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Abstract

This dissertation describes research into lithium-based inorganic-organic frameworks, which has led
to an increased understanding of the structural diversity and properties of these materials. The crystal
structures of 11 new forms of lithium tartrate, based on chiral, racemic and meso forms of the ligand,
have been discovered, including eight anhydrous isomers of dilithium tartrate, Li,(C4H4Og). An
experimental and computational study of their formation behaviour and energetics has shown that
both kinetic and thermodynamic conditions can be used to control their phase behaviour, and the main

structural factors affecting their relative energies were found to be density and hydrogen bonding.

Three crystal structures topologically identical to lithium succinate, Li,(C4H40,), have been
discovered using substituted forms of the ligand: lithium L-malate, Li,(CsH4Os), lithium
methylsuccinate, Li,(CsH¢O,), and lithium tetrafluorosuccinate, Li,(C4F40,). The cell parameters and
mechanical properties of these non-porous frameworks were found to depend on inter-ligand
interactions and metal-ligand bond strength. The effects of different ligand substituents on the atomic
structure of the binary mixed-ligand solid solution, Liy(succinate), . (tetrafluorosuccinate),, and the
ternary system, Li,(succinate),(L-malate)y(methylsuccinate), [where (x+ y+ 2 = 1], have also been
investigated. Topotactic dehydration of the ligand in lithium L-malate results in the formation of

Liy(L-malate),  (fumarate),, suggesting a new route to mixed-ligand inorganic-organic frameworks.

Investigation into frameworks based on other dicarboxylate ligands produced four structurally diverse
lithium-based inorganic-organic frameworks: 2-D frameworks lithium 2,2-dimethylsuccinate,
Li,(C¢HgOy), and lithium hydrogen D,L-malate, LiH(C,H405), and 3-D frameworks lithium fumarate,
Li,(C4H,04), and its singly protonated analogue, lithium hydrogen fumarate, LiH(C4,H,O4). A survey
of all known lithium dicarboxylates revealed that their structural trends are a function of the ligand
geometry, metal:ligand ratio and degree of solvation. The electrochemical properties of nine lithium-
based inorganic-organic frameworks were investigated by impedance spectroscopy and
electrochemical cycling, revealing many areas to be improved in order for them to become viable

materials for battery applications, such as ligand conjugation length, particle size and lithium mobility.

Overall, this work has achieved a greater understanding of lithium-based inorganic-organic
frameworks, revealing insight into polymorphism, phase behaviour, energetics, topological similarity,
mechanical properties, ligand solid solutions, topotactic reaction, structure control and lithium battery
properties. In total, 18 new crystal structures and three mixed-ligand solid solution systems are
reported. The work provides a solid platform upon which new lithium-containing inorganic-organic

materials may be designed and studied.
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1.1. Organisation of this research and thesis

This research has been carried out primarily in the research group and laboratory of Anthony
Cheetham in the Department of Materials Science and Metallurgy (MSM), Cambridge
University, UK, under his supervision. Time was divided approximately evenly between the
synthesis of materials and their characterisation, the latter of which was carried out in part at
Beamline 111 of the Diamond Light Source synchrotron radiation facility, UK. Additional
analysis was performed by collaborators in the author’s research group and other locations,
and certain routine analyses were carried out by services at the Department of Chemistry,

Cambridge University, UK, as detailed in the next section.

This thesis comprises five chapters. This chapter provides an introduction to the research,
followed by Chapter 2, which is devoted to the experimental methods used. Three results
chapters make up the bulk of the thesis, and may be summarised as follows: Chapter 3
describes the exploration of structural diversity in lithium tartrate frameworks, which was the
initial focus of this research. Chapter 4 describes the investigation of materials with structures
similar to lithium succinate, both in pure form and as solid solutions. Finally, reflecting the
practical aims of this research, Chapter 5 contains analysis of structure diversity, lithium
mobility and electrochemical behaviour in a number of new and existing lithium-based
frameworks. The main conclusions and outlook of this work as a whole are found at the end

of this chapter. Supplementary information is contained as an appendix in CD format and in

Chapter 6.
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1.2. Contributors

All the work detailed in this thesis was performed independently by the author, except where

noted in the text. In particular, the following people gave important research contributions:

Paul Forster (University of Nevada, Las Vegas) - data collection at the Advanced Light

Source and structure solution of dilithium D,L-tartrate 4.

Tomislav Friscic (Department of Chemistry) - initial assistance with mechanochemical

synthesis.

Joshua Furman (the author’s research group) - initial data collection for dilithium meso-

tartrate 6 at the Advanced Light Source.

Monica Kosa (ETH Zurich and Bar Ilan University) - energy and mechanical property

calculations and molecular dynamics simulations of lithium tartrates.

Thomas Koester (Department of Chemistry) - solid state NMR measurements on lithium

succinate and isostructural compounds.

Wei Li (the author’s research group) - nanoindentation on lithium succinate and isostructural

compounds.
Brent Melot (University of Southern California) - electrochemical cycling measurements.
Thomas Pilz (MPI Stuttgart) - impedance spectroscopy.

Paul Saines (the author’s research group) - assistance with collection and analysis of high-

resolution synchrotron powder X-ray diffraction data.

Dhivya Sashidhar (the author’s research group) - initial investigations into lithium

chlorosuccinate.

Jin-Chong Tan (the author’s research group) - mechanical property measurements on

dilithium tartates and exfoliation studies of dilithium 2,2-dimethylsuccinate.
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1.3. Objectives of thisresearch

The main aim of this research was to further understanding of inorganic-organic frameworks,
with a view to their use in energy applications, such as lithium batteries and gas storage.
Particular focus was devoted to the synthesis and structure determination of new non-porous,
lithium-based inorganic-organic frameworks, in order to investigate their diversity and

potential as functional materials.

Diversity of alkaline earth-based frameworks involving the chiral, racemic and meso isomers
of tartaric acid, C4H¢Os, has been studied previously in the author’s research group.' A
similar investigation using lithium as the metal node was expected to yield an interesting
range of materials, which would enable the study of different structures, phase behaviour and
energetics (Chapter 3). In addition, framework isomerism in the lithium tartrates enabled
different computational methods to be compared, which could help to determine the level of

theory needed to simulate the structures of inorganic-organic frameworks accurately.

Investigation of lithium-based frameworks involving ligands other than tartaric acid was also
expected to result in the discovery of new compounds, whose structures and properties could
be investigated. It was found that certain ligands based on substituted succinic acid - L-malic
acid, tetrafluorosuccinic acid and methylsuccinic acid - formed topologies identical to that of
lithium succinate (Chapter 4). Experiments were then focused on the analysis of differences

in fine structure caused by different ligand substituents, the possibility of combining different

ligands in solid solutions, and the effect this would have on the framework structure.

Four other new lithium-based frameworks - lithium 2,2-dimethylsuccinate, lithium fumarate,
lithium hydrogen fumarate and lithium hydrogen D,L-malate - were found to exhibit a range
of structures, and this gave an opportunity to survey a number of frameworks, in order to
investigate the factors affecting their architectures (Chapter 5). Due to the flexibility of the
lithium coordination sphere, it is important to understand how factors such as ligand
geometry, degree of hydration and metal:ligand ratio influence the connectivity,

dimensionality and topology of frameworks.

With a view towards relevant applications, the last aim of this research was to investigate the
properties of lithium-based frameworks. lonic conductivity and lithium insertion were
measured in a number of new materials in order to give insight into the structural features that

might be beneficial or detrimental to new lithium battery materials.
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1.4. Background to the research
1.41. Definitions and classification of inorganic-organic frameworks

The definition of an inorganic-organic framework has recently been subject of much debate,
and the different names they have been called are almost as numerous as the new structures

discovered, therefore clarification of a few definitions used in this thesis is necessary.

An inorganic-organic framework is defined here as a chemical compound composed of
inorganic and organic components connected to form a single phase solid material that has
repeating infinite connectivity. Organic components are generally small organic molecules,
which have the capability to bind to metal ions via functional groups, and when they do so
are known as ligands. Inorganic components may be single metal atoms coordinated by
ligand atoms, metal-ligand clusters containing more than one metal atom, or extended arrays

of metal atoms linked by single ligand atoms.

a) f

b)
$

Figure 1. Different classes of connectivity in inorganic-organic frameworks: a) “organic”,
consisting of isolated metal (M, blue) nodes connected through multiple ligand atoms (grey),

and b) ’inorganic”, consisting of metal atoms connected by single ligand atoms.

The overall dimensionality of an inorganic-organic structure may be O-D (molecular units),
1-D (chains, ribbons, ladders etc.), 2-D (layers or sheets) or 3-D (frameworks), and in each
direction the connectivity may be of two types. “Inorganic” connectivity consists of M-X-M
repeat units, where M and X denote a metal and a non-metal atom, such as O, S, F etc.,

respectively, and “organic” connectivity consists of M-L-M units, where L denotes a pathway

through multiple ligand atoms (Figure 1). This can give rise to a number of different

combinations of connectivities, as introduced by Cheetham et al. in a comprehensive review.
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Any given inorganic-organic framework may thereby be denoted I"O", where mis the

dimensionality of norganic connectivity and nis that of Organic connectivity between metal

centres (Table 1). The overall dimensionality is the sum (m+ n), whose maximum is three;

organic connectivity is not counted in any direction also containing inorganic connectivity.
Structures with (m+ n) = 3 may be thought of as frameworks, (m+ n) =2 as sheets, (m+ n) =

1 as chains and (m+ n) =0 as isolated molecules or clusters.

Dimensionality of inorganic connectivity, I™ (m = 0-3)

0 1 2 3
o) Molecular Hybrid inorganic | Hybrid inorganic | 3-D Inorganic
> 0 complexes chains layers hybrids
2> el el 1200 1300
§ Ch.ain. Mixed inorganic- Mixed ingrganic-
c coordination ; organic 3-D
O = | 1 organic layers
O ™ polymers 1o framework
T ©
g i 1°Q" 120
EE Layered Mixed inorganic-
2 5 coordination organic 3-D
ol polymers framework
(s 1002 10?2
g 3-D Coordination
= 3 polymers

[°0?

Table 1. Classification of inorganic-organic materials reproduced from Cheetham et al.,
showing the dimensionality of different structures with respect to both extended inorganic
connectivity (I") and organic connectivity between metal centres (O").?

One major divide within the field of inorganic-organic frameworks is that between porous
systems and non-porous ones, largely due to the difference in their physical properties.
Porous inorganic-organic frameworks, which contain voids with diameters above 0.2 nm,’
exist at the boundary between conventional porous inorganic materials, such as zeolites, and
porous carbonaceous materials, such as activated carbons and polymers, and they have
properties that mirror both. For example, they combine extremely high porosity and high
internal surface areas commonly found in zeolites with low density and mechanical flexibility
of organic linkers and coordination bonds. This is achieved by substitution of heavier
inorganic building units (e.g. based on Si-O-Si linkages in zeolites) by lighter organic ligands
coordinated to metal centres (e.g. resulting in Zn-Im-Zn linkages, where Im = imidazole, in

zeolitic imidazole frameworks).*
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The high surface areas of porous inorganic-organic frameworks have been the main reason
for investigation of their potential applications in gas storage, separation, sensing and
catalysis.” In addition, the ability to tune the pore chemistry by functionalising the ligands is a
unique advantage over conventional materials. Pores can be made with varying diameter,®
chirality,” exposed binding sites,® fluorinated surfaces,’ large flexibility'® and responsiveness

. . . 5. 11
towards external and internal stimuli.>

The other attribute of inorganic-organic frameworks that attracts great interest is their huge
diversity of topologies and possible components. The periodic table contains many metallic
elements that form inorganic structures, whilst organic chemistry has the power to make
thousands of ligands that may be combined with those inorganic building blocks to give
extended connectivity in the form of an inorganic-organic framework. Non-porous inorganic-
organic frameworks, which generally contain no voids with accessible volume, have so far
been less studied than porous ones. However, they have the potential to combine functional
properties of both inorganic and organic materials, with the added value of tunability via the
ligands and stability compared to classical organic materials.” This gives rise to a diverse
range of properties, including chirality, non-linear optics, magnetism, conductivity,
luminescence and multiferroicity.'” They can also yield hitherto unknown or unexpected

properties via their hybrid nature, an exciting prospect for exploration of new materials."
1.4.2. History of inorganic-organic frameworks

In 1990, Hoskins and Robson were the first to demonstrate the construction of infinite
structures comprising of metal “nodes” connected by organic “linkers”.'* This began a
gradual increase in interest in the area of coordination polymers, with several groups
subsequently reporting new structures, particularly of porous materials.'® The early 2000°’s

saw an increase in the number of publications on coordination polymers that is still rising,

reaching over 1200 in 2011 (Figure 2). A major development occurred in 2003 with the

discovery by O’Keeffe, Yaghi and co-workers that pore sizes in relatively robust inorganic-
organic frameworks could be systematically changed in isoreticular frameworks by variation
in the ligand.® These porous structures, often referred to as metal-organic frameworks, MOFs,
all contained the same octahedral Zn-O-C clusters, which functioned as secondary building
units, linked by linear dicarboxylate linkers of different lengths, containing various functional
groups. The resulting materials had pore sizes from 3.8 A to 28.8 A and densities down to

0.21 g cm™, which gave rise to room temperature hydrogen storage capacities up to 2 wt. %. ¢
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These reports prompted a newly increased research effort into MOFs, which is now at a

similar level to coordination polymers (Figure 2).

In their landmark 2004 review of porous coordination polymers, PCPs, Kitagawa et al.
described three generations of porous compounds.” The 1% generation of PCPs have pores
sustained only with guest molecules and collapse irreversibly upon their removal. The 2™
generation are more robust: their pores are stable upon removal of guest molecules. The 3™
generation are robust enough to withstand guest removal, but also have flexible frameworks
that respond reversibly to external stimuli, such as light, electric field and other guest
molecules. At this time, new materials were being produced less by serendipity and more by
design, as understanding of the construction of frameworks grew with collective
experience.'’ Not only porous materials were being studied; the properties and potential
applications of inorganic-organic frameworks in general were also being realised and related

to their structures.” '
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1200 m "metal-organic framework"

m"coordination polymer”

—

=

=

=
1

800 -

600 -

Published articles

400 -

200 -

o I Y I T ol T O O O o T3 B Y T T ol i O o B s T 3 e Bl ¥ |
G @O OO OO OO0 000000000 0 — T —
s e R R A e B s s R a s e e B e o T o B T s o T e O QL
— v v v v v v v v v O 0 0 O OO0 OO 0Ty

Figure 2 Increase in published articles featuring the keywords “metal-organic framework”
(green) and “coordination polymer” (blue) since 1990. Values from Web of Knowledge,
correct as of 9 August 2012.
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1.4.3. Current trends in inorganic-organic frameworks

With the experience of two decades of intense research into discovery of new inorganic-
organic frameworks and their properties, increased emphasis is now being placed on real-life
applications. The often highly specific interactions with diverse guest species have made
responsive porous frameworks subject to investigation as sensors, '® with luminescent
frameworks acting simultaneously as both receptor and transducer.'® Fabrication of thin films
has allowed transduction by other means, such as optical interferometry, mechanical
displacement and gravimetric changes.” In addition, engineering of surfaces and interfaces,
composites, nanoparticles and core/shell structures has developed inorganic-organic
frameworks from bulk materials to more application-specific configurations.”' Magnetic,
optical and electronic properties, often traditionally associated with condensed matter physics,
are also being investigated in many inorganic-organic frameworks, which offer great scope

for structure and property variation along with reasonable stability required for applications. '

Research into catalysis by porous inorganic-organic frameworks is involved in exploitation of
features not often found together in other porous materials, such as the wide range of possible
active site architectures, flexibility and chirality.”? Post-synthetic modification, PSM, has
been used to introduce additional functionality in porous inorganic-organic frameworks that
may not be possible via direct synthesis of pre-functionalised reactants.”® Various chemical
reactions have been reported on both the organic ligands and the metal nodes, which can be
used to tailor pore chemistry whilst maintaining framework integrity. One important
possibility arising from PSM is the controlled delivery of bioactive species, such as NO, H,S
and drug molecules.** Hydrogen storage in porous frameworks is still intensively researched,
but absorption of other volatile species has also been productive.?” Due to the urgent need for
carbon sequestration technology, the most prominent of these has been carbon dioxide, whose
interaction with framework pores is generally much stronger than that of hydrogen.? Todine,

a radioactive product of nuclear fission, has been successfully absorbed by zeolitic
27

imidazolate frameworks, ZIFs (Figure 3).
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Volatile I, |,capture

Figure 3. lodine capture in ZIF-8, Zn(2-methylimidazol ate),, which is secure until framework
decomposition at ~575 K. Reproduced with permission,?” copyright 2011 ACS

Computational study of inorganic-organic frameworks is still in its early stages, drawing on
experience with organic and inorganic materials in areas such as structure prediction and
property simulation.”® However, many challenges remain to be addressed, including
development of accurate interatomic potentials, modelling of vibrational modes and
accounting for framework flexibility. Mechanical property measurements are also currently
under-developed, but can shed light on the durability of inorganic-organic frameworks and
their behaviour under various conditions.” This work is important for industrial application
of the materials, where they must withstand large cyclic changes in temperature and pressure.
For example, framework amorphization has been found to occur via high pressure, high
temperature and mechanical stress in ZIFs, leading to changes in gas uptake properties that
can be irreversible.>® However, this flexibility has been put to good use in responsive,
dynamic, “soft crystals”, in which adsorbed molecules and external stimuli can modulate the

framework metrics or interaction with other guests.'!
1.44. Lithium in inorganic-organic frameworks

Lithium has been largely unexplored as a metal node for inorganic-organic frameworks, and
despite potential gravimetric advantages over other metals and interest in lithium-containing
systems for battery applications, very few new lithium-based frameworks have been reported.

Furthermore, insertion of lithium ions into porous frameworks has been shown both

experimentally and computationally as a way to enhance gas uptake and selectivity (Figure

8c, 31

10
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Figure 4. Chemical reduction of the I°O° framework Zna(NDC)(diPyNI) (NDC = 2,6-
dicarboxylate, diPyNI = N,N’-di-(4-pyridyl)-1,4,5,8-naphthal enetetracarboxydiimide),
resulting in enhanced hydrogen storage capacity. Reproduced with permission,®' copyright

2007 ACS

Most porous inorganic-organic frameworks contain divalent or trivalent metals, which are
linked by polyanionic ligands to form a three dimensional net. Combination of monovalent
metals with the single anionic ligand required for charge balance limits the number of
possible connectivities, particularly for higher dimensionalities. Strategies to synthesize
extended lithium-based frameworks have therefore tended to involve a combination of
neutral and anionic binding functionalities either on the same ligand*? or on different
moieties,>> which allows for the monovalent nature of lithium and enables connectivity in
three dimensions. Where reported, these frameworks have shown limited gas sorption

capability, mainly due to small pore sizes.

Dicarboxylate ligands have also been used in the synthesis of lithium-based frameworks with
porous properties. The lithium-rich bismuth pyridinedicarboxylate, LisBi(2,6-pdc)s(H,0),,
was shown to have negligible solvent-accessible volume, but absorbed CO, due to the
formation of open Li sites upon water loss.** Another pyridinedicarboxylate, Li»(2,5-
pdc)(dmf), where dmf = dimethylformamide, showed dynamic structural change upon
removal of coordinated DMF.* In this case, loss of porosity is due to the framework
rearranging reversibly to fill the Li coordination spheres. Finally, measurement by quartz
crystal microbalance of water and methanol uptake was enabled by the hydrophilic structure
of a lithium 1,3-benzenedicarboxylate, Lix(1,3-bdc)(dmf)os- H>O.*® Mention should also be
given to a recently reported lithium azobenzenetetracarboxylate, Li2(3,3,5,5-abtc)(dmf),
which retains crystallinity and remains porous after removal of coordinated DMF. The

resulting 3-coordinate Li sites give rise to CO, sorption properties.’’

11
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The crystal structures of many other lithium dicarboxylates have been determined (see
Chapter 5), but no systematic study of them has been undertaken to date. Clearly, research
into the properties of lithium-based inorganic-organic framework is less advanced than that of
other metals, largely due to the flexibility of its coordination sphere, which precludes
formation of well-determined metal-based building blocks for framework synthesis. However,
the work described in this thesis has uncovered hitherto unknown diversity in lithium-based
framework materials and points towards several ways of exploiting chemical concepts in their
design and synthesis. These include polymorphism, ligand isomerism and dehydration
(Chapter 3), topological similarity, ligand substitution, solid solutions and topochemical
reaction (Chapter 4), and ligand geometry- and compositional control of structure and
properties (Chapter 5). This work will provide a solid platform upon which new lithium-

containing inorganic-organic materials may be designed and studied.

12
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2.1. I ntroduction

The experimental methods used in this research can be broadly categorised into four groups:
synthesis of materials, structure characterisation, property characterisation and computational
methods. Synthesis of materials involved using conventional crystallization techniques,
solvothermal methods and mechanochemistry in order to obtain new and existing phases for
further study. Various characterisation techniques were used to confirm the structure and
purity of the as-synthesised material. In cases where the crystal structure was unknown and
single crystals could be obtained, single crystal X-ray diffraction was used to determine the
unit cell, space group and precise atomic positions, making it perhaps the most useful tool
available. For known materials, confirmation of bulk structure and phase purity involved
powder X-ray diffraction, Fourier transform infrared spectroscopy, thermogravimetric
analysis, elemental analysis, optical microscopy, scanning electron microscopy and solid-
state- and solution nuclear magnetic resonance spectroscopy. Following structural
characterisation, other techniques- nanoindentation, impedance spectroscopy and
electrochemical cycling -were used to investigate the physical properties of selected
compounds. Finally, in order to gain further insight into the phase behaviour of some
materials, computational calculations using density functional theory were performed to

determine their formation energies.

Within this thesis, specific details of the experimental methods used are given in each results
chapter, according to the results presented. This chapter provides a brief overview of all the
methods, and lists a number of useful references, to which the reader is directed for more

information.
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22,  Synthesis

2.21. Crystallization

Within the scope of this thesis, the principle aim of crystallization reactions was to produce

crystals of a suitable size and quality for structure determination by single crystal X-ray

diffraction (Section[2.3.1). Many methods exist by which to prepare single crystals,' of

varying complexity and applicability to inorganic-organic framework materials. In general,
the methods used herein can be classed as “reactant diffusion” crystallizations, in which

precursor reagents, usually in the form of solutions, are combined and left to stand at room

temperature (Figure 13), or placed at elevated temperature in an oven (Figure 1p). Conditions

were chosen to permit slow neutralisation of the acidic ligand precursors by basic metal

precursors, followed by coordination bonding to form an inorganic-organic framework.

Figure 1. Crystallization: a) reactant diffusion reactions in PTFE-capped borosilicate glass
vials, and b) temperature-controlled ovens used for reactions at elevated temperatures.

22.2. Solvothermal synthesis

Solvothermal synthesis is a variation of conventional crystallization, in which the reactant

mixture is heated above the boiling point of the solvent in an autoclave (Figure 2).” These

conditions allow higher temperatures to be reached than are possible under ambient pressure,
when the solvent would otherwise evaporate. The closed environment of an autoclave results
in solvent retention under autogeneous pressure and at higher temperatures the solubility of

reactants increases and the free energy of the reaction has an increasing entropic contribution.
This can give rise to reaction products that are not obtainable using conventional methods, as

well as enabling studies of phase behaviour across a wide temperature range.
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1) Threaded
stainless steel lid
E 3 2) Spring

3) Rupture disk
4) Anti-corrosion
disk
- 5) PTFE liner
6 7 6) Stainless steel
body
B | 7) Solvent
= g - 8) Reagents
9) Base

Figure 2. PTFE-lined stainless steel autoclave: a) individual parts, and b) schematic courtesy
of Jin-Chong Tan.

2.23. Mechanochemical synthesis

Mechanochemical synthesis involves combining solid reagents in a mill, where the energy
required to overcome the activation energy for the reaction is provided by mechanical force

between particles and added ball bearings, rather than temperature-induced kinetic energy

Figure 3).> These conditions result in the formation of sub-micron sized powder products,

whose structures must be confirmed by powder X-ray diffraction (Section|2.3.2). Indeed,

similar procedures are commonly used to reduce particle size in various materials, such as
ceramics, biomaterials and drugs. Small amounts of liquid (commonly 50 pl - 100 pl) may be
added to aid kinetics or to template the formation of certain crystal structures, in which case

the procedure may be called “liquid-assisted grinding”, LAG.*

Figure 3. Mechanochemistry: a) stainless steel grinding jars and balls, and b) mixer mill.
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2.3. Characterisation

2.3.1. Single crystal X-ray diffraction

Single crystal X-ray diffraction is used to determine the crystal structure of materials,
including the cell parameters, space group and precise atomic positions.” The interaction
between electrons in a molecule and X-rays, which have wavelengths of the same order of
magnitude as interatomic distances, results in scattering of the light. The result is a
superposition of X-rays, F, with contributions of amplitude f; from each atom i, according to

the equation:

q
F [S —)\SO] = Zﬁ-[s —)\so]exp [2mi(s — sg) .%]

where sand § are the X-ray source and detector positions, respectively, A is the X-ray
wavelength, gis the number of atoms in the molecule, and r; is the position of atom /.
Scattered light from all molecules within a crystal is superimposed, and the consequent
diffraction pattern, G, consists of spots, whose positions and intensities are a direct function

of the crystal symmetry and atomic positions, according to the equation:

s
0]exp [2mi(hx; + ky; + 1z;)]

q
i sintMa - r* sintNb - r* sintPc - r* S —
G(r*) = ]Zfi[
i=1

sinra - r* sinmb:r* sinmc-r* A

where r* is the reciprocal position vector; M, Nand P are the number of unit cell repeats of
the unit cell vectors @, b and ¢; h, kand / are Miller indices and X, y and Zzare fractional
atomic coordinates. The simple result of the square brackets is that G is only non-zero at
integer h, k, and /, therefore determination of atomic positions only has to deal with those

values in the summation, which is also known as the structure factor, F(hk).

A diffractometer has three main components: an X-ray source, a goniometer and a detector,

which together enable the collection of diffraction data for many orientations of the crystal

Figure 4). The data is processed using a computer and the crystal structure is solved and

refined by least squares minimisation,’ and the whole experiment may take a matter of hours

in the simplest of cases.
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1) Video screen

2) Camera

3) Cryojet

4) CCD detector

5) X-ray beam
collimator

6) X-ray generator
o tube

7) Goniometer

8) Liquid N, dewar
9) Lead glass cage

Figure 4. Sngle crystal diffractometer: a) the entire apparatus apart from connected PC, and
b) a close-up of the arrangement around a diffracting crystal.

Laboratory crystal structure determination by X-ray diffraction was performed on a Oxford
Diffraction Gemini E Ultra diffractometer equipped with dual source Cu radiation (A =
1.54184 A, operating at 40 kV and 40 mA with confocal mirrors to increase flux) and Mo
radiation (A = 0.7107 A, operating at 50 kV and 40 mA). Data were collected at 120 K using
o scans and the mean detector area resolution was 10.4 pixels mm™. Data collection, cell
determination and refinement, intensity integration and face indexation were performed using
CrysAlisPro software.” Structures were solved by direct methods and full matrix least-squares
refinements against |F*| were carried out using the SHELXTL-PLUS package of programs®
within the WinGX interface.” All non-hydrogen atoms were refined anisotropically;
hydrogen atoms were then inserted using a riding model and refined with isotropic
displacement parameters constrained to 1.2 and 1.5 times those of their adjacent carbon
(non-methyl) and oxygen and methyl carbon atoms, respectively. Visualization of structures

was carried out using Diamond'® and Mercury'' programs.
23.2. Powder X-ray diffraction

Powder X-ray diffraction is commonly used to confirm the bulk structure of a material, by
refinement of a model usually derived from the crystal structure determined by single crystal
X-ray diffraction.'? In certain cases, it may be used to solve the structure of an unknown
material, given prerequisite knowledge of the constituent molecules. The experimental setup

is similar to single crystal X-ray diffraction, although the sample is in powder form, held in a

capillary or a flat plate (Figure 5). This means that, in theory, crystallites are present in

random orientations such that the diffraction pattern consists of rings rather than discrete
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spots, and reflections from distinct crystal planes that have similar d-spacings may occur at

the same angle, according to Bragg’s law:
niA = Zdhleine

where n=1, 2, 3..., A = X-ray wavelength, dyy = spacing between crystal planes of Miller
indices (hkl) and 6 = diffraction angle. Data may be analysed by visual inspection and
comparison with simulated patterns for phase identification, or by more computationally
involved methods for structure refinement. Le Bail refinement involves least squares
optimisation of profile parameters and unit cell parameters, and needs no prior knowledge of
atomic positions.'® Rietveld refinement involves the additional refinement of atomic positions,
which relate to the intensities of diffraction peaks.'* Both methods have been used in this

research.

1) X-ray generator tube
2) Incident beam optics
j 3) Goniometer axis

4) Sample
5) Sample autochanger
| 6) Diffracted beam
optics
7) Detector

Figure 5. Powder X-ray diffractometer setup for flat plates in Bragg-Brentano operation.

Laboratory data were collected on a Bruker D8 theta/theta (fixed sample) diffractometer with
LynxEye position sensitive detector, in Bragg Brentano parafocusing geometry, reflection
mode using Cu Ko radiation (A = 1.5418 A). Scans were taken over an angular range of 5° -
60° (20) with step size 0.01°. Rietveld analysis of the data was carried out using the X’Pert

HighScore Plus program. '’
2.3.3. Synchrotron powder X-ray diffraction

Synchrotrons are a source of very bright, intense X-ray light, which is a result of the
acceleration of electrons around a ring. The X-rays produced are usually of shorter

wavelengths than those of laboratory diffractometers, and so are able to probe atomic
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structure to much higher resolution. In addition, much faster measurements are possible due
to the high flux of X-rays and the custom built detectors available. The synchrotron facility

used in this research was the powder X-ray diffraction beamline I11 at Diamond Light Source
16

Figure 6).

Capillary sample . & ">
../ on B-circle)

Sensor
. cover

Figure 6. Synchrotron powder X-ray diffraction at 111, Diamond.: a) robotic sample changer
and carousel, and b) Mythen (PSD) detector setup. Figures from a) Parker et al.”” and b)
Thompson et al.”®

High resolution synchrotron X-ray powder diffraction patterns were obtained using beamline
111 at the Diamond Light Source.'® The position sensitive detector Mythen strip was used
with mean wavelengths of 0.826124 A and 0.827153 A, calibrated using a NIST Si 640c
standard. Samples were held in 0.7 mm and 0.8 mm glass capillaries, which were rotated
continuously during the measurement to reduce the effects of preferred orientation. Data
were collected at room temperature over the range 3° - 93° 20. For analysis, data binnings of
0.004° were used, and refinements were only performed over the range for which peaks were

observed, using GSAS'® via the EXPGUI" interface.
23.4. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy is used to determine the types of chemical bonding
within a material, due to the interaction between infrared light and molecular vibrations.?
The vibrational frequency of a chemical bond depends on the elements involved and the
strength of bonding, and the intensity of the corresponding spectral peak relates to the dipole
moment of the bond. This gives different functional groups characteristic spectra, which act

as a fingerprinting tool for confirmation of chemical composition. In addition, small
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perturbations in the position of a peak corresponding to a functional group may give
information about changes in the bonding caused by local structure variation. The infrared

spectroscopy technique used in this research was attenuated total reflectance, using a

diamond crystal (Figure 7). The sample is pressed onto the diamond crystal, through which

the infrared beam is passed by total internal reflection. The spectrometer measures the
absorption of infrared light due to the interaction between the sample and the evanescent

wave, which extends into the sample by a few microns.

1) Incident beam
2) Diamond ATR crystal
3) Sample clamp
(moved out of position)
4) Detected beam

Figure 7. Fourier transform infrared spectroscopy using a diamond attenuated total
reflectance setup.

Fourier-transform infrared spectroscopy was carried out using a Bruker Tensor 27 Infrared
Spectrometer with a diamond attenuated total reflectance (ATR) attachment in absorbance

mode. Multiple spectra were recorded in the range 4000-500 cm™ and subsequently averaged.
2.3.5. Thermogravimetric analysis

Thermogravimetric analysis is used to observe changes in the mass of a sample upon heating

T 21 . . . . .
Figure 8).”" In general, inorganic-organic frameworks undergo stepwise mass loss, with

evaporation of solvent molecules occurring at lower temperatures than decomposition of the
organic ligands and collapse of the framework. The final product is often an inorganic
compound of the framework’s metallic elements; its identity can depend on the gas used in
the analysis, as can the precise temperatures of each mass loss step. Simultaneous differential
scanning calorimetry and thermogravimetric analysis allows the heat flow profile of the
heating process to be measured. This gives information about any phase transitions and can

identify whether a mass loss step is exothermic or endothermic. The conditions used in this
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research were compressed air, which results in oxidation of the ligand molecules, and a

maximum temperature of 700 °C, chosen in order to avoid evaporation of volatile lithium.

Thermogravimetric analysis was performed using a TA Instruments Q500 TGA instrument
with an air flow of 60 ml min™' at a heating rate of 10 °C min™', from room temperature to

700 °C using 9 - 13 mg samples.

1) Control screen

2) Thermocouple

3) Sample pan (moved
out of position)

4) Furnace

5) Gas inlet

Figure 8. Thermogravimetric analysis.
2.3.6. Elemental analysis

Elemental analysis was performed by the Microanalysis service at the University of
Cambridge Chemical Laboratory, using an Exeter Analytical CE 440 elemental analyser.
Carbon, hydrogen and nitrogen were measured as a fraction of the total sample mass by flash
combustion, followed by separation and detection of the resulting gases, N,, CO, and H,O,

by column chromatography.
23.7. Optical microscopy

Aside from simple visual inspection, optical microscopy is the first analytical tool for

examining a reaction product (Figure 9). Information such as the colour, morphology and

purity may be obtained, and rotation of crossed polarisers can indicate the crystallinity of a
sample. In this case, the image of a single crystal will darken every 90° rotation, and
imperfections such as cracks, inclusions and agglomeration may be uncovered. The images,

of micron-scale resolution, may be recorded by a digital camera on top of the optics column.
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1) Digital camera and
linked computer
2) Eyepieces
3) Focussing knob
4) Magnification knob
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=== 6)Polariser

' 7) Rotating stage +
polariser

Figure 9. Optical microscopy.
2.3.8. Scanning electron microscopy

Scanning electron microscopy uses a focussed beam of electrons to image a sample,
obtaining resolution down to the nanometre scale.”” The interaction of the electron beam with
the sample knocks valence electrons out of their shells, generating secondary electrons, which
are accelerated by a voltage bias towards a photomultiplier detector. The image is a result of
the contrast differences in secondary electrons as the beam is scanned across the sample
surface. Scanning electron microscopy can also be used to measure elemental composition by

energy dispersive spectroscopy, and to image samples using backscattered electrons.
2.3.9. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance, NMR, spectroscopy uses the interaction between radio waves
and nuclear spins to identify the nuclear environments in a compound.” Elements such as 'H
and "°C have nuclear spin /= 1/2 and so split into two levels in the presence of a magnetic
field. Radio waves of different frequencies are absorbed depending on the energy difference
between the levels. The particular elements examined and the electronic fields around the
nuclei, which are a result of their chemical environments, give rise to absorption at different
frequencies. In addition, peaks may be split by coupling with other nearby nuclei. Thus, an
NMR spectrum gives information about the functional groups present and the proximity of

nuclei to others.

Two main NMR methods were used in this research. Sample preparation for solution NMR,
most commonly used in organic chemistry, involves dissolving the compound in question in

an aprotic solvent to minimise the number of peaks in the spectra and placing the solution in
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a precision-ground tube. Solid-state NMR uses the material as-synthesized, pressed into a
small rotor that is spun at the “magic angle”, 54.74°, at which interaction anisotropy averages
to zero.” In a solid-state *C-"H cross polarisation experiment, magnetization is initially
formed in the "H spin system and then transferred to the *C spins by applying radio
frequency fields simultaneously on both resonance frequencies. The efficiency of this
polarization transfer depends strongly on the magnetic dipolar couplings between the 'H and
13C spins. If the coupling is strong (i.e. the "H-"2C distance is short), short contact times are
sufficient to achieve a strong polarization transfer. If the couplings are small (i.e. the 'H-1C
distance is large), longer contact times are required to transfer magnetization from 'H to "*C.
If cross polarisation experiments are repeated with different contact times and the '*C signal
intensities are plotted as a function of contact time, typical build-up curves can be drawn
whose shapes depend on the magnitudes of 'H-""C coupling and competing relaxation
processes. The curves may thus be understood as a fingerprint of different carbon

environments.
2.3.10. Nanoindentation

Nanoindentation probes the mechanical properties of a material by measuring the relationship
between the displacement of an indenter tip into the material’s surface and the applied
force.” Due to limitations in tip geometry, resolution in the plane of the surface is typically at
the micron scale, whilst depth resolution is closer to the nanometer scale. Single crystals must
be prepared so that the facet to be examined is flat and, for anisotropic property
measurements, the orientation of the crystal must also be known. This information is

typically obtained by face indexation using a single crystal X-ray diffractometer.

2.3.11. I mpedance spectroscopy

Impedance spectroscopy measures the response of a material to an alternating potential
difference as a function of frequency.”® Different dielectric processes, such as electronic
polarization, dipole relaxation and ionic conductivity, are active at different frequencies and
show different impedance responses. lonic conductivity predominates at low frequencies, and
gives rise to a semi-circle in the “Nyquist plot” of the real part of the complex impedance vs.
the imaginary part. From this plot the resistance and capacitance of different contributions to

ionic conductivity, such as the bulk material and the grain boundaries, can be obtained.
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2.3.12. Electrochemical cycling

Electrochemical cycling is used to analyse the charge-discharge behaviour of a material in the
configuration of a working cell. The potential difference across a cell consisting of lithium
metal and the material in question, separated by a liquid electrolyte, is varied such that the
current remains constant. Thus, the current relates directly to the number of lithium ions
reacted, and the voltage profile yields information about the processes occurring, such as

lithium insertion and solid electrolyte interphase formation.*’

2.3.13. Computational calculations

Density functional theory investigates the electronic structure of many-bodied systems, such
as molecules and crystal structures.”® It uses functionals, functions of the electron density, to
determine properties of materials, such as the lattice parameters, ground state electronic
energy, band gap and vibrational spectrum. Different functionals, which approximate the
structure in different ways, offer a variety of levels of refinement and agreement with

experimental data.”’
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3.1. I ntroduction

3.1.1. Polymorphism in inorganic-organic frameworks

Polymorphism is widely known in the field of organic molecules and pharmaceutical
cocrystals,' but is relatively unexplored in the field of inorganic-organic frameworks. Makal
et al. recently proposed a scheme of classification for “framework isomers”, accounting for
various differences in guest inclusion, ligand conformation and isomer for frameworks of the
same elemental composition.” They define “ligand-originated isomers” as frameworks of the
same elemental composition having different ligand isomers; the majority of the new lithium
tartrate frameworks discussed in this chapter are of this type. Three other framework types
are defined: frameworks with identical topologies but different levels of interpenetration are
classed as “interpenetration isomers”, “conformational isomers” contain the same molecular
units but with different twists or bends (the lithium tartrate isomers in this chapter that
contain the same ligand isomer are of this type), and “orientation isomers” contain molecular
units that are identical when considered as independent moieties, but which are connected in
different orientations within the crystal structure. However, this classification scheme is
clearly designed with porous frameworks in mind, and is of limited use when referring to
non-porous inorganic-organic frameworks, which contain no accessible pore space or guest
species and in which interpenetration does not occur. Furthermore in such systems, use of the
term “polymorph” to describe different structures with identical molecular composition
makes the definition of “conformational isomers” redundant. The isomeric lithium tartrate

structures described in this chapter can be classified by two of the above terms, “ligand

originated isomers” and “polymorphs” (Figure 1).
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Figure 1. Classes of isomeric frameworks in the dilithium tartrates described in this chapter.

The non-porous systems previously studied have generally consisted of just two polymorphs®
and only a handful of attempts have been made to rationalise the phase behaviour of non-
porous inorganic-organic frameworks by calculation of the structures’ energies.” In those
cases, the level of theory used to calculate framework energies is often inadequate and is
rarely accurate enough to distinguish between polymorphs whose energy difference is on the
same scale as intermolecular interactions such as hydrogen bonds. Bailey et al. have
rationalised the difference in energy of layered racemic and chiral zinc cyclohexane frans
1,2-dicarboxylate analogues, Zn(CsH;¢O4), very simply in terms of internal intra-layer and
non-bonded inter-layer energies.’ Finer structural elements, such as ligand conformation,® are
more difficult to describe due to their complex interplay with the inorganic structural
elements and electrostatic interactions in the structural models. Therefore one aim of this
research is to understand what level of theory is necessary to account for phase behaviour in
inorganic-organic frameworks and what the important structural factors to consider in doing
so are. In particular, contributions from zero-point vibrational energy and thermal vibrational

modes, which were not previously assessed, may prove important.
3.1.2 Tartrate-based inorganic-organic framework materials

Tartaric acid, C4HOg, contains two chiral centres and can exist in one of three isomeric

molecular forms, L-, D- and meso-tartaric acid (Figure 2). The L- and D- conformers are

enantiomeric and the meso- form is achiral, forming three distinct crystal structures. The
racemate of the chiral L- and D- enantiomers crystallizes as a fourth polymorph, D,L-tartaric

acid.
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a) OH OH b) OH OH

OH OH OH

OH

OH OH

Figure 2. Configurations of a) L-tartaric acid, b) D-tartaric acid and ¢) meso-tartaric acid.

Tartaric acid has been used as a ligand in inorganic-organic frameworks in combination with
many metal ions. The crystal structure of one of the most well-known tartrates, potassium
sodium tartrate tetrahydrate, KNa(C4H4O¢)-4H,0, otherwise known as Rochelle Salt, was
first determined in 1940. It has long been known as a ferroelectric® in which hydrogen
bonding between the chiral tartrate ligand and framework water molecules enables switching
of the materials’ spontaneous dipole moment. Similar dielectric properties have since been
found in many other L- and D-tartrates due to the chiral properties of the ligand giving rise to
inherently non-centrosymmetric structures.” Other chiral, non-porous, inorganic-organic
frameworks, such as the transition metal L-tartrates M(C4H4O¢) (Where M = MnH, Feu, Cou,
Ni"), are also being investigated for magnetic properties.'® Those chiral properties are also of
interest for porous inorganic-organic frameworks, which could be useful for enantiomorphic

separation and catalysis applications."'

Previous research in the author’s research group has uncovered a large diversity in the
structures of alkaline earth tartrates, M(C4H4O¢)- XH,O (Where M = Mg2+, Ca2+, Sr** and
Ba’").'? Kam et al. discovered nine crystalline modifications of magnesium tartrate using
hydrothermal synthesis.'** Variations in ligand isomer resulted in the formation of chiral
D-tartrate, achiral D,L-tartrate and meso-tartrate isomers, in which the level of hydration

decreased and the overall dimensionality increased upon raising the synthesis temperature

Figure 3). Appelhans et al. found that, in addition, variation in cation size altered the metal

coordination geometry and thus changed the resulting structures in calcium, barium and

12> The phase selection and energetics of these materials were investigated

strontium tartrates.
by computational and calorimetric methods. This prior work suggests that the alkali metal
tartrates, Ma(C4H4O06)- XH2O (Where M = Li", Na', K', Rb"), which so far have not been

systematically studied, may also yield diverse structures.
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Figure 3. Sructures of chiral magnesium tartrates: a) hydrated 2-D framework
[Mg(D-C4H,0s)(H-0)] -1.5H-0, b) hydrated 3-D framework [ Mg(D-C4H,0s)] -H-0O, and c)
anhydrous 3-D framework Mg(D-C4H4Os). C, H and O atoms and MgOs polyhedra are
coloured grey, blue, red and blue, respectively. Reproduced with permission,™ copyright
2007 ACS

3.1.3. Lithium tartr. ates Lig.xH x( C4H406) -nH 20

Inspection of the Cambridge Structural Database'® shows the existence of just three lithium
tartrates, all of which are hydrated. The structure of lithium hydrogen meso-tartrate
monohydrate was reported by Stouten éf al. in 1988, and consists of chains of edge-sharing

LiOs polyhedra, leading to the notation by Cheetham et al. of I'0°."* The chains are

connected by extensive inter-ligand and water hydrogen bonding (Figure 4h)." Bott et al.

reported the structure of lithium hydrogen L-tartrate monohydrate in 1994,'¢ which was

improved by Gelbrich ef al. in 2004 {Figure 4p)."” It contains Li,Og dimers, connected by the

ligand to form I°0' chains, which exhibit many hydrogen bonds. Gelbrich et al. then reported

the structure of dilithium D,L-tartrate trihydrate in 2006 (Figure 4}).'® It also contains

dimeric Li-based polyhedra, which are connected by the ligands to form heavily hydrogen
bonded I°0” sheets.

It is interesting to note that Gelbrich and co-workers were “unable to obtain any other
dilithium tartrates”,"® and that no anhydrous phases were formed. The crystallization methods
used tended to be slow evaporation of aqueous solutions at ambient temperature, and no

mention is made of other attempted techniques.
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Figure 4. Structures of known hydrated lithium tartrates: a) lithium hydrogen meso-tartrate
monohydrate, b) lithium hydrogen L-tartrate monohydrate, and c) dilithium D,L-tartrate
trihydrate. C, H and O atoms and LiO, tetrahedra are coloured grey, white, red and green,

respectively.
3.1.4. Strategies to synthesize and investigate anhydrous lithium tartrates

Phase behaviour of inorganic-organic frameworks, particularly with respect to degree of
hydration, has been found to be dependent on temperature, pH, concentration and reaction
time.'® Lithium-containing systems are generally highly water-soluble due to the large energy
gain upon solvation of lithium cations. Therefore it is unsurprising that previously reported
lithium tartrates crystallized upon evaporation of water, rather than directly from solution
with substantial mother liquor remaining (as is more commonly the case with other
inorganic-organic frameworks). Synthesis from water also led to the incorporation of water as
a framework component, which must be avoided for potential applications in lithium batteries
or dielectrics due to its detrimental effect on thermal and electrochemical stability (see

Chapter 5).

Given the above, a possible approach towards synthesis of crystalline anhydrous lithium
tartrates would be to find a solvent system that enables dissolution of molecular precursors
and precipitation of lithium-based frameworks. For this reason, non-aqueous solvents were
chosen for exploratory synthesis of new phases, along with raised temperatures up to 200 °C
to drive off residual water. Once the diverse nature of the phase space of anhydrous lithium
tartrates became apparent, mixed solvent systems with a controlled water fraction were used,

to increase the likelihood of reaching a thermodynamic product.
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This approach resulted in the discovery of eleven new crystalline lithium tartrate frameworks,
eight of which are isomeric and have the same elemental composition, Li,(C4H4Og). This
chapter describes the atomic structure of each material in detail, and investigates variations in
structural features in order to explain the differences in their energies as well as their phase

behaviour, which was investigated as a function of ligand isomer, solvent and temperature.
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3.2. Experimental

3.21. Synthesis

All reagents, lithium acetate dihydrate (98 %, Fisher Scientific UK), lithium nitrate (98 %,
Sigma), D,L-tartaric acid (99.5 %, Fisher Scientific UK), L-tartaric acid (>99 %, Fisher
Scientific UK) and meso-tartaric acid monohydrate (>97 %, Sigma-Aldrich), and solvents,
ethanol and tetrahydrofuran (THF) (both reagent grade, Fisher Scientific UK), in-house
deionised water and N,N-dimethylformamide (DMF, reagent grade, Acros Organics) were
used as received under aerobic conditions. Reactions were carried out in 4 and 12 mL
borosilicate glass vials with PTFE-lined caps (Fisher Scientific UK) and 23 mL PTFE-lined

stainless steel autoclaves obtained from Parr Instrument Company.*’
3.2.1.1. Synthesis of lithium hydrogen L-tartrate in P2, LiH(L-C4H4Og), 1

A mixture of lithium acetate dihydrate (2.0 mmol), L-tartaric acid (1.0 mmol), THF (7.5 mL)
and ethanol (7.5 mL) was placed inside a 23 mL PTFE-lined stainless steel autoclave and
stirred for 10 minutes. The autoclave was then sealed and heated at 100 °C for two days then
cooled over two hours to room temperature. The resulting solid, consisting of colourless
plates and white powder, was washed with ethanol and dried in air at 60 °C for one day. The
plates were used for structure determination by single crystal X-ray diffraction. However, the
powder X-ray diffraction pattern of the product did not match the simulated pattern for 1;
rather it appeared to contain multiple unknown phases. Thermo-gravimetric analysis
indicates the presence of a solvated impurity and an unknown anhydrous phase, although it is
unclear whether they are lithium hydrogen tartrates, dilithium tartrates or other compositions

(see Appendix). A phase-pure sample of 1 could not be obtained for further analyses.
3.2.1.2. Synthesis of dilithium L-tartrate in P2,2,2;, Lio(L-C4H40Og), 2

A mixture of lithium acetate dihydrate (2.0 mmol), L-tartaric acid (1.0 mmol) and ethanol
(9.25 mL) was placed inside a 23 mL PTFE-lined stainless steel autoclave and stirred for

10 minutes. The autoclave was sealed and heated at 150 °C for three days, then cooled over
two hours to room temperature. The final product, consisting of colourless flat rods (123 mg,
79 %), was washed with ethanol and dried in air at 60 °C for one day. A suitable rod was
selected for structure determination by single crystal X-ray diffraction, but the product

contained approximately 14 % 3. A phase-pure sample was prepared in the following way: a

36



Chapter 3.

solution of L-tartaric acid (1.0 mmol) in ethanol (5 mL) was added dropwise to a solution of
lithium acetate dihydrate (2.0 mmol) in ethanol (5 mL) inside a 23 mL PTFE-lined stainless
steel autoclave and the resulting mixture was stirred for 10 minutes. The autoclave was
sealed and heated at 150 °C for six days, then cooled over two hours to room temperature.
The final product, consisting of white powder and colourless flat rods (156 mg, 96 %), was
washed with ethanol and dried in air at 60 °C for one day. Elemental analysis: C 29.63 %, H
2.45 % (Calculated for C4H4Li1;O6: C 29.67 %, H 2.49 %).

3.2.1.3. Synthesis of dilithium L-tartrate in C222;, Lip(L-C4H40Os), 3

A mixture of lithium acetate dihydrate (2.0 mmol) in ethanol (5 ml) and L-tartaric acid (1.0
mmol) in ethanol (5 mL) was placed inside a 23 mL PTFE-lined stainless steel autoclave and
stirred for 10 minutes. The autoclave was sealed and heated at 150 °C for 3 days and then
cooled over three days to room temperature. The final product, consisting of colourless flat
rods and hexagonal platelets (148 mg, 91 %), was washed with ethanol and dried in air at

60 °C for one day. The platelets were used for structure determination by single crystal X-
ray diffraction, but the product contained approximately 23 % 2. A phase-pure sample was
prepared in the following way: A solution of L-tartaric acid (1.0 mmol) in ethanol (5 mL)
was combined with a solution of lithium acetate dihydrate (2.0 mmol) in ethanol (5 mL)
inside a 23 mL PTFE-lined stainless steel autoclave and the resulting mixture was stirred for
10 minutes. The autoclave was sealed and heated at 150 °C for one day, followed by 125 °C
for three days, then cooled naturally to room temperature. The final product, consisting of
colourless microcrystalline powder (66 mg, 41 %), was washed with ethanol and dried in air
at 60 °C for one day. Elemental analysis: C 29.60 %, H 2.42 % (Calculated for C4H4Li,O¢:
C 29.67 %, H 2.49 %).

3.2.1.4.  Synthesis of dilithium meso-tartrate in C2/¢, Lix(meso-CsH4Og), 4

A mixture of lithium acetate dihydrate (2.0 mmol), meso-tartaric acid monohydrate

(1.0 mmol) and DMF (5 mL) was placed inside a 23 mL PTFE-lined stainless steel autoclave
and stirred for 10 minutes. The autoclave was then sealed and heated at 180 °C for three days,
then cooled over two hours to room temperature. The resulting solid, consisting of colourless
flat rods and white powder, was washed with isopropanol and dried in air at 60 °C for one
day. The rods were used for structure determination by single crystal X-ray diffraction.
However, the powder X-ray diffraction pattern of the product did not match the simulated

pattern for 4; rather it appeared to contain two or more phases. Thermo-gravimetric analysis
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indicates the presence of two anhydrous impurities, one of which is 6. The other phase is as-

yet unknown. A phase pure sample of 4 could not be obtained for other analyses.
3.2.1.5. Synthesis of dilithium D,L-tartrate in C2/¢, Lip(D,L-C4H4Og), 5

A mixture of LiNO; (2.0 mmol), D,L-tartaric acid (1.0 mmol) and isopropanol (10 mL) was
placed inside a 23 mL PTFE-lined stainless steel autoclave and stirred for 10 minutes. The
autoclave was sealed and heated at 180 °C for five days then cooled over two hours to room
temperature. The final product, consisting of colourless needles (105 mg, 68 %), was washed
with ethanol and dried in air at 60 °C for one day. A suitable needle of 5 was selected for
structure determination by single crystal X-ray diffraction, but the product contained
approximately 30 % 2. A phase-pure sample was prepared in the following way: A solution
of D,L-tartaric acid (1.0 mmol) in ethanol (5 mL) was added dropwise to a solution of lithium
acetate dihydrate (2.0 mmol) in ethanol (5 mL) inside a 23 mL PTFE-lined stainless steel
autoclave and the resulting mixture was stirred for 10 minutes. The autoclave was sealed and
heated at 150 °C for three days, then cooled naturally to room temperature. The final product,
consisting of white powder (134 mg, 83 %), was washed with ethanol and dried in air at

60 °C for one day. Elemental analysis: C 29.93 %, H 2.58 % (Calculated for C4H4L1,0O¢:

C 29.67 %, H 2.49 %).

3.2.1.6. Synthesis of dilithium meso-tartrate in P2,/¢, Li,(meso-C4H40g), 6

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of meso-tartaric acid monohydrate (1 mmol) in water:ethanol (1:2, 5 ml) in a
23 mL PTFE-lined stainless steel autoclave, which was heated at 125 °C. After three days
the autoclave was cooled to 25 °C and the product, colourless crystals of 6 (124 mg, 76 %),
was filtered, washed (water:ethanol 1:2) and dried in air. Another bulk sample used for
further analysis was synthesized at 100 °C. Elemental analysis found C 29.65 %, H 2.47 %,
(calculated C 29.67 %, H 2.49 %).

3.2.1.7. Synthesis of dilithium meso-tartrate in Cc, Liy(meso-C4sH4Og), 7

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of meso-tartaric acid monohydrate (1 mmol) in water:ethanol (1:2, 5 ml) in a
12 ml borosilicate vial, which was heated to 60 °C. After three days it was cooled to 25 °C
and the contents, colourless crystals of 8 (96 mg, 59 %) were filtered, washed (water:ethanol

1:2) and dried in air. Another bulk sample used for further analysis was synthesized at room

38



Chapter 3.

temperature using a water:ethanol ratio for the acid solution of 1:4, and drying in air at 60 °C.

Elemental analysis found C 29.43 %, H 2.51 %, (calculated C 29.67 %, H 2.49 %).
3.2.1.8. Synthesis of dilithium D,L-tartrate in P2,/¢, Lip(D,L-C4H40s), 8

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:4, 5 ml) was layered
under a solution of D,L-tartaric acid (1 mmol) in water:ethanol (1:9, 5 ml) ina 12 ml
borosilicate vial, which was left to stand at 25 °C. After six days the vial contained
colourless plates suitable for single crystal X-ray diffraction studies. A bulk sample used for
further analysis was synthesized as follows: a solution of lithium acetate dihydrate (2 mmol)
in water:ethanol (1:2, 5 ml) was layered under a solution of D,L-tartaric acid (1 mmol) in
water:ethanol (1:4, 5 ml) in a 23 mL PTFE-lined stainless steel autoclave, which was heated
at 100 °C. After three days the autoclave was cooled to 25 °C and the product, colourless
crystals of 8 (30 mg, 18 %) was filtered, washed (water:ethanol 1:4) and dried in air.
Elemental analysis found C 29.45 %, H 2.39 % (calculated C 29.67 %, H 2.49 %).

3.2.1.9.  Synthesis of dilithium L-tartrate in C2, Liy(L-C4H40s), 9

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of L-tartaric acid (1 mmol) in water:ethanol (1:4, 5 ml) a 23 mL PTFE-lined
stainless steel autoclave, which was heated at 125 °C. After three days the autoclave was
cooled to 25 °C and colourless crystals were hand-picked from the reaction product for single
crystal X-ray diffraction studies. A purer sample of 9 (containing ~20 % 2) for further
analyses was obtained as follows: lithium acetate dihydrate (2 mmol), L-tartaric acid

(1 mmol), water (3 ml) and ethanol (7 ml) were placed in a 23 mL PTFE-lined stainless steel
autoclave, which was heated at 150 °C. After 7 days the autoclave was cooled to 25 °C and
the product, colourless rods (93 mg, 57 %), was filtered, washed in solvent and dried at 60 °C

overnight.
3.2.1.10.  Synthesis of dilithium D,L-tartrate dihydrate in P1, Li,(D,L-C4H404)(H,0),, 10

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of D,L-tartaric acid (1 mmol) in water:ethanol (1:4, 5 ml) in a 4 ml
borosilicate vial, which was left to stand at 20 °C. After 6 days the precipitate, a mixture of
colourless triangular prisms and needles, was separated from the mother liquor. A suitable

triangular prism was selected for structure determination of Liy(D,L-C4H4O¢)(H,0),, 10.
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Powder X-ray diffraction analysis showed a mixture of 4, 8 and 10, but a phase-pure sample

could not be obtained.

3.2.1.11.  Synthesis of dilithium meso-tartrate hemihydrate in C222,, Li;(meso-
C4H406)(H20) 5, 11

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of meso-tartaric acid (1 mmol) in water:ethanol (1:4, 5 ml) in a 4 ml
borosilicate vial, which was left to stand at 20 °C. After 6 days the precipitate, consisting of
colourless square plates surrounded by polycrystalline material, was separated from the
mother liquor and a suitable square plate was selected for structure determination of
Lix(meso-C4H406)(H20)0 5, 11. The remaining precipitate was dried in air over two months

to yield a white powder, which was used for further analysis; PXRD found it to consist of
pure Li(meso-tart), 7. Elemental analysis found C 29.43 %, H 2.51 % (calculated C 29.67 %,
H 2.49 %).

3.2.1.12. Phase behaviour of lithium L-tartrates from ethanolic solution

Lithium acetate dihydrate (2 mmol), D,L-tartaric acid (1 mmol) and ethanol (10 ml) were
placed in a 12 ml borosilicate vial, which was left to stand at 25 °C. Similar mixtures were
prepared and placed in ovens at various temperatures up to 200 °C, using autoclaves as
reaction vessels above 60 °C. After three days the vessels at elevated temperatures were

cooled to 25 °C and the contents were filtered, washed (ethanol) and dried in air. Products

were colourless or white solids (see|Table 14 |for phases and morphologies); yields ranged

from 133 mg to 153 mg (82 % - 94 % for Li,C4H4Os).

3.2.1.13. Phase behaviour of lithium L-tartrates from mixed water:ethanol solution

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of L-tartaric acid (1 mmol) in water:ethanol (1:4, 5 ml) ina 12 ml
borosilicate vial, which was left to stand at 25 °C. Similar mixtures were prepared and placed
in ovens at various temperatures up to 200 °C, using autoclaves as reaction vessels above

60 °C. After four days the vessels at elevated temperatures were cooled to 25 °C and the
contents were filtered, washed (water:ethanol 1:4) and dried in air. The vial at 25 °C had

very little precipitate at this time, so was left a further seven days before filtering. Products

were colourless or white solids (see|Table 14|for phases and morphologies); yields ranged

from 84 mg to 98 mg (52 % - 60 % for Li,C4H4Og).
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3.2.1.14. Phase behaviour of lithium meso-tartrates from ethanolic solution

Lithium acetate dihydrate (2 mmol), meso-tartaric acid (1 mmol) and ethanol (10 ml) were
placed in a 12 ml borosilicate vial, which was left to stand at 25 °C. Similar mixtures were
prepared and placed in ovens at various temperatures up to 200 °C, using autoclaves as
reaction vessels above 60 °C. After three days the vessels at elevated temperatures were

cooled to 25 °C and the contents were filtered, washed (ethanol) and dried in air. Products

were white solids (see|[Table 14|for phases and morphologies); yields ranged from 88 mg to
157 mg (54 % - 97 % for Li,C4H40O¢).

3.2.1.15. Phase behaviour of lithium meso-tartrates from mixed water:ethanol solution

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of meso-tartaric acid (1 mmol) in water:ethanol (1:2, 5 ml) ina 12 ml
borosilicate vial, which was left to stand at 25 °C. Similar mixtures were prepared and placed
in ovens at various temperatures up to 200 °C, using autoclaves as reaction vessels above

60 °C. After three days the vessels at elevated temperatures were cooled to 25 °C and the
contents were filtered, washed (water:ethanol 1:2) and dried in air. The vial at 25 °C had

very little precipitate at this time, so was left a further four days before filtering. Products

were colourless or white solids (see[Table 14|for phases and morphologies); yields ranged

from 91 mg to 125 mg (56 % - 77 % for Li,C4H4O¢).

3.2.1.16. Phase behaviour of lithium D,L-tartrates from ethanolic solution

Lithium acetate dihydrate (2 mmol), D,L-tartaric acid (1 mmol) and ethanol (10 ml) were
placed in a 12 ml borosilicate vial, which was left to stand at 25 °C. Similar mixtures were
prepared and placed in ovens at various temperatures up to 200 °C, using autoclaves as
reaction vessels above 60 °C. After three days the vessels at elevated temperatures were

cooled to 25 °C and the contents were filtered, washed (ethanol) and dried in air. Products

were colourless or white solids (see|Table 14|for phases and morphologies); yields ranged

from 133 mg to 153 mg (84 % - 94 % for Li,C4H4Og).

3.2.1.17. Phase behaviour of lithium D,L-tartrates from mixed water:ethanol solution

A solution of lithium acetate dihydrate (2 mmol) in water:ethanol (1:2, 5 ml) was layered
under a solution of D,L-tartaric acid (I mmol) in water:ethanol (1:4, 5 ml) ina 12 ml

borosilicate vial, which was left to stand at 25 °C. Similar mixtures were prepared and placed
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in ovens at various temperatures up to 200 °C, using autoclaves as reaction vessels above
60 °C. After three days the vessels at high temperatures were cooled to 25 °C and the
contents were filtered, washed (water:ethanol 1:4) and dried in air. The vials at 25 °C and

60 °C had very little precipitate at this time, so were left a further three days before filtering.

Products were colourless or white solids (see[Table 14|for phases and morphologies); yields

ranged from 27 mg to 51 mg (17 % - 31 % for Li,C4H4Og).

3.2.2. Single crystal X-ray diffraction

Crystal structure determinations by X-ray diffraction of 1, 3 and 4 were performed by the
National Crystallography Service, Southampton, on a Bruker-Nonius APEX II CCD camera
on x-goniostat diffractometer equipped with 10 cm confocal mirrors, Bruker-Nonius FR591
rotating anode radiation source (Mo Ka radiation, A = 0.71073 A) operating at 50 kV and

85 mA. Data were collected at 120(2) K using ¢ and o scans. The mean detector area
resolution was 4096 x 4096 pixels / 62 x 62 mm. Data collection, cell determination and
refinement, and data reduction were performed using the COLLECT,*' DirAx,** DENZO,*
and Scalepack® programs. An empirical correction based on symmetry equivalent reflections
was applied using the SADABS 2007/2 program.** Structure solution and refinement were

performed as described in Chapter 2.

Crystal structure determinations by X-ray diffraction of 2 and 6 - 11 were performed using a

laboratory diffractometer as described in Chapter 2.

The structure of 5 was determined by Dr. Paul Forster, using microcrystal diffraction at the
Advanced Light Source on the 11.3.1 beamline using 0.7790 A radiation. Data were collected
at 100 K using the APEXII software package.”” The structure was solved with direct methods
and refined using the SHELXTL software suite.”® Towards the end of the refinement, Fourier
peaks were observed corresponding to a second orientation of the tartrate ligand and refined
using a partial occupancy model. Hydrogen atoms were added geometrically and refined
using the riding model. Visualisation of structures was carried out using Diamond?’ and

Mercury2 8 programs.
3.2.3. Computational energy calculations

Calculations were performed by Dr. Monica Kosa, taking the initial xyz coordinates of
phases 1 - 9 from the experimental X-ray data. Structures involving atomic disorder were

simplified by removing the disordered atoms with lower site occupancy and assigning full
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occupancy to the remaining atoms. Multiple unit cells were used for each structure, such that
the total number of formula units in each simulation cell was 24. For geometry and cell
optimizations, all structures were calculated using the PBE functional,” GTH
pseudopotential®® with the DZVP Gaussian basis set,”' and 600 Ry plane wave density cutoff
and 40 Ry relative cutoff as implemented in the QS module of the CP2K package.’” The
convergence of the total energy with respect to the plane wave basis set was checked in the
range of 200 - 1000 Ry, with intervals of 100 Ry. The relatively high and safe value of

600 Ry was chosen in order to avoid inconsistencies due to different cell sizes with respect to

the plane wave basis set.

The formation energies, AEge: (PBE), of 1 - 9 were calculated according to the equations

shown in|Figure 5|and afterwards normalized per formula unit of (di)lithium tartrate. The

electronic energies at 0 K of the isolated molecules of lithium acetate, tartaric acid and acetic
acid were calculated with the same Gaussian basis set and plane wave density cutoff as the
extended phases 1 - 9. Similar methods were used to calculate the formation energies of 2 - 9
including dispersion correction, AEge (PBE+D), using the density functional B97-D.** The
Zero Point Vibrational Energies, ZPVE, of phases 2 - 6 were evaluated (at the I'-point only)
within the harmonic approximation as a sum of contributions from all vibrational modes of
the system. Thermal populations, E,ip (298.15 K), were evaluated according to the classical
approximation. Calculation of the formation energies including vibrational contributions,
AEiot (PBE+V), 0f 2 - 6 was performed by adding both ZPVE and E,i» (298.15 K) to

AEge: (PBE). Calculation of thermal contributions for structures 7 - 9 was not possible due to

the high computational cost involved.

0 O OH o) o oH Lit-
24 +24 H 24 + O
)]\OLi HO)WO R )J\OH HO)J\‘/k[( (1)
OH O OH O 24 formula units
0 O OH 0 O OH Li-
48 + 24 H — » 48 + o
)kou HO)%( © AOH ?)%f (2)
OH O -tLi OH O  ]24 formula units

Figure 5. Chemical equations used to calculate the formation energies of lithium hydrogen L-
tartrate 1 (1) and dilithium tartrates 2 - 5 (2).
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3.3.1.

Results

Structures of new anhydrous lithium tartrates

The single crystal structures of nine anhydrous lithium tartrates, 1 - 9, were determined by

single crystal X-ray diffraction methods. A summary of the crystal data can be found in

Table 1{(1 - 5) and|Table 2|(6 - 9).

1 2 3 4 5
formula LiH(L-C,HO¢) | Liy(L-C4H4Og) | Liy(L-C4H4Og) | Lir(meso-C4HyOg) | Lin(D,L-C4H,O4)
crystal size | 0.10x0.07 | 0.5x0.4x | 0.06 x0.06x | 0.22 x0.05 x | 0.08 x 0.05 x
(mm) % 0.02 0.3 0.01 0.03 0.015
crystal . . . . .
system monoclinic | orthorhombic | orthorhombic monoclinic monoclinic
space group P2, P2,2,2, C222, P2,/c QJ/c
T (K) 120(2) 120(2) 120(2) 120(2) 120(2)
a (A) 5.0643(2) 5.0455(3) 5.5800(6) 6.0522(9) 15.988(10)
b (A) 8.3299(3) 14.9300(12) 9.1055(6) 5.3351(8) 5.0193(14)
c(A) 7.4469(3) 16.1053(12) | 12.0180(11) 9.8636(14) 15.020(8)
a(°) 90 90 90 90 90
B(© 107.585(2) 90 90 100.474(9) 101.50(5)
v (© 90 90 90 90 90
\' (A3) 299.47(2) 1213.0(2) 610.62(10) 313.18(8) 1181.1(10)
asym. unit C4H;5L1,06¢ CsHgLi4015 C,H,L1,05 C,H,L1,05 C4H4L1,06
Z 2 8 4 2 8
dcaic (9 CI11'3) 1.730 1.774 1.762 1.717 1.821
1) (mm'1) 0.165 0.164 0.162 0.158 0.168
refl.
collected 4170 2396 3280 3246 4525
unique refl. 1332 2104 696 713 1212
observed
data 1267 1694 578 543 854
I>20(D))
parameters 117 241 61 62 131
Rint 0.0355 0.039 0.0750 0.0554 0.0411
R 0.0326 0.0402 0.0462 0.0810 0.0673
WRz
(1> 26(1)) 0.0683 0.1005 0.1193 0.1736 0.1886
R, (all data) 0.0356 0.0517 0.0644 0.1059 0.093
wR>
(all data) 0.0704 0.1049 0.1337 0.1906 0.2069
GOF 1.109 0.946 0.916 1.014 1.062

Table 1. Summary of crystal data for lithium tartrates 1 - 5.
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6 7 8 9
formula Lix(meso-C4H,06) | Lix(meso-C4H,0g) | Lix(D,L-C;HiOg) | Lin(L- C4H4O4)
crystal size 0.15 x 0.15 x 0.8 x 0.3 x
V(mm) 0.4 x 0.2 x 0.03 0.0 0.5 % 0.4 x 0.4 0
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2,/c Cc P2,/c (0)
T (K) 120(2) 120(2) 120(2) 120(2)
a (A) 6.4777(5) 9.6880(5) 12.0809(15) 15.153(6)
b (A) 5.0082(4) 5.3821(2) 4.9703(6) 5.0136(8)
c (A) 8.9897(8) 11.4090(6) 9.4471(11) 10.376(4)
a(°) 90 90 90 90
B 95.679(8) 93.959(5) 91.241(11) 131.89(6)
v (©) 90 90 90 90
\' (A3) 290.21(4) 593.47(5) 567.12(12) 586.8(3)
asym. unit C, H, L1 Os Cs Hs Lip Og C4 Hy Lip Og C4 Hs Lip Og
Y4 2 4 4 4
deac (9 cm'3) 1.853 1.813 1.897 1.833
1) (mm'1) 0.171 0.167 0.175 0.169
refl. collected 1215 2956 1885 1316
unique refl. 669 1344 1885 1092
observed data
(1 > 26(I) 538 1240 1478 1074
parameters 58 115 116 115
Rint 0.0296 0.0269 (merg%c? data) 0.0077
R4 0.0459 0.0343 0.0495 0.0221
wR:2 (I > 26(1)) 0.1149 0.0749 0.1238 0.0578
R, (all data) 0.0612 0.0386 0.0617 0.0225
WR:; (all data) 0.1320 0.0778 0.1288 0.0581
GOF 1.041 1.061 0.976 1.045
Table 2. Summary of crystal data for lithium tartrates 6 - 9.
3.3.1.1. Single crystal structure of lithium hydrogen L-tartrate in P2;, LiH(L-C4H4Og), 1

The asymmetric unit of 1 consists of one crystallographically independent lithium atom and

one crystallographically independent tartrate ligand, which remains protonated on one

carboxylate oxygen atom (Figure 6).
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Figure 6. Ortep extended asymmetric unit of LiH(L-C4H4Og), 1. The long Li-OH distanceis
shown as a dashed line. C, H, Li and O are coloured grey, white, green and red, respectively.
Thermal éllipsoids are given at 50 % probability (20 % probability for hydrogen).

The tartaric acid ligand coordinates to four lithium atoms via the deprotonated carboxylate
oxygen group and a hydroxyl oxygen atom, with Li-O distances of 1.934(3) A - 2.030(3) A.
According to TUPAC nomenclature,* it may be classed as 4, k*: it binds to four different
lithium atoms through one hydroxyl oxygen and three unprotonated carboxylic oxygens. The
lithium coordination environment is a distorted tetrahedron (O-Li-O angles

97.2(2)° - 119.1(2)°). The remaining ligand hydroxyl oxygen, O3, lies close to a LiO4
tetrahedron (Li-O distance 2.469(3) A). The directionality of its thermal ellipsoid indicates
some interaction with the lithium may occur, however, bond valence calculations®® estimate
that this oxygen contributes to less than 7 % of the total bonding to the lithium. The tartaric

acid carbon skeleton is near-planar with a torsion angle of 178.71(13)°.

The resulting structure is an array of isolated LiO4 nodes linked in three dimensions by

tartaric acid ligands making an 1’0’ network (Figure 7). Four hydrogen bonds per formula

unit may contribute to the overall stability of the system. The use of a single enantiomer of

tartaric acid imparts chirality to the structure.
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Figure 7. Sructure of LiH(L-C4H4Os), 1: a) viewed down the a-axis, and b) viewed down
[170]. C, HandO atoms and LiO; tetrahedra are coloured grey, white, red and green,

respectively.
3.3.1.2. Single crystal structure of dilithium L-tartrate in P2,2,2;, Li(L-C4H4Og), 2

The asymmetric unit of 2 consists of two crystallographically independent tartaric acid

ligands and four lithium atoms {Figure 8). Each lithium atom is coordinated by four oxygen

atoms in a distorted tetrahedral manner. The tartrate carboxylate groups each bond to three
lithium atoms, and the tartrate hydroxyl oxygen atoms bond to one lithium atom each. Li-O
bond distances are in the range 1.890(6) A - 1.970(4) A. Even in a dense system of such
complexity, this wide range is rather surprising. However, as might be expected from
electrostatic arguments, the lowest and highest values are for carboxylate and hydroxyl
oxygen atoms, respectively. Bond angles within the tetrahedra also vary considerably, from
94.5(3) ° to 121.7(3)°. The carbon skeletons of the tartaric acid moieties are almost planar;
torsion angles are 175.5(2)° - 179.0(3)°. Both tartaric acid ligands, although
crystallographically independent, may be classed as ps, «°; that s, they bind to eight different

lithium atoms through all six oxygen atoms.

47



Chapter 3.

O1A2
D4B2 Li 4/9
0442
032 H3O2
32
le 04B1

a1 B x &152 J i;%;ﬁzﬂzoz

01A2 —G1hs 12 oiB2

H201 o021

Figure 8. Ortep extended asymmetric unit of Li»(L-CsH4Og), 2. C, H, Li and O are coloured
grey, white, green and red, respectively. Thermal ellipsoids are given at 50 % probability
(20 % probability for hydrogen).

The resulting arrangement is chains of corner-sharing distorted LiO4 tetrahedra bridged via

the carboxylate groups of the tartaric acid ligands, which are arranged in a herringbone array

to form a 2-D sheet

Figure 9

h). The apical positions on the tetrahedra are occupied by

hydroxyl oxygen atoms of the ligands in sheets above and below, which link the sheets to

form a 3-D, I'0? framework

Figure 9

b). The structure is chiral due to the use of a single

chiral enantiomer of tartaric acid, which did not racemize under the reaction conditions.

Figure 9. Structure of Lix(L-CsH40s), 2: a) viewed down the c-axis, showing chains of LiOy
tetrahedra bridged by a 2-D herringbone array of tartaric acid ligands, and b) viewed down

the chains of corner-sharing LiO, tetrahedra with sheets horizontal. C, H and O atoms and
LiO4 tetrahedra are coloured grey, white, red and green, respectively.
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3.3.1.3.  Single crystal structure of dilithium L-tartrate in C222,, Li,(L-C4H4Og), 3

The asymmetric unit of 3 consists of half of one tartaric acid ligand and one lithium atom

Figure 10). The lithium atom is coordinated by four oxygen atoms in a severely distorted

tetrahedron, with bond distances 1.918(6) A - 1.956(6) A and bond angles 84.6(3)° -

121.7(3)°. The smallest angle is between the chelating oxygen atoms, which also have the
two longest Li-O bond distances. This is not uncommon for oxygen atoms which chelate
lithtum. Each tartaric acid ligand coordinates to six lithium atoms in a i, «® fashion with two

lithtum atoms chelated between the hydroxyl oxygen and one carboxylate oxygen.

a %2 Li1
O1AX
Ny o

& 01B(H
kg'

Figure 10. Ortep extended asymmetric unit of Lio(L-C4H4Os), 3. Unlabelled atoms
correspond to those necessary to complete one tartaric acid ligand. C, H, Li and O are
coloured grey, white, green and red, respectively. Thermal ellipsoids are given at 50 %

probability (20 % probability for hydrogen).

The resulting structure is an I'0?, 3-D framework comprised of chains of corner-sharing LiO,

tetrahedra connected by tartaric acid ligands (Figure 11). There is no obvious 2-D

substructure of the type seen in 2. However, due to the use of a single enantiomer of tartaric

acid, the compound is chiral, like 2.
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Figure 11. Sructure of Lix(L-C4sH405), 3: a) viewed down [1 0 1 ], showing chains of
corner-sharing tetrahedra, and b) viewed down the chains of corner-sharing LiO; tetrahedra.
C, H and O atoms and LiOq tetrahedra are coloured grey, white, red and green, respectively.

3.3.1.4. Single crystal structure of dilithium meso-tartrate in C2/¢, Li,(meso-C4sH4Og), 4

The asymmetric unit of 4 consists of half of one tartaric acid ligand and one

crystallographically independent lithium atom (Figure 12). The central tartaric acid carbon

atoms and their associated hydrogen atoms exhibit disorder between two positions (C2, H2
and C20, H20), with a site occupancy ratio 78.5 : 21.5. The two halves of the tartaric acid
moiety are related by inversion symmetry. In a similar manner to 3, each tartaric acid ligand
coordinates to six lithium atoms in a p, k° fashion. At each end of the ligand, separate
lithium atoms are coordinated by each of the carboxylate oxygen atoms in a monodentate
fashion and another is chelated by neighbouring hydroxyl and carboxylate oxygen atoms. It
should be noted that the thermal displacement parameters for the hydroxyl oxygen O2 are
unusually large in the direction perpendicular to the ring of chelation to lithium. Modelling
the hydroxyl group as two distinct sites, corresponding with the disordered carbon atoms C2
and C20, resulted in an unstable refinement. However, it may not be unreasonable to suggest
that this oxygen has substantial freedom to vibrate, or that the two sites are so close to each

other as to be indistinguishable.
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Figure 12. Ortep extended asymmetric unit of Lix(meso-C4H4Og), 4. Unlabelled atoms
correspond to atoms related by inversion symmetry necessary to complete one tartaric acid
ligand. Dashed grey bonds correspond to those of the disordered tartaric acid ligand with
lower site occupancy (C20, H20). C, H, Li and O are coloured grey, white, green and red,
respectively. Thermal ellipsoids are given at 50 % probability (20 % probability for

hydrogen).

Each lithium atom is coordinated by four oxygen atoms from three different tartaric acid
ligands, with Li-O bond distances 1.882(6) A - 1.966(7) A. It is noted that the minimum and
maximum Li-O bond distances are to the singly-coordinating carboxylate oxygen and the
hydroxyl oxygen, respectively. Bond angles within the distorted LiO4 tetrahedron range from
81.7(2)° to 121.9(3)°. In a similar manner to 3, the smallest angle is between the chelating

oxygen atoms, which also have the two longest Li-O bond distances.

The resulting structure is an array of parallel chains of corner-sharing LiO4 tetrahedra (Figure

), connected by tartaric acid ligands to form a 3-D, I'O* framework (Figure 13p). Like 3,

there is no obvious 2-D substructure. However, the compound is achiral, which is a result of

the use of the meso-tartaric acid ligand.
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Figure 13. Sructure of Lix(meso-C4H4Og), 4: a) viewed down the a-axis, showing chains of
LiO, tetrahedra bridged by tartaric acid ligands, and b) viewed down the chains of
corner-sharing LiO, tetrahedra. C, H and O atoms and LiO; tetrahedra are coloured grey,
white, red and green, respectively. Note that all disordered atoms, including those with
lower site occupancies, are shown.

3.3.1.5. Single crystal structure of dilithium D,L-tartrate in C2/¢, Li;(D,L-C4H4O), 5

The asymmetric unit of 5 consists of one tartaric acid ligand and two crystallographically

independent lithium atoms (Figure 14). The carbon chain and one carboxylate oxygen atom

exhibit disorder between two positions with a site occupancy ratio of 88:12. In a similar
manner to 2, the tartaric acid ligand coordinates to eight lithium atoms in a pg, «° fashion: at
each end of the ligand, one carboxylate oxygen atom and the hydroxyl oxygen atom
coordinate to one lithium atom each and the other carboxylate oxygen atom bridges between
two crystallographically independent lithium atoms. Li-O bond distances are 1.908(6) A -
1.959(7) A. The lowest of these values is for the disordered oxygen atom position of lower
site occupancy. Each lithium atom is coordinated by four oxygen atoms in a distorted

tetrahedron (bond angles 87.7(9)° - 124.1(9)°).
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Figure 14. Ortep extended asymmetric unit of Lio(D,L-CsH40s), 5. Dashed grey bonds
correspond to those of the disordered tartaric acid ligand with lower site occupancy
(C1B-C4B, O1B). C, H, Li and O are coloured grey, white, green and red, respectively.
Hydrogen atoms not labelled for clarity. Thermal ellipsoids are given at 50 % probability
(20 % probability for hydrogen).

The overall structure of 5 is very similar to that of 2, in which corner-sharing LiO4 tetrahedra

form 1D chains bridged by tartaric acid moieties in a 2-D herringbone array (Figure 154). The

hydroxyl oxygen atoms link the sheets by filling the apical positions on the LiO4 tetrahedra,

giving rise to a 3-D I'O* framework (Figure 15p). In contrast to the structure of 2, there is

only one crystallographically independent sheet, which, due to the presence of glide plane
symmetry in Space Group C2/c, contains both L- and D- tartaric acid isomers ina 1 : 1 ratio.

This results in a structure that, whilst being made up of chiral building blocks, is itself achiral.
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Figure 15. Sructure of Li»(D,L-CsH40s), 5: a) viewed down the a-axis, showing chains of
LiO4 tetrahedra bridged by a 2-D herringbone array of tartaric acid ligands, and b) viewed
down the chains of corner-sharing LiO, tetrahedra with sheets horizontal. C, H and O atoms

and LiOq tetrahedra are coloured grey, white, red and green, respectively. The disordered

atoms with lower occupancy are not shown for clarity.
3.3.1.6. Single crystal structure of dilithium meso-tartrate in P2,/c, Li(meso-C4H4Og), 6

The asymmetric unit of 6 consists of one lithium atom and half of a tartaric acid ligand,

which is completed by equivalent atoms generated by inversion symmetry (Figure 16). Each

lithium atom is coordinated by four oxygen atoms in a tetrahedral manner. The tartrate
carboxylate groups each bond to three lithium atoms, and the tartrate hydroxyl oxygen atoms
bond to one lithium atom each. Li-O bond distances are in the range 1.908(4) A - 1.958(4) A,
a smaller distribution than other similar structures. Bond angles within the tetrahedron vary a
little more, from 101.8(2)° to 118.9(2)°. By symmetry, the carbon skeleton of the tartaric
acid moiety has a torsion angle of 180°. The ligand may be classed as g, k°; that is, it binds

to eight different lithium atoms through all six oxygen atoms.
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Figure 16. Ortep extended asymmetric unit of Lix(meso-C4H4Og), 6, showing atoms needed to

complete one tartaric acid ligand and the Li coordination sphere (grey labels). C, H, Li and

O are coloured grey, white, green and red, respectively. Thermal €llipsoids are given at 50 %
probability (20 % probability for hydrogen).

The resulting arrangement is chains of corner-sharing distorted LiO4 tetrahedra bridged via

the carboxylate groups of the tartaric acid ligands, which are arranged in a herringbone array

to form a 2-D sheet, as in phases 2, 5 and 8 (Figure 174). The apical positions on the

tetrahedra are occupied by hydroxyl oxygen atoms of the ligands in sheets above and below,

which link the sheets to form a 3-D, I'O? framework (Figure 17p).

Figure 17. Sructure of Li»(meso-C4H4Og), 6: a) viewed down [1 01 ], showing chains of
LiO4 tetrahedra bridged by a 2-D herringbone array of tartaric acid ligands, and b) viewed
down the chains of corner-sharing LiO; tetrahedra with sheets horizontal. C, H and O atoms
and LiQO; tetrahedra are coloured grey, white, red and green, respectively.
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3.3.1.7.  Single crystal structure of dilithium meso-tartrate in Cc, Li;(meso-C4H4Og), 7

The asymmetric unit of 7 consists of one complete tartaric acid ligand and two

crystallographically independent lithium atoms (Figure 18). In a similar manner to 3 and 4,

each tartaric acid ligand coordinates to six lithium atoms in a e, «® fashion. At each end of
the ligand, separate lithium atoms are coordinated by each of the carboxylate oxygen atoms
in a monodentate fashion and another is chelated by neighbouring hydroxyl and carboxylate
oxygen atoms. The lithium environments are distorted tetrahedra, with Li - O distances in the
range 1.911(4) A - 2.014(4) A and bond angles 82.10(2)° - 126.5(2)°. The two smallest
angles involve the chelating oxygen atoms. The tartaric acid torsion angle is unusually small

(62.0(2)°), resulting in gauche carboxylate groups.

H2

Figure 18. Ortep extended asymmetric unit of Lix(meso-C4H4O5), 7, showing atoms necessary
to complete the coordination sphere of Li (grey labels). C, H, Li and O are coloured grey,
white, green and red, respectively. Thermal €llipsoids are given at 50 % probability (20 %

probability for hydrogen).

The resulting structure is again chains of corner-sharing LiOy tetrahedra, connected by

tartaric acid ligands to form a 3-D, I'O* framework (Figure 19). The chains of tetrahedra are

arranged in layers in the ab-plane, in which the chains are parallel. However, unlike all the
other dilithium tartrates, the chains in adjacent layers run in different directions, making an

angle of approximately 58°.
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Figure 19. Sructure of Lix(meso-C4H4Og), 7: a) viewed down [1 1 0], showing chains of LiOy4
tetrahedra bridged by tartaric acid ligands (chains in the upper layer run into the picture),
and b) viewed down the c-axis, showing the relative orientations of the inorganic chains
(shaded darker in the layer below). C, H and O atoms and LiO; tetrahedra are coloured grey,
white, red and green, respectively.

3.3.1.8. Single crystal structure of dilithium D,L-tartrate in P2,/¢, Li;(D,L-C4H40g), 8

The asymmetric unit of 8 consists of one complete tartaric acid ligand and two lithium atoms

Figure 20). The lithium atoms are coordinated by four oxygen atoms in a distorted

tetrahedron, with bond distances 1.908(4) A - 2.001(4) A and bond angles 99.9(2)° -

124.6(2)°. The ligand has a near-linear torsion angle of 172.7(2)° and, as in phase 6, it

coordinates to eight lithium atoms in a ps, k® fashion.

The resulting structure is an I'0?, 3-D framework comprised of chains of corner-sharing LiO,

tetrahedra connected by tartaric acid ligands in 2-D herringbone arrays and capped by the

hydroxyl groups of ligands above and below (Figure 21). The presence of glide plane

symmetry results in both L- and D-tartaric acid enantiomers being present in the structure in

equal proportions, therefore the structure overall is achiral.
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Figure 20. Ortep extended asymmetric unit of Lio(D,L-CsH40s), 8, showing atoms necessary
to complete the coordination sohere of Li (grey labels). C, H, Li and O are coloured grey,
white, green and red, respectively. Thermal €llipsoids are given at 50 % probability (20 %

probability for hydrogen).

Figure 21. Sructure of Li»(D,L-C4sH4Os), 8: a) viewed down [1 01 ], showing chains of LiOy4

tetrahedra bridged by a 2-D herringbone array of tartaric acid ligands, and b) viewed down

the chains of corner-sharing LiO, tetrahedra with sheets horizontal. C, H and O atoms and
LiO4 tetrahedra are coloured grey, white, red and green, respectively.

3.3.1.9.  Single crystal structure of dilithium L-tartrate in C2, Li(L-C4H4Og), 9

The asymmetric unit of 9 consists of two halves of tartaric acid ligands and two

crystallographically independent lithium atoms (Figure 22). Two crystallographically distinct

tartaric acid moieties are completed by symmetric generations of the corresponding atoms. In
a similar manner to 2, 5, 6 and 8 each ligand coordinates to eight lithium atoms in a pg, k°

fashion: at each end of the ligand, one carboxylate oxygen atom and the hydroxyl oxygen
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atom coordinate to one lithium atom each and the other carboxylate oxygen atom bridges
between two crystallographically identical lithium atoms. Li-O bond distances are

1.887(3) A - 1.986(3) A. Each lithium atom is coordinated by four oxygen atoms in a
distorted tetrahedron (bond angles 101.76(13)° - 122.43(13)°). In contrast to 2, 5, 6 and 8, the
tartaric acid moieties have an almost eclipsed conformation, with torsion angles of 138.6(2)°

and 140.6(2)°.

Figure 22. Ortep extended asymmetric unit of Lio(L-C4H4Os), 9, showing atoms necessary to

complete the lithium coordination soheres and ligand moieties (grey labels). C, H, Li and O

are coloured grey, white, green and red, respectively. Thermal éllipsoids are given at 50 %
probability (20 % probability for hydrogen).

The overall structure of 9 consists of corner-sharing LiO4 tetrahedra in 1D chains, bridged by

tartaric acid moieties in a 2-D array (Figure 234). There are two crystallographically distinct

arrays, each containing a single ligand and lithium atom. The structure of each array is almost
identical, with hydrogen bonding occurring within sheets between neighbouring hydroxyl
groups and carboxylate oxygen atoms. Notably, when viewed along the a-axis, the hydroxyl
groups in adjacent arrays point in opposite directions. In a similar manner to similar to 2, 5, 6

and 8, the hydroxyl oxygen atoms link the sheets by filling the apical positions on the LiO4

tetrahedra, giving rise to a 3-D, I'O? framework (Figure 23).
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Figure 23. Sructure of Li»(L-CsH40s), 9: a) viewed down the a-axis, showing chains of LiO,
tetrahedra bridged by a 2-D array of tartaric acid ligands, and b) viewed down the chains of
corner-sharing LiO, tetrahedra with sheets horizontal. C, H and O atoms and LiO,
tetrahedra are coloured grey, white, red and green, respectively.

3.3.2 Structures of new hydrated dilithium tartrates

The structures of hydrated dilithium tartrates 10 and 11 were determined by single crystal

X-ray diffraction. A summary of the crystal data can be seen in|Table 3
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10 11
Liz(D,L-tart)-2H20 Liz(mtaﬁ)'O.SHzo
crystal size (mm) 0.90 x 0.4 x 0.2 0.36 x 0.22 x 0.03
crystal system triclinic orthorhombic
space group P1 222,
T (K) 120(2) 120(2)
a(A) 6.1037(4) 5.5637(5)
b (A) 7.3350(7) 9.30007(8)
c(A) 9.0294(8) 24.992(2)
o (°) 103.450(8) 90
B (°) 90.701(7) 90
7 () 100.790(7) 90
V (A3 385.55(6) 1293.24(19)
asym. unit C4 Hg Lip Og C4 Hg Lip Og5
Z 1 8
deaic (g cm™) 1.705 1.756
p (mm™) 0.164 0.164
refl. collected 5451 2222
unique refl. 1842 1462
observed data (I > 2a(I)) 1394 1282
parameters 145 123
Rint 0.0307 0.0249
R 0.0335 0.0391
wR, (I > 26(1)) 0.0812 0.0737
R; (all data) 0.0477 0.0489
wR; (all data) 0.0849 0.0784
GOF 0.973 1.036

Table 3. Summary of crystal data for hydrated dilithium tartrates 10 and 11.
3.3.2.1.  Structure of dilithium D,L-tartrate dihydrate in P1, Liy(D,L-C4H4O¢)(H,0),, 10

The asymmetric unit of 10 consists of one crystallographically independent chiral tartrate

ligand, two lithium atoms and two coordinating water molecules (Figure 24). Each ligand

binds to four lithium atoms via five oxygen atoms (L4, KS). Chelation (O1A, 02, O3, O4A),
bridging (O4A) and monodentate (O4B) binding modes are observed. The remaining
carboxylate oxygen O1B acts as a hydrogen bond acceptor from nearby hydroxyl group and
water molecule. The ligand has a near-linear C4 torsion angle of 174.79(11)°, however the
carboxylate groups are rotated by 79.3° with respect to one another. Lil is five-coordinate,
with Li-O bond lengths from 1.999(3) A to 2.193(3) A and O-Li-O angles 74.50(9)° -
158.89(14)°. The coordination environment of Li2 is a distorted tetrahedron (Li-O distances
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1.856(3) A - 1.971(3) A, O-Li-O angles 84.99(10)° - 119.23(13)°). In both cases, the most
acute angle is unsurprisingly between the chelating oxygens (O3 and O4A, O1A and O2,
respectively). Aside from 1, which has one long Li-O bond in its coordination sphere, 10 is

the only new lithium tartrate compound containing five-coordinate lithium.

i ) H6B
{OHZ y H3A O1A
H6A . 018 ﬁ
Li1
7 C1

OH1&

04A

ca H2Q.0

04A -
04B
b om& H5B

c OH1 /
Li2\<§/
a 02 H5A

Figure 24. Ortep extended asymmetric unit of Li»(D,L-tart)-2H-0, 10, showing atoms
necessary to complete the lithium coordination soheres. C, H, Li and O are coloured grey,
white, green and red, respectively. Thermal €llipsoids are given at 50 % probability (20 %

probability for hydrogen).

Overall, the resulting structure is of Li-O tetramers (carboxylate oxygen O4A bridges

between adjacent Lil atoms; water oxygen OHI links Lil to Li2), connected by the ligands to

form 2D sheets (Figure 254). Due to the presence of inversion symmetry, each sheet contains

equal amounts of L- and D-tartaric acid moieties therefore the structure is overall achiral.

There is extensive hydrogen bonding within and between the sheets (Figure 25b).
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Figure 25. Extended structure of dilithium D,L-tartrate dihydrate, 10, showing the stacking of
two layers a) viewed down [2 3 1], and b) with hydrogen bonding, viewed down the a-axis. C,
H and O atoms and LiO, tetrahedra are coloured grey, white, red and green, respectively
and hydrogen bonds are shown as dashed orange lines.

3.3.2.2. Structure of dilithium meso-tartrate hemihydrate in C222,, Lix(meso-
C4H406)(H20)0 5, 11

The asymmetric unit of 11 consists of one meso-tartaric acid ligand, two lithium atoms and

half of a water molecule, which resides on a special position (Figure 26). The ligand oxygen

atoms coordinate to five lithium atoms (us, k°), two through a-chelation and three in a
monodentate fashion. It has a gauche conformation, similar to 2 (C4 torsion angle 64.6(2)°).
The lithium coordination environments are distorted tetrahedra (Li-O distances 1.919(4) A -
1.998(4) A, bond angles 82.99(15)° - 129.9(2)°). Lil is coordinated solely by ligand oxygens
O1-3; these tetrahedra share corners to form chains in the a-direction in a similar way to the

anhydrous dilithium meso-tartrates 4, 6 and 7.
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' 05
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Figure 26. Ortep extended asymmetric unit of Li>(meso-C4H,05)(H20)05, 11, showing atoms
necessary to complete the lithium coordination soheres. C, H, Li and O are coloured grey,
white, green and red, respectively. Thermal éllipsoids are given at 50 % probability (20 %

probability for hydrogen).

The resulting structure is a 3-D I'O” framework, which has inorganic chains interspersed by

lines of water-bridged lithium dimers (Figure 27). Both ligand hydroxyl groups and the water

molecule act as hydrogen bond donors in an extensive system, the acceptors being the

carboxylate oxygens O1 and O6 that each coordinate to just one lithium atom.

\ H\ "

Figure 27. Structure of Liz(meso-C4H40e)(H20)o5 11: a) viewed down [ 1 1 0], showing one
chain of LiO, tetrahedra and three water-bridged lithium dimers, and b) viewed down the
chains of corner-sharing LiOy tetrahedra showing hydrogen bonding. C, H and O atoms and
LiO4 tetrahedra are coloured grey, white, red and green, respectively and hydrogen bonds
are shown as aashed orange lines.
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3.3.2.3.  Comparison of new hydrated lithium tartrates

The structural differences between the new hydrated phases 10 and 11 are even greater than

the differences between the dilithium tartrates 2 - 9 (see Section{3.3.3). This is due to the

presence of coordinating water molecules, which replace tartrate oxygen atoms in the lithium

coordination sphere, reducing metal-ligand connectivity to different extents in each structure.

A comparison between the hydrated structures is shown in|Table 4

10 11
Li(D,L-tart)(H,O), Li(meso-tart)(H,O)p s
Space group P1 222,
dealc (g €M) 1.705 1.756
Ligand binding g, K s, K°
Li coordination tetrahedral, 5-fold distorted tetrahedral
C, torsion angle (°) 174.79(11) 64.6(2)
Connectivity 1°0° 1'0°
Inorganic substructure Li tetramers Li chains + Li dimers
Hydrogen bonding within and between sheets | ligand-ligand + water-ligand

Table 4. Summary of the structural features of hydrated dilithium tartrates 10 and 11.

Due to the incorporation of water in their structures, the hydrated phases 10 and 11 have
lower densities (1.705 g cm™ and 1.756 g cm™, respectively) than most dilithium tartrates 2 -
9, and the number of lithium atoms coordinated by each ligand, denoted by p, is reduced to 4
and 5, respectively. The effect of water binding to lithium is also to distort the coordination
sphere, resulting in 5-fold coordination in 10, and to reduce the inorganic connectivity,
forming isolated tetramers in 10 and and dimers in 11. Torsion angles remain similar to those
preferred by the D,L-tartaric and meso-tartaric parent acids, which exhibit linear and gauche
carboxylate groups, respectively.*® Unsurprisingly, given the number of hydroxyl groups and

water molecules in each structure, both contain many hydrogen bonds.

The hydrated phases 10 and 11 were produced in reactions at room temperature using similar

hydrated solvent systems to those used in phase behaviour experiments (Section|3.3.6), which

also yielded anhydrous phases 2 and 7 and another known hydrated phase, LiH(L-tart)- H,O.
This, and the fact that the ligand conformations of the parent acids are maintained, suggests
that under low temperature conditions, kinetic control dominates, and the interplay between
different phases, both hydrated and anhydrous, is complex. Interestingly, the structure of 11
is suggestive of a phase intermediate between more hydrated phases and anhydrous phases: it

contains both chains of LiO4 tetrahedra and water-bridged Li,0O7 dimers. Not only that, but
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the sample containing single crystals of 11 was dehydrated in air to form a phase-pure sample

of 7, confirming the similarity of the two structures.

3.3.3.

Comparisons of the structures of anhydrous dilithium tartrates

A large number of structures of lithium tartrate has been uncovered, which includes several

ligand-originated isomers and polymorphs of anhydrous dilithium tartrate. This is suggestive

of'a diverse phase space and relatively accessible energy landscape for these inorganic-

organic frameworks, which is of great interest for the discovery of others and the

manipulation of their properties. In particular, there is great structural diversity in the

anhydrous, I'0” dilithium tartrates 2 - 9. A summary of the salient features of these

compounds, which all have identical elemental composition, Li;(C4H4Og), can be seen in

Table 5|(L-tartrates),| Table 6

(meso-tartrates) and| Table 7

(D,L-tartrates). Due to their

difference in chemical composition, 1, 10 and 11 are omitted from this discussion.

2 3 9
Formula Liz(L-C4H406) Liz(L-C4H406) Liz(L-C4H40(,)
Space group P2,2,2, C222, 2
deaic (g cM™) 1.774 1.762 1.833
] . 2 C(5) [R*(12)]
H-bond unitary graph st | C(5)C(5)C(6)C(6)S(5) | C(5)[R“2(12)] C(5) [R%(12)]
C, torsion angles (°) 175.5(2) - 179.0(3) 150.7(4) 138.6(2) - 140.6(2)
Ligand binding us, k°, mono-dentate we, k°, chelating | ps, k°, mono-dentate
Average Li-O bond valence 1.10 1.13 1.14
sum
. . 1.918(6) -
Li-O distances (A) 1.890(6) - 1.970(4) 1.956(6) 1.887(3) - 1.986(3)
Otet O-Li-O (°) 6.65 12.62 5.92
. 84.6(2) - 101.76(13) -
O-Li-O angles (°) 94.5(3) - 121.7(3) 121.7(3) 122.43(13)
Substructure herring-bone sheets parallel chains parallel sheets
Chirality chiral chiral chiral
Polarity apolar apolar polar

Table 5. Comparison of the structures of dilithium L-tartrates 2, 3 and 9.
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4 6 7
Lix(meso- . Li(meso-
Formula C4§_I4O6) Lix(meso-C4H4O4) C4(H4 O%)
Space group P2,/c P2,/c Cc
dealc (g €m™) 1.717 1.853 1.813
H-bond unitary graph set S(6) C(5)[R%(12)] C(5)C(5)
C, torsion angles (°) 180 180 62.0(2)

6
Us, K , Mono-

. . . 6 . 6 :
Ligand binding W, K, chelating dentate W, K, chelating
Average Li-O bond valence sum 1.15 1.13 1.06
. . 1.882(6) - 1.911(4) -
Li-O distances (A) 1.966(7) 1.908(4) - 1.958(4) 2.014(4)
Otet O-Li-O (°) 13.34 5.01 14.86
. 81.7(2) - 82.1(2) -
- - o -
O-Li-O angles (°) 121.9(3) 101.8(2) - 118.9(2) 126.5(2)
Substructure parallel chains | herring-bone sheets | crossed sheets
Chirality achiral achiral achiral
Polarity apolar apolar polar

Table 6. Comparison of the structures of dilithium meso-tartrates 4, 6 and 7.

5 8
Formula Liz(D,L-C4H406) Liz(D,L-C4H406)
Space group Q/c P2,/c
deaic (g €M™) 1.821 1.897
H-bond unitary graph set C(5)C(6) C(5)C(5)S(5)
C, torsion angles(°) 171.8(9) - 175.6(9) 172.7(2)
Ligand binding s, k°, mono-dentate us, °, mono-dentate
Average Li-O bond valence sum 1.12 1.10
Li-O distances (A) 1.908(6) - 1.959(7) 1.908(4) - 2.001(4)
Otet O-Li-O (°) 4.93 6.64

O-Li-O angles (°)

87.7(9) - 124.1(9)

99.9(2) - 124.6(2)

Substructure herring-bone sheets herring-bone sheets
Chirality achiral achiral
Polarity apolar apolar

Table 7. Comparison of the structures of dilithium D,L-tartrates 5 and 8.

Whilst all structures 2 - 9 have the same elemental composition, they can be sub-divided into

groups of polymorphs, which contain the same ligand isomer, as suggested by|Table 5

Table

When structures from different polymorph groups are compared, they may be considered

“ligand originated isomers”, as shown in|Figure 1
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The chirality, or lack thereof, of the ligand dictates which space groups the dilithium tartates
may adopt. Structures 2, 3 and 9, containing chiral L-tartaric acid, all take non-
centrosymmetric, chiral space groups, and these may be apolar (P2,2,2, and C222,) or polar
(C2). The others, containing racemic D,L- or meso-tartaric acid, take achiral space groups,
although in principle chiral systems may be permitted in this case. The majority of these are
centrosymmetric and apolar (P2,/cand C2/¢), but 7 adopts the polar space group Cc, which is

non-centrosymmetric.

Densities vary by up to 10 %, the lowest being 1.717 g cm™ (4) and the highest 1.897 g cm”
(8). This could cause large differences in the dispersion forces within the crystal structures,
which have been found to increase with increasing density in porous frameworks, thereby
affecting their relative energies and fine structure.’’ Hydrogen bonds may also play a major
role in phase behaviour, as their energies can be up to 25 kJ mol™,** far greater than the
thermal energy at ambient temperature, RT (where Ris the molar gas constant, 8.3145 J mol”

K™). The wide range of hydrogen bonding motifs observed and their effect on the infrared

spectra of the dilithium tartrates are described in detail in Section|3.3.4

Distortions of both the ligand and the metal coordination from their ideal geometries may
have an adverse affect on structural energies. The torsion angle of the ligand C4 carbon
backbone varies between gauche (7) and linear (2, 4 - 6 and 8), with two structures having
close to eclipsed functional groups (3, 150.7(4)°, and 9, 138.6(2)° - 140.6(2)°). In all cases,
each ligand uses all six oxygen atoms in binding to lithium (resulting in the notation «°), but
differences in the binding modes to lithium mean that each ligand coordinates to either six (L,

chelating mode) or eight lithium atoms (pg, mono-dentate mode).

The lithium atoms in 2 - 9 all have distorted tetrahedral coordination spheres, in which Li-O
distances and O-Li-O angles vary widely. The most useful parameters for comparing these
distortions are the average bond valence sum,* which takes into account all the Li-O
distances, and the root mean squared deviation from the ideal tetrahedral angle, Stet.38 The
higher the bond valence sum, the closer the ligand oxygen atoms are to lithium and the
stronger the Li-O bonding is. The range 1.06 (7) - 1.15 (4) is within the distribution expected
for monovalent lithium, and is above 1 due to the low temperatures used in the single crystal
structure determination studies, which reduce thermal vibrations and cause contraction of the
overall structure. Values for o fall into two categories, corresponding to those structures

featuring mono-dentate binding (4.93° - 6.65°) and those featuring chelation (12.62° - 14.68°).
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Structures featuring chelation have higher values due to the small bite angle between oxygen
atoms from the same ligand. The range of bond valence and & values may be attributed to
the different crystal packing observed in each structure; the limited flexibility of the ligands
limit the extent to which the ideal tetrahedral geometry can be reached. Overall, the
combinations of different ligand conformations and metal binding modes result in four

recognisable substructures: herringbone sheets (2, 5, 6 and 8), parallel sheets (9), crossed

sheets (7) and other parallel chains (3 and 4).
3.3.4. Hydrogen bonding analysis of dilithium tartrates

One of the main structural differences in the dilithium tartrates is the range of hydrogen
bonding motifs, from isolated intra-ligand hydrogen bonds in 4 to rings, one-dimensional
chains and two-dimensional hydrogen bonding networks in others. This section describes an
attempt to formalise this variation, made in order to discuss the differences and relate them to

other features, such as energetics.

Graph set theory has been widely used in analysis of the intermolecular interactions of
organic molecules, polymorphs and cocrystals, following the work of Etter, Bernstein and
others.*” It is a formalisation of the hydrogen bonding patterns observed between molecules,
by consideration of the interactions between the hydrogen bond donor and acceptor groups,
and their repetition within the crystal structure. All hydrogen bonding patterns can be
ascribed to one of four designators: chains (C), rings (R), intramolecular patterns (S) and
other finite patterns (D). The designator is augmented by a subscript, d, the number of
hydrogen bond donors, and a superscript, @, the number of acceptors, in the pattern. Finally,
the number of atoms in the pattern, n, called the degree of the pattern, is given in parentheses.
The overall graph set descriptor is therefore G%(n), where G represents one of the four

designators.

Non-covalent interactions such as hydrogen bonding are known to be much weaker than
coordination bonding, which is the most important type of interaction in determining the
connectivity of inorganic-organic frameworks. Hydrogen bonding, despite being known to be
important in directing the structures and properties of inorganic-organic frameworks,** ** has
therefore not yet been studied systematically in their structural analysis. The issue that an
inorganic-organic framework poses to graph set analysis is the definition of a molecule: the
entire framework can be thought of as one molecule because the ligand units are linked

covalently to each other. Therefore any hydrogen bond within the structure is essentially
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intramolecular and could be denoted “S”, i.e. self-hydrogen bonding. For analysis of

inorganic-organic framework structures we therefore propose to use each ligand as the

individual units to be linked by hydrogen bonds, rather than each ‘molecule’. This has the

advantage of considering hydrogen bonding as separate from the coordination bonding of the

main framework, and so their relative contributions to the energy of each structure can be

separated. By way of example, any hydrogen bonding motif denoted Sin an inorganic-

organic framework must be between functional groups on the same ligand moiety, i.e. it is an

intra-ligand hydrogen bond.

3.3.4.1.

Hydrogen bond analysis of dilithium L-tartrates

A summary of the main features of the hydrogen bonding networks of dilithium L-tartrates is

shown in|Table &

2 3 9
Formula Liz(L-C4H406) Liz(L-C4H406) Liz(L-C4H40(,)
Space group P2,2:2, C222, (0]
Inter-ligand H-bonds per ligand 2 2 2
Intra-ligand H-bonds per ligand 0.5 0 0
H-bond dimensionality 1 1 1
- - C(5) C(5)[R*%(12)]
H-bond unitary graph set C(5)C(51)C(6)C1(6)S(5) [R%(12)] C(5)[R%(12)]
N2: R'2(7), R »(7), ) )
Other notable graph sets C2,(7): Ny: R%(7)
A < 2.724(2) -
D-A distances (A) 2.602(3) - 2.959(3) 2.699(3) 5.78502)
H-A distances (A) 1.96(4) - 2.57(4) 1.82(5) 1.84(2) - 1.94(2)
D-H--A angles(°) 112(3) - 177(4) 173(4) 163(2) - 170(2)

Table 8. ummary of the hydrogen bonding in dilithium L-tartrates 2, 3 and 9.

The structure of 2 contains five different hydrogen bonds, four of which occur between

crystallographically identical ligands in the adirection, and one of which is intra-ligand. The

inter-ligand hydrogen bonds give rise to unitary graph sets C(5) and C(6); when combined

they form rings involving a single carboxylate acceptor (binary graph set R'x(7))

Figure 28).
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Figure 28. Hydrogen bonding in Lix(L-C4sH4Os), 2, omitting Li atoms for clarity. Hydrogen
bonds shown as labelled dashed coloured lines: a and b, ¢ and d, and e give rise to the
descriptors C(5), C(6) and §(5), respectively.

There is one crystallographically independent hydrogen bond in 3, between hydroxyl group
02/H20 and carboxylate oxygen O1B. Combined along the a-axis they result a chain of
rings, with the graph set C(5)[R%(12)] {Figure 29).

Figure 29. Hydrogen bonding in Lix(L-C4sH4Os), 3, omitting Li atoms for clarity. Hydrogen
bonds shown as labelled dashed orange lines.

Graph set analysis of the hydrogen bonding network in 9 confirms the presence of chains of
rings running along the b-axis (N1: C(5)[R%(12)]C(5)[R%(12)]) (Figure 30).
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Figure 30. Hydrogen bonding in Lix(L-C4sH4Os), 9, omitting Li atoms for clarity. Hydrogen

bonds shown as labelled dashed coloured lines: a and b are crystallographically distinct.
3.3.4.2.  Hydrogen bond analysis of dilithium meso-tartrates

A summary of the main features of the hydrogen bonding networks of dilithium meso-

tartrates 1s shown in|Table 9

4 6 7
Formula Liz(fTB&)—C4H406) Liz(meso-C4H406) Liz(ffm)-C4H40())
Space group P2,/c P2,/c Cc
Inter-ligand H-bonds per ligand 0 2 2
Intra-ligand H-bonds per ligand 2 0 0
H-bond dimensionality 0 1 2
H-bond unitary graph set S(6) C(5)[R*(12)] C(5)ZC(5)
A Na: C*5(12),
Other notable grap? sats N2: R'x(7) - C2,(12), F(!44()2 4)
D-A distances (A) 2.625(4) 2.707(2) 2.613(2) - 2.672(2)
H-A distances (A) 1.67(6) 1.83(3) 1.72(3) - 1.74(3)
D-H--A angles(°) 146(5) 167(3) 175(3) - 176(2)

Table 9. ummary of the hydrogen bonding in dilithium meso-tartrates 4, 6 and 7.

There is one hydrogen bond in the structure of 4, which occurs between carboxylate oxygen

O1B and the hydroxyl group in the B-position of the same ligand, O2/020. They form

intra-ligand six-membered rings, giving rise to the graph set §(6) (Figure 31).
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Figure 31. Hydrogen bonding in Lis(meso-C4H4Os), 4, omitting Li atoms for clarity.
Hydrogen bonds shown as labelled dashed orange lines.

Each hydroxyl group in 4 forms a hydrogen bond with a carboxylate oxygen of a nearby
ligand within the same 2-D herringbone array. The presence of a crystallographic centre of

symmetry gives rise to chains of rings along the b-axis, resulting in the unitary graph set
C(5)[R%(12)] (Figure 32).

Figure 32. Hydrogen bonding in Liy(meso-C4H40s), 6, omitting Li atoms for clarity.
Hydrogen bonds shown as labelled dashed orange lines.

Each hydroxyl group in 7 forms a hydrogen bond with a carboxylate oxygen atom from a
ligand nearby, resulting in the unitary graph set C(5)C(5) and a binary graph set that includes

C?(12) chains and an infinite range of rings in 2-D, of which R*(24) has the lowest degree
Figure 33).
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Figure 33. Hydrogen bonding in one layer of Liy(meso-C4H4O0s), 7, omitting Li atoms for

clarity. Hydrogen bonds shown as labelled dashed coloured lines: a and b are

crystallographically distinct.

3.3.4.3.  Hydrogen bond analysis of dilithium D,L-tartrates

A summary of the main features of hydrogen bonding networks of dilithium D,L-tartrates is

shown in|Table 10

5 8
Formula Liy(D,L-C4H405) Liy(D,L-C4H40¢)
Space group C2/c P2,/c
Inter-ligand H-bonds per ligand 2 2
Intra-ligand H-bonds per ligand 0 1
H-bond dimensionality 1 2
H-bond unitary graph set C(5)C(6) C(5)C(5)S(5)
Other notable graph sets R'x(7) Nz: C%(12), C(12),

R'%(24), C*(4)

D-A distances(A)

2.786(4) - 2.804(4)

2.625(2) - 3.091(2)

H-A distances (A)

1.87(3) - 2.08(3)

1.862(12) - 2.56(3)

D-H--A angles(°)

134(2) - 168(3)

122(3) - 170(3)

Table 10. Summary of the hydrogen bonding in dilithium D,L-tartrates 5 and 8.

There are two distinct hydrogen bonds in 5, both of which involve carboxylate oxygen OS5 as

the inter-ligand acceptor. The separate hydrogen bonds give rise to C(5) and C(6) chains in

the b-direction; combined, they result in a seven-membered ring, R'x(7) (Figure 34).
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Figure 34. Hydrogen bonding in one layer of Lix(D,L-C4H4Os), 5, omitting Li atoms for
clarity. Hydrogen bonds shown as labelled dashed coloured lines: a and b give rise to the
descriptors C(5) and C(6), respectively.

There are three distinct hydrogen bonds in the structure of 8, the strongest likely to be
between the hydroxyl oxygen O6 and neighbouring carboxylate oxygen O4 (D-A distance
2.696(2) A, D-H..A angle 170(3)°). The hydroxyl group O3/H4 participates in a bifurcated
hydrogen bond, donating to both O1 and O2 in inter- and intra-ligand fashion, respectively.
The inter-ligand hydrogen bonds result in chains, which run perpendicular to each other,

giving rise to a 2-D network and the unitary graph set C(5)C(5)S(5). Notably, the different

hydrogen bond motifs also combine to give binary graph sets R%(24) and C%(4) (Figure 35).

Figure 35. Hydrogen bonding in Li»(D,L-C4sH4Os), 8, omitting Li atoms for clarity. Hydrogen
bonds shown as labelled dashed coloured lines: a and b, and ¢ giverise to the descriptors

C(5) and §(5), respectively.
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3.3.4.4.  Strength of hydrogen bonding and relation to infrared absorption

Hydrogen bonding is expected to lower the energy of any given structure, relative to an
identical one in which hydrogen bonding does not occur. The [UPAC definition of a
hydrogen bond states that “with a few exceptions, usually involving fluorine, the associated
energies are less than 20 - 25 kJ mol™.** Therefore, where the energy differences between
polymorphs are of a similar magnitude, hydrogen bonding could have a profound effect on
their relative energies. Indeed, it performs a significant role in directing the packing structure

of materials, including organic polymorphs and co-crystals'® *!

and inorganic-organic
frameworks.*” In general, stronger hydrogen bonds have shorter hydrogen-acceptor distances,

H..A, and more linear hydrogen bond angles, D-H..A. This corresponds to the top left of a

plot of hydrogen bond angle vs. hydrogen-acceptor distance (Figure 36).
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Figure 36. Plot of hydrogen bond angle vs. hydrogen-acceptor distance for dilithium
tartrates 2 - 9. Data are coloured by ligand isomer (see key for details).

In addition to lowering a structure’s energy, participation as a hydrogen bonding donor also
causes a decrease in hydroxyl group O-H bond strength by withdrawal of electron density
from the O-H c-bonding orbital. The stronger the hydrogen bond, the greater the perturbation

in bond strength.** This effect can clearly be seen in the infrared spectra of the dilithium
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tartrates, where the stretching frequencies for hydroxyl groups participating in hydrogen

bonding are shifted to lower wavenumbers (Figure 37). Most notably, the O-H stretching

frequencies of 3, 6 and 7 are shifted to the lowest frequencies, suggesting that the

contribution to energy lowering from hydrogen bonding will be most apparent in these phases.

They also appear in the top left corner of|Figure 36| In contrast, 2, 5 and 8, which appear in

the bottom right corner of{Figure 36} have O-H stretching frequencies that are relatively

unperturbed by hydrogen bonding. 9 exhibits two overlapping sharp peaks with intermediate
shifts, due to its two well-defined and similar hydrogen bond environments. Differences in
peak intensities and can be explained by variation in the strength of IR absorption of each
material, experimental changes between collections of different ATR-FTIR spectra and the
data normalisation used. In general, peak broadening is due to the perturbation of O-H bond
strength by hydrogen bonding, but it may also be due to additional variations in local

structure within each material.

O-H stretching C-H stretching
f A AN A 3
Stronger hydrogen bonding

-
R L L E

Intensity / arbitrary units
»

L
L
.
.
.................

3750 3500 3250 3000 2750 2500
Wavenumber/ cm-!

Figure 37. Fourier-transform infrared spectra of dilithium L-tartrates 2, 3 and 5-9 in the
region corresponding to stretching modes of bonds to hydrogen, showing perturbationsin
O-H stretching frequency due to hydrogen bonding.
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Based on the relative shift in frequency of the O-H stretches, the FTIR peaks were assigned

to different hydroxyl groups within each crystal structure, with those exhibiting stronger

hydrogen bonding being assigned peaks with larger shifts. With only a few exceptions due to

peak overlap and bifurcated hydrogen bonds, the assignments were straightforward

Table

. The frequency shift of each peak, 5o, was calculated relative to the least shifted FTIR

stretch, 3456 cm'l, of 8. Average values of don were calculated as a measure of the relative

contribution hydrogen bonding might have on the energy of each structure: the larger dop, the

more effect expected.

Relative
Donor | H-bond .H..A .D-A D-H..A| FTIR frequency Average
atom label distance | distance | angle peal1( shift. 5 SoH
(A) (A) (°) (cm™) (a.;f1;’” (cm™)
02 a 1.96 2.744 160 3275 181
06 b 1.97 2.762 177 3275 181
2 03 c 2.09 2.774 144 3302° 154 141.5
d 2.57 2.959 112
3
3406 50
o7 e 2.12 2.602 120
3 02 a 1.82 2.699 173 3155 301 301
4 02 a 1.67 2.625 146 -- -- --
5 04 a 1.87 2.786 168 3294° 162 08
03 b 2.08 2.8 133 3422° 34
6 03 a 1.83 2.707 167 3167 289 289
7 04 a 1.72 2.613 175 30677 389 129
03 b 1.74 2.672 176 30677 389
06 a 1.862 2.697 170 3194° 262
8 3 b 2.56 3.091 122 6 131
3456 0
03 c 2.15 2.625 115
9 03 a 1.84 2.724 162.8 3217 239 2915
06 b 1.94 2.7852 169.7 3252 204 '

Table 11. Individual hydrogen bond parameters and FTIR assignments for O-H stretchesin

the dilithium tartrates 2 - 9. Notes: (1) significant peak overlap, (2) shoulder peak,
(3) bifurcated hydrogen bond, (4) strong absorption, (5) broad absorption, (6) sharp

absorption.

3.3.5. Energetics of dilithium tartrates

The relative energies of lithium tartrates 1 - 9 were calculated using density functional theory,

with additional calculations performed for 2 - 9 to take into account additional dispersion
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correction and for 2 - 6 to include zero point vibrational energy, ZPVE, and thermal

vibrational energy at 298.15 K. The values for 2 - 9 are shown in|Table 12} Due to the

considerable computational cost involved, vibrational contributions were not calculated for

7-9.

2 3 4 5 6 7 8 9
Ligand isomer L- L- meso- | D,L- | meso- | meso- | D,L- L-
Space group P2,2:2, | C222, | P2y/c | Qlc | P2i/c Cc Py/c| @
1
Al(:-;’fr(:o?%) 3.85 0 1.84 4,53 -8.67 -6.21 2.56 | -0.06
1
AE?’I:I(I:nBOIE.T)D) -1.24 0 11.59 -2 -19.29 | -11.68 | -13.62 | -7.95
1
AE(’;"(JTS.T)V ) 1437 | 0 | 204 | 656 | -594 | - -

Table 12. Calculated energies of the dilithium tartrates 2 - 9. Note: (1) Relative to that of 3.

The range of energies calculated using the PBE functional alone, A Ege:(PBE), is
13.2 kJ mol™. This is less than half the range of energies calculated when a dispersion
correction, AEge:(PBE+D), is included, 30.88 kJ mol™. In addition, the relative order of the

energies of 2 - 9 changes, giving good agreement with their experimental phase behaviour

(Section|3.3.6). The difference between the two schemes is due to additional weighting given

in AEge(PBE+D) to both short- and long-range intermolecular interactions, including

hydrogen bonding (discussed in Section|3.3.5.1), which increases the variance of energies

observed. Inclusion of ZPVE and thermal vibrational energy without dispersion correction,
AE;ot(PBE+V), results in 3 - 6 remaining within a similar energy range. However, the relative

energy of 2 increases dramatically from 3.85 kJ mol™ to 14.37 kJ mol™ and is discussed in

Section|3.3.5.2| Incidentally, the relative energy of the monolithiated compound, 1, is 143.51

kJ mol™ higher than that of 3. This indicates that the formation of 1 is less energetically
favourable than the dilithium tartrates; the major factor is likely to be the weaker electrostatic

interactions in 1 (the ligand has only one negative charge).

3.3.5.1.  Structure - energy relationships in dilithium tartrates 2 - 9

The phase behaviour (Section|3.3.6) of the lithium tartrates is explained well by
AEge:(PBE+D) but poorly by AEge(PBE), indicating that the additional dispersion

correction plays a significant and important role in calculation of the structures’ energies.

This is perhaps unsurprising, as the number and types of covalent bonds (e.g. C-C, C-H, C-0O,
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Li-O) that dominate the frameworks’ absolute energies are essentially the same for each of

the isomers 2 - 9, whilst features that affect dispersion interactions, such as packing density,

hydrogen bonding, metal-ligand coordination geometry and ligand conformations vary

considerably across the series (Table 13).
2 3 4 5 6 7 8 9
Ligand isomer L- L- meso- | D,L- | meso- | meso- | D,L- L-
Space group P2,2:2, | C222, | P2y/c | Qlc | P2i/c Cc Py/c| @
AEoec (PBE+D)
ey _1.24 0 | 1159 -2.00 | -1929 | -11.68 | -13.62 | -7.95
Density (g cm®) 177 | 176 | 172 | 182 | 185 | 181 | 190 | 1.83
A"era(gae:_;';iR SoH | 1415 | 3010 | — | 98.0 | 289.0 | 389.0 | 131.0 | 221.5
AverageLi-Obond |\ | 113 | 115 | 112 | 113 | 106 | 1.10 | 1.14
valence sum
Average O-Li-O | (oo | 10 | 1334 | 493 | 501 | 1486 | 6.64 | 5.92
deviation, i (°)
AverageCitorsion | .0 | 151 | 450 | 174 | 180 | 173 | 62 | 139
angle (°)

Table 13. Calculated relative energies of dilithium tartrates 2 - 9, including dispersion
correction, and related structural parameters. Notes: (1) Relative to that of 3, (2) Relative to
the least-shifted peak position in 8.

The best correlation of AEge:(PBE+D) with a single structural feature is with density

Figure

. In structures of identical elemental composition, increased density should result in

stronger long-range intermolecular interactions, which reduce the relative energy. This seems

to be the case for 2 - 9, however, there is still some variance unaccounted for, as indicated by

the residual factor R? = 0.7669.
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Figure 38. Correlation between AE qoc (PBE+ D) and crystal density of dilithium tartrates 2 -
9, showing the equation of the line of best fit and its corresponding residual factor.

No other factor shown in|Table 13|correlates well on its own with AEge:(PBE+D), indicating

that hydrogen bonding (as described by the O-H peak shift in the FTIR spectrum),
metal-ligand coordination geometry and ligand conformation affect relative energies in a
minor way, if at all. The variation in average Li-O bond valence sum is very small, ranging
from 1.06 (7) to 1.15 (4), therefore it has negligible effect on the energy. Variations in LiO4
distortion (described by deviation from the ideal tetrahedral angle, o) are difficult to relate
to AEgec(PBE+D), as they depend on ligand geometry and metal-ligand binding modes,
which in turn affect Li-O bond strength and the overall structure topology. The O values of
the dilithium tartrates can be divided into two distinct categories: phases exhibiting mono-
dentate binding, 2, 5, 6, 8 and 9, have values between 4.93° and 6.65°. Those exhibiting
chelation, 3, 4 and 7, have higher values, from 12.62° - 14.86°, due to the chelation bite angle
being below 90°. No significant correlation with A Egec(PBE+D) was found in either case.
Ligand conformation is also hard to relate to AEge(PBE+D), due to the non-linear
dependence of energy on torsion angles and the difference in conformational preference

between chiral and meso-tartrate isomers. In addition, conformational preference in the
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tartaric acids has recently been shown to be dependent primarily on the available number and

stability of intramolecular hydrogen bonds, rather than any other electronic effect.*

Hydrogen bonding, the effect of which is modelled better by AEge:(PBE+D) than by

AEqe(PBE), appears to have no correlation with relative energies on its own. However,

closer inspection of|Figure 38|reveals that structures with energies much lower than modelled

by density alone, 6 and 7, exhibit shorter, more linear hydrogen bonding, and those with
energies higher than expected, 5 and 8, exhibit weaker hydrogen bonding.

In order to determine whether this was a real effect, multiple linear regression analysis was
performed simultaneously on average values of the FTIR O-H stretching frequency shift, domn,

and the crystallographic densities of 2, 3 and 5 - 9, to optimise the fit to equations of type
AEelec,i (PBE + D) = a. pi + b 50H,ave,i +c

where a, band care refined constants, and p and 8o ave are the density in g cm™ and average

value of 8oy in cm™, respectively, of structure i (i=2, 3, 5 - 9).

Incorporation of don, ave Improved the residual statistics from R?=0.7295 (omitting data for 4,
for which an FTIR spectrum could not be obtained) to R* = 0.8135, demonstrating that
hydrogen bonding does indeed have a small effect on the relative structural energies of the
dilithium tartrates and plays a role that is secondary to density. Final values for a, band ¢

were -141.77 kJ cm® mol™ g7, -0.03669 kJ mol” cm and 258.5955 kJ mol™, respectively. A

plot of the calculated values versus fitted values is shown in|Figure 39| The variance not

accounted for may be due to additional, more subtle, structural factors and inadequacies in
the models used, such as omission of crystallographic disorder in calculated structures, and

indirect measurement of hydrogen bond strength using FTIR O-H peak shifts.
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Figure 39. Calculated energies versus values fitted by multiple linear regression of the

density and LiOy4 angular distortion, don, ave, Of dilithium tartrates 2, 3and 5 - 9.
3.3.5.2. Comparison between vibrational contributions of polymorphs 2 and 3

The difference in ZPVE between polymorphs 2 and 3, 15.37 kJ mol™, suggests that they have
different topologies, in agreement with X-ray diffraction data. To gain further insight into this
difference, analysis of the normal modes of each structure was performed and compared with

experimental FTIR spectra.

Both experimental and calculated datasets differ between 2 and 3 in the region below

720 cm'l, which corresponds to heavy atom motion, and above 3000 cm™, which corresponds

to hydrogen atom motion (Figure 40). In general, the normal modes of 2 occur at higher

frequency than those of 3, giving rise to higher ZPVE in 2. In the high frequency region of 2,
calculations show two clear bands corresponding to O-H stretches at 3295.06 cm™ and
3455.07 cm™ (corresponding to 3275 cm™ and 3406 cm™ in the experimental spectrum). The
O-H stretches associated with 3 are lower in frequency (3114.72 cm™ and 3149.78 cm™) and
differ by only 35.06 cm™ and so appear as one broad peak (3155 cm™) in the experimental
FTIR spectrum. In contrast to both 2 and 3, the calculated O-H stretches of the isolated
L-tartaric acid molecule occur at higher frequencies (3536.46 and 3587.68 cm™). This
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provides further confirmation that the hydroxyl group protons in 2 and 3 are involved in

hydrogen bonding, as found in Section|3.3.4.4
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Figure 40. Experimental FTIR spectra of dilithium L-tartrate polymorphs 2 and 3, shown as
red and blue dotted lines, respectively, alongside their calculated normal mode frequencies,
shown in blue and red, respectively. The asterisk marks absorption due to atmospheric CO:s.

The difference between the ZPVE energies of the O-H modes in 2 and 3, 2.90 kJ mol”,
contributes only a minor fraction of the total ZPVE difference. This implies that the major
part of the destabilization of 2 relative to 3 at 0 K lies in the ZPVE arising from degrees of
freedom that involve framework backbone heavy atoms. Differences in fine structural
features, such as crystal packing, ligand conformation and metal-ligand binding may be

responsible for this.
3.3.6. Phase behaviour of lithium tartrates

The phase behaviour of the lithium tartrates has been investigated as a function of
temperature, solvent water fraction and ligand isomer. The products of reactions under
various conditions chosen were identified and their relative amounts deduced by powder

X-ray diffraction. A summary of the crystalline phases, particle morphologies and yields can

be seen in|Table 14| Two different solvent systems were chosen. Kinetic conditions were

achieved in pure ethanol due to the insolubility of the products in this solvent, which limited
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re-dissolution of phases once they were formed. Water:ethanol solvent mixtures, optimized to

eliminate immediate precipitation, gave conditions closer to thermodynamic equilibrium,

enabling slower crystallization and re-dissolution due to enhanced solubility.

Ligand Solvent Synthesis temperature (°C)
isomer 25 60 100 125 150 180 200
3 32 | 23 | 23 | 2 1503 |
L- ethanol | powder | powder | needles | needles P wj:r needles | needles
[94 %] [94 %] | [86 %] | [85 %] ’[922%] [82 %] | [88 %]
2,9 2,9
LiH(L-tart)}-H;0 2,9 2,9 ’ ’ 2,96 | 2,96
L- ;:Ezlro/l ;a?es plates | plates p litd? p litd? polycr. | polycr.
p: [60 %] | [52 %] [54%] | [52%] [59 %] | [56 %]
7,6 7,6 7,6 |7,(4,6) 76,4 6,7(4)
i powder, | powder, | powder, | powder, | powder, | needles,
mex ethanol ’ blocks rods rods rods | needles | powder
[77 %] | [57 %] | [54%] | [77 %] | [85 %] | [80 %]
6
7 6 6 6 6
meso- ;Zﬁ;iro/l 7 SJFC? plates | blocks rods rods rods rc;dcs:,r
POYCr- 1 [599%] | [56%] | [77%] | [77%] | [73 %] fggy%]'
HyD,L-tart) | HyD,L-tart) | HyD,L-tart) S, 8 S, 8 pos,m,c?er
D,L- | ethanol ? 49 49 +9 rods rods n eed/es,
[84 %] | [90 %] 190 %]
8, (5) 8,6
’ 8 8 8 ’ 6
water / | LiH(L-tart)H0 | rods, rods,
DL othanol |  plates plates [;SC(I,Z] / 2861,2] / 2861,2] polycr. fg;y S/‘:]
[17 %] [22 %]

Table 14. Phase behaviour (? = unknown phase; tart = C4H,05"), morphologies (“polycr.”

indicates polycrystalline material) and yields of solely dilithium products of lithium tartrates

with respect to temperature, solvent system and ligand isomer. Major phases are listed in

3.3.6.1.

order of abundance, with minor phases in parentheses.

General observations of lithium tartrates phase behaviour

Overall, all the anhydrous dilithium tartrates, 2 - 9, were obtained by using various reaction

conditions, along with one known hydrated phase, LiH(L-C4H40¢)- H>O, and some unknown

phases. Of the anhydrous dilithium tartrate phases, all but the highest energy phase, 4, can be

obtained in phase-pure form. This indicates that by variation of temperature and solvent

composition, fine control, both kinetic and thermodynamic, can be exerted over phase

behaviour for each ligand isomer in this structurally diverse system.
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Non-aqueous conditions generally resulted in mixed phases and poorer crystal growth,
confirming kinetic conditions were achieved. In the case of D,L-tartrate, no known lithiated
product was produced in ethanol below 150 °C, due to the high lattice energy and low
solubility of the reagent acid. However, non-aqueous conditions do enable the formation of 3,
4 and 5, which are not readily accessible when water is present. On the other hand, hydrated
solvent conditions generally lead to better-defined morphologies, lower energy phases, purer
products and lower yields. This is due to the increased solubility of the products, and

confirms that conditions closer to thermodynamic equilibrium were achieved.
3.3.6.2.  Phase behaviour of lithium meso-tartrates

Non-aqueous conditions result in a mixture of meso-tartrate phases at all elevated
temperatures, with an increasing fraction of 6 and formation of small amounts of 4 at high
temperatures. The observation of 4, the energy of which is more than 20 kJ mol” greater than
those of 6 and 7, suggests that inter-conversion between phases does not occur and that
formation of each phase occurs via a different reaction pathway. At lower temperatures 7 has

the lowest activation energy, but 6 and 4 become increasingly accessible as temperature

increases (Figure 41} red lines). Hydrated conditions result in pure lithium meso-tartrate

phases at all elevated temperatures. The product at 25 °C and 60 °C is the polar phase in
space group Cc, 7, which forms as thick plates. This suggests that 7 is a kinetic phase and at
low temperatures there is insufficient kinetic energy to overcome the activation barrier from 7

to 6. At higher temperatures 7 is converted entirely to the lowest energy lithium tartrate phase,

6, which forms as rods in P2,/c (Figure 41} blue line).
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Figure 41. Formation energetics of lithium meso-tartrates, showing behaviour in non-
aqueous and mixed solvent media as red and blue lines, respectively. Dotted lines represent
alternative kinetic pathways, for which activation energies decrease with temperature. The
réelative heights of barriers between phases indicate their activation energies but they do not

necessarily correspond to absolute values.
3.3.6.3. Phase behaviour of lithium L-tartrates

In non-aqueous conditions, 3 and 2 form as a pure phases at room temperature and 200°C,
respectively. A mixture of the two phases forms in-between these extremes, with the
proportion of 2 increasing with temperature. This suggests that the activation energy for
formation of 2 in non-aqueous conditions decreases with temperature, as was found for
meso-tartrates 4 and 6. The lowest energy L-tartrate, 9 could not be obtained in ethanol,

suggesting that 2 and 3 are kinetic phases and the activation energy for the formation of 9 is

prohibitively high (Figure 42| red lines).

In water-containing solvent the hydrated phase, LiH(L-C4H40¢)- H,O, forms at room
temperature. At elevated temperatures it is not present, suggesting it is a kinetic phase and an
increasing entropic contribution to the structures’ free energy helps to drive off coordinated

water, forming anhydrous phases. 2 and 9 form at all other temperatures, but the activation
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energy between 2 and 9 must be high enough to prevent complete conversion taking place

within the timescale of the reaction, which was three days (Figure 42} blue line). In a separate

reaction at 150 °C, more complete conversion was achieved by increasing the reaction time

and the fraction of water in the solvent (Section|3.2.1.9). This resulted in a purer sample of 9,

albeit with approximately 20 % 2, confirming that it is the lowest energy L-tartrate phase.

At 180 °C and 200 °C in hydrated solvent conditions, Li,(meso-tartrate), 6, forms from the
L-tartaric acid starting material. This is indicative of in-situ ligand isomerisation, which is
enabled by the high temperature and availability of water for substitution reactions, and has
been seen previously in other inorganic-organic framework syntheses.”> The mother liquor in
these reactions was discoloured, indicating that the organic ligand had not only undergone
isomerisation but had also began to decompose. Furthermore, the morphology of the reaction
products was polycrystalline, indicative of the new impurities in the reaction mixture. The
formation of 6 following ligand isomerisation is well in agreement with calculated energies,

which indicate it is the global energy minimum structure.

In hydrated conditions, 3 is not observed, implying that it is indeed a kinetic phase favoured
by non-aqueous conditions, like 4 and 7 in the meso-tartrate system. These three phases
exhibit ligands in chelation binding to Li, suggesting that in the absence of competition from

water this is the preferred state of precursors in ethanol, which leads to kinetic products.
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Figure 42. Formation energetics of lithium L-tartrates, showing behaviour in non-aqueous
and mixed solvent media as red and blue lines, respectively. The dotted line represents an
alternative kinetic pathway, for which activation energy decreases with temperature. The

relative heights of barriers between phases indicate their activation energies but they do not

necessarily correspond to absolute values.

3.3.6.4. Phase behaviour of lithium D,L-tartrates

Reactions involving D,L-tartaric acid in non-aqueous conditions lead to no known lithiated
products at temperatures below 150 °C, due to the high lattice energy and low solubility of
D,L-tartaric acid. Between 150 °C and 200 °C, the product is a mixture of 5 and 8, indicating

that kinetic conditions were achieved and the barrier for inter-conversion between the phases

is prohibitively high (Figure 43| red lines).

In hydrated conditions, LiH(L-C4H4O¢)- H,O forms at room temperature as seen in the
L-tartaric acid system, presumably as a racemic conglomerate of L- and D- enantiomorphs
(powder X-ray diffraction cannot distinguish between the two forms). At temperatures
between 60 °C and 180 °C, the phase in P2,/¢, 8, is the major phase. PXRD analysis of the
60 °C product shows the presence of 5 as a trace phase; the diffraction peaks arising from this

structure are relatively weak. That fact that 8 is the major phase across this temperature
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range is in agreement with calculations, which show that it is the most stable D,L-tartrate

phase (Figure 43| blue line). Furthermore, spontaneous resolution of dilithium D- and

L-tartrate forms from D,L-tartaric acid does not occur, because the energy of D,L- phase 8 is
below that of any of the enantiomorphic chiral phases 2, 3 and 9. However, as was seen in the
L-tartaric acid system, at 180 °C and 200 °C the ligand undergoes in-situ isomerisation. This

enables the formation of 6, which is the global energy minimum structure.

Reagents

AE,,.. (PBE+D) (kJ mol-)

Reaction coordinate

Figure 43. Formation energetics of lithium D,L-tartrates, showing behaviour in non-aqueous
and mixed solvent media as red and blue lines, respectively. The dotted line represents an
alternative kinetic pathway and the relative heights of barriers between phases indicate their
activation energies but do not necessarily correspond to absolute values.
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3.4. Conclusions

Eleven new crystal structures of lithium tartrate frameworks have been determined by single
crystal X-ray diffraction, including one lithium hydrogen tartrate (1), eight anhydrous
dilithium tartrates (2 - 9) and two hydrated dilithium tartrates, involving three different ligand
isomers: L-, meso- and D,L-tartaric acid. Despite identical elemental composition and 1'0?
connectivity, 2 - 9 exhibit a range of structural features, such as density, hydrogen bonding,
ligand conformation and metal binding modes. Their various hydrogen bonding patterns were
categorized by modified graph set analysis and their strengths were found to relate well to

shifts observed in O-H stretching frequency in FTIR spectra.

The relative energies of the isomeric dilithium tartrate phases 2 - 9 were calculated using
density functional theory, with and without dispersion correction and vibrational
contributions (including ZPVE and thermal vibrations at room temperature). Trends in
various structural features were investigated to rationalise the variation in calculated energies,
with crystallographic density and hydrogen bonding strength found to be important. In
addition, the large increase in energy difference between chiral polymorphs 2 and 3 when
vibrational contributions were added was found to be primarily due to ZPVE of heavy atom

modes, rather than light atom modes such as O-H stretches.

The phase behaviour of each ligand isomer was investigated as a function of solvent water
content and temperature, and found to be well-described by thermodynamic (calculated
relative energies) and kinetic effects (solvent effects and structural features). Fine control
could be exerted over the phase behaviour, with all but the highest energy structure, 4, being
obtained in bulk form. Spontaneous resolution of the racemic D,L-tartaric acid into chiral
dilithium tartrates did not occur, because the energies of chiral dilithium tartrate products 2, 3
and 9 are all above the lowest energy racemic phase, 8. However, under high temperature
thermodynamic conditions, ligand isomerisation of both chiral L- and racemic D,L-tartaric
acids was found to occur, giving rise to the global minimum energy phase, 6, irrespective of

starting isomer.
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3.5. Future work

The high energy meso-tartrate phase 4 could not be obtained in phase-pure form for analysis
other than single crystal X-ray diffraction. If it could be synthesized it would be useful to
confirm the observations made in this work, particularly with regards to the effect of
hydrogen bonding on O-H stretching frequency and relative energy. Efforts are ongoing to
synthesize 4 by mechanochemical methods for this purpose. It is thought that this technique,
described in Chapter 4, may enable kinetic stabilization of 4 in powder form due to the
relatively dry conditions in the mill, which may favour intra-molecular hydrogen bonding and

lithium chelation exhibited by 4.

In this structurally diverse family of inorganic-organic frameworks, it would also be
interesting to examine the effect of structure on physical properties. Mechanical property
measurements, in collaboration with Dr. Jin-Chong Tan and Dr. Monica Kosa, are currently
being performed on lithium L-tartrate 2 and lithium D,L-tartrate 8 using nanoindentation on
single crystals. These phases are particularly useful due to their orthorhombic and
pseudo-orthorhombic symmetry, which allows full determination of the complete elastic

constant tensor and thus determination of other mechanical properties such as bulk modulus.

Initial computational molecular dynamics simulations, in collaboration with Dr. Monica Kosa,
also indicate that these materials are promising candidates for new solid electrolytes. When a
lithium vacancy is created in-silico, hopping of the lithium atoms between sites along the
inorganic chain is observed. However, there are a number of synthetic issues that must be
overcome in order to make the lithium tartrates useful for this application in reality. These
include how to create lithium vacancies using low-temperature synthesis methods (see
Chapter 5), and how to reduce the activation energy of lithium hopping. Unfortunately, the
simulation temperature at which mobility is observed is above the limit of thermal stability of
these materials, and may be due to the inherently high strength of Li-O bonding in the crystal

structure.

The variety of crystallographic space groups adopted by the new lithium tartrates suggests
that measurement of their dielectric properties may uncover interesting behaviour. Although
the strong ferroelectric effect in Rochelle salt, KNa(L-C4H40O¢)-4H,0, is thought to be due to
ordering of the water protons rather than the ligand itself, the chiral lithium L-tartrates 2, 3
and 9, and the polar meso-tartrate phase, 7, may yet display such properties, owing to their
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inherently non-centrosymmetric nature. The anhydrous phases would also have the advantage
of stability at higher temperatures than analogous hydrated systems, although switching
polarisation may be more difficult in such frameworks in which the ligand orientation is fixed

by coordination bonding.

Other anhydrous alkali metal tartrates, such as sodium and potassium, have not been
investigated to a similar extent as the lithium tartrates. Therefore it would be interesting to
investigate them to see what structural variations occur with larger monovalent cations, as has

been investigated in the alkaline earth tartrates.'?

Some of the results reported in this chapter were published in the article “Structural Diversity
and Energetics in Anhydrous Lithium Tartrates: Experimental and Computational Studies of
Novel Chiral Polymorphs and Their Racemic and Meso Analogues”, in Crystal Growth and
Design, Volume 11, Pages 221 -230, January 2011 . This article described structures 1 - 5,
and compared their calculated energies, with and without vibrational contributions. A similar
article containing the remaining results is currently in preparation and will be submitted for

publication in the near future.*
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4.1. I ntroduction

41.1. I soreticular inorganic-organic frameworks

MOF-5 is perhaps the most archetypal porous inorganic-organic framework, made of ZnsO
subunits connected by a 3-D array of 1,4-benzenedicarboxylate linkers.' Isoreticular materials

can readily be made by substitution of the linkers by others of different length, with the

overall framework topology remaining unchanged {Figure 1).” Other systems, such as zeolitic

imidazolate frameworks, exhibit similar substitutions in which ligand substituents vary in
chemical functionality or steric bulk, resulting in dramatic changes in pore geometry.” Indeed,
different substituents can direct the formation of different framework topologies.* This has
been one of major driving forces behind research into porous inorganic-organic frameworks,
as it allows the pore volume, surfaces, and hence gas sorption properties to be tuned by
varying the ligand. The resulting materials show remarkable diversity in both density and
their interactions with guest molecules, offering potential in applications such as gas storage,™

> catalysis,® sensors’ and separations.®
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Figure 1. Ligands used in the synthesis of isoreticular materials IRMOF-1 to -16, with
corresponding crystal structures shown right (omitting interpenetrated frameworks).
Reproduced with permission,® copyright 2002 AAAS
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Isoreticular non-porous inorganic-organic frameworks are less prevalent in the literature, due
to the lack of similar observations of ligand substitution in densely-packed materials.
Isostructural compounds featuring different metal ions are common, due to similarities in size
and preferred coordination geometry of certain transition metals’ and alkaline earth metals.'?
Ligand substitution is less common, but can occur when the structure allows incorporation of
longer ligands via increased separation of inorganic chains or layers. This is apparent in the
increase in inter-chain distance from manganese adipate, Mn(CsHgO4), to manganese
pimelate, Mn(C7H;004),"" and from cobalt glutarate, Co(CsHsO4),'? to cobalt pimelate,
Co(C7H00s)," due to one and two additional (CH,) units in the ligand alkyl chain,
respectively. The separation between LiO antifluorite layers pillared by rigid ligands in the
I’0' framework'? lithium (1,4-benzenedicarboxylate), Lir(CsH404),"” can be increased by
replacing the ligand with napthalenedicarboxylate, (C14HsO4”), which incorporates an extra
conjugated benzene ring.'® This has the additional beneficial effect of increasing the thermal

stability from 500 °C to 610 °C.

Ligand substitution has not previously been reported in non-porous frameworks with 3-D
inorganic connectivity, probably due to the supposed rigidity of the inorganic substructure
and the absence of free space into which substituted ligands may be placed. The results
presented in this chapter show that ligand substitution is in fact possible in lithium succinate,
Lix(suc) (suc = C4H404%), a non-porous framework with dimensionality ’O°. Flexibility of

the ligand site allows complete substitution of the succinate moiety by ligands of a similar

length (Figure 2), resulting in topologically similar structures with lattice parameters that

depend on the ligand substituents involved.
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a) O b) O F F
OH OH
HO HO
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Figure 2. Molecular structures of selected C4-ligands: a) succinic acid, b) tetrafluorosuccinic
acid, ¢) L-malic acid, and d) methylsuccinic acid.

4.1.2. Ligand substitution in inorganic-organic frameworks

Metal or cation substitution is commonly used in metal alloys, metal oxides and other purely
inorganic materials to tailor a wide range of properties such as mechanical strength,'’
hydrogen storage'®, ferroelectricity," photocatalysis,” superconductivity,”!
phosphorescence,? ionic conductivity,” ion-exchange, molecular sieving and catalysis.** In
such materials, generally speaking, the metal atoms are substituted, with charge balance
achieved by incorporation of anionic (e.g. oxygen vacancies in LaGaOs3)> or cationic defects
(e.g. interstitial protons or alkali metal cations in zeolites)** in the structure when necessary.
Solid solutions are substituted materials in which the parent compounds are isostructural and
there are often no phase transitions across the entire range of compositions between them.
Such systems commonly adhere to Vegard’s law, which is the empirical observation that cell
parameters vary linearly with composition.”® While the focus of most work in the area of
inorganic-organic frameworks concerns well-ordered materials, disordered mixed-component
MOFs have recently gained attention due to their ability to combine or enhance the
interesting and useful properties of the constituent parts in a single crystalline phase.”” Two

broad classes of solid solution are recognised in hybrid framework materials: (i) systems in

which the solid solution involves two different cations, e.g. Ca . Srx(tartrate) in[Figure 3]

and (ii) those in which two different ligands are present, e.g. AI(OH)(bdc);x(abdc)y [(bdc) =

benzene-1,4-dicarboxylate; (abdc) = 2—a.min0benzene—1,4—dicatrb0xylate].28 Due to
geometrical considerations, examples of the former are likely to be quite common, but the

latter has hitherto only been observed in porous or low-dimensional frameworks.>’* 2%
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Figure 3. Mixed metal solid solutions in Cay.«S«x(L-tartrate): a) powder X-ray diffraction

patterns showing variation in peak position with composition, and b) volume (calculated by
Rietveld refinement) vs. composition (determined by ICP). Reproduced with permission, ™
copyright 2009 ACS

Porous isoreticular MOFs based on the ubiquitous MOF-5 were shown by Deng et al. to
incorporate many chemical functional groups in one crystalline phase by mixing ligands with
different substituents.””* These so-called “multivariate MOFs” were synthesized using the
same conditions as for the single-ligand phases but varying the ratios of different ligand
precursor acids. Whilst in some cases this resulted in properties more than the linear sums of
the pure components, for example 400 % better selectivity for carbon dioxide over carbon
monoxide, control over stoichiometry was limited. A similar methodology was used by Marx
et al., termed the “MIXMOF” concept, in investigation of the MIL-53(Al) structure.”® Whilst
the presence of varying amounts of both ligands was clearly shown by MAS-NMR and FTIR,
powder X-ray diffraction could not conclusively demonstrate control over solid solution
behaviour due to the peak broadening and overlap between phases of almost identical cell
parameters. Synthesis of mixed-ligand variants of MOF-5 and demonstration of the
dependence of catalyst loading®* and catalytic activity”" on ligand content were shown by
the same group. A mixed-ligand phase of MIL-101(Fe) was post-synthetically modified by
Taylor-Pashow et al., in order to include an optical contrast agent and an anticancer drug.**

However, problems were again encountered in confirmation of phase homogeneity.

The lattice metrics of perhalo-cobalt bipy (bipy = 4,4’-bipyridine) coordination polymers

were demonstrated by Adams et al. to be finely controlled by variation in chloride : bromide
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ratio.”° Although strictly speaking, the ligand varied in this case is not organic, the study
shows a clear continuous variation in powder X-ray diffraction patterns and good
stoichiometry control using either mechanochemistry or thermal elimination of HBr or HCI
from the corresponding acid salt. Another successful attempt to control the stoichiometry in a
mixed-ligand system was performed by Fukushima et al. when combining the interdigitated
structures CID-5 and CID-6 (CID = coordination polymer with an interdigitated structure),
which differ in the pendant ligand functional group (nitro- and methoxy-, respectively).?*®
Whilst a clear continuum of powder X-ray diffraction patterns is shown across the series,
they admit that “the key for successful preparation of solid solutions in this system is that the
unit cell parameters... are not markedly different, and there would be little stress in the
crystal, even if the two types of ligand are mixed with arbitrary ratios”.?*® This leaves some
doubt about the conclusions of the powder X-ray diffraction analysis, since peak overlap
from phases with different compositions could mask biphasic behaviour, and it also suggests
a limitation in the types of inorganic-organic systems available for manipulation by

solid-solutions.

The results presented in this chapter demonstrate that ligand solid solutions are in fact
possible between inorganic-organic frameworks with very different cell parameters. High
resolution synchrotron powder X-ray diffraction was used to show a linear change in unit cell
volume between the parent compounds Liy(suc) and lithium tetrafluorosuccinate, Liy(flu),
which have cell volumes of 1330 A’ and 1424 A®, respectively. In addition, the ternary
system between Liy(suc), lithium L-malate, Li;(mal), and lithtum methylsuccinate, Lix(met),
and the binary system between Liy(mal) and lithium fumarate, Li,(fum), also display
noticeable variation in lattice parameters. What is remarkable is that all compounds involved

are non-porous, IO’ frameworks involving a range of substituent functional groups.
41.3. Lithium succinate

The structure of Lix(suc) was reported by Klapper and Kuppers in 1973.%° It is a three-

dimensional I’°O° inorganic-organic framework in which the ligand bridges the edge- and

corner-sharing LiOj4 tetrahedra (Figure 44). It adopts the centrosymmetric space group 3,

and has small, inaccessible cavities that can be seen when viewed down the c-axis (Figure 4b).
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Figure 4. Sructure of lithium succinate, a) showing the connectivity between the organic and
inorganic parts, and b) showing the inaccessible cavities viewed down the c-axis. C, H and O
atoms and LiO; tetrahedra are shown in grey, white, red and green, respectively.

Calculation of pore volume in PLATON?' reveals that the cavities in Lix(suc) take up just 2%
of the crystal structure, which is too small to accommodate any small molecules and so there
are no pathways for diffusion of species such as lithium cations through voids in the
framework. This indicates that Li,(suc) is probably an ionic insulator. Due to its wide band
gap, Lix(suc) is also an electronic insulator. Whilst low electronic conductivity is desirable in
order to function effectively as a potential solid electrolyte, the ionic conductivity must be
increased. However, the presence of the flexible ligand, a relatively open structure lacking
solvent molecules and extended Li-O-Li connectivity make it a candidate material for
manipulation to make a solid electrolyte. Further promise for this application arises from the
work of Augustsson et al., who suggested that Li,(suc) may already occur in lithium
batteries.”” Soft X-ray spectroscopy was used to identify the constituents of the solid
electrolyte interphase in electrochemically cycled cells and gave evidence for formation of

Lix(suc) as well as other lithium carboxylate species.

The flexible nature of succinic acid may give some chance to increase ionic conductivity
through distortion of the Lix(suc) framework structure, which could assist the passage of
lithium ions from one site to the next. Furthermore, this work shows that flexibility of the

ligand site in Lix(suc) also allows substitution of the succinate moiety by related ligands

Figure 2), which may help to alter the structure for enhancement of lithium transport

properties. In addition, variable amounts of different ligands can be present in the same
crystalline phase in solid solution, giving further opportunity to optimise the structure and

resulting properties.
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4.1.4. Mechanosynthesis as a way to create disorder in non-porous inorganic-organic
frameworks

Forming a mixed-ligand solid solution in a dense, non-porous hybrid framework is a
non-trivial task because of the apparent lack of space for bulky substituents. However, if the
composition of a mixed-ligand system can be controlled, precise tuning of the framework
architecture and optimisation of the material’s properties should be possible. This requires the
framework to be flexible and spacious enough to accommodate new moieties and the
reactivity, solubility and geometry of the different components to be similar, allowing them
to combine homogeneously with the desired stoichiometry. In solution, ligands with different
functionality also react at varying rates and show different preferences for forming a given
hybrid framework structure, resulting in a lack of direct control of the product stoichiometry

and homogeneity as discussed above.

Mechanochemistry is one possible solution that was investigated in order to gain control over
product stoichiometry and homogeneity. It involves grinding solid reagents within a mill,
together with one or more ball-bearings that exert the mechanical force required to drive a
chemical reaction. When small quantities of a liquid are used to aid synthesis kinetics, it is
known as liquid-assisted grinding,™ and it has been widely used in the synthesis of organic
cocrystals.*® Due to the self-contained reaction conditions and absence of significant volumes
of solvent, mechanochemistry can lead to near-quantitative yields and was shown by Adams
et al. to give fine control over the stoichiometry of a mixed-ligand inorganic-organic
framework system.”’ More recently, liquid-assisted grinding has been shown to be a facile
way to synthesize inorganic-organic frameworks, such as zeolitic imidazolate frameworks®*"
and solvent-free mechanochemical conditions can be used to amorphize the same materials.>
We expect that the relatively dry conditions in the grinding process, along with the constant
breaking and reforming of particulates (presumably by breaking and reforming of chemical

coordination bonds), may enable kinetic stabilisation of disordered mixed ligand phases with

high homogeneity.
4.1.5. Mechanical properties of inorganic-organic frameworks

Knowledge of the mechanical properties of inorganic-organic frameworks is essential for
successful applications, due to the various mechanical stresses that may act on the materials
in devices and technologies.’® For example, MOFs must be robust enough to withstand

hydrostatic compression in gas sorption applications and thermal expansion in high
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temperature catalysis in order to avoid structural distortion and degradation in their
properties.”” Stiffness, shear modulus and adhesion strength are critical in applications such
as actuator and sensor coatings, in which the material’s response to cyclic stresses must not
vary with time.*® However, the mechanical properties of inorganic-organic frameworks have
only recently begun to be explored. In the few studies available, both experimental
(nanoindentation, atomic force microscopy, high pressure X-ray crystallography etc.) and
computational approaches (density functional theory and molecular dynamics) have been
used to probe intrinsic structure-property relationships in both porous and non-porous hybrid
frameworks. In porous hybrids, elastic properties have been found to depend on density,
solvent-accessible volume and host-guest interactions®” and are highly anisotropic due to the
directionality of rigid organic linkers.*’ In additional, short-range ligand-ligand interactions”’
and cation-dependent rigidity of ligand-metal-ligand units*' are responsible for stiffening in

topologically similar porous frameworks.

The densely packed framework systems studied previously have been isolated materials** or
polymorphs with different structures.* Both have the limitation that the frameworks’
mechanical properties can only be investigated as a comparison between structural elements
of individual systems, rather than trends across different ones. In addition, whilst the trends
within each system may be clear, a general picture of the relative influence of different
structural features on mechanical properties is not. For example, in the copper
phosphonoacetate polymorphs studied by Tan et al., elastic moduli are largest along
crystallographic directions dominated by the inorganic chains or sheets, and smallest where
organic connectivity dominates.* In cerium oxalate formate, Ce(C,04)(HCO,), it is the rigid
organic oxalate moieties that impart more stiffness than the inorganic chains or more

42a

compliant formate ligands (Figure 5).” In contrast, in the experimental and computational

study of zinc phosphate phosphonoacetate hydrate, Zn;(PO4)(O,CCH,PO3)(H,0), the

mechanical properties are best related to the orientation of the small, elliptical cavity within
the structure.*” These studies show that mechanical properties of different inorganic-organic
frameworks are complex and highly dependent on the intricacies of the structure in question.
Further studies are necessary to expand understanding and to form a general picture of

mechanical properties of inorganic-organic frameworks.
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Figure 5. Load-displacerment (P-h) curves obtained from the three main crystallographic
orientations of Ce(C-0,)(HCO:) and their corresponding structural representations.
Reproduced with permission,*? copyright 2009 ACS

The family of frameworks investigated in this chapter provides an ideal opportunity to extend
understanding of mechanical properties of inorganic-organic frameworks. All the frameworks
have the same topology and 3-D inorganic connectivity, and so trends in mechanical
properties can be examined solely as a function of local structure, such as inter-ligand
interactions and Li-O bond strength, because the bulk structural features are essentially

constant.
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4.2, Experimental

4.2.1. Synthesis

All reagents, tetrafluorosuccinic acid (99 %, TCI), L-malic acid (99 %, Fisher), succinic acid
(99 %, Sigma), R-methylsuccinate (>97.0 %, TCI), lithium acetate dihydrate (98 %, Acros),
lithium oxide (99.5 % metals basis, VWR) and lithium hydroxide monohydrate (99 %,
Fisher), were bought and used as received. Methanol and absolute ethanol (both Fisher) and
in-house deionised water were used as solvents. Crystallizations were performed in 4 - 20 ml
PTFE-capped borosilicate glass vials. Mechanochemical reactions were performed using a
Retsch Mixer Mill MM400* equipped with stainless steel jars manufactured in-house. In
these reactions an excess of 10 wt.% lithium oxide of was used to compensate for a decrease
in gross lithium content due to its hygroscopic nature. Solvothermal reactions were carried
out in 23 ml PTFE-lined stainless steel autoclaves purchased from Parr Instrument

Company.45
4.2.1.1. Synthesis of lithium succinate, Liy(suc), Li;(C4H4O4)

Succinic acid (1 mmol) was dissolved in water:ethanol (1:9, 5 ml), lithium acetate dihydrate
(2 mmol) was dissolved in water ethanol (1:4, 5 ml) and the solutions combined in a
PTFE-capped borosilicate glass vial at 70 °C. After 8 days, colourless blocks had formed on
the vial sides. The product, Lix(suc) (47 mg, 36 %), was filtered, washed in methanol and
dried in air at 70 °C overnight. Elemental analysis: C 36.90 %, H 3.04 %, N 0.0 % (calculated
for C4H4L1,04: C 36.97 %, H 3.10 %, N 0.0 %).

4.2.1.2. Synthesis of lithium tetrafluorosuccinate, Lix(flu), Liy(C4F404)

Tetrafluorosuccinic acid (0.5 mmol) and lithium hydroxide monohydrate (1.0 mmol) were
dissolved in water (0.4 ml) and the solution was placed in a PTFE-capped borosilicate glass
vial at 70 °C. After 12 days, colourless blocks had formed on the vial sides. The product,
Lix(flu) (82 mg, 81 %) was filtered, washed in methanol and dried in air at 70 °C overnight.
Elemental analysis: C 23.55 %, H 0.12 %, N 0.0 % (calculated for C4F4Li,04: C 23.79 %, H
0.0 %, N 0.0 %).

4.2.1.3. Synthesis of lithium L-malate, Lix(mal), Li;(C4H405)

L-malic acid (1 mmol) was dissolved in water:ethanol (1:9, 5 ml), lithium acetate dihydrate

(2 mmol) was dissolved in water ethanol (1:4, 5 ml) and the solutions combined in a
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PTFE-capped borosilicate glass vial at 70 °C. After 8 days, colourless blocks had formed on
the vial sides. The product, Li,(mal) (56 mg, 38 %), was filtered, washed in methanol and
dried in air at 70 °C overnight. Elemental analysis: C 32.99 %, H 2.64 %, N 0.0 % (calculated
for C4H4L1,Os: C 32.92 %, H 2.76 %, N 0.0 %).

4.2.1.4.  Synthesis of lithium methylsuccinate, Lip(met), Li;(CsHsO4)

R-methylsuccinic acid (1 mmol) and lithium hydroxide monohydrate (2 mmol) were
dissolved in water (0.4 ml) and the resulting solution was filtered through cotton wool into a
PTFE-lined stainless steel autoclave. It was heated at 150 °C for one week, after which it was
cooled to room temperature and immediately opened. The product, a colourless precipitate
covered in a dark brown film, was observed to contain triangular crystals suitable for single
crystal X-ray diffraction studies. A bulk sample was synthesized as follows: a solution of
R-methylsuccinic acid (1 mmol) in ethanol (5 ml) was combined with a solution of lithium
acetate dihydrate (2 mmol) in ethanol (5 ml) in a PTFE-lined stainless steel autoclave. It was
heated at 150 °C for three days, after which it was cooled naturally to room temperature and
the resulting white powder (102 mg, 71 %) was filtered, washed in ethanol and dried at 60 °C
in air overnight. Elemental analysis: C 39.18 %, H 4.40 %, N 0.0 % (calculated for
CsHeL1204: C 41.71 %, H 4.20 %, N 0.0 %), suggesting some residual water in the sample.

4.2.1.5. Synthesis of Lix(suc);x(flu)x

A series of compounds with nominal composition (from reactant ratios) Lix(suc);x(flu)x [X=
0, 0.2... 1] was synthesized by mechanochemical methods. Typically, lithium oxide

(1.1 mmol), succinic acid and tetrafluorosuccinic acid (combined amount 1 mmol) were
placed in a stainless steel grinding jar with two 8 mm diameter stainless steel balls. The
mixture was ground for 30 minutes in the mixer mill at 25 Hz, yielding a grey powder

(80-95 %), which was dried at 100 °C overnight.
4.2.1.6. Synthesis of Li(suc)(mal),(met),

A series of compounds, with nominal composition (Lix(suc)x(mal)y(met), [x+ y+ z=1; X, ),
z=10.0,0.2,0.33,0.4, 0.5, 0.6, 0.8, 1.0] was synthesized by mechanochemical combination of
stoichiometric amounts of the pure end-members, which were synthesized by solvothermal
methods. Typically, lithium acetate dihydrate (2.0 mmol) was dissolved in ethanol (5 ml) and
combined with a solution of the desired acid (1.0 mmol) in ethanol (5 ml). The resulting

mixture was heated at 150 °C for three days, before cooling to room temperature, filtering,
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washing (ethanol) and drying in air at 70 °C overnight, to yield white powder (50-80 % yield).
The end-members were placed according to the desired stoichiometry in a stainless steel
grinding jar with two 8 mm diameter stainless steel balls. The mixture was ground for 30

minutes in the mixer mill at 25 Hz, yielding a fine white powder (85-95 %).
4.2.1.7.  Thermal transformation of lithium L-malate to lithium (L-malate); (fumarate)y

Single crystals of lithium L-malate (100 mg), prepared using the procedure described in

Section|4.2.1.3] were heated to 320 °C in a box furnace for 22 hours, before cooling slowly to

room temperature with the furnace closed. Upon examination, the original material had
cracked into smaller crystals (87.3 mg), but the crystal quality was retained. Suitable crystals
were selected for single crystal X-ray diffraction studies, which showed its composition to be
Li(L-malate)o »3(fumarate)o 77. Similar heat treatments were performed at different
temperatures and times, yielding single crystals with different ligand ratios, which were used

for single crystal X-ray diffraction.
4.2.2. Single crystal X-ray diffraction
Crystal structure determination by X-ray diffraction was performed as described in Chapter 2.

4.2.3. High resolution synchrotron powder X-ray diffraction

High resolution synchrotron X-ray powder diffraction was performed using beamline 11 at

the Diamond Light Source as described in Chapter 2.
4.2.3.1. Rietveld refinement of Lix(suc);x(flu)x

Rietveld refinement was performed using the single crystal structure of Liy(flu) as a starting
point to obtain accurate cell parameters, atomic positions and isotropic displacement
parameters. The background function was modelled by a shifted Chebyshev function of
16-24 terms, which was refined in later cycles. Peak profiles were modelled using GSAS
profile function 2, with U, V, W, X, Y and Lorentzian anisotropic broadening coefficient, X,
the refined parameters. Hydrogen atoms were inserted at 1/1.4 the C-F distances and their
position shifts and isotropic displacement parameters constrained to match those of the
corresponding C atom. The H and F site occupancies were constrained to add up to unity,
initially fixed at the nominal fractions and then refined in later cycles. Atomic positions and

isotropic displacement parameters of all non-hydrogen atoms were refined.
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4.2.3.2.  Le Bail refinement of Liy(suc)(mal),(met),

Le Bail fitting was used to obtain accurate lattice parameters for all phases in the ternary
system Lix(suc)y(mal)y(met),. The background function was modelled by a shifted Chebyshev
function of 20 terms, which was refined in later cycles. Peak profiles were modelled using
GSAS profile function 2, with U, V, W, X, Y and Lorentzian anisotropic broadening
coefficient, X, the refined parameters. Cell parameters were refined using those of Li(suc)

as a starting point.
4.2.4. Solid state magic angle spinning nuclear magnetic resonance spectroscopy

BC-['H]-cross polarization magic angle spinning nuclear magnetic resonance, CPMAS NMR,
spectra were measured by Dr. Thomas Koester on a Bruker Avance spectrometer at

resonance frequencies of 100.70 MHz and 400.42 MHz, for "*C and 'H, respectively. All
CPMAS spectra were obtained using a spinning speed of 5000 Hz and proton decoupling

with a 4 mm NMR probe. For the variable contact time experiments, contact times between
250 us and 7 ms were used. For the CPMAS spectra of the compounds in the
Lix(suc)x(mal),(met), system, contact times of 1.0 ms were used. Typically, 512 or 1024 free

induction decays were accumulated with a repetition time of 10 s.
4.2.5. Solution nuclear magnetic resonance spectroscopy

Lip(L-malate)o »3(fumarate)o 77 (30 mg) was dissolved in DO (0.75 ml) and filtered through
cotton wool into a 5 mm Wilmad 528-PP NMR tube. "*C and 'H Spectra were run by the
NMR service at the University of Cambridge Chemical Laboratory.

4.2.6. Scanning electron microscopy

Scanning electron micrographs were taken using a JEOL 6340F FEGSEM under high
vacuum with secondary electron imaging. Powder samples were placed in a thin layer on
carbon tape, which was attached to an aluminium stub. The sample was sputtered with gold

for 1-2 minutes under an argon atmosphere to reduce charging effects in the microscope.
4.2.7. Nanoindentation

Nanoindentation was performed at ambient temperature by Dr. Wei Li using an MTS
NanolIndenter® XP.*® Two types of diamond indenter tips were used: 1) A sharp three sided

pyramidal Berkovich tip (tip radius ~100 nm) was used to determine the elastic modulus (E)
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and hardness (H), and 2) a blunt spherical tip (tip radius ~10 pm) was used to extract the

elastic-plastic transition and to study the creep behaviour.*

The nanoindentation experiments were performed on 0 1 T-type facets of each framework,
using both a quasi-static (load-controlled) module and a continuous stiffness measurement
(CSM) module. Measurement of the E and H, and elastic-plastic transition properties were
performed under the CSM mode by superimposing a 2 nm sinusoidal displacement at 45 Hz
onto the primary loading with Berkovich and spherical tips, respectively. Loading and
unloading strain rates of 0.05 s were used and the indenters were held for 30 s prior to
unloading in order to minimize the influence of creep. Creep experiments were performed
using a spherical tip under quasi-static mode with fixed load of 60 mN, and the indenter was

held for 1200 s in order to maximize creep effects.

The E and H were calculated as a function of surface penetration depth (h) using the dynamic
CSM mode. This was accomplished by continuous monitoring of the change of the elastic
contact stiffness (§ determined from gradient of the load-displacement curves, followed by

extraction of the reduced modulus (E,):¥’

TS
T_Z,B\/A—C

where A, is the contact area under load (based on the calibrated tip area function) and f is a

constant that depends on the geometry of the indenter (f = 1.034 for a Berkovich tip). The
method proposed by Oliver and Pharr*® to extract E from E; assumes isotropic elastic
properties, which is normally not the case for single crystals. To account for the effects of

472,49 that the modulus obtained from

anisotropy in single crystals, it has been shown
nanoindentation of a single crystal is more appropriately represented as an ‘indentation

modulus”, given by:

1 1-v? 1-v?2
Er Ei Es

where v is the Poisson’s ratio and the subscripts / and Srefer to the indenter and test material,
respectively. The indenter properties used in this study were E;= 1141 GPa, and v; = 0.07. In
this work, the elastic moduli from the 0, 1, T facets of Lix(suc), Li(flu) and Li(mal) were

calculated using vs=0.3.
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The hardness of a material is defined as its resistance to local plastic deformation. Thus,
indentation hardness, H, can be determined from the indentation load, P, divided by the

contact area, Ac:

H= —
A

where A is a function of the contact depth, h, and can be determined by the following

equation:

Ay(hy) = Coh2 + Cihy + CohY? + CshM™* + - + Cgh /1?8

where Cp - Cg are constants. It may be noted that if it is assumed that a Berkovich indenter
has a perfect tip, only (G is used. However, for imperfect tips, higher-order terms have to be

taken into account and these are obtained from the tip-area function curve fit for a given tip.

The contact depth is estimated from the load-displacement data using the equation:

P
he = himax = 075 ¢

where M,y is the maximum indentation depth and 0.75(P'S denotes the extent of elastic

recovery (h).

The yield stress, 6y, was estimated from the plot of indentation stress, c = P/ A, versus
indentation strain, € = @/ R(where a= contact radius and R= tip radius), by extrapolation of
the elastic and plastic regions. Linear regression on the selected data was used to fit straight

lines in the two regions, the intersection of which gave a value for o).
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4.3. Results

4.3.1. Parent compounds

The structures of three new compounds- lithium tetrafluorosuccinate, Lix(flu), lithium
L-malate, Liy(mal), and lithium methylsuccinate, Lix(met) -have been determined by single
crystal X-ray diffraction at 120(2) K. The structure of lithium succinate, Liy(suc), in the
achiral space group RB previously reported at ambient temperature,’” was also re-determined
at 120(2) K for better comparison of its atomic structure with the others. Li,(flu) and Li,(met)
are found to be isostructural with Liy(suc). Li;(mal) is almost isostructural with Liy(suc),
having the same inorganic connectivity, but it takes the chiral space group A3 and the whole
ligand features in the asymmetric unit. Variations in the unit cell, ligand conformation and
lithium coordination sphere have been explained by the effects of the different ligand
substituents on the structure. It was found that the major variations are a result of the steric

size, hydrogen bonding propensity and electronegativity of the ligand substituents. Relevant

details of the structure determinations are shown in|Table 1

4.3.1.1. Single crystal structure of lithium succinate, Lix(suc), Li;(C4H404), at 120 K

The single crystal structure of Liy(suc) has been previously reported at ambient temperature
and it was found to change little with decreasing temperature in this study.’” For the purposes
of comparison with other materials, the relevant features of the structure at 120(2) K, some of

which were given less importance in the original publication, are discussed here.

The asymmetric unit of Liy(suc) consists of half of one ligand and one lithium atom (Figure

@. Each ligand carboxylate group binds to four lithium atoms: O1 bridges between two

corner-sharing lithium atoms and O2 bridges between two edge-sharing ones. Each oxygen

atom exhibits both synand anti lithium binding conformations (Figure 7). The carboxylate
groups are almost perpendicular to the C4 backbone (O1-C1-C2-C2 91.75(14)°) and, due to

inversion symmetry, the ligand C4 backbone torsion angle is 180°. The lithium atom
coordination environment is a distorted tetrahedron, with Li-O distances ranging from
1.939(2) A to 1.960(2) A and angles between 87.86(8)° and 123.77(11)°. This gives rise to a
bond valence sum’' of 1.08 and a root mean squared angle deviation from the ideal

tetrahedral angle, Stet’sz of 10.89°. Overall, the structure is an o’ framework, with small

cavities that can be seen when viewed down the c-axis, as shown in|Figure 4
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Lithium Lithium Lithium Lithium
succinate | tetrafluorosuccinate L-malate methylsuccinate
orystal sze | 040352 o 15ug1x01 | 3N 1005 x0.15 0,03
(mm) 0.3 0.3
crystal system trigonal trigonal trigonal trigonal
space group R R 23] R
T (K) 120(2) 120(2) 120(2) 120(2)
a(A) 12.0600(8) 12.4291(5) 11.8771(11) 12.1272(13)
b (A) 12.0600(8) 12.4291(5) 11.8771(11) 12.1272(13)
c(A) 10.5752(5) 10.6013(4) 10.7193(10) 10.8023(12)
a(°) 90 90 90 90
B 90 90 90 90
7 (°) 120 120 120 120
V (A3 1332.03(14) 1418.3(10) 1309.5(2) 1375.8(3)
asym. unit C, H, LiO, C F,LiO, C4 Hy Lip Os Cos H3 L1 O,
Y4 9 9 9 9
deaic (g cm™) 1.458 2.128 1.666 1.564
A (A) 0.71073 0.71073 1.54180 1.54180
p (mm™) 0.124 0.245 1.302 1.100
refl. collected 2102 1121 2219 818
unique refl. 710 716 1093 550
observed data
(1> 26(I) 609 557 1060 492
parameters 54 64 111 70
Rint 0.0217 0.0179 0.0173 0.0259
R, 0.0330 0.0453 0.0412 0.0541
wR: (I > 26(1)) 0.0836 0.0751 0.1134 0.1420
R, (all data) 0.0410 0.0563 0.0419 0.0593
WR:; (all data) 0.0914 0.0858 0.1140 0.1465
GOF 1.056 1.060 1.088 1.073

Table 1. Sngle crystal structure determination parameters for lithium succinate, lithium
tetrafluorosuccinate, lithium L-malate and lithium methylsuccinate.
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Figure 6. Ortep extended asymmetric unit of lithium succinate, showing atoms necessary to
complete one ligand and the coordination environment of the lithium atom. C, H, Li and O
atoms are shown in grey, white, green and red, respectively. Additional atoms are labelled in

grey.
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Figure 7. Common binding modes between lithium and carboxylate groups: a) anti
conformer, b) syn conformer, and ¢) binding in lithium succinate. R represents the remaining
ligand functionality.

4.3.1.2. Single crystal structure of lithium tetrafluorosuccinate, Lix(flu), Lir(C4F404)

The asymmetric unit of Li,(flu) contains half of one tetrafluorosuccinate ligand and one

lithium atom (Figure 8). As in Liy(suc), the ligand carboxylate groups are essentially

perpendicular to the carbon chain (O1-C1-C2-C2 torsion angle 89.9(2)°) and, due to
crystallographic symmetry the ligand C1-C2-C3-C4 torsion angle is 180°. The lithium atom
coordination tetrahedron is more distorted than in Li(suc), with Li - O distances ranging
from 1.951(4) A to 2.020(4) A and angles between 87.71(14)° and 128.8(2)°. This gives rise

to a reduced bond valence sum, 0.99, and an increased O, 12.90°.
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Figure 8. Ortep extended asymmetric unit of lithium tetrafluorosuccinate, showing atoms
necessary to complete one ligand and the coordination environment of the lithium atom C, F,
Li and O atoms are shown in grey, turquoise, green and red, respectively. Additional atoms
arelabelled in grey.

Perfluorination is known to alter the conformational behaviour and non-bonding and bonding
interactions of ligands,™ and so it is common for perfluorinated ligands to form entirely
different framework structures to their hydrogenated counterparts. Notably, the lowest energy
conformation of tetrafluorosuccinic acid, H,(flu) was calculated by Friscic et al. as having an
angle of 80° between planes of the carboxylate groups and the carbon chain.”*® In contrast,
this is close to the metastable conformation of succinic acid, Hx(suc) (70°), for which the
most stable conformation has a corresponding angle of 180°.°*" Therefore, it may be
somewhat unexpected that H(flu) forms a phase isostructural with its hydrogenated
counterpart. However, in the lithium-based framework Liy(suc) the relevant angle, 88.6(2)°,
is closer to that preferred by the fluorinated ligand, making it easier for this architecture to

incorporate the tetrafluorosuccinate moiety.
4.3.1.3. Single crystal structure of lithium L-malate, Liy(mal), Li;(C4H4Os)

The single crystal structure of Li(mal) is almost isostructural with Lix(suc); however, the

asymmetric unit consists of one whole ligand and two lithium atoms (Figure 9). In addition,

the presence of the single enantiomer of L-malic acid, which did not racemize in-situ,
confirms that the resulting structure is chiral and adopts the space group A3, unlike the other
parent phases which adopt A3 . The ligand hydroxyl group is disordered between two chirally
equivalent positions, O5A (82.7(9) % occupancy) points into the cavity and O5B (17.3(9) %)
is located closer to the inorganic framework. As in Li(suc), the C,4 torsion angle of Liy(mal)

is almost linear (C1-C2-C3-C4 179.8(3)°), but the carboxylate groups deviate slightly from
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perpendicular, particularly away from the hydroxyl group of major occupancy (O1-C1-C2-C3
93.5(3)°; C2-C3-C4-03 73.1(3)°). The lithium coordination spheres of Liy(mal) are distorted
tetrahedra, with bond distances and O-Li-O angles in the ranges 1.919(5) - 1.969(6) A and
88.2(2) - 127.1(3)°, respectively. This gives rise to an average bond valence sum of 1.09,
almost identical to that of Liy(suc), and a slightly lower O, 10.59°.

@
i 03 P
\E Li2*

Figure 9. Ortep extended asymmetric unit of lithium L-malate, showing atoms necessary to
complete the lithium coordination environments (grey labels) and disordered OH groups
(O5A, O5B). C, H, Li and O atoms are shown in grey, white, green and red, respectively.

Labels for H atoms are omitted for clarity.

The hydroxyl group of major occupancy, OSA, acts a hydrogen bond donor and acceptor to
the hydroxyl groups of two nearby ligands (D-A distance 2.984(6) A). This results in a trimer

of hydrogen bonded species, shown in|Figure 10} which causes a contraction in the & and

b-axes and thus a reduction in the cell volume compared to Lix(suc).
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Figure 10. Trimer of L-malate ligands in lithium L-malate, showing hydrogen bonding of the
major hydroxyl groups both within and between ligands. C, H and O atoms are shown in
grey, light grey and red, respectively. Hydrogen bonds are shown as dashed orange lines.

4.3.1.4. Single crystal structure of lithium methylsuccinate, Li,(met), Lir(CsHeO4)

The asymmetric unit of Lix(met) consists of half of one methylsuccinate ligand and one

lithium atom (Figure 11). The ligand in this case is severely disordered: the carbon backbone

takes two possible conformations (C1-C2A/B-C2A/B-C1, 70(2)% and C1-C2C/D-C2C/D-Cl1,

30(2) %), with two equally occupied possible positions for the methyl group in each case
(C3A and C3B, respectively). The lithium coordination tetrahedron is very distorted,
although less so than Liy(flu), with Li-O bond distances in the range 1.956(4) A - 1.999(5) A
and O-Li-O angles between 88.3(2)° and 123.7(2)°. This gives rise to bond valence sum of
1.02 and a ¢ of 11.09°. Due to crystallographic symmetry the ligand C4 torsion angle is
linear (C1-C2-C3-C4 180°), but the torsion angle between the carboxylate groups and the
ligand backbone is reduced severely (O2-C1-C2A-C2A 63.8(10)°). In order to accommodate

this, the CH protons lie almost coplanar with the carboxylate groups.
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Figure 11. Ortep extended asymmetric unit of lithium methylsuccinate, showing atoms

necessary to complete one ligand and the Li coordination sphere (grey labels). H atoms not

shown for clarity; the disordered atoms with minor occupancy are linked with blue dashed

lines. C, O and Li coloured grey, red and green.

The stereochemistry observed in Li(met) indicates the ligand has racemized during synthesis.

This means that there are six possible locations of the methyl substituent in the framework

cavity (instead of the three main positions in chiral Li;(mal)). Only half of the six positions

are occupied, but without hydrogen bonding to counteract the repulsion between groups, the

result is a large increase in cell volume compared to Liy(suc), particularly along the c-axis.

Synthesis of this material required temperatures above 150°C, which previously resulted in

isomerisation of lithium tartrates (see Chapter 3). This suggests that without racemisation the

framework structure could not form, perhaps due to the increased strain involved if three

methyl groups were forced into as close proximity as the hydroxyl groups in Liy(mal). This is

indicative of an upper limit on the effective substituent size that can be accommodated by this

structure type, and is apparent in the lower crystal data quality obtained compared to the other

structures. This can be explained largely by the crystal’s poor diffraction at small &-spacing,

resulting in low completeness, higher residual factors and a low data : parameter ratio.

4.3.1.5.  Comparison of structures

As discussed above, there are many variations in the crystal structures of Lix(suc), Lix(flu),

Liz(mal) and Liy(met), which are compared in

Figure 12

and|

Table 2
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Figure 12. Comparison of ligand-substituted structures (from left to right: lithium succinate,

lithium tetrafluorosuccinate, lithium L-malate and lithium methylsuccinate), (a-d) showing

connectivity between organic and inorganic parts, and (e-h) showing occupancy of the

solvent inaccessible cavity in the c-direction. C, H, F and O atoms and LiO; tetrahedra are

shown in grey, white, turquoise, red and green, respectively. Only the sites of major ligand

occupancy are shown for lithium L-malate and lithium methylsuccinate.

Lithium Lithium Lithium Lithium
succinate tetrafluor osuccinate L-malate methylsuccinate
Unit ?As‘)’d“me 1332.03(14) 1418.3(10) 1309.5(2) 1375.8(3)
alc 1.14 117 111 112
C-C-CO; torsion Cl1: 93.503)
angle (°) 91.75(14) 89.9(2) C4: 731 63.8(10)
Average Li-O bond
istarce (A) 1.949(9) 1.99(3) 1.95(2) 1.97(2)
Lil: 1.09
Bond valence sum 1.08 0.99 Li2: 1.09 1.02
RMS O-Li-0
deviation, s (°) 10.89 12.90 10.59 11.09

Table 2. Sdlected features of the single crystal structures of lithium succinate, lithium

tetrafluorosuccinate, lithium L-malate and lithium methylsuccinate.

The unit cell volume varies in these compounds by over 8 %, from Liy(mal) (1309.5(2) Al ) to
Lix(flu) (1418.2(1) A?). In Liy(mal) the effect of hydrogen bonding between hydroxyl groups
is to contract the a- and b-axes relative to Lix(suc), with resulting decreases in both a/ cand

unit cell volume. In contrast, Li;(flu) exhibits an increase in both &/ ¢ and unit cell volume

relative to Lix(suc). When viewed down the c-axis (Figure 12f), no inter-ligand interaction

between F atoms is observed in the ab-plane; in fact, the shortest inter-ligand F-F distance
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occurs in the ¢-direction (2.8106(16) A). Therefore, the expansion in @/ ¢ and the unit cell
must only be a result of the expansion of the LiO4 tetrahedra, caused by the electronegative
effect of four F substituents per ligand, which withdraw negative charge away from the
carboxylate groups, reducing their electrostatic attraction to lithium cations. In Liy(met), the
unit cell expansion is a result of steric interactions between methyl substituents within the
framework cavity. The disorder among methyl group positions allows them to reduce
clashing in the ab plane to some extent, and in fact a/ cis reduced slightly compared to
Liy(suc). The structure is still highly strained, however, as shown by the small torsion angle

between carboxylate oxygens and the ligand carbon backbone (63.8(10)°).

In all the structures the lithium coordination environment is a distorted tetrahedron. Bond
valence sums vary from 0.99 in Liy(flu) to 1.09 in Liy(mal), and correlate with variation in the
bond lengths. The bond valence sum of Liy(met) is almost as low as Lip(flu); in this case it is
due to the strain caused by inter-ligand repulsion rather than an electronegativity effect. There
is little variation in Oy among the structures, apart from an increase for Liy(flu). This extra
distortion may be caused by the relative conformational rigidity of the fluorinated ligand, and
is enabled by its longer Li-O bonds. Reduction in bond valence sum and increase in O could
have a positive effect on lithium mobility in these structures, because of the related
weakening of Li-O bond strength. This would enable more facile breaking of coordination
bonds as lithium cations move through the framework, and thus a reduction in activation

energy for lithium transport.
4.3.1.6.  Effect of substituent on thermal stability

Thermogravimetric analysis shows that Liy(suc) is the most thermally stable structure,

followed by Lix(met), Lir(flu) and Li(mal) in that order (Figure 13). Lix(suc) shows a sharp

one-step decomposition between 410 °C and 470 °C, with 57 % remaining mass,
corresponding to lithium carbonate (Li,COj; calculated 56 %), which was confirmed by FTIR
analysis of the residue (see Appendix). Liy(met) decomposes in two sharp steps, at 360 °C
and 480 °C, leaving 50 % residue at 700 °C (Li,COs calculated 51 %). Lip(flu) exhibits a
sharp one-step mass loss at 320 °C - 420 °C, leaving 20 % mass. FTIR analysis shows no
significant peaks above the fingerprint region, indicating the product may be lithium fluoride
(LiF calculated 26 %). Lix(mal) begins to decompose around 250 °C, first with a slow loss of

12 %, which corresponds to elimination of water across the ligand (H,O calculated 12 %, see

Section|4.3.3). The main framework decomposition occurs in between those of Li,(flu) and
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Lix(suc) at 400 °C, leaving 51 % residue at 700 °C (Li,COj; calculated 50 %, confirmed by

FTIR).
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Figure 13. Thermogravimetric analysis of lithium succinate, lithium tetrafluorosuccinate,

lithium L-malate and lithium methylsuccinate, shown in blue, green, red and purple,

respectively.

Liy(suc) is by far the most stable compound. The major mass loss in Liy(flu) is at 320 °C,

around 90 °C earlier than Liy(suc), indicating that its decomposition is thermodynamically

much more favourable. The reason for this is unclear: the enthalpy of formation of 2XLiF is

only marginally more negative than Li;(CO3), but the gaseous products in the case the

decomposition of Liy(flu) are unknown, neither is its enthalpy of formation. Li(met), which

has a similar bond valence sum (1.02) to Liy(flu) (0.99) is only marginally more stable and

decomposes above 360 °C, but these values still compare favourably with isolated succinic

acid, which has been found to decompose from 190 °C.>* Li,(mal) decomposes at lower

temperature due to the hydroxyl functionality, which can be eliminated along with a proton to

give off water before the framework as a whole collapses. This dehydration is investigated in

more detail in Section

433
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4.3.1.7.  Ligand substituent effects on mechanical properties

Nanoindentation of 0, 1, T-type crystal facets (Figure 14) gave load-displacement curves for

each of Liy(suc), Li(flu) and Li(mal), shown in|Figure 15| Due to the morphology of the

crystals, no other facets were available for measurements and so it was not possible to obtain
a complete picture of the frameworks’ anisotropic mechanical behaviour. However, since the
compounds investigated in this work are isostructural (or almost isostructural in the case of

Liy(mal)), values obtained on the same crystallographic facets should yield qualitative, if not

quantitative, insight into the mechanical effects of different ligands. The calculated values for

elastic modulus, E, hardness, H, and yield stress, 6, of each structure are shown in|Table 3

along with relevant parameters describing their packing. Single crystals of Liy(met) of

sufficient size or quality for nanoindentation could not be grown.

Figure 14. Face indexation of a typical crystal used for nanoindentation: a) the crystal
structure of lithium succinate, the orientation of which corresponds to b) a photograph of a
single crystal on an X-ray diffractometer goniometer loop, with crystal facets labelled.

Lithium Lithium Lithium
succinate tetrafluorosuccinate L-malate
Elastic modulus, E (GPa) 20.3(6) 33.2(10) 29.8(7)
Hardness H (GPa) 1.65(6) 2.35(7) 2.28(6)
Yield stress, oy (GPa) 1.116(15) 0.860(13) 1.62(2)
Packing index (%) 73.5 82.7 79.8
Void space per unit cell (A% 352.99(4) 245.37(2) 264.52(4)

Table 3. Mechanical properties measured by nanoindentation, packing indices (calculated

using PLATON?') and void space per unit cell for lithium succinate, lithium

tetrafluorosuccinate and lithium L-malate. Only the major part of the disordered L-malate

ligand was used for the calculation of its packing index.
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Figure 15. Typical load, P, vs. indentation depth, h, curvesfor 0, 1, 1 facets of lithium

succinate (blue), lithium tetrafluorosuccinate (green) and lithium L-malate (red).

All three structures have lower values of E than most other non-porous inorganic-organic
frameworks,”® *** due to the relative compliance of the monovalent, jonic lithium
coordination sphere and the flexibility associated with the succinate ligand, compared to rigid

linkers previously studied, such as oxalic acid.*** The fluorine- and hydroxyl-substituted

ligands cause an increase in E compared to Liy(suc) (Figure 16), resulting in values of

33.2(10) GPa and 29.8(7) GPa for Liy(flu) and Li(mal), respectively. This correlates with

increased packing index and decreased void space, which increase the effect of short-range

inter-ligand interactions within the crystal structure.

Values for H follow a similar trend to E, whereby Liy(flu) and Liy(mal) are harder than
Lix(suc), again largely due to the increased inter-ligand dispersion forces. However, within

experimental error at all indentation depths, Li,(flu) and Liy(mal) have identical values for H

Figure 17), indicating that dispersion forces are not the only important factor in the case of

resistance to plastic deformation. It is likely that hydrogen bonding in Li,(mal) increases its
hardness, whilst weakening of Li-O bonds in Liy(flu) reduces the pressure needed for plastic

deformation to the extent that they have equal hardnesses.
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Figure 16. Plot of elastic modulus, E, vs. indentation depth, h, showing standard deviations
for Lix(suc) (blue squares), Lix(mal) (red diamonds) and Lix(flu) (green circles).
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Figure 17. Plot of hardness, H, vs. indentation depth, h, showing standard deviations for

Lix(suc) (blue squares), Lio(mal) (red diamonds) and Lix(flu) (green circles).
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The plot of indentation stress, o, versus strain, €, illustrates the transition between regions of

elastic behaviour at low ¢ and plastic behaviour at higher € (Figure 18). The intersection of

lines extrapolated from the two regions gives an estimate of the yield stress, Gy, of each
material. Values of € at the yield point are less reliable because they depend heavily on the
variable contact delay at low €. Values for o, exhibit a trend different to those of E and H,

and seem to relate closely to framework bonding, rather than packing density or inter-ligand

dispersion interactions. Lix(flu) has the lowest Li-O bond strength (see Section|4.3.1.5) and

correspondingly has the lowest 6, (0.860(13) GPa); very little stress is needed to break the
framework bonds to cause plastic deformation. Li,(suc) and Liy(mal) have similar Li-O
bonding, but the additional hydrogen bonding in Liy(mal) enables it to withstand higher stress
before yielding (o, = 1.62(2) GPa). It therefore has the highest value of &), with Lix(suc) (o,
= 1.116(15) GPa) midway between it and Liy(flu).

3.0 Li,(mal)

2.5

Liz(suc)
2.0 -

1.54
Li,(flu)

_______ 4 N
T

1.0

Indentation Stress, o (GPa)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Indentation Strain, ¢
Figure 18. Plot of indentation stress, o, vs. strain, &, for Lis(suc) (blue), Lio(mal) (red) and
Lix(flu) (green). Arrows mark the yield stresses, oy, at which elastic behaviour at low ¢ turns

into plastic deformation upon increasing e.

Creep in all systems is very low: even after 20 minutes of constant loading, the increase in

indentation depth, A, is negligible (Figure 19). This contrasts with behaviour of the layered

copper phosphonoacetate framework CuPA-2, which was found to exhibit strongly
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anisotropic creep due to the directionality of interlayer hydrogen bonding.” The negligible
creep in Lix(suc), Lip(flu) and Liy(mal) can be ascribed to the 3-D inorganic connectivity, for

which there exists no particularly weakly-bound orientation.

1000+ Li (suc)
, Li2(mal)
8004 r Li (flu)
£ — 2
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Figure 19. Cregp behaviour under constant load of lithium succinate, lithium
tetrafluorosuccinate and lithium L-malate (blue, green and red lines, respectively).

4.3.2. Mixed-ligand compounds

Solid solution behaviour of ligand substitution has been achieved in non-porous inorganic-
organic frameworks using mechanochemical synthesis and confirmed by high-resolution
powder X-ray diffraction and solid-state NMR analysis methods. The binary system
Lix(suc); x(flu)x exhibits a seven percent increase in unit cell volume, V, with increasing X,
which is apparent in the large peak position shifts of the high-resolution powder X-ray
diffraction. Similar variation is seen with increasing Zin the ternary system
Lir(suc)x(mal),(met), [where X+ y+ z= 1]. In contrast, Vremains almost constant upon
variation of Xxand y when Zis unchanged. Lix(suc);.x(flu)x exhibits single phase behaviour and
good homogeneity, confirmed by SEM, and smooth variation in FTIR and TGA data. Solid-
state NMR methods confirm that the ligands in both systems remain intact during synthesis
and, in the case of Liy(suc)o s(flu)o s, exist in close proximity on the atomic scale, further

confirming its single phase nature.
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4.3.2.1.  Cell variations in Lix(suc);«(flu)x

The mixed-ligand inorganic-organic framework system Lix(suc),«(flu)x was synthesized by
mechanochemical methods and analysed by high resolution synchrotron powder X-ray
diffraction and solid state NMR methods. Both these and other complementary techniques
show that Liy(suc);x(flu)x exhibits solid solution behaviour, with substantial changes in cell

parameters across the series.

The high-resolution synchrotron powder X-ray diffraction data clearly shows single-phase

behaviour for all samples in Lix(suc);x(flu)x, demonstrating ligand mixing and homogeneity

in each phase. Peak positions show a change in cell parameters across the series (Figure 20).

In general, the peaks move to lower 26 with increasing (flu) content, X, indicating an increase
in cell parameters. However, peaks with a strong I-component initially shift towards higher
20 before increasing slightly. Unlike in previous studies, the cell parameters of the
end-members are markedly different and so there is no overlap between their respective

peaks. Rietveld refinement was used to determine accurate cell parameters and atomic

structure for all samples in Liy(suc);x(flu)y, and relevant parameters are shown in|Table 4| A

representative plot, showing the observed, calculated and difference data for Liy(suc)g s(flu)o s

is shown in|Figure 21
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Figure 20. High resolution synchrotron powder X-ray diffraction data for Lis(suc)x(flu)x
[x=0,02.. 0.8, 1.0]. Asterisks mark selected peaks with significant |-component.
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Figure 21. Rietveld refinement of Lix(suc)o.s(flu)os, sShowing markers indicating the positions
of expected peaks and high angle data (inset). Observed, calculated and difference data are
shown as blue circles, and red and black lines, respectively.
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x (nominal) 0 0.2 0.4 0.5 0.6 0.8’ 1
a, b(A) 12.02432(5) 12.15801(7) 12.2565(11) | 12.29591(10) | 12.33097(11) | 12.39354(7) | 12.44896(1)
C(A) 10.62274(5) 10.54769(6) 10.51906(7) 10.52236(6) 10.53058(7) 10.56924(5) 10.60883(4)
a, f(°) 90 90 90 90 90 90 90
7(°) 120 120 120 120 120 120 120
Unit cell
volume (A3) 1330.113(12) 1350.247(15) 1368.49(3) 1377.73(3) 1386.68(3) 1405.94(2) 1423.848(10)
Foce 0 0.1984(14) | 0.3821(13) | 0.4819(12) | 0.5623(14) | 0.7751(14) 1
wR, 0.0356 | 0.0213 | 0.0248 | 0.0221 | 0.0221 | 0.0261 | 0.0312
R, 0.0213 | 0.0149 | 0.0169 | 0.0148 | 0.0153 | 0.0185 | 0.0204
2 5.32 2.502 2.719 2.439 24.06 | 03711 | 5.276
Variables 50 59 58 60 58 61 61
U 53.8 83.88 131.4 138 167 1152 | 27.65
Y] 6323 | -13.06 | -18.46 | -4432 | -51.58 | -14.35 3.74
w 1.403 3.358 4.664 6.791 7732 | 4.675 1.016
Y 8.521 33.93 53.88 56.95 59.79 15.44 -
Xe 9.15 -19.34 | -34.08 | -30.45 | -30.21 | -7.565 | 1.997
zero -1.38396 | -1.27654 | -1.07726 | -1.24142 | -1.28665 | 0.0221 | -1.2095
X - 1.653 - - - 3.159 | 2421

Table 4. Rietveld refinerment parameters for powder X-ray diffraction data of Lio(suc)-x(flu)x.
Note 1) A different wavelength was used for this sample (0.82715 A, c.f. 0.826124 A).

A plot of cell parameters against X shows an increase in &axis length and a small initial

decrease in c-axis length

from Vegard’s law,”® which although more commonly applied to metal alloys*® was

Figure 22

. The linear dependence of Vwith X may be expected

originally developed through the study of similarly ionic compounds. The fact that the cell

axes do not display linear behaviour may be due to anisotropic stress accommodation within

the framework structure.
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Figure 22. Céell parameter variations in Lix(suc)x(flu)x: a- and c-axis lengths are shown by
blue squares and diamonds, respectively, and cell volume, V, is shown by red circles. Error

bars lie within the data markers.

Refinement of fluorine site occupancy, Foc, reveals that variation in ligand ratio is well

controlled by mechanosynthesis (Figure 23). In all samples featuring mixed ligands, Foc is

slightly lower than expected. This may be due to incomplete reaction or lower than expected
starting material purity, but more likely it is an artefact of the refinement model, in which
positions of succinate H atoms were constrained to vary with those of tetrafluorosuccinate F
atoms. The H atoms could therefore easily account for some electron density associated in

reality with F atoms, reducing the apparent occupancy of the F site.
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Figure 23. Plot of fluorine site occupancy from Rietveld refinement, Foce, vs. nominal (flu)

content from reactant ratio, x. The straight line, x = y, represents the ideal stoichiometry.
4.3.2.2. Confirmation of homogeneity by solid state NMR

Explicit confirmation of the homogeneous presence of both ligands in the 1:1 mixed phase

was obtained in a "*C cross-polarisation MAS-NMR experiment, in which the build-up of

peaks was measured as a function of contact time (Figure 24|and|Figure 25). At the shortest

contact time, only the peaks for (suc) carbons are observed, due to their spatial proximity to
the coupled protons. The alkyl carbon (36 ppm) reaches maximum intensity first, followed by

the carboxylate carbon (183 ppm), as expected from their relative distances from the alkyl

protons (1.0 A and 2.1 A, respectively, see|Figure 26). At longer contact times

cross-polarization to nearby ligands can occur, and so the signal for the (flu) carboxylate
carbon, which is 3.7 A away from the nearest proton, is clearly observed at 168 ppm.
Critically, the "*C cross-polarisation spectrum of the precursor tetrafluorosuccinic acid does

not contain any significant peaks, due to the absence of any alkyl protons and the very weak

coupling between the acid proton and other carbons (Figure 27). Therefore the *C (flu)

signal in the 1:1 mixed phase must arise because of coupling to (suc) protons in close
proximity to (flu) ligands, indicating that the ligands are neighbours in the same crystalline

phase.
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Figure 24. Cross polarisation MAS-NMR of ">C cross-polarisation MAS-NMR spectra of
Lis(suc)os(flu)os as a function of contact time. Asterisks indicate spinning sidebands; the CF»
peak from tetrafluorosuccinate ligands is not observed due to lack of "F decoupling. Figure

courtesy of Dr. Thomas Koester.

14
2084 °
)
( o
9
506~
o
Q
N
[1v] A
§0,4_ )
o ] / —+— 183 ppm
0,2 // *- 168 ppm
1 / * 36 ppm
: e
L e o R T e B 0 R I e S B U e W R
0 1 000 2 000 3 000 4 000 5000 6 000 7 000

Contact Time / us

Figure 25. Build-up curves of ">C cross-polarisation MAS-NMR peaks in Lis(suc)os(flu)os,
showing the lag of the (flu) CF>COQ peak due to much weaker dipolar coupling with the

protons in succinate ligands. Figure courtesy of Dr. Thomas Koester.
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Figure 26. Closest through-space carbon-hydrogen distances in Lix(suc)os(flu)os, sShowing an
intra-ligand alkyl C-H bond (green), an intra-ligand carboxylate C - alkyl H distance (black
dashed line) and an inter-ligand C-H distance (red dashed line). C, H, F and O atoms are
coloured grey, white, green and red, respectively.
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Figure 27. °C cross polarisation MAS-NMR of tetrafluorosuccinic acid and succinic acia,
indicating the lack of peaks in the spectrum of the fluorinated ligand. Figure courtesy of Dr.
Thomas Koester.

4.3.2.3. Complementary analysis of Lix(suc);x(flu)x

Elemental analysis of the carbon and hydrogen content shows a continuous variation in
ligand content and is in close agreement with expected compositions, confirming that the

integrity of both hydrogenated and fluorinated ligands was maintained during the synthesis

Figure 28). Interestingly, in contrast to the Rietveld refinement of F site occupancy, all

samples display slightly lower than expected hydrogen content, although they are all within
the commonly accepted 0.2 wt.% error of expected values of the microanalysis technique.

Similar microanalysis was not available to determine fluorine content directly.
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Figure 28. C and H microanalysis of Lix(suc)«(flu)+.x. Blue diamonds and dotted line indicate
observed and calculated values, respectively, for C, and green squares and dotted line
indicate observed and calculated values, respectively, for H. Error bars shown at 0.2 wt. %.

Scanning electron microscopy micrographs confirm homogeneity on a scale at least below
100 nm in each sample. Particle morphology is found to change gradually across the series,

between large agglomerates of smaller particles where x= 0 and smaller agglomerates of

larger particles where x= 1. (Figure 29).

Figure 29. SEM micrographs of Lix(suc)x(flu).x, wherea) x= 0, b) x= 0.5and c) x = 1.0.
Scales are indicated by bars of 1 ymlength.
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Fourier-transform infrared spectra confirm the presence of both hydrogenated and fluorinated

ligands, with the ratio of the peaks from the different ligands, particularly in the C=0O

stretching region, varying smoothly as expected with ligand fraction (Figure 30).

Interestingly, the peak corresponding to the tetrafluorosuccinate carboxylate antisymmetric
stretching mode shifts to higher frequency as x decreases from x= 1. Equally, the equivalent
peak from the succinate ligand also shifts to higher frequency as x increases from x= 0. Both
changes may be due to the perturbation of local structure around each ligand, which forces
the tetrafluorosuccinate ligand into a progressively smaller environment and the succinate
ligand into a progressively more spacious environment. In both cases, the effect of
perturbation from the ligands’ equilibrium environments (i.e. in the parent compounds) is to

raise the energy of the stretching vibration.

Absorbance (Arbitrary units)

1700 1650 1600 1550
Wavenumber (cm'1)

Figure 30. Infrared spectra of Lis(suc)+x(flu)x in the C=0O stretching region, showing the
change in absorbance and shift in band positions of the carboxylate antisymmetric stretches.

Thermogravimetric analysis shows a gradual decrease in thermal stability as the fraction of

fluorinated ligand increases from x= 0 to x= 0.5, with the main mass loss occurring in a

single, broad step for each compound (Figure 31). This is due to the increasing

thermodynamic driving force for decomposition, as discussed with the parent compounds.
For samples in which the major ligand is tetrafluorosuccinate, between x= 0.5 and x=1,
thermal decomposition occurs in one sharp step at approximately constant temperature.
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Figure 31. Thermogravimetric analysis of Lis(suc)x(flu)+1., sShowing decreasing thermal
stability with increasing x up to x = 0.5.

4.3.2.4. Cell variations in Lix(suc)x(mal)y(met),

The diffraction patterns of Lix(suc)«(mal)y(met), exhibited significantly broader peaks than
Lix(suc); x(flu)x, leading to the data not being of high enough quality for Rietveld refinement
of atomic positions. Le Bail analysis was therefore used to determine accurate cell parameters

for each phase (see Appendix for refinement parameters). A representative refinement of the

ternary phase Lix(suc);;3(mal);;z(met);s; is shown infFigure 32
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Figure 32. Le Bail refinement of Lis(suc)1s(mal)qs(met) 1,3, sShowing expected peak positions
and high angle data (inset). Observed, calculated and difference data are shown in blue, red
and black, respectively.

In the binary solid solution Liy(suc)x(met),, V does not vary linearly with Z but has curved

behaviour that can be fitted to a polynomial of order 3 (Figure 33). The a/ cratio reaches a

minimum when z= 0.5, due to the steric bulk of the methyl groups, which interact with the
other framework components, causing an increase in the strain along the c-axis. Between
z= 0.5 and z= 0.8, the average number methyl groups in each cavity is closer to two, and so

steric interactions between them begin to dominate, causing an expansion of the ab-plane.

In the binary system Liy(mal)x(met),, variation of V'is more linear (Figure 34). The a/ cratio

displays different behaviour, reaching a maximum at low zthen decreasing. This is thought to

be a result of disruption to the hydrogen bonding trimer described in Section|4.3.1.3} which

causes contraction of the aaxis in pure Liy(mal). As soon as one hydroxyl group is replaced
by a methyl group, two out of three hydrogen bonding interactions are removed, causing a
rapid expansion of the ab-plane and an increase in the a/ Ccratio. As Zincreases further,
inter-ligand interactions happen increasingly in the ¢ direction due to the disorder among
methyl group positions, allowing them to fill space in the cavity not accessible to the
hydroxyl groups of the chiral L-malate ligand, which must remain in the &b plane due to the

single enantiomeric configuration present. This results in a gradual decrease in the a/ cratio.
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Figure 33. Variation in cell volume, V (red squares), and a/ c ratio (blue diamonds) in
Li(suc)x(met),. Error bars lie within data markers.
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The binary system Liy(suc)x(mal), shows much less variation than Li(suc)(met), and

Li(mal)y(met), in both Vand a/ c(Figure 35

. Both reach maxima around x= 0.5, due to the

steric repulsion between hydroxyl groups in the ab-plane. Only at high values of x does

hydrogen bonding counteract this, when on average more than two OH groups occupy the

cavity within the crystal structure. It should be noted that the vertical axes in

Figure 35|are

less than half the scale of the other binary systems, showing that the effect of hydroxyl

groups is much smaller than that of steric repulsion between methyl groups.
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Figure 35. Variation in cell volume, V (red squares), and a/ c ratio (blue diamonds) in
Lip(suc)x(mal),. Error bars lie within data markers.

Overall, in the ternary phase diagram of Liy(suc)x(mal)y(met), the most striking variation is

seen in V, which is almost invariant where the sum (X+ )) is constant but it increases

dramatically as a function of methylsuccinate fraction, z

Figure 36

. The ratio of the cell

parameters, &/ C, varies less systematically than V, depending on the specific interactions

between substituents in each case (Figure 37

. The behaviour is made more complicated by

the disorder among methyl groups, but the highest values of a/ ctend to be at low zand

intermediate y due to the steric interactions in the ab-plane in these phases.
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Figure 36. Plot of unit cell volume vs. composition for the ternary solid solution
Lip(suc)x(mal),(met),, showing ligands corresponding to the pure end-members,
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Figure 37. Plot of cell parameter ratio, a/c, vs. composition for the ternary solid solution
Lip(suc)x(mal),(met),, showing ligands corresponding to the pure end-members,

One final observation of Lix(suc)(mal),(met), is that the parent phase Liy(mal) is chiral,

adopting the space group A3, whereas the others adopt 3. Strictly speaking, it is therefore
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not isostructural and mixed-ligand phases of compositions containing the L-malate ligand are
not solid solutions. However, the phases are topologically similar, the only major difference
being a hydroxyl substituent that breaks the centric symmetry. Therefore we may call these
materials “topologically similar disordered mixed-ligand phases”. The mixing of chiral and
achiral parent phases is, to the best of the author’s knowledge, unreported in any type of
material, although solid solutions of molecules with opposite chirality have been studied
previously.”® This leads to the questions, “at what composition does the achiral phase become
chiral, i.e. can you consider an isolated chiral molecule in an achiral bulk phase as a point
defect, not contributing to its overall chirality? If so, at what concentration does the effect of

chiral molecules translate into bulk chirality?”
4.3.2.5. Confirmation of ternary phase components by solid state NMR

Solid state NMR again provided confirmation that the expected ligands were present in the

mixed-ligand phases Lix(suc)x(mal)y(met),. The 13C spectra obtained (Figure 38) show clear

differences between the pure compounds, with the peaks in regions 175 ppm - 190 ppm,

70 ppm, 30 ppm - 45 ppm, 25 ppm and 20 ppm assigned to CO,’, CHOH, CH,, CH and CH3,
respectively. The spectra of binary mixed-ligand phases are linear combinations of the
spectra of the end-members, whilst the ternary phase Liy(suc);;3(mal);;3(met);3 shows all the

peaks from all three ligands.

It should be noted that this does not provide conclusive evidence for homogeneous ligand
mixing, as was the case in Liy(suc)o s(flu) os. If a similar cross-polarization experiment had
been performed on Li(suc);;3(mal);3(met); 3, the presence of protons on all ligands, rather
than just (suc), would have made interpretation of the results ambiguous. However, the NMR
confirms that the ligands remained intact and, coupled with accurate cell-parameter
determination by high-resolution powder X-ray diffraction data, points firmly towards

homogeneous, disordered mixed-ligand behaviour in this ternary phase diagram.
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Figure 38. Solid state MAS-NMR ">C spectra of pure compounds lithium succinate, lithium
L-malate and lithium methylsuccinate, and their binary and ternary mixed-ligand phases.
Asterisks mark peaks from the methyl group of lithium acetate impurity (masked in samples
containing (met). Figure courtesy of Dr. Thomas Koester.

4.3.3. Topotactic dehydration of lithium L-malate

The observation in the thermogravimetric analysis of Li(mal) that around 12 % mass loss
occurs before the main framework decomposition temperature suggests that water (12 wt.%
calculated) was being eliminated from the ligand. Further investigation by single crystal
X-ray diffraction, NMR and FTIR shows that upon heating above 320 °C, the L-malate

ligand dehydrates in a single-crystal to single-crystal process to form the fumarate ligand,

(fum)z' = C4H2042', which has a frans C=C double bond (Figure 39). The resulting material is

a solid solution of malate and fumarate ligands with composition Li;(mal);x(fum)y, where x
can be controlled by variation of the heat treatment up to approximately x= 0.8. Complete

topotactic dehydration of the ligand is not possible due to framework decomposition above

350 °C.

0 ?\H 0
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Figure 39. Chemdraw schematic of the topochemical dehydration of lithium L-malate.
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Notably, the fumarate ligand’s ¢isisomer, maleic acid, was not formed due to the ligand’s
orientation with carboxylates fransto one another held fixed by the inorganic (LiO).
network. In addition, synthesis of lithium-based fumarate frameworks using conventional
solution methods did not result in the formation of a I’O° structure similar to Li(suc). Instead,
the pure ligand compound Li(fum) is found to take a denser form, with I'O? architecture (see
Chapter 5). This indicates that topotactic dehydration is a potential route to form structures

that are not accessible using other synthetic methods.
4.3.3.1. Single crystal structure of Li(L-malate)g 23(fumarate)o 77

The crystal structure of Lip(mal)g23(fum)o 77 was determined by single crystal X-ray

diffraction methods at 120 K. Relevant details are shown in|Table 5

Lip(mal)g23(fum)g 77 is isostructural to Liy(mal), but contains disorder in the ligand whereby
the fumarate ligand (C4H,04>) has replaced most of the L-malate ligand. The asymmetric

unit contains two lithium atoms and one ligand moiety, with site occupancies 0.228(8) and

0.772(8) for L-malate and fumarate, respectively (Figure 40).

Figure 40. Ortep extended asymmetric unit of Lix(L-malate)o s(fumarate)o 77, showing the
atoms needed to complete the lithium coordination sphere (grey labels). The C-C and C-H
bonds of the fumarate ligand are shown as dashed blue lines. C, H, Li and O atoms are
coloured grey, white, green and red, respectively.
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Lio(L-malate)oos(fumarate)o.77
crystal size (mm®) 0.2x02x0.2
crystal system trigonal
space group R3
T (K) 120(2)
a(A) 11.7600(6)
b (A) 11.7600(6)
c(A) 11.0689(7)
a () 90
B 90
Y (©) 120
V (A3 1325.71(13)
asym. unit Cs Hpa4 Lip Og22
Z 9
deaic (g cm™) 1.487
A (A) 0.71073
p (mm’™) 0.128
reflections collected 2127
unique reflections 1273
observed data (I > 2o(I)) 994
parameters 113
Rint 0.0184
R; 0.0425
wR; (I > 26(1)) 0.1084
R, (all data) 0.0588
WR: (all data) 0.1236
GOF 1.042

Table 5. Sngle crystal structure determination parameters for Lis(mal)o.23(fum)o 7.

The lithium coordination spheres are distorted tetrahedra (bond distances 1.917(12) A -
2.005(12) A, angles 88.9(4)° - 122.8(5)°) with bond valence sums 1.09 and 1.07 for Lil and
Li2, respectively. O, 10.15°, is reduced slightly compared with Liy(mal), but the average
Li-O bond distance is the same (1.95(3) A). The ligand bond distances are reasonable for C-C
and C-O, with the caveat of restraints in the L-malate distances in the structure refinement,
which were necessary due to its low occupancy. Notably, the distance between the central
fumarate carbons C2A and C3A, which was refined freely, is shorter than the others at
1.273(6) A, corresponding to a C=C double bond. The fumarate ligand is close to planar: the
angles between the planes of the carbon backbone and carboxylate groups are 7.4(12)° and

4.9(12)° for O2-C1-C2A-C3A and O3-C4-C3A-C2A, respectively.
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The overall structure closely resembles Liy(mal) (Figure 41), although there are some

changes in the unit cell parameters, which are discussed in Section|4.3.3.4

Figure 41. Extended structure of Lix(L-mal )o 23(fum)o.77, @) showing the connectivity between
organic and inorganic parts, and b) viewed down the c-axis. Both ligands are shown for
completeness. C, H and O atoms and LiO, tetrahedra are shown in grey, white, red and

green, respectively.
4.3.3.2. Confirmation of mixed ligand composition by solution NMR

The presence of both L-malate and fumarate ligands in the bulk sample of

Liy(mal)g23(fum)g 77 was confirmed by 'H Figure 42) and 13C solution NMR Figure 43).
Peaks were assigned as follows: L-malate 3C 8 =42.481 ppm (CH,), 70.251 ppm (CHOH),
179.766 ppm (CO,-BOH), 180.951 ppm (CO,-aOH); 'H & = 1.766 ppm (OH), 2.22 ppm and
2.52 ppm (both dd, CH,), 4.155 ppm (dd, CH). Fumarate >C § = 135.239 ppm (CH), 174.631
ppm (CO,); 'H & = 6.372 ppm (s, CH).

It is worth noting that the observed chemical shift of the fumarate proton is 6 = 6.372 ppm,
which is close to the expected chemical shift of 8 = 6.31 ppm, simulated using ChemDraw.”’
In contrast, the simulated chemical shift of maleic acid, the ¢isisomer of fumaric acid, is
higher: & = 6.49 ppm. This gives further confirmation that the fransisomer, fumaric acid, is
the only product, pointing towards a topochemical reaction mechanism rather than one

involving more substantial structural rearrangement.

The areas under the 'H peaks were integrated to give an estimate of the fumarate fraction, x,
in the sample, which was calculated as 0.81, in close agreement with the value obtained by

single crystal X-ray diffraction, 0.77.
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Figure 42. "H NMR spectra of Lis(mal)o zs(fum)o 7 dissolved in D20, showing peak
assignments and relative peak intensities. The asterisk marks an HOD impurity peak.
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Figure 43. >C NMR spectrum of Liz(mal).zs(fum)s.77 dissolved in D20, showing peak
assignments according to the ligand structures. Asterisks mark malic acid impurity peaks.
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4.3.3.3.  Confirmation of ligand transformation by FTIR

Comparison of the infrared spectra of Liy(mal) and Liy(L-mal)23(fum)o 77 reveal a reduction
in the intensity of the bands corresponding to the malate O-H stretch (3440 cm™) and C-OH
stretch (1070 cm™), and the appearance of a band at 970 cm™ due to the formation of the

fumarate trans C=C double bond (Figure 44).
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Figure 44. Fourier-transform infrared spectra of Liz(mal) (red dotted line) and
Lix(L-mal)o.25(fum)o.77 (blue solid line). Asterisks mark the malate O-H and C-OH stretching
bands and fumarate trans HC=CH out of plane deformation band at 3440 cri’, 1070 cmi’
and 970 cri’, respectively.

4.3.3.4.  Variation in cell parameter as a function of fumarate fraction, x

Further structure determination was performed on crystals of Liy(mal) exposed to different

heat treatments, in order to observe changes in the unit cell as a function of fumarate

fraction, X. The results are shown in|Table 6
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Heat treatment none 320 °C 320 °C 350 °C
10 hours 22 hours 20 hours
F”maratifrad'm’ 0 0.575(12) 0.772(8) 0.800(14)
alA 11.8771(11) | 11.8093(10) 11.7600(6) 11.7253(15)
c/A 10.7193(10) | 10.9615(11) 11.0689(7) 11.126(2)
V/A® 1309.5(2) 1323.9(2) 1325.71(13) 1324.7(4)
dealc (g €M) 1.666 1.531 1.487 1.484
R, 0.0412 0.0513 0.0425 0.0847

Table 6. Cell parameter and fumarate fraction variation in Lix(L-mal).x(fum)x as a function
of heat treatment.

The most striking change from the original structure is an increase in unit cell volume with
fumarate fraction, x. This expansion is highly anisotropic: whilst the c-axis increases in
length by around 4 %, the a-axis actually decreases by 1 %. This may be due to the rigidity of
the planar fumarate ligand, which forces the inorganic part of the framework to distort, rather
than the loss of hydroxyl groups (which would instead cause expansion in the ab-plane).
Accompanying this change is a decrease in density of around 10 %, as a result of the loss of
over three H,O units per four ligands in the structure as well as the cell expansion. Attempts
to reach complete conversion to pure lithium fumarate by increasing the heating temperature
to 350 °C were unsuccessful. Crystal quality of the resulting product was poor, as
demonstrated by the refinement indicator R; = 0.0847, and around 20 % of the malate ligand
remained. In addition, powder X-ray diffraction analysis of the bulk product showed

formation of trace Li,COj3, indicative of framework decomposition.
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4.4. Conclusions

The crystal structures of four new non-porous lithium-based inorganic-organic frameworks,
lithium tetrafluorosuccinate and lithium methylsuccinate, and lithium L-malate and

lithium (L malate) »3(fumarate) 77, have been determined and found to be isostructural and
almost isostructural, respectively, with lithium succinate, which has 3-D inorganic
connectivity. The atomic structures and cell parameters are found to vary with different
ligand substituents, whilst the overall framework topology remains constant. The effect of
ligand substitution on the mechanical properties and thermal stability was investigated in
detail. Methylation of the succinate ligand results in a highly strained structure, in which both
Li-O bonds and the unit cell volume expand relative to lithium succinate and in which
thermal stability is reduced. Fluorination results in cell expansion, decreased yield stress and
even lower thermal stability, due to elongation of Li-O framework bonds. However, the
fluorinated structure has the highest elastic modulus and hardness due to increased packing
density and ligand rigidity. Incorporation of a chiral hydroxyl group on the ligand results in a
similar increase in elastic modulus and hardness, due to the combination of packing density
and inter-ligand hydrogen bonding. In this case, however, the unit cell volume is lower than

lithium succinate due to contraction caused by the hydrogen bonding.

Binary and ternary mixed-ligand non-porous inorganic-organic frameworks have been
synthesized for the first time. Mechanochemical reactions between the pure end-members
lithium succinate, lithium tetrafluorosuccinate, lithium L-malate and lithium methylsuccinate
yielded single phase, homogeneous materials, whose composition was confirmed by
high-resolution powder X-ray diffraction and solid state NMR experiments. The effect of
composition on atomic structure and cell parameters were investigated by Rietveld and Le
Bail refinement and found to vary with ligand substituent. In the binary solid solution
lithium (succinate) (tetrafluorosuccinate)y, cell volume varies linearly with x and exhibits an
overall increase of 7 %, which enables good differentiation between X-ray diffraction peaks
and thus confirmation of single-phase behaviour. Analysis of the solid state MAS-NMR "*C
cross-polarisation build-up curves for the phase with composition x= 0.5 also confirms the
proximity of hydrogenated and fluorinated ligands on the atomic scale. In the ternary mixed-
ligand system lithium (succinate),(L-malate),(methylsuccinate),, cell volume varies linearly
with zbut is essentially unchanged when x+ y= constant. Interestingly, the presence of the

chiral L-malate ligand breaks the centric symmetric of the bulk phase, involving a transition
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from space group A3 to AB. This means that the phases are not strictly solid solutions, but

may be called “topologically similar” disordered mixed-ligand phases.

Topochemical dehydration was observed upon heating lithium L-malate up to 320 °C. The
resulting structure, a disordered mixed-ligand phase with composition lithium

(L-malate), x(fumarate)y, was investigated by single crystal X-ray diffraction and found to
exhibit anisotropic expansion with increasing X. The composition of the product was
confirmed by solution NMR and FTIR, but thermal decomposition of the framework at

higher temperatures gives rise to a ligand transformation limit of x= 0.8.

Overall, it has been demonstrated for the first time that ligand solid solutions and
“topologically similar” disordered mixed-ligand phases can be formed in 3-D non-porous
inorganic-organic frameworks, both by mechanosynthesis and by topotactic dehydration.
This represents a novel way to introduce disorder into what are commonly regarded as very
rigid, ordered, crystalline systems. Although no lithium conductivity was observed in the
samples tested from this work, it nonetheless demonstrates the potential to induce
ligand-based disorder into the structure, which may have potential in controlling the
structures and properties of other inorganic-organic framework systems. It is apparent that
modifying the chemical functionality on framework ligands can induce changes in various
structural elements, such as cell parameters, metal coordination and ligand conformation.
This could offer a profound enhancement of the control of physical properties of functional

inorganic-organic frameworks, such as their electronic, magnetic and optical properties.
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4.5. Future work

4.5.1. Parent compounds

The single crystal structure of lithium methylsuccinate consists of both enantiomeric isomers
of the ligand, due to in-situ isomerisation. This leads to the question of whether or not the
same structure can be formed directly from the racemic acid, which may require a lower
synthesis temperature because there are already equal quantities of each enantiomer present.
In addition, it could enable a more ordered structure to be formed, and perhaps better
crystallization. This would have an effect on the local structure, which could be investigated
by examining changes in features such as the Li bond valence sum and root mean squared
O-Li-O angle. If crystals of sufficient size could be grown, it would also be interesting to
investigate the effect of the purely bulky methyl substituent on the mechanical properties of
Li(met). This would provide a useful comparison to those with mechanical properties
already measured by nanoindentation, Liy(suc), Li(flu) and Li(mal), but without hydrogen

bonding or elongated Li-O bonding.
4.5.2. Mixed-ligand compounds

It would be interesting to investigate non-porous inorganic-organic frameworks based on

metals other than lithium for substitutional behaviour on the ligand sublattice, as a way to

gain fine control over their physical properties. As described in Section|4.1.1{ the effects of

ligand substitution on porous frameworks are beginning to be investigated, but this is an as
yet unexplored concept in non-porous frameworks. Tuning of the organic and inorganic
structural elements could have interesting consequences for properties such as magnetism,
ferroelectric behaviour, luminescence and electrical conductivity. It may be also be
advantageous to develop synthesis methods that allow ligand solid solution behaviour in
samples with morphologies other than fine powders obtained by mechanochemical synthesis,
such as thin films and single crystals, which would enable the use of a wider range of

measurement techniques.

The observation of mixed-ligand phases in which the parent compounds contain both achiral
and chiral ligands, such as Lix(suc)«(mal),(met),, raises questions about the chirality of the
bulk materials, since they are technically not solid solutions. Of particular interest is the
effect of low concentrations of chiral ligands in a bulk achiral phase, and the effect of

increasing the concentration of localised chiral point defects on the overall chirality. One
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possible means to study this would be solid-state circular dichroism, which gives a
characteristic signal depending on the chirality of the material studied and has previously

been used to confirm the chirality of inorganic-organic frameworks.”®
45.3. Topotactic dehydration

Formation of ligand solid solutions via topotactic thermal dehydration may be one way to
control stoichiometry in single crystals, and as such should be investigated further. In the case
of lithium (L malate),.«(fumarate)y, control over x with thermal treatment conditions must be
mapped out more thoroughly. It may also be possible to increase the limit of x by altering
treatment conditions, such as using an inert atmosphere or vacuum to reduce framework

decomposition and to increase the entropic driving force associated with water loss.

Topotactic thermal ligand dehydration may be a way not only to induce solid solution
behaviour, but also to increase the porosity or functionality of porous inorganic-organic
frameworks. Further treatment of the unsaturated framework ligand after heat treatment, such
as addition of HX (where X is any anionic functional group) over the C=C double bond,
could introduce new chemical functionality into framework architectures that may not readily

form such structures directly.
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5.1. I ntroduction

This chapter considers the diverse structures of lithium-based inorganic-organic frameworks,
and investigates the factors affecting their structures and properties, particularly for lithium
battery applications. The rise of lithium ion batteries in the last two decades as the principle
means of energy storage for small-scale, portable electronic devices is underpinned by the
large electrode potential and low mass of lithium, which result in batteries with higher energy
density than any other system. This has meant that mass energy storage for clean electric
vehicles, renewable sources and grid applications is starting to become a reality. However,
significant issues remain that must be overcome for them to make a significant difference.
Safety and longevity are of prime concern, alongside increases in energy and power density,

in order to make them viable on a large scale in the long term. '

The other notable potential application of lithium-containing frameworks is in gas sorption.
Incorporation of lithium, which has high charge density, is beneficial to both the interaction
of framework walls with small molecules and the gravimetric storage capacity of the
material.” Thus, lithium-containing MOFs are promising candidates for hydrogen storage, >

carbon dioxide sequestration® and sensing applications.”

Fundamentally, the physical properties of any material are a result of the chemistry and
structure of its component atoms and molecules. In order to design better materials, an
understanding of the relationship between structure and properties is vital, as is knowledge of
how to manipulate and synthesize materials with desirable properties. In this chapter, four
new lithium-based inorganic-organic framework structures are reported that contain a variety
of ligands and topologies. Non-porous, anhydrous structures in particular were targeted due
to the lower chemical and thermal stability of compounds containing water or other small
solvent molecules.” The diversity of the new compounds is discussed alongside other known
lithium-based inorganic-organic frameworks, and trends in their structures are examined. The
results of electrochemical cycling and conductivity measurements on some of these materials
are discussed, exploring their potential as anode materials and solid electrolytes in lithium

batteries.
5.1.1. Structure control in lithium-based inorganic-organic frameworks

The coordination sphere of lithium, and indeed of other sblock cations, is less rigid than

those of many transition metals, which adopt certain geometries determined by crystal field
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stabilisation effects. Therefore, the architectures of lithium-based inorganic-organic
frameworks are determined less by the geometry of secondary building units, SBUs, and
more by ligand conformation and other crystal packing effects. In addition, lithium is
extremely hydrophilic and coordination by water and other small molecules can result in
reduced connectivity and lower thermal stability in inorganic-organic frameworks.’ These
factors certainly have a significant effect on the structures of lithium-based frameworks, and
so their control and possible design will require a different approach to that applied to

transition metal-based inorganic-organic frameworks.

In their recent review on S-block metal coordination networks (CNs), Banerjee et al.
summarized the structures of some lithium-based frameworks,6 but omitted a number of
important examples. They did, however, note that “the structural chemistry of lithium CNs is
dominated by the metal’s tendency to favour tetrahedral coordination with carboxylate
oxygen atoms and by network topologies that depend strongly on the nature of organic
linkers™.® In addition, they observed that lithium ions are often coordinated by polar solvents,
and that connectivity between LiO4 units ranges from isolated to layered edge-linked
tetrahedra. Fromm’ made similar comments in a previous review, adding that structures “can
be governed by the capacity of the ligand to bridge between metal ions, i.e. its steric demand
as well as its number and position of donor sites”.” However, very few examples were
described, and the author’s scope was limited to examples of specific interest to

organometallic chemistry.

The compounds and analysis described in this chapter offer new insight into the overall
structural trends of lithium-based inorganic-organic frameworks, which may help to design
structures with properties tailored towards specific applications, such as lithium batteries and
gas storage. In particular, a much wider diversity than previously observed has been
uncovered in lithium dicarboxylates, involving structures with connectivities spanning all
I"O" combinations, as defined by Cheetham et al.® Trends have been investigated in the
structures of 49 lithium dicarboxylate frameworks, including those previously reported and

18 reported for the first time in this thesis. Three classes of ligands were identified: those

with linear, bent or flexible conformations (Figure 1), which affect the type of structure

produced, as does the metal:ligand ratio and the degree of solvation.
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Figure 1. Dicarboxylic acid ligands used in lithium-based inorganic-organic frameworks,

grouped by the conformational relationship between carboxylate groups.
5.1.2 Battery-related properties of lithium-containing inorganic-organic frameworks
5.1.2.1.  Negative electrode behaviour of lithium-containing inorganic-organic materials

Organic materials have been investigated as active components in lithium batteries since the
1960’s,” with substantial efforts made in the areas of organosulfur compounds, organic
radicals and carbonyl compounds, which have recently been subject of a comprehensive
review by Liang et al.'® Most of these materials operate at voltages suitable for positive
electrodes, and negative electrode materials have been investigated far less frequently due to
the already satisfactorily high capacity of metallic lithium. However, use of metallic lithium
in lithium batteries creates serious problems due to the formation of dendrites upon charging,
which eventually lead to short-circuiting.'' This fatal problem can be avoided by replacing
lithium with carbonaceous materials such as graphite, into which ionic lithium can insert, but
they compromise capacity and suffer initial capacity loss and potential safety issues due to
operation at potentials lower than the stability window of conventional electrolytes. '

Development of intermetallic compounds, particularly those based on tin and silicon, which
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offer charge densities close to metallic lithium and also tuneable operating potential, has so
far been unable to overcome problems associated with large changes in structure and volume

upon charging and discharging and high initial capacity loss."

A renewed effort has recently been made to discover materials with low operating potentials
that may be high-capacity, high-safety alternatives to existing anode materials.'* Chen et al.
reported the redox chemistry of the tetralithium salt of tetrahydroxybenzoquinone, LixCsOs
(where x=4), which can be both reduced to x=2 and oxidised to x= 6."**" This two-way
process meant that a symmetric cell could be constructed, which showed reasonable capacity
retention of over 100 mA h g™ after 50 cycles. Furthermore, the material could be
synthesized from biomass sources, potentially leading the way for more ““sustainable”

materials to be investigated.

Lithium dicarboxylates have also received attention as anode materials, potentially reacting

with up to one extra lithium ion per carboxylate group, which leads to high theoretical

capacities (Figure 2). Lithium terephthalate, Li»(1,4-bdc) chemical formula Liy(CsH4O4), and

lithium trans-trans-muconate, Li>(CsH4O4), are capable of reversibly reacting with two and
one lithium ions per formula unit, giving reversible capacities of 300 mA h g at 0.8 V and
150 mA h g at 1.4 V, respectively.'*® The charged nature of these materials means that their
component ions have low solubility in conventional electrolytes, improving their cyclability
compared to small-molecule carbonyl compounds. Their crystal structure of Liy(1,4-bdc)
shows it to be a three-dimensional, I°0' framework," and this may be important in further
enhancing stability, which is evident in its maintained activity at 80 °C with polymer
electrolytes. In addition, the thermal decomposition of both materials was shown to be far

less exothermic than carbonaceous electrodes, resulting in safer cells.

@) : @ LiO — OLi
LiO OLi LiO OLi

Figure 2. Schematic of the reversible electrochemical reduction of lithium terephthalate.’*

This work was extended by Walker et al., who investigated the effect of conjugation length
and cig'transisomerisation on the dicarboxylates LiO,C(CH=CH),CO,Li, where n=1 - 4.1
The crystal structures of these materials were not determined, but it was found that

compounds featuring trans C=C double bonds with n= 2 - 4 reversibly react with ~ 1 Li per
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formula unit at potentials below 1.5 V that increased with n, giving capacities up to

160 mA h g'. In contrast, the cisisomers had similar operating potentials but showed very
little reversibility, whilst dilithium fumarate, the fransisomer with n= 1, was reported to
have no activity. The trends in operating potential were explained by increasing conjugation
length lowering the energy required for reduction, whilst the inability to react with two Li per
formula unit was put down to the proximity of carboxylate groups on the ligand. The lack of
reversibility in the ¢isisomers was suggested to be a result of molecular packing, but

remained unclear.

The same group investigated lithium 4,4-tolane-dicarboxylate, Li,(C6HsO4) {Figure 3),

which has longer conjugation and shows reversible capacity of ~200 mAh g at ~0.65 V.'*

The capacity of this compound changed dramatically depending on whether crystallized from
methanol or ethanol, indicating that both morphological and crystallographic effects were
important factors in its performance. However, they were unable to obtain any crystal
structures of the two structural isomers, so the effect of polymorphism remains unclear. In
addition, the mechanism of reduction was investigated using DFT calculations and EPR

spectroscopy, but failed to reveal any conclusive insight on the process.

N/ N\
O

HO /

Figure 3. Structure of 4,4-tolane dicarboxylic acid.

It should be noted that other mechanisms for electrode behaviour, such as metal-based
redox'® and guest-based redox,'” have also been reported in MOFs but despite the promising
properties reported to date, the work described above highlights a lack of understanding of
the structures and mechanisms involved in the electrochemical behaviour of lithium
dicarboxylate materials. It is hoped that the structural diversity and trends in the frameworks
described in this chapter may lead to greater understanding of the electrochemical behaviour
of lithium dicarboxylates. Electrochemical cycling measurements have been performed on

three compounds and the results are presented herein.
5.1.2.2.  lonic conductivity of inorganic-organic frameworks

In the early 2000’s, Kitagawa and co-workers investigated the proton conductivity of a

number of copper coordination polymers featuring dithiooxamide derivatives, Cu(R,-dtoa)
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(where R = H, C,H4OH etc.), under hydrogen gas and humid conditions.'® The crystal
structures of the compounds were not determined, but shown by extended X-ray absorption
fine structure analysis to consist of square planar dimeric copper (II) units, whose open site
acidity enabled release of protons by coordinated water molecules within the structure.
Conductivities of the order of 10> S cm™ were achieved. A similar approach was used by
Jeong et al., who reported conductivity of 1.5 x 107 S cm™ in the as-synthesized 1°0°
framework, Cus(1,3,5-benzenetricarboxylate)(H,0)s (also known as HKUST-1), following

sorption of methanol."” Conductivity was reduced if the acidic water coordinated to the Cu"

centres was replaced with acetonitrile (Figure 4), or if the charge-carrying methanol was

replaced by hexane, blocking the proton transfer pathway.

Cuz(BTC)s-MOF Sedeedsd
" ‘.’ Hzo - 4 lH
. . . ﬁ uuo
!@i@%.-@a 0,!'. A% &) \Hq q
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0 @ O = oo s 9
Cu O C opencoordination site CH; CH;

Figure 4. Representation of proton conductivity in HKUST-1, structure shown left, via acidity
of water molecules adsorbed at open sites, top right, which is reduced dramatically if an
aprotic acetonitrile molecule is coordinated instead (bottom right). Reproduced with
permission,” copyright 2012 ACS

Yamada ef al. reported proton conductivity of 1.3 x 10° S em™ in the I°0' coordination
polymer, Fe(oxalate)(H,0),.%° In this case, coordinated water molecules again act as the
proton source, but are ordered along the chains of iron oxalate and are not free to diffuse
through the structure. Taylor ef al. showed that the I°0* framework, Zns(1,3,5-
benzenetriphosphonate)(H,0),: 2H,0, provides a conduction pathway for protons via an
ordered array of coordinated and hydrogen-bonded water molecules between the layers.?!
This results in a low activation energy (0.17 eV), but the low acidity of protons on the
coordinated water molecules gives rise to reasonably low conductivity (3.5 x 10° S cm™).

Shigematsu et al. reported control of proton conductivity and activation energy via ligand
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variation in (1,4-bdc)-based I'0? frameworks Al(OH)[(R-CsH3)(COO),](H,0), where R = H,
NH,, OH, and AI(OH)[(CsH,)(COOH)»(COO0),](H20).* The more acidic the pendant group,
the higher the conductivity and lower the activation energy, achieving 2.0 x 10° S cm™ and

0.21 eV, respectively, for R = (COOH),.

Attempts to develop conducting inorganic-organic frameworks containing mobile proton
sources, rather than bound acidic groups, have met with reasonable success. Okawa et al.
reported that uptake of water between the layers of the I°0? frameworks,
NH(prol)3[MHCrH(oxalate)g]- nH,O (M = Mn, Fe, Co; prol = 3-hydroxypropyl), results in an
increase of six orders of magnitude to 1 x 10* S em™.”* They also investigated the effect of
chain length on the alkylammonium cation, showing that the more hydrophilic the chains, the
higher the conductivity, even at low humidities.** Pardo et al. showed that in the 3-D, 1’0’
framework (NH4)4MnCr;(oxalate)s]-4H>O, helical chains of ammonium cations and
disordered water molecules give rise to conductivity one order of magnitude higher

(1.1 x10° S ecm™).?

There have been few attempts to create anhydrousinorganic-organic frameworks exhibiting
proton conductivity above 100 °C, which would be useful in high-temperature fuel cell
applications. Bureekaew ef al. confined imidazole molecules within two 3-D aluminium-
based inorganic-organic frameworks, MIL-53 and Al(OH)(1,4-naphthalenedicarboxylate).
The different pore sizes and surfaces resulted in different packing arrangements and therefore
different mobilities of the guest charge carriers. The flat, hydrophobic surface of the latter
framework resulted in higher conductivity (2.2 x 10° S cm™ vs 5.5 x 10® S cm™, at 120 °C).
This value was subsequently improved by two orders of magnitude, to 1.7 x 10 S cm™ at
150 °C, by replacing imidazole guests with flexible histamine molecules.*® Hurd et al.
reported the structure of an 1°0° framework, Nas(2,4,6-trihydroxyl-1,3,5-benzenetrisulfonate),
which contains one-dimensional pores lined with sulfonate groups.27 Triazole was introduced
into the channels, and the resulting proton conductivity was concentration-dependant,
reaching a maximum at 150 °C of 5 x 10* S em™ for 45 % loading, higher than the pure
guest substance itself. In a proof-of-concept experiment, the material was used as a
membrane in a working Ho/air cell, giving a high, stable open circuit voltage of 1.18 V at

100 °C.

The only report of lithium ion conduction in an inorganic-organic framework is the

functionalisation of the I'0* framework Mgy(1,4-dioxido-2,5-benzenedicarboxylate) with
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lithium isopropoxide and conventional electrolyte molecules by Wiers et al. (Figure 5).”* The

isopropoxide anions coordinate to open Mg*" sites, leaving the lithium ions free to move
through the 1-D channels solvated by the electrolyte. This results in conductivity of
3.1 x 10* S em™ at 300 K, with an activation energy of just 0.15 eV.

Mg,(dobdc)
LiO'Pr i 70 °C, hexanes
vacuum l 180 °C

Mg, (dobdc)-0.5LiIOPr
1 M LiBF, l EC/DEC

Mgy(dobdc)-0.35Li0Pr-0.25LiBF ,-EC-DEC

Mg‘;2+ M?Z* .v.gllz* Mg|2+ Mgl;2+
lolS 0 0© 0 0O
/K ROJ\OR )\ RO)kOR ROJ\OR
DLi(OCO.R,), ®LI(OCORy),  BLI(OCO,Ry),
PLI(OCOR,), ) BFS . BLI(OCO.Ry),
RO. OR R OR R OR
Y g Y Y e
7 9° 0 ? 9°
Mg2+ Mgz+ Mg2+ Mg2+ M92+

Figure 5. Structure of Mgx(1,4-dioxido-2,5-benzenedicarboxylate) and its modification to
form a solid electrolyte. A representation of a cross-sectional view along a channel is shown
bottom right [R = -CH2CHa- (EC) or -CH2CHs (DEC)). Reproduced with permission,”®
copyright 2011 ACS

All the above materials feature guest molecules, either coordinated or mobile within a porous
framework, which act as charge sources and/or carriers, carrying protons or lithium ions
through the structure. In contrast, the new materials described in this thesis are non-porous
and generally contain no guest molecules. They would therefore be free of related
complications, such as low thermal stability and susceptibility to adsorption or desorption of
guest molecules; however, for transport of lithium to occur alternative conduction pathways
would have to be present. If reasonable conductivities were achieved in these compounds,
they would present the opportunity for a more detailed investigation of the relationship
between structure and ionic conductivity. lonic conductivity measurements have been

performed on seven compounds and the results are presented herein.
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5.2. Experimental

5.21. Synthesis

All reagents, 2,2-dimethylsuccinic acid (99 %, Aldrich), lithium hydroxide monohydrate
(reagent grade, Fisher), lithium acetate dihydrate (98 %, Acros), fumaric acid (99 %, Sigma),
chlorosuccinic acid (96 %, Aldrich), D,L-malic acid (> 99.0 %, Fluka), terephthalic acid

(99 %, Acros), lithium oxide (99.5 %, VWR), succinic acid (99 %, Sigma), 3-nitropropionic
acid (> 97 %, Sigma) and tetrafluorosuccinic acid (> 97.0 %, TCI) were bought and used as
received. Absolute ethanol (analytical reagent grade, Fisher) and in-house deionised water
were used as solvents. Crystallizations were performed in 8 - 20 ml PTFE-capped borosilicate
glass vials. Solvothermal reactions were carried out in 23 ml PTFE-lined stainless steel
autoclaves purchased from Parr Instrument Company.” Mechanochemical reactions were
performed using a Retsch Mixer Mill MM400°° equipped with stainless steel jars
manufactured in-house. In these reactions an excess of lithium oxide of 10 wt.% was used to

compensate for a decrease in gross lithium content due to its hygroscopic nature.
5.2.1.1. Synthesis of dilithium 2,2-dimethylsuccinate, Liy(dms), Li(CsHsO4)

2,2-dimethylsuccinic acid (73 mg, 0.5 mmol) and lithtum hydroxide monohydrate

(42 mg, 1.0 mmol) were dissolved in minimal deionised water in a 8 ml borosilicate glass vial.
Ethanol (5 ml) was added, resulting in a cloudy suspension that became clear within minutes.
The vial was placed in an oven at 70 °C overnight to yield colourless flat rods, suitable ones
of which were selected for single crystal X-ray diffraction. A purer sample was synthesized
for further analysis by combining a solution of 2,2-dimethylsuccinic acid (146 mg, 1.0 mmol)
in ethanol (5 ml) with a solution of lithium acetate dihydrate (204 mg, 2.0 mmol) in ethanol
(5 ml). The mixture was placed in a 23 ml PTFE-lined stainless steel autoclave and heated at
180 °C for 3 days, after which the resulting product, colourless flat plates (101 mg, 62 %),
was filtered, washed with ethanol and dried at 60 °C overnight. Elemental analysis:

C 45.47 %, H 4.98 %, N 0.0 % (calculated for Li,CsHgO4: C 45.61 %, H 5.10 %, N 0.0 %).
5.2.1.2. Synthesis of dilithium fumarate, Lix(fum), Lir(C4H204)

Fumaric acid (0.5 mmol) and lithium hydroxide monohydrate (1.0 mmol) were dissolved in
water (1 ml). Ethanol (3 ml) was added, resulting in a cloudy suspension, which became clear

upon addition of the minimal amount of water. The solution was placed in a PTFE-lined
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stainless steel autoclave and heated at 180 °C for four days, then cooled to room temperature.
Suitable colourless blocky crystals were separated from the discoloured mother liquor for
single crystal X-ray diffraction analysis. A bulk sample for further analyses was synthesized
as follows: fumaric acid (5.0 mmol) and lithium hydroxide monohydrate (10.0 mmol) were
dissolved in water (5 ml) and the resulting solution was filtered through cotton wool into a
12ml borosilicate glass vial. The lid was opened slightly to allow slow evaporation of the
solvent and the vial was heated at 60 °C for 16 days. The white crystalline precipitate

(450 mg, 70 %) was separated from the mother liquor (pH 6) by filtration, washed with water
and dried in air at 60 °C overnight. Elemental analysis: C 37.51 %, H 1.49 %, N 0.0 %
(calculated for Li,C4H2O4: C 37.55 %, H 1.58 %, N 0.0 %).

5.2.1.3. Synthesis of lithium hydrogen fumarate, LiH(fum), LiH(C4H,O4)

Fumaric acid (1.0 mmol), lithium hydroxide monohydrate (1.0 mmol) and water (2 ml) were
placed in a 20 ml borosilicate glass vial and the mixture was heated at 70 °C for 30 minutes,
resulting in a clear solution. Ethanol (5 ml) was added and the solution again heated at 70 °C
for two days. The vial lid was then opened slightly to allow slow evaporation of the solvent.
After one week a colourless crystalline precipitate had formed on the vial sides. Suitable
crystals were selected for single crystal X-ray diffraction analysis. A bulk sample for further
analyses was synthesized as follows: fumaric acid (2.0 mmol), lithium hydroxide
monohydrate (2.0 mmol) and water (2 ml) were placed in a 20 ml borosilicate glass vial and
the mixture was heated at 60 °C overnight. The lid was then opened slightly to allow slow
evaporation of the solvent over one week. The product, colourless crystals (241 mg, 99 %)
was washed in ethanol and dried overnight at 60 °C in air. Elemental analysis: C 39.40 %,

H 2.46 %, N 0.0 % (calculated for LiC4H304: C 39.38 %, H 2.48 %, N 0.0 %).
5.2.14. Synthesis of lithium hydrogen D,L-malate, LiH(D,L-mal), LiH(C4H4O5)

Chlorosuccinic acid (1.0 mmol) and lithium hydroxide monohydrate (2.0 mmol) were
dissolved in water (2 ml) in a 8 ml borosilicate glass vial and heated to 60 °C for five weeks,
after which the vial lid was opened slightly to allow slow evaporation of the solvent and the
vial was placed in a mild thermal gradient at room temperature. After five more weeks a
colourless crystalline precipitate had developed, which was filtered, washed (ethanol) and
dried in air at room temperature. Suitable crystals were selected for single crystal X-ray

diffraction analysis, which showed that the ligand had undergone hydrolysis, discussed in

Section|5.3.1.5{ A bulk sample for further analyses was synthesized as follows: D,L-malic
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acid (5.0 mmol) and lithium hydroxide monohydrate (5.0 mmol) were dissolved in water (1
ml) in a 20 ml borosilicate glass vial, which was placed in a 150 °C oven for one week with
the lid opened slightly to allow slow evaporation of the solvent. The white crystalline
precipitate (600 mg, 86 %) was filtered from the mother liquor and dried in air overnight.
Elemental analysis: C 34.04 %, H 3.38 %, N 0.0 % (calculated for LiC4H4Os: C 34.31 %, H
3.60 %, N 0.0 %).

5.2.1.5.  Mechanochemical synthesis of lithium terephthalate, Li(1,4-bdc), Lix(CsH4O4)

Terephthalic acid (1.0 mmol) and lithium oxide (1.1 mmol) were placed in a stainless steel
grinding jar with two 8 mm diameter stainless steel balls. The mixture was ground for 30
minutes in the mixer mill at 25 Hz, yielding a grey powder (80 - 95 %), which was dried at
100 °C overnight. Elemental analysis: C 52.58 %, H 2.24 %, N 0.0 % (calculated for
Li,CgH4O4: C 53.98 %, H 2.27 %, N 0.0 %), suggesting a small impurity phase was present,
confirmed by TGA (see Appendix).

5.2.2. Single crystal X-ray diffraction

Single crystal structure determination was performed as described in Chapter 2. Due to both
twinning and the fragile sheet-like nature of Li;(dms), substantial smearing of diffraction
peaks could not be avoided. The resulting low quality of the data meant that anisotropic
displacement parameters (ADPs) of non-hydrogen atoms could not be refined freely without
becoming ‘non-positive definite’. In order to reach a stable refinement, all oxygen atoms
were constrained to have the same APD. Lithium atoms, methyl carbon atoms and all other

carbon atoms were treated likewise.
5.2.3. Powder X-ray diffraction

Powder X-ray diffraction was performed as described in Chapter 2. Data for Lix(dms) showed
substantial preferred orientation in the [001] direction, which corresponds to the direction
perpendicular to the layers and the largest crystal facets. Despite other analyses confirming
the composition of the sample, many diffraction peaks could not be unambiguously assigned,
suggesting some difference to the single crystal structure and the possible presence of

impurity phases.

168



Chapter 5.

5.2.4. Electrochemical cycling

Electrochemical cycling was performed by Dr Brent Melot. Swagelock-type cells were
assembled in an argon-filled glove box, using a Li metal disk as the negative electrode and a
Whatman GF/D borosilicate glass fibre sheet saturated with LP30 electrolyte (LiPFs 1 M in
ethylene carbonate-dimethyl carbonate 1:1 w/w). Samples were combined with 30 wt. %
carbon (Ketjenblack, AkzoNobel) and ball-milled under argon for 8 minutes using a Retsch
PM100 mixer mill. Typically, 10-12 mg of the mixed powders was used as the positive
electrode per cell. Charge-discharge tests were conducted at 20 °C using a VMP system
(Biologic S.A., Claix, France) operating in galvanostatic mode. Cells were typically cycled

between 3.0 V and 0.5 V va Li"/Li’ at a rate of 1 Li" exchanged per 20 hours.
5.2.5. lonic conductivity

Ionic conductivity was measured by Thomas Pilz on compact pressed powder pellets
(diameter 6 mm, thickness 1.3 mm - 2.1 mm), placed between two ion blocking silver
electrodes in a quartz tube floated with argon. A Novocontrol Alpha A 4.2 Analyzer was used
with the ZG-4 interface in a 2-wire arrangement. Spectra were recorded from 1 Hz to 5 MHz
during continuous heating at a rate of 0.5 K min™, controlled by the WinDeta program.*’

Impedance data was fitted using the WinFit program to give values for bulk conductivity.*
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5.3.1.

Results

New lithium-based inorganic-organic frameworks

Chapter 5.

The structures of four new lithium frameworks, involving the ligands 2,2-dimethylsuccinate,

fumarate and D,L.-malate, have been determined by single crystal X-ray diffraction (Table 1).

Lix(dms) Lix(fum) LiH(fum) LiH(D,L-mal)
formula Liz(C6H804) Li2(c4H204) LIH(C4H204) LIH(C4H405)
crystal size (mm) 0'4(; O(Zl * 10.9%035%x0.05] 09%x08x0.7 | 0.2x0.2x0.05
crystal system triclinic triclinic monoclinic monoclinic
space group P1 P1 P2,/c Qe
T (K) 120(2) 120(2) 120(2) 120(2)
a (A) 6.2511(6) 3.3392(3) 8.6330(3) 26.025(2)
b (A) 9.8961(11) 4.9297(3) 8.3281(2) 4.9925(4)
c (A) 12.225(2) 7.4736(5) 7.7839(3) 8.9158(8)
a(°) 101.862(13) 76.777(5) 90 90
B (°) 102.726(13) 86.619(6) 114.207(5) 102.253(8)
v (°®) 90.012(8) 78.680(6) 90 90
\' (Aa) 721.1(2) 117.421(15) 510.43(3) 1132.04(16)
asym. unit Ci2 Hig Liy Og C4H, Lip O4 C4H; Li O4 C4 Hs5 L1 Os
Y4 4 1 4 8
deaic (9 cm'3) 1.455 1.809 1.588 1.643
p,(mm'1) 0.116 0.155 0.141 0.151
refl. collected 3459 3120 6482 1957
unique refl. 3459 586 1270 1080
observed data
(1> 26(1)) 2384 558 1198 1055
parameters 104 49 91 110
Rint wa ((;;gged 0.0179 0.0154 0.0129
R, 0.0910 0.0267 0.0292 0.0462
wR
a> 202(1)) 0.2523 0.0761 0.0867 0.1205
R, (all data) 0.1200 0.0277 0.0306 0.0306
WRz
(all data) 0.2695 0.0775 0.0880 0.1209
GOF 1.009 1.107 1.021 1.092

Table 1. Sngle crystal structure determinations for dilithium 2,2-dimethylsuccinate, Lio(dms),

dilithium fumarate, Lio(fum), lithium hydrogen fumarate, LiH(fum), and lithium hydrogen
D,L-malate, LiH(D,L-mal).
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5.3.1.1.  Structure of dilithium 2,2-dimethylsuccinate, Liy(dms)

The asymmetric unit of dilithium 2,2-dimethylsuccinate, Li,(dms), consists of four lithium

atoms and two ligand moieties (Figure 6). The lithium atoms have distorted tetrahedral

coordination, with bond distances 1.887(12) A - 2.089(10) A and angles 90.1(5)° - 121.2(6)°.

Both Lil and Li2 are coordinated by oxygen atoms from four different ligand molecules;
their bond valence sums are 1.06 and 1.08, respectively. In contrast, the oxygen atoms in the
coordination spheres of Li3 and Li4 come from just three different ligand molecules. O8a and
O6a belong to carboxylate groups of the same ligand, as do Ola and O3a, forming seven-
membered rings involving the carbon skeleton of the ligand and respective lithium atoms.
The strain inherent in such rings may be the cause of the lower bond valence sum, 0.98 for
both Li3 and Li4, although this value remains in agreement with that expected for a
monovalent cation. In contrast, the bond valence sums of Lil and Li2 are 1.06 and 1.08,

respectively.
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Figure 6. Ortep extended asymmetric unit of dilithium 2,2-dimethylsuccinate, showing atoms
necessary to complete the lithium coordination soheres. C, H, Li and O atoms are shown in
grey, white, green and red, respectively. Additional atoms are labelled in grey.

The conformations of the ligand carbon skeletons are midway between gauche and eclipsed
(C1-C4 -37.1(6)°, C7-C10 -34.1(6)°). Each ligand oxygen atom coordinates to two lithium
atoms, with O1 and O3, and O6 and O8 sharing lithium atoms as described above, giving rise
to the notation 17, *.** Steric interactions dominate over electrostatic repulsion between
carboxylate groups, as C4 and C10 point away from the sides of the ligands that contain
methyl groups. This separation between hydrophilic carboxylate groups and hydrophobic

methyl groups encourages the structure to adopt layers approximately 10 A thick, which stack
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via weak van der Waals forces (Figure 73). The layers consist of a 2-D network of corner-

sharing LiOy tetrahedra bridged by carboxylate groups of the ligand molecules, giving the

framework I?O° connectivity (Figure 7p). This is apparent in the crystal morphology of the

bulk phase, which consists of flat sheets; however, the flat rods obtained for single crystal
structure determination point towards the possibility for morphology control using different
synthesis conditions. As with other framework structures based on the 2,2-dimethylsuccinate
ligand, the methyl groups of the ligand point away from the inorganic network and form a
hydrophobic surface either side of the layer, enabling facile exfoliation of nanosheets (see

Section[5.3.1.5).*

Figure 7. Extended structure of dilithium 2,2-dimethylsuccinate, showing a) two corrugated
sheets viewed down the a-axis, and b) the inorganic connectivity in one sheet, viewed down
the c-axis. C, H and O atoms and LiO, tetrahedra are shown in grey, white, red and green,

respectively.
5.3.1.2. Structure of dilithium fumarate, Liy(fum)

The extended asymmetric unit of dilithium fumarate, Li(fum), consists of half of one

fumarate ligand and one lithium atom (Figure 8). The ligand is planar and retains the trans

conformation of the conjugated m-system of the starting material. C-C bond lengths are as
expected for single and double carbon-carbon bonds, at 1.5002(11) A and 1.331(2) A,
respectively. The carboxylate oxygen atoms are essentially co-planar with the carbon
skeleton, with O1-C1-C2-C2 and O2-C1-C2-C2 torsion angles -8.34(13)° and 169.90(8)°,
respectively. The lithium coordination environment is a distorted tetrahedron. Li-O bond
distances are remarkably uniform, between 1.942(2) A and 1.988(2) A, but O-Li-O angles
vary widely between 89.20(7)° and 119.10(8)°. The bond valence sum is 1.02, in good
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agreement with the expected value for monovalent lithium, although a little lower than most
other lithium-based inorganic-organic frameworks. This may be a result of the rigidity of the

ligand, which limits the extent to which the LiOy4 tetrahedron can relax.
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Figure 8. Ortep extended asymmetric unit of dilithium fumarate, showing atoms needed to
complete one ligand moiety and the lithium coordination sphere. C, H, Li and O atoms are
shown in grey, white, green and red, respectively. Additional atoms are labelled in grey.
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Figure 9. Extended structure of dilithium fumarate, viewed a) down the b-axis, showing
ribbons of Li»Og units, and b) viewed down the a-axis. C, H and O atoms and LiO;, tetrahedra
are shown in grey, white, red and green, respectively.

The overall structure can be thought of as dimers of edge-sharing LiO4 tetrahedra, joined by

their corners to form ribbons along the a-axis (Figure 93). Of the ligand oxygen atoms, O2

bridges between lithium atoms in the same dimer, whilst O1 bridges between lithium atoms

in adjacent dimers. Each ligand therefore coordinates to eight different lithium atoms through
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all four oxygens, and so may be denoted ps, k*. The ribbons are connected in two dimensions

by flat arrays of the fumarate ligand (Figure 9p), giving rise to a 3-dimensional, I'O* structure.

5.3.1.3.  Structure of lithium hydrogen fumarate, LiH(fum)

The asymmetric unit of lithium hydrogen fumarate, LiH(fum), consists of one singly

protonated fumarate ligand and one lithium atom (Figure 10). The ligand is planar and retains

the frans conformation found in fumaric acid. One carboxylate oxygen atom, O1, is
protonated, leading to distinct single/double bond character and a difference in C-O bond
distances within the group (C1-O1 1.3074(11) A, C1-02 1.2242(11) A). The other
carboxylate group is fully deprotonated and the negative charge delocalised, as evident from
the C-O bond distances of 1.2654(11) A (C4-03) and 1.2541(11) A (C4-0O4). The lithium
coordination environment is a distorted tetrahedron, with uniform Li-O bond distances
1.910(2) - 1.948(2) A and O-Li-O bond angles 91.78(7)° - 116.23(8)°. The Li bond valence

sum is 1.13, as expected for monovalent lithium.

Figure 10. Ortep extended asymmetric unit of lithium hydrogen fumarate, showing atoms
necessary to complete the lithium coordination sohere. C, H, Li and O atoms are shown in
grey, white, green and red, respectively. Additional atoms are labelled in grey.

The lithium tetrahedra share edges, forming isolated Li,O¢ dimers, which are connected by

aligned ligand moieties in three dimensions to form an I°O° framework (Figure 11). Only

three of the four ligand oxygen atoms participate in coordination to lithium; the protonated
one, O1, does not, but instead acts as a hydrogen bond donor to O3 on a neighbouring ligand.
02 and O3 coordinate to just one lithium atom each, acting as terminal groups in the Li,Og

dimer, whilst O4 forms the bridge between lithium atoms in the same dimer. Overall, the
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fumarate ligand coordinates to four lithium atoms through three oxygens, so may be denoted

3
M4, K.

g
L]
Figure 11. Extended structure of lithium hydrogen fumarate, a) viewed down the a-axis, and

b) viewed down the c-axis. C, H and O atoms and LiO, tetrahedra are shown in grey, white,
red and green, respectively. Hydrogen bonds are shown as dashed orange lines.

5.3.1.4. Structure of lithium hydrogen D,L-malate, LiH(D,L-mal)

The asymmetric unit of lithium hydrogen D,L-malate, LiH(D,L-mal), contains one singly

protonated ligand moiety and one lithium atom (Figure 12). The malate ligand carbon

backbone is essentially planar, with C1-C2-C3-C4 torsion angle 178.4(15)°. The carboxylate
group closest to the hydroxyl group is deprotonated, as is expected from its lower pK, due to
the hydroxyl group’s electron withdrawing nature. All three of those oxygen atoms are
involved in coordination to Lil, and O2 bridges between adjacent lithium atoms. The
protonated carboxylic acid group exhibits disorder between two positions with equal
occupancy. The lithium coordination environment is a relatively uniform tetrahedron. Li-O
bond distances vary between 1.905(3) A and 1.954(3) A, and O-Li-O angles are in the range
103.86(15)° - 118.20°(15). The bond valence sum for Lil is 1.15, in agreement with that
expected for monovalent lithium but slightly on the high side, due to low steric hindrance,
ligand flexibility and efficient packing of the ligand moieties. This compares to the
previously reported chiral analogue, lithium hydrogen L-malate,’® which has a bond valence

sum of 1.05.
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Figure 12. Ortep extended asymmetric unit of lithium hydrogen D,L-malate, showing atoms
necessary to complete the lithium coordination sphere. C, H, Li and O atoms are shown in
grey, white, green and red, respectively. Additional atoms are labelled in grey and one part
of the disordered carboxylic acid moiety is shown with dashed blue bonds.
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Figure 13. Carboxylate C-O distances and hydrogen bonds (dashed orange lines) in lithium
hydrogen D,L-malate. The two parts of the disordered carboxylic acid group are shown on

Separate ligand moieties.

The carboxylic acid C-O bond distances confirm the presence of single/double bond character
and show that the proton should be associated with a different oxygen atom in each part of
the disordered group. H4B participates in a hydrogen bonded carboxylic acid dimer with the
ligand opposite (graph set notation R%,(8)).* In contrast, the C4-O3A-H4A angle refines to
168(5)°, pointing H4A more towards an adjacent ligand than the one directly opposite

Figure 13). The ligand hydroxyl group also participates in a strong hydrogen bond with a

carboxylate oxygen atom on an adjacent ligand. One caveat with these observations is that

due to the poor interaction of protons with X-rays, their positions are often poorly resolved
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using X-ray diffraction. Therefore, although the C-O bond distances give confidence that
H4A is bound to O3A, some caution should be exercised when discussing its and other

protons’ positions. It could, for example, also participate in a carboxylic acid dimer like H4B.

The overall structure of LiH(D,L-mal) is of one-dimensional inorganic chains of corner-

sharing LiOy tetrahedra, connected by the ligand to form two-dimensional I'O' layers (Figure

). The layers stack via hydrogen bonds between the protonated ligand carboxylic acid

groups (Figure 14b). The chains of tetrahedra are connected in much the same way as in the

herringbone sheets of anhydrous lithium tartrates 2, 5, 6 and 8 (see Chapter 3):*’ three
carboxylate oxygen atoms bind to the lithium atoms within one sheet and a hydroxyl oxygen
from a ligand above or below caps each tetrahedron, forming the link between sheets in each
2-D layer. In this case, however, the other end of the ligand remains protonated and therefore
does not propagate any “organic” connectivity between the chains in this direction. The
ligands either side of a given inorganic chain are a single enantiomer of malic acid, making it
chiral. However, due to the space group symmetry, all adjacent chains are of an opposite

handedness, therefore the overall structure is achiral.

Figure 14. Extended structure of lithium hydrogen D,L-malate, a) viewed down the a-axis,
showing an 1’0’ sheet, and b) viewed down the b-axis, showing hydrogen bonding between
the sheets. C, H and O atoms and LiO, tetrahedra are shown in grey, white, red and green,
respectively. Hydrogen bonds are shown as dashed orange lines. Only one part of the
disordered carboxylic acid moiety is shown.

5.3.1.5. Trends in structural features

Various trends, shown in|Table 2|and|Table 3} can be drawn from the structures described in

this section and previous chapters and those reported in other works.*>*®
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To the best of the author’s knowledge, Lix(dms) is the only lithium-based framework with
1°0° connectivity. Recent work within the author’s research group has shown that the 2,2-
dimethylsuccinate ligand ubiquitously forms such structures, due to the bent conformation of
the carbon backbone and the hydrophobic surface provided by the methyl groups.**
Furthermore, the weak interaction between the layers of Li,(dms) enables facile exfoliation of
nanosheets by simple sonication of single crystals in acetonitrile, which could be
advantageous for fabrication of thin films of these materials for applications. Sheets with

aspect ratios between approximately 1:200 and 1:400 (thickness:lateral width) were observed

using atomic force microscopy by Jin-Chong Tan (Figure 15).
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Figure 15. Atomic force microscopy height topography and cross-sectional profiles of
Lio(dms) nanoshects: (a and b) a multilayered film with a thickness of about 5 nm and with a
lateral dimension of ~2 x 2unf; (c& d) a single elementary host layer with a thickness of
about 1 nm; (e) demonstration of the Tyndall effect in a colloidal suspensions containing
exfoliated nanosheets in acetonitrile. Scattering of the incident beam render s the path of the
green laser clearly visible. Figures reproduced with permission from the RSC.**
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Li2(dms) | Lix(fum) LiH(fum) | Lix(fum)(H20)>2H,0%"
Space group P1 P1 P2,/c Pben
deaic (g €M) 1.455 1.809 1.588 1.37
Connectivity 1’0’ 1'0° 1°0° 1'0'
Ligand binding s, i g, g, K e, i
Li coordination tetrahedral | tetrahedral tetrahedral tetrahedral
Inorganic substructure | 2-D sheets | 1-D ribbons | Li,Os dimers 1-D chains

Hydrogen bonding

inter-ligand

inter-sheet via water

Table 2. Sected structural features of dilithium 2,2-dimethylsuccinate and lithium fumar ates.

Note: Lis(fum)(H20)2-2H20 from Beck et al.>®

Lix(fum) and LiH(fum) form a family of structures with lithium fumarate tetrahydrate,

Li(fum)(H,0O), - 2H,0, reported previously by Beck et al**® Reducing the metal:ligand ratio,

from two to one, results in a decrease in the inorganic connectivity, m in the notation I"O",

due to a reduction in availability both of lithium atoms and of carboxylate oxygen atoms.

This is compensated for in LiH(fum) by additional organic connectivity, n, and hydrogen

bonding between ligands. In contrast, increasing the degree of solvation, from Li,(fum) to

Li(fum)(H,O), - 2H,0, results in a decrease in n. Water molecules cap the inorganic chains,

preventing any increase in m In fact, the overall dimensionality, (m+ n), is reduced to 2,

with water molecules acting as hydrogen bond bridges between the layers

Figure 16).

Figure 16. Structure of Lis(fum)(H20)22H20,%° viewed down the a-axis, showing hydrogen
bonding between 1’0’ layers. C, H and O atoms and LiO, tetrahedra are shown in grey,
white, red and green, respectively. Hydrogen bonds are shown as dashed orange lines.
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Liy(mal) LiH(D,L-mal) | LiH(mal)® | LiHgD,L-mal);®®* | LiHs(mal),® | Liy(D,L-mal)-2H,0%
Space group R C2/ec P4,2,2 P1 P2, P2,/c
deaic (g €M) 1.666 1.643 1.714 1.631 1.598 1.659
Connectivity r’o’ 1'o! 1'o' 1°0° 1°0' 1°0°
Ligand K+ K+
biriing 8, K4 M4, K3 W4, K3 uliz K3 ul,llz K3 Us, KS
Li square- square- trigonal-
dination tetrahedral | tetrahedral | tetrahedral qami dal qami dal bipyramidal +
Pyt Pyt tetrahedral
Inorganic parallel crossed isolated isolated .
substructure | °° | 1-D chains | 1-D chains | LiOs Lio; | 4O tetramer
Hydrogen inter- . . inter-molecule | inter-chain .
bonding ligand inter-sheet | inter-sheet 2D D extensive 3-D

Table 3. Sructural features of lithium malates. Notes: LiH(mal) from Van Havere et al.;*
LiHs3(D,L-mal) and Li»(D,L-mal)-2H.0O from Fleck et al.;** LiHs(mal), from Kirfel et al.*®

The lithium malates reported in this thesis, Li,(mal) and LiH(D,L-mal), add to an already

diverse family, which includes the chiral lithium hydrogen analogue, LiH(mal),* achiral and

chiral trihydrogen structures, LiH3(D,L-mal),** and LiHs(mal),,*** respectively, and a

hydrated structure, Li»(D,L-mal)-2H,0.** In contrast to the lithium fumarates, hydration of

the framework does not reduce the overall connectivity, (m-+ n), in Liy(D,L-mal)-2H,0,

although it does change from purely inorganic to purely organic. However, it is reduced upon

decreasing the metal:ligand ratio, from (m+ n) =3 in Liy(mal) to (m+ n) = 2 in the lithium

hydrogen compounds, and to (m+ n) = 1 and (m+ n) = 0 in the chiral and achiral trihydrogen

frameworks, respectively.

The main difference between LiH(D,L-mal) and its chiral analogue is the orientation of the

inorganic chains, which run parallel in LiH(D,L-mal) but have different orientations in

adjacent layers in LiH(mal). Flexibility in the ligand conformation enables hydrogen bonding

dimers to form between the layers in both structures, with a gauche conformation in LiH(mal)

and a transrelationship in LiH(D,L-mal). Reactions using D,L-malic acid do not

spontaneously form a conglomerate of the chiral forms, indicating that the achiral framework

is more stable, despite its lower density. The favourable ligand conformation and the lower

bond valence sum of the lithium atoms may contribute to the lower energy of LiH(D,L-mal).

Decreasing the metal:ligand ratio further, to LiH3(D,L-mal), and its chiral analogue,

LiH;(mal),, results in a change from 4-coordination to 5-coordination due to the increase in

available oxygen atoms per lithium (even considering that there are fewer atoms contributing
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to framework bonding from each ligand due to protonation of the carboxylate groups). There
is also more extensive hydrogen bonding, because of the increased availability of acidic
protons within the structure. Unlike the two lithium hydrogen isomers, the trihydrogen
frameworks have radically different architectures. LiH;(D,L-mal), consists of molecular units,
linked in two dimensions by hydrogen bonding, whilst LiH3(mal), exhibits 1-D organic
connectivity. The racemic acid in this case again does not spontaneously form a conglomerate
of chiral frameworks; the energy of LiH;(D,L-mal), may be lower due to higher density,

despite a lack of extended connectivity.

Finally, it should be noted that single crystals of both LiH(fum) and LiH(D,L-mal) could be

crystallized from reaction mixtures involving chlorosuccinic acid and lithium hydroxide in

1:2 ratio (Figure 17). This is indicative of in-situ ligand transformation, in which HCI is

eliminated to form the fumarate ligand, or substituted for H,O to form malate. Although in-
situ ligand transformation has only been observed in a few inorganic-organic frameworks,”
this finding is unsurprising due to the basic aqueous conditions and lability of HCI as a

product. It is likely that the resulting acidic conditions also prevented formation of dilithium

products due to the neutralisation reaction of HCI with LiOH.

0]
- HCI .
LiO
) > ~ OH
Cl 0 + LiOH - H,O
0]
HO
OH OH 0]
-HCI + H,O LiO
0] H
> OH
+ LiOH - H,0
0] H

Figure 17. Schematic of the in-situ transformation of chlorosuccinic acid in alkaline solution
to form LiH(fum) (above) and LiH(D,L-mal) (below).

5.3.2. Architecture trends in lithium dicarboxylates

A survey of lithium-based dicarboxylate frameworks, using the Web of Knowledge and the

Chemical Database Service,*’ revealed the occurrence of 29 structures, in addition to the 18

new structures described in this thesis. These are shown together in| Table 4] classified by

I"O" nomenclature.
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On

" 0

1

2

LiH3(DL-mal),**

LiH(L-tar)-H,0*'
LiH3(D-mal),**

LiH(oxy)***
Liy(2,5-tdc) DMF**
LiH(psu)***
Liy(DL-tar)-3H,0%
Liy(DL-tar)-2H,0_10
LiH3(man),*
Li(L-Hglm)*’
Li3(2,6-pdc), DMS- (H>0).2,**

LiH(2,6-pdc)- H,O**
LiH(meso-tar)- H,0"'

Lix(1,2-bdc)- 1.5H,0”"*
LiH(DL-mal)
Liy(fum)(H,0),- 2H,0**
LiH(L-mal)*
Lix(2,3,4,5-hhd)-2H,0°*

Lix(1,3-bdc)- 0.5DMF- H,0%
Lix(meso-tar)-0.5H.,0O_11
Lix(L-tar)_2
Liy(L-tar)_3
Lix(meso-tar)_4
Liy(D,L-tar)_5
Lix(meso-tar)_6
Lix(meso-tar)_7
Liy(D,L-tar)_8
Lix(L-tar)_9
Li(mae)- H203 8b
Lix(fum)
Liy(3,5-pdc)*®

Li(dm9*

Liy(1,4-bdc)"?

Liy(2,6-ndc)?

Liy(4,4'-bpd)**
Liy(oxa)”

n=3

Liy(suc)*®
Lix(flu)

3 Lix(mal)
Lix(met)

Liy(man)®

Liy(sdb)™
LiH(L-tar)_1
Lir(DL-mal)-2H,0**
LiH(fum)
Liy(2,5-pdc) DMF”’
Li(B-Hglm)-H,0”’

Table 4. Classification of lithium-based dicarboxylate frameworks by I"O" nomenclature.

Sructures in bold type are described for thefirst timein this thesis; seq Figure 1|for ligand
codes; DMF = N,N-dimethylformamide, DMS = dimethylsulfoxide. Asterisks mark structures
with van der Waals forces in one direction.

In general, only anhydrous, dilithium frameworks in which the ligand has no additional

binding sites apart from dicarboxylate oxygen atoms have 2-D or 3-D inorganic connectivity,

I, i.e. m=2 or 3. Lip(mal), described in Chapter 4, is the one exception in which the

hydroxyl group does not coordinate to lithium but instead participates in a hydrogen bond
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trimer within the framework cavity. All I’O° frameworks involve small, conformationally
flexible ligands that enable extended connectivity of LiOy4 tetrahedra all around the organic
moieties. In contrast, all [’'O' frameworks feature conformationally rigid, linear ligands,

which stack in parallel to form layers of inorganic connectivity.

The sole example of an 1’0° framework is Liy(dms), which contains the bent 2,2-
dimethylsuccinate ligand with a hydrophobic surface provided by the methyl groups. This
combination results in 2-D inorganic layers separated by van der Waals forces, which are
casily separated by sonication treatment.”* Both Lix(1,2-bdc)- 1.5H,0 and LiH(2,6-pdc)-H>O,
which have significant van der Waals interactions, also contain bent ligands and this may
help to reduce covalent connectivity in one direction. The trend is not general, however, as
other bent ligands form 3-D frameworks, e.g. Li(sdb), Li;(mae)-H,0, Liy(3,5-pdc) and
Lix(1,3-bdc)-0.5DMF-H,0. Furthermore, some flexible ligands exhibit van der Waals
interactions between sheets or chains in one dimension, e.g. LiH3;(D,L-mal),, LiH(oxy) and

LiH(psu).

With the exception of Liy(mal), the effect of adding binding sites to the dicarboxylate ligand
is to limit inorganic connectivity to m= 1 or 0, as seen in the dilithium tartrates 2 - 11
(Chapter 3), dilithium 3,5-pyridinedicarboxylate, Liy(3,5-pdc), and dilithium
sulfonyldibenzoate, Liy(sdb). However, these anhydrous, dilithium frameworks retain three-
dimensional overall connectivity, compensating with increased organic connectivity.
Generally speaking, other I'0? and 1’0’ structures contain coordinated solvent molecules
and/or partially lithiated ligands. Liy(fum) is the exception here: there are no additional ligand
binding sites, but inorganic connectivity is restricted to just one direction by the rigidity of
the ligand. As described in Chapter 4, the fumarate ligand can be incorporated into an I’Q°
structure by dehydration of Lix(mal) to form Li(mal); «(fum)y, but complete transformation

to form Liy(fum) in this architecture (i.e. Xx= 1) could not be achieved.

The only lithium dicarboxylate compound found with both mand n= 0 is LiH3(D,L-mal),. It
consists of molecules of two formula units, connected in 2-D by hydrogen bonding. This
contrasts with its chiral isomer, LiH;(mal),, which has I°0' connectivity. This suggests that
fine structural features of lower dimensional frameworks are dependent on the ligand
geometry and conformation, but matters are complicated in the presence of coordinated

solvent and protonated carboxylate groups.
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Additional insight is gained by comparing the number of lithium atoms per total binding site,

here denoted Ay, which takes into account the metal:ligand ratio, number of ligand binding

sites and number of solvent molecules, with various structural descriptors (Figure 18).
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Figure 18. Correlations between the number of lithium atoms per total binding site, A, and
(clockwise from bottom left) average lithium coordination number, Li CN; inorganic
structure Li: O ratio, Inorg Li:O; inorganic connectivity, m; and total connectivity, m+ n, in

lithium-based dicarboxylate frameworks.

A negative correlation is observed between A and the average coordination number of

lithium (Figure 18] bottom left). Due to its small radius, the preferred coordination number of

lithium is 4, but this increases in the presence of solvent molecules and additional ligand
binding sites. Incorporation of coordinated solvent molecules and/or a reduced metal:ligand

ratio also tends to result in frameworks with 1-D or 2-D overall connectivity. This is reflected

by positive correlations between A and the Li:O ratio of the inorganic substructure {Figure

top left), and between A and inorganic connectivity, m{Figure 18| top right). As
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discussed regarding the lithium malates in section|5.3.1.5} solvent molecules tend to

terminate the inorganic units and protonation results in increased hydrogen bonding, reducing

organic connectivity. A more complex relationship is observed between Ay and the total

framework connectivity, (m+ n) (Figure 18| bottom right). At low values of A there

appears to be a positive correlation, as molecular and 1-D structures become more connected,
before reaching the maximum value of (m+ n) = 3 for values of A above approximately

0.30.

These findings reveal that in order to design a lithium-based dicarboxylate framework with
connectivity in three dimensions, the number of additional binding sites from solvent
molecules and/or ligands must be below approximately one per lithium atom (corresponding
to a At value of 0.33). In addition, in order to produce a framework with inorganic
connectivity in two or three dimensions, which should give better thermal stability, no
addition binding sites should be present. In this case, the exact topology will depend on the

geometry of the ligand.
5.3.3. Electrochemical behaviour of lithium-based inorganic-organic frameworks

Lip(fum) and Liy(dms) in bulk crystalline form, and Liy(1,4-bdc) synthesized by
mechanochemistry, were investigated by electrochemical cycling vs lithium in galvanostatic

mode, between 3.0 V and 0.5 V (Figure 19

Figure 21).

Both Li;(fum) and Liy(dms) show a shallow gradient around 1 V, corresponding to reaction
with approximately 1 and 1.5 lithium atoms per formula unit, respectively. The features are
irreversible and could be assigned to formation of a solid electrolyte interphase, SEI, but
regardless of their origin the measurements indicate that neither compound shows reversible
lithium insertion at any potential between 3.0 V and 0.5 V va Li'/Li’. As suggested by
Walker et al.,'* this may be due to the close proximity of the carboxylate groups and short
conjugation length (or lack of conjugation in the case of Lir(dms)), which would result in
large repulsion between the negatively charged oxygen atoms and/or low stability of the

reduced species.
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Figure 19. Electrochemical cycling of dilithium fumarate vs. lithium.
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Figure 20. Electrochemical cycling of dilithium 2,2-dimethylsuccinate vs. lithium.
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Figure 21. Electrochemical cycling of lithium terephthalate vs. lithium.
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The behaviour in Liy(1,4-bdc) is different to that reported previously, and may be due to the

unknown impurities in the sample or the small particle size resulting from mechanochemical

synthesis (Figure 22). Reduction begins at approximately 1 V, leading to irreversible reaction

with 2 - 3 lithium atoms per formula unit, followed by reversible insertion of approximately
one lithium atom. The irreversible reaction could be assigned to SEI formation; however, in
the previous work no SEI was reported for cycling of the bulk material. In addition, up to two
lithium atoms were found to insert reversibly in this case, compared to just one in the
mechanochemically synthesized material. This suggests that the small particles and/or
impurities cause not only increased irreversible reaction with the electrolyte, but also reduced
capacity. Particle size effects have been well-studied in many materials, with nanomaterials
in particular showing very promising properties for battery applications.®® However, this

result shows that the effect of size reduction can in fact be detrimental to battery performance.

Figure 22. Scanning €lectron micrographs of lithium terephthal ate synthesized by

mechanochemistry, showing (b) sub-micron agglomerates of particles of diameter ~50 nm (a).

It is worth noting that these are initial observations and many factors, such as the amount of
conducting carbon, ball-milling time and cycling rate, were not optimised. In particular,
preparation of carbon/framework anode composites by ball-milling may have lead to
amorphization of the crystal structures, as seen in other inorganic-organic frameworks.®'
Polymorphism/isomerism was shown by Walker et al. to drastically affect electrochemical

14e,

properties, ' therefore distortion of the crystal structures may have a similar consequence in

these compounds.
5.3.4. Il onic conductivity of lithium-based inorganic-organic frameworks

The ionic conductivities, 6, of seven lithium-based inorganic-organic frameworks were

measured by impedance spectroscopy and are shown in|Table 5
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Temperature/ K | Conductivity/ S cm™
Liy(L-tar) 2 450 <107
Liy(L-tar) 3 457 <10
Liy(suc) 398 <1072
Liy(mal) 398 <10
Lis(suc)o.s(mal)o s 400 <10™"
Liy(dms) 470 <10
LiH(D,L-mal) 398 <10

Table 5. Conductivities of various lithium-based inorganic-organic frameworks measured by
impedance spectroscopy.% Values courtesy of Thomas Pilz

All the materials studied have values of o below 10” S cm™, indicating that they are
insulators. This is due to both the lack of lithium cations acting as charge carriers and their

low mobility, as suggested by the equation for conductivity:

o= Z Ciq;u;

i

where ¢, g and urepresent the concentration, charge and mobility of each type of charge
carrier, /. Despite a high spatial concentration of lithium cations, the number of available
charge carriers is approximately zero because the ions are all locked into the strongly-bound
inorganic framework substructure. In addition, the inorganic substructures, which vary from
1-D chains to 2-D layers and 3-D networks, are highly ordered and have few intrinsic defects
that might provide sites for lithium hopping or generate interstitial lithium atoms to diffuse
through the framework. The activation energy for creation of defects and lithium mobility is
restrictively high due to the strong electrostatic bonding between Li" cations and anionic
carboxylate groups and the limited flexibility of the crystalline framework, which gives rise

to very low mobility.
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5.4. Conclusions

Four new lithium-based inorganic-organic frameworks have been synthesized, from three
different dicarboxylate ligands, leading to a range of structures. A survey of all lithium
dicarboxylate frameworks revealed various trends in their structures, which it is hoped may
aid the design of compounds targeting specific applications, such as lithium battery materials.
Due to the flexibility of the lithium coordination sphere, it was found that ligands play a key
role in directing the structures of lithium-based frameworks. The number of ligand binding
sites available and their relative geometry and flexibility have a strong influence on the
architectures produced. Also important are coordinating solvent molecules such as water,
which tend to terminate inorganic structural units, reducing the overall dimensionality.
Finally, the ratio of metal atoms to ligand molecules affects the types of structure obtained. In
general, those with protonated carboxylic groups have lower inorganic connectivity and may

also have reduced overall dimensionality.

Two new lithium-based inorganic-organic frameworks were investigated by electrochemical
cycling vs lithium and found to exhibit irreversible insertion reactions due to the close
proximity of the ligand carboxylate groups and short conjugation lengths. Cycling of lithium
terephthalate, synthesized by mechanochemistry and therefore having a smaller particle size,
revealed poorer performance than that previously reported in the bulk phase.'* The ionic
conductivities of seven lithium-based inorganic-organic frameworks were measured by
impedance spectroscopy. All the materials investigated, which are non-porous and highly

ordered, show insulating behaviour due to a lack of charge carriers and low mobility.

Some of the results reported in this chapter have been published in the article “Layered
inorganic-organic frameworks based on the 2,2-dimethylsuccinate ligand: structural diversity
and its effect on nanosheet exfoliation and magnetic properties”, in Dalton Transactions,
Volume 41, Pages 8585-8593, May 2012.>* The article describes the synthesis, structure and
exfoliation properties of one of the new compounds, Liy(dms), alongside similar

investigations into other transition metal 2,2-dimethylsuccinate frameworks.**

189



Chapter 5.

5.5. Future work

Despite their many appealing attributes, very little work has so far been done to look at

structure-property relationships of lithium-based inorganic-organic frameworks. Using the

insight gained from the analysis in Section|5.3.2] a large range of crystal structures might be

synthesized with particular structural attributes in mind, such as dimensionality of inorganic

connectivity, hydrogen bonding and overall connectivity. Following synthesis, investigation

of their properties, as suggested in Sections|5.3.3|and|5.3.4] may yield interesting results for

applications. It would be interesting to follow trends in their properties as a function of
structure, in order to better understand the relationship between them and to point towards the
structure types that give rise to optimal properties. In addition to lithium-based frameworks, it

would be interesting to pursue similar investigations with other S-block cations.

Further investigation of lithium-based frameworks may indicate what factors affect their
electrochemical properties, such as operating potential and reversibility. In addition, the
mechanisms and chemical species involved in lithium insertion into lithium-organic materials
are currently poorly understood, and these crystalline materials could yield valuable
information about this. For example, in-situ studies by X-ray diffraction could probe the

evolution of structure as a function of lithium atoms inserted.

Investigation of lithium-based inorganic-organic frameworks containing ligands other than
dicarboxylic acids is currently very poorly developed. Use of different binding functional
groups, such as phosphate, sulfonate and aromatic nitrogen donors, will surely lead to an
even greater diversity of structures, topologies and properties. With electrode applications in
mind, materials with higher structural stability upon electrochemical cycling are of great
interest. It would be interesting to investigate ligands containing redox-inactive oxygen
donors, such as alkyl phosphates R-PO;”, which could provide more robust binding when the
carboxylate group is reduced. Ligands containing different coordination bonding motifs, such
phosphonoacetate, ((0,CCH,PO5%), may provide the desirable combination of framework
rigidity and redox-active functionality. Alternatively, frameworks based on metals with
higher charge, such as Mg>" or Zn®", may also provide robustness by increasing the strength

of metal-oxygen bonding.

With lithium mobility in mind, lithium-based frameworks with low Li bond valence sums,

such as Liy(oxalate), which has a bond valence sum of 0.99, are of interest due to the
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relatively weak Li-O bonds that make up the inorganic substructure. Alternatively, ligand
binding functionalities with weaker bonding to Li", such as SO;” or neutral N donors, may
help to decrease the activation energy for lithium transport. This could be combined with

more rigid framework bonding as described above.

Creation of lithium vacancies in the inorganic network of frameworks is currently being
investigated. Different strategies for incorporation of defects are being pursued, including
doping with divalent cations such as Mg and Zn, and substitution of dicarboxylate ligands
with charge-neutral nitro groups. Both strategies should lead to creation of one lithium
vacancy per dopant moiety; however, a significant synthetic challenge exists to stabilise these
defects at the low temperatures at which inorganic-organic frameworks are made. Inorganic
materials, in which metal doping is commonly used to alter ionic conductivity, generally have
much higher thermal stabilities and so can be synthesized at high temperatures at which the

entropic component of a material’s free energy becomes significant.

Other strategies to increase lithium mobility in inorganic-organic frameworks include
fabrication of composites with ceramic materials, such as CaO and MgO, to create defects at
the inter-particle grain boundaries. This strategy has previously enabled enhancement of
polymer electrolyte conductivity at ambient temperatures.® Lithiation of hydroxyl groups in
frameworks such as the lithium tartrates and lithium L-malate may also help to increase
conductivity. In this case, the lithium may not be involved in framework bonding but instead
could be relatively free to move through the frameworks via interstitial sites. Post-synthetic
modification of layered frameworks may enable formation of new frameworks in which the
original framework bonding is maintained but new functionality is inserted between layers.
Such new functionality could be designed to provide a layer through which lithium could
migrate and/or redox reactions could occur, leading to electrolyte and electrode behaviour,

respectively.

This thesis has focussed on lithium-based systems, with lithium battery materials in mind;
however, inorganic-organic frameworks could equally contribute to new materials for other
battery systems, such as Na or Mg. Similar principles, adjusted depending on the chemistry
of the metal in question, may be employed to create new materials with interesting properties,
such as the sodium terephthalates recently reported by Park et al,** which show tunable

sodium insertion behaviour similar to that of lithium terephthalate.'*
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6.1.
6.1.1.
6.1.1.1.
6.1.1.2.
6.1.1.3.
6.1.1.4.
6.1.1.5.
6.1.1.6.
6.1.1.7.
6.1.1.8.

6.1.1.9.

6.1.1.10.

6.1.1.11.

6.1.1.12.

6.1.1.13.

6.1.1.14.

6.1.1.15.

6.1.1.16.

6.1.1.17.

6.1.1.18.

Single crystal X-ray diffraction (see CD)
Crystallographic information files
Lithium tartrates 1 -5

Lithium tartrate 6

Lithium tartrate 7

Lithium tartrate 8

Lithium tartrate 9

Lithium tartrate 10

Lithium tartrate 11

Lithium succinate, 120 K

Lithium tetrafluorosuccinate
Lithium L-malate

Lithium methylsuccinate
Liy(mal)g»(fum)g g

Liy(mal)o 23(fum)o 77

Liy(mal)o 43(fum)o s7

Lithium 2,2-dimethylsuccinate
Lithium fumarate

Lithium hydrogen fumarate

Lithium hydrogen D,L-malate
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6.1.2.

6.1.2.1.

6.1.2.2.

6.1.2.3.

6.1.2.4.

6.1.2.5.

6.1.2.6.

6.1.2.7.

6.1.2.8.

6.1.2.9.

6.1.2.10.

6.1.2.11.

6.1.2.12.

6.1.2.13.

6.1.2.14.

6.1.2.15.

6.1.2.16.

6.1.2.17.

6.1.2.18.

6.1.2.19.

6.1.2.20.

6.1.2.21.

6.1.2.22.

Structure refinement result files (see CD)
Lithium tartrate 1

Lithium tartrate 2

Lithium tartrate 3

Lithium tartrate 4

Lithium tartrate 5

Lithium tartrate 6

Lithium tartrate 7

Lithium tartrate 8

Lithium tartrate 9

Lithium tartrate 10

Lithium tartrate 11

Lithium succinate, 120 K
Lithium tetrafluorosuccinate
Lithium L-malate

Lithium methylsuccinate
Liz(mal)ox(fum)g g
Liz(mal)23(fum)g 77
Liz(mal) 43(fum)g 57
Lithium 2,2-dimethylsuccinate
Lithium fumarate

Lithium hydrogen fumarate

Lithium hydrogen D,L-malate
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6.1.3.

6.1.3.1.

6.1.3.2.

6.1.3.3.

6.1.3.4.

6.1.3.5.

6.1.3.6.

6.1.3.7.

6.1.3.8.

6.1.3.9.

6.1.3.10.

6.1.3.11.

6.1.3.12.

6.1.3.13.

6.1.3.14.

6.1.3.15.

6.1.3.16.

6.1.3.17.

6.1.3.18.

6.1.3.19.

6.1.3.20.

6.1.3.21.

Single crystal hkl files (see CD)
Lithium tartrate 1

Lithium tartrate 2

Lithium tartrate 3

Lithium tartrate 4

Lithium tartrate 6

Lithium tartrate 7

Lithium tartrate 8

Lithium tartrate 9

Lithium tartrate 10

Lithium tartrate 11

Lithium succinate, 120 K
Lithium tetrafluorosuccinate
Lithium L-malate

Lithium methylsuccinate
Liz(mal)ox(fum)g g
Liz(mal)23(fum)g 77
Liz(mal) 43(fum)g 57
Lithium 2,2-dimethylsuccinate
Lithium fumarate

Lithium hydrogen fumarate

Lithium hydrogen D,L-malate
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6.2. Powder X-ray diffraction
6.2.1. Laboratory data for bulk products
Source reaction of lithium hydrogen L-tartrate, 1
.
2
=
-
E -
©
-E;' - === S
' Observed
=
3
£
i Simulated
) 15 25 39 45
Diffraction angle / 26

Figure 1. Source reaction of lithium hydrogen L-tartrate, 1, PXRD.
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2. Dilithium L-tartrate

ﬂ .
=
=
-
&
= i Observed
©
=
w
c
3
£

5 15 25 35 45 55

Diffraction angle / 26
Figure 2. Dilithium L-tartrate, 2, PXRD.
3. Dilithium L-tartrate
E -
=
=3
E-. .
= Observed
o
o
-
w
c
3
£
Simulated
— A
5 15 25 35 45 55

Diffraction angle / 2°

Figure 3. Dilithium L-tartrate, 3, PXRD.
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Intensity f arbitrary units

Source reaction of lithium meso-tartrate, 4

Asterisks mark peaks not explained by phase 6.

Diffraction angle / 26

E
* i. I * Observed
Simulated
N _
15 25 35 45

Figure 4. Source reaction of dilithium meso-tartrate, 4, PXRD.

Intensity f arbitrary units

3. Dilithium D,L-tartrate

Diffraction angle, 26

Observed

Simulated

e S P .
15 25 35 45 55

Figure 5. Dilithium D,L-tartrate, 5, PXRD.
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6. Dilithium meso-tartrate
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Figure 6. Dilithium meso-tartrate, 6, PXRD.
7. Dilithium meso-tartrate
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Simulated

15 25 35 45 55

Diffraction angle / 26

Figure 7. Dilithium meso-tartrate, 7, PXRD.
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Intensity f arbitrary units

8. Dilithium D,L-tartrate

Observed

! !! II ! !! Simulated

2 15 25 35 45 25

Diffraction angle / 26

Figure 8. Dilithium D,L-tartrate, 8, PXRD.

9. Dilithium L-tartrate
Asterisks mark major peaks from ~20% 2 impurity

Intensity f arbitrary units

*
i * ) * Observed
.l 1 R HSlmlulahed
5 15 25 35 45 55
Diffraction angle / 26

Figure 9. Dilithium L-tartrate, 9, PXRD.
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Dilithium 2,2-dimethylsuccinate

2
=
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E L
3 A A
©
- Observed
oy
w
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) L
Simulated
l T I I T- ....._ I I
15 25 39 45 29
Diffraction angle / 26
Figure 10. Dilithium 2,2-dimethylsuccinate PXRD.
Dilithium fumarate
=
=
=
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S
E
= Observed
&
w
o
2
=
1 Simulated
15 25 39 45 95
Diffraction angle / 26

Figure 11.Dilithium fumarate PXRD.
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Inensity I arbitrary units

Lithium hydrogen fumarate

Observed

. - )

Simulated

5 15 25 35 45 55
Diffraction angle / 2°

Figure 12. Lithium hydrogen fumarate PXRD.

Intensity f arbitrary units

Lithium hydrogen D,L-malate

J ILI“H ’J h lH 8 Observed

Simulated

1 T T T T

5 15 25 35 45 55
Diffraction angle / 26

Figure 13. Lithium hydrogen D,L-malate PXRD.
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Lithium terephthalate

. i

2

=

>

5

= Observed

@

3

[/, -

c

Z

£

. Simulated
T T T T T
9] 15 25 39 45 29
Diffraction angle / 26
Figure 14. Lithium terephthal ate (mechanochemical synthesis) PXRD.

6.2.2. Synchrotron data (see CD)
6.2.2.1. Rietveld refinement files for Lix(suc);x(flu)x
6.2.2.2.  Le Bail refinement files for Lix(suc).(mal)y(met),
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Fourier transform infrared spectra

Intensity f normalised units

Dilithium L-tartrates FTIR

—2(L) 3L 9

N J

N\ J

I

4000

3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm-!

Figure 15. Dilithium L-tartrates FTIR.

Intensity f normalised units

Dilithium meso-tartrates FTIR

—f (meso) =—7 (meso)

A

_//MA\-—!

4000

==

3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm-!

Figure 16. Dilithium meso-tartrates FTIR,
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Intensity I normalised units

Dilithium D,L-tartrates FTIR

—3(D,L) —8(D,L)

AN

4000

T

3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm

Figure 17. Dilithium D,L-tartrates FTIR.

Absorbance/ arbitrary units

4000

Lithium succinate

3500 3000 2500 2000 1500 1000 500
Wavenumber/cm-!

Figure 18. Lithium succinate FTIR.
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Residue from thermogravimetric analysis of
lithium succinate

=
o]

=
[y

=
P

o
()

Absorbance [ arbitrary units

D T T Tﬂw T T 1
3550 3050 2950 2050 1550 1050 550
Wavenumber (cm-1)

Figure 19. Residue from thermogravimetric analysis of lithium succinate: FTIR.

Lithium tetrafluorosuccinate

Absorbance/ arbitrary units

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm!

' ~

Figure 20. Lithium tetrafluorosuccinate FTIR.
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Residue from thermogravimetric analysis of

lithium tetrafluorosuccinate
Astenisk marks peak from atmospherc CO;

—
I

=
oo

o=
o

=
e

i

- A

o
ho

Absorbance f arbitrary units

=

3520 3020 2520 2020 1520 1020
Wavenumber (cm-1)

220

Figure 21. Residue from thermogravimetric analysis of lithium tetrafluorosuccinate: FTIR.

Lithium L-malate

Absorbance/ arbitrary units

L A

4000 3500 3000 2500 2000 1500 1000
Wavenumber/ cm-1

500

Figure 22. Lithium L-malate FTIR.
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Residue from thermogravimetric analysis of
lithium L-malate
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Figure 23. Residue from thermogravimetric analysis of lithium L-malate: FTIR.

Lithium methylsuccinate

Absorbance/ arbitrary units

L J

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm-!

T 1

Figure 24. Lithium methylsuccinate FTIR.

211



Chapter 6.

Absorbance f arbitrary units

Dilithium 2,2-dimethylsuccinate

L

M

4000

3200 3000 2500 2000 1500 1000 200

Wavenumber/ cm-1

Figure 25. Dilithium 2,2-dimethylsuccinate FTIR.

Absorbance [ arbitrary units

Dilithium fumarate
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!
A

4000
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Figure 26. Dilithium fumarate FTIR.
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Lithium hydrogen fumarate

Absorbance [ arbitrary units

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm1

Figure 27. Lithium hydrogen fumarate FTIR.

Lithium hydrogen D,L-malate

Absorbance [ arbitrary units

!

AQ00 3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm-1

Figure 28. Lithium hydrogen D,L-malate FTIR.
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Absorbance [ arbitrary units

Lithium terephthalate

R

4000

3500 3000 2500 2000 1500 1000
Wavenumber/ cm-1

200

Figure 29. Lithium terephthal ate (mechanochemical synthesis) FTIR.
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6.4. Thermogravimetric analysis
Source reaction of 1. Lithium Hydrogen
L-tartrate
100 -
- 90 -
=
o 80 -
c
£
o |
g 70
bt
@ 60 -
=
20 -
4[] T T T T T T 1
0 100 200 300 400 500 600 700
Temperature (°C)
Figure 30. Source reaction of lithium hydrogen L-tartrate, 1, TGA.
2. Dilithium L-tartrate
100 -
a0 -
-
=
=2
o 80 -
c
£
o _
e 70
bt
2 60 -
2]
=
20 -
4[] T T T T T 1
0 100 200 300 400 500 600

Temperature (°C)

Figure 31. Dilithium L-tartrate, 2, TGA.
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3. Dilithium L-tartrate

Temperature/ °C

100 - _]
a0 -
=)
oy
=l
= 80 -
[
£
] _
g 70
@
@ 80 -
[i°]
=
50 -
4[: T T T T T T 1
0 100 200 300 400 500 600 700
Temperature (°C)
Figure 32. Dilithium L-tartrate, 3, TGA.
Sourcereaction of 4. Dilithium meso-tartrate
100 -
100 -
an - ap -
R a0 -
‘é 80 -
= 70 -
g 70 - 80 . .
2 270 300 330
® 60 -
=
50 -
4[: T T T T T T 1
0 100 200 300 400 500 600 700

Figure 33. Source reaction of dilithium meso-tartrate, 4, TGA.
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Mass remaining ! %
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3. Dilithium D,L-tartrate

W
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Temperature / °C

Figure 34. Dilithium D,L-tartrate, 5, TGA.
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6. Dilithium meso-tartrate
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Figure 35. Dilithium meso-tartrate, 6.
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7. Dilithium meso-tartrate
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Figure 36. Dilithium meso-tartrate, 7, TGA.
8. Dilithium D,L-tartrate
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Figure 37. Dilithium D,L-tartrate, 8, TGA.
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Dilithium 2,2-dimethylsuccinate

100
90 -
S
= 80 -
.
I=
] _
e 70
2
w60
]
=
50 -
4D T T T T T T
0 100 200 300 400 500 600
Temperature / °C
Figure 38. Dilithium 2,2-dimethylsuccinate TGA.
Dilithium fumarate
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Figure 39. Dilithium fumarate TGA.
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Lithium hydrogen fumarate
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Figure 40. Lithium hydrogen fumarate TGA.
Lithium hydrogen D,L-malate
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Figure 41. Lithium hydrogen D,L-malate TGA.
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Lithium terephthalate
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Figure 42. Lithium terephthal ate (mechanochemical synthesis) TGA.
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