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INTRODUCTION

There has been a growing need for sustainability in the present generation and a greener
energy source to combat the ever-increasing problems caused by pollution. The automobile
sector is one of those areas where the human population has been overly dependent. With
the advancement of technology and novel materials, we must find much more efficient
ways of utilizing energy. ENHANCE Project (Piezoelectric Energy Harvesters for Self-Powered
Automotive Sensors: from Advanced Lead-Free Materials to Smart Systems) is devoted to
creating a convergence of multidisciplinary joint research activity, implying chemistry,
materials science, physics, mechanics, engineering, and electronics to synthesize, develop,
optimize, and fabricate novel piezoelectric materials to be utilized as energy harvesters. The
project aims to convert vibrations, heat, and light sources of energy into electricity. The
project's global outlook also focuses on developing this energy to power the car's sensors
through wireless technology, thereby eliminating obsolete technology like wires, which
increases the car's weight by around 100 kgs. This way, we can reduce the car's weight,

reducing fuel consumption and the carbon footprint.

In this aspect, arguably the best commercially exploited material that shows piezoelectric,
pyroelectric, and photovoltaic properties is the PZT (Lead Zirconate Titanate) so the
ENHANCE project aims to find alternative materials to PZT, i.e., materials that are devoid of
lead and possess less toxicity to the environment. Thus, we focus on three significant
materials: lithium niobate LiNbOs, bismuth ferrite BiFeOs, and potassium sodium niobate K-

x)NaxN b03.

Synthesis and fabrication of the previously mentioned materials in thin-film form require
alkali metal precursors to provide the respective metal center and a favorable thermal
property for a successful deposition. These precursors are nothing but a complex of
(metal)(ligand), which binds together to provide specific properties to the materials

required.

Lately, the pursuit for the fabrication of high-quality oxide thin films by MOCVD has led

researchers to investigate pB-diketonate complexes as a prospective molecular precursor.
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They have been widely studied in the context of coordination compounds. Also, their
chemistry has been explored for most of the metals in the periodic table. Accordingly, the
ever-increasing demand for various thin-film materials for new industrial applications is also
a significant reason for the rapid development of Metal-Organic Chemical Vapor Deposition
(MOCVD). Nevertheless, in the case of alkali metal compounds, there are several underlying
problems. The first one is the precursors' inability to be stable enough to be stored for a
long time. The second is developing alkali-deficient phases due to alkali oxide evaporation
during film evolution at elevated temperatures (700-900°C). The fact is that alkali cations
with larger ionic radius have higher coordination numbers. Thus, in the conventional metal
B-diketonates, commonly employed as volatile precursors for MOCVD deposition of thin
films of materials containing p- and d-elements, the central ion's coordination sphere is not
saturated in the case of s-elements. This, in turn, may give rise to the growth of polymeric or
oligomeric structures with low volatility. In hindsight, typically, such precursors must be
volatile, have adequate stability to be transported to the deposition site, and decompose
efficiently to give the preferred material. In this regard, the metal B-diketonate complexes
often exhibit more excellent hydrolytic stability than the alkoxides. A wide variety of B-
diketonate complexes of both main and transition metals have been employed to fabricate

thin films of metals, metal oxides, metal sulfides, and metal fluorides.

Metal B-diketonates M(RCOCHCOR), (where R = alkyl, aryl, and others while the R groups
are not necessarily equivalent) can form chelates with the metal and delocalize the negative
charge, while changing the R groups, influences the properties of developed compounds.
The bonding and structural aspects associated with these complexes and the nature of
these ligands to cover various metals have presented inorganic chemists with examples of
compounds of electropositive metal ions that represent covalent characteristics, i.e.,
property to dissolve in organic solvents and high volatilities. These unique attributes have
been comprehensively exploited in the past for solvent extraction and gas-liquid
chromatographic techniques. Curiosity in metal B-diketonate complexes grows from their
application as contact shift reagents for the enhanced resolution of nuclear magnetic
resonance (NMR) spectra, laser technology, and the polymer industry. The occurrence of
trace quantities of B-diketonate complexes in fuels has also been responsible for this

growing interest.
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In this context, the present thesis’s work emphasizes the [(alkali-metal)-(B-diketonate)-
(glyme)] systems for the synthesis of novel precursor complexes. B-diketonate is used as the
anionic ligand to counter-balance the charge of the cation, and glyme is used as the neutral
ligand to complete the coordination sphere and hold the complex together because of its
chelating property. Also, the insertion of fluorine substituents in the B-diketonate core is
used to fine-tune the metal-organic structure's properties. Partially fluorinated ligands are
specifically utilized to improve precursor volatility and enhance complexes' solubility
providing superior crystallization. Furthermore, because of the additional coordination of
fluorine atoms with metal ions in heterometallic structures, the solvent co-ligands can be
transferred from the coordination sphere. The primary aim of these precursors' synthesis is
to have distinct characteristics that include volatility, stability at room temperature, clean
disproportionation at low temperatures, facile synthesis, and nontoxic decomposition by-

products.

In brief, the thermal properties characterization has been carried out through
thermogravimetric (TGA) experiments under atmospheric pressures and differential
scanning calorimetry (DSC). The complex structures were determined in collaboration with
Prof. Patrizia Rossi, Department of Industrial Engineering, University of Florence, using
single-crystal X-ray diffraction. Additional information regarding the complex's coordination
is gathered by Fourier transform Spectroscopy FT-IR. The complexes are also characterized
by *H-NMR and *3C-NMR. Finally, to validate the synthesized complexes' functional property
as precursors and deposit the oxides of interest for the project, several application routes
have been utilized, viz. sol-gel and pulse injection MOCVD (PI-MOCVD). Film morphology
was investigated by field-emission scanning electron microscopy (FE-SEM), while the phase
composition was analyzed by energy dispersive X-ray analysis (EDX). The structure of films

was studied by X-ray diffraction (XRD) and Raman spectroscopy.

Reiterating, the research activity has been carried out to synthesize novel alkali metal
precursors that can be utilized to deposit the desired materials, facilitating the present
industry standards compared to the commercially available precursors. The work is done at
the University of Catania in close collaboration with multiple local academic and industrial

partners.

The work is encapsulated in the following points:
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Synthesis of the precursor complexes

Engineering of the complex system for crystallization of the complexes.
Characterization by Single-crystal XRD, FTIR, TGA, DSC, and NMR

Application of the synthesized precursors for the deposition of the functional

perovskite of interest.

Summarizing the Ph.D. work, the thesis is organized in the following chapters:

Chapter 1: The present study's aim and the development of the alkali metal
complexes have been described. A base to the significance and role of different
components of the complexes has been laid down. The particular focus is on the
different kinds of alkali metal coordination compounds from the past and the recent

trends.

Chapter 2: Lithium forms the focal point of this chapter. Emphasis is on Li-
complexes, specifically for MOCVD applications. Novel synthetic routes for Li-B-
diketonate complexes have been studied in detail. The precursor is studied in
particular from a structural point of view regarding interesting coordination
moieties observed and the presence of H,O in the coordination sphere. Thermal

analysis is also done to assert the importance of its physical property.

Chapter 3: The significance of K-complexes focusing on the recent trends in complex
development has been discussed. The synthesis of novel precursor complexes forms
the core of this chapter. The complexes are investigated in detail from their

structural and thermal property point of view.

Chapter 4: Sodium complexes and the recent trend in Na complex chemistry is
discussed in this chapter. A unique one-pot, open-air synthetic route has been taken
for the synthesis of these complexes. Structural studies have been carried out to
understand the physical nature of the complex. Thermal analysis is done to further
substantiate and exploit the functional property for the fabrication of desired

materials.
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e Chapter 5: Novel Li-B-diketonate complexes are utilized to fabricate LiNbOs thin
films by pulse injection, i.e., PI-MOCVD. An inference is drawn from the structural
property observed and the importance of the pulse injection technique of MOCVD.
Thin films are thoroughly investigated in view of the morphology and secondary

phases.

e Chapter 6: Novel potassium-B-diketonate complexes and sodium-B-diketonate
complexes have been utilized to fabricate Ki1.xNaxNbOs thin-film and nanofibers. The
sol-gel technique has been employed for the formation of these nanostructures.

Unique properties of thin films and fibers form the focal point of this study.

Nishant Peddagopu  Engineering of Metalorganic Precursors: Synthesis to Mechanistic Aspects



CHAPTER 1

Alkali metal Complexes

1.1 Coordination Chemistry: State of the art

Coordination complexes consist of one or multiple metal centers bonded to ligands (ions or
molecules that donate electrons to the metal). These complexes, as observed, can be
neutral or charged. In charged complexes, the neighboring counter-ions help in stabilizing
the compound. The ligands may be attached to the central ion by coordinate (dative

covalent) bonds, and in some cases, the bonding is more complicated.!]
1.1.1 Historical Background:

Alkali and alkaline earth cations started developing in the 1970s, "Metal-ammonia" were the
first derivatives of M** with electrically neutral ligating molecules to be known and reported
in 1830[? and later.B! Alfred Werner further influenced the study on M?*-ammonia products
in the field of coordination chemistry,¥l reasonably to discover auxiliary valency for M.
Around the same period, Ettling® in 1840 worked on some organic derivatives of M*
[ML(HL)n, (n = 1 or 2) where HL is an organic acid and L its anion] for the first time. He
reported a somewhat vague understanding of the formation and structure of
Na(salicylaldehydate)(salicylaldehyde)(H20)1/2. Later, around 1906, Hantzsch® synthesized
its monohydrated analog and similar compounds calling it "acid salts." Bennett's report!”]
further elaborated it on K(p-hydroxybenzoate)- (p-hydroxybenzoic acid)(H.0) in 1915, and
by the report of Sidgwick and Plant!®l on M-indoxylspirocyclopentane (M = Li, Na, and K)
derivatives, viz., M(C12H120N)(C12H130N).

With the sudden fascination in the alkali metal complexes, an interesting work started
developing at the same time on the stable solid solvates of M?#* with various organic
solvents. These solvates of the type M(anion)-(solvent), were obtained by crystallizing the
salts from the respective solvent. Most of these discoveries were rather unintentional and
could only be observed during solubility studies of the salts. Solvates of this kind are:

M*(anion)(ROH)n>13 and MZ*(anion)(ROH),110-12) [14, 151 (M* = Li, Na, or K; M?* = Mg, Ca, or
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Sr; ROH is generally MeOH or EtOH or occasionally a higher alcohol),
M*(anion)(Me,C0)n, 817 and M?*(anion)(Me,CO)y,,[** 171 (M* = Li* or Na*; M?* = Mg**, Ca™, or
Sr**), Mg(anion)(PhCHO),,[*4 Mg(1)2(RCO2R’)6!**! (R = H or Me, and R’ = Me or a higher alkyl
group), Mg(halide),(Et20),,11418! Mg(1)2(MeCN)sg, 114! Li(Cl)(pyridine)y, 19!
Mg(halide),(aniline)s,!*¥ and Li(Cl)(quinoline),.2% The stable M(anion)(DX)», (DX = dioxane)
complexes?® 22l could even be synthesized by solvent exchange with DX from the solutions

of the salts in EtOH or Et,0.

Notably, the status of B-diketonates as anionic ligands for M# was also explored and
recognized?® quite early. Sidgwick and Brewer's(?l work carries historical importance
concerning the solubility characteristics of the metal B-diketonates. They observed that the
anhydrous Na(1l-phenylbutane-1,3-dionato) salt was toluene-insoluble, whereas its
dihydrated form was found toluene-soluble. The solubility of the dihydrated product in such
a nonpolar solvent could only be explained if there was proper coordination of the water
molecules with Na and if Na-OH, formed a covalent bond. This could only happen if the

anion and water molecules acted as true ligands.

The organic reactions involving the use of alkali and alkaline earth hydroxides or salts have
been frequently hypothesized with the formation of M*-derivative intermediates along with
electrically neutral reactants and the reaction intermediates.?®! Nevertheless, such
observations were abandoned since neither the organic synthetic chemist attempted to
deliberate improvements on synthetic procedures by incorporating appropriate
coordinative reactants of M* nor the coordination chemist tempted to investigate many

newer organic ligating species to study the coordination chemistry of M#*.[26]

Important observations, which illustrate the coordination of a neutral molecule with an s-
block cation can be summarized as: (i) the synthesis of NaBr(acetamide), (1901)27 (ii)
synthesis of defined M*-PHEN (PHEN = 1,10-phenanthroline) complexes (1938)(28! (iii)
synthesis of stable MX(EN),, (M* = Li or Na; X" =1, Br, Cl, or ClO4; and EN = ethylenediamine).
Marullo and Lloyd (1966)2°! found out that p,p’diamino-2,3-diphenylbutane (DDB), a

seemingly monodentate amine, could precipitate salts like NaCl from water.
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1.2. Conventional Ligands

The ligands that have generally been researched in the coordination chemistry of transition
cations are called conventional ligands. A complex can be organized based on the nature of
the ligands, and thus a complex of the type M(anion)(ligand)(solvent) could be treated at

three different places, i.e., the anion, the ligand, or the solvent.3%

1.2.1 Solvents as Ligands

Numerous empirical methodologies have been utilized for communicating M#-solvent
interaction. The solvent polarity concept! based on dielectric constant (E) values is one
such approach. Gutmann’s donor number theory3238] related to the thermodynamic studies
on solvating abilities of solvents has received rising considerations. Appropriately, a
meaningful and straightforward classification was laid down by Kay et al.,'*®! according to
which there are four major divisions of the polar solvents: i) acidic solvents, for example,
fluorinated alcohols, which do not coordinate a cation but bond to an anion; ii) neutral
solvents, for example, acetone, which weakly coordinates a cation; iii) basic solvents, for
example, N, N’-dimethylformamide (DMF), which strongly coordinate a cation; and iv)
hydrogen bonding solvents, for example, water, which strongly coordinates a cation and
also bond to an anion. % We will hence, discuss few parts of these classifications for our

educational and understanding needs.

A. M%#-Solvent Coordination in Solution

During the dissolution of the ionic salt MX, the solvents act as ligands, as electron donors for
M?, and possibly as proton donors for X*. Since the hard®! j.e., cations that are
comparatively rigid and non-deformable with low polarizability, prefer to form ionic bonds
in complex formation as they hold their electron firmly. M?* exhibits a pronounced
attraction towards the hard X*, ion-ion involvements play a significant role during M**-
solvent interactions than is typically understood for transition cations. Thus, in solution, the

existence of contact ion pairs, in addition to solvent-separated ion pairs,34*? is a more
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common phenomenon. The position of ion-ion involvements is, however, greatly influenced
by the nature of the solvent so that, in general, ion-ion involvements decrease and ion-
solvent interactions increase when for a given ion pair a neutral solvent is substituted by a
basic one and the latter by a hydrogen bonding one; neutral solvents usually frequently fail
to cause charge separation of an ion pair even at a reasonably high solvent/salt ratio,*3!
whereas in the case of the hydrogen bonding solvents, the formation of the solvent-
separated ion pairs usually is possible even at low solvent/salt ratios. It has been observed
that M**-anion and M*-solvent competition leads to relatively difficult results to predict.
This is so since ion solvation is at least a function of charge density of M?, the solvating
capability of the solvent, the nucleophilicity of the anion, and (in the case of the tight ion-

pairs) the solvent/salt ratio.

B. MZ%-Solvent Coordination in Solid State

Salts of particularly small cations possess the capacity to spring various types of solvents in
the crystal lattice to yield what may be called solid solvates. The formation of a solid solvate
can be determined by the solvent's nature and the nature of the salt's lattice packing. The
hydrogen-bonding solvents have chemical reasons to appear in the lattice under most
conditions that can be interrelated with each ion of a crystallizing salt, as evidenced by
various salts' hydration. The basic solvents may be visualized to form solid solvates that also
possess a distinct coordinating ability. Such as the transition cations generate coordination
compounds like the metal ammines. In the case of M#-solvent systems, the charge
neutralizing anion may often remain in the cation's first sphere of attraction. It behaves
fairly-stable in the lattice once “crystallization” with hydrogen-bonding, or a basic solvent
becomes possible. Incorporating a neutral solvent in the lattice is also possible, at least in
part, because of a definite M#-solvent interaction. However, such results are usually

unpredictable due to a facilitated solvent/water exchange.[*4!

The nature of the counter anion is vital in defining the nature of the solid solvate, that is,
whether the cation is entirely within the environment of the solvent molecules (solvent

complex) or is within that of the counter anion(s) and the solvent molecule(s) (solvated ion
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pair).[*! The counter anion also impacts the solvent/M# ratio in the solid product; the
arrangement of the LiBr and Lil solvates with DX is [l LiBr(DX) and Lil(DX),, for example,

which may be credited to the nucleophilicity difference between the halide ions.
(i) Solvent Complexes

There are some closely hydrated salts, especially the inorganic salts of small M#*, which are
charge separated and comprise the cation coordinated only with the solvent molecules; the
anion in the protic case solvent derivatives is usually carried on the polarized hydrogen of
the solvent. Na;S04.10H,0 is one of the commonly known solvent complexes wherein the

cation is within the Na(OHz)s octahedron (Na-0, 2.37-2.47 A).147]

(ii) Solvated lon Pairs

The weakly coordinating solvents can bond with a cation but fail to stabilize the anion.
These solvents are usually aprotic. Thus, their solid solvates are anticipated to be ion-paired
under most conditions. The solid solvates LiCI(DX)48! (Li-Cl, 2.39 and 2.42 A), and
LiCl(pyridine)! 9 and LiCl(pyridine)2(H20)1% (Li-Cl, 2.33 A), for example, are solvated ion

pairs.
(iii) Solvated Complexes

There are various compounds of the type M(anion)(ligand)(solvent) where “ligand” is the
core ligand, and “solvent” acts as a co-ligand. There are occurrences during which the
solvent molecule may get into the composition to fill up the unoccupied regions of the
complexed cation. For example, MeCN in Li(antamanide)BreMeCNPY or EtOH in
Na(antamanide)BreEtOH.PZ In some cases, however, the solvent's role is crucial in
triggering charge separation/ion-pair slackening of the salt, followed by complexation with
the core ligand. This is projected for the complexes NaX(benzo-15-crown-5)(H20) (X = Br or
I), which cannot be crystallized in the anhydrous state from a dehydrated reaction mixture
but rather are obtained in a hydrated form only from reaction mixtures including some

water.[>3!
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C. M?# -Solvent Coordination at Solid-Solvent interface

In an effort* to explain the solubilization process, it was reasoned that lattice energy of the
salt and dielectric constant of the solvent is not of elementary importance and only
influences the rate magnitude of solubilization concerning alkali and alkaline earth halides in
water. This is because solubility in water and lattice energy of the salt both rise toward
fluoride. Since salts like BaSO4 and KClO4, which are primarily ionic, are practically insoluble
in water, it was also discussed!®¥ that the ions do not instigate the ion-solvation process due

to their formal (or partial) charge.
1.2.2 Anionic Ligands

The contribution of the charge neutralizing anion as one of the ligands in the complexes of
M?# is much more traditional than that in the coordination compounds of transition cations.
For example, the solution of metallic Na in liquid ammonia ( [Na(NHs)n]* + €%1) on reacting
with NO gas results in the formation of [Na(NHz),]*NO~ from which only Na*NO" is
crystallized.®® This alkali cation action contrasts with the transition cations' general
behavior, which produces ammine complexes from ammonia. The situation is in
concurrence with the Hard and Soft Acids and Bases concept.>®! Some publications>7-60
have shown that the synthesis of M** complexes with electrically neutral ligands is
influenced by the nature of the charge neutralizing anion; the anion's impact becomes
progressively significant as donicity of the solvent medium falls.!® The upsurge in charge
density of M** influences the cation-anion interaction. It increases in the order Cs* to Li*, i.e.,

M* to similar-sized M?2*.

The ability to ligate the M# with an anion depends fundamentally on electrostatic
attractions. Still, there can be a degree of covalency in the bond subject to whether one of
the ions polarizes the counterion. The cation's polarizing capability for the neutral co-ligand
(if any) is reduced when an anion participates in coordination; in other words, the anion
strongly bonds the cation to the extent that the latter fails to be solvated. Various salts are
insoluble even in donor organic solvents. Anion universally is anticipated to exercise a
strong influence on the cation under conditions hindering the cation's solvation, and in the

essence of this explanation may be considered a ligand of significant importance.
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Additionally, suppose the anion carries a neutral donor site, then as a ligand, in this case, it
becomes more effective and acts as a charge neutralizer and serves to fulfill the
coordinative requirements of M*". For example, the EDTA anions belong to this group, and it

rationalizes why they act as active isolating agents.

An interesting relationship between ion-pair formation and stereochemistry of the anion
was found during the study of metal - B-diketonates. Although the forced chelation of the
smaller cations on the anion arrest carbonyl functions in the cis form (Z, Z form), the larger
cations allow the coulombic repulsions between the carbonyls to rotate one (E, Z form) or
both (E, E form) carbonyls along with C-C bond(s)®% 3! due to the formation of weak ion
pairs. X-ray diffraction solid-state studies carried out on 2,4-pentanedionatolithium(®* show
that the complex consists of endless chains of [Li(acac)z]” anions, connected by Li-ions. The
anion constitutes a square plane (Li-O, 1.93 A), while each bridging Li-ion is within an
approximately tetrahedral environment (Li-O7, 1.95 A) of two pairs of oxygens belonging to
neighboring [Li(acac)z]” ions. In the (1-phenylbutane-1,3-dionato)(ethylene glycol)sodium(®3!
complex, only one B-diketonate chelate the cation, and on the other hand, ethylene glycol
acts as a monodentate and connects the adjacent Na ions to form a polymeric structure.
The classical parallel complex (1-phenylbutane-1,3 dionato)sodium dihydrate!?* is stable in
the solid-state and appears to carry water molecules covalently bonded to the cation, being
toluene-soluble. One of the other observed things was that the anionic ligand's
nucleophilicity is reduced, as of hexafluoroacetylacetonate (hfac). The presence of highly
electronegative fluorine atoms then favored the conditions for the formation of the anionic
complexes. The complexes obtained from this anion are of the types!®® ®71 (M*)[M*(hfac)n]
(m =1 or 2, and n = 2 or 3) and [TMNDH'] [M#(hfac)s] (TMND = 1,8-
bis(dimethylamino)naphthalene) wherein, as previously observed the higher charge density
cation gets into the anionic complex; few other notable complexes of the former group are:
M’ [M(hfac)2] (M’ = Cs when M is K or Rb, or is Rb when M is K), M’2[M(hfac)s] (M‘ = Rb or
Cs, and M = Na), and M’[M(hfac)2(H20)] (M’= K, Rb, or Cs when M = Li, or is K when M =
Na).[¢l The latter group complexes are: [TMNDH*] [Li(hfac)], [TMNDH*]-[Na(hfac).H.0)T,
[TMNDH*] [Mg(hfac)s’], [TMNDH*]z[Ca(hfac)s]?> and [TMNDH*] [Ca(hfac)3(H20),]".1%%67) |n the
first group complexes, the crystal structure of Rba[Na(hfac)s], which is isomorphous with

Csa2[Na(hfac)s], is known.[®®] The lattice consists of Na(hfac)s? anionic units wherein Na is six-

Nishant Peddagopu  Engineering of Metalorganic Precursors: Synthesis to Mechanistic Aspects

12



coordinated by all the three hfac anions with Na-O-bonds ranging from 2.20 A to 2.47 A. The
property of formation of the anionic complexes is mainly due to the high charge density

cations.
1.2.3 Electrically Neutral Ligands

In the context of alkali metal complexes, coordination of a neutral molecule with an s-block
cation was also observed. These include: (i) the synthesis of NaBr(acetamide), (1901),[8! (ii)
synthesis of the crystalline CaCly(B-D-mannofuranose) (1929),1°! (iii) synthesis of defined
M*-PHEN (PHEN = 1, 10-phenanthroline) complexes (1938),[% and (iv) synthesis of stable
MX(EN)n, (M* = Li or Na; X- = |, Br, Cl, or ClOs; and EN = ethylenediamine). Later in (1966),7%
Marullo and Lloyd made a rather surprising observation in that the p,p'-diamino-2,3-
diphenylbutane, a seemingly monodentate amine, could precipitate salts like NaCl from
water. The most important advancement in the subject took place in 1967 when Pedersen
at Du Pont (Delaware) discovered” the property of electrically neutral macrocyclic

polyethers, acting as efficient Ligands of M**.

Electrically neutral ligands, whether O-donor or N-donor, can be divided into two
categories: (i) ligands that lack polar or polarizable hydrogen, such as a glyme or 1, 10-
phenanthroline. Such ligands generally produce ion-paired complexes and stabilize only the
cation and not its counter anion. The ligand: M* ratio (usually low) in the product is a
function of the anion's nucleophilicity and decreases as the anion's nucleophilicity
increases.”3 The charge separation of the complexing salt may become a consequence of
complexation even though these ligands do not complex a cation via its charge separation.
M# is effectively complexed by the ligands of this group when electron density of the donor
atom is enhanced (a) by a delocalized electronic arrangement of the molecule holding the
donor atom as in 1, 10-phenanthroline,* (b) by the inclusion of electronic effects, e.g., by
substitution of +I group(s) (positive Inductive effect) on the donor atom as Me in a glyme or
TMED, or (c) by assisting the donor atom through direct linkage with an electronegative
atom such as oxygen in pyridine oxides, arsine oxides, and phosphine oxides. Ligands
corresponding to condition (c) may be labelled "reinforced ligands." Small cations exhibit a
self-complexing property due to their high charge density. These ligands can influence a

charge separation of the complexing salt on steric and electronic reasons to yield charge-
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separated results of a high ligand: M* ratio. (ii) Ligands, such as hydroxyl compounds or
amines that carry a polar proton or polarizable hydrogen atom, can also stabilize the
complexing cation's counter anion by bonding it at the polar hydrogen and acting as
"double-action ligands,” which are exemplified by sugars and amides. Charge separation of
the complexing salt during complexation with these ligands is aided by the complexation of
the anion's cation and bonding.[*®! The charge-separated products so obtained are usually
marked by a high coordination number for the complexed cation. Complexation occurs
when the complexing salt and a highly acidic M* are composed of a highly basic anion; only
under these conditions are M#* complexation, and anion stabilization both enabled.”®! This
contrasts with the group's behavior as the efficiency of ligands, which for a given cation
enhances with the decrease in the counter anion's nucleophilicity. These group ligands'
complexes show the counter anion’s ultimate behavior during pairing with the complexed
cation, bonding with polar protons of the ligand, and its presence in the system disordered
ion depending on availability of the space around the cation and compactness of the

resulting lattice.
1.2.4 Coordinated Ligands

Structural studies show that in complexes that comprise a transition cation M"™ and M, the
latter captures a good coordination position concerning those ligands coordinated with the
former. Such ligands may be studied as "coordinated ligands" or "metal complexes as

ligands."

Studies on compounds like K-bis(tri-p-tolylphosphine)-Cu*-bis(dithiooxalato-
0,0')stannates2Me>COU® and also a large complex system such as Li-ethylenediamine-N,N'-
diacetato-N,N'di-3-propionatochromate(lll)e5H,07! has also shown coordination of M?*

through the metal complex moieties.
1.3 Macromolecular Ligands

Natural antibiotics and synthetic compounds like crowns and cryptands form the core of the
multidentate macromolecules (MMM) and are studied as ligands for M?*. The antibiotics can
be cyclic or acyclic, whereas the synthetic ligands can be acyclic, monocyclic, or polycyclic.
The macromolecular ligands have grown in importance due to the chemistry of M* than the

conventional ligands, which can be attributed to the fact that they bind M#* effectively and
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render the latter soluble in nonpolar solvents!’8l and because they are more applicable to
the chemistry of M* in biological systems which therein include the macro biomolecules
principally. The strong M“*-MMM interaction is due to the multichelate effect (for acyclic
MMM) or the superchelate effect’?! (multichelate effect plus macrocyclic effect(®83! for
closed-chain MMM. The solution and solid-state studies on M**-MMM systems have been

conducted significantly, and the interest is persistent.!7® 80-106]
1.4 Conclusions

The historical development of the coordination complexes helped us to navigate through
the precursor chemistry and understand the different mechanisms at play to successfully
synthesize an alkali metalorganic precursor. Notably, the use of B-diketonates as anionic
ligand, which can counterbalance the charge of the central metal ion and the pivotal role it
plays, especially the fluorinated derivatives of the B-diketonates to impart appropriate mass
transport properties and solubility, forms the essential part of this research work. Also, the
use of neutral ligands such as glymes, to complete the coordination sphere and act as a
chelating agent, has been the corner stone for the synthesis of the novel precursors

developed during the course of this PhD work.
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CHAPTER 2

Lithium B-diketonate glyme adducts: Synthesis and

Characterization

Lithium niobate (LiNbO3) nanomaterials have been a significant source of interest due to
their broad range of functions in the areas of ferroelectrics,?! piezoelectric,® and
nonlinear optics.[* This material has been described as the “silicon of photonics” due to its
exceptional optical properties.>®! Also, LiNbO3 based materials, due to its nonlinear optical
(NLO) response, are vital components of ultrafast laser writers,”] electro-optical
modulators,® optical switches,® optical parametric oscillators,[*! and holographic
devices.['! The interest in LiNbO3 has also been boosted by the need to look for lead-free
piezoelectric materials due to the European community's restriction on the use of PZT

[(PbZr)TiOs].

Nevertheless, applications for quantum photonics, surface acoustic wave devices,
ferroelectric-based devices, etc., require the availability of LiNbOs in thin-film form. To this
aim, various techniques have been applied, such as capillary liquid epitaxial technique,*?
RF-magnetron sputtering,[*3 spin-coating™* and metal-organic chemical vapor deposition
(MOCVD).[*>171 MOCVD represents one of the most appealing processes because of its easy
scalability, but its application requires the use of precursors with appropriate mass

transport properties.

Further substantial advantages of MOCVD over physical processes are a capability for large-
scale production, easier automation, good conformal coverage, selectivity, and the ability to
produce metastable materials.['®] Despite these promising advantages, industrial
applications of an MOCVD process are still limited, likely because starting molecular
compounds' commercial availability is insufficient. Very few lithium precursors are known

for vapor phase processes, either MOCVD or atomic layer deposition.[1%20!

Our previous studies have shown that glymes play a pivotal role in stabilizing complexes

with the desired thermal properties for MOCVD applications.?22 Glymes often behave like
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crown ethers in terms of coordinating/solvating ions of the alkaline-earth,[2324 the
transition?>26! and the rare-earth metals?2?7l through oxygen—ion complexation, i.e.,
chelating properties, which leads to thermally stable, and volatile adducts. Additionally,
glymes have many other favorable properties, including being liquid at various
temperatures (typically >200 °C), low viscosity, high chemical, thermal stability, relatively
low vapor pressure, and low toxicity.[?8! Owing to these excellent solvent properties, glymes
have been extensively used as solvents in liquid-assisted MOCVD processes, either liquid

injection or aerosol assisted.[2%30]

Glymes have also been widely used to coordinate Li salts, proposed for lithium battery
electrolyte applications, to produce crystalline solvate structures that are analyzable
through single-crystal X-ray diffraction.B! Specifically, monoglyme (dimethoxyethane),
diglyme (bis(2-methoxyethyl)ether), and triglyme (2,5,8,11-tetraoxa-dodecane) have been
used to coordinate lithium in Li salts, yielding crystalline structures. Nevertheless, for some
anions and glymes, liquid systems are observed. Henderson group has reported detailed
studies on phase diagrams for glyme mixtures with simple lithium salts'3?! and crystallization

kinetics of glymes with a wide range of lithium salts.[33!

As a merging point from all the considerations mentioned earlier, we decided to
synthesize novel lithium precursors using a B-diketone as anion and glyme as coordinating
molecules. Here, we give details on the synthesis of novel lithium complexes of the type
“Li(hfa)eglyme”, Hhfa= 1,1,1,5,5,5-hexafluoro-2,4-pentanedione, glyme= monoglyme (1,2-
Dimethoxyethane), diglyme bis(2-methoxyethyl)ether), triglyme (2,5,8,11-
tetraoxadodecane) and tetraglyme (2,5,8,11,14-pentaoxapenta-decane). The mass transport
properties, investigated through thermogravimetric analysis and differential scanning
calorimetry, are highly affected by the glyme nature, which plays a key role in thermal
stability and volatility. They have also been characterized by FT-IR spectroscopy, *H, and 3C
NMR. Single crystal X-ray diffraction studies provide evidence of interesting coordination

moieties.
2.1 Experimental section.

Materials. The monohydrate lithium hydroxide [Li(OH)eH,O, >98%] and 1,1,1,5,5,5-

hexafluoro-2,4-pentanedione (H-hfa, >98%), were purchased from Strem Chemicals and
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used as received. Monoglyme (1,2-Dimethoxyethane, 99.5%), diglyme (bis(2-
methoxyethyl)ether, 99.5%), triglyme (2,5,8,11-tetraoxadodecane, >98%), tetraglyme
(2,5,8,11,14-pentaoxapentadecane, >99%), dichloromethane (CH,Cl,, >99.5%) and n-

pentane were purchased from Sigma Aldrich.

General procedures. Elemental microanalysis was performed using a Carlo Erba 1106
elemental analyzer. Fourier Transform Infrared (FT-IR) spectra were recorded using a Jasco
FT/IR-430 spectrometer with nujol mull between NaCl plates. Melting points were taken on
tiny single crystals using a Kofler hot-stage microscope. Thermogravimetric analyses were
made using a Mettler Toledo TGA2 and the STAR® software. Dynamic thermal studies were
carried out under purified nitrogen flow (50 sccm) at atmospheric pressure with a 5 °C min™!
heating rate. The weights of the samples were between 7-10 mg. Differential scanning
calorimetry analyses were carried out using a Mettler Toledo Star System DSC 3 under
purified nitrogen flow (30 sccm) at atmospheric pressure with a 5 °C/min heating rate. The
weights of the samples were between 5-8 mg. NMR experiments were carried out at 27 °C
using a 500 MHz spectrometer (*H at 499.88 MHz, 3C NMR at 125.7 MHz) equipped with a
pulse-field gradient module (Z-axis) and a tunable 5mm Varian inverse detection probe (ID-
PFG); chemical shifts (6) are expressed in ppm and are referenced to residual deuterated

solvent. NMR data were processed using the MestReC software.

Synthesis of [Lii2(hfa)i2¢monoglymee4H,0] (1). The Li(OH)*H,0 (0.385 g, 9.18 mmol) 30%
excess was first suspended in dichloromethane (40 mL) followed by monoglyme (0.636 g,
7.06 mmol), and finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture
was refluxed under stirring for one hour. The excess of LiOH was filtered off. The colorless
crystals precipitated after partial evaporation of the solvent. The crystals were collected,
washed with pentane, filtered, and dried under vacuum. The reaction yield was 70%. The
crude product did not melt up to 220 °C using the Kofler hot-stage microscope (760 Torr).
NMR analysis reports: 61 (500 MHz, CD3CN, 27 °C) 5.88 (s, 12H, CHura) 3.49 (s, 4H, CH,), 3.32
(s, 6H, OCHs) ppm; 8¢ (125 MHz, CD3CN, 27 °C) 176.02 (g, COxra, 2J(C,F)=32.4 Hz), 118.08 (q,
CF3 uea, YJ(C,F)=287.5 Hz), 86.59 (CH,), 71.38 (CH.), 57.89 (CHs) ppm. Elemental analysis for 1
(Liz2CeaH30F72030): Calc: C, 28.36; H, 1.11. Found: C, 28.21; H, 1.09.
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Synthesis of [Li>(hfa).ediglymee®H;0] (2). The Li(OH)-H,0 (0.385 g, 9.18 mmol) 30% excess
was first suspended in dichloromethane (40 mL) followed by diglyme (0.473 g, 3.53 mmol),
and finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for one hour. The excess of LIOH was filtered off. The colorless crystals
precipitated after partial evaporation of the solvent. The crystals were collected, washed
with pentane, filtered, and dried under vacuum. The reaction yield was 86%. The melting
point of the crude product was 80-82°C (760 Torr). NMR analysis reports: 6u (500 MHz,
CDsCN, 27 °C) 5.88 (s, 2H, CHura), 3.61 (m, 4H, CH.), 3.52 (m, 4H, CH>), 3.32 (s, 6H, OCHs,)
ppm; &¢ (125 MHz, CD3CN, 27 °C) 176.01 (q, COwra, %J(C,F)=32.5 Hz), 118.10 (q, CF3 Hra,
1J(C,F)=287.5 Hz), 86.54 (CH3), 71.09 (CH>), 69.53 (CH2), 57.92 (CHs) ppm. Elemental analysis
for 2 (LioC16H18F120¢): Calc: C, 33.13; H, 3.10. Found: C, 33.24; H, 3.14.

Synthesis of Li(hfa)etriglymeeH,0 (3). The Li(OH)*H,0 (0.385 g, 9.18 mmol) 30% excess was
first suspended in dichloromethane (40 mL) followed by triglyme (1.25 g, 7.06 mmol), and
finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for one hour. The excess of LiOH was filtered off. The obtained product did
not crystallize and is liquid. NMR analysis reports: &u (500 MHz, CDCls, 27 °C) 5.92 (s, 1H,
CHwra), 3.734 (s, 4H, CH,), 3.66 (m, 4H, CHz), 3.54 (m, 4H, CH,), 3.32 (s, 6H, CHs) ppm; &¢
(125 MHz, CDCls, 27 °C) 176.55 (q, COmea, 2J(C,F)=32.6 Hz), 117.98 (q, CF3 ura, Y(C,F)=287.8
Hz), 87.53 (CH3), 71.05 (CH3), 69.85 (CH.), 69.56 (CH,), 58.78 (CH3) ppm. Elemental analysis
for 3 (LiC13H19F6Os): Calc: C, 39.80; H, 4.88. Found: C, 39.61; H, 4.99.

Synthesis of Li(hfa)etetraglymeeH,O (4). The Li(OH)eH,0 (0.385 g, 9.18 mmol) 30% excess
was first suspended in dichloromethane (40 mL) followed by tetraglyme (1.57 g, 7.06 mmol),
and finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for one hour. The excess of LiOH was filtered off. The product obtained does
not crystallize and is liquid. NMR: 4 (500 MHz, CDCls, 27 °C) 5.91 (s, 1H, CHnea), 3.68 (m, 8H,
CHa), 3.64 (m, 4H, CHa), 3.54 (m, 4H, CH,), 3.33 (s, 6H, CHs) ppm; &¢ (125 MHz, CDCls, 27 °C)
176.52 (q, COwra, Y(C,F)=32.9 Hz), 117,98 (q, CF3 nra, Y(C,F)=287.4 Hz), 87.45(CH,), 71.18
(CH2), 69.85 (CH2), 69.83(CH2), 69.80 (CH;), 58.80 (CHs3) ppm. Elemental analysis for 4
(LiC1sH23F607): Calc: C, 45.93; H, 5.31 Found: C, 45.72; H, 5.14
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Single crystal X-ray structure. The molecular and crystal structure of the two complexes
[Lir2(hfa)]i2¢emonoglymee4H,0] (1) and [Liz(hfa);ediglymeeH,0] (2), was investigated
employing single-crystal X-ray diffraction at 100 K. Measurements for 1 were carried out
with a Bruker APEX-II CCD diffractometer. In contrast, for 2, an Oxford Diffraction Excalibur
diffractometer was used. In the two measurements, the Cu-Ka radiation (A = 1.54184 A) was
used. Data collections were performed with the program CrysAlis CCDB3* for 2 and with the
Bruker APEX2 program for 1.3% Data reductions were carried out with the program
CrysAlisPROB® for 2 and Bruker SAINTB7 for 1. Finally, absorption corrections were
performed with the program ABSPACK in CrysAlis RED for 2 and SADABS for 1.B38! Structures
were solved using the SIR-2004 package!®®! and subsequently refined on the F2 values by the

full-matrix least-squares program SHELXL-2013.14!

Geometrical calculations were performed by PARST97 [ and molecular plots were

produced by the program Mercury (v3.7).14%

2.2 Results & Discussions

The complexes are synthesized in a single-step reaction from the lithium hydroxide
monohydrate, Hhfa, and glyme ligands in dichloromethane. A LiOHeH,O:Hhfa: glyme
stoichiometry of 1:1:1 was used for all the reactions, except for adduct 2, when a 1:1:0.5
stoichiometry was used. The combination was refluxed under stirring for 1 hour (Eq. (2.1)).

Adducts 1 and 2 are solid, while 3 and 4 are colorless liquids at room temperature.

LiOHeH,0 + Hhfa + glyme  — “Li(hfa)eglyme” + H,O (2.1)

1. [Li12(hfa)122monoglymee4H,0],

2. [Li2(hfa)2ediglymeeH,0]

3. Li(hfa)etriglymeeH,0

4. Li(hfa)etetraglymeeH,0
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In Table 2.1., crystal data and refinement parameters of the investigated structures are

reported. The fluorine atoms bonded to the carbon atom C(4) of the hfa anion in 2 and all

the fluorine atoms attached to C(9) in 1 are disordered. Such a disorder was modelled, in

the two crystals, by introducing three positions for each fluorine atom (occupancy factors:

0.34,0.33,0.33 in1and 0.45,0.30, 0.25 in 2).

Table 2.1. Crystallographic data and refinement parameters for 1 and 2.

[Li12(hfa)12¢monoglymee4H,0], (1)

[Liz(hfa)2 (diglyme)-H,0] (2)

Empirical formula CeaH30030F72Li12 C16H180s8F12Li>

Formula weight 2730.16 580.18

Temperature (K) 100 100

Wavelength (A) 1.54184 1.54184

Crystal system, space | Monoclinic, P21/n Triclinic, P-1

group

Unit cell dimensions|a =17.930(1) a=9.427(1); a=112.482(9)

(A, °) b =9.2458(5); B = 103.158(3) b =11.433(1); B = 95.14(1)
¢ =30.375(2) c=12.245(1); y = 92.239(9)

Volume (A3) 4903.3(5) 1210.6(2)

Z, Dc (mg/cm3) 2,1.849 2,1.592

i (mm) 2.073 1.631

F(000) 2676 584

Crystal size (mm)

0.25x0.20x0.18

0.35x0.30x0.28

0 range (°) 2.63 to 60.23 3.93 to 74.18
Reflections collected|50824 / 7307 11683 / 4594
/ unique

Data / parameters 7307 / 820 4594 / 359
Goodness-of-fit on F2 | 1.040 1.085

Final R indices

[1>20(1)]

R1=0.0605, wR2 = 0.1418

R1=0.0972, wR2 = 0.2580

R indices (all data)

R1=0.0722, wR2 =0.1561

R1=0.1448, wR2 = 0.3398
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For the non-hydrogen atoms, anisotropic thermal parameters were used. In all the two
structures, the water molecules' hydrogen atoms were found in the Fourier difference map,
and their positions were freely refined. In contrast, their thermal parameters were refined

accordingly to the bonded atoms.

In the crystal structure of [Lis(hfa)s0.5(monoglyme)2H,0]~ (1) [with monoglyme=1,2-
dimethoxyetane] there are six independent Li(hfa) moieties, two water molecules and half

of a monoglyme ligand (fig. 2.1).

c(5) Lo
O \ N \
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e c(ie) (D) / @ o)

C(5)

0(12) =%

%28)( C(1g)
0(1g9)

C(20)

C(29)

Fig. 2.1. Ortep view of the [Lis(hfa)s0.5(monoglyme)2H;0]~ asymmetric unit (the
monoglyme ligand possesses a center of symmetry). Hydrogen atoms and fluorine atoms
have been omitted for sake of clarity. Ellipsoids are at 20% probability.

The hfa ligands act as bridges, linking the lithium ions through the oxygen atoms into one-
dimensional polymeric chains made up by Li-Onsa moieties, which adopt a wave-like overall
shape (fig. 2.2a). Within the chain, lithium 4- and 5-coordinated alternate, with the tetra-
coordinated ion acting as a bridge between two mutually perpendicular Li(hfa), moieties.
The fifth position in the 5-coordinated lithium ions (Li(1), Li(3), and Li(5)) is occupied by the
oxygen atom provided by a water molecule (O(1W) and O(2W)) or the monoglyme molecule
(O(1G)). The resulting coordination sphere can be described as square pyramidal (t=0.21 for
Li(1) and Li(3), 0.16 for Li(5)), with the metal ion shifted toward the oxygen atom at the apex

of the sp. In the 4-coordinated lithium-ion, the oxygen atoms describe a quite distorted
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tetrahedron. The Li-O bond distances (table A.1.) appear a little bit shorter than those found
in (1). The shortest Li-Li distance within the polymeric chain is 2.871(9) A.

Fig. 2.2. Ball and stick view of the [Lis(hfa)s0.5(monoglyme)-2H,0]- polymeric chains. a)
View along the a-axis direction (different colors have been used to highlight the wave-like
motif described by the Li-Onsa moieties). b) View highlighting the Li-monoglyme-Li bonds,
which assemble the Li-Onsa polymeric chains.

The Li(5) metal ions of different chains have linked each other (they are 6.434(9)A apart)
through the oxygen donors of the monoglyme molecules that are located around a center of
symmetry. These latter act as bidentate bridges linking together the Li-Onfa polymeric
chains. In particular, each Li-Onfa chain is bonded to two symmetry-related chains (fig. 2.2b);

thus, a double layer of polymeric chains is formed and held together by the Li-monoglyme-Li
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unit (fig. 2.3). A survey in the CSD shows that only one-dimensional polymeric chains based

on LiO4 units are present (EJUZIT, 18 EJUZOZ,1**) HEYVIRP?: and REGQAW?Y).

Fig. 2.3. Ball and stick view of the crystal packing of [Lis(hfa)s'0.5(monoglyme)-2H,0]~ view
along the b axis direction highlighting the monoglyme bridges between polymeric chains).

The crystal structure of [Li(hfa)z(diglyme)-H,0] (2)[with Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-
pentandione and diglyme=1-methoxy-2-(2-methoxyethoxy)ethane] consists of binuclear
lithium complexes (fig. 2.4). Each metal ion is penta coordinated, and in both cases, the
polyhedron surrounding the lithium-ion can be described as a square pyramid (sp, as
revealed by the value of the trigonal index*¥ t (1=0.21 and 0.00 for Li(1) and Li(2),
respectively). All the Li-O bond distances (table B.2.) are within the expected range, as
provided by a search in the Cambridge Structural Database for crystal structure featuring
the molecular fragment shown in figure 2.5a (CSD 5.39, November 2017+updates)4 for
analogous chemical species. As for Li(1), the donor atoms are provided by the oxygen atoms
of the two hfa anions and a water molecule in the axial position. The metal ion is displaced
by 0.457(9)A from the mean plane described by the four hfa oxygen atoms and shifted

toward the oxygen atom of the water molecule that occupies the sp's apex.
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Fig. 2.4. Ortep view of the binuclear complex [Liz(hfa)z(diglyme)-H.O]. Hydrogen atoms
have been omitted for the sake of clarity; just one model for the fluorine atoms bonded to
C(5) has been reported. Ellipsoids are at 20% probability.
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Figure 2.5. Fragments searched in the CSD.

Finally, Li(1) is 2.92(1) A apart from Li(2) thanks to the hfa oxygen atoms O(2) and O(3) that
work as bridging donors between the two metal ions. The Li-O-Li angles are 91.8(4) and
94.2(4)°, with the four atoms of the Li,O, moiety well in a plane (all the geometrical
parameters related to this moiety well compare with those found for the fragment sketched
in figure 2.5a). The coordination sphere of Li(2) is completed by the oxygen atoms provided
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by the diglyme molecule, whose oxygen atoms define, together with O(3), the base of the
sp, being the other hfa oxygen atom O(2) at the apex. In this case, also the metal ion is
shifted toward O(2) (0.44(1)A). The two square pyramids' bases are almost perpendicular to
each other (as provided by the angle between the corresponding mean planes, 74.5(1)°). A
search in the CSD for structures featuring the fragment sketched in figure 2.5b reveals 35
hits; in 3 of them, the hfa bridges the metal ions structures (QADFIL,“3 SATCOIM“®! and
SUDYOF™"! ref codes). In QADFIL, the Tl(hfa)-diglyme moieties give rise to a polymeric chain.
As for the binuclear species, at variance with (1), in all cases, the two metal ions have an
identical coordination environment: in SATCOI, there are centrosymmetric binuclear
[Ba(hfa)(trigmo)]. molecules, while in [Ag(hfa)(diglyme)]. (SUDYOF) the two moieties are
related by a two-fold axis.

In the crystal lattice, centrosymmetric dimers are formed through two identical
pairs of strong H-bonds involving the water molecule working as H-bond donor and the hfa
oxygen atoms O(1) and O(4) that act as acceptors (fig. 2.6, table A.2.). Within each dimer,

adjacent lithium ions [Li(1)] are 4.39 A apart.

Fig. 2.6. Ball and stick view of the [Li2(hfa). (diglyme)-H,0] dimer.
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FTIR — Spectroscopy. The Fourier transform infrared (FT-IR) spectra, recorded in the range
4000-500 cm™ (Fig. 2.7), has allowed us to confirm the formation of the adducts, and

specifically also of the liquid adducts 3 and 4.
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Fig. 2.7. FT-IR spectra of adducts 1, 2, 3 and 4

In the spectra of the adducts 2, 3, and 4, we observe broadband around 3600 cm™ due to
the OH stretching modes of coordinated water. Comparing the FT-IR spectra of all the four
adducts and that of the H-hfa ligand in the carbonyl range, it is possible to observe that the
two peaks at about 1660 cm™ and 1530 cm™, associated respectively with the C=0 and C=C
stretching, are indicative of the hfa ligand coordination. The shifting of these peaks also
observed in the “Li(hfa)eglyme” 3 and 4 adducts (an enlarged region in the range 1800-1400
cm™ is reported in Fig. 2.8) compared to those of the free ligand, suggests that the hfa
ligand coordinates the lithium-ion and the liquid compounds are not a mixture of ligands.
The IR spectra recorded in the function of temperature (Fig. 2.9) allow confirming that

diglyme is partially lost after heating up to 160°C.
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Fig. 2.8. FT-IR spectra of 3 and 4 vs. the free Hhfa ligand in the carbonyl range.

It is completely lost at 250 °C, since the peaks at 1004 cm™, 946 cm™ and 874 cm, due to

the glyme coordination,? are missing on heating the sample.

[Lilhfally.diglyme. Hg0 - 240°C

[Lifhfal]y.diglyme Hy0 - 150°C

BB

! o
[Lifhia}].diglyme HyO - 25°C ’

I e 1
i

— T T " 1 T T T T ——
4000 3500 3000 2500 2000 1500 1000 500

Transmittance (%)

Wavenumber (cm™)

Fig. 2.9. FT-IR spectra of 2 were recorded at 25°C, 160°C, and 240°C.
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NMR Spectroscopy. The *H -NMR and 3C-NMR spectra of the Li(hfa)-glyme adducts have
been carried out dissolving 1 & 2 in CD3CN while 3 & 4 in CDCls. All *H —-NMR spectra (Fig.
2.10 — Fig. 2.13) show at 6~3.3-3.4 ppm a singlet consistent with the protons of the terminal
methyl groups of the glyme ligand, while multiplets at 6=3.6-3.7 represent resonances of

methylenic protons of the same ligand.

'H-NMR measurement was conducted by dissolving the adduct 1 in deuterated acetonitrile
as it is insoluble in chloroform. The obtained spectrum (Fig. 2.10a) shows a singlet at 6~3.3
ppm consistent with the protons of the terminal methyl groups of the glyme ligand. At
around 3.5 ppm, the signals can be traced back to the CH; of monoglyme. At 5.9 ppm, the
peak for the only proton of the hfa binder appears. Spectrum 3C-NMR is recorded under
decoupling conditions (Fig. 2.10b). At the chemical shift value of 86 ppm, the carbon signal
falls into the two ketonic groups of the hfa. Finally, the two quartets at about 119 ppm and
176 ppm can be traced back to the C of the CFs and C-O groups of the binder. The quartets

are due to coupling with the fluoride atoms of the CF3 groups.
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Fig. 2.10. a) *H-NMR spectrum of 1 (CD3CN, 500 MHz, 27 °C) b) 3C-NMR spectrum of 1
(CD3CN, 125 MHz, 27 °C)
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The 'H-NMR spectrum of the adduct 2 was carried out in deuterated acetonitrile (Fig. 2.11
a). For adduct 2 in the ppm range of 3.5 ppm to 3,7 ppm, we find signals for the polyether's
eight methylenic hydrogens. At the chemical shift value of 5.9 ppm, the singlet signal of the
only hydrogen of the "diketonate" binder appears. Spectrum 3C-NMR is recorded under
decoupling conditions (Fig. 2.11 b). At the chemical shift value of 86 ppm, the carbon signal
falls into the two ketonic groups of the hfa. Finally, the two quartets at about 119 ppm and
176 ppm can be traced back to the C of the CF3 and C-O groups of the binder. The quartets

are due to coupling with the fluoride atoms of the CF3 groups.
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Fig. 2.11. a) 'H-NMR spectrum of 2 (CD3CN, 500 MHz, 27 °C) b) 3C-NMR spectrum of 2
(CD3CN, 125 MHz, 27 °C)
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The 'H-NMR spectrum of the adduct 3 was carried out in deuterated chloroform (Fig. 2.12a)
and presented all the signals related to the resonant protons of the complex in question.
The integration of the intense 3.3 ppm singlet indicates the six equivalent protons of the
two terminal methyl groups of the triglyme. In the chemical shift from 3.5 ppm to 3.7 ppm,
two multiplets and one singlet can be seen from the polyether's twelve methylinic
hydrogens. At 5.9 ppm, we find the singlet relative to the proton compared to the
diketone's two carbonyl groups. Spectrum 3C-NMR (Fig. 2.12b) is recorded in decoupling
conditions. For a chemical shift value of 58 ppm, the signal for the two methyl carbons of
the polyether is observed. Between 68 ppm and 72 ppm, the methylinic C of the triglyme
resonates. At 77 ppm, the signal for the deuterated chloroform used as a solvent is
observed. Finally, at the value of 85 ppm, the carbon resonates in the two ketonic groups.
The two quartets at about 118 ppm and 176 ppm can be traced back to the C of the CF;3
and C=0 groups, respectively of the B-diketone. The quartets are due to coupling with the

fluoride atoms of the CFs3 groups.
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Fig. 2.12. a) 'H-NMR spectrum of 3 (CDCl3, 500 MHz, 27 °C) b) 3C-NMR spectrum of 3
(CDCls, 125 MHz, 27 °C)
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The *H-NMR spectrum of adduct 4 was carried out in deuterated chloroform (Fig. 2.13a) and
showed an intense 3.3 ppm singlet, which relates to the resonance of the six equivalent
protons of the two terminal methyl groups of the polyether. Signals ranging from 3.5 ppm to
3.7 ppm can be traced back to the sixteen methylinic protons of tetraglyme. The 5.9 ppm
singlet is related to the proton linked to carbon dioxide in the two carbonyl groups of the
hfa. Spectrum 3C-NMR (Fig. 3.13b) shows an intense 59 ppm signal, typical of the two
methyl C of the tetraglyme. Between 69 ppm and 71 ppm, signals are seen for the eight
methylinic C of the polyether. At 77 ppm, the signal from the deuterated chloroform used
as a solvent is observed. At the chemical shift value of 86 ppm, the carbon signal falls in the
two ketonic groups of the hfa. Finally, the two quartets at about 118 ppm and 174 ppm can
be traced back to the C of the CF3 and C=0 groups of the binder. The quartets are due to

coupling with the fluoride atoms of the CFs3 groups.
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Fig. 2.13. a) 'H-NMR spectrum of 4 (CDCls, 500 MHz, 27 °C) b) *C-NMR spectrum of 4
(CDCls, 125 MHz, 27 °C)
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Confirmation of the formation of the liquid adducts has been obtained through recording
the 'H-NMR spectra. The metal cation binding affects the signals of the 'H NMR spectra of

the triglyme (Fig. 2.14) and tetraglyme (Fig. 2.15) ligands.

2 3 @
)= o 2 (1)
\VaRVARVEARV/ (1)
o o o o
(3)
(2) 2)
M/\ Triglyme
Li(hfa)triglyme
L m M
——Tr—rr—T T T T T T T
3.70 3.60 3.50 3.40 3.30

8 (Chemical Shift)

Fig. 2.14. Comparison of 1H-NMR spectra (polyether region) of Triglyme (—) and
Li(hfa)etriglyme (—).

Also, the integrations of the *H-NMR peaks of 3 (Fig. 2.12a) and 4 (Fig. 2.13a) confirm a 1:1
hfa: glyme ratio in adducts 3 and 4, thus pointing to the formation of complexes with

formula Li(hfa)etriglyme and Li(hfa)etetraglyme.

@ 19, @
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Fig. 2.15. Comparison of 'H-NMR spectra (polyether region) of tetraglyme ( ) and

Li(hfa)tetraglyme ( ).
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Changes are observed for almost all the triglyme ligand protons in the adduct 3: the
methylene protons of the innermost portion undergo an upfield shift while the external
methyl groups experience a downfield shift. These observations provide further evidence
that the metal ion is coordinated through the oxygen atoms and that the ligands rearrange

upon complexation. A similar trend is observed for the tetraglyme adduct 4 (Fig. 2.15).

The findings mentioned above may be interestingly compared with the Watanabe group's
data 535 for Li complexes prepared by mixing lithium bis(trifluoromethyl- sulfonyl)-amide
and triglyme or tetraglyme in a 1:1 molar ratio. Clear liquids were also obtained in those

cases, and their behavior as room temperature ionic liquid was discussed.[53-5!

For other anions (X = CF3SOs", BF4, ClO4, AsFs, and PFg’) solid crystalline structures have
been observed for the (triglyme)l:LiX with the Li-ion in a four- to five- coordinated
environment,®® 571 while for AsFs, BF4, CF3CO, anions tetraglyme gives crystalline

structures with a six-coordination sphere for Li*.[>®]

Similar four- or five-coordination moieties have been observed through the Lindgren group's
ab-initio studies for Li-triglyme and Li-tetraglyme systems.[®® ¢ They suggested that the
high chain flexibility of glymes enables many stable structures within a narrow energy range
with very different geometrical arrangements of the ether oxygens.5% ¢! Coordination
numbers ranging from four to six have also been found for Li in alkoxides and B-diketonates

complexes, see ref. [61] and references therein.

Thermal analysis. The thermal behaviors of the as-synthesized precursors have been
investigated by thermogravimetric (TG) measurements (Fig. 2.16a) and differential scanning
calorimetry (DSC) (Fig. 2.16b), which are thereby compared with the behavior of the
commercial precursor, i.e., Li(tmhd)(H20)3, (2,2,6,6-tetramethyl-3,5-heptanedionato lithium
dihydrate). TG curves of the “Li(hfa)eglyme” 1, 3, and 4 show a two-step mass loss
associated with the H,O molecule loss around 100°C and vaporization of the adducts.
Specifically, adduct 1 shows a weight loss of about 5.6% in the range 25-140°C, which
accounts for the loss of the four water molecules and the monoglyme of the
[Li12(hfa)122monoglymee4H,0], polymeric structure, the theoretical weight loss being equal

to 5.9%. The primary mass loss due to the adduct vaporization occurs in the range 230-
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340°C, with a residue of 6.2%. The vaporization of Li(tmhd)(H20), occurs in two steps as
well, the first one (10.5% at 100°C) is associated with the loss of two water molecules, and
the second one related to the complex vaporization with a residue at 300°C of 3.3%.
Depending on the synthetic procedures, tetrameric units of [Li(tmhd)]a ([Li(dpm)]4 following
the previously used nomenclature of dipivaloylmethane for the Htmhd) have been found
without water molecules in the coordination sphere, showing a higher residue in the TG
analysis.[®2 83 The range temperature of vaporization of 1 is higher than the commercial
Li(tmhd)(H20), precursor, but this is not a drawback for its applications in liquid-assisted

MOCVD processes given its solubility in common organic solvents.

100-
N a)

(o]
o
1

Weight (%)
(2]
o

40
—1
2
204 2
4
0 J_==Li(TMHD) ]

50 100 150 200 250 300 350
Temperature (°C)

— b)

“::;i //f\_____
e~

"4

Heat flow
Endo

50 100 150 200 250 300 350
Temperature (°C)

Fig. 2.16. TG curves (a) of the four “Li(hfa)eglyme” adducts vs. Li(tmhd). DSC curves
(b) of the four “Li(hfa)eglyme” adducts.

Nishant Peddagopu  Engineering of Metalorganic Precursors: Synthesis to Mechanistic Aspects

41



The TG curves of adducts 3 and 4 (Fig. 2.16a) show a nearly single step weight loss with a
residue of 4.3% at 300 °C and 4.4% at 300 °C, respectively. The TG curve of the
[Liz(hfa)2ediglymeeH,0] adduct shows a three-step weight loss, with a residue of 1% at 330
°C. Interpretation of the individual steps is not straightforward. It is worthy to note that the
presence of H,O molecules in the coordination sphere of Li-ion is not a drawback for the
thermal properties of present complexes. An excellent thermal behavior for MOCVD
applications has been previously observed for the Mg(hfa);#2H,0e2diglymel?* and
Co(hfa)2#2H,0etetraglymel?®! adducts, despite the presence of H,O molecules in the

coordination sphere.

The DSC curves (fig. 2.16b) of adduct 1 show a broad endothermic peak around 100°C, likely
associated with the loss of H20 molecules and a small, sharp endothermic peak at 312.6°C,
which may be related to the melting of the polymeric structure. The DSC curve of adduct 2
presents a sharp endothermic peak at 80.3°C due to the adduct melting and a broad
exothermic peak at 300°C, which can be associated with its partial vaporization
decomposition. In adducts 3 and 4, very broad peaks around 100°C are observed due to the
H,0 molecule loss. In contrast, the exothermic peaks around 290°C may be associated with

vaporization overlapped with a partial decomposition of the products.

2.3 Conclusions

The major constraints with alkali metal precursors are, due to their reactivity, the storage,
which is very difficult for longer periods of time and also the alkali metal losses at elevated
temperatures when subjected to CVD. In conclusion, to counter the above problems, the
reported research provides a detailed study on the syntheses of four novel lithium's
adducts. The straightforward one-pot nature of the presently reported synthetic route
envisages the possibility to efficiently synthesize and produce these precursors on a large
scale for industrial applications and to store for longer time as the precursors are stable in
air. Various glymes have been used to complete the Li ion's coordination sphere, giving rise
to volatile compounds by changing the coordination moieties. TG data and the excellent
solubility of the adduct 1 in common organic solvents, even though it is a polymeric

structure, make this precursor suited for MOCVD applications. Besides, it is evident from the
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TG analyses that the adducts 3 and 4 represent viable options compared to Li(tmhd)(H;0),
owing to their single step mass loss, low residue, and comparable vaporization
temperatures. Functional validation of these precursors has been assessed through their
application to liquid-assisted MOCVD processes of LiNbOs films to counter the issue of

higher alkali metal losses at elevated temperatures.
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CHAPTER 3

Potassium B-diketonate glyme adducts: Synthesis and

Characterization

In the late 1960s, the first report on cyclic polyethers, named crown ethers, was reported by
Pedersen.™ 2 This pioneering work opened the route to coordination chemistry of alkaline
ions to produce salt-polyether complexes relatively stable due to the ion-dipole interaction
between the cation and the negatively charged O atoms of the polyether ring.’® % Being the
polyether neutral, an anion is always needed to counterbalance the positive cation charge

and produce neutral complexes.!> ©

Among organic ligands, B-diketone is a mono-anion and belongs to the most exploited
ligand systems to complex metal ions.” 8 °1 The presence of two oxygen atoms in the

diketones offers various metal-organic architectures behaving as bidentate ligands.

Likewise, monoanionic bidentate N,N° of the type PB-diketiminates® and
aminotroponiminates!*!l and N,O such as azonaphthoxidel!? are conventionally used ligands

in the coordination chemistry of the main group and transition metals.

Another essential issue in the synthesis of an alkali metal complex is the cation's large ionic
radius, which requires high coordination numbers. In fact, except for Li*, all the alkaline
metal ions from Na* to Cs* have an ionic radius higher than 1 A, independently from the
coordination number.[33! Thus, the central ion's coordination sphere in the traditional metal
B-diketonates is not saturated in the case of s-elements. This results in polymeric or

oligomeric structures with low volatility.['4!

Among alkaline metals, potassium compounds are actively studied for various applications
such as precursors for the metal-organic chemical vapor deposition (CVD) processes of the
ferroelectric (K, Na)NbOs[*®, the atomic layer deposition (ALD) of potassium oxide!®, sol-gel
processes to produce hybrid organic-inorganic materials!’! and in catalytic processes such

as the ring-opening polymerization.[18 1°]
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Potassium ion has a large ionic radius (r6-coord = 1.51 A),[Shannon], which is responsible for
interesting coordination moieties giving rise in the coordinating ligands' function to fancy

oligomeric or polymeric network.[2% 21,221

The formation of mixed ligand complexes M™*(B-dik)nQn (where B-dik = pentane-2,4-
dionate (acac-), 2,2,6,6- tetramethylpentane-3,5-dionate (thd- ); Q = 1,10-phenanthroline
(phen), 2,2 -bipyridyl (bipy)) with neutral ligands was successfully carried out for alkaline-
earth and rare earth elements to saturate the coordination sphere and to attain the volatile

compounds with molecular structure.!1% 11]

Former studies have shown that glymes play a crucial role in stabilizing complexes of
alkaline-earth,[23 24 25 26, 27] transition(?® 21 and rare-earth metals®% 31 through oxygen—ion
complexation. We have recently devoted our attention to alkaline metals, namely Li®% and
Na.33l We have thus reported the synthesis and the crystal structures of Lithium B-
diketonate complexes with a polymeric, [Li(hfa)]i2emonoglymee4H20],, and a dimer,
[Li(hfa)]2ediglyme®2H,0], structure.? Concerning Na, a novel monomeric complex of the
type, Na(hfa)etetraglyme,3! has been synthesized and applied to the sol-gel processes of
the NaYF4 phase.3¥ An analogous coordination architecture for Na has been observed in the

heterobinuclear Na-RE (RE = Y and Gd) complexes of formula [RE(hfa)s][Naetetraglyme].B!

Here, we report on the synthesis of novel potassium complexes of the type “K(hfa)eglyme”,
[Hhfa= 1,1,1,5,5,5-hexafluoro-2,4-pentanedione, glyme= monoglyme (1,2-
Dimethoxyethane), diglyme (bis(2-methoxyethyl)ether), triglyme (2,5,8,11-
tetraoxadodecane) and tetraglyme (2,5,8,11,14-pentaoxapentadecane)], with glymes
performing like crown ethers in terms of coordinating/solvating ions, i.e. in terms of
chelating properties.3®! Single crystal X-ray diffraction experiments provide evidence of
interesting coordination moieties. They have also been characterized by FT- IR spectroscopy,

1H, and 3C NMR.

3.1 Experimental Section

Materials. The potassium hydroxide [KOH, >98%] and 1,1,1,5,5,5-hexafluoro-2,4-

pentanedione (H-hfa, >98%), were purchased from Strem Chemicals and used as received.
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Monoglyme (1,2-Dimethoxyethane, 99.5%), diglyme (bis(2-methoxyethyl)ether, 99.5%),
triglyme (2,5,8,11-tetraoxadodecane, >98%), tetraglyme (2,5,8,11,14-pentaoxapentadecane,
>99%), dichloromethane (CH;Cl;, >99.5%) and n-pentane were purchased from Sigma

Aldrich.

General procedures. Fourier Transform Infrared (FT-IR) spectra were recorded using a Jasco
FT/IR-430 spectrometer with nujol mulls between NaCl plates. Melting points were taken on
tiny single crystals using a Kofler hot-stage microscope. Thermogravimetric analyses were
made using a Mettler Toledo TGA2 and the STAR® software. Dynamic thermal analyses were
carried out under purified nitrogen flow (50 sccm) at atmospheric pressure with a 5 °C min™
heating rate. The weights of the samples were between 7-10 mg. Differential scanning
calorimetry analyses were carried out using a Mettler Toledo Star System DSC 3 under
purified nitrogen flow (30 sccm) at atmospheric pressure with a 5 °C/min heating rate. The
weights of the samples were between 5-8 mg. NMR tests were carried out at 27 °C using a
500 MHz spectrometer (*H at 499.88 MHz, 3C NMR at 125.7 MHz) furnished with a pulse-
field gradient module (Z-axis) and a tunable 5mm Varian inverse detection probe (ID-PFG);

chemical shifts (8) are stated in ppm and are referenced to residual deuterated solvent.

NMR data were administered using the MestReC software.

Synthesis of [K(hfa)]s*monoglyme] (1). The K(OH) (0.515 g, 9.18 mmol) 30% excess was first
suspended in dichloromethane (40 mL) followed by monoglyme (0.636 g, 7.06 mmol), and
finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for 1 h. The excess of KOH was filtered off. The colorless crystals precipitated
after partial evaporation of the solvent. The crystals were collected, washed with pentane,
filtered, and dried under vacuum. The reaction yield was 80%. The crude product did not

melt up to 220 °C using the Kofler hot-stage microscope (760 Torr).

Synthesis of [K(hfa)].ediglyme] (2). The K(OH) (0.515 g, 9.18 mmol) 30% excess was first
suspended in dichloromethane (40 mL) followed by diglyme (0.636 g, 7.06 mmol), and
finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for 1 h. The excess of KOH was filtered off. The colorless crystals precipitated

after partial evaporation of the solvent. The crystals were collected, washed with pentane,
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filtered, and dried under vacuum. The reaction yield was 86%. The melting point of the

crude product was 80-82°C (760 Torr).

Synthesis of K(hfa)etriglymeeH;0 (3). The K(OH) (0.515 g, 9.18 mmol) 30% excess was first
suspended in dichloromethane (40 mL) followed by triglyme (1.25 g, 7.06 mmol), and finally,
Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed under
stirring for 1 h. The excess of KOH was filtered off. The obtained product did not crystallize

and is liquid.

Synthesis of [K(hfa)]setetraglyme (4). The K(OH) (0.515 g, 9.18 mmol) 30% excess was first
suspended in dichloromethane (40 mL) followed by tetraglyme (1.57 g, 7.06 mmol), and
finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for 1 h. The excess of KOH was filtered off. The crystals were collected,
washed with pentane, filtered, and dried under vacuum. The reaction yield was 91%. The

crude product melts at 52°C using the Kofler hot-stage microscope (760 Torr).

Single crystal X-ray structure. Complexes 1 and 2 intensity data were accumulated at 100 K
by using a Bruker Apex-Il CCD diffractometer. Information was collected with the Bruker
APEX2 program[B7l and integrated and reduced with the Bruker SAINT softwarel38l;
absorption correction was performed with SADABS-2016/2.13° radiations used were Cu-Ka
(A = 1.54184 A) for [K(hfa)]s:(monoglyme) (1) and Mo-Ka radiation (A = 0.71073 A) for
[K(hfa)]2:(diglyme) (2). Measurements for [K(hfa)]s-(tetraglyme) (4) were carried out with an
Oxford Diffraction Excalibur diffractometer; the temperature was set to 100 K, and the
Cu-Ka radiation (A = 1.54184 A) was used. Data collection and data reduction were
performed with the program CrysAlisPro!*%; absorption correction was performed with the
program ABSPACK implemented in CrysAlisPro. All the crystal structures were solved using
the SIR-2004 packagel*! and refined by full-matrix least-squares against F? using all data
(SHELXL-2018/312)),

In all three structures, all non-hydrogen atoms were refined with anisotropic displacement
parameters. All the hydrogen atoms of structures 1 and 4 were found in the Fourier
difference map. Their coordinates were freely refined while their thermal parameters were

set following one of the atoms to which they are bonded. In structure 2 the hydrogen atoms
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were introduced in an idealized position, and their coordinates and thermal parameters
were refined in agreement to those of the atom to which they are bonded. Geometrical
calculations were performed by PARST973 and molecular plots were produced by the

program Mercury (v4.3.1) ¥ and Discovery Studio Visualizer 2019.14°

3.2 Results & Discussions

The complexes are synthesized in a single-step reaction from the potassium hydroxide,
Hhfa, and glyme ligands in dichloromethane. A KOH:Hhfa: glyme stoichiometry of 1:1:1 was
used for all the reactions. The mixture was refluxed under stirring for 1 hour (Eq. (3.1)).

Adducts 5, 6, and 8 are solid, while 7 is a colorless liquid at room temperature

KOH + glyme + H-hfa — » “K(hfa)eglyme” + H,0 (3.1)

5. [K(hfa)]s*monoglyme
6. [K(hfa)].ediglyme
7. K(hfa)etriglymeeH,0

8. [K(hfa)]aetetraglyme

The structures of 5, 6, and 8 have been defined through single-crystal X-ray diffraction data.
In fig. 3.1, ORTEP-3 representations of the asymmetric unit of the three compounds, 5, 6,
and 8, are reported. Crystallographic data and refinement parameters are reported in Table

3.1
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Table 3.1. Crystallographic data and refinement parameters for compounds 5, 6, and 8.

5 6 8
Formula Ci19H13F18K30s Ci6H16F12K207 C30H26F24K4013
M 828.59 626.49 1206.91
T (K) 100 100 100
A (A) 1.54184 0.71073 1.54184
Crystal system, space | Monoclinic, P21/n Monoclinic, C2/c Triclinic, P-1
group
Unit cell dimensions | a=11.83(1) a=19.3273(9) a=9.6660(2);
(A, °) o = 81.103(2)
b =13.685(1); b =8.5690(3); b =12.2845(3);
B =99.104(4) B =94.628(3) B =80.523(2)
c=19.326(2) c =15.2927(6) ¢ =20.2205(5);
v = 82.429(2)
V (A3) 3088(3) 2524.5(2) 2301.89(9)
Z, p (mg/cm3) 4,1.782 4,1.648 2,1.723
i (mm?) 5.351 0.497 4.834
F(000) 1640 1256 1204
Crystal size 0.20X0.22 X0.27 0.20x0.22x0.25 0.24 x0.27 x0.33
20 range (°) 7.95-160.14 4.23-53.43 8.06 — 141.86
Reflns collected / 17482 / 6372 10849 / 2679 (0.0893) | 32890/ 8621
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unique (Rint) (0.0456) (0.0297)
Data / parameters 6372 /433 2679 / 168 8621 /640
Final R indices [l > R1=0.497, R1 =0.509, R1=0.297,
20] wR2 =0.1347 wR2 =0.1381 wR2 =0.0743
R indices (all data) R1 = 0.0600, R1 = 0.650, R1 =0.0356,

wR2 =0.1432 wR2 =0.1495 wR2 =0.0782
GoF 1.097 1.055 1.061

In all the three investigated potassium complexes, due to bridging pu? and p3 oxygen atoms,

1D polymers are formed. In 5, they are directed along the b axis, while in 6 and 8, the

propagation directions are along with the c and a axis, respectively (Figures 3.2-3.4). No

strong interactions connecting the polymer chains are present (see Fig. 3.5-3.7).
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Fig. 3.4. 8 1D polymer (view along the b axis direction).

Fig. 3.5. Crystal packing of 5.
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Fig. 3.7. Crystal packing of 8.

Concerning the disposition of the potassium cation inside the polymer chains, while in 5 and
8 a sort of ladder is present, whose steps are formed by six and eight potassium ions,

respectively (see fig. 3.8), in 6, the metal cations take a more linear disposition (see fig. 3.8).
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Fig. 3.8. Potassium cations disposition inside the 1D polymer chain in 5 (top), 6 (middle) and
8 (bottom).

In particular, 5 crystallizes in the monoclinic crystal system, P21/n space group, in its

asymmetric unit, the [K(hfa)]s-(monoglyme) unit is present (see fig. 3.1).

The three potassium cations, K1, K2, and K3, show a different coordination number. In all

cases, their coordination spheres are completed by fluorine atoms of a CF3 moiety (see
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Table A.3). More in detail, K1 and K2 are coordinated by five hfa anions giving rise to a octa-

and deca-coordinated environment (see fig. 3.9).

Fig. 3.9. Coordination sphere around K1, K2, and K3 in 5.
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Finally, K3 is coordinated by three hfa anions and one monoglyme molecule; the resulting
coordination is the hepta one. All the hfa anions' oxygen atoms act as bridging donor atoms,

while the monoglyme oxygen atoms bind just one potassium cation (K3).

Also, 6 crystallizes in the monoclinic crystal system, but this time the space group is C2/c. In
this case, the asymmetric unit is more straightforward than that observed in 5, and just one
[K(hfa)]o.s(diglyme) unit is present. The potassium cation K1 is hepta-coordinated by three

hfa anion and one diglyme molecule (see fig 3.10, Table A.4.)

Fig. 3.10. Coordination sphere around K1 in 6.

The asymmetric unit of 8 (crystal system triclinic, space group P-1) contains the
[K(hfa)]a:(tetraglyme) unit. The four potassium cations show different coordination spheres.
While K1, K3, and K4 are octa-coordinated (K1 by two oxygen atoms and one fluorine atom
of two hfa anion and by five oxygen atoms of a tetraglyme molecule, K3 by five oxygen and
three fluorine atoms of four different hfa anions, and K4 by six oxygen and one fluorine
atoms of four hfa anions and one oxygen atom of one tetraglyme molecule), K2 is hepta-

coordinated by six oxygen and one fluorine atoms of five hfa anion (see fig 3.11, Table A.5.).
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Fig. 3.11. Coordination sphere around K1, K2, K3, and K4 in 8.

Finally, the Cambridge structural database (CSD, v 5.41, update 2 May 2020)“®! was used to
retrieve potassium similar complexes; just one structure was found containing a related CFs-
B-diketonate ligand (L in the following).[*”] Also, in the KL complex (CSD Refcode = COYPUE),
a 1D polymer is formed (see fig. 3.12). The K...K distances observed in 5, 6, and 8 are
comparable with those published for COYPUE (K...K distances range = 3.552-4.246 A).

Fig. 3.12. Crystal packing of COYPUE (view along the a-axis).
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FTIR — Spectroscopy: The FT-IR spectra of all the adducts 5-8 are reported in Fig. 3.13. The
absence of bands around 3500-3600 cm™ in the spectra of 5, 6, and 8, related to O-H's
stretching, indicates the lack of water molecules in the metal coordination sphere of 5, 6,
and 8. Comparing the FT-IR spectra of all the four adducts and that of the free H-hfa ligand
in the carbonyl range, it is possible to observe that the two peaks at about 1660 cm™ and
1530 cm’?, associated respectively with the C=0 and C=C stretching, are indicative of the hfa

ligand coordination.
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Fig. 3.13. FT-IR spectra of adducts 5, 6, 7 and 8

The bands around 1350-1250 cm™ are due to the overlap of the vibration of stretching
and/or bending of the C-O bond with the stretching of the C-F bond. The spectrum shows,
around 863 cm™ and 1017 cm, signals that can be considered fingerprints of the glyme
coordinated to the hexafluoroacetylacetonate potassium system. Adduct 7, carried out on
the neat liquid sample, shows bands around 3500 cm* which is indicative of the presence of
water molecules due to metal coordination or impurities not eliminated as being in the
liguid state at room temperature. The shift of the signals related to the stretching of the
C=0 and C=C at 1675 cm™ and 1565 cm%, and those characteristics of the free ligand were

observed at 1690 cm™ and 1630 cm™ dispels any doubts about the liquid nature of the
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obtained product. The coordination of triglyme (fig. 3.14) is confirmed by the presence of
the band at 2900 cm?, due to the C-H stretching of the polyether, and of the peaks at 855
cm™ and 1026 cm?, signals that can be considered as fingerprints of triglyme coordination

to the hexafluoroacetylacetonate potassium system.
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Fig. 3.14. FT-IR spectra of the compound 3: a) C=0 stretching region and b) triglyme
stretching region.

NMR - Spectroscopy. The *H -NMR and *C-NMR spectra of the K(hfa)-glyme adducts have
been carried out dissolving 5 & 6 in CD3COCD3 while 3 & 4 in CDCls. All *H -NMR spectra (Fig.

3.15 - Fig. 3.18) show at 0~3.3-3.4 ppm a singlet consistent with the protons of the terminal

methyl groups of the glyme ligand, while multiplets at 6=3.4-3.7 represent resonances of

methylenic protons of the same ligand.
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1H-NMR measurement was conducted by dissolving the adduct 5 in deuterated acetone as
it is insoluble in chloroform. The obtained spectrum (Fig. 3.15a) shows a singlet at 0~3.294
ppm consistent with the protons of the terminal methyl groups of the glyme ligand. At
around 3.472 ppm, the signals can be traced back to the CH; of monoglyme. At 5.514 ppm,
the peak for the only proton of the hfa binder appears. Spectrum 3C-NMR is recorded
under decoupling conditions (Fig. 3.15b). At the chemical shift value of 83 ppm, the carbon
signal falls into the two ketonic groups of the hfa. Finally, the two quartets at about 119
ppm and 173 ppm can be traced back to the C of the CF3 and C-O groups of the binder. The

guartets are due to coupling with the fluoride atoms of the CFs groups.
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Fig. 3.15. a) 'H-NMR spectrum of 5 (CD3COCD3, 500 MHz, 27 °C) b) 3C-NMR spectrum of 5
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The H-NMR spectrum of the adduct 6 was carried out in deuterated acetone (Fig. 3.16a).
For adduct 6 in the ppm range of 3.3 ppm to 3.5 ppm, we find signals for the eight
methylnic hydrogens of the polyether. At the chemical shift value of 5.514 ppm, the singlet
signal of the hydrogen of the "diketonate" binder appears. Spectrum *3C-NMR is recorded
under decoupling conditions (Fig. 3.16b). At the chemical shift value of 86 ppm, the carbon
signal falls into the two ketonic groups of the hfa. Finally, the two quartets at about 119
ppm and 174 ppm can be traced back to the C of the CF3 and C-O groups of the binder. The

guartets are due to coupling with the fluoride atoms of the CFs groups.
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Fig. 3.16. a) 'H-NMR spectrum of 6 (CD3COCD3, 500 MHz, 27 °C) b) 3C-NMR spectrum of 6
(CD3COCDs3, 125 MHz, 27 °C)

The 'H-NMR spectrum of the adduct 7 was carried out in deuterated chloroform (Fig. 3.17a)

and presented all the signals related to the resonant protons of the complex in question.
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The integration of the intense 3.3 ppm singlet indicates the six equivalent protons of the
two terminal methyl groups of the triglyme. In the chemical shift from 3.5 ppm to 3.7 ppm,
two multiplets and one singlet can be seen from the polyether's twelve methylinic
hydrogens. At 5.9 ppm, we find the singlet relative to the proton compared to the
diketone's two carbonyl groups. Spectrum 3C-NMR (Fig. 3.17b) is recorded in decoupling
conditions. For a chemical shift value of 58 ppm, the signal for the two methyl carbons of
the polyether is observed. Between 69 ppm and 71 ppm, the methylinic C of the triglyme
resonates. At 77 ppm, the signal for the deuterated chloroform used as a solvent is
observed. Finally, at the value of 85 ppm, the carbon resonates in the two ketonic groups.
The two quartets at about 118 ppm and 173 ppm can be traced back to the C of the CF;3
and C=0 groups, respectively, of the B-diketone. The quartets are due to coupling with the

fluoride atoms of the CFs3 groups.
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Fig. 3.17. a) 'H-NMR spectrum of 7 (CDCls, 500 MHz, 27 °C) b) 3C-NMR spectrum of 7
(CDCls, 125 MHz, 27 °C)
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The *H-NMR spectrum of adduct 8 was carried out in deuterated chloroform (Fig. 3.18a) and
showed an intense 3.3 ppm singlet, which relates to the resonance of the six equivalent
protons of the two terminal methyl groups of the polyether. Signals ranging from 3.5 ppm to
3.7 ppm can be traced back to the sixteen methylinic protons of tetraglyme. The 5.691 ppm
singlet is related to the proton linked to carbon dioxide in the two carbonyl groups of the
hfa. Spectrum 3C-NMR (Fig. 3.18b) shows an intense 59 ppm signal, typical of the two
methyl C of the tetraglyme. Between 69 ppm and 71 ppm, signals are seen for the eight
methylinic C of the polyether. At 77 ppm, the signal from the deuterated chloroform used
as a solvent is observed. At the chemical shift value of 86 ppm, the carbon signal falls in the
two ketonic groups of the hfa. Finally, the two quartets at about 118 ppm and 174 ppm can
be traced back to the C of the CF3 and C=0 groups of the binder. The quartets are due to

coupling with the fluoride atoms of the CFs3 groups.
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Fig. 3.18. a) 'H-NMR spectrum of 8 (CDCls, 500 MHz, 27 °C) b) 3C-NMR spectrum of 8
(CDCls, 125 MHz, 27 °C)
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Thermal Analysis: The thermal behaviors of the as-synthesized precursors have been
investigated by thermogravimetric (TG) measurements (Fig. 3.19a) and differential scanning
calorimetry (DSC) (Fig. 3.19b). TG curves of the “K(hfa)eglyme” 6, 7, and 8 show a single-step
mass loss associated with the clean decomposition of the adducts, while adducts 5 show
two-step mass-loss. Adduct 5 shows a weight loss of about 10.2% in the range 25-95°C,
which accounts for the loss of the monoglyme of the [K(hfa)]s*monoglyme polymeric
structure, the theoretical weight loss being equal to 10.8%. The primary mass loss due to
the clean adduct decomposition occurs in the range 218-271 °C, with a residue of 36.1%, but
this is not a drawback for its liquid-assisted MOCVD applications processes, given its

solubility in common organic solvents.
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Fig. 3.19. (a) TGA of adducts 5, 6, 7, and 8 and (b) DSC of adducts 5, 6, 7 and 8
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The TG curves of adducts 6, 7, and 8 show a single step weight loss with a residue of 34.1%

at 264 °C, 17.33% at 246.70 °C and 23.5% at 260 °C, respectively.

The DSC curves of adduct 5 show a sharp endothermic peak at 236.9 °C, which may be
related to the melting of the polymeric structure. The DSC curve of adduct 6 presents a
small endothermic peak at 71.8 °C due to the adduct melting and a broad exothermic peak
at 247.6 °C, which can be associated with its decomposition. In contrast, adduct 7 shows the
exothermic peaks around 274.3 °C, which may be related to vaporization overlapped with a
partial decomposition of the products. In adduct 8, we observe a sharp endothermic peak at
53.3 °C, indicating the melting of the polymeric structure and a sharp exothermic peak at

282.5 °C, associated with the vaporization of the melt.

3.3 Conclusions

The reported research provides a detailed study on the syntheses of four novel adducts of
potassium. In conclusion, a straightforward one-pot nature of the presently reported
synthetic route envisages the possibility to efficiently synthesize and produce these
precursors on a large scale for industrial applications and to store for longer time as the
precursors are stable in air. Various glymes have been used to complete the K ion's
coordination sphere, giving rise to volatile compounds by changing the coordination
moieties. Functional validation of these precursors has been tested through their

applications to sol-gel processes of KosNaosNbOs nanostructures.
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CHAPTER 4

Sodium B-diketonate glyme adducts: Synthesis and

Characterization

Metal B-diketonates M(RCOCHCOR), (R, alkyl; aryl, etc.) are the focal point in the study of
coordination compounds. Their chemistry has been explored for most of the metals in the
periodic table.['! Many publications have also been reported on the ligand's coordination
tendencies (i.e., to form chelates with the metal and delocalize the negative charge over a
'metallocycle').3] The variations in the R group often influence the properties of this class
of compound. Other than the bonding and structural features associated with these
complexes, the ligands' ability to complete various metals' coordination spheres has
provided inorganic chemists with examples of compounds of electropositive metal ions,
which represent covalent characteristics, i.e., solubilities in organic solvents and high
volatilities. These unique characteristics have been comprehensively exploited in the past

for solvent extraction and gas-liquid chromatographic techniques.*®!

Metal B-diketonate complexes also attract attention because of their application as contact
shift reagents for the enhanced resolution of non-magnetic resonance (NMR) spectra laser
technology and the polymer industry.l! The existence of trace quantities of B-diketonate
complexes in fuels has also provoked interest.[*8] Few reviews have been published in this

areal®13 and a remarkable book by Bradley, Mehrotra, and Gaur.[

Sodium forms an integral part of higher research of functional materials with high
technological potentials, such as thermoelectric (e.g., NaxCo0,)[** 15! superconductors (e.g.,
NaxCo0,-yH,0),%%! dielectrics (e.g., NaNbOs3)[*], and piezoelectric (Ki-xNaxNb03).118 191 | ately,
sodium has also established attention in less expensive sodium-ion batteries as an

alternative to lithium-ion batteries.[2% 21]

All the materials mentioned above, and their applications require the materials to be
prepared in film form. Alkali metal-based compounds have been deposited as thin films by

techniques such as pulsed laser deposition, metalorganic chemical vapor deposition
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(MOCVD), chemical solution deposition, and more recently, Atomic Layer Deposition
ALD.22271 As such, the availability of precursors for sodium-containing materials is

somewhat limited.

Concerning MOCVD, pB-diketonates complexes are common precursors, while metal
alkoxides or acetates are more frequently used as a solution-based method.[?3 257331 Metal-
organic chemical vapor deposition (MOCVD) has steered workers to investigate B-
diketonate complexes as potential molecular precursors for the fabrication of high-quality
oxide thin films.3% Overall, such precursors must be volatile, have the necessary stability to
transport to the deposition site, and decay cleanly to give the desired material. An added
advantage of the metal B-diketonate complexes is that they often demonstrate excellent
hydrolytic stability than their respective alkoxide counterparts. A variety of B-diketonate
complexes of both main groups and transition metals have been used to deposit films of

metals,3>) metal oxides, 3% metal sulfides,3®! and metal fluorides.3®]

B-diketonate ligands in metal complexes show a wide range of coordination modes, the
degree of bridging being determined by the metal centre, the steric bulk of the ligand, and
the presence of any Lewis bases. Thus, for example, [Mn(acac)3]B”! is a monomer in the
solid-state with purely chelating B-diketonate ligands, whereas [Pr(tmhd)s]. (although the
larger B-diketonate tetramethyl-3,5-heptanedionate, tmhd ligand, is present) is a dimeric

solid with chelating and bridging tmhd ligands.[38

The degree of oligomerization of some of the large ionic radius metals, e.g., groups 1, 2, and
the lanthanides, can be broken by coordination of one of the many different Lewis base
types of ligands.3®! For a molecular precursor, further tailoring of such chelates system has
been quite successful, following this strategy. Furthermore, entropy and enthalpy play a

large role in this process.

We have previously examined the promising properties of a large family of single-source
precursors to fabricate high-quality alkaline-earth films,!*% rare-earth fluorides,***’} and
oxides. These precursors' molecular structure consisted of a fluorinated B-diketonate metal
array, whose coordinative deficiency was saturated by various Lewis base ligands, such as
glyme, yielding monomeric, water-free, stable, volatile, and low melting point metal

precursors.[*3501 All these properties are of relevance. In particular, low melting point
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precursors represent the most desirable sources due to the more significant and stable
vapor pressure since their liquid nature under process conditions avoids any effects of

crystallite size on the evaporation, hence, on the film growth rate.

Here, we report on the synthesis of novel sodium complexes of the type “Na(hfa)eglyme”,
[Hhfa = 1,1,1,5,55-hexafluoro-2,4-pentanedione, glyme = monoglyme (1,2-
Dimethoxyethane), diglyme (bis(2-methoxyethyl)ether), triglyme (2,5,8,11-
tetraoxadodecane) and tetraglyme (2,5,8,11,14-pentaoxapentadecane)], with glymes
performing like crown ethers in terms of coordinating/solvating ions, i.e. in terms of
chelating properties.3? Single crystal X-ray diffraction experiments provide evidence of
interesting coordination moieties. They have also been characterized by FT- IR spectroscopy,

1H, and 13C NMR.

4.1 Experimental Section

Materials. The sodium hydroxide [NaOH, >98%] and 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione (H-hfa, >98%), were purchased from Strem Chemicals and used as received.
Monoglyme (1,2-Dimethoxyethane, 99.5%), diglyme (bis(2-methoxyethyl)ether, 99.5%),
triglyme (2,5,8,11-tetraoxadodecane, >98%), tetraglyme (2,5,8,11,14-pentaoxapentadecane,
>99%), dichloromethane (CHCl;, >99.5%) and n-pentane were purchased from Sigma

Aldrich.

General procedures. Fourier Transform Infrared (FT-IR) spectra were recorded using a Jasco
FT/IR-430 spectrometer with nujol mull between NaCl plates. Melting points were taken on
tiny single crystals using a Kofler hot-stage microscope. Thermogravimetric analyses were
made using a Mettler Toledo TGA2 and the STAR® software. Dynamic thermal studies were
carried out under purified nitrogen flow (50 sccm) at atmospheric pressure with a 5°C min!
heating rate. The weights of the samples were between 7-10 mg. Differential scanning
calorimetry analyses were carried out using a Mettler Toledo Star System DSC 3 under
purified nitrogen flow (30 sccm) at atmospheric pressure with a 5°C/min heating rate. The

weights of the samples were between 5-8 mg. NMR tests were carried out at 27°C using a

500 MHz spectrometer (*H at 500 MHz, 3C NMR at 125.7 MHz) equipped with a pulse-field
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gradient module (Z-axis) and a tunable 5mm Varian inverse detection probe (ID-PFG);
chemical shifts (8) are stated in ppm and are referenced to residual deuterated solvent.

NMR data were analyzed using the MestReC software.

Synthesis of Na(hfa) (9). The Na(OH) (0.367 g, 9.18 mmol) 30% excess was suspended in
dichloromethane (40 mL), Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the
mixture was refluxed under stirring for one hour. The excess of NaOH was filtered off. White
crystals were collected after the evaporation of the solvent. The reaction yield was 88%. The

crude product melts around 125 °C using the Kofler hot-stage microscope (760 Torr).

Synthesis of "Na(hfa)emonoglyme" (9a). The Na(OH) (0.367 g, 9.18 mmol) 30% excess was
first suspended in dichloromethane (40 mL) followed by monoglyme (0.636 g, 7.06 mmol),
and finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for one hour. The excess of NaOH was filtered off. The colorless crystals
precipitated after partial evaporation of the solvent. The crystals were collected, washed
with pentane, and filtered. The compound was sticky even after several cleaning steps. The

reaction yield was 85%.

Synthesis of [Nas(hfa)s]®[Na(diglyme).]2 (10). The Na(OH) (0.367 g, 9.18 mmol) 30% excess
was first suspended in dichloromethane (40 mL) followed by diglyme (0.636 g, 7.06 mmol),
and finally, Hhfa (1.47 g, 7.06 mmol) was added after 10 min, and the mixture was refluxed
under stirring for one h. The excess of NaOH was filtered off. The colorless crystals
precipitated after partial evaporation of the solvent. The crystals were collected, washed
with pentane, filtered, and dried under vacuum. The reaction yield was 80%. The melting

point of the crude product was 107°C (760 Torr).

Synthesis of Na(hfa)etriglymeeH,0 (11). The Na(OH) (0.367 g, 9.18 mmol) 30% excess was
first suspended in dichlorometh