig in the
different sites of Chevrel phase as observed for the HMDS electrolyte. The most

obvious and unwanted feature is the early decomposition of theogfex, which
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takes place after only two cycles between 10.1.75 V. As mentioned earlier the
oxidative stability is very dependent on what organic group is located on the
aluminium anion. In this case the DippN(Si#}lamide could be considered similar t
HMDS as one of the #iMes arm is present. But the aforementioned bulk from the
2.6-diisopropylphenyl group could be responsible for the destabilisation of the anion,
either by affecting the AN bond or inducing cleavage of the silazane bond. The

reasorfor the low observed oxidative stability is further discussed in Section 3.2.3.

For similar reasons the charge/discharge profile display&daph3.3b of the battery
could run only for four cycles before the electrolyte started to decompose. The first
four cycles of this battery are very similar to the battery using the HMDS electrolyte.
The first cycle reaches the theoretical specific capacity (128 mA.h/g) while the
following cycles attain 85 mA.h/g, a higher value than with the HMDS electrolyte.
The owerpotential is higher during the first the first cycle (0.3 V) than for the following
ones (0.17 V at cycle 4) overall behaving slightly better than the HMDS electrolyte in

an MIB during the early cycles but failing to sustain this enhanced performance.
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Graph 34: a)CV cycles, 0.1 mVisycles 913andb) C/10charge/discharge profile®r a rechargeable
battery with 0117 M solution of [(Dipp)(SiMe)NAICE] [MgsCki6MeTHF] (5) in MeTHE a Mg anode
and an MaS cathode.

107| Page



Chapter 3:The Influenceof Cation Aggregation Staten Battery
Performance in Magnesium Amidohaloaluminate Electrolytes

Graph3.4 shows the electrochemical behaviour of compo&ind an Mg*/MosSs

battery cell. The CV itraph3.4a displays reversible Mg deposition occurring in this
systemmeaninghat compound is compatible with the Chevrel phase. Thetffew

cycles between 0-2.0 V showed very small redox response and decomposition at
voltage higher than 1.9 V. Reducing the maximum voltage down to 1.8 V showed no
sign of decomposition but an oxidation peak only partially appearing, suggesting that
the deintercalation process happens at a voltage neighbouring 1.8 V and higher. This
voltage is significantly higher than for compouhdmplying that the trinuclear cation
aggregation requires a higher charge voltage, hence more energy, than the dinuclear
caion aggregation. During the discharge the reduction peak at 0.39 V is very broad,

reflecting more sluggish insertion kinetics than for compdund

The galvanosatic experiment showed3draph3.4b was run between 0411.5 V as
previous attempts at 2 V elws decomposition of the electrolyte during the first cycle.
The charge/discharge profile of this battery tells a similar story to the CV, where the
first cycle which usually approaches the theoretical specific capacity of the Chevrel
phase barely reach@ mA.h/g, related to the near absence ofMatercalation
during the conditioning period of the electrolyte. The specific capacity slowly recovers
during the following cycles reaching 54 mA.h/g in thé"Dcle, but displaying an
overall high overpoteial for all the cycles (0.6 V).
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Graph 35: a) CV cycles, 0.1 mV/s, alj C/10charge/dischargerofilesfor a rechargeable battery
with 0.35M solution of[(Dipp)(SiMe)NAICE [MgCiMesTREN" (9) in THF a Mg anode and an M&
cathode.

Graph 3.5 shows the electrochemical behaviour of compo@nd an Mg*/MosSe
battery cell. The CV itraph3.5a displays reversible Mg deposition occurring in this
system, meaning that compoufids compatible with the Chevrel phase. Trying to
avoid the early decomposition observed with compodradwd4, theCV wasfirst run

up to 2 V. In the first few cyclethere wee no obvious sign of reversible cycling apart

f orbuampid a p p e a r2iViTge elearechemicahwdndow was exyled to

2.5 V in the following cycles revealing a more pronounced anodic peak which
increases ircurrent intensityvith the number of cycledNot only the current density

was improved but the peak also shifted todowoltage decreasing the overpotential

of the battery. The most defined oxidation response forms a peak at 1 B#&V.
reductionpeak itself is not observed in the early cycles but gains rapidly in intensity
after 20 cycles to form a broad peak at 0.6TWis electrolyte seems to be subject to

a severe need for conditioning before being electrochemically active. In contrast with
the two previous electrolytes, the mononuclear cation displays a very high oxidative
stability. Compoun® can cycle between 0112.5 V without sign of decompaosition,

and still behaves well when increasing the voltage up to 3 V (8 cycles at this voltage

with only minor decomposition).
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The charge/discharge profile of this battery displaydsraph3.5bshows a slow start,
whichwas to be expected from the CV. The f i
specific capacity of the Chevrel phase but only exhibits a modest 90 mA.h/g. The first
charge only loads back to 36 mA.h/g. but from there the specific capacity recovers and

kept increasing in every following cycle to reach 59 mA.h/g in thé"i®@le. The
overpotential also improves during the experiment, starting from 0.95 V in the early
cycles to 0.4 V in the late cycles. Being very stable and displaying a large
electrochemndal window compared to compouniisand5, this electrolytebecomes

highly interesting despite the rather modest specific capacity and capacity retention.

This study gives a small insight into how these different cation aggregations affect the
battery perdrmance, but the early decomposition of electrolftasd5 at a voltage
neighbouring 2 V prevent a thorough comparison, which we were hoping to achieve
over 100 cycles. Further comments discussing the difference in behaviour of these
electrolytes is trdad more in depth in the Results and Discussion section (Section
3.3). The next section discusses the possible reasons causing the low oxidative stability

of these electrolytes.

3.23. Investigating the Ilow oxidative stability of the
[(Dipp)(SiMes)NAICI 3] series

First a literature search with organometallic compounds containing the
DippN(SiMe3) amido group was undertaken. RuhlaBénge et al. studied the
structure of magnesium reagents with secondary amines possessing one aryl and one
trimethylsilane goup. In this study they observed how the different bulk of these
amines affects the structure of the corresponding magnesium amide reagents, while in
association with the already sterically demanding ligand HMPA
(hexamethylphosphoramide, O=P(N}#. Ther discovery is summarised Figure
3.1, where by comparing the difference in bond lengths they were able to classify the
amines by bulk. PhN(SiMgappears to be the least bulky of their series, followed by
HMDS, MesN(SiMe) and finally DippN(SiMe). DippN(SiMes) was found to be so

bulky that it induces ion dissociation to form a separated ion pair with [(NEFiMes
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the anion and [(Dipp)(SiMg N Mg A 3 H &sRh& tation (IV). This indicates that in
our series we chose a very bulky amine, which is mkedylito decrease the stability

of the aluminiumcentred anion during the running of the MIB.
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Figure 3.1: Effect of the steric properties of secondary amines possessing as fjMap on
magnesium amide compounds.

In two different studies, the energy of the HOMIOMO gap arising from the
chemical bond between the aluminium atom and the ligand was calculatedTby DF
calculationg!® This allows an estimation regarding the oxidative stability of the
anion, where the larger the energy gap the greater the stability toward oxidation. Zhao
Karger et al. published a list of aluminium anigRsAICl4q] (n=1,2,3and R =Cl,

Et, Mes, TMP, Ph, HMDS, OPh) where the energy levels from both the HOMO and
the LUMO were calculated in different ether solvents; namely THF, diglyme and
tetraglyme. Theheoretical studyvas repeated with our systems and the HGMO
LUMO gaps from anions [(DipgPpiMes)NAICI3] , [(Dmp)SiMes)NAICIz] and
[(Ph)XSiMe3)NAICI3] were determined. The calculations were carriedusuig the
Gaussian 09 program with the DFT-B3LYP functionals and the
6-311++G(d,p) basis set, anarfthe solvation calculations the method in G09 used
was IEFPCM with its built in parameters for THFhe outcome of our calculations
shows contradictory results with what was concluded from the study from Ruhlandt
Senge et al. where the amido ligand PhNSjMeing less bulky was thought to be a
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good candida& to enhance the stability of the corresponding aluminium aRigare
3.2 shows that the HOMQ@QUMO gaps from [(Dipp)(SiMe3)NAICI3] and
[(Dmp)(SiMe3)NAICI3] are relatively close (5.73 and 5.80 eV respectively) as the
energy level of their LUMOs adopts the same valQé@ eV) and their HOMOs vary
only slightly (5.75 and 5.82 eV respectively). In contrast to the LUMOs of
[(Dipp)(SiMe3)NAICI3] and [(Dmp)SiMes)NAICI3] which are delocalised around
the anion, the LUMO df(PhXSiMe3)NAICIs] i s | o ¢ a tsystdm ad the phehyé
ring, dramatically lowering its energy level 40.12 eV. This can be attributed to the
absence of suliitents on the phenyl ring, increasing the electron withdrawing nature
of this ligand. Similar observations can be made for the HOMO, which adopts a more
aromatic nature, increasing the energy levebt66 eV giving the smallest HOMO
LUMO gapofthesees (&®E = 5.54 eV). These aesult
as the amido ligand increases the nucleophilicity of the Abnd hence lowering the
oxidative stability.
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Figure 3.2: Calculations of HOMO and LUMO energy levelsainons [(Dipp(SiMe)NAICE] ,
[(Dmp)SiMe)NAICE] and [Ph)SiMe)NAICE] .

Another discovery potentially responsible for decomposition of the electrolyte,
through side product formation, is the use of amines like PhNH@EiMéh a Lewis
acid such as dichloro(mesityl)borane (Mespg@b induce cleavage of the-8iMe3
bond and form a new-Bl bond Scheme.1).2 Our electrolytes possess an AlGlpe

Lewis acid moiety which could potentially reacttiwithe DippN(SiMe) groups,
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cleaving away the silazane group under electrochemical conditions. Even itithe Al
bond might still be intact the side products can continue reacting, decomposing the
electrolyte further. There are many other examples aS\MB: elimination occurring

in different organometallic/inorganic systems.

@\ Mfs n-pentane, -78 °C I\Illes
2 SiMe; + B B

N - 2 Me;SiCl

Scheme3.1: Silazanesleavage of PhNISiMe) induced by a Lewis acidic borane.

As presented in Chapter 2, different series of electrolytes with different cation
aggegation but with a reduced bulk on the amide were sought. Difficulties in obtaining

a new series were encountered, especially regarding the structural characterisation of
an electrolyte possessing the trinuclear spefiég:Cls®MeTHF]*. Using either
DmpNSiMe; or PhNSiMe, the magnesium aluminate compound possessing the
dinuclear and mononuclear cation were synthesised and characteriseldyy(Xee
compound£, 3, 10and11in Chapter 2 Section 2.4 for full detail§or DmpN$Me3

good looking crystalwere obtained in MeTHF but did not diffract strongly enough,
soinsteadwe turned to ESMS to characterise the ionic species present in solution.
The spectrum matched the one obtained for comp&undhe positive mode, where

the higher aggregates are favoureduggesting the formation of
[(Dmp)SiMe3)NAICI3] [MgsCls®MeTHF]*. For PhNSiMe the reaction in MeTHF
yields a poorly soluble microcrystalline
series was also sought using HMDS, where the mononuclear version was obtained and
characterised by -Ray. Howeve similar resultswere obtainedwith PhNSiMe

regarding the trinuclear species.

In order to identify if the presence of an-SiMes bond is a source of early
decomposition through silazane cleavage, a series was sought with another secondary
bulky amine sue as TMP. The bulk of TMP, compared to DippN(Sgarises from

the methyl groups adjacent to the nitrogen which affects t#i¢ #dnd directly. Using

DFT calculation studies, the HOMOUMO energy gap in th§TMP)AICI3] anion
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was determined at 5.05 eV, an energy gap lower thgiFb)SiMe3)NAICI3] hence
very low oxidative stability is anticipatéd.

3.24. Battery test: [([Dmp)(SiMes)NAICI 3] electrolyte series
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Grarh 36: a) CV cycles, 0.1 mV/s, al C/10charge/discharge profilefor a rechargeable battery

with 0.175M solution of[(Dmp)(SiMe)NAICG]] [Mg=CEi6 THF] (2) in THE a Mg anode and an M&
cathode.

Graph 3.6 shows the electrochemical behaviour of compond an Mg*/MosSe
battery cell. The CV displayed i@raph3.6aconfirms the reversible Mg deposition
ability of this system, meaning that compoud compatiblevith the Chevrel phase.

This battery manages to cycle for at least 8 cycles between D.15 V without
obvious signs of decomposition, but increasing the maximum voltage to 2V induces
decomposition around 1.9 V. These observations agree with the adehamging the
amido group DippN(SiMg for the less bulky DmpN(SiMgimproved the oxidative
stability. The reduction peak appears at 0.6 V and the oxidation peak at 1.5 V, both
peaks are relatively well defined. The shape of the redox peaks is rgldiroed,

matching what was observed with compoundmplying similar sluggish insertion
kinetics.
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