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Abstract

Two methods were used for the synthesis of the dnmretal carboxylatido complexes. The first
method involves the reaction of one equivalentRit|(u-OOC(CH),CHs)e] where n = 4, 6, 8,
or 10 with three equivalents of the relevant' [RIOC(CH),CHs),] where n = 4, 6, 8, or 10 or
[Ce" (OOC(CH)sCHs)s], which results in [PtM" (u-OOC(CH).CHs)] where n = 4, 6, 8, or 10
or [Pd'Cé" (u-OOC(CH)sCHs)4] " with yields between 56 to 95 %.

The second method involves a ligand exchange tfpeastion where [PiM" (u-OOCH,)4] or
[Pd'Ce" (u1-OOCH).]" is reacted with the desired long chain carboxgiitd. This results in
[Pd'M"(1-OOC(CH),CHs)s] where n = 4, 6, 8, or 10 or [P@€" (u1-OOC(CH)sCHs)a]*, with
yields between 66 to 99 %.

The mono-metal and mixed-metal complexes were cheiaed using ATR-FTIR. This study
indicated that the mixed-metal complexes have ntben one binding mode, namely the
unidentate, bidentate, tridendate, bridgisgn{syn) binding mode and ionic binding mode.

The single crystal X-ray structures of [f@'(u-OOC(CHy)sCHs).] [21] (Z = 2, space group
P2:./c), [Pd'zn"(u-OOC(CH)sCHs)s [36] (Z = 4, space grougP2i/c), and [PUNi"(u-
OOC(CH)sCHa)4] [38] (Z = 2, space group-1) were solved and confirmed the binding modes
observed in the ATR-FTIR studies.

Selected complexes were subjected to thermal asalggrg DSC and TGA-MS. Liquid crystal
properties was observed for PdCg(C [20], PdCo(Go)s [21] and PdZn(G)s [36].
Polymorphism was observed for PdCd{¢ [34], PdMn(Gg)s [39] and PdCu(&)s [40].
Variable temperature polarized light microscopydsta was used to shed light on the processes
observed using DSC. TGA-MS analysis indicated teladecomposition products were
methane, hydroxide ions, water, carbon monoxidgge®, methanol, propyne, carbon dioxide
and other products. Non-volatile decompositiordpiat residues obtained were metal oxides.
Cyclic Voltammetry, Osteryoung Square Wave Voltartrsn@nd Linear sweep voltammetry
was performed on selected complexes and electmmamunication between the metals was
observed. The length of the carbon chain had fueimce on the position of the oxidation wave
of the palladium cerium paddlewheel carboxylatidmplexes.

By increasing the carboxylatido carbon chain lerfgtim two to ten, the [z decreased frordl4
mV for [Pd'Cé" (1-OOCCH)4]* [32], t0 297 mV for [Pd'Ce" (ui-OOC(CH)sCHs)4]* [41].

Selected mixed-metal paddlewheel complexes wene spated onto modified silicon wafers
using either acetone or DCM as solvent. The ptakgst was activated by oxidation in a stream
of oxygen at 450 °C. This results in palladiumdaxiand metal oxide being deposited on the
modified silicon wafer surface.
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The catalysts were tested in the solvent-free a&eralxidation of 1-octadecanol to 1-
octadecanoic acid. The reaction was monitoredadtlpwing the appearance of the carbonyl
stretching frequencies at 1730 and 1710'ersing ATR-FTIR.

Turn over frequencies (TOF) between 0.8 to 2 mdéacs" were obtained for catalysts prepared
from short-chain mixed-metal complexes. TOBésween 4 to 7 moleculed were obtained for
catalysts prepared from long-chain mixed-metal dewgs. XPS analysis of the catalysts
revealed that the PdO and MO (metal oxide) ratis wlase to 1:1 and also 1:1.5.

Keywords: mixed-metal carboxylatido complexes, lah@in carboxylatido complexes,
electrochemistry, DSC, TGA, catalyst, Silicon wafer



Xii

Uittreksel

Twee metodes is gebruik vir die sintese van gememgetaal karboksilatido komplekse. Die
eerste metode behels die reaksie tussen een eknivaln [Pd' (1-OOC(CH,) CHs)g] waar n =

4, 6, 8 of 10 en drie ekwivalente van die relevdM&OOC(CH,),CHs),] waar n = 4, 6, 8 of 10
of [CE"(OOC(CH)sCHs)s], wat [PdM"(u-OOC(CH)CHs)s] waar n = 4, 6, 8 of 10 of
[Pd'Cé" (u1-OOC(CH)sCHs)4]* met n opbrengs tussen 56 en 95 % gee.

Die tweede metode behels ‘n liganduitruilreaksieamwpPd'M" (u-OOCH,)4] of [Pd'Cé" (u-
OOCH)4]" gereageer word met die gekose langketting karlsosie Dit lei tot die vorming
van [PdM" (u-OOC(CH),CHs)4] waar n = 4, 6, 8 of 10 of [P&€" (u1-OOC(CH)sCHs)s]* met
opbrengste tussen 66 en 99 %.

Die mono-metaal en gemengde-metaal komplekse @rgkteriseer met ATR-FTIR. Die studie
het aangedui dat die gemengde-metaal komplekse aseeen bindingsmodus besit, naamlik
unidentaat, bidentaat, tridentaat, gebruggte-$yn) en ioniese bindings.

Die enkelkristal X-straal strukture van [Reb" (u-OOC(CH)sCHs)4] [21] (Z = 2, ruimte groep
P2./c), [Pd'zn"(u-OOC(CH)sCHs)s] [36] (Z = 4, ruimte groepP2i/c), en [PANi"(u-
OOC(CH)sCHg)4] [38] (Z = 2, ruimte groepP-1) is bepaal en het die bindingsmodusse soos
deur ATR-FTIR waargeneem, bevestig.

DSC en TGA-MS is gebruik om termiese analise vaselgkteerde komplekse te doen.
Vloeikristal eienskappe is waargeneem vir PdGR({20], PdCo(Go)4 [21] en PdZn(Go)4 [36].
Polimorfisme is waargeneem vir PdCdf)s [34], PdAMn(Go)4 [39] en PdCu(&x)4 [40].

Verstelbare temperatuur, gepolariseerde lig mikvopktudies is gebruik om lig te werp op die
prosesse waargeneem tydens DSC. TGA-MS analisevlugtige ontbindings produkte
aangetoon: metaan, hidroksied ione, water, koatstabksied, suurstof, metanol, propyn,
koolstofdioksied en ander produkte. Nie-vlugtigebindingsprodukte wat verkry is, is metaal
oksiede.

Sikliese voltammetrie, Osteryoung vierkant golf taaimetrie en lineére skanderings
voltammetrie van geselekteerde komplekse het elelese komunikasie tussen die verskillende
metale aangetoon. Die lengte van die koolstofkgttiet ‘n invioed op die posisie van oksidasie
koppel van die palladium cerium skepwiel karbokgl@akomplekse.

As die kettinglengte van die karboksilatido ligarah twee na tien vermeerder word, negm E
af van514 mV vir [Pd'Cé" (ui-OOCCH)4]* [32] na297 mV vir [Pd'Cé" (u-OOC(CHy)sCHs).]*
[41].
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Lagies van geselekteerde gemengde-metaal kompieksge aangepaste silikonplaatjies gespin
met behulp van asetoon of dichlorometaan as optisehi Die voor-katalisator is geaktiveer
deur oksidasie in ‘n suurstofstroom by 450 °C. Dt gelei tot palladiumoksied en
metaaloksied op die aangepaste silikonplaatjiepgerwlakte. Die kataliste is getoets vir die
oplosmiddel-vrye aerobiese oksidasie van l-oktau@kaa 1-oktadekanoé&suur. Die reaksie is
gemoniteer deur die verskuiwing van karboniel $irgsfrekwensies by 1730 en 1710 tie
volg, met behulp van ATR-FTIR. Omskakelingsfreksies tussen 0.8 en 2 molekulésis
verkry vir kataliste wat vanaf kort-ketting gemeeguetaal komplekse berei is. Omskakelings-
frekwensies tussehen 7 molekulessis vir kataliste verkry wat vanaf lang-ketting gergee-
metaal komplekse berei is. XPS analise van dielikeg het getoon dat die PdO en MO
(metaaloksied) verhouding ongeveer 1:1 en ook 1s1.5

Sleutelwoorde: gemengde-metaal karboksilatido kekygd, lang-ketting karboksilatido
komplekse, elektrochemie, DSC, TGA, katalise, Sililaatjie.



1. Introduction

1.1 Introduction

Metal carboxylatido complexes are well known in giemical industry, especially the long-chain
mono-metal non-paddlewheel complex8s. Metal carboxylatido complexes offer a largeiefgr

of industrial applications including uses as disaténts, additives, liquid crystals, reducing agent
cosmetics, paint coatings and even catafysrs’

To get particles evenly dispersed on a solid suppocreate a mixed-metal heterogeneous catalyst
is very difficult. The methodology to obtain a hogeneous dispersion of metal particles on the
support surface plays an important role for theatsedn the solid suppotf. Successive or co-
impregnation of two metals onto a solid suppothies most common method to prepare bi-metallic
heterogeneous catalys$ts® To ensure that the metal particles stay as ¢tosach other as possible
on the solid support, without aggregating, thesklgsts can be prepared from a mixed-metal
complex®®

Brandort! in 1968 published the first paper on short-chairett-metal paddlewheel carboxylatido
complexes. Kozitsynat al.** (2006) and Akhmadullinat al.*® (2009), also published papers on
mixed-metal paddlewheel complexes, proving thasehsomplexes can be easily crystallised from
acetic acid.

Mono-metal non-paddlewheel carboxylate/carboxytatmbmplexes are notoriously difficult to
analyse, most probably due to the difficulty towrerystals from these complexes, because of their
insolubility at room temperature in suitable sokegfi*®> This causes problems when attempting to
record NMR spectra of these complexes. Also, NMigsdnot give structural information of the
mono-metal carboxylate/carboxylatido complexes. e Do these difficulties, the best method of
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analysis of these carboxylatido and carboxylate pleres is ATR-FTIR. This method is
extensively used internationally in carboxylatidotmoxylate chemistrif*’

Nakamotd® and Deacon and Phillips showed that infrared, after single crystal strietu
determination, is the most powerful tool to obtsiructure information or binding modes using the
difference between the anti-symmetric and symmedtretching frequencies of the complexes.
Because different binding modes lead to small lmticeable changes in frequencies of symmetric
and anti-symmetric vibrations of the carbonyl grofJ IR is often by necessity (due to poor
solubility etc.) the preferred instrumental techu@do obtain structural information.

It may be hypothesised that by increasing the numbe&arbons in the short-chain mixed-metal
paddlewheel carboxylatido complexes to create dmgn mixed-metal aliphatic carboxylatido
paddlewheel complexes. This will lead to catalysig designed that have a high surface area i.e.
little to no aggregation of metals.

The group Il metals in this study Ca, Sr and Balarewn as promoters in theischer-Tropsch
reactions. The catalytic activity of group VII, Bhd X, metals for example Mn, Co, Ni and Pd are
well documented and form also the basis of catalysithis study. Group XI and XII metals for
example Cu, Zn and Cd are frequently found in itriaispiping and have an influence in industrial
catalysis and are therefore included in this stude choice for the mixed-metal complexes for
catalytic studies was also based on our interetarcatalytic activity between catalysts that were
prepared from short-chain complexes vs long-champiexes. Turn over frequency (TOF) for all
tested catalysts will be used to determine if amgnges in catalytic activity were observed under
the specified conditions. All the long-chain mixetal complexes of this study are completely
new. This study also addresses preparative amdatkasation issues of the novel complexes.

For this specific reason this research project weadertaken to synthesise long-chain mixed-metal
aliphatic bridged paddlewheel carboxylatido compkewhich are soluble in chlorinated solvents at
room temperature. Developing a new reaction pnaeedo synthesise these long-chain mixed-
metal aliphatic paddlewheel carboxylatido complexeay result in a purer compound, with high
yields. The paddlewheel complexes can be studsaguAttenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) to idBntdifferent binding modes in the
complexes. Obtaining crystal structures of thedpagheel complexes would confirm the binding
modes predicted by the ATR-FTIR studies. Thernmallysis of the paddlewheel complexes can
provide further insight into the physical propestief these complexes. This might include
polymorphism, liquid crystalline mesophase behavi@nd decomposition profiles of the
complexes. Electrochemistry might give insightidentify any intramolecular communication
between the coordinating metal centres of the miretal paddlewheel carboxylatido complexes.

16 K. Nakamoto|nfrared and Raman Spectra of Inorganic and Coordination Compounds, John Wiley & Sons, Inc.,
231 - 233 (1997).
7 G.B. Deacon and R. J. Phillips,Coord. Chem. Rev., 1980,33, 227.
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Coating modified silicon wafers with these shortadalong-chain mixed-metal aliphatic
paddlewheel complexes and testing for catalytieviégt will give an indication to the catalytic
activity of these catalysts.

1.2 Objectives

With this background, the following objectives weet for this research project.

Objective 1, Synthesis

Synthesis of long-chain mono-metal aliphatic nodebewheel carboxylatido complexes -
OOC(CH)nCHz3)s] where n = 4, 6, 8 or 10 (novel), K[OOC(@KCH3] where n = 4, 6, 8 or 10,
[Co"(OOC(CH)CHs),] where n = 4, 6, 8 or 10, [MOOC(CH,)sCHs),] where M = Ni, Mn, Zn, Ca
or Sr as well as [CHOOC(CHy)sCHs)s).

Synthesis of short- and long-chain mixed-metal hedifc paddlewheel carboxylatido complexes
[Pd'Co"(u1-OOC(CH),CHs)s] where n = 4, 6, 8 or 10 (novel), [AMd"(1-OOCCH).], [Pd'M" (u-
OOC(CH)sCHs)s] where M = Ba, Cd, Ca, Zn, Sr, Ni, Mn or Cu as wesl[PdCé" (1-OOCCH),]*
and [PdCe" (ui-OOC(CH)sCHs)4] * (novel).

Objective 2, Spectroscopy

All synthesised complexes will be characteriséd Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR). Theseasurements will give insight into binding
modes, frequency shifts and the influence of tighatic chain length.H NMR will be employed
for the circular palladium carboxylatido complexesElemental analysis will be utilised to
determine the carbon and hydrogen content of all e@mplexes synthesised.

Objective 3, X-ray Crystallography
Single crystal X-ray crystallography will be useddetermine the molecular structure of selected

long-chain mixed-metal aliphatic carboxylatido carmapds. Obtaining these structures will
confirm the binding modes observed using ATR-FTIR.
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Objective 4, Differential scanning calorimetry (DSC)

The thermal properties of the selected compoursdediin objective 1 will be determined using
Differential Scanning Calorimetry (DSC) with temaemre limits between -50 °C and 450 °C.
Solid state transitions, polymorphism, liquid cajshesophases, melting points and decomposition
temperatures will be investigated.

Objective 5, Variable temperature polarised light microscopy

Selected carboxylatido compounds will be subjectedvariable temperature polarised light
microscopy to confirm thermal events detected lgyDISC studies.

Objective 6, Thermogravimetric analysis coupled with mass spectroscopy (TGA-MYS)

Thermogravimetric analysis (TGA) will be used tdedenine the continuous mass loss curves of
selected compounds listed in objective 1 with terafee limits between 30 to 700 °C, to identify

the volatile and non-volatile products formed dgrinthe thermal decomposition. Mass

spectroscopy coupled with TGA will be used to idigngases liberated while heating the circular
palladium complexes and palladium cobalt paddlewhemplexes, to obtain the decomposition

profiles.

Objective 7, Electrochemistry

An electrochemical study will be performed on stddcmixed-metal paddlewheel complexes in
DCM. From the cyclic voltammagrams the oxidationd aeduction potentials of the redox active
centres can be determined and an attempt will b#ena establish if there is any intra-molecular

communication between the metal centres.

Objective 8, Catalysisand XPS

All mixed-metal complexes that are soluble (in ahbi¢ solvents) will be coated onto hydroxylated
silicon wafers using spin coating. These pre-gatalwill be thermally activated and its catalytic
activity will be tested using the model reaction the aerobic solvent-free oxidation of 1-
octadecanol to 1l-octadecanoic acid. X-ray Phottrele Spectroscopy (XPS) will be used to
characterize these modified silicon wafer surfaces.



2. Literature Survey

2.1. Introduction

The literature survey has its own numbering sysésnis customary at UFS. A survey of mixed-
metal paddlewheel and mono-metal non-paddlewheighatic carboxylatido complexes is
presented in this chapter. Published methodsviea¢ used to synthesise these compounds are
reviewed. Related published crystal structures;ntial studies (DSC and TGA), surface chemistry
of modified silicon wafers (XPS) and FTIR spectaysg are illustrated and discussed. The
electrochemistry of palladium acetatido complex aiso be discussed. Coating of the complexes

onto modified silicon wafers and the catalytic @ty of these catalysts will also be reviewed.

2.2. Carboxylic acids

Carboxylic acids are organic compounds containirg+tCOOH functionality, which consist of a
carbonyl and hydroxyl group. When the hydrogenmaie removed from the carboxylic acid a
carboxylate anion (-COQis produced. This anion is relatively stable du¢he delocalization of

the electron cloud over the C-O and C=0 bonds {Sgare 2.1). Carboxylic acids have a

relatively low pK, in comparison to e.g. alcohols, due to this resoeatabilisatior?

O O (
R%Q — R—<O = R~<\—

O

Figure 2.1: Resonance stabilisation of the carboxylate anion.

Carboxylic acids occurring in nature include fatyd (a carboxylic acid containing a long aliphatic
chain), hydroxy acids (a class of carboxylic a@dataining an extra hydroxyl group e.g. citric acid
from citrus fruits and glucolic acid from sugar eanketo acids (a class of carboxylic acid
containing a ketone group) and important life sngtg amino acids (a class of carboxylic acids
containing an amine group).

Many other derivatives of carboxylic acids, havevide variety of applications. Some of these
include acyl halides, acid anhydrides, esters anidles. Esters for example are an important class
of glycerides and are commonly found in essentid, and are thus used in the fragrance

industry?

1 J. McMurry,Organic Chemistry, Brooks/Cole Publishing Company Pacific Grove ifGatia, 1996, 4, 775.
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Even though carboxylic acids can be prepared byraber of reactions it is, however, mainly
prepared by the oxidation of different functionabgps (seeFigure 2.2). These include the
oxidatiort® of an alcohol If) using an oxidant like KMn@or Jones's reagent (CsCH.O, H,SO, ),

or the oxidation of an aldehyde group)(with either Tollen’s reagent (basic A9) or the already
named Jones’s reagentpgmduce the desired carboxylic aclil (The reaction of an alkene with

KMnO, (IV) or the oxidation of Grignard’s reagent vith CO, also produces carboxylic acitls.

R—OH
I

KMnO4

@] O
Jones reagent COz
—< e % - R—
AT o worr o

KMnO4
H;O*

RfR

v

Figure 2.2: The preparation of carboxylic acids by oxidatidmlifferent functional groups?

The hydrolysi$ of a variety of different functional groups, indlng acid halides\), anhydrides
(vil), esters \lII), amides K), and nitriles X), with acid and heat can also be used to produce

carboxylic acids (sekigure 2.3).

ZR.J. ngsenden and J. S. Fesser@ganic Chemistry, Brooks/Cole Publishing Company Pacific Grove,if0atia,
1990, 4, 498.
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Vi

H,0

O 0
0] +
2 R—4< -
R 0 R | OH —
VI

/jl\ i
R 0 R //H\\

RN
R NHCH;

Vi IX

Figure 2.3: The preparation of carboxylic acids by hydrolysislifferent functional groups?

2.3. Metal carboxylate and carboxylatido complexes*

To simplify the writing process, the following shdrand system will be used. The circular
tripalladium hexaacetatido complex, s;dOOCCH;)s, [1], will be abbreviated as follows:
Pd(Cy)s, Where the Pg refers to the three palladium atoms arrangedtirangle, the g, indicates
the number of carbons in the carboxylatido ligand &5)s indicates that there are six acetatido
ligands coordinated to the three palladium atomsa ioridged type structure. Non-paddlewheel
Mn(OOCCH;), [2], complexes will be abbreviated as follows: Mg where Mn refers to the
manganese atom in the complex,i@licates the number of carbons in the carboxdadeligand and
(Cy)2 indicates that there are two acetatido ligands dinated to the manganese atom.
Paddlewheel, PAMp{OOCCH)4 [3], complexes will be abbreviated as follows: PdG\,
where PdMn refers to the palladium and manganesesain the complex, dndicates the number
of carbons in the carboxylatido ligand and)(Gndicates that there are four acetatido ligands
coordinated to the palladium and manganese atoesFigure 2.4 for the paddlewheel type
structures.

* According to IUPAC, the term “carboxylate” implighat the anionic carboxylate ligand is ionicallyund (i.e.

electrostatically) to the Kcation, e.g. KOOCCE. The term “carboxylatido” implies that the aniorigand is
covalently coordinated to a metal, e.g. {i/REOOCCH)g].
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These abbreviations will also apply to the longhshaliphatic mono-metal carboxylatido

complexes.

Paddlewheel
complex

Mol oo

Circular complex

o) 0
I\’d/ P\é \Pé Non-paddlewheel o/P_dao/’Wln’O
O/ \O\OI\}JO/ \O complex (|) S
7/ \Q [Mn"(OOCCHS,),] \r
Pd3(c2)61 [1] Mn(Cz)z, [2] PdMﬂ(C2)4, [3]

Figure 2.4: Shows the circular hexaacetatidotripalladium(@mplex, Pedu-OOCCH)s, Pd(Cy)e, [1] (left),
non-paddlewheel Mn(OOCGH, Mn(C), [2], (middle), and tetraacetatidopalladium(ll)manganese(ll),
PdMnu-OOCCH),4, PAMN(G)4, [3] mixed-metal paddlewheel complex. The red carkatidd ligands are behind the
page plane while the blue ones are in the front.

With the onset of the industrial revolution of th800’s, rapid progress was made in the field of
metal carboxylates and carboxylatido* complexes aimte this time, their use in a variety of
different industries increased. Some of the usehides: drying agents for paints and printing,
accelerators in unsaturated polyesters, curingtagen polyurethane, additives for lubricating oils
and greases, catalysts in organic reactions, fudegcand wood preservatives and as steel cord-

rubber adhesion promotet?®

3 R. D. Dworkin,J. Vinyl technology, 1989,11, 15

* S. Mauchauffee, E. Meux and M. Schneided, Eng. Chem. Res., 2008,47, 7533

* According to IUPAC, the term “carboxylate” implighat the anionic carboxylate ligand is ionicallyund (i.e.
electrostatically) to the Kcation, e.g. K[OOCCH. The term “carboxylatido” implies that the aniorligand is
covalently coordinated to a metal, e.g. {i/REOOCCH)g].

®>P. N. Nelson and R. A. TayloAppl. Petrochem Res., 20144, 253
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2.3.1. Synthesis of non-paddlewheel carboxylate and carbgbatido
complexes

Researchers have synthesised a variety of longrchmono-metal aliphatic non-paddlewheel
carboxylates and carboxylatido complexes. Inclgdatkali metal&’?° (Na, K), alkaline earth
metald® (Ca), transition metals (Co, Ni, Cu, Zn, Cd) and lanthanide metafé** (La-Lu), via
either a one pot or a two-step metathesis process.synthesis involves neutralising the carboxylic
acid (fatty acid) in an alcoholic and/or aqueousiime by using KOH or NaOH and then slowly
adding the metal nitrate/halide/acetate dissolvedam alcohol/agueous medium to the K/Na
carboxylate solution. These carboxylatido comptexee generally insoluble in alcohols and
aromatic solvents at room temperature, but canebgeystallised from these solvents at elevated
temperatures. Hexanol was found to be the besystatlisation solvent at temperatures between
60-80 °C for the lanthanide complexe¥ Valor et al.’ synthesised short- and long-chain aliphatic
calcium carboxylatido/carboxylate complexes by mgxcalcium hydroxide powder with an excess
of the liquid acids in an agate mortar. Solid casfic acids were heated to 85 °C in distilled wate
To this was then added an aqueous solution of walchydroxide, with constant stirring.
Subsequently the target complexes were filteredveaghed with distilled water and dried at room
temperature. The powders were then furthermordedhsiith chloroform and again dried at room
temperature.

|. 1 synthesised a variety of nobel metal carboxylatdmplexes (Pd, Pt and Rh),

Stephensomet al
of which particular interest was the circular tlipdium hexaacetatido complex. Interaction
between palladium black/sponge, concentrated nédc and acetic acid yielded the circular

tripalladium hexaacetatido complex,sf&b)s, [1], while NOQ; gases are liberated deigure 2.5

®T.R. LomerActa Cryst., 1952,5, 11

"T.R. Lomer and J. H. Dumbletofgta Cryst., 1965,19, 301

8 T. Ishioka, H. Wakisaka, T. Saito, and | Kanesdk&hys. Chem. B, 1998,102, 5239

°B. Zacharie, A. Ezzitouni, J. Duceppe and C. PenBey. Process Res Dev, 2009,13, 581.

YR, F. P. Pereira, A. J. M. Valente, M. Fernandestd. D. BurrowsPhys. Chem. Chem. Phys., 2012,14, 7517

1 A. Mesbah, C. Juers, M. Francois, E. Rocca aSieinmetzZ. Kristallogr. Suppl, 2007,26, 593

125 N. Misra, T. N. Misra and R. C. Mehrotda)norg. Nucl. Chem., 1963,25, 195

13E. F. Marques, H. D. Burrows and M. da Graca MiglieChem. Soc, Faraday Trans., 1998,94, 1729

14 K. Binnemans, L. Jongen, C. Gorller-Walrand, WOIslager, D. Hinz and G. Meye&yr. J. Inorg. Chem.
2000, 1429

15E. F. Marques, H. D. Burrows and M. da Graca MigliecChem. Soc., Faraday Trans., 1998,94, 1729

161, Jongen, K. Binnemans, D. Hinz and G. Meyéaterial Science and Engineering C, 2001,18, 199

" A. Valor, E. Reguera, E. Torres-Garcia, S. Mendomh F. Sanchez-Sinencihermochimica Acta, 2002,389, 133

187, A. Stephenson, S. M. Morehouse, A Powell, J. P. Heffer, and G. Wilkinsah,Chem. Soc., 1965, 3632
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Benzoatido-, trifluoroacetatido-, and pentafluomponatidopalladium(ll) derivatives can also be

obtained through exchange reactions.

0]
L (
O N\
conc. HNO; O\/O \/ O\ / O\/O \ /O +NO
—_— Pd d Pd
delackl'sponge HOOCCH, I/:’C{o P[d\ O/ \ an I/DC{O F;({ O/ \ X
100-110°C 07/\Q<0\<) 07/\0\<0\<) x=1-3
Circular complex Circular complex
Nitrogen flow No nitrogen flow
Pds(Cz)s, [1] Pd3(C;)sNO,, [4]

Figure 2.5: The synthesis of circular hexaacetatidotripalladil) complex, P(u-OOCCH)s, Pd&(Cy)s [1], and
the circular pentaacetatidotripalladium(ll) nitratemplex, Pg(u-OOCCH)s(NO,), Pd(C;)sNO, [4]. The red
carboxylatido ligands are behind the page plandavthe blue ones are in the front.

Using a similar method to that of Stephensbral'® Bakhmutovet al.*® prepared a compound
where one of the acetatido ligands of the circpkatdlewheel complex B,)s, [1], are replaced
with a nitrogen dioxide, to produce the circulapailadium pentaacetatido nitrate, sf&b)s(NO,),
[4], complex. In this complex, the nitrogen atom leé nitrite group is coordinated to one of the
palladium atoms, while the adjacent palladium aisncoordinated to one of the oxygen atoms.
This was achieved by reducing palladium(ll) chleridith sodium hydroxide and sodium formate
to form palladium black. The palladium black whert allowed to react with concentrated nitric
acid and acetic acid. With no nitrogen flow a ramet of the circular P4C,)s, [1] and circular
Pd(C,)s(NOy), [4], complexes was obtained, semgure 2.5 With a nitrogen flow, only the

circular Pd(C,)s, [1], complex was obtained.

2.3.2. Synthesis of mixed-metal paddlewheel acetatido corgxes

Palladium based mixed-metal carboxylatido complexesre synthesised by Brandon and
Claridge® by adding equimolar amounts of the circulag(Bs)s, [1], complex and another bivalent
metal such as (Mn{@, [2], Ba(G)z, [3], Sr(G)2, [6], Ca(G)2, [7], Zn(G), [8], Co(G), [9],
Ni(C5)2, [10], Cu(G),,[11], or Cd(G)2,[12]) acetatido complexes, usually the hydrate, iniacet
acid. Heating resulted in the target complexes R4, [3], PdBa(GQ),, [13], PASr(GQ)4, [14],

97, A. Stephenson, S. M. Morehouse, A Powell, J. P. Heffer, and G. Wilkinsah,Chem. Soc., 1965, 3632
20y, I. Bakhmutov, J. F. Berry, F. A. Cotton, S.dggimov and C. A. MurilloPalton Trans., 2005, 1989
' R.W. Brandon and D.V. Claridg€hem. Commun. 1968, 677
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PdCa(Q)4, [15], PdZNn(G)4, [16], PAC0o(GQ)4, [17], PANI(G)4, [18], PACd(Q)4, [19] or PACu(GQ)a,
[20] seeFigure 2.6.

Kozitsyna, et al.?* and Akhmadullinagt al.>® also prepared short-chain mixed-metal paddlewheel
acetatido complexes, including PdMaj&; [3], PdZn(GQ)4, [16], PACo(GQ)4, [17], PANIi(G)4, [18],
PdCu(GQ)s, [20], and PdCe(Q)s [22], according to a similar method, as illustrated in
Figure 2.6. Yields for the crystals obtained range betwegfo/to 93 %.

or

A

Q0
/_q

3[M"(OOCCHg),]*xH,0 | 3 0—Ce—
x=0-4 /L / \O)\

Mioch el

o) 0O [2]: M = Mn, [5]: M = Ba []: M = Sr (o) O

0 \ O [7]1: M =Ca, [8]: M = Zn, [9]: M = Co , /l/z
\/ \ [10]: M = Ni, [11]: M = Cu [12]: M = Cd o
Pd\ P /P CH,COOH, 100-110°C »> O’Pd/o M/
/ o. I\_d \O Shtel - l OH,

TN N

Circular complex [3]: M = Mn, [13]: M = Ba

[14]: M = Sr, [15]: M = Ca

[16]: M= Zn, [17]: M = Co

[18]: M = Ni, [19]: M =Cd

[20]: M = Cu, [22]: M = Ce
Mixed-metal paddlewheel complexes

Figure 2.6: The synthesis of tetracarboxylatidopalladium(ljahgl) and tetracarboxylatidopalladium(ll)ceriurtl

mixed-metal paddlewheel complexgs, [13-20] or [22]. The red carboxylatido ligands are behind theepalgne
while the blue ones are in the front.

Li et al.?*, synthesised deca(trifluoroacetatido)dipalladiuja{ismuth(lll) di(trifluoroacetic acid),
[BiPd(O,CCR)10(HO,CCR),], by sealing a stoichiometric mixture of [Bi{OCR;)3(HO,CCFR)]

and [Pd(O.CCR)g] in an evacuated glass ampule. Yellow-brown blockstals were obtained
(3 days) after placing the ampule in an electrrmdge. Depending on the experiment, the furnace
was kept between 120-130 °C. Crystals were caltknt the cold section of the ampule where the
temperature was 6 °C lower. These crystals weaftegr onto functionalised carbon supports and
activated by placing it in an oven at 500 °C undiétogen flow. The resulted palladium/bismuth

supported on the carbon catalysts were then téstedidising D-glucose into gluconic acid.

22 N. Y. Kozitsyna, S. E. Nefedov, F. M. Dolgushin, W Cherkashina, M. N. Vergaftik and I. I. Moiseev
Inorg. Chim. Acta, 2006,359, 2072

% N. S. Akhmadullina, N. V. Cherkashina, N. KozisyheP. Stolarov, E. V. Perova, A. E. Gekhman, SNEfedov,
M. N. Vargaftik, I. I. Moiseevinorg. Chim. Acta, 2009,362, 1943
24B. Li, H. Zhang, L. Huynh, C. Diverchy, S. Hermai Devilliers and E. V. Dikareunorg. Chem., 2009,48, 6152
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Li et al.” also synthesised tetra(trifluoroacetatido)rhodidymolybdenum(il), [MoRh(QCCHR)4],
using the same method as described in the prepawmsgraph. A stoichiometric mixture of
[M0o,(0O,CCR)4] and [Rh(O.CCR)4 was sealed in an evacuated glass ampule resduilting
[MoRh(O,CCR)4]. The furnace temperature was 150 °C and thenigleecrystals were obtained
after 7 days. These crystals had 50 % molybdemdb8 % rhodium in the crystal structure.

2.4. Binding modes and crystal structures

2.4.1. Binding modes of coordination

Carboxylatido complexes are able to form a varatptable coordination complexes by using a
number of different binding modes. The cationidaheentre is responsible for the binding mode
of the carboxylatido grouff. Four binding modes of carboxylatido oxygen-megitre have been

identified, i.e. ionic, unidentate, bidentate amidding, se€Table 2.1andTable 2.2%’

Following the synthesis of circular tripalladium xaearboxylatido compleX1] the carbonyl
stretching frequency (C=0, ata. 1700 cnt) of the free acid (acetic acid) is replaced by the
coordinated carboxylatido stretching frequenciesal 600 cni and 1427 cih.

The stretching frequency &a. 1600 cntt is associated with the anti-symmetric carboxytatid
stretching frequency, while the stretching frequemt ca. 1427 cmi is associated with the
symmetric carboxylatido stretching frequency of tbecular tripalladium hexacarboxylatido
complex[1]. By calculating the difference between the aptuietric and symmetric frequencies

the binding mode of the complex may be determified.

% B, Li, H. Zhang, L. Huynh, M. Shatruk and E. V kAiev,Inorg. Chem., 200746, 9155
% R. K. Hocking and T. W. Hamblejnorg. Chem.,2003,42, 2833.
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Table 2.1:lonic, unidentate, bidentate and bridging carbatigtb binding modes.

Type Description Example

.2 lonic [Co(imidazoley](O,CMe),H,0%
. O>'R K(O,CMe)MeCQH?
M Unidentate B(GCMe)(acacy’

’>‘R Li(OOCCH;z)*2H,0**

M:O.> - | Bidentate Zn(GCMe)»(H,0),*

(6]
M7 A Bridging Several types exist see table 2|2
d

Deacon and Philifd performed a detailed study on eighty-four acetatind trifluoroacetatido
complexes, seventy acetatido and fourteen triflacetatido complexes.
The difference between the carboxylatido stretctang-symmetric and symmetric frequencies is

calculated as follows:

carboxylatido binding mode to the metal is consdeio be unidentate while forMigerence < 120
cm?, the binding mode is considered to be bidenta#éhen a series of symmetric and anti-
symmetric stretching frequencies are observed rsilts in aApiference = 120 - 200 cil, the
binding mode is considered to be bridging. F@Np@erence= 150 - 200 ¢, (mostly closer to 150
cm?), the binding mode is considered to be ionic. sTlatter range overlaps with th®ference
region of the bridging binding mode, making it stimes difficult to distinguish between the
bridging and ionic complexes. The bidentate andiemate complexes can however be clearly

identified from theirApiference Values::

27 G. Wilkinson, R.D. Gillard and J.A. McClevertgomprehensive Coordination Chemistry, Pergamon Press, Oxford,
19872, 435

2 A, Gadet and O. L. Soubeyraksta Crystallogr. Sect. B, 1974,30, 716

9 M. Currie,J. Chem. Soc., Perkin Trans |1, 1972, 832

30F. A. Cotton and W. H. lisleynorg. Chem., 1982,21, 300

3L A. Amirthalingham and V. M. Padmanabhawata. Cryst., 1985,11, 896

323, N. van Niekerk, F. R. L. Schoening and J. Hb@gActa Crystallogr., 1953,6, 720

3 G.B. Deacon and R. J. Phillips,Coord. Chem. Rev., 1980,33, 227
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Table 2.2: Different binding modes of carboxylatido oxygentaiéridging coordination.

Type Description Example
M‘?>_R Syn-syn (Os(Q:CCHg)(COY);™
w—4 (Rh(O,CCHy)zpy),™

M Ant-anti Mn(O,CCHz)o(H20),*

Q\>_R Mn(O,CCH)(salenj’

(S’

|

M
M—‘?\>‘ Syn-anti Cu(O:CH),™

? R
5 (CH3)3SN(QCCHy)™
“'A
M Tridentate Cu(@CCH,y)™
M—0,
=
M—O

Table 2.3: Comparison of\pierence Values between the anti-symmetric and symmetricargyl stretching frequencies.

Brandon 1968 Kozitsyna 2006*
Complex (Cmo)anti—sym (C:O)syrr ADifference (Cmo)anti-sym (Czo)sym ADifference
PdAMNn(G)4, [2] 1600 1410 190 1605 1422 183
Bridging Bridging
PdBa(G),, [13] 1631 1412 219 - - -
Unidenate
PdSr(G),, [14] 1626 1412 214 - - -
Unidentate
PdCa(G),, [15] 1629 1435 194 - - -
Bridging
PdZn(G),4, [16] 1626 1395 231 1595 1397 198
Unidentate Bridging
PdCo(G)4, [17] 1616 1400 216 1610 1406 201
Unidentate Unidentate
PdNi(G,)4, [18] 1600 1400 200 1611 1387 224
Unidentate Unidentate
PdCd(G)4, [19] 1600 1410 190 - - -
Bridging
PdCu(G)4, [20] 1608 1449 159 1607 1429 178
Bridging Bridging
PdCe(GQ)4, [22] - - - 1559 1445 114
Bidentate

3. G. Bullitand F. A. Cottoriporg. Chim. Acta, 1971,5, 406 and refs. therein

%Y. B. Koh, G. G. Christoph, Inorg. Chem., 1918, 2590

% E. F. Bertaut, Tran Qui Duc, P. Burlet, P. BurMt, Thomas and J. M. Moreadgta Crystallogr. Sect. B, 1974,30,
2234

37]. E. Davies, B. M. Gatehouse and K. S. Murfaghem. Soc., Dalton Trans., 1973, 2523

3 G. A. Barclay and C. H. L. Kennardl, Chem. Soc., 1961, 3289

39 H. Chih and B. R. Penfold, Cryst. Mol. Sruct., 1973,3, 285
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Table 2.3 contains the carbonyl stretching frequencies abkthifrom IR values determined by

| and Kozitsynaet al.?* From the table it is clear that the complexes raweixture

Brandonet al
of unidentate and bridging binding modes acrosdwioemetals. Brandoet al.?* obtained bridging
binding modes fof2], [15], [19] and[20] as well as a unidentate binding mode [f#], [14] and
[16-18]. | 22
unidentate binding mode fgt7] and[18]. Furthermore, Kozitsynet al.?* assigned a bidentate

binding mode fof22].

Kozitsynaet al.”“ obtained a bridging binding mode f{#t], [16] and[20], as well as

Table 2.4:: The anti-symmetric and symmetric carbonyl stretghis well as th@pigerence Values obtained from IR

data of mono-metal aliphatic complexes indicatimgjitmode of coordinatiol.

Complex n=8 n=10 n=12 n=14 n=16 n=18
Na[OOC(CH),CHg] (Cr=Q)ant-sym 1565 - 1563 - 1563 1563
(C=0)" 1427 - 1427 - 1425 1425
Abifference 138 - 136 - 138 138
lonic lonic lonic lonic
[Ce(OOC(CH),CHa)4] (C:o)ami'sym 1532 1530 1537 1545 1541 1543
(C=0)" 1406 1410 1412 1412 1412 1414
Abifference 126 120 125 133 129 129
Bidentate| Bidentate| Bidentate| Bidentate| Bidentate| Bidentate
[Cux(OOC(CH)CHg)s] | (CT=Q)2m-sym 1587 1586 1587 - 1585 -
(C=0)" 1416 1416 1417 - 1416 -
Abifference 171 170 170 - 169 -
Bridging | Bridging | Bridging Bridging
[Zn(OOC(CH),CHs);] | (CT=Q)2m-sym 1541 1543 1543 1542 1541 1544
(C=0)" 1400 1400 1401 1400 1400 1400
Abifierence 141 142 143 141 141 144
Bidentate| Bidentate| Bidentate| Bidentate| Bidentate| Bidentate

Table 2.4contains the anti-symmetric and symmetric carbsirgtching frequencies as well as the
Abifterence Values obtained from IR data of a series of thmemno-metal and one dicopf&f?
paddlewheel carboxylatido complex&sMarqueset al. argued that zinc carboxylatido complexes
have bidentate binding modes and, because Migi¢ence Values are comparable to those of the
cerium carboxylatido complexes, they have assighedinding mode of the cerium carboxylatido
complexes as bidentate. The sodium carboxylates agsigned an ionic binding mode and the
copper carboxylatido complexes were assigned gibgcinding modé?

“OR. D. Mounts, T. Ogura and Q. Fernandwrg. Chem., 1974,13, 802
“LT R. Lomer and K. Pereracta Cryst., 1974,B30, 2912
“2T.R. Lomer and K. Pereracta Cryst., 1974,B30, 2913
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2.4.2. Mixed-metal paddlewheel acetatido molecular structres

Kozitsyna, et al.? obtained crystals for PdZn{g, [16] PdCo(G)., [17] and PdNi(G)4 [18] see
Figure 2.7.

PdZn(C;)4 [16] PdCo(C3)4 [17] PdNi(C;)4 [18]

Figure 2.7: Three mixed-metal paddlewheel carboxylatido molacstructures of PdZngly [16] (left), PdCo(G),
[17] (middle) and PdNi(G), [18] (right) .*

The complexes irFigure 2.7 are described as being a mixed-metal paddlewlstedacetatido
bridged unit. The Zn/Co/Ni metal atoms have an suall distorted tetragonal-pyramidal
environment because of the O atoms belonging tatetatido adducts and the O/N atom of the
Co/zZn/Ni coordinated acetonitrile/water molecul&able 2.5 contains selected bond lengths (A)
and angles (°) of PdZnglz, [16] PdCo(G)4, [17] and PdNi(G)4 [18]. The Pd-M bond length in
each crystal is 2.5811(6) A, 2.5304(8) A and 2.28X for PdZn(G)4, [16] PdCo(G)s, [17] and
PdNi(G),4 [18] respectively. The Pd-O bond lengths, for Pdi{Care in general longer than that
of PdCo(G)4 and PdZn(§)4, while the M-O bond lengths are in general theesdistance, with the
exception of Zn-O(4) which has a much longer boadgth with a distance of 2.135(3) A.
Complexes with dimetal (M-M) bridging coordinatingits for example Mo-Mo and Rh-Rh where
the bond lengths are 2.1036(4) A and 2.3813(8) dheetively, have significantly shorter metal-
metal bonds than the mixed-metal carboxylatido dergs[16-18]. Shorter bond length means a

stronger bond between the bridged compléXes.
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Table 2.5: Selected bond lengths (A) and angles (°) for R82a[16], PdCo(G),[17] and PdNi(G), [18].7
PdZn(C,)4[16] PdCo(Cy)4[17]
Atoms length (A) Atoms Angles (°) Atoms I%rjgth Atoms Angles (°)
(A)

Pd-Zn 2.5811(6) Zn-Pd-0O(5) 88.93(8) Pd-Co 2.5304(8)(7)-Pd-O(5) | 88.97(16
Zn-0(1) 2.049(3) Zn-Pd-0O(8) 89.52(7) Co-O(1) 2.091( O(8)-Pd-O(5)| 90.33(16
Zn-0(2) 2.068(3) Zn-Pd-0(7) 91.25(7) Co-O(2) 2.085( O(8)-Pd-O(6)| 89.43(17
Zn-0(3) 2.064(2) Zn-Pd-O(6) 90.56(7) Co-O(3) 2.687( O(6)-Pd-O(7)| 91.29(17
Zn-0(4) 2.135(3) 0O(8)-Pd-O(6) 89.83(11 Co-O(4) &) Co-Pd-0(7) 90.96(10
Pd-O(5) 2.003(3) O(7)-Pd-O(5) 89.94(11 Pd-O(p) 0B@) Co-Pd-O(5) 89.77(11
Pd-O(6) 1.999(3) 0O(6)-Pd-O(7) 90.02(11 Pd-O(p) 95(@) Co-Pd-0O(8) 90.24(11
Pd-O(7) 1.998(3) 0O(8)-Pd-O(5) 90.21(11 Pd-O(fF) 0P@) Co-Pd-0(7) 89.26(11
Pd-O(8) 1.998(3) - - Pd-O(8)  1.994(4) - -

PdNi(C,)4[18] - - -

Atoms length (A) Atoms Angles (°) - - -

Pd-Ni 2.483(2) 0O(5)-Pd-O(7) 90.82(18
Ni-O(1) 2.028(6) 0(8)-Pd-O(5) 89.53(19 - -
Ni-O(2) 2.055(6) O(7)-Pd-O(6) 88.85(18 - -
Ni-O(3) 2.076(6) 0(4)-Pd-O(6) 90.56(18 - -
Ni-O(4) 2.040(6) O(3)-Ni-Pd 80.83(12) - -
Pd-O(5) 2.027(4) O(1)-Ni-Pd 82.34(13
Pd-O(6) 2.036(4) 0O(2)-Ni-Pd 82.31(12
Pd-O(7) 2.034(5) O(4)-Ni-Pd 81.03(12
Pd-O(8) 2.020(5) - - - - -

In some instances a phenomenon occurs in crystapbg that cannot always be explained. An
example of this is when two metals are in a crysitaicture and only 50 % of the metal is “seen” by

the X-ray machine.

Lt al.®® synthesised a complex which shows this type ofnptrenon,

namely a tetra(trifluoroacetatido)rhodium(ll)molydim(ll), [MORh(QCCHR;),], crystal with 50 %
molybdenum and 50 % rhodium in the structure ,FSgare 2.8

Figure 2.8: ORTEP view of tetra(trifluoroacetatido)rhodium(iplybdenum(ll), [MoRh(@CCF;),], crystal with 50 %
molybdenum and 50 % rhodium. "Reprinted (adaptétt) permission from (B. Li, H. Zhang, L. Huynh, Mhatruk
and E. V. Dikarevinorg. Chem., 200746, 9155). Copyright (2007) American Chemical Soclety
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The paddlewheel complexes are combined in a sefi&b infinite chains connected via axial M-O
interactions of 2.439(3) A. The two crystal stures of MoCr(QCCHs),** and MoW(QC'Bu),**
show the exact same phenomenon, where both cststi@tures exhibit 50 % of each atom in the

structure.

2.5. Thermal Studies

2.5.1. Definitions

The following definitions apply to polymorphism, BSDifferential Scanning Calorimetry) and

TGA-MS (Thermogravimetric analysis coupled with siapectroscopy) thermal techniques.

2.5.2. Polymorphism

A polymorph is a material that can exist in differstructural forms and is a phenomenon which
can occur in any crystalline material including ypoers, minerals and metals. DSC is the ideal
analytical instrument to probe the polymorphic natof these materials by measuring the enthalpy
change and temperature associated with solid tseatsition?>

2.5.3. DSC (Differential Scanning Calorimetry)

Differential scanning calorimetry (DSC) is a poputhermal analysis method, because of its

simplicity, speed and availability. In the DSC exment the heat flow to and from the sample is

measured relative to a reference in a controlletbaphere, for example nitrogen.

DSC has many applications in the characterisatibrmaterials, for example studying phase

transitions, such as melting, glass transitionguidi crystal mesophase, polymorphism or

decompositions. The energy changes that are iadalv these transitions can be detected by DSC

with great sensitivity°

“3C. D. Garner, R. G. Senior and T. J. KidgAm. Chem. Soc. 1976,98, 3526

*4(a) V. Katovic, J. L. Templeton, R. J. Hoxmeier,BR McCarley,J. Am. Chem. Soc. 1975,97, 5300. (b) V. Katovic,
R. E. McCarleyJ. Am. Chem. Soc. 1978,100, 5586. (c) M. H. Chisholm, J. S. D’Acchioli, B. Pate, N. J. Patmore,
N. S. Dalal, D. J. Zipsénorg.Chem. 2005,44, 1061

5 T. Hatakeyama and F. X. Quirifhermal Analysis, Fundementals and Applications to Polymer Science, John Wiley
and Sons, England, 1999% 2107

“°D. A. Skoog, F. J. Holler and S. R. CrouBhinciples of Instrumental Analysis, Thomson Brooks/Cole, USA, 2007,
900-904
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2.5.4. TGA-MS (Thermogravimetric analysis coupled with mas

spectroscopy)

With thermogravimetric analysis (TGA) the samplehisated linearly, while the mass loss is
recorded continuously as a function of time or terapure in a controlled atmosphere for example
argon or medical air. The TGA method has a widayaof applications since the information
obtained is quantitative. This however limits thethod to oxidation and decomposition reactions
and to physical processes such as sublimation rizapion and desorption. Decomposition profiles
of multicomponent systems and compositional anslget considered as two of the most important
applications of TGA” The TGA instrument can be used as a stand-alwsteuient or a mass
spectrometer can be coupled to the TGA instrumemdentify the liberated gases. The gases or
volatile components liberated from heating the danip the TGA instrument is detected by the
mass spectrometer and separates the gases acdordivyy mass-to-charge ratiog/z. From this
the fragments liberated by heating the sample eascburately identified

2.5.5. Liquid crystal mesophases

Metal carboxylate/carboxylatido complexes have Himlity to undergo mesomorphic phase
transitions>  This means, having a metal containing liquid lysalso referred to as
metallomesogens. Most Liquid crystals are compadewd-like molecules and are classified as
nematic, smectic or cholesteric (not shown) messgha see Figure 2.9 Metal
carboxylate/carboxylatido complexes exhibit liqaigystal phases of the type A and C, SmA and
SmC and many other smectic tyfésThe nematic phase is usually characterised \hittatl like
liquid crystals. Smectic phases form well definagers that can slide over each other. Smectic
liquid crystal mesophases also occur at a smalempérature range than other types of liquid
crystals. Metal carboxylatido and carboxylate ctax@s mostly exhibit smectic mesophase
behaviour. This is due to the fact that metal caytatido complexes have layered structures in the
crystalline state which is maintained upon heatirfg§gmectic mesophases have more order than

nematic phases. The reason is smectic mesoplsaseskample of calamitic liquid crystal phase.

“"D. A. Skoog, F. J. Holler and S. R. CrouBhinciples of Instrumental Analysis, Thomson Brooks/Cole, USA, 2007,
894-896

“8D. A. Skoog, F. J. Holler and S. R. CrouBhinciples of Instrumental Analysis, Thomson Brooks/Cole, USA, 2007,
281-301

“9M. S. Akanni, E. K. Okoh, H. D. Burrows and H. Bllis, Thermocim. Acta., 1992,208 1
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Figure 2.9: Nematic (N) and smectic (SmA, SmB and SmC) liquigistal phases. The figure was stylistically
changed.

Having a metal covalently or electrostatically naigting with the carboxylate/carboxylatido ligand
upon heating will maintain the rod-like structuretibe complex. This allows for the small core
(comprised of the oxygen atoms and metal atom/8) thie peripheral parts (comprised of carbon
and hydrogen atoms) to give the layered packinghupating in the liquid crystal. The packing
structure relies on three factors a) associateddauation geometry and nature of the metal, b)
binding mode of the complex and lastly c¢) substitseon the carboxylate/carboxylatido ligand
(chain length, branched hydrocarbon chain &éf¢). Varying the chain length can induce

mesomorphism of the carboxylate/carboxylatido caxes*®

2.5.5.1. Thermal analysis of nickel acetatido complex

The thermal decomposition of Nifz, [10] in H,, He and aiP? proceeds in three stages
(Figure 2.10. These three stages of decomposition observedladoelled I-11l, where | is
associated with dehydration, Il is the major decositon of the dehydrated intermediate, while 111

is only observed for the He atmosphere and is prestependant.

% M. S. Akanni, H. D. Burrows, H. A. Ellis, D. N. Asgwed, H. B. Babalola and P. O. Ojb,Chem. Technol.
Biotechnol., 1984,34A, 127

°1 K. BinnemansChem. Rev., 2005,105, 4148

%23, C. De Jesus, |. Gonzéles, A. Quevedo and Tt&UeMol. Catal. A: Chem, 2005,228, 283
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Figure 2.10: DGA (first derivative of the TGA) of tetraacetitickel(ll), Ni(C,), [10], under H, He and air
atmospheres. “Reprinted from The Lancet, 228, JD€.Jesus, |. Gonzales, A. Quevedo and T. Pueharnial
decomposition of nickel acetate tetrahydrate: aegimted study by TGA, QMS and XPS techniques, ZRB-
Copyright (2005), with permission from Elsevier.”

Stage |, is also associated with the release dicaaeid and also small amounts of additional
products. For stage Il, a weight retention of 248¢ler H is consistent with the formation of Ni
(theoretical amount 23.6%), while under air, a \Weigetention of 30.7 % is consistent with NiO
(theoretical amount 30.0%) formation. Some of fineducts detected with a mass quadrupole

(QMS) include: hydrogen, methane, water, carbomormle, ethanol, formic acid, acetone and
acetic acid.

2.5.5.2. Thermal analysis of aliphatic cerium carboxylatidocomplexes

Marques et al.”® synthesised and studied the thermal behaviour cferes of cerium(lIl)
carboxylatido complexes, Ce{lz, where m = 8, 10, 12, 14, 16, 17 or 18gure 2.11depicts the
TG (thermogravimetry) of Ce(g)s and Ce(Gg)s. This research revealed that Cg¢@nd Ce(Go)3
has one coordinated molecule of water each. Cot(éG,); adsorbed an equivalent amount of
water (one molecule of water for each molecule e{d)s) while the longer chain lengths
Ce(Gy)s, where m = 14, 16, 17 or 18 adsorbed less thaadbheralent amount of water.
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Figure 2.11: TG curves for trioctadecanoatidocerium(lll) compl€e(Gg)s and tridecanoatidocerium(lll) complex
Ce(Go)s. Reproduced (“Adapted” or “in part”) from Ref #8th permission of The Royal Society of Chemistry.
Lanthanides and divalent transition metal long-schaarboxylatido complexes exhibit mesophase
behaviour in one or more steps upon heating befaresition to the isotropic liquid. There are
clear thermal differences between the short ch&(Cg)s, Ce(Go)s and Ce(&)s and longer chain
Ce(Gu)s3, Ce(Ge)s, Ce(Gy)s and Ce(Gg)s carboxylatido complexes. The short-chain comexe
have higher melting points than the long-chain clexgs. This is a typical trend in aliphatic metal
carboxylatido complexes which is indicative of tbaic character of the cerium(lll) carboxylatido
complexes.

Figure 2.12 depicts the DSC curves for cerium(lll) carboxyati complexes, which shows
dehydration in (a) at 344.2 K (71.05 °C) and adsstate transition in (b).

(c)
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Figure 2.12: DSC curves for cerium(lll) carboxylatido complexhere (h) heating, (c) cooling and (r) reheating ar
depicted: (a) cerium octanoatido complex, (b) aaridecanoatido complex and (c) cerium octadecarmatanplex.

Reproduced (“Adapted” or “in part”) from Ref 13 wipermission of The Royal Society of Chemistry.

Jongenet al.*® also synthesised a series of cerium(lll) carbdigtacomplexes Ce(g)s where
m=5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16 oiirl@rder to investigate the thermal behaviour of
these complexes. The shorter cerium(lll) carbdigtacomplexes loses their water molecules
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before the melting point, while the hydrated longerium carboxylatido complexes loses their
water molecules at the melting poinkigure 2.13 illustrates the TG curve and DSC curve of
cerium(lll) dodecanoatido complex showing the isepeak of the DSC which is associated with

the loss of water and the melting point. The sdcgmaller peak is a result of the smectic A phase
to isotropic liquid transition.

10 -7 {1000
g 8 | \‘\
£ 1995
>
2 6 <
3 {99.02
S 4 z
E B
3 o heat flow 98.5—
2 2]
o .
° " weight
& 04 USSP .- 198.0

60 80 100 120 140 160 180
temperature (°C)

Figure 2.13: TG (thermogravimetry) curve (dotted line) and DSGrve (first heating run) of cerium(lll)
dodecanoatido complex. Heating rate 5 °C itReprinted from The Lancet, 18, L. Jongen, K.Mmans, D. Hinz

and G. Meyer, Mesomorphic behavior of cerium(lllkaamoates, 199-204, Copyright (2001), with pernassfrom
Elsevier.”

Figure 2.14 depicts the first heating and cooling cycle ofiwei(lll) pentadecanoatido complex.
The melting peak and the clearing peak is well lvesh showing the mesophase properties of the

complex. In the cooling segment, super-coolingliserved and this is due to the ionic nature of
the complexes.
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Figure 2.14: DSC heating cycle of cerium(lll) pentadecanodReprinted from The Lancet, 18, L. Jongen, K.

Binnemans, D. Hinz and G. Meyer, Mesomorphic bedraof cerium(lll) alkanoates, 199-204, Copyrigh0@2), with
permission from Elsevier.”
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2.5.5.3. Thermal analysis of calcium carboxylatido complexes

Valor et al.*” studied the thermal decomposition of several uaictarboxylatido complexes. From
Figure 2.15 which depicts the TG curves of different chaingths, two distinct decomposition
steps are observed. The first is the loss of arystter at temperatures between 110 — 120 °C.
From this it was deduced that the complexes weneomgdrates, meaning a loss of one molecule of
water per one molecule of calcium carboxylatido ptax. When dehydration is complete a second
step is observed, which is dependent on the cleagth. The calcium carboxylatido complexes
with shorter chain lengths are more stable towaetmal decomposition than the longer chain
calcium carboxylatido complexes. This is eviderdnf Figure 2.15 For example, calcium
propanoatido complex has a decomposition onset getyre of 312 °C while for calcium

dodecanoatido complex, the onset temperature iS@.70
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Figure 2.15: Thermograms of short and long chain calcium carlatido complexes. Mass loss at around 100 °C is
associated with dehydration. The second step dsrdposition, the samples were heated at 10 °C'rinirdry air.
“Reprinted from The Lancet, 389, A. Valor, E. RegyeE. Torres-Garcia, S. Mendoza and F. Sanchem&in
Thermal decomposition of the calcium salts of salvearboxylic acids, 133-139, Copyright (2002), hvgermission

from Elsevier.”
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Figure 2.16 depicts the DSC heating curves of a series of tshemd long-chain calcium
carboxylatido complexes. All the DSC curves hane endothermic peak between 100 and 150 °C
which is assigned to dehydration. For the calcpropanoatido complex and calcium butanoatido
complex, an exothermic peak is observed which atdi& a recrystallisation process. The calcium
pentanoatido complex, calcium hexanoatido comptaigium heptanoatido complex and calcium
decanoatido complexes all have a reversible endutbeeak that corresponds to the melting of

the complexes.
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Figure 2.16:DSC curves of short- and long-chain calcium(lhozylatido complexes with a heating rate of 10°@'m
Lin dry air. “Reprinted from The Lancet, 388, Valor, E. Reguera, E. Torres-Garcia, S. Mendazd F.
Sanchez-Sinencjorhermal decomposition of the calcium salts ofesal carboxylic acids, 133-139, Copyright

(2002), with permission from Elsevier.”
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2.6. Electrochemistry

Cyclic voltammetry>°*(CV) is by far the most effective electroanalytitechnique for the study of
electroactive species. Because of its versatdityl ease of measurement, CV's have been
extensively used in the field of electrochemistoyganic chemistry, inorganic chemistry, and
biochemistry. CV’s are effective in its capabilifgr quickly observing redox behaviour of
molecules over a wide potential range. Cyclic ammitnetry comprises of cycling the potential of
the working electrode, which is submerged in antitresl solution containing the sample, and
determining the resulting current.

The potential of the working electrode is contrdllgith a reference electrode such as a saturated
calomel electrode (SCE) or a silver/silverchlorglectrode (Ag/AgCl) and referenced against an
internal standard such as FcH/Fcas recommended by IUPA®®® The potential applied across
the two electrodes can be considered as an ercitatgnal. Figure 2.17 shows the excitation
signal that causes the potential to first scan &dwrom -0.2 V to 0.4 V vs. SCE where the scan
direction is reversed, creating a backward scan the original potential of -0.2 V.
The scan rate, as reflected by the slope, is 100sfVA second cycle is indicated by the broken
line. With modern instruments the switching ofgudtals and scan rates can easily be varied. By
measuring the current at the working electrodergduthe potential scan a cyclic voltammogram is
obtained Figure 2.17) as the sample is oxidised or reduced. The cuga@m be considered as the
response signal to the potential excitation sigrithe voltammogram has a vertical axis (current)
vs. a horizontal axis (potential). The potentiafigs linearly with time and the horizontal axis ca
then be considered as a time axis.

Two important parameteYsof cyclic voltammetry exist and that is the peaparation and the
current ratios. The peak separation, AE, = E,-Epc, Where B2 and Ec are the peak potentials of
the anodic and cathodic scans respectively,Fsgere 2.18 associated with an electrochemical
process. Current ratigyfips iS associated with a chemical process. The foreauction potential

is defined as E= (BoatEp)/2. A redox couple is said to be electrochemycadlversible if the
difference in peak potentiah) is 59 mV at 25C for a one electron transfer process. Because of
slow transfer kinetics at the electrode surfacer @otentials and high solvent resistance, the peak
separation increases to above 59 mV. A redox eoispdaid to be chemically reversibleifiia is

equal to unity.

3P, T. Kissinger and W. R. HeinemanChem. Ed., 1983,60, 702

*D. H. Evans, K. M. O'Connell, R. A. Peterson andJMKelly,J. Chem. Ed., 1983 60, 290

5 G. Gritzner and J. Kut&@ure Appl. Chem., 1984,56, 461

*R. R. Gagné, C. A. Koval and G. C. Lisenskyrg. Chem., 1980,19, 2855

*P. A. Christensen and A. Hamnétechniques and Mechanisms in Electrochemistry, Blackie Academic &
Professional, London, 1994, 55, 170
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The redox couple is said to be electrochemicallgsgtueversible or irreversible, when both the
oxidation and reduction process take place, butethe slow electron exchange between the
electrode and the molecule in solution. A pealasgpon of 90 m\K AE, < 150 mV is considered
quasi-reversible, while AE, > 150 mV indicates electrochemically irreversittdehaviour. A

complete chemically irreversible system is wherky oeduction or oxidation can occur.

I cycle 1 } cycle 2—
0.4 —

Ell i
reverse .
0.2+ rd scan’

0.0 /%

forward
scan

Potential / V vs SCE

0.2 g
o 2
Ei El‘m
| I | |
0 6 12 18 24
Time /s
75 - Epa

Fe''(CsHy), — [Fe"(CsHy),l" + e anodic wave

25

Current / pA

-25 cathodic wave [Fe"(CsHy),]* + e —> Fe'(CsHy),

T
-300 -100 100 300 500
Potential / mV vs Ag/Ag*

Figure 2.17: Triangular waveform (top) with switching potentias-0.2 V and 0.4 V vs SCE. Cyclic voltammogram
(bottom) of 3.0 mM Fc (ferrocene) measured in 0 metrabutylammonium hexafluorophosphate/acetdeitat a

scan rate of 100 mV'swith a glassy carbon working electrode at@s
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Chemically and
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(90mV < AE <150 mV)

Chemically reversible
and electrochemically

Current/ A

irreversible (AE >150 mV)
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Figure 2.18: A schematic representation of the cyclic voltammaoy expected from an electrochemical reversible, an
electrochemical irreversible and a chemical irreilae system.

2.6.1.1. Electrochemistry of hexaacetatidotripalladium(ll), Pds(C)s, [1]

Amatore et al.*® studied the in situ formation of a zero-valent ceiatidopalladium(0)
triphenylphosphine complex from Pdjeg (P&(Cys, [1]) and two equivalents of
triphenylphosphine in THF or DMF. The resultantmgdex was characterised by its reduction
wave, -1380 mV vs SCE in THF and -1180 mV in DME Bgyure 2.19a

Pd(OOC@bi+ 2PPR  — Pd(OOCCHL(PPh),

This mixture was however observed to be unstabdeitagpontaneously but slowly gave rise to a
species that was characterised by its oxidationew@25 mV in THF and 30 mV in DMF see
Figure 2.19h The oxidation wave increased with time as théucdon wave of palladium
acetatido triphenylphosphine decreased Bapire 2.19 Starting directly from the original
palladium acetatido triphenylphosphine complex géigesame result.

8 C. Amatore, A. Jutand and M. A. M'Barkrganometallics, 1992,11, 3009
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Figure 2.19: (a) CV of Pd(G), [1] and triphenylphosphine in DMF with n|BNBF, as electrolyte using a gold disk
electrode and a scan rate of 200 mY fsom -500 mV to -1500 mV. The CV was performedaafunction of time:
solid line 4 min, dotted line 14 min and dashea I88 min. (b) CV of the zero-valent palladium cdexpwhich was
generated in situ from palladium acetate and tnghmhosphine in DMF with nBAINBF, as electrolyte using a gold
disk electrode and a scan rate of 200 rifyfeom -500 mV to 500 mV. The CV was performedaasinction of time:
solid line 7 min, dotted line 17 min and dashea I81 min. "Reprinted (adapted) with permissiomfr(C. Amatore,
A. Jutand and M. A. M'BarkiQrganometallics, 1992,11, 3009 ). Copyright (1992) American Chemical Soclet

In another study, circular hexaacetatidotripallaail), Pds(Cy)s, [1] was reduced with hydrazine in
the presence of a surfactant, which resulted iolatien of 80 % palladium metal and 20 %
Pa&(Cos, [1]. The suspended palladium particles produced adianwave, 1720 mV and a
cathodic wave, -320 mV. The anodic wave is assigiwethe oxidation of Pd»Pd' and the
cathodic wave is assigned to the reduction of Hilagium acetatido moiety to palladium metal see
Figure 2.20°°

%9 K. Aoki, Y. Zhao and J. Chei&lectrochimica Acta, 2007 52, 2485
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E/V vs. Ag|Ag,0

Figure 2.20: CV’s of the suspended palladium particles in aciétite with TBAPFR; as electrolyte and a platinum
electrode. Scan speed 150 mV/s. “Reprinted fromddreet, 52, K. Aoki, Y. Zhao and J. Chen, Colldisabmicron-
palladium particles stabilised with acetate, 24892 Copyright (2007), with permission from Elsevie

2.7. Surface Chemistry

2.7.1. Wafer preparation

Two-dimensional silicon wafers can be used as ga@upon which to model heterogeneous
catalysts, which in turn can anchor a variety ahptexes. The procedure for the preparation of a

silver supported model catalyst is showrrigure 2.21°%°

® E. Erasmus, P. C. Thune, M. W. G. M. (Tiny) Verere, J. W. (Hans) Niemandtsverdriet, J. C. SwaBttal.
Commun, 2012,27, 193
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0. 0 0 o Amorphous SiO,with

—_— C — surface siloxanes
H,0,/ NH,OH (25°C)| Boiling H,0
(hydroxylation) (cleaning)

Hydrophilic SiO,
OH
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groups (4-5 OH/nm?)
' 2450 r.p.m.indry N,
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ethanol solution of AQNO,
giving 21-23 silver ions/nm?
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Figure 2.21: The above illustration demonstrates the preparaifosilicon wafers by calcination and by spin @ogt
AgNO; dissolved in ethanol onto it. “Reprinted from Thancet, 27, E. Erasmus, P. C. Thune, M. W. G. M.
Verhoeven, J. W. Niemantsverdriet and J. C. Swaktspjew approach to silver-catalysed aerobic oxatatof
octadecanol: Probing catalysts utilising a flatptsimensional silicon-based model support syste8;199, Copyright

(2012), with permission from Elsevier.”

The procedure for preparing a hydroxylated silicoafer capable of anchoring complexes by
means of either spin coating or grafting can berilesd as follows: The Si(100) is calcined at 750
°C in air to form a thin layer of —O-Si-O-, 90 nimdk. The calcined wafer is then etched/cleaned
with a hydrogen peroxide/ammonium hydroxide mixtared then hydrolysed by boiling it in
distilled water to form a hydrophilic —Si-OH layeihe dissolved complex can now be anchored
onto the modified wafer.

The pre-catalyst can be activated by oxidationeduction using oxygen or hydrogen respectively

which results in metal oxide or metal particlestiom modified wafef°

2.7.2. Catalytic and XPS studies

Li et. al.** used a palladium(ll) bismuth(lll) tetra(trifluoroetatido) precursor to design a mixed-
metal P4-Bi" carbon-supported catalyst. The catalysts weteddsr the oxidation of glucose to

gluconoic acid. The procedure proved to be morectffe than to prepare the catalysts from
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multisource mononuclear Pdand BI'" precursors. Erasmust al.®* synthesised and coated a

mixed-metal (PdCo(§,) complex onto a flat model silicon wafer usingftirey and spin-coating.

.“/\\ ﬂ(‘——/\ﬁ }/ﬂi M1 Grafted
“ i pa"Co™
8 \/\r' dia o
L [ 0
5 |
o
=T N
| Octadecano
T ﬂ‘ 1 i reactant
3800 2800 1800 800

-1
Wavenumber (cm )

Figure 2.22: ATR FTIR spectra of the catalytic testing of Xtamecanol (top) grafted F&"/Si(OH)/Si0/Si(100),
(middle) spin-coated PACa"/Si(OH)/SiO/Si(100) and (bottom) pure 1-octadecanol. "Repdntadapted) with
permission from (E. Erasmus, J. W. (Hans) Niemaartinet and J. C. Swartsangmuir, 2012,28, 16477). Copyright
(2012) American Chemical Society."

1.5 tested the catalytic activity of this B@,Cd" ,0; mixed-metal model catalyst for

Erasmuset al
the aerobic and solvent-free oxidation of 1-octadet to 1-octadecanoic acid. From the catalyst
testing a turn over frequency of 9 molecules peosd was obtained for the reaction.

As the reaction progressed the disappearance @ithpeak at 3340 cthand the appearance of the
CO peak at 1718 and 1734 ¢mvas monitored using FTIR. Both the spin-coated grafted
catalysts were tested seigure 2.22

The results obtained in this study proved that@isirsingle source mixed-metal catalyst precursor
to prepare a mixed-metal catalyst to oxidise aolatis better than using a physical mixture of
two different metals to prepare a mixed-metal gatal This research also proved that using a 2D

catalyst is useful to study the catalytic reactioherganic compounds.

®1E. Erasmus, J. W. (Hans) Niemantsverdriet and $v@rts Langmuir, 2012,28, 16477
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Figure 2.23: XPS spectra of silicon wafers for cobalt, palladiand carbon, (left), (middle) and (right) respesiy.
"Reprinted (adapted) with permission from (E. Erasml. W. (Hans) Niemantsverdriet and J. C. Swagsgmuir,

2012,28, 16477). Copyright (2012) American Chemical Socfet

XPS spectra of the PaCo" mixed-metal catalyst are shown figure 2.23 The XPS studies is

consistent with the observation that one of the facetate ligands was replaced by a Si-O-Co

covalent bond during the grafting preparation meétharhe spin-coated complex is coordinated

onto the silicon surface via a hydrogen bond. XESilts show that peak 3dfor Pd'O, was
observed at 337.5 eV and they2peak for C8',0; was observed at 781.1 &Y.

This concludes the literature survey for this study



3. Results and Discussion

3.1. Introduction

The results and discussion section has its own prungpsystem as is customary at UFS and will
be the same as the synthesis chapter. This chagatsents results of the research performed by
the author. The synthesis and characterisati@ansafiection of short- and long-chain mono- and
mixed-metal aliphatic paddlewheel carboxylate aadaoxylatido complexes are presented. A
general schematic, representing the synthesis @fntlono- and mixed-metal paddlewheel
aliphatic complexes are shown fcheme 3.1land Scheme 3.2 These carboxylate and

carboxylatido complexes are of the type:

a) [Pds" (1-OOC(CH),CHs)g] where n = 4 fofl], 6 for[2], 8 for[3] and 10 foff4] (novel)

b) K[OOC(CH,),CHzs)] where n = 4 fo[5], 6 for[6], 8 for[7] and10 for{8] these published
complexes will be used as precursors for the syigled the novel complexes.

c) [Co"(OOC(CH),CHs),] where n = 4 fof9], 6 for[10], 8 for[11] and 10 fof12] these
published complexes will be used as precursorthfosynthesis of the novel complexes.

d) [M"(OOC(CHy)sCHs)-] where M = Ni for[13], Mn for [14], Zn for[15], Ca for[16] and
Sr for [17] as well as [CB(OOC(CH)sCHs)s] [18] these published complexes will be
used as precursors for the synthesis of the nareptexes.

e) [Pd'Cd" (1-OOC(CH),CHs)s] Where n = 4 foff19], 6 for[20], 8 for[21] and 10 for22]
(novel)

f) [Pd'M"(u-OOCCH)4] where M = Zn fof23], Ba for[24], Cd for[25], Ca for[26], Sr for
[27], Ni for [28], Co for [29], Mn for [30] and Cu for [31] as well as
[Pd'Ce" (ui-OOCCH)4] * [32] these published complexes will be used as prewifeo
the synthesis of the novel complexes.

g) [Pd'M" (u-OOC(CHy)sCHs)s] where M = Ba fo33], Cd for[34], Ca for[35], Zn for[36],
Sr for [37], Ni for [38], Mn for [39] and Cu for [40] as well as
[Pd'Ce" (ui-OOC(CH)sCHs)4] * [41] (novel)

Spectroscopic analysis of the complexes was peddrny Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) and Macl Magnetic Resonance Spectroscopy
(NMR). Where possible all new carboxylatido conxgle were subjected to elemental analysis.
Crystal structures of PEo'(ui-OOC(CH)sCHs)s [21], Pd'Zn"(u-OOC(CHy)sCHs)4 [36] and
Pd'Ni" (1-OOC(CHy)sCHs)4 [38] are presented.

* According to IUPAC, the term “carboxylate” implidisat the anionic carboxylate ligand is ionicallyubnd (i.e.

electrostatically) to the Kcation, e.g. K[OOC(CH.CHs]. The term “carboxylatido” implies that the aniotigand
is coordinatively (covalently) bound to a metaf).éPd" (u-OOC(CH,).CHs)gl.
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Results from thermal analysis of selected syntbdsisomplexes in the form of Differential

Scanning Calorimetry (DSC), Thermal Gravimetric Ase coupled with Mass Spectroscopy

(TGA-MS) and variable temperature polarised lighicnoscopic (PLM) studies are also

presented.

Results from an electrochemical analysis were used identify any intramolecular

communication between the coordinating metal centwé the mixed-metal paddlewheel
carboxylatido complexes.

Finally, spin coating was used to coat modified -tlumensional silicon wafers with the
synthesised mixed-metal paddlewheel carboxylatidampexes. X-ray Photoelectron
Spectroscopy (XPS) investigations were used to aciarise these modified silicon wafer
surfaces. The pre-catalyst was activated by oxidah a stream of oxygen at 450 °C. This
resulted in palladium oxide and metal oxide onrtfuified silicon wafer surface. The catalysts
were tested in a model reaction for their catalgtivity for the aerobic solvent-free oxidation

of alcohols using 1-octadecanol as reagent.

KOH(aq) + CH3(CH2)nCOOH W KIOOC(CHz)nCH3](aq)
n=4n=6 [6]:n=4,[61:n=6
n=8n=10 [71:n=8,[8]: n =10

M(OOCCH3)n- XH2O(aq)

M(NOg)g-rxHQO(aq)

n=2o0r3,x=0-6
M = Co, Ni, Ca, Zn, Sr, Mn, Ce

RT

or

3 [M'(OOC(CH,)gCH3)5]* xH,0

x=0-4
H3C\ /CH3 H3(i _\ )
CH [9} M=Con=4
(CH2)n 4y, (CHa)y tiorw=corn=o S
n [11]: M=Co,n =8 2)n
oo R e P
Pd(NOs)," 2H,0 C{ oY o} /0 [141 M- Nn,n=8 {7} M- or not 0 OQ,((()CHQ)”
CH (CH+) COOH '00-110°C 79 l:,/d\ /Pd\ CHACHACOOR,  100-110°C > s O’Pd6/|\|n<
: 2ln O. 0 ° (0] n=4n=6 H3C\ /’—6— O (OzH)x
n=4,n=6 >/2<‘ \< n=8n=10 (CH,),, \(
=8/n=10 (CHa)n
n=8n /(c|-|2)n 5y (C\Hz)n y (é:Hz)n
f{3(: (:P{3 3
[M:n=4[21:n=6 x=0or1
[3]: n =8, [4]: n=10 [19]: M=Co,n=4,[20]: M=Co,n=6
; [21]: M = Co, n =8, [22]: M = Co, n =10
Circular complexes [38]: M= Ni. n=8 [35]: M= Ca, n=8

[36]: M=2Zn,n=8,[37]:M=Sr, n=8
[39]: M=Mn,n=8,[41]:M=Ce,n=8

Paddlewheel complexes

Scheme 3.1:Synthetic procedure for the long-chain mono- andedimetal aliphatic paddlewheel and non-
paddlewheel complexes using method 1. The charge) for all the mixed-metal paddlewheel complexesept
for [41] where z = +1, counter ion: decanoate. The redosgtatido ligands are behind the page plane wihiée

blue ones are in the front.
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Method 1

3[M'(OOC(CH,)sCHy)ole XH;0

x=0-4
z
/k )\ CH3(CH2),COOH

Y

[43]: M = Zn, [44]: M = Ba [45]: M = Cd
OOO 0 [46]: M = Ca, [47]: M = Sr, [48]: M = Ni % /(I)// n=4n=6
[49]: M = Co, [50]: M = Mn [51]: M= Cu 3 n=8n=10
P _—O—\—0 :
Pd P/d\ / CHiCOOH, 100-110°C o—Pd_—M 100-110°C

acetate exchange

W} //(l)‘ ° (l)\(OHz)x
[42] Y

Circular complex
x=0or1
[23]: M = Zn, [24]: M = Ba
[25]: M = Cd, [26]: M = Ca
[27]: M = Sr, [28]: M = Ni
[29]: M = Co, [30]: M = Mn
[31]: M = Cu, [32]: M = Ce

Mixed-metal paddlewheel complexes

Method 2

H3C\ z
(CH2)n

o/K/(l)/(«:/Hxn
~Pdg M/o

== o\( NOH),
(CH2)n

H,C

x=0or1

[19]: M=Co,n=4,[20]: M=Co,n=6
[21]: M= Co, n = 8, [22]: M = Co, n =10

HiC~CH,),

[331: M=Ba,n=8,[34]: M=Cd,n=8
[35]: M=Ca,n=8,[36: M=2Zn,n=8
[37]: M=Sr, n=8,[38]: M=Ni, n=8
[39]: M=Mn,n=8,[40]: M=Cu,n=8

[41]: M=Ce, n=8
Mixed-metal paddlewheel complexes

Scheme 3.2:Synthetic procedure for short- (method 1) and {ohgin mixed-metal aliphatic paddlewheel
carboxylatido complexes using method 2. The chargeO for all the mixed-metal paddlewheel compkerxcept
for [32] and for[41] where z = +1, counter ion: decanoate. The reloogtatido ligands are behind the page plane
while the blue ones are in the front.

3.2. Synthesis

3.2.1. Synthesis of circular
complexes

hexacarboxylatidotripalladium(ll)

A series of long-chain circular aliphatic hexacandatidotripalladium(ll) complexes,
[Pds" (-OOC(CHy).CHa)e], where n = 4 fofl], 6 for[2], 8 for[3] or 10 for[4] weresynthesised
following the reaction procedure Bcheme 3.3with yields in excess of 70%. For simplicity
[Pds" (-OOC(CHy)CHs)e] complexeqd1-4] will be abbreviated as Br)s Wwhere m = 6 fofl],

8 for [2], 10 for[3] or 12 for[4].

numbered carboxylatido backbone, while n represgr@aumber of -CH groups in the even

Here m represents the number of carbon atontiseireven

numbered carboxylatido backbone therefore m is ydwat2. This abbreviation will be used
throughout the chapter and will also apply to thers and long-chain mono- and mixed-metal
paddlewheel and non-paddlewheel complexes.

Palladium(ll) nitrate was allowed to react with thegpropriate long chain carboxylic
acid (hexanoic-, octanoic-, decanoic-, or dodeaamaid), to liberate the long-chain circular
aliphatic hexacarboxylatidotripalladium(ll) compéss P&(Cs)s [1], P&(Cs)s [2], P&(Cio)s [3]

or P&(Ci2)e[4].
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H3C CH; \(CHz)n o (CH,),
O,
CH.
Q2 ((':HS) (CHahn H3C\(CHz)n\ (CHC';B
L Lot
q /5/\0\ Y g o
61CH;(CHo),COOH] \ /O \/ Q /0 Ld P/d/
3Pd(NOy), 2H,0 —-"» P4 P4 Pd  +6HNO;+6H,0 ~o o
[o /\ 4] Y
o >0 O o (Ha O
HoC
(CHy)n
(CHan " (CHn
[1] 4,12] 6 \CH (/C Hzhn
n=4[2]:n=
H;C [3:n=8[4]:n=10 3 H3;C
Circular complex, side view Mln=4[2:n=6
yields in excess of 70 % [381:n=8,[4]: n=10

Alternative top down view of the circular complexes
Scheme 3.3.Synthesis of long-chain circular aliphatic hex&oegylatidotripalladium(ll) complexel -4] using the
scheme shown. The compleXés4] are synthesised by reacting palladium(ll) nitnatéh the appropriate free long
chain carboxylic acid. Side view (left) and altime top down view (right) of1-4] are shown. The red

carboxylatido ligands are behind the page plandevihe blue ones are in the front.

To synthesis¢l-4], the reaction mixture was heated to a constaatriat temperature between
100 °C to 110 °C. Temperature control during gection is important. If the temperature rises
above 130 °C the complex reductively decarboxylatdsch results in the formation of
palladium black (PY. The reaction mixture also needed to be kepteural stream of
compressed air until all the acid was removed fthenproduct. The stream of compressed air is
also necessary to remove the N@ases formed during the reaction. The reactian &
followed by monitoring the disappearance of theboayl stretching frequency (C=0, ea.
1700 cnt) of the reactant acid using ATR-FTIR. This canfdastretching frequency (C=0, at
ca. 1700 cn) is replaced by the coordinated carboxylatidotshiag frequencies ata. 1600
cmtand 1410 cril.

The complexes can be stored indefinitely in air.thed carboxylatido complexes are also
renowned to be stabfe.Alcohols cannot be used as solvents during mastbecause of their
reducing ability towards palladium. Prolonged bglin organic solvents also reduces the
palladium component of the complexes to palladilmato(Pd).

The method of Stephensoat al. was also tried where palladium black/sponge wadised

using nitric acid in the presence of acetic acid.

1 T. A. Stephenson, S. M. Morehouse,RA Powell, J. P. Heffer, and G. Wilkinsah Chem. Soc., 1965, 3632
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Hexaacetatidotripalladium(ll), B(C,)s [42], the desired short-chain circular trimer, did forih
was decided not to follow this synthetic routecsithe procedure described$tcheme 3.30
synthesise PfCs)s [1], P&(Cs)s [2], P&(Ci0)s [3] or PA(Ci2)s [4] gave purer compounds with
higher yields. The synthesised long-chain circalphatic hexacarboxylatidotripalladium(ll)
complexes[1-4] were used as precursors in the preparation oflahg-chain mixed-metal
aliphatic paddlewheel carboxylatido complexes sgsited in this study.

3.2.2. Synthesis of ionic potassium carboxylates*

The synthesis of the long-chain aliphatic ionicgssium carboxylates will be discussed, see
Scheme 3.4 K[OOC(CH,),CHs], where n = 4 fo5], 6 for [6], 8 for [7] or 10 for[8]. For
simplicity [5-8] will be abbreviated as KEwhere m = 6 fof5], 8 for[6], 10 for[7] or 12 for

[8]. Here m represents the number of carbon atortieirven numbered carboxylate backbone,
while n represents the number of -£Hjroups in the even numbered carboxylate backbone
therefore m is always n+2.

The long-chain aliphatic ionic potassium carboxg/lptecursors were synthesised by following a
modified procedure from Ishioket al.> The appropriate carboxylic acid (hexanoic-, ooten
decanoic-, or dodecanoic acid), was heated to 4@d@rst melt the solid carboxylic acids. A
slight excess of KOH(aq) was then added drop-vagbé melted or heated carboxylic acid until
the acid was just neutralised. The volume doubiesise because of the addition of the aqueous
KOH.

KOH(aq) + CH3(CH2),COOH ———3 K[OOC(CH),CHjs] + H,0

nN=4n=6 [5]:n=4,[6]:n=6
n=8 n=10 [71: n=8,[8]: n=10

Scheme 3.4Synthesis of long-chain aliphatic ionic potassicanboxylateg5-8] from the neutralisation reaction of

KOH and the free long chain carboxylic acid.

A gelatinous mixture was observed when adding tfumaus KOH, which is an indication of the
formation of the highly water-soluble long-chaimiio potassium carboxylates.

% T. Ishioka, H. Wakisaka, T. Saito and |. Kanesdk&hys. Chem. B, 1998,102, 1239

*According to IUPAC, the term “carboxylate” implighat the anionic carboxylate ligand is ionicallguind (i.e.
electrostatically) to the Kcation, e.g. K[OOC(CH.CHs]. The term “carboxylatido” implies that the aniotigand
is coordinatively (covalently) bound to a metaf).dPd" (u-OOC(CH,).CHs)gl.
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The water was then removed under vacuum (caredbd taken to prevent excessive bumping

during solvent removal) and the resultant whitedsafas then dissolved in the minimum amount

of methanol (60 °C) to remove any excess KOH. @&afker the solution was then decanted,

leaving behind the excess KOH. Lastly the methavaed removed under reduced pressure and
the white solid was then dried at 60°C, to givegl@hain aliphatic ionic potassium carboxylates

in almost quantitative yields.

3.2.3. Synthesis of non-paddlewheel dicarboxylatidocobalt(
tetrahydrate complexes

The synthesis of long-chain aliphatic non-paddlesvhgicarboxylatidocobalt(ll) tetrahydrate
complexes, [CHOOC(CH).CHs)]- 4H,0, where n = 4 fof9], 6 for[10], 8 for[11] or 10 for
[12] seeScheme 3.5 For simplicity [C8(OOC(CH,)CHs),]- 4H,0, complexeg9-12] will be
abbreviated as Co, where m is the number of carbon atoms in the cathttdo backbone, 6
for [9], 8 for[10], 10 for[11] and 12 fof12]. The cobalt complexef9-12] were synthesised

using a modified procedure from Pereital

The corresponding long-chain aliphatic ionic potasscarboxylates, KE[5], KCg [6], KCi0[7]

or KCy; [8] was dissolved in the minimum amount of water amdhts solution was added an
aqueous solution of cobalt(ll) nitrate hexahydrakéle stirring, resulting in the target long-chain
aliphatic non-paddlewheel dicarboxylatidocobalttgjrahydrate complexg9-12]. Thereafter
the resultant pink solid was filtered and washethva water/ethanol (1:1) solution. Lastly
drying the solid at 60 °C, the compleX8s12] was obtained with yields ranging between 13 %
and 48 %, depending on the number of carbons inahsoxylatido backbone séable 3.1

Table 3.1:Yields of long-chain non-paddlewheel dicarboxylatiobalt(ll) tetrahydrate complexgs12].

Co(Cn)2 Yield %
Co(&)2 [9] 13
Co(G),, [10] 48
Co(Cy)2 [11] 34
Co(Cp)2 [12] 27

®R. F. P. Pereira, A. J. M. Valente, M. Fernandestd. D. BurrowsPhys. Chem. Chem. Phys., 2012,14, 7517
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Kz)n
o O
2K[OOC(CH2),CH3(aq)
[5]:n=4,[6]:n=6,
in= in= H,O. OH
Co(NO3) 6H,0ag) [7l:n=8[8:n=10 .~ 2 >Co( 2, 2KNO; + 2H,0
RT H,0 OH,
OYO
(THZ)n
CH;

[9]:n=4,[10]:n=6
[11]: n =8, [12]:n =10

Scheme 3.5Synthesis of long-chain aliphatic non-paddlewhgiebrboxylatidocobalt(ll) tetrahydrate complexes
[9-12] using the scheme shown. The complejgz42] were synthesised by reacting cobalt(ll) nitratehwhe
appropriate long-chain aliphatic ionic potassiumboaylate complexes.

With the exception of Co(#): [9], there seems to be a linear decrease in the gighined for
Co(G)2 [10], Co(Gyp)2 [11] and Co(Gy). [12] as the number of carbons in the carboxylatido
backbone increases, segure 3.1 This trend could possibly be attributed to stemfluences.
For example the long chains can coil around theptexmg site, and would first need to unwrap
before a reaction can take place. This makeseéhetion rate slower. The low yields obtained
for [9-12] could also possibly be attributed to its partialubility in the water/ethanol (1:1)
solution used to wash the carboxylatido compld®e%2] with. This would cause some of the

product to be washed away.

12

10 F *

Number of carbon atoms in the
carboxylatido backbone

10 15 20 25 30 35 40 45 50
% yield of cobalt
carboxylatido complexes

Figure 3.1: The correlation between the number of carbon aiarttse carboxylatido backbone and the yield of the

dicarboxylatidocobalt(ll) tetra hydrate complef@sl2].
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3.2.4. Synthesis of non-paddlewheel dicarboxylatidometall) or
tricarboxylatidocerium(lll) complexes

The long-chain aliphatic non-paddlewheel mono-metanplexes, dicarboxylatidometal(ll),
[M"(OOC(CH)sCHs),] where M = Ni for[13], Mn for [14], Zn for[15], Ca for[16], Sr for[17]
as well as tricarboxylatidocerium(lll), [¢OOC(CH)sCHs)s] for [18] were all synthesised
according to the same procedure, Ssheme 3.6 The abbreviation M(G),, applies to
[M"(OOC(CH)sCHs),] where M = Ni for[13], Mn for [14], Zn for[15], Ca for[16], Sr for[17]
while the abbreviation Ce(g)s applies to [C8(OOC(CH,)sCHs)3] for [18].

Ni(OOCCH3)2 . XHzo(aq)

2KIOOC(CH2)sCHal(aq) + 2[KOOCCHj3] + xH,0
or » [M"(OOC(CH2)3CH3),]- xH,0 or
M(NO3) xH20 4 RT 0.4 + 2KNO; + xH,0
x=0-6

M = Ni, Zn, Mn, Ca or Sr
[13]: M = Ni, [14]: M = Mn [15]: M = Zn, [16]: M = Ca, [17]: M = Sr

x=0-6
CH;
(CH2)g
\/
3KIOOC(CH,)sCHsliag)
+ 3[KOOCCH;] +H
Ce(OOCCH3)3 . HzO(aq) #’ O7Cevo [ elo) 3] 20
/0 o\
H,C~— (GH2)s
3¥™=(CHy)s \

[18] CH,

Scheme 3.6: Synthesis of aliphatic non-paddlewheel dicarbaigtametal(ll) or tricarboxylatidocerium(lll)
complexeq13-18]. The complexes were synthesised by reacting rildtaZn, Mn, Ca, Sr or Ce) nitrate/acetatido
complexes with potassium decanoate

Potassium decanoate, kfJ7], was dissolved in the minimum amount of water &mdhis
solution was added drop-wise an aqueous solutioth@fmetal (Ni, Zn, Mn, Ca, Sr or Ce)
nitrate/acetatido complexes while stirring whickuieed in the target dicarboxylatidometal(ll) or
tricarboxylatidocerium(lll) complexg4d.3-18].

The resultant white solid was filtered and washdtth & water/ethanol (1:1) solution and after
drying at 60 °C[13-18] was obtained with yields varying between 40 % &ndo. These yields
are significantly higher than that of the dicarblatiglocobalt(ll) tetrahydratf©-12] complexes.
These mono-metal dicarboxylatidometal(ll) or trlwaxylatidocerium(lll) complexes are
generally insoluble in polar and non-polar orgasatvents like CHCI,, ether, ethanol and
benzene (with the cobalt carboxylatido complexemd@n exception) at room temperature.
However the circular aliphatic tripalladium hexdmatylatido complexe$l-4], are soluble in

chlorinated solvents at room temperature.
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The metal di- or tricarboxylatido complexds3-18] were recrystallised (twice) by dissolving the
complexes im-pentanol at 80 °C. The recrystallised di- orarboxylatido complexes were

washed with a water/ethanol (1:1) mixture and dae€@0 °C.

Table 3.2:Yields of short- and long-chain mono-metal nongiadheel di- or tricarboxylatido complexes.

Co(Cy)2 and M(Cy()2 Yield % M(C 1), or Ce(Cp)s | Yield %
Co(&)a, [9] 13 Mn(Go)o, [14] 86
Co(G)2, [10] 48 Zn(Go)a, [19] 82
Co(Cig)2, [11] 34 Ca(Go)a [16] 80
Co(Cin)2,[12] 27 Sr(G)a, [17] 40
Ni(Ci0)2, [13] 54 Ce(Go)s, [18] 87

The mono-metal dicarboxylatido complexes Mpe[14], Zn(C)2 [15], Ca(Go)2 [16] and the
tricarboxylatido complex Ce(Q)s [18], were obtained in excess of 80% while the
dicarboxylatido complexes, Nigg). [13] and Sr(Gg). [17] were isolated in yields of 54 % and
40 % respectively, se€able 3.2 The cobalt dicarboxylatido complexes all resilie yields
less than 50 %. Complexes CgfJ9] and Co(G»), [12] yielded 13 % and 27 % respectively
while Co(Go)2 [11] and Co(G)2 [12] yielded 34 % and 48 % respectively.

3.2.5. Synthesis of mixed-metal paddlewheel carboxylatido
complexe$§>*®

As pointed out in the objectives in Chapter 1,rtie@n purpose of this research is to prepare new
mixed-metal paddlewheel carboxylatido complexesurFcarboxylatido ligands coordinate to
the two different metals in a paddlewheel typedtme. During the course of this study, these
mixed-metal complexes were prepared by means ofltfierent synthetic procedures.

* R.W. Brandon and D.V. Claridg€hem. Commun. 1968, 677

°N. Y. Kozitsyna, S. E. Nefedov, F. M. Dolgushin, M. Cherkashina, M. N. Vergaftik and I. I. Moiseev,
Inorganica Chimica Acta, 2006,359, 2072

®N. S. Akhmadullina, N. V. Cherkashina, N. KozisyhaP. Stolarov, E. V. Perova, A. E. Gekhman, SNEfedov,
M. N. Vargaftik, I. I. Moiseev|norg. Chim. Acta, 2009,362, 1943
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3.2.6. Synthesis of [PdM" (n-OOC(CH,),CH3)4] where n = 0, 4, 6,
8 or 10 as well as [P4Ce" (n-OOC(CH,),CH3)4]* where n = 0 or 8

Method 1:

Method 1 involves the reaction between one equmnalef the circular aliphatic
hexacarboxylatidotripalladium(ll) complex and threequivalents of the aliphatic
dicarboxylatidometal(ll) or tricarboxylatidoceriutff complexes in the appropriate long-chain
aliphatic free acid which produces the desired ohixetal aliphatic paddlewheel
tetracarboxylatidopalladium(ll)metal(ll) or the ratarboxylatidopalladium(il)cerium(lll)

complexes.

The synthesis 0{19-22] will be discussed first, se8cheme 3.7below. Utilizing the first
synthetic procedure, method 1, a series of longactadiphatic mixed-metal paddlewheel
tertracarboxylatidopalladium(il)cobalt(ll) complexe [Pd'Cd"(1-OOC(CH).CHs)s], where
n = 4 for[19], 6 for[20], 8 for[21] and 10 fof22] were synthesised according$cheme 3.7
with vields varying between 62 % to 89 % aple 3.3. For simplicity [PdCo"(p-
OOC(CH)nCHa)4] complexeswill be abbreviated as PdCaflz where m is the number of
carbons in the carboxylatido backbone; 6[i®], 8 for[20], 10 for[21] or 12 for[22].

HiQ FHs l CH,
\CH Py (CHa),
(GHan [ (CHa)y (CHy)n
A/( A [
o o O (o) (CHy)
o / o O CH3(CH,)nCOOH (slight excess) (o) /I/{ n
H,0 H n= or =
éé >d \P/d + 2 \l o’0 2 458010 » 3 O/IIDd/O co ° + 9H,0
/\O /\ O/ \O Hzo/l \0H2 100 - 110°C kl__,o/ | \OHZ
O, 30 0K H.C (o) o)
\( o O 3 \(CHZ)n \(
(CHa)n (CH,)
CH \ CH 2)n
/( 2)n CHs (CH2)n (CHy), \CH
H3C CH3 3
[Ml:n=4[2:n=6 CH,3 [19]:n=4,[201:n=6

[31:n=8,[4]:n =10 [9]: n =4, [10]: n =6 (21]:n =8, [22:n =10

Circular complex [1):n =8, [12]: n = 10 Mixed-metal paddlewheel complex
Scheme 3.7:The synthesis of long-chain aliphatic paddlewhegiacarboxylatidopalladium(ll)cobalt(ll) mono
hydrate mixed-metal paddlewheel compleke®-22]. The complexes were synthesised by reacting quevaent
of the circular aliphatic hexacarboxylatidotripdilam(ll) complex with three equivalents of the &ljpic
dicarboxylatidocobalt(ll) tetrahydrate complexedhia appropriate long chain free acid to produeetéinget mixed-
metal paddlewheel tetracarboxylatidopalladium(lbal(ll) mono hydrate complexes. The red carbdigta

ligands are behind the page plane while the blgs amne in the front.
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Mixed-metal, tetracarboxylatidopalladium(ll)cobdk( monohydrate paddlewheel complexes
[19-22] were synthesised to have different carboxylatigarid chain lengths. For example one
equivalent of the circular hexakis(hexacarboxylafidpalladium(ll), Pd(Ce)s, [1], was reacted
with three equivalent of dihexacarboxylatidocobjlt( tetrahydrate, Co(g. [9],

in hexanoic acid at temperatures of 100 °C to T1®’produce the target, paddlewheel aliphatic
tetrahexanoatidopalladium(ll)cobalt(ll) monohydra®elCo(G)s [19], complex. To synthesise
PdCo(G)4 [20], PdCo(Go)4 [21] or PACo(Gy)4 [22] paddlewheel complexes, one equivalent of
the circular tripalladium hexacarboxylatido compleaxnd three equivalent of the cobalt
dicarboxylatido complex, octanoatido, decanoatiddadecanoatido complexes were reacted in
octanoic, decanoic and dodecanoic acid respectiteelproduce the target PdCajs [20],
PdCo(Go)s, [21], or PdCo(G2)s, [22], mixed-metal aliphatic paddlewheel tetracarboxgtat
complexes of appropriate chain length as show&cdineme 3.7 The excess acid was removed
from the reaction mixture by allowing a stream ofmpressed air to flow over the mixture at 100
°C to 110 °C. The reaction progress can be foltblyg monitoring the disappearance of the
carbonyl stretching frequencyal 1700 cnt) of the free acid acid using ATR-FTIR. The
carbonyl stretching frequencyal 1700 cn') is replaced by the coordinated carboxylatido
stretching frequency &a. 1589 cn1 and 1422 cr.

Hereafter, the synthesis of mixed-metal paddlewheghcarboxylatidopalladium(ll)metal(ll)
and tetracarboxylatidopalladium(ll)cerium(li), [Bd" (u-OOC(CH)sCHs)4], where M = Ca for
[35], zn for [36], Sr for [37], Ni for [38] and Mn for [39] as well as [PtCE"(u-
OOC(CH)sCHs)4]" for [41] will be discussed. The mixed-metal paddlewheehmiexeswere
synthesised according ®cheme 3.8with yields varying between 56 % and 95 %, Seble
3.3 For simplicity [P4M" (u-OOC(CH)sCHs)s] complexeswill be abbreviated as PAM(g)4
where M = Ca fof35], Zn for[36], Sr for[37], Ni for [38] or Mn for[39] as well as PdCe(g),"
for [41].  This synthetic procedure involves the reactetween one equivalent of the long-
chain circular aliphatic complex K€10)s, [3], and three equivalents of the mono-metal aliphatic
long-chain di- or tricarboxylatido complex, N{g» [13], Mn(Cig)2 [14], Zn(Cio)2 [15], Ca(Go)2
[16], Sr(Gyo)2 [17] or Ce(Go)s [18] in decanoic acid at temperatures of 100 °C to°C10 This
reaction results in the target long-chain mixedahetaliphatic paddlewheel
tetracarboxylatidopalladium(ll)metal(1l) or tetrabaxylatidopalladium(Il)cerium(lIl)
complexes, PdCafg), [35], PdZn(Go)4 [36], PASr(Go)s [37], PANi(Go)4 [38], PAMN(Go)4 [39]

or PdCe(Go)4' [41] as the final product.
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H,C CHs CH, /CH3
CH
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(Hy)s (CHy)y [D7:M=5r s (|:H3 (;:Hz)8
&
H;C
HaC B3 cts - v=0u1
" [35]: M = Ca [36]: M = Zn, [37]: M= Sr,
Cireutar complex [38]: M= Nﬁ [39]: M= Mr:'l, [41]: M= Cre

Mixed-metal paddlewheel complex

Scheme 3.8: The synthesis of long-chain paddlewheel aliphagittacarboxylatidopalladium(ll)metal(ll) and
tetracarboxylatidopalladium(ll)cerium(lll) mixed-ita paddlewheel complexd85-39] or [41]. The complexes
were synthesised by reacting one equivalent ofuldrchexacarboxylatidotripalladium(ll) complex witihree
equivalent of dicarboxylatidometal(ll) or tricarbgatidocerium(lll) complexes to produce the target
tetracarboxylatidopalladium(ll)metal(ll) or tetrabaxylatidopalladium(il)cerium(lll) mixed-metal paddlewheel
complexes. The charge, z = 0 for all the complexe®pt forf41] where z = +1, counter ion: decanoate. The red

carboxylatido ligands are behind the page planéevthe blue ones are in the front.

The excess acid was removed from the reaction mexiy the same procedure described for the
palladium cobalt tetracarboxylatido paddlewheel plaxes. The reaction can be followed by
monitoring the disappearance of the carbonyl stietcfrequency (C=0, ag. 1700 cn) of the
acid using ATR-FTIR. It is replaced by the cooated carboxylatido stretching frequency at
ca. 1540 cnt and 1407 cm for the palladium metal tetracarboxylatido paddie@l complexes.
FromTable 3.3it is clear that all the complexes have yieldkigthan 50 %.

Table 3.3:Yields of long-chain mixed-metal carboxylatido géslvheel complex.

PdCo(Cy). and PAM(Cyg)s Yield % | PM(C 1) Yield %
PdCo(G), [19] 71 PdZn(G).[36] | 56
PdCo(G)., [20] 89 PdSI(G).[37] | 95
PdC0(Go)s, [21] 62 PdNi(GJ). [38] | 90
PdC0(G,)4, [22] 62 PdMn(Go), [39] | 86
PdCa(Gy), [35] 58 PdCe(GQ),,[41] | 72

The synthesis of tetraacetatidopalladium(ll)metpkihd tetraacetatidopalladium(ll)cerium(lll),
[Pd'M"(u-OOCCH)4], where M = Zn fof{23], Ba for[24], Cd for[25], Ca for[26], Sr for[27],
Ni for [28], Co for[29], Mn for [30] and Cu for{31] as well as [PtCe" (ui-OOCCH)4]* for

[32] will be discussed next.
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The acetatido complexes were synthesised accotdi8gheme 3.9wvith yields varying between
51 % - 90 %, se@able 3.4 For simplicity [PdM" (u-OOCCH),] and [PdCE" (u-OOCCH)4]*

complexewwill be abbreviated as PdM§Jz with M as above.

or

N

g ©°

3M'(OOCCHg)sloxH,0 |3\
M 3)z]* xHy O—cé/

Q
x=0-4 p; ot~

z
)\/K/k = )\
7 4 (o) (o0}
R

O [43]: M = Zn, [44]: M = Ba [45]: M= Cd
[46]: M = Ca, [47]: M = Sr, [48]: M = Ni
/ [49]: M = Co, [50]: M = Mn [51]: M = Cu

/
Pd Pd Pd » 3 o—Pd-CM—°

/ \ /. /) CH3COOH, 100-110°C N
Y A1 Do
[42] Y

Circular complex

x=0or1
[23]: M =Zn, [24]: M = Ba
[25]: M = Cd, [26]: M =Ca
[27]: M = Sr, [28]: M = Ni
[29]: M = Co, [30]: M = Mn
[31]: M=Cu, [32]: M =Ce

Mixed-metal paddlewheel complexes
Scheme 3.9Synthesis of short-chain tetraacetatidopalladilym@tal(ll) and tetraacetatidopalladium(ll)ceriutiy|
mixed-metal paddlewheel complexef23-32] This is achieved by reacting one equivalent of
hexaacetatidotripalladium(ll) ~ with three equivakentof diacetatidometal(ll) and three moles of
triacetatidocerium(lll) complexes. The charges D for all the complexes exce[82] where z = 1. The red

carboxylatido ligands are behind the page plandevihe blue ones are in the front.

The reaction between one equivalent of hexaacetapdlladium(ll) [42] and three equivalent
of the appropriate diacetatidometal(ll) complg43-51] or triacetatidocerium(lil) [52]
(usually the hydrate) in acetic acid as the solveat temperatures between
90 °C to 100 °C generates the desired short-cheiraacetatidopalladium(ll)metal(ll) or
tetraacetatidopalladium(ll)cerium(lll)  mixed-metal paddlewheel = complexes [23-32].
The reaction mixture was refluxed for two hours aras$ allowed to cool overnight and crystals
were obtained the following day. After washing tirgstals with cold benzene and n-hexane,
the desired mixed-metal paddlewheel acetatido cexeg, PdM(©),4, [23-32] was isolated and
characterised by ATR-FTIR.

These mixed metal acetatido complexes showed thecteristic symmetric and anti-symmetric

ATR-FTIR also showed that there is either water (§tétching frequency al. 3400 cnt)
and/or an acetic acid ligand (C=0 stretching fregyeatca. 1700 cn') in the axial position as
well. This is in correlation to what was found fibre short-chain carboxylatido complexes
published in literature, determined from their $ingrystal structures®
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Table 3.4:Yields of short-chain mixed-metal tetracarboxylatpaddlewheel complexes.

PdM(C,). Yield % | PdM(C ), Yield %
PdZn(G). [23] 86 PdNi(G).[28] | 79
PdBa(G). [24] 76 PdCo(§),[29] | 90
PdCd(G), [25] 51 PAMn(G), [30] | 77
PdCa(G), [26] 54 PdCu(§,[31] | 62
PdSI(G), [27] 67 PdCe(Q), [32] | 71

Table 3.4 contains the vyields of the palladium metal tetrbocaylatido mixed-metal
paddlewheel complexes with yields varying betwe&n% and 90 %. PdCdz [25] and
PdCo(G)4[29] have yields of 51 % and 90 % respectively.

3.2.7. Synthesis of [P4dM"(u-OOC(CH,),CH3)s as well as
[Pd" Ce" (n-OOC(CH_)sCH3)a]"

Method 2:

Method 2, involves the reaction between tetraaicketaalladium(ll)metal(ll) or
tetraacetatidopalladium(ll)cerium(lll) mixed-metadddlewheel complexes and the appropriate,
free long chain carboxylic acids which producesdbsired mixed-metal paddlewheel aliphatic
long-chain tetracarboxylatidopalladium(ll)metal(dy mixed-metal paddlewheel aliphatic long-

chain tetracarboxylatidopalladium(Il)cerium(lIl) mplexes in a ligand exchange reaction.

Utilising method 2, the synthesis of PdCgj& where m is 6 fof19], 8 for[20], 10 for[21] or
12 for[22] will be discussed first. The complexes were sgsited according t8cheme 3.10
with yields varying between 66 % and 99 %, sSksble 3.5 To synthesisg19-22]
mixed-metal paddlewheel complexes, the short-chamixed-metal paddlewheel
tetraacetatidopalladium(ll)cobalt(ll) monohydraRgCo(G),4 [29], was reacted with hexanoic,
octanoic, decanoic or dodecanoic acid respectiaelgmperatures between 100 °C to 110 °C.
From this the target long-chain tetracarboxylataltgaium(ll)cobalt(l) monohydrate mixed-

metal paddlewheel complexes were obtaifi€d22] of desired chain length.
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(CH2),
o O CH3(CH2),COOH (slight excess) O O (CH2)n
l | d=o

o/Pd/o CO/O n=4,6,80r10 - O/Pd /

0/
K | OH, 100-110°C k‘g’ | OH;
(o} (o] H-C
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[29]

(CH2)n

Mixed-metal paddlewheel complex H3C

[19]:n=4,[20]: n=6
[21]: n=8,[22]: n =10

Mixed-metal paddlewheel complex
Scheme 3.10:The synthesis of long-chain tetracarboxylitidogdilm(ll)cobalt(ll) monohydrate mixed-metal
paddlewheel complexefl9-22]. This is achieved by reacting short-chain tetrtmopalladium(ll)cobalt(ll)

monohydrate mixed-met§29] with the free carboxylic acids hexanoic, octandieganoic or dodecanoic acid. The

red carboxylatido ligands are behind the page plenike the blue ones are in the front.

The excess acid was removed from the reaction nexiy allowing a stream of compressed air
to flow over the mixture, thereby evaporating thxeess acid. The reaction was followed by
monitoring the disappearance of the carbonyl stietcfrequency (C=0, ai. 1700 cnt) of the
acid using ATR-FTIR. It is replaced by the coosated carboxylatido stretching frequency at
ca. 1589 cm" and 1422 ci.

Lastly the synthesis of PAM(g}s, [33-41] were achieved. These complexes were synthesised
according toScheme 3.11with yields varying between 71 % and 95 % Sedble 3.5 In a
ligand exchange reaction, the short-chain tetrasidepalladium(ll)metal(ll) and short-chain
tetraacetatidopalladium(ll)cerium(lll) mixed-metahddlewheel complexes, PdMjg [23-32]
were treated with decanoic acid at a temperatuf®0f°C to 110 °C. This was done to replace
the acetatido ligand with a decanoatido ligand Whicresulted in the
formation of long-chain aliphatic tetracarboxylajmhlladium(ll)metal(ll) and long-chain
aliphatic tetracarboxylatidopalladium(ll)cerium{llinixed-metal paddlewheel, PdM{gL; [33-
41] complexes. The excess acid was removed frometigtion mixture by allowing a stream of
compressed air to flow over the mixture, therebgpevating the excess acid.

The reaction was followed by monitoring the disappace of the carbonyl stretching frequency
(C=0, atca. 1700 cnt) of the free acid using ATR-FTIR. It is replacky the coordinated
carboxylatido stretching frequencyaat 1540 cnit and 1407 ci.
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Mixed-metal paddlewheel complex

Scheme 3.11:Synthesis of long-chain aliphatic tetracarboxgtitpalladium(ll)metal(ll) and long-chain aliphatic
tetracarboxylitidopalladium(ll)cerium(lll) mixed-rted paddlewheel complexe83-41]. This is achieved by
reacting short-chain tetraacetatidopalladium(Ilet{@) and short-chain tetraacetatidopalladium@jam(lil)

mixed-metal paddlewheel complex@8-32] with decanoic acid. The charge, z = 0 for all thenplexes except

[32] and[41] where z = +1, counter ion: decanoate. The reblosgtatido ligands are behind the page plane while

the blue ones are in the front.

Table 3.5:Yields of long-chain tetracarboxylatido mixed-mgitaddlewheel complexes.

PdCO(Cm)2 and PM(Clc)4 Yield % PM(C 1(;)4 Yield %
PdCo(G)s [19] 99 PAZn(Gy)a [36] 95
PdCo(G)s [20] 81 PASIH(G)4 [37] 81
PACo(Go)u [21] 66 PANI(Go)s [38] 95
PdBa(Gy), [33] 75 PACU(G)s [40] 84
PACA(Go). [34] 88 PdCe(Q). [41] | 79
PdCa(QG)4 [35] 71 - -

The tetracarboxylatido mixed-metal paddlewheel dexgs have yields varying between 66 %
and 99 % se&able 3.5
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3.3. Characterisation (Spectroscopy)

3.3.1. Nuclear magnetic resonance spectroscopy

Figure 3.2 indicates the'H NMR spectra of the long-chain circular aliphatigpalladium
hexacarboxylatido complexes 4@s)s [1] and Pg(Cg)s [2], in chloroform-d (CDCkL). There
are three distinct areas where peaks appear thatbea observed for the tripalladium
hexacarboxylatido complexes. The triplet belongmghe methyl group, Ciat the end of the
alkyl chain is measured e4. 0.75-0.95 ppm.

The methylene group adjacent to the carbonyl gr@ip;COO, is shifted down field toa. 2.0-

2.4 ppm fromca. 0.4-1.9 ppm where the ligand’s peaks normally appgue to the deshielding
by the carbonyl group. Lastly the carbon backbomthylene groups’ chemical shifts, which
are positioned between the methyl end group andnéthylene adjacent to the carbonyl, are
observed ata. 0.95-1.55 ppm seigure 3.2 Comparison of th&H NMR shifts of the methyl
end group and the chain length ofs(})s [1], P&(Cs)s [2] P&(Ci0)s [3] and Pd(Ci2)s [4] are
shown inFigure 3.3

It is not a linear relationship; however there isl@ar down field shift of chemical shift of the
methyl group as the carbon chain length increa3éss trend can be explained by the increased
electron-withdrawing influence of the carbonyl gooilnrough the carbon chain. Three distinct
peaks can be observed for the chemical shiftsehgdrogen atoms of the three carbons in the
circular tripalladium hexanoate carbon backbonePdf(Ce)s [1]. Whereas when the chain
length of the PgCsg)s [2], P&(C10)s [3] and Pg(Ci2)s [4] carbon backbone increases, the peaks

for the chemical shifts of the different -GHroups start to overlap.
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Figure 3.2: 'H NMR spectra of the long-chain circular tripalladi hexacarboxylatido complexessf@k)s [1] (top)

and Pd(Cg)s [2] (bottom) in chloroform-R (CDCly).
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Figure 3.3: Relationship between tHel NMR shifts of the methyl end group (ppm valuelstiee to TMS at 0.00
ppm) and the carbon chain length o@d)s [1], PA(Cs)s [2] PA(C10)s [3] and Pg(Ci2)s [4].
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3.3.2. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

3.3.2.1. Circular tripalladium hexacarboxylatido complexes

The ATR-FTIR spectra of the carboxylic acids anedirthcorresponding long-chain circular
aliphatic tripalladium hexacarboxylatido compleX&$(Cs)s [1], P&(Cg)s [2] Ph(Ci0)s [3] and
Pd(Ci2)s [4] are shown iFigure 3.4 below.

Regarding the ATR-FTIR of the carboxylic acidsgure 3.4 (left), the broad band between
ca. 3400-2400 cni indicates the OH group in the carboxylic acid, letihe stretching frequency
atca. 1700 cnt' is associated with the carbonyl (C=0) of the caytio acid. Overlapping with
the broad band of the OH stretching frequency @03400 crit is the CH stretching
frequencies atca. 3000-2800 cml. The intensity of the CH stretching frequencies at
ca. 3000-2800 cn increases as the chain length of the carbon baekgets longer.

In the ATR-FTIR spectra of the long-chain circutapalladium hexacarboxylatido complexes,
Figure 3.4 (right), Pd(Cs)s [1], P&(Cs)s [2] P(Cig)s [3] and Pd(Cio)s [4], the free acid
stretching frequency a. 1700 cnt is replaced by two very distinct carboxylatidoesthing
frequencies ata. 1600 cnt and 1410 cm. The stretching frequency a&. 1600 cni is
associated with the anti-symmetric carboxylatideetshing frequency, while the stretching
frequency ata. 1410 cni is associated with the symmetric carboxylatidetstting frequency

of the circular tripalladium hexacarboxylatido cdexes.
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Circular tripalladium

Free carboxylic acid .
y hexacarboxylatido complexes
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Figure 3.4: Left: ATR-FTIR of the indicated free carboxylic acidRight: ATR-FTIR of the indicated circular

aliphatic tripalladium hexacarboxylatido complexes

The appearance of the new anti-symmetric carbdgylattretching frequency aa. 1600 cnt
and the symmetric carboxylatido stretching bondcat 1410 cni coincides with the
disappearance of the carboxylatido stretching feegy of the free carboxylic acid at
ca. 1700 cnt and the OH stretching frequencycat 3400-2400 ci.

The difference between the carboxylatido stretclang-symmetric and symmetric frequencies

is calculated as follows:

carboxylatido binding mode to the metal is consideo be unidentate.

" G.B. Deacon and R. J. Phillips,Coord. Chem. Rev., 1980,33, 227
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For aApiference < 120 cnt, the binding mode is considered to be bidentat¢hen a series of
symmetric and anti-symmetric stretching frequeneaies observed that results inMAgiterence =
120 - 200 cnt, the binding mode is considered to be bridgingr &Apifterence = 150 - 200 ¢,
(mostly close to 150 cthonly) the binding mode is considered to be ionitis well-established
characterisation method, originally developed bka&taotd and Deacon and Philligsyas used
to deduce the structure for the published and thesin(new) compounds synthesised in this

study. See crystallographic section 3.4, wherébthding modes are identified.

This latter range overlaps with th&iference region of the bridging mode. The difference
between the anti-symmetric and symmetric stretcliiaguency of, P4Cs)s [1], P&(Cs)s [2]
Pds(Cro)s [3] and Pe(C1)s [4] is ca. 182-193 crit which is consistent with the binding mode as
being bridging, shown iffable 3.6

The difference between the carbonyl stretchingueagy of the free acid and anti-symmetric
stretching frequency of the coordinated carboxgtatigand were calculated as follows:

In the above equatiofC=0)" is the wavenumber of the anti-symmetric carboxgati
complex stretching frequency a@-—- is the wavenumber of the free acid carbonyl
stretching frequency. The shift in stretchinggfrency for the carbonyl from the free actd.(
1700 cnt) to the metal coordinated carboxylatido complelatiee to the anti-symmetric
stretching frequencycé. 1600 cnt) is ca. 90-101 cnit.

The anti-symmetric stretching frequencies of3(Bgds [1], P&(Cs)s [2] P&(Ci0)s [3] and
Pds(C12)s [4] are observed between 1596-1604'and the symmetric stretching frequencies are
observed between 1411-1414 tm Bakhmutovet al.’ observed the anti-symmetric and
symmetric stretching frequencies of the circulaxaaeetatidotripalladium(ll) at 1600 ¢hand
1430 cm' respectively while Stephensan al.*® observed the anti-symmetric and symmetric
stretching frequencies of circular hexaacetatigatfadium(ll) at 1600 ci and 1427 cm

respectively. These values are within experimesrar all mutually consistent.

8 K. Nakamotonfrared and Raman Spectra of Inorganic and Coordination Compounds, John Wiley & Sons, Inc.,
231 - 233 (1997).

°V. I. Bakhmutov, J. F. Berry, F. A. Cotton, S.dggimov and C. A. MurilloPalton Trans., 2005, 1989

197 A. Stephenson, S. M. Morehouse,A Powell, J. P. Heffer, and G. Wilkinsah,Chem. Soc., 1965, 3632
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The fact that thé\piferencesare all between 181 ¢hand 193 crl, is indicative of the fact that the
carboxylatido coordination mode is exclusively tiglging mode.

Table 3.6: ATR-FTIR data obtained for the indicated free cagitic acids and the indicated circular tripalladium
hexacarboxylatido complexes.

PdS(Cm)G where m=6, 8, 10 or 12 (CmO)ami and (CmO)Sym AShifta ADifferenceb
(Free carboxylic acid) (C7==)free acid
Pd(Ce)s, [1] 1602 1411 100 191
(hexanoic acid) (1702) Bridging
Pd(Cg)s, [2] 1604 1411 100 193
(octanoic acid) (1704) Bridging
Pd(Ci0)es [3] 1604 1412 90 192
(decanoic acid) (1694) Bridging
Pds(C12)e, [4] 1596 1414 101 182
(dodecanoic acid) (1697) Bridging

The binding mode type assated with eachApigerence iS provided below each value, assignments
was made according to thateria presented on page 52 and 53, utilising refence 7.

3.3.2.2. lonic potassium carboxylates

In Figure 3.5 below the ATR-FTIR of the potassium carboxylateSs§5], KCsg [6], KCio [7]

and KG; [8] are shown. When agueous potassium hydroxide eeased with a carboxylic acid
the carbonyl ¢a. 1700 cnv) stretching frequency disappeared and two newtchirg
frequencies appeared @. 1560 cnm andca. 1408 cnt. This is the result of the metal cation
being electrostatically attracted to the carboxylanion in the compound at room temperature.
From these two stretching frequencies (anti-symimattd symmetric) conclusions regarding the
binding modes can be drawn. Frdrable 3.7, the differences between the anti-symmetric and
symmetric stretching frequencies are betweanl50 — 154 cr, this is an indication that the

binding mode is exclusively ionic.
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Figure 3.5: ATR-FTIR of the indicated ionic potassium carbatgls

Table 3.7: ATR-FTIR data obtained for the indicated carboxylicdaciand the indicated ionic potassium

carboxylates.
KCm m= 6, 81 10o0r12 (CmO)ami (Cmo)syrr AShifta ADifferenceb

(Carboxylic acid) (C=Q)free acid
KCe, [5] 1560 1410 142 150
(hexanoic acid) (1702) lonic
KCs, [6] 1560 1410 144 150
(octanoic acid) (1704) lonic
KCio [7] 1560 1406 134 154
(decanoic acid) (1694) lonic
KCi2 [8] 1560 1406 137 154
(dodecanoic acid) (1697) lonic

The binding mode type associated with eachpjserence IS provided below each value, assignments

was made according to the cnita presented on page 52 and 53, utilising refereec?.
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3.3.2.3. Non-paddlewheel cobalt carboxylatido complexes

The ATR-FTIR spectra of all the non-paddlewheelatbbarboxylatido complexes have intense
stretching frequencies between 3000—2800" ewhich is assigned to the methylene stretching
frequencies. The intensity of the €btretching frequencies ea. 3000-2800 crt increases as
the chain length of the carbon backbone gets lon@&e anti-symmetric stretching frequencies
are observed between 1543-1626"cwhile the symmetric stretching frequencies areeplesd
between 1350-1409 ¢l FromTable 3.8 all four cobalt complexes have two binding modes.
These include unidentate and pseudo-bridging bghdiode, because of these binding modes
that exist in the complex, the anti-symmetric ayhisietric stretching frequencies are split into

more than one stretching frequency.

Non-paddlewheel cobalt
carboxylatido complexes

Co(Cy,),, [12]
Q CH, J (c—o)™ _mm
(&
s Co(Cuo)y, [11]
o
=
(7]
% Co(Cs),, [10]
O\Lg)2,
I: w ‘WW
Q
2
E Co(Cg)y, [9]
o W
('
3600 2600 1600 600

-1
Wavenumber / cm

Figure 3.6: ATR-FTIR of the indicated non-paddlewheel cobalt captatido complexes.



Chapter 3 RESULTSAND DISCUSSON 57
Table 3.8: ATR-FTIR data obtained for the indicated cobalt carltatigo complexes.
CO(Cm)Z A (Cm-l) B (Cm-l) AShifta ADifferenceb ADifferenceb ADifferenceb ADifferenceb
Al-C Al-B1 A2-B1 A3-B1 Al-B2
Co(G), | Al=1556 | B1=1402 138 154 - - 206
[9] B2=1350 Pseudo-Bridging Unidentate
Co(G), | Al=1623 | B1=1406 71 217 183 137 -
[10] A2=1589 Unidentate Pseudo-Bridging| Pseudo-Bridging
A3=1543
Co(Cy), | Al=1610 | B1=1406 84 204 182 141 -
[11] A2=1588 Unidentate Pseudo-Bridging| Pseudo-Bridging
A3=1547
Co(C), | Al=1626 | B1=1409 68 217 184 132 -
[12] A2=1593 Unidentate Pseudo-Bridging| Pseudo-Bridging
A3=1541

Because different binding modes lead to small butaticeable changes in frequencies of symmetric andhi

symmetric vibrations of the carbonyl group, FTIR is often by necessity (due to poor solubility etc.)he

preferred instrumental technique to obtain structural information.
The binding mode type associated with eacApiterence iS provided below each value, assignments was made

according to the criteria presented on page 52 ansi3, utilising reference 7.

3.3.2.4. Non-paddlewheel metal carboxylatido complexes of éhtype M(C,)>
and Ce(Go)s

Some metal carboxylatido complexes synthesisedhis $tudy have broad peaks around
3600-3100 crit which indicates the presence of crystal or adsbrivater in the complex,
seeFigure 3.7. At ca. 3000—2800 cf sharp intense bands are observed which are adsigne
the methylene (C§) stretching frequency of the long chain carboxgitat complexes.
Marqueset al.** observed the anti-symmetric and symmetric stratghiiequencies of Ce(g)s
[18] and Zn(Go), [15] at 1530-1410 cih and 1543-1400 crhrespectively. Pereirat al.*?
observed the anti-symmetric and symmetric stretcHnequency of Ca({g), [16] to be at
1539 cni* and 1435 cri respectively.

1 E. F. Marques, H. D. Burrows and M. da Graca MiglieChem. Soc., Faraday Trans., 1998, (94), 1729
2R, F. P. Pereira, A. J. M. Valente, M. Fernandestd. D. BurrowsPhys. Chem. Chem. Phys., 2012,14, 7517
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In this study the non-paddlewheel metal carboxgtattomplexes Ni(€)2 [13], Mn(Ci0)2 [14],
Zn(Cyp)2 [15], Ca(Go)2 [16], Sr(Go)2 [17] and Ce(Gg)s [18], the anti-symmetric and symmetric
stretching frequencies were observed between 1628-¢m'* and 1466-1396 crhrespectively.
These stretching frequencies are intense and givedication to the symmetry i.e. the binding
mode of the carboxylatido ligand to the metal. &ese of the binding modes that exist in the
complex, the anti-symmetric and symmetric stretglnequencies are split into more than one

stretching frequency.

Non-paddlewheel metal
carboxylatido complexes

Ni(Cio)o, [13]

CH, J W

Mn(Cyo),, [14]
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Ce(Cyo)y, [18]
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Figure 3.7: ATR-FTIR of the indicated non-paddlewheel metal carltetido complexes.

From the results summarisedTiable 3.9 the non-paddlewheel metal carboxylatido complexes
Ni(C10)2 [13], MNn(Cyo)2 [14], Zn(Cio)2 [15], Ca(Go)2 [16] and Ce(Gg)s [18] clearly have more
than one type of binding mode. These are unidenbaidging and bidentate binding modes as
seen from the difference between the anti-symmatrit symmetric stretching frequencies. The
complex[16] has a mixture of bridging, unidentate and bidentatadination whilg13-15]and
[18] have bidentate and bridging binding modes wWjiilg is exclusively bidentate.
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Table 3.9:ATR-FTIR stretching frequencies of the indicateshipaddlewheel metal carboxylatido complexes.

b

b

b

b

M(C 10)2 or A (Cm-l) B (Cm_l) AShifta ADifferenceb ADifferenceb ADifference ADifference ADifference ADifference
Ce(Cios Al-C | A1-B1 Al-B2 A1-B3 A2-B1 A2-B2 A2-B3
Ni(Ci0)2 [13] | A1=1544| B1=1464] 150 80 139 - - - -
B2=1405 Bidentate Bridging
Mn(Cy)2, [14] | A1=1583| B1=1413| 111 170 123 - 149 102 -
A2=1562 | B2=1460 Bridging Bridging Bridging Bidentate
Zn(Cu)2 [15] | A1=1534| B1=1455] 160 79 138 - - - -
B2=1396 Bidentate Bridging
Ca(Go)a [16] | A1=1627 | B1=1466| 67 161 196 212 110 145 161
A2=1576 | B2=1431 Bridging Bridging Unidentate | Bidentate Bridging Bridging
B3=1415
Sr(Cu)a, [17] | A1=1510| B1=1458| 184 52 62 103 - - -
B2=1448 Bidentate Bidentate Bidentate
B3=1407
Ce(Cyo)s [18] | A1=1534| B1=1432,| 160 102 123 - 91 112 -
A2=1523| B2=1411 Bidentate Bridging Bidentate Bidentate

anti-symmetric peak (C——0)*" = A

Because different binding modes lead to small butaticeable changes in frequencies of symmetric andhig:
symmetric vibrations of the carbonyl group, FTIR is often by necessity (due to poor solubility etc.)he
preferred instrumental technique to obtain structural information.

The binding mode type associated with eacHpierence iS provided below each value, assignments was made

according to the criteria presented on page 52 ansi3, utilising reference 7.

3.3.2.5. Mixed-metal paddlewheel carboxylatido complexes

The mixed metal paddlewheel carboxylatido compleRekCo(Go)s [21], PdBa(Go)s [33],
PdCd(Go)s [34], PdCa(Go)as [35], PdZn(Go)s [36], PdSr(Go)s [37], PdNi(Go)s [38],
PdMn(Go)s [39], PdCu(Gg)s [40] and PdCe(g)4+ [41] were characterised using ATR-FTIR.
This is a quick and easy way to follow the reacteord also to determine when all the free
carboxylic acid has been removed from the reaatiotiure. The ATR-FTIR spectra of all the
mixed-metal paddlewheel carboxylatido complexeshatense stretching frequencies between
3000-2800 cm which is assigned to the methylene stretchingueegies. The anti-symmetric
stretching frequencies are observed between 1578-tfi' while the symmetric stretching

frequencies are observed between 1387-1408 cm
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Figure 3.8: ATR-FTIR spectra of mixed-metal paddlewheel carboxgtattomplexes.

Table 3.10contains the anti-symmetric and symmetric dataiobtafrom the ATR-FTIR study

of the mixed-metal paddlewheel carboxylatido comese Apirerence DEIWEEN the carboxylatido
complex stretching frequency of the anti-symmednd the symmetric stretching frequency was
found between 49-242 ¢h(Table 3.1Q which indicates that three binding modes areenes
unidentate binding mode, bridging binding mode hi#ntate binding mode. Because of these
binding modes that exist in the complex, the aytmsietric and symmetric stretching
frequencies are split into more than one stretcliaguency. Some of the complexes have a
mixture of unidentate and bridging binding modes dgample[21], [34], [36], [37] and[40],
while [33], [35] and[41] has a mixture of unidentate, bridging and bidenbahding mode. The
complexes[38] and [39] have bridging and bidentate binding mode as welleaclusively

bridging binding mode respectively.
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Table 3.10: Selected data obtained from the FTIR spectra ofrttieated mixed-metal paddlewheel carboxylatido

complexes.
PdM(C 10)4 A (Cm_l) B (Cm_l) AShifta ADifferenceb ADifferenceb ADifferenceb ADifferenceb ADifferenceb
Al-C Al-B1 Al-B2 Al1-B3 A2-B1 A2-B2
PdCo(Go)s, | A1=1589| B1=1418| 105 171 - 213 100 53
[21] A2=1518 | B2=1465 Bridging Unidentate| Bidentate | Bidentate
B3=1376
PdBa(Gg)s, | A1=1629| B1=1387| 65 242 - - 186 108
[33] A2=1573 | B2=1465 Unidentate Bridging | Bidentate
PdCd(Go)s, | A1=1600| B1=1400| 94 200 - - 164 -
[34] A2=1564 Unidentate Bridging
PdCa(Gg)s, | A1=1606 | B1=1400| 88 206 - - 168 113
[35] A2=1568 | B2=1455 Unidentate Bridging | Bidentate
PdCe(Gga4, | A1=1591| B1=1408| 103 183 - - 209 -
[36] A2=1617 Bridging Unidentate
PdSr(Go)s, | A1=1628| B1=1395| 66 233 - - 145 -
[37] A2=1540 Unidentate Bridging
PdNi(Cy)s, | A1=1588| B1=1405| 106 183 - - - 49
[38] A2=1515| B2=1466 Bridging Bidentate
PdAMn(Gy)s, | A1=1559 | B1=1406| 135 153 - - 185 -
[39] A2=1591 Bridging Bridging
PdCu(Go)s, | A1=1580| B1=1403 114 177 114 - - -
[40] B2=1466 Bridging | Unidentate
PdZn(Go)s, | A1=1593| B1=1407| 101 186 128 218 116 58
[41] A2=1523 | B2=1465 Bridging Bridging | Unidentate| Bidentate | Bidentate
B3=1375

Because different binding modes lead to small butaticeable changes in frequencies of symmetric
and anti-symmetric vibrations of the carbonyl group FTIR is often by necessity (due to poor
solubility etc.) the preferred instrumental technique to obtain structural information.

The binding mode type associatedtiveach Apjgerence iS provided below each value, assignments

was made according to the criterigresented on page 52 and 53, utilising reference 7

3.3.2.6. Palladium cobalt mixed-metal paddlewheel carboxylatio complexes

For the title complexes, the region between 300082&ni', the methylene stretching
frequencies are observed. PdCgJ&£[22] and PdCo(g)4 [20] still has some free acid in the
complex as indicated by the stretching frequencyaatl700 cnit seeFigure 3.9, Prolonged
stirring at 100-110 °C results in decarboxylatithrerefore the reaction had to be stopped before
this happens. The characteristic anti-symmetrat ymmetric carbonyl stretching frequencies
are observed between 1589-1422'cnBecause of the binding modes that exist in traptex,

the anti-symmetric and symmetric stretching fregiesare split into more than one stretching

frequency.
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The anti-symmetric stretching frequency of the oagatido group for PdCo(£), [20],
PdCo(Go)s [21] and PdCo(&)s [22] is observed at 1591 ¢hwhile for PdCo(GQ), [19], the
carboxylatido stretching frequency is observed 8891 cm'. The symmetric stretching
frequency is observed between 1393'and 1422 cnl.

The most intense carboxylatido stretching frequeatythe symmetric stretching frequency
seems to be dependent on the amount of carbonilign carboxylatido backbone, seigure
3.10 According to this graph, an increase in the amhaef carbon in the carboxylatido
backbone leads to an increase in the carboxylatydametric stretching frequency of the mixed
metal paddlewheel carboxylatido complekE3-22] and accordingly to a small@biterence The
difference between the carbonyl stretching frequearfcthe anti-symmetric and the symmetric
stretching frequencies, are shownTiable 3.11 Lastly Apitterence b€tWeen the carboxylatido
stretching frequency of the anti-symmetric andsys@metric stretching frequency indicates that
the carboxylatido groups have a mixture of unidenthidentate and bridging binding modes
with the palladium and cobalt metal centres. ARHC0(G)4 [19], only have bidentate and
bridging binding modes.

Palladium cobalt mixed-metal paddlewheel
carboxylatido complexes
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Figure 3.9: ATR-FTIR of the indicated palladium cobalt mixectal paddlewheel carboxylatido complexes
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Table 3.11: ATR-FTIR spectra of the indicated palladium cobaiixed-metal paddlewheel carboxylatido

complexes.
PdCO(Cm)4 A (Cm-l) B (Cm-l) AShifta ADifferenceb ADifferenceb ADifferenceb ADifferenceb ADifferenceb ADifferenceb
A-C Al-B1 Al-B2 Al-B3 A2-B1 A2-B2 A2-B3
PdCo(Gy)4 | A1=1591| B1=1422 103 169 186 214 95 112 124
[22] A2=1517| B2=1405 Bridging Bridging Unidentate | Bidentate Bidentate Bridging
B3=1377
PdCo(Gg)s | A1=1589| B1=1465 103 124 171 213 53 100 142
[21] A2=1518| B2=1418 Bridging Bridging Unidentate | Bidentate Bidentate Bridging
B3=1376
PdCo(G)s | A1=1591| B1=1418 103 173 187 216 96 110 50
[20] A2=1514| B2=1404 Bridging Bridging Unidentate | Bidentate Bidentate Bidentate
B3=1375
Pd(Co(G). | A1=1589| B1=1398 | 105 191 152 - 135 96 -
[19] A2=1533| B2=1437 Bridging Bridging Bridging Bidentate

Because different binding modes lead to small butaticeable changes in frequencies of symmetric and

anti-symmetric vibrations of the carbonyl group, FTIR is often by necessity (due to poor solubility &t)

the preferred instrumental technique to obtain strictural information.

The binding mode type associated with eachpgerence IS provided below each value, assignments was

made according to the criteria presentkon page 52 and 53, utilising reference 7.

Number of carbons in
the carboxylatido
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Figure 3.10: The relationship between the number of carbonthéncarboxylatido complex backbone and the

carboxylatido symmetric stretching frequency of feladium cobalt mixed-metal paddlewheel carbaxgta
complexes PdCo@@: [19], PdCo(G)4[20], PACo(Gy)4 [21] and PdCo(&)4[22].
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3.4. Crystallography

Crystallographic quality crystals were obtained Bal Co'(u-OOC(CHy)sCHs) [21] Pd'zZn" (u-
OOC(CH)sCHs)4 [36] and PUNi" (u-OOC(CH,)sCHs). [38] by dissolving the complex in DCM
and overlaying witm-hexane and allowing the crystals to grow.

3.4.1. Crystal and structure refinement data for
Pd"' Co" (n-OOC(CH,)sCH3)4 [21]

The author would like to acknowledge Dr. Alice Bxifor the data collection and solving the
crystal structure at the University of the Freet&taA perspective view of PdCofg)y [21],
showing atom labelling ifrigure 3.11 The crystal data is summerisedTiable 3.12while
some of the most important bond lengths and arajiegiven inTable 3.13 PdCo(Go)4 [21]
crystallises in a monoclinic crystal system anB2g/c space group with two formula units per
unit cell (Z = 2).

04

Figure 3.11: Molecular structure of the paddlewheel complex, &), [21]. Hydrogen and carbon atom

labelling numbers are omitted for clarity.

The PdCo(Go)4 [21] molecule has a cobalt and palladium metal atorh fatir oxygen atoms
around the two metal atoms forming a paddlewheecsire. The long carboxylatido carbon
atom tails are orientated parallel to each othine carboxylatido —COO portion of the ligands

are situated in a bridged conformation around weerhetal atoms.
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Each paddlewheel structure acts as the axial liganthe neighbouring paddlewheel structure
via the Co(6a)-O(7b) bond and vice versa.

The cobalt atom has a distorted square-pyramidalocmation in a direction away from the
palladium atom, while the palladium atom has a seppéanar conformation. The intermolecular
bonds Co(6a)-O(7b) and Co(6b)-O(7a) are short dm((Qg)29A) to involve intermolecular
atomic interaction, binding the two molecules tbget The intramolecular bonds Co(6a)-O(7a)

and Co(6b)-O(7b) with a bond length of 2.1%@re involved in intramolecular bonding.

Table 3.12:Crystal and structure refinement data for PdGg)gJ21].

Empirical formula CgcH15:0:C0o,P Crystal sise (mm) 0.02x0.24x0.27
Formula weight 1700.68 Theta range for data collection 2.2-28.0
Temperature (K) 100(2) Reflections collected 10100
Wavelength 0.71069 Rint 0.0396
Crystal system Monaoclinic Independent reflections 7547
Space group P2,/c Completeness to theta =28 °C | 100 %
Unit cell dimensions | a = 28.300(5) A Index ranges -34<=h<=37
b =9.862(2) A -12<=k<=13
c=15.562 A -20<=I<=28
0 =90.00°
B=105.48"°
y =90.00°
Volume 4185.69 A Refinement method Full matrix least squares ori F
Z 2 Data / restraints / parameters 10100/0/455
Density (calculated) | 1349 Mg m Goodness-of-fit on 1.011
Absorption 0.873 mnt Final R indices [I>2sigma(l)] R =0.0396, wR2 = 0.0975
coefficient
F(000) 1812 R indices (all data) R1 =0.0651, wR2 = 0.0858
i i Largest diff. peak and hole e.A3 | 0.803 and -1.052

Regarding the structure of PdCaf)z, [21], correlations can be made with ATR-FTIR to explain

considered as a unidentate binding mode,Fsgeare 3.12 The bond, O(7a)-Co(6a)-O(7b) can
be considered to be a bidentate binding mode amthdihd, Pd(1)-O(5)-C-O(10)-Co(6a) can be
Lastly Pd(1)-O(2)-C-O(7a)-Co(6an dae
considered as a bridging tridentate binding motleerefore the crystal structure of PdCajt;

considered as a bridgingyn-syn binding mode.

[21], demonstrates a total of four different bindingd®es, sed-igure 3.12 Each of these were
also clearly identified by the ATR-FTIR spectraabtd, see ATR-FTIR section.
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Unidentate binding mode

Bridging (syn-syn) binding mode Tridentate bridging binding mode

Figure 3.12: Different binding modes for PdCo{g, [21], unidentate binding mode (top left), bidentatedivig
mode (top right), bridging (syn-syn) binding modettom left) and tridentate bridging binding motettom right)

all of the mentioned binding modes are observellémATR-FTIR spectra.

Kozitsyna,et al.™® reported Pd-Co bond lengths of 2.515(3), 2.55(%304(8) and 2.4591(1) A
for tetraacetatidopalladium(ll)cobalt(ll) with aoeitrile as axial ligand. In this study
a dimer was obtained. The Pd-Co bond length datedn for PdCo(G)s [21],
was found to be 2.5514(6) A, which is within expeental error the same as observed for the

tetraacetatidopalladium(ll)cobalt(l1).

13N. Y. Kozitsyna, S. E. Nefedov, F. M. Dolgushin, W Cherkashina, M. N. Vergaftik and I. I. Moiseev
Inorganica Chimica Acta, 2006,359, 2072
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Figure 3.13: Dimeric structure ofPdCo(Gg)s [21]. With selected bond Iengthsé\I shown. The long chain

carbons and hydrogens are omitted for clarity.

The cobalt atoms in adjacent molecules are sepbbgta distance of 3.230 A. The Co-O bonds
within the same paddlewheel structure are not edemd. The bond length Co(6a)-O(7a), 2.170
A, is significantly longer than the other three Odsonds. These were Co(6a)-O(10), 2.038 A,
Co(6a)-0O(8), 2.002 A, and Co(6a)-O(9) with a bosigth of 2.033 A. The reason for the extra-
long Co(6a)-O(7a) bond length is most probably tihat oxygen atoms O(7a) and O(7b) are
responsible for the intermolecular bonding, of th® paddlewheel structures as well as the
intramolecular bonding. The longest Pd-O bond(1R®(2) = 2.018 A, is in the same
carboxylatido ligand as the longest Co-O bond. sTheans this particular carboxylatido ligand
iIs bound less tightly than the other three carbabgb ligands, probably because of the dual
intermolecular and intramolecular bonding motifs.

Comparison of the bond lengths and angles of Pdgu({21] and the previously published
complex PdCo(., [29]* seeTable 3.13,shows that there is not much difference in the
measured equivalent bond lengths. The biggedrdifice is between Co(6a)-O(7a) and Co-O(2)
with 0.085 A. For the angles, however, the two plaxes do have differences. For example
O(3)-Pd(1)-O(4) with an angle of 92.62 (7)° and 2Rd-O(5) with an angle of 88.97 (16)° has a
difference of 3.65°, O(2)-Pd(1)-O(3) with an angfe88.56(7)° and O(8)-Pd-O(5) with an angle
of 90.33(16)° has a difference of 1.77° and Cd@§1)-O(4) with an angle of 87.16(6)° and Co-
Pd-O(7) with an angle of 90.96(10)° has a diffeseaf 3.8°.
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These differences is mainly are because the PdLo(29],*® crystallise with axial ligands for

example acetonitrile, while the PdCafa, [21], crystallises as a dimer.

Table 3.13:Selected bond lengthd) and angles (°) for PdCo(g [21] and PdCo(§), [29]*°.

PdCo(Cyo)4 [21] PdCo(G), [29]" PdCo(Cyp)4 [21] PdCo(G), [29]
Atoms Length (A) | Atoms® | Length (°)° Atoms Angles (°) Atoms® Angles (°}
Pd(1)-Co(6) 2.55(6) Pd-Co|  2.5304(8) Pd(1)-Co(6))0(7 79.83(5) - -

Co(62)-0(8) | 2.002(2) | Co-O(1]  2.061(4) Pd(1)-Co(§80 81.86(6) - -

Co(6a)-O(7a)] 2.170(2) | Co-O(2)  2.085(4)  Pd(1)-Ca§®) | 84.16(6)

Co(6a)-0(10)] 2.038(2) | Co-O(3)  2.037(4)  O@3)-PA(I}D| 92.62(7) O(7)—F;d—0(5) 88.é7(16

Co(6a)-0(9) | 2.033(2) | Co-O(4 2.061(4)] O(2)-Pd(1BD( 88.56(7) | O(8)-Pd-O(5) 90.33(16

Pd(1)-0(3) | 1.996(2) | Pd-O(5 2.006(4)]  O(2)-Pd(1)0(5 91.11(8) | O(8)-Pd-O(6) 89.43(17

Pd(1)-0(5) | 1.992(2) | Pd-O(6 1.996(4)  O(4)-Pd(1)0(5 87.71(8) | O(6)-Pd-O(7) 91.29(17

Pd(1)-0(4) | 1.988(2) | Pd-O(7 2.000(4)]  Co(6)-Pd(1}D( 87.16(6) | Co-Pd-O(7)| 90.96(10

—~F—~o1lo;

Pd(1)-0(2) | 2.018(2) | Pd-O(8 1.994(4) Co(6)-Pd(1BD( 89.08(5) | Co-Pd-O(5)| 89.77(11

- - - Co(6)-Pd(1)-0(2)  91.31(5)] Co-Pd-O(8) 902

- - Co(6)-Pd(1)-0(4)  87.16(6)] Co-Pd-O(7) 8928

& Although the numbering system of the pubhshedc:’smte [29], is different than those ¢21], the bond lengths

and angles that are compared are equivalent bagthle and angles.

C11
S~ 07 C11
02
Cob6 Ca1 Cob6
010

Pd1 C21

C31 C31

Side view Front view

Figure 3.14: Two views of PdCo(g),, [21], indicating the distortions, from the side viewgtcobalt atom has an
oxygen atom in front and behind it, and the palladiatom also has an oxygen atom in front and behird well
as the carbon atom, in the same plane as the pallaghd cobalt atom, has a carbon atom behincht)aso from
the front view (the cobalt atom is behind the mhlian atom, and each oxygen atom has another oxstmn
behind it).

Figure 3.14 depicts the distortions observed for PdGgJ[21]. The cobalt atom (purple)
distortion can clearly be seen as it bulges outvaardy from the palladium atom (see side view).
The oxygen atoms (red) also are distorted as casebe from the front view, where the one

oxygen is distorted out of the plane of the reghefoxygen atoms.
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010

Angles for cobalt coordination centre Angles for palladium coordination centre

Figure 3.15: Angles (°) associated with PdCq{} ,[21], around the cobalt and palladium coordination resnt

Figure 3.15depicts the angles associated with the cobaltpafiddium coordination centres for
PdCo(Gg)4 [21], each metal is bonded to four oxygen atoms. TH&d@D and O-Co-O angles
are close to, but deviate from the expected 90afsquare-planar orientation. O(7)-Co(6)-O(8)
and O(9)-Co(6)-O(8) deviates the most with angle8358° and 94.92° respectively, while
O(5)-Pd(1)-O(4) and O(3)-Pd(1)-O(4) with values8@f71° and 92.62° respectively, deviates the

most from 90°.
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3.4.2. Crystal and structure refinement data for Pd'zn"(p-
OOC(CH3)sCH3)4 [36]

The author would like to acknowledge Dr. Marilé daman for data collection and solving the
crystal structure at the University of Pretoria. p@&rspective view of PdZn{g)4, [36], showing
the molecular structure and atom labelling presknteFigure 3.16 The crystal data are
summarised iMable 3.14while some of the most important bond lengths amgles are given
in Table 3.15 Like, PdCo(Go)s, [21], the PdZn(Go)s, [36], complex crystallises in a

monoclinic crystal system armRR;/c space group with two formula units per unit celH2).

Figure 3.16: Molecular structure of the paddlewheel complex, ®@%y)4, [36]. Hydrogen and carbon atom

labelling numbers are omitted for clarity.

The PdZn(Gy)4, [36], crystal has a zinc and a palladium atom in ite @nd each metal has four
oxygen atoms coordinated to them to form a paddbéewbstructure. The long chain
carboxylatido ligands hold the metals adjacent doheother. The ligands are situated in a
bridged conformation around the two metal atoms.
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The zinc atom has a distorted square-pyramidal ozordtion in a direction away from the
palladium atom. The palladium atom has a squaegsl conformation with respect to the
oxygen atoms.

Similar to PdCo(&)4, [21], the zinc atom is connected to five oxygen atofogr of these
belong the carboxylatido ligand of its particuladplewheel structure, while the fifth oxygen
atom is from the adjacent paddlewheel structurelwid connected to the zinc, acting as an axial
ligand.

Each paddlewheel structure acts as the axial ligatite neighbouring paddlewheel structure via
the Zn(1)-O(8) bond and vice versa. As observed PadCo(Gg)s, [21], four binding modes
were identified in the PdZn(g)., [36], crystali.e. unidentate binding mode, bidentate binding
mode, tridentate bridging binding mode and lastlgiging binding mode.

Table 3.14:Crystal data and structure refinementPatZn(Gg)4 [36].

Empirical formula CagH760sPdZn Crystal sise 0.257 x 0.226 X 0.054 mn
Formula weight 856.77 Theta range for data collection | 2.182 to 26.371°
Temperature 150(2) K Refinement method Full-matrix least-squares orfF
Wavelength 0.71073 A Reflections collected 86226
Crystal system Monoclinic Independent reflections 8764 [R(int) = 0.0591]
Space group P21lc Completeness to theta = 25.242} 99.9 %
Unit cell dimensions | a = 28.5413(15) A Index ranges -35<=h<=35

b =9.9274(5) A -11<=k<=12

¢ =15.7047(8) A -19<=I<=19

a=90°

B =105.9190(18)°

y=90°
Volume 4279.1(4) B Data / restraints / parameters | 8764 / 0/ 455
Z 4 Goodness-of-fit on P 1.023
Density (calculated) | 1330 Mg n3 Final R indices [I>2sigma(l)] R1 =0.0389, wR2 = 0.0980
Absorption 1.027 mmd R indices (all data) R1=0.0503, wR2 = 0.1055
coefficient
F(000) 1824 Largest diff. peak and hole 2.841 and -0.948 eR
Kozitsyna, e a.** reported a Pd-Zn bond length of 2.5811(6) A

tetraacetatidopalladium(il)zinc(1[3]*3, with water as axial ligand. In this study a dimes

obtained for[36].
2.5972(4) A.

tetraacetatidopalladium(ll)zinc(11)23].

The Pd-Zn bond length determined for PdZg)£: [36], was found to be

This metal-metal bond length is eloso that observed for the
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Figure 3.17: Dimeric structure oPdZn(Go)s [36] is shown. With selected bond lengti) (shown. The long

chain carbons and hydrogens are omitted for clarity

The zinc atoms in adjacent molecules are sepamteddistance of 3.261 A. The Zn-O bonds
within the same paddlewheel structure are not edemt, with Zn(1b)-O(8b) with a bond length
of 2.255 A. This molecular Zn-O bond is longerrttihe other three Zn-O bonds. Zn(1)-O(4)
with a length of 2.013 A, Zn(1)-0(2), 2.060 A and(Z)-O(6) with a length of 2.026 A. The
Zn(1b)-O(8a) and Zn(1b)-O(8b) atoms are involved imermolecular and intramolecular
bonding with bond lengths of 1.991 A and 2.255 Bpextively. This atom is responsible for
binding the two paddlewheels together. The intéesdar bonding motif to the adjacent
molecules’ zinc atom is the most likely cause o thtramolecular bond elongation. The
elongated bond observed in Zn(1a)-O(8a) or Zn(1@kPbond is within the same ligand as the
elongated Pd(1)-O(7) having length of 2.023A. Tithis molecular carboxylatido ligand is
bound less tightly than the other three carboxytatigands because of the intermolecular
bonding within the adjacent paddlewheel molecummparing the bond lengths and angles of
PdZn(Go)s, [36], and PdZn(©)., [23]*3, seeTable 3.15 it is observed that there is not much
difference for most of the bond lengths.
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The large difference observed was 0.20fr the Zn(1a)-O(8b) and Zn-O(1) bond lengthsor F

For

the angles, some differences are observed betweersiort and long chain crystals.
example Zn(1)-Pd(1)-O(7) with an angle of 93.83¢)d Zn-Pd-O(5) with an angle of 88.93(8)°
has a difference of 4.9°, similarly Zn(1)-Pd(1)-Q&Eth an angel of 85.89(6)° and Zn-Pd-O(6)°
with an angel of 90.56(7)° has a difference of 4.37As mentioned for PdCo(©), [21] the
reason for the differences is most probably bec#lusecrystals 0f36] are dimeric in nature,

while crystals of PdZn(&), [23]*%, are monomeric with water as axial ligand.

Table 3.15:Selected bond lengthd] and angles (°) for PdZn{g, [36], and PdZn(§)., [23]*>.

PdZn(Cy(). [36] PdZn(C,), [23]“ PdZn(Cy)4 [36] PdZn(C,), [23]“
Atoms Length (A) | Atoms® | Length (A)? Atoms Angles (°) Atom$ Angles (°f
Pd(L)zn(1) | 2.5972(4)| Pd-zn| _ 2.5811(6) _ Zn(1)-Pd(1j0 93.83(6) | Zn-Pd-O(5)|  88.93(8)
Pd(1)-0(7) | 2.023(2) | Pd-O(5) _ 2.003(3)| Zn(1)-Pd(1BD( 89.01(5) | Zn-Pd-O(8) |  89.52(7)
Pd(1)-0(5) 1.997(2) | Pd-0(6 1.999(3)|  Zn(1)-Pd(LED( 90.48(6) | Zn-Pd-O(7)|  91.25(7)
Pd(1)-0(1) 1.998(2) | Pd-O(7 1.998(3)|  Zn(1)-Pd(1pD( 85.89(6) | Zn-Pd-O(6)|  90.56(7)
Pd()-0(3) | 2.006(2) | Pd-O(8 1.998(3)|  O(3)-Pd(1)P(5 92.36(8) | O(8)-Pd-O(6)  89.83(11
Zn(1a)-0(8b) | 2.255(2) | Zn-O(1) _ 2.049(3)|  O(1)-PA(X@D| 91.01(8) | O(7)-Pd-O(5) 89.94(11
Zn(1)-0(4) | 2.013(2) | zn-0(2] _ 2.068(3) | O(L)-Pd(1)-D(5 87.68(8) | O(6)-Pd-O(7)] 90.02(11
Zn(1)0) | 2.026(2) | Zn-O(3] 2.064(2) | O(3)Pd(1)}-p(7_83.94(8) | O(8)}-Pd-0(5)] _90.21(1L

Zn()-0(2) | 2.060(2) | zn-O(4] _ 2.135(3)

 Although the numbering system of the publishedcstme, [23], is different than those ¢86], the bond Iengths

and angles that are compared are equivalent bogthle and angles.

Angles for palladium coordination centre

Angles for zinc coordination centre

Figure 3.18: Angels (°) associated with PdZn [36], around the zinc and palladium coordination centre

Figure 3.18 depicts the angles associated with the O-Pd-OCaZa-O in the paddlewheel, plane
of PdZn(Go)s, [36]. Each metal is bonded to four oxygen atoms. ©®Red-O and O-Zn-O

angles are close to but distorted from the expe@@dfor a square planar orientation. O(5)-
Pd(1)-O(1) and O(3)-Pd(1)-O(5) deviates the mosthwangels of 87.68° and 92.36°
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respectively, while O(8)-Zn(1)-O(2) and O(8)-ZnQ@}4) have angles of 87.05° and 95.35°

respectively around the zinc coordination centre.

3.4.3. Crystal and structure refinement data for Pd'Ni"(p-
OOC(CH,)gCH3), [38]

The author would like to acknowledge Dr. Marilé daman for data collection and solving the
crystal structure at the University of Pretoria. perspective view of PdNi(g)s, [38],
highlighting the molecular structure and the labegllis presented ifrigure 3.19 The crystal
data are summerised irable 3.16while some of the most important bond lengths angels
are given inTable 3.17 PdNi(Gg)4 [38] crystallises as a monoclinic crystal system inRhé

space group with two formula units per unit celH2).

Figure 3.19:Crystal structure of the paddlewheel complex dflif@)4, [38]. Hydrogen and carbon label numbers

are omitted for clarity.

Unlike the crystal structures of PdCalz, [21] and PdZn(G)4, [36], the Pd-Ni crystal has 44
% Pd and 56 % Ni probability mixture at each metardinate site in the crystal structure. The
paddlewheel molecules are linked together througdl anetal-oxygen bonds. The metal-metal
bond length for the Pd-N88] crystal, 2.3450(8) A is significantly shorter thitse metal-metal
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bond of PdCo()s, [21], with a length of 2.55(6) A and Pdzngl [36] with a length of
2.5972(4) A. This most probably is because thexfdi Ni atoms occupy the same positions in
the crystal with a 56% (Ni) : 44% (Pd) probabilitfhe characteristic distortion observed in the
other mixed-metal paddlewheel carboxylatido comgdexPdCo(&)s, [21], and PdZn(&)a,
[36], is absent in the PdNigg)4, [38], crystal. The crystal structure also shows tasatfor the
PdCo(Go)4, [21], and PdZn(&)4, [36], complexes where four binding modes were observed,
only three binding modes can be identified for R@\j)s. These are namely bidentate,
tridentate bridging and also the bridging bindingda. The author would like to point out that
no unidentate binding mode was observed for PdiyYC[38], in the FTIR studies see

discussion on ATR-FTIR.

Table 3.16:Crystal and structure refinement data for PAN)(C[38].

Empirical formula

C4OH7608Pd).44Ni0.56

Crystal sise

0.347 x 0.068 x 0.042 min

Formula weight

422.20

Theta range for data collection

2.367 10 26.371°

Temperature 150(2) K Refinement method Full-matrix least-squares orfF
Wavelength 0.71073 A Reflections collected 29082

Crystal system Triclinic Independent reflections 4307 [R(int) = 0.0670]

Space group P-1 Completeness to theta = 25.242¢ 99.9 %

Unit cell dimensions a=5.2270(6) A Index ranges -6<=h<=6
b =12.7086(17) A -15<=k<=15
c=16.494(2) A -20<=|<=20
o =74.079(3)°
B =86.346(3)°
y = 85.680(3)°
Volume 1049.6(2) B Data / restraints / parameters 430770/ 228
Z 2 Goodness-of-fit on 1.060
Density (calculated) 1.336 Mg n$ Final R indices [I>2sigma(l)] R1 =0.0644,
wR2 =0.1180
Absorption coefficient | 9.926 mml R indices (all data) R1 =0.0940,
WR2 = 0.1346
F(000) 452 Largest diff. peak and hole 1.327 and -1.782 eR

Table 3.17contains selected crystal data for PdN§{£[38] and PdNi(G), [23]*%. Regarding

the Pd-O and Ni-O bonds no significant differenees observed, the largest deviation was

0.0673 A.

The bond angles do have significant ed#ihces.

For example the angle

O(4)-Ni-Pd was 81.03° foj28], while the angle Ni(1)-Pd(1)-O(2a) has a valueB8f16° for
[38], with a difference of 7.13°.
Comparison of PdCo(©)s, [21] and PdZn(G)s, [36] with PdNi(Gg)s, [38], shows that the
metal-metal distance between two separate paddisifar the PANi(G)a, [38], is 3.464 A, for
PdCo(Go)4, [21], the distance between separate paddlewheels 3§ #2and for PdZn(G).,
[36], the distance between separate paddlewheels281 & respectively. The intermolecular
distance in PdNi(&)s, [38], is therefore 0.234 A longer than the equivalemidbetween two
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PdCo(Go)4, [21], molecules and 0.203 A longer than the equivabtemd length between two

PdZn(Go)s, [36], molecules.

Table 3.17:Selected bond Iengthﬁx and angles (°) for PdNi¢g), [38] and PdNi(G), [28]".

PdNi(C1(). [38] PdNi(C,), [28]“ PdNi(Cy)4 [38] PdNi(C,), [28]"
Atoms Length | Atoms? Length Atoms Angles (°) Atom$ Angles
(R) (A)° @)

Pd(1)-Ni(1) | 2.3450(8)| Pd-Ni| 2.483(2) O(3)-Pd(1)-p(I 91.27 | O(5)-Pd-O(7) 90.82(18

Ni(1)-O(3a) | 2.013(3) | Ni-O(1) 2.028(6)] O(3)-Pd(1)Z)(| 88.98 | O(8)-Pd-O(5] 89.53(14

Ni(1)-O(2a) | 1.999(4) | Ni-O(2) 2.055(6)] O(1)-Pd(1)4)(]| 92.24 | O(7)-Pd-O(6] 88.85(14

Ni(1)-O(3a) | 2.013(3) | Ni-O(3) 2.076(6)] O(2)-Pd(1)4)(] 90.20 | O(8)-Pd-O(6] 90.56(14

Ni(1)-O(1a) | 1.997(4) | Ni-O(4) 2.040(6)] Ni(1)-Pd(1®&)| 91.55(9) | O(3)-Ni-Pd| 80.83(12

Pd(1)-0(4) | 2.053(3)| Pd-O(5) 2.027(4) Ni(1)-Pd(14@)| 85.86(1) | O(1)-Ni-Pd| 82.34(13

N e N N N N N

)
Pd(1)-0(3) | 2.013(3)| Pd-O(6) 2.036(4) Ni(1)-Pd(1pa@)| 89.22(1) | O(2)-Ni-Pd| 82.31(17
Pd(1)-0(2) | 1.999(4)| Pd-O(7) 2.034(5 Ni(l)-Pd(l)Z@X 88.16(1) O(4)-Ni-Pd 81.03(17

Pd(1)-0(1) | 1.997(4)| Pd-O(8) 2.020(5 -

& Although the numbering system of the publishedcstme, [28], is different than those ¢88], the bond lengths

and angles that are compared are equivalent bogthle and angles.

3.5. Thermal Studies

Three thermal analyses techniques were employedgdilire course of this study.

3.5.1. Differential Scanning Calorimetry (DSC)

To investigate the thermal properties of selectethplexes, the thermal analysis technique
Differential Scanning Calorimetry, (DSC), was used.simple heating and cooling cycle was
not sufficient to understand the results obtaimadtiie complexes synthesised. Therefore, the

following cycle method was employed:

-50 °CC | ) 150 °C Cycle 1

s0°c_ soocc Cycle 2

50 °C < > 450 °C yde 3

Figure 3.20: Details of three successive heating and cooliresyused in the DSC investigation of the complexes

synthesised.

The above successive scans are necessary to @ttdrprobtained thermograms. In the first and
second cycles between -50 to 150 °C, for the miwetal complexes, and then between -50 to
300 °C, for the mono-metal complexes, low tempeeanvents could be identified without

destroying the compound.
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The third or last cycle usually involved the decasigon of the complex. The temperature
boundaries sited above are just guide lines; therguailored to be optimum for each complex.

3.5.2. Variable temperature polarised light microscopic stidies

Since DSC does not allow for visual inspectiontd sample during thermal changes, variable
temperature polarised light microscopy was emplaygedtudy the optical changes associated
with thermal events observed in a DSC experimexgart from obtaining visual evidence of a
melting point thermal event, solid state transgiomnd mesophase behaviour can also be
identified using this technique. The same therayale sequences that were followed for the
DSC experiments were followed. These includedréite of temperature increase and decrease,
and the same heating and cooling temperature rakigsvever, variable temperature polarised
light microscope studies were performed under apinesc conditions and not under nitrogen.

3.5.3. Thermal gravimetric analysis coupled with mass
spectroscopy (TGA-MS)

All synthesised complexes were analysed for theicgntage (%) weight loss upon heating
utilising TGA in the temperature range 30 - 700 (W@er an argon atmosphere. In addition,
TGA-MS was used to study the circular aliphaticlggibm complexeg1-4] as well as the

palladium cobalt aliphatic paddlewheel compleieés22] under an argon atmosphere.

3.5.4. Thermal analysis of the circular long-chain aliphatc
hexacarboxylatidotripalladium(ll) complexes

The circular palladium complexefl-3] are viscous liquids, whild4] is a waxy solid.
Complexes[1] and [2] both only showed decomposition at 212.74 °C an@.6® °C
respectively. The circular palladium compl¢3] showed solid state transition and cold
crystallisation while[4] showed cold crystallisation. Complex¢k;4], go through a one-step

decomposition process with numerous gaseous praduct
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3.5.4.1. DSC of [Pd;' (n-OOC(CH,).CHa)g], n = 4 for [1] and 6 for [2]

Complexes, PH4Ce)s, [1], (left) and Pe(Cg)e, [2], (right) both only showed decomposition at
212.74 °C and 229.68 °C respectively, Begire 3.21

exo

endo

mw

D1(1), 212.74 °C

AH(-141000 ) D1(1), 229.68 °C
AH(-230400
S0 0 50 100 150 200 250 50 0 50 100 150 200 250

Figure 3.21: DSC of Pd(Ce)e, [1], (left) and Pe(Cs)e, [2], (right) with a scan rate of 10 °C rfiunder nitrogen.
The arrows pointing left indicate cooling segmenitsle the arrows pointing to the right indicatesitieg segments.

The temperatures (°C) are peak temperatures arghthgies are enthalpiesH) in J mol.

3.5.4.2. DSC of [Pd;" (1-OOC(CH,)sCH3)dl, [3]

The successive heating and cooling segments, @ating rate of 10 °C mihunder nitrogen for
Pd(Cqo)s, [3], is shown irFigure 3.22 Table 3.18contains the DSC data of $#£810)s, [3].

The complex was first cooled to -50 °C in the coglsegment of cycle 1, with only one peak
C1(1) (-22.40 °C, 20300 J md) appearing in this cooling segment. P&i1) is assigned to
the crystallisation of the isotropic liquid. Theystallisation peak temperaturecs. 43 °C lower
than the peak temperature associated with melifl) (20.80°C, -34300 J md). It indicates
that super-cooling is prevalent under the cooliogditions employed. The heating segment in
cycle 1 shows three thermal events before meltinghserved at peakl4(1). Heating the
sample from -50 °C to 150 °C, the endothermic pe&k(l) (-33.98 °C,
-17900 J mdt) is assigned to be a low temperature solid statesition and is followed by cold
crystallisation at the exothermic pedl2(1) (-12.43 °C, 44800 J md). The small peaki3(1)
(8.21 °C, -3500 J md) indicates the formation of a high temperaturédsstate transition.
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Cycle 2 shows the same thermal events as cycl@He peakH2(1) is no longer observed
because of the thermal event between 94.5 °C ®°@l.see insert on cycle 1, and is assigned as
partial decomposition. The crystallisation pe2k(2) (-6.28 °C, 50300 J md) in the cooling
segment of cycle 2 is a sharper peak comparedatoafhC1(1). The peakC1(2) (-6.28 °C,
50300 J mot) has shifted by 16.12 °C comparedd(1) (-22.40 °C, 20316 J md). All these
changes are due to the onset of partial decompositi the heating segment of cycle 1. The
solid state transition pea#2(2) (15.61 °C, -8300 J md), is sharper thahi3(1) (8.21 °C, -3500

J mol%), and is also at a higher temperature. The ptAR) is assigned to be the melting of the
products formed during partial decomposition.  Theelting peak M3(2) (22.11 °C,
-31400 J mot) has shifted by 1.31 °C comparedMg(1) (20.80 °C, -34300 J mid). These
changes are attributed to thermal annealing oéimeple during the fourth time thermal changes
took place in cycle 1 and cycle 2.

Cycle 3 has three thermal events but does notdedlie solid state transition observed in cycle
1 and 2 at peakbl1(1) and H1(2) respectively. No crystallisation peak is obserfedthe
cooling segment of cycle 3 because of the desweiaddecomposition of the complex at peak
D3(3) (220.12 °C, 164700 J mdl For the heating segment of cycle 3 the follayjfreaks are
observedH1(3) (15.07 °C, -1900 J md) andM2(3) (22.26 °C, -47900 J mid) as well as the
decomposition of3], which starts ata. 150 °C.
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C1(1), -22.40 °C

AH(20300) ¢
exo
[
H2(1), -12.43 °C Cycle 1 endo
AH(44800)
M4(1),20.8(°C  94.5-94.9°C
AH(-34300) Thermal event
C1(2), -6.28 °C
AH(50300)
50
4 Cycle 2
[ i ,
—
H1(2) M3(2), 22.11 °C
35.49°c M2 AH(-31400)
AH(-5200) 15:61°C
AH(-8300)
<
N
P g
i b Destructive ™
l —> Cycle 3

decompositior

H1(3)
15.07 °C
AH(-1900°

D3(3), 220.12 °C
AH(164700)

M2(3), 22.26 °C
AH(-47900)

-50 0 50 100 150 200 250°C

Figure 3.22: The DSC of P¢gCy0)s, [3], utilising a scan rate of 10 °C rifiunder nitrogen. The arrows pointing left
indicate cooling segments while the arrows pointiagthe right indicates heating segmentd. and C denote
heating and cooling respectively, whig is associated with melting. The number in braskethe cycle number
while the middle number is peak number. For eXa3(1) would indicate the third peak in the heating segm
of cycle 1. The temperatures (°C) are peak tentypesiand the energies are enthalpigs)(in J mol*.
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Table 3.18:DSC data of P4Cy)s, [3], relating each thermal event with, temperature @@ enthalpy change (J

mol?).
Peak | Temperature| AH Peak | Temperature| AH Peak Temperature AH
°C J mol™* °C J mol™* °C J mol™*
Cycle 1 Cycle 2 Cycle 3
C1(1) -22.40 20300| C1(2) -6.28 50300 H1(3) 15.07 -1900
H1(1) -33.98 -17900| H1(2) -35.49 -5200 M2(3) 22.26 -47900
H2(1) -12.43 44800 | H2(2) 15.61 -8300| Destructive 220.12 164700
decomposition
H3(1) 8.21 -3500 | M3(2) 22.11 -31400 - -
M4(1) 20.80 -34300 - - - - - -

3.5.4.3. Variable temperature polarised light microscopic stidies of
[Pd3" (n-OOC(CH)sCHa)e], [3]

Following the DSC study, the samples were furtheestigated by polarised light microscopy.
Since[3], is an isotropic liquid at room temperature, thenple had to be cooled to -50 °C in
order to obtain the proper images of phase chanfes heating.Figure 3.23shows the photos
obtained of the heating of KQ10)s, [3], after it was cooled to -50 °C. Even after coglio -50

°C, no optical difference could be observed. Iplies the DSC peak C1(1) is not optically
observable. During the heating of the sample sorglitals began to appear at -22 °C, due to
cold crystallisation. As the liquid is heated, stals start to appear and at 5 °C, the sample is
solidified. After further heating, the solid s&tb melt at 14 °C and at 20 °C all the crystals
have melted into an isotropic liquid. It is cordal that only the DSC peaks H2(1) and M4(1)
are identifiable with variable temperature opticatroscopy. The images illustrate the onset of

cold crystallisation to melting of the crystalligelid to an isotropic liquid.

Heating

¢ ".lt, A

-22 °C, onset of cold -9°C ' 5°C, 14 °C, onset of melting ] o
crystallisation I cold crystallisatio "] cold crystallisatio | to isotropic liquid 20 °C, isotropic liquid

Figure 3.23: Polarised light microscope photos of;f1)e, [3], indicating cold crystallisation and melting ofth

crystalline solid.
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3.5.4.4. DSC of [Pd;' (n-OOC(CH)1¢CHa)d], [4]

Figure 3.24 depicts the DSC thermogram of @h-)s, [4], utilising a scan rate of 10 °C rifin
under nitrogen atmospher&able 3.19contains the DSC data valueq4.

Cycle 1 has two thermal even@l(1) (23.26 °C, 69300 J md) andM1(1) (40.89 °C, -66400 J
mol™), these are assigned as crystallisation and mgbaks of PgC:,)s, [4], respectively.

Cycle 2 shows the same peaks as that of cycle depexfor peakD2(2) (155.44 °C,
-7100 J mof). In the heating segment of cycle 2, pdak(2) (40.88 °C, -68000 J md) is
assigned to the partial melting of the crystallsodid. PeakD2(2) represents initial but partial
decomposition of PCi»)e, [4]. In the cooling segment of cycle 2, pe&ak(2) (10.30 °C, 80900

J molY) is assigned as the crystallisation of 3(@4.)s, [4], together with the partial
decomposition product/s formed@2(2). PeakC1(2)is 12.96 °C lower in the temperature than
the crystallisation peak1(1l). The crystallisation peak of the isotropic liquadd the partial
decomposition product/s are superimposed in @HR). Evidence of this is seen at the base of
peak C1(2) which is wider than peak1l(l). PeakC1(2) has a small shoulder just before
crystallisation.

Cycle 3 has three thermal events two in the hea@ggment and one in the cooling segment. In
the heating segment of cycle B1(3) (15.14 °C, 13000 J md) is assigned to be the cold
crystallisation of the product/s formed at pd2&(2). PeakM2(3) (37.66 °C, -96800 J mo)
consists of two peaks, the one peak is the metifritpe decomposition product/s and the other
peak is the melting of R(C1o)e, [4], into an isotropic liquid. Peak2(3) is 3.22 °C lower in
temperature than that d¥11(2) most probably because of the decomposition présllmivering
the melting point of P4C.12)s, [4]. On the cooling segment, pe@k(3) (8.14 °C, 81600 J mo)

is assigned to the crystallisation of;Rel ), [4] and the decomposition product/s. P€4K3)is
15.12 °C lower in temperature than the originaktadfisation pealkC1(1) of P&(Ci2)e, [4].

Cycle 4 has three thermal events all three in #egtihg segment, which includes the principle
decomposition peaR3(4) (211.28 °C, 114200 J myl PeakH1(4) (16.99 °C, 14200 J md) is
assigned to the cold crystallisation of the prottutirmed at peak?2(2). PeakM2(4) (33.70
°C, -98100 J mdl) is assigned to the melting of the product/s fatna¢ peakD2(2). Peak
M2(4) have a small shoulder just after the melting p#ak, most probably is the melting peak
of the remaining original sample #812)s, [4]. PeakM2(4) is 7.19 °C lower in temperature than
the original melting peaM1(1). Although the original samplgl], was gradually destroyed
since the thermal event at peBR(2), it was finally completely destroyed at pe@B(4). No
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thermal events are observed in the cooling segmdnth is further proof of complete sample

destruction at peaR3(4).

C1(1), 23.26 °C

AH (69300
exo
endo

St - —
0 . Cycle 1
s e
7 M1(1), 40.89 °C
AH(-66400)
C1(2), 10.30 °C
AH(80900)
p—— e Y
ycle
4
L S v -
D2(2), 155.44 °C
M1(2), 40.88 °C AH(-7100)
50 AH(-68000)
mw
C1(3), 8.14 °C
AH(81600
p— .
—/"_‘fuj Cycle 3
b
I—r 4
1(3), 1514 °C M2(3), 37.66 °C
AH(13000) A(H)( 96800)

H1(4), 16.9 decomposition

AH(14200)
D3(4), 211.28 °C

M2(4), 33.70 °C
AH(.98100) AH(114200)

-50 0 20 100 150 200 250°C

Figure 3.24: DSC of Pd(Cy,)s, [4], scan rate 10 °C minunder nitrogen. The arrow pointing left indicates
cooling segment while the arrow pointing to thehtigndicates the heating segmeid. andC denote heating and

2
1“'% )E'V ' Destructive
9°C

cooling respectively, whiléM is associated with melting. The number in bragkstthe cycle number while the
middle number is peak number. For exankil€3) would indicate the first peak in the heating segtof cycle 3.

The temperatures (°C) are peak temperatures arghthgies are enthalpieSH) in J mol™.
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Table 3.19: DSC data of P{C,.)s, [4], relating each thermal event with, temperaturg @ enthalpy change (J
mol™).

Peak Temperature AH Peak Temperature AH
°C J mol™* °C J mol*
Cycle 1 Cycle 2
C1(1) 23.26 69300 C1(2) 10.30 80900
M1(1) 40.89 -66400 M1(2) 40.88 -68000
- - - D2(2) 155.44 -7100
Cycle 3 Cycle 4
C1(3) 8.14 81600 H1(4) 16.99 14200
H1(3) 15.14 13000 M2(4) 33.70 -98100
M2(3) 37.66 -96800 Destructive 211.28 114200
decomposition

3.5.4.5. Variable temperature polarised light microscopic stidies of
[Pds" (n-OOC(CH,)16CH3)dl, [4]

Variable temperature polarised light microscopylss were employed to further investigate the
peaks observed in the DSC studyj4if The first image irFigure 3.25 Top, of Pd(Ci2)s, [4],

at a temperature of 25 °C shows a crystalline solithe next image labelled 41 °C is the
partially melted solid of4]. In the cooling segment the partially melted éddi cooled to 30 °C
resulting in a crystalline solid.

Using a fresh sample of K&12)s, [4], seeFigure 3.25 bottom, the sample was heated to 41 °C
and then to 131 °C. The image labelled 131 °C iggaid with partially melted sample

contained in it. The sample was than further lteatea temperature of 160 °C, where the
sample melted into an isotropic liquid, simultanggpartial decomposition was observed. The
melting points and existence of an isotropic liqaitained by the DSC study [gf] (see section

3.5.4.4.) was confirmed by the images obtained Hey ariable temperature polarised light
microscopy, sed-igure 3.24 peakD2(2) in the heating segment of cycle 2. Therefore this
decomposition product/s is responsible for thetgbiflower temperatures of the crystallisation

and melting peaks of the original sample Begire 3.24 cycle 3 and cycle 4.



Chapter 3 RESULTSAND DISCUSSON 85

Heating

Cooling

32 °C, partial melted solid 14 30 °C, crystalline solid

Bottom

Heating

131 °C, liquid with partially
melted sample

160 °C, partial decomposed
isotropic liquic

Figure 3.25: Top: heating and cooling of B;,)s, [4], using a polarised light microscop8ottom: Heating of
Pdy(C12)s, [4], until partial decomposition was observed, usirfiggah sample.
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3.5.4.6. Thermal gravimetric analysis with coupled mass spémscopy of
[1-4]

Pd(Cm)e, [1-4], was subjected to thermal gravimetric analysispteni with mass spectroscopy
(TGA-MS). This technique allows for the measuretr@ncontinuous mass loss while gaseous
decomposition products can be analysed. The fhpagie was 10 °C mihin argon. Figure
3.26depicts the TGA of P4C10)s, [3], while decomposition data and the analysis ofgdmeous
products from the decomposition ¢1-4] are tabulated inTable 3.20 and Table 3.21
respectively. The decomposition of 3Rd,)s, [1-4], proceeds in one global pyrolytic process
comprising of many overlapping steps with a totaseiloss of 63.70 % to 74.23 %. The
experimental mass loss ffit] is 63.70 %. Theoretically it was calculated tifid®d, PdO and
PdQ, formed during pyrolysis, the mass loss should BedB%. This pyrolysis product
distribution was also found to hold f{] (experimental mass loss = 67.71%, theoretical mass
loss = 68.83%)[3] (experimental mass loss = 71.43%, theoretical Husss= 72.73%) anf#l]
(experimental mass loss = 74.23%, theoretical nosss= 75.76%).

Analysis of the thermal decomposition gases shotiad numerous gaseous products were
released. These include oxygenated species sweatas carbon dioxide, carbon monoxide and

alcohols as well as hydrocarbon fragments.

Onset = 152.46 °C
Pa&(Cio)s, [3]

mg Step 1, 71.43 total mass loss

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 C

Figure 3.26:TGA of Pd(Cio)e, [3], with a scan rate of 10 °C mirunder argon atmosphere. The TGA 0§(Pe)s,
[3], is given as an example ff, [2] and[4].

Table 3.20: TGA data of{1-4], which includes the decomposition temperature &dfi§G) and mass loss (%)

Pds(C)e Step TemE:r(;\(:lrJr:gorj::gg /°C Mass loss / %
Pds(Ce)e, [1] 1 134.23 — 236.98 °C 63.70
Pds(Co)e, [2] 1 126.28 — 237.34 °C 67.71
Pds(C10)s, [3] 1 152.46 — 254.26 °C 71.43
Pds(C12)s, [4] 1 145.81 — 284.60 °C 74.23




Chapter 3 RESULTSAND DISCUSSON 87

From Table 3.2Q an increase in the percentage mass loss of theleges[1-4] is observed as
the aliphatic chain length gets longer, with thevdst percentage being 63.70 % f@t and
74.23 % for[4] being the highest percentage. A linear relatignghillustrated inFigure 3.27
between the number of carbons in the aliphatic mailatido backbone compared to the
percentage mass loss[df4].

This clearly corresponds to the fractions of decositppn products from the aliphatic chain
during the pyrolysis of1-4]. Table 3.21summarises the observed decomposition (pyrolysis)
products and mass charge ratios for molecular feagsnthat was detected by the mass
spectrometer during pyrolysis fif-4]. These included OH, 4, GH,, CO, Q, CH;OH, GH,4
and CQfor [1], with methylene and methane f@-4]. During the pyrolysis ofd] C,Hs, CHs,
CH,0O and GH; could additionally be identified as decompositpoducts.

Table 3.21:Mass charge ratio (m/z) and compounds detectel whing mass spectroscopy coupled with TGA for
[1-4].

m/z Pds(Ce)e, [1] Pds(Cg)e, [2] Pds(Cao)s, [3] Pds(C12)s, [4]
14 . CH, CH, CH,
16 - CH, CH, CH,
17 OH OH OH OH
18 H,O H,O H,O H,O
26 CH, CoH, CH, CH,
28 CcO CO (6{0) CO
29 - - - GHs
30 - - - GCHg, CH,O
32 0O,, CH;OH 0O,, CH;OH O,, CH;OH O,, CH;OH
38 - - - GH,
40 CsH4 CsHy CsHy CsHy
44 CO, CO, CO, co,

Figure 3.27: Linear relationship between the number of carbioribe aliphatic carboxylatido backbone compared

backbone
= =
[o4] o N

Number of carbons in
the carboxylatido
[o)]

to the percentage mass los§io#].

63

68
Mass loss (%)

73




Chapter 3 RESULTSAND DISCUSSON 88

3.5.5. Thermal analysis of [Zn' (OOC(CH,)gCH3),], [15]

The thermal analysis of15], will be discussed, focussing on solid state iteoms and
decomposition of the complex.

3.5.5.1. Differential scanning calorimetry, (DSC)

Figure 3.28represents the thermogram for Zif)g, [15], showing the successive heating and
cooling cycles with a scan rate of 10 °C thinder nitrogen atmospher&able 3.22contains
the DSC data fofl5]. Cycle 1 shows Zn(fg)», [15], does not have any thermal activity below
100 °C.

Cycle 2 has two main thermal events one for theimgasegment and one for the cooling
segment. On the heating segment, pdak?) (136.26 °C, -57100 J md) has a well-defined
shoulder, which is a thermal event that happertsgf®re the powder melts. This thermal event
can be a solid state transition e.g. repositiomihthe long-chains, which almost overlaps with
the main melting event of the powder. The cooliegk,C1(2) (99.29 °C, 46400 J mo) of
cycle 2 has two shoulders, one shoulder just befuremain crystallisation event and one just
after the main crystallisation event. These twoultlers may be interpreted as various stages in
the ordering process of the long aliphatic chaihshe complex. The crystallisation peak is
36.97 °C lower than the melting peak because aérsopoling.

Cycle 3 depicts an apparent different thermogramfthat of cycle 2. The heating segment of
cycle 3 boasts three separate heating peaks wWigledoling segment only shows one cooling
peak with various shoulders. Even though bothetlpesakdH1(3) (98.18 °C, -3300 J mo) and
H2(3) (110.39 °C, -1500 J md) are close to the boiling point of water, the aske of moisture
and/or water is excluded since this is alreadythimel heating cycle. Peak$1(3) (98.18 °C, -
3300 J mot) andH2(3) (110.39 °C, -1500 J mid) are solid state transitions which is associated
with slow kinetic reordering of the long aliphatibains in the molecular structure[@B], while
M3(3) (135.05 °C, -42200 J mid) represents the melting process of the samplgerSeooling
occurred during the cooling segment becai$€3) is observed at a temperature of 79.33 °C
lower thanM3(3). In the cooling segment, the crystallisation nnair event with pealkC1(3)
(55.72 °C, 19200 J md) involves crystallisation of the isotropic liquidto a crystalline solid.

It is observed as a broad peak of much lower enéngyn C1(2) probably because partial

decomposition has already set in at 300 °C.
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Cycle 4 has five thermal events all in the heasagment. No thermal events were observed in

the cooling segment. Peai4(4) (63.15 °C, -2400 J mo), H2(4) (97.68 °C, -4400 J md)
andH3(4) (110.40 °C, -300 J md) correspond to solid state transitions. Pk&K4) (129.89
°C, -13700 J mdl) represents the melting of the complex, from 32@&composition set in.

Comparison of the melting evekt for cycles 2, 3 and 4, shows a marked decreasgensity
of the melting peak, this implies that the samphkedgally decomposes during these heating and
cooling cycles. This is further confirmed by loogiat the cooling segment of cycle 3, which no

longer depicts a proper crystallisation peak.

chde ! o
C1(2), 99.29 °C endo

AH(46400)

Cycle 2

o

C1(3), 55.72 °C M1(2), 136.26 °C

Mw _
AH(19200) AH(-57100)

M3(3), 135.05 °C
AH(-42200)

H1(3), 98.18 °C
AH(-3300)

Cycle 4

H2(3), 110.39 °C

Decomposition
AH(-1500) postt

~>

M4(4), 129.89 °C
AH(-13700)
H1(4), 63.15 °C
AH(-2400)

H2(4), 97.68 °C  H3(4), 110.40 °C
AH(-4400) AH(-300)
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Figure 3.28: DSC of Zn(Cyo),, [15], with a scan speed of 10 °C mlinnder an inert atmosphere of nitrogen. The
arrow pointing left indicates the cooling segmehilerithe arrow pointing to the right indicates treating segment.

H andC denote heating and cooling respectively, whlés associated with melting. The number in braskethe
cycle number while the middle number is the peaklimer. For examplel2(4) would indicate the second peak in
the heating segment of cycle 4. The temperatif&sare peak temperatures and the energies aralgiethAH) in

J mol*.
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Table 3.22:DSC data of Zn(g),, [15], relating each thermal event with, temperaturé @&l enthalpy change (J

mol™).
Peak Temperature AH Peak Temperature AH
°C J mol* °C J mol*
Cycle 1 Cycle 2
- - - C1(2) 99.29 46400
- - - M1(2) 136.26 -57100
Cycle 3 Cycle 4
C1(3) 55.72 19200 H1(4) 63.15 -2400
H1(3) 98.18 -3300 H2(4) 97.68 -4400
H2(3) 110.39 -1500 H3(4) 110.40 -300
M3(3) 135.05 -42200 M4(4) 129.89 -13700

3.5.5.2. Variable temperature polarised light microscopy

Figure 3.28 shows the images obtained when heating and coalisgmple of Zn((),, [15],

utilising a variable temperature polarised lightrascope.

Heating

Cooling

103 °C, onset of
crystallisatiol

Figure 3.29: Thermal behaviour of Zn(g), [15] between 30 °C to 135 °C, observed through a Vierigmperature

polarised light microscope. Heating rate was 10rfi@" in an open atmosphere.

The first image (30 °C) shows Zn@}, [15], as a crystalline solid. The image labelled 135 °
shows[15] as an isotropic liquid. The next two images shtvescooling segment f¢i5]. The
successive images labelled 103 °C to 83 °C showersion of an isotropic liquid to a crystalline

solid.
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3.5.5.3. Thermal Gravimetric Analysis

The TGA thermogram of Zn(g)., [15], in Figure 3.3Q under argon, shows that the complex
decomposition takes place in two steps. The diegh starts at an onset temperature of 206.39 °C
and shows a 20.30 % mass loss until 346.77 °C. |leAthe second step starts at an onset
temperature of 346.77 °C and shows a 58.78 % noass | The total mass loss of 79.08 %
corresponds well with the formation of ZnO as thealf decomposition product, which would

yield a theoretical mass lossa 80%.

— T Step 1, 20.30 % mass loss
Onset = 206.39 °C N

2
mg Total mass loss = 79.08 % Onset = 346.77> Step 2, 58.78 % mass loss

\ Final event 426.81 °C

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 C

Figure 3.30: TGA of Zn(Gy),, [15], with a heating rate of 10 °C mirin an argon atmosphere.
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3.5.6. Thermal analysis of [Cd (OOC(CH,)sCHy),], [16]

The thermal analysis of16], will be discussed, focussing on solid state iteoms and

decomposition of the complex.

3.5.6.1. Differential scanning calorimetry, (DSC)

Figure 3.31depicts the DSC thermogram of Caf)g, [16], in an inert atmosphere of nitrogen
with a heating rate of 10 °C min Table 3.23gives a summary of the DSC data [fb8].

Cycle 1, exhibits six weak thermal events, threthanheating segment and three in the cooling
segment, but this is attributed to the storagehistf the sample and was ignored.

Cycle 2, which is measured within the same tempegalimits as cycle 1, shows only one
thermal eventH1(2) (75.63 °C, -500 J md). This is most likely a solid state transitiorttwno
corresponding cooling segment thermal events.

Cycle 3, shows three heating segment thermal exmmiswo cooling segment thermal events.
PeaksH1(3) (98.30 °C, -1100 J md), H2(3) (127.81 °C, -3400 J md) andH3(3) (164.90 °C, -
1700 J mot) are consistent with solid state transitions & thng aliphatic chains, of the
carboxylatido ligands, settling into different conhations. On the cooling segment of cycle 3,
C1(3) (103.24 °C, 800 J md) andC2(3) (173.32 °C, 700 J md) are consistent with reordering
of the long aliphatic chains into lower temperatooeformations for the crystal.

Cycle 4, has six thermal events; three are founthénheating segment and three in the cooling
segment. Peakd1(4) (104.12 °C, -1900 J md) andH2(4) (195.36 °C, -900 J md) are solid
state transitions, whils13(4) (220.35 °C, -2700 J md) represents the melting of the sample to
the isotropic liquid. TheC3(4) (197.62 °C, 1800 J md) cooling peak is found at lower
temperature than that of the melting p&4k(4) and this indicates super-cooling. Pe@kiX4)
(174.09 °C, 600 J md) andC1(4) ( 108.72 °C, 4200 J md) in the cooling segment of cycle 4
is attributed to different degrees of super coolangreordering of the crystal structure into a
more stable conformation.

Cycle 5 shows three thermal events for the heatgment and no thermal events for the
cooling segment. The final high temperature thémwant is assigned to the decomposition of
Ca(Go)z, [16]. Again,H1(5) (109.47 °C, -2400 J md) andH2(5) ( 196.35 °C, -500 J md)

are assigned to solid state transitions, duringhébeing segment of cycle 5. The melting peak
M3(5) ( 221.36 °C, -1700 J mid) is much smaller in intensity confirming that degmsition
was already initiated in cycle 4. The absence ighicant thermal events in the cooling
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segment of cycle 5, is consistent with total decositpn of Ca(Go)2, [16], atca. 250 °C during

the heating segment of cycle 5.

Cycle 1 exo

endo

N S Cycle 2

H1(2), 75.63 °C
AH(-500)

C2(3), 173.32 °

C1(3), 103.24°c  AH(700)

AH(800) Cycle ¢

20| &~
mwW

H3(3), 164.90 °C
AH(-1700)

H1(3), 98.30 °C H2(3), 127.81°C
AH(-1100) AH(-3400)

Cycle ¢

C2(4), 174.09 °C C3(§r?_,| (11%7032 C

C1(4), 108.72 °C AH(600)
AH(4200) .

L |

I 3

Cycle £

H2(4), 195.36 °C M3(4), 220.35 °C
AH(-900) AH(-2700)

H1(4), 104.12 °C
AH(-1900

H2(5), 196.35 °c M3(5), 221.36 °C

H1(5), 109.47 °C " z\1(.500) AH(-1700
AH(-2400)
"0 50 100 150 200 250 300 350  400°C

Figure 3.31: DSC of Ca(G),, [16], with a scan speed of 10 °C minnder an inert atmosphere of nitrogen. The
arrow pointing left indicates the cooling segmehilerithe arrow pointing to the right indicates tresating segment.

H andC denote heating and cooling respectively, whilés associated with melting. The number in braskethe
cycle number while the middle number is the peakilmer. For exampl€2(4) would indicate the second peak in
the cooling segment of cycle 4. The temperatut€} &re peak temperatures and the energies aralgieth (\H)

in J mol.
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Table 3.23: DSC data of Ca(f). [16], which includes the peak temperature (°C) and adpgh change

(3 mol*) of each thermal event. Cycle 1 is omitted dutheostorage history of the sample.

Peak Temperature AH Peak Temperature AH
°C J mol* °C J mol™
Cycle 2 Cycle 3
H1(2) 75.63 -500 C1(3) 103.24 800
- - - C2(3) 173.32 700
- - - H1(3) 98.30 -1100
- - - H2(3) 127.81 -3400
- - - H3(3) 164.90 -1700
Cycle 4 Cycle 5
C1(4) 108.72 4200 H1(5) 109.47 -2400
C2(4) 174.09 600 H2(5) 196.35 -500
C3(4) 197.62 1800 M3(5) 221.36 -1700
H1(4) 104.12 -1900 - - -
H2(4) 195.36 -900 - - -
M3(4) 220.35 -2700 - - -

3.5.6.2. Variable Temperature Polarised Light Microscopy
Figure 3.32 depicts the thermal study performed on a varidblaperature polarised light

microscope of Ca((),, [16], with a heating rate of 10 °C mirunder atmospheric conditions.

Heating : l
4
(
212 °C, isotropic liquic i
e B o
Cooling e
Py o F LS

205 °C, isotropic liquid w 150 °C m 65 °C, crystalline solid

Figure 3.32: Thermal behavior of Cag),, [16] between 30 °C to 212 °C. Viewed through a vaeidbmperature
polarised light microscope at a heating rate of@0nin*. Top: heating from 30 °C to 212 °C and Bottonolaw
from 205 °C to 65 °C.

Despite evidence for three possible different sslade phase transition from the DSC study. No
clear optical changes were observed upon heaticgaing the sample other than melting to an
isotropic liquid, see photos labelled 170 °C an@ 2C or crystallisation during the cooling

segment, see photos labelled 205 °C to 65 °C.
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3.5.6.3. Thermal Gravimetric Analysis

Two steps or phases are observed during the heatidgnass loss measurement of Gg¢C
[16], seeFigure 3.33 The first decomposition phase has a small nasssdfca. 3.2 % at 83.87
- 119.39 °C and is associated with the loss of waide measured mas loss correlates well with
the theoretical mass loss of 4.5 % if only one watelecule is associated with one molecule of
Ca(Gy)2, [16]. Decomposition of Ca(fg). [16] starts at 335.96 °C (phase 2) and procéad
many overlapping steps. A mass l0oss66{33 %, is lower than would be expected for the
formation of calcium oxide (CaO), which shows acditetical mass loss of 86%. It is concluded

that up to 540 °C pyrolysis was still incompletdiberate CaO.

Step 1, 3.21 % mass loss

! T
Onset = 83.87 ° Onset = 335.96 °
2 Step 2, 69.33 % mass loss
e Total mass loss = 72.54 %

Figure 3.33: TGA of Ca(Gy), [16], with a heating rate of 10 °C mirunder an inert atmosphere of argon.
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3.5.7.  Thermal analysis of [N{' (OOC(CH,)sCH5),]- 4H,0, [13]

Four steps are observed during the heating and lnassmeasurement of Ni{g),, [13], see
Figure 3.34 The first decomposition phase has a mass losa. G189 % at 95.07 — 257.30 °C
and is associated with the loss of water. The oredsmass loss correlates well with the
theoretical mass loss of 7.62 % if two water molesware released. The second step is also
associated with a loss of two molecules of watar,7.36 % at 257.30 — 300.83 °C which
corresponds well with the theoretical mass los§g.62 %. Decomposition of Ni¢g). [13]
starts at 300.83 °C after the last two water mdéscihnas been released. The decomposition
proceeds/ia many overlapping steps with a mass loss of 61.0foflowed by a tiny mass loss

of 1.54 %. A total mass loss of 78.06 % is obsgraed corresponds fairly well with a

theoretical mass loss of 71.82 % if the final deposition products are Ni(0) and NiO.

Step 1, 7.89 % mass loss
Step 2, 7.36 % mass loss

2

Onset = 95.07 °C .
Onset = 257.30 °C

Step 3, 61.01 % mass loss
Onset = 300.83 °C

Onset = 366.99 °C Step 4, 1.54 % mass loss

Figure 3.34: TGA of Ni(Cy0),, [13], with a heating rate of 10 °C mirunder an inert atmosphere of argon.
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3.5.8. Thermal analysis of [Pd' Co" (OOC(CH,),CHs)4], where n =
4,6,8o0r 10

The thermal analysis of PdCaqf)z, m = 6 for[19], 8 for[20], 10 for[21] or 12 for[22] will be
discussed. This section will focus on the mesoplmehaviour of PdCoL, [19], and also the

decomposition and gaseous products released duwyiotysis of the complexdd9-22].

3.5.8.1. DSC of [Pd'Co" (n-OOC(CH,).CH3)J], [19]

Figure 3.35depicts the DSC thermogram of PdCg¢C[19], in a nitrogen atmosphere with a
heating rate of 10 °C mih Table 3.24 contains a summary of the DSC data[1®].

Cycle 1, depicts four thermal events, three thermants in the heating segment and one
thermal event in the cooling segment. The exotfepaaksH1(1) (-8.38 °C, 300 J md) and
H2(1) (6.97 °C, 1700 J md) are assigned as cold crystallisation. Pé&kl) (52.73 °C, -9000

J mol*) is the melting of PdCo@y, [19]. In the cooling segmeng1(1) (-20.12 °C, 2600 J mol

1) is assigned as the crystallisation peak of Pd@e(f19]. The crystallisation peaR1(1) is
72.85 °C lower in temperature than the melting gfd8kl), illustrating super-cooling.

Cycle 2, have the same peaks as that of cycledlpassibly partial decomposition between 110
°C to 150 °C. Peaksli1(2) (-9.38 °C, 400 J md) and H2(2) (7.30 °C, 1300 J md) are
assigned as cold crystallisations. PéaR(2) (52.73 °C, -9700 J mo) is the melting of
PdCo(G)s, [19]. In the cooling segment, pe@.(2) (-20.12 °C, 1300 J md) is assigned as the
crystallisation peak of PdCogz, [19].

Cycle 3, has three thermal events, two thermal tsvienthe heating segment and one thermal
event in the cooling segment. The exothermic p¢8) (25.13 °C, 4800 J md) has replaced
the two cold crystallisation peaks in cycle 1 agdle 2. This exothermic peakl(3) can be the
cold crystallisation of the decomposition produtk/at formed during the partial decomposition
between 110 °C to 150 °C observed in cycle 2, tagewvith still intact{19]. The endothermic
melting peakVi2(3) (47.08 °C, -6000 J md) has a large shoulder, which can be assigneceto th
melting of the decomposition products formed dutimg partial decomposition between 110 °C
to 150 °C observed in cycle 2. Theref2(3) is the melting of a mixture of the decomposition
products and also the melting of the remainingioalgsample, PdCo(g, [19].

Cycle 4, contains the destructive decompositiorkpBa (4) (152.49 °C, 24000 J mid) of the
partial decomposition products and of the remaitd@o(G)4, [19] complex.
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C1(1), -20.12 °C

AH(2600)
exo
[ H2(1), 6.97 °C Cycle 1
AH(1700)
endo

H1(1), -8.38 °C
AH(300) M3(1), 52.73 °C
AH(-9000)

C1(2), -20.12 °C
4 AH(1300)
[ -
H2(2), 7.30 °C CyCIe z
: AH(1300)
T 1 -
H1(2),-9.38 °C
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AH(700)
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L —
M2(3), 47.08 °C
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D1(4), 152.49 °C
AH(24000)

-
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Figure 3.35:DSC of PdCo(Q)., [19], utilising a scan speed of 10 °C minnder nitrogen. The arrow pointing
left indicates the cooling segment while the arqeinting to the right indicates the heating segmedtandC
denote heating and cooling respectively, wiMleis associated with melting. The number in braskstthe cycle
number while the middle number is the peak numbieor exampleH1(3) would indicate the first peak in the
heating segment of cycle 3. The temperatures f€)peak temperatures and the energies are eeth@ipl) in J

mol™.
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Table 3.24: DSC data of PdCo@ [19],

relating the peak temperature (°C) and enthalpnange

(3 mol).
Peak | Temperature AH Peak | Temperature AH
°C J mol* °C J mol*
Cycle 1 Cycle 2
C1(1) -20.12 2600 C1(2) -20.12 1300
H1(1) -8.38 300 H1(2) -9.38 400
H2(1) 6.97 1700 H2(2) 7.30 1300
M3(1) 52.73 -9000 M3(2) 52.73 -9700
Cycle 3 Cycle 4
C1(3) -20.12 700 D1(4) 152.49 24000
H1(3) 25.13 4800 - - -
M2(3) 47.08 -6000 - - -
3.5.8.2. Variable temperature polarised light microscopic stidy of

[Pd" Co" (n-OOC(CH,)4CHa)4], [19]

Following the DSC study of PdCo{)s, [19], variable temperature polarised light micasy
was used to further investigate the peaks observed.

Figure 3.36 depicts the images obtained from a thermal studsfopmed on a variable
temperature polarised light microscope of PdGp(G19], with a heating rate of 10 °C min
under atmospheric conditions. Heating the crys®lsolid from 51 °C to 140 °C, reveals that
partial decomposition has occurred, the samplerbeadarker with an increase in temperature.
Heating the sample tca. 165 °C, results in destructive decomposition trogsg the original
sample and also the decomposition product/s.

The same thermal behaviour was observed for the€CP4ll, [4], complex, se&igure 3.24and

It can be concluded that the palladiaardinated moiety of the PdCag; [19],
complex melted, leaving the cobalt coordinated myc#es a crystalline solid, see section 3.5.7.9.
The cold crystallisation peak1(3) observed in the DSC study of PdCe{C[19], can be

assigned to the crystallisation of the decompasitpyoduct/s produced by the palladium

discussion.

coordinated moiety of the complex.
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Heating

14C °C, partial decompositic 5l 16E °C, destrucive decompositic

Figure 3.36: Thermal behaviour of PdCogG, [19] between 51 °C to 165 °C. Partial decompositigt0(IC) and
destructive decomposition (165 °C) is illustratethe images are viewed through a variable temperatalarised

light microscope at a heating rate of 10 °C Tin



Chapter 3 RESULTSAND DISCUSSON 101

3.5.8.3. DSC of [Pd'Co" (1-OOC(CH,)sCH3)4], [20]

Figure 3.37 shows the DSC thermogram of PdCg¢C[20], under nitrogen utilising a heating
rate of 10 °C mitl. Table 3.25summarises the DSC data[8D]. The DSC study of20], is
consistent with smectic liquid crystalline mesoghhshaviour

Cycle 1, has a heating and cooling event. Padk$]) (68.97 °C, -32000 J md) andC1(1)
(33.83 °C, 29900 J md) are assigned to the melting and crystallisatién[2D]. The
crystallisation pealkC1(1)is 35.14 °C, lower thakl1(1) which illustrates supercooling.

Cycle 2, have the same main thermal events a®fhacle 1,H1(2) (67.63 °C, -30300 J mo)
andC1(2) (33.67 °C, 29700 J md), at almost the same temperatures. The energylsssand
liberated is also inherently the same for both €yclThe crystallisation pe&kL(2) is 33.96 °C,
lower thanH1(2) and is attributed to super-cooling. The heatiegnsent, illustrates the
conversion of the crystalline solid phase at pgak?) (67.63 °C, -30300 J mid), to the smectic
liquid crystalline mesophas#2(2) (76.26 °C, -100 J md) to the isotropic liquid phase. The
cooling segment, illustrates the conversion ofitdropic liquid phaseC3(2) (72.66 °C, 100 J
mol™), to the smectic liquid crystalline mesophase eakC1(2) (33.67 °C, 29700 J mid)
represents conversion of the smectic mesophadestorystalline solid phase. The peaRk(2)
(55.45 °C, -200 J md), is the ordering of the liquid crystal into a lemtemperature mesophase.
Cycle 3, shows the same thermal events as thatoté @, with partial decomposition BX3(3),

as illustrated by the change in the slope of tredihg segment base line. The heating segment,
illustrates the conversion of the crystalline sqthseH1(3) (67.63 °C, -30400 J mid), to the
smectic liquid crystalline mesophadd2(3) (77.74 °C, -100 J md), to the isotropic liquid
phase. Partial decomposition sets incat 120 °C. The cooling segment, illustrates the
conversion of the isotropic liquid phasg3(3) (79.28 °C, 300 J md), to the smectic liquid
crystalline mesophas€1(3) (15.00 °C, 31900 J md), to the crystalline phase. The pe2&(3)
(32.24 °C, -200 J md), is the ordering of the liquid crystal into a lemtemperature mesophase.
The peaksC1(3) and C2(3) are much lower in temperature th@i(2) and C2(2). This is
probably due to the partial decomposition initiatgcta. 120 °C. These products lower the
crystallisation temperatures. The relatively sreathalpy values of12(2) (-100 J maf) and
C3(2) (100 J mot) with small temperature differences (3.58 °C) aemasistent with isotropic

liquid phase to the smectic liquid crystalline m@sase conversion and vice versa.

1“P.G. de Gennes and J. Prdsie Physics of Liquid Crystals. Oxford: Clarendon Press. (1993).
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From this study PdCogL, [20], has a liquid crystal range of 8.61 °C, as meakinan the
peak temperatures 6f1(2) andM2(2).
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Figure 3.37:DSC of PdCo(§)., [20], utilising a scan speed of 10 °C minnder a nitrogen atmosphere. The arrow
pointing left indicates the cooling segment whhe &arrow pointing to the right indicates the hegatiegment.H
andC denote heating and cooling respectively, whMlds associated with melting. The number in bragkethe
cycle number while the middle number is the peakimer. For exampl€1(2) would indicate the first peak in the
cooling segment of cycle 2. The temperatures ét€)peak temperatures and the energies are eethgipl) in J

mol™.
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Table 3.25: DSC data of PdCo, [20], which includes the peak temperature (°C) and apyhchange

(J mol") of each thermal event.

Peak Temperature AH Peak Temperature AH
°C J mol* °C J mol*
Cycle 1 Cycle 2
C1(1) 33.83 29900 C1(2) 33.67 29700
M1(1) 68.97 -32000 C2(2) 55.45 -200
- - C3(2) 72.66 100
- - H1(2) 67.63 -30300
- - M2(2) 76.24 -100
Cycle 3 Cycle 4
C1(3) 15.00 31900 M1(4) 66.05 -36100
C2(3) 32.24 -200 D2(4) 170.88 36500
C3(3) 79.28 300
H1(3) 67.63 -30400 - -
M2(3) 77.74 -100

3.5.8.4. Variable temperature polarised light microscopic stdy of
[Pd" Co" (-OOC(CH2)¢CH3)J], [20]

Figure 3.38exhibits the polarised light microscope photogephPdCo(@)4, [20], obtained at

a heating rate of 10 °C minunder atmospheric conditions at the indicatedotatures. The
first image labelled 30 °C, shows PdCgC[20], in its crystalline solid form. The image
labelled 62 °C shows the initial stages of thediteon of a crystalline solid to smectic liquid-
crystalline mesophase. The liquid crystal in theestic phase of PdCofjz, [20], is clearly
observable as blue and yellow fibres in the imadeelled 68 °C. The image labelled 73 °C
shows PdCo(§)4, [20], after melting into an isotropic liquid. The cog images irFigure 3.38
shows pictures from a cooling segment and also stsmmectic mesophases of PAdCH){G20].
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Heating

73 °C, isotropic liquic

48 °C, smectic mesopha: 4(C °C, smectic mesopha

Figure 3.38: Polarised light microscope pictures of PdC){C[20], at the indicated temperatures, illustrating
smectic mesophase behavioufop: Heating segment illustrating the crystalline sgbldase change to smectic
mesophase and finally to the isotropic liquBBottom: Cooling segment illustrating the phase changéefinitial

smectic mesophase to the crystalline solid phase.
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3.5.8.5. DSC of [Pd'Co" (n-OOC(CH,)sCH3)J], [21]

Figure 3.39depicts the DSC thermogram of PdCgaj¢; [21], showing the heating and cooling
segments, under an atmosphere of nitrogen utiligihgating rate of 10 °C mitn Table 3.26
summarises the DSC data[d1].

Cycle 1, have one heating event and one coolingteveeaksM1(1) (83.04 °C, -84000 J mid)
andC1(1) (68.83 °C, 51700 J md) are assigned to the melting and crystallisatiof2o].

Cycle 2, have the same thermal events as cycleth,an extra cold crystallisation peak in the
heating segment. The exothermic pedi(2) (62.55 °C, 13400 J md) is assigned to cold
crystallisation of a small portion of amorphd@4]. The endothermic ped{2(2) (82.08 °C, -
76400 J mot) is assigned to the melting of the bi®d]. The peakC1(2) (67.49 °C, 51600 J
mol™?) is assigned to the crystallisation[a1].

Cycle 3, have the same thermal events as thatotdé @ The exothermic peaH1(3) (64.41 °C,
14900 J mol) is again assigned to the cold crystallisatiom sfall portion of amorphoig1].
The endothermic peald2(3) (81.90 °C, -71400 J md) is assigned to the melting of the bulk
sample of21]. The peakC1(3) (68.14 °C, 50000 J md) is assigned to the crystallisation of
[21].

Cycle 4, has three thermal events, cold crystéilisa melting and destructive decomposition.
The exothermic peakH1(4) (64.25 °C, 12800 J md) is again assigned to the cold
crystallisation of a small amorphous portion[21]. The endothermic peda{2(4) (81.89 °C, -
73900 J mol) is assigned to the melting of the bulk samplg2af. The pealD3(4) (188.13 °C,
37200 J mat) and the change in base line slope at 230 °C Isighestructive decomposition of
PdCo(Go)s, [21]. The cooling segment has no thermal events pgoail remaining material are
thermally inactive in the utilised temperature.eMolatiles that come of will be discussed in the
TGA-MS section see paragraph 3.5.7.9.

An additional remark is important to make at thmge. From the DSC thermogramRigure
3.39 no evidence of mesophase behaviour could be fouddwever, in section 3.5.7.9, the
polarised light microscope investigation is diseassFrom the images igure 3.40it is clear
that[21] do have a smectic liquid crystalline mesophas@ézature region betweea. 75 to 66
°C. This means that the energy required to switom isotropic liquid to liquid crystalline
smectic mesophase at 75 °C is just too little tonkeasured by DSC techniques.
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Figure 3.39: DSC of PdCo(G), [21] with a scan speed of 10 °C nlimnder nitrogen. The arrow pointing left
indicates the cooling segment while the arrow pogto the right indicates the heating segmettandC denote

heating and cooling respectively, whig is associated with melting. The number in braskethe cycle number
while the middle number is the peak number. Fanmgie C1(2) would indicate the first peak in the cooling

segment of cycle 2. The temperatures (°C) are feraferatures and the energies are enthalftdsit J mol”.
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Table 3.26: DSC data of PdCo()4 [21], relating each thermal event with peak temperaft@ and enthalpy
change (J md)).

Peak Temperature AH Peak Temperature AH
°C J mol* °C J mol*
Cycle 1 Cycle 2
C1(2) 68.83 51700 C1(2) 67.49 51600
M1(2) 83.04 -84000 | H1(2) 62.55 13400
- - - M2(2) 82.08 -76400
Cycle 3 Cycle 4
C1(3) 68.14 50000 H1(4) 64.25 12800
H1(3) 64.41 14900 M2(4) 81.89 -73900
M2(3) 81.90 -71400 | D3(4) 188.13 37200

3.5.8.6. Variable Temperature Polarised Light Microscopic study of
[Pd" Co" (n-OOC(CH2)sCH3)J], [21]

Figure 3.4Q exhibits the polarised light microscope photogsapf PdCo(&)s, [21], obtained
utilising a heating rate of 10 °C min under atmospheric conditions at the indicated
temperatures. The first image in the cooling segme25 °C, ofFigure 3.4Q depicts[21], as a
crystalline solid. The images labelled 77 °C a@dQ is the phase change[21], into a smectic
mesophase liquid crystal. The isotropic liquid sthés observed in the image labelled 81 °C.
The cooling of[21], is depicted irFigure 3.4Q It is clear from the photographs that are shown
that the material assumed a smectic mesophase lkgystal state and that the crystalline solid
only forms at 66 °C. This result appends the D8@isn discussed in the previous paragraph
that failed to uniquely identify a mesophase. e Bmectic mesophase liquid crystal crystallises
at peaksC1(1), C1(2) and C1(3) into mostly a crystalline solid but partially al$o to an
amorphous solid. This amorphous portion is showfiigure 3.39to cold crystallise into a
crystalline solid at peakd1(2), H1(3) andH1(4).
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Heating

81 °C, isotropic liquid

75 °C, crystalline solid : .
mixed with melted sample 69 °C, smectic mesophz 66 °C, crystalline solid

Figure 3.40: Polarised light microscope pictures of PdCg)£ [21] at the indicated temperature$op: Heating
segment illustrating the phase change of the dhiysasolid to the isotropic liquid anBottom: Cooling segment
illustrating the phase change of the isotropicitigo the smectic mesophase.
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3.5.8.7. DSC of [Pd'Co" (un-OOC(CH,)1CH3)4], [22]

Figure 3.41 depicts the DSC thermogram of PdCgj&; [22], showing the heating and cooling
segments, under an atmosphere of nitrogen utiligihgating rate of 10 °C mitn Table 3.27
summarises the DSC data[22].

Cycle 1, have four thermal events, two heating t&ssand two cooling events. The exothermic
peak,H1(1) (41.86 °C, -14600 J md) is assigned to a solid state transition, resyltin the
reordering of the long aliphatic chains in the noalar structure of22]. This solid state
transition is followed by the melting §22], at peakM2(1) (84.35 °C, -79600 J md). In the
cooling segment, the exothermic pe@R(1) (47.30 °C, 78000 J md) is assigned as the
crystallisation of22], and is followed by a solid state repositioninglod aliphatic long chains
of the molecule into a low temperature conformagn@1(1) (30.87 °C, 14800 J md). The
two peaksH1(1) andC1(1) are not assigned to two separate substances.leArertal analysis
of PdCo(Gy)4, [22], proved that the required CHN analysis were wit@id % error. The
crystallisation peak2(1)is 37.05 °C lower tham2(1), illustrating, super-cooling.

Cycle 2, have five thermal events, three thermah&yin the heating segment and two thermal
events in the cooling segment between temperatb@esC to 150 °C. The peakl(2) (41.87
°C, -14600 J mdl) andH2(2) (55.12 °C, -500 J md) are solid state transitions, resulting in
repositioning of the long aliphatic chains in theletular structure g22]. PeakH2(2) is most
probably the cause of minute decomposition thatiwed at peal2(1), implying peakH2(2),
may be the melting of the decomposed product/sweier the energy of this peak is so small
(0.6 % of the melting peak) that it is not regar@dsdsignificant. The peaW3(2) (83.87 °C, -
77000 J mot) is the melting 0f22]. PeakC2(2) (44.51 °C, 70300 J mid) is the crystallisation
of [22], and is lower in temperature thB(2), because of super-cooling. The crystallisation
peak is followed by a solid state transiti@1,(2) (28.71 °C, 16000 J md).

Cycle 3, have four thermal events, all in the mgaiegment, with destructive decomposition at
peak D4(3). No thermal events are observed in the coolirggneait, because of destructive
decomposition in the heating segment. This cyaketemperature limits between -50 °C to 250
°C. The peaks$i1(3) (41.70 °C, -17200 J mid) andH2(3) (54.12 °C, -800 J md) is a solid
state transition and a melting peak respectiveleakH1(3) is the repositioning of the long
aliphatic chains in the molecular structure[22] andH2(3) may be the melting of very small
quantities of decomposition products. The melfiegk M3(3) (83.22 °C, -74700 J md), is
followed by destructive decomposition24(3) (170.52 °C, 33400 J mid).
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Figure 3.41:DSC of PdCo(&), [22] with a scan speed of 10 °C mlimnder nitrogen. The arrow pointing left
indicates the cooling segment while the arrow pogto the right indicates the heating segmettandC denote

heating and cooling respectively, whig is associated with melting. The number in braskethe cycle number
while the middle number is the peak number. Fanmgie C1(2) would indicate the first peak in the cooling

segment of cycle 2. The temperatures (°C) are frageratures and the energies are enthalftdsit J mol”.
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Table 3.27: DSC data of PdCo(@)., [12], relating each thermal event with peak temperaft€@ and enthalpy
change (J ma).

Peak Temperature AH Peak Temperature AH
°C J mol* °C J mol*
Cycle 1 Cycle 2
C1(2) 30.87 14800 C1(2) 28.71 16000
C2(2) 47.30 78000 C2(2) 4451 70300
H1(1) 41.86 -14600 H1(2) 41.87 -14600
M2(1) 84.35 -79600 H2(2) 55.12 -500
- - - M3(2) 83.87 -77000
Cycle 3 - - -
H1(3) 41.70 -17200 - -
H2(3) 54.12 -800 - -
M3(3) 83.22 -74700 - -
D4(3) 170.52 33400 - -

3.5.8.8. Variable Temperature Polarised Light Microscopic stdy of
[Pd" Co" (n-OOC(CH>)10CH3)4], [22]

Figure 3.42 exhibits the polarised light microscppetographs of PdCo(€g),, [22], obtained at

a heating rate of 10 °C minunder atmospheric conditions at the indicatedotatures. The
first image in the heating segment shows Pdg9{J22], as a crystalline diamond shaped solid.
The next image labelled 91 °C, shof#2], as an isotropic liquid. The images in the caplin

segment shows the successive coolin@2f, to a crystalline solid.
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28 °C, crystalline soli 91 °C, isotropic liquid
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mixed with melted sample

68 °C crystalline solid
mixed with melted sample

57 °C, crystalline solid

Figure 3.42 Polarised light microscope pictures of PdCg)£[22], at the indicated temperatures.

3.5.8.9. Thermal gravimetric analysis coupled with mass spamscopy of
[Pd" Co" (u-OOC(CH,),CH5).], where is n = 4 for [19], 6 for [20], 8 for [21]or
10 for [22]

The TGA for PdCo(@)s, [20], is given inFigure 3.43 The decomposition data and the analysis
of the gaseous products from the decompositiofl®f22] are tabulated imrable 3.28 and
Table 3.29respectively. Mass loss is initiated at 126.66 °C and proceedsutgh two separate
steps up to 349.84 °C f¢20]. The temperature range for each step, as weheasssociated

mass loss is tabulated Trable 3.28
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The mass loss in both decomposition steps onevem@ite 37 %, which coincides with the loss
of two octanoatido ligands having a theoretical srlass value of 38.80 %. The total mass lost
during the thermal decomposition process of Pdgq(f20], amounts to 74 %. The theoretical
remaining mass values is calculated as 16.55 %@&® and 10.16 % for CoO, thus for the
formation of these two decomposition products tieotetical mass loss value will be 73.29 %.
This corresponds very well with the experimentalgtermined value of 74%. CompleX&s],
[21] and [22] behaved similarly to the complg)20] when subjected to heat, results are
summarised iMable 3.28

Considering the onset decomposition temperaturdd®P2], the previous DSC and variable
temperature polarised light microscopic studieflet] and[19-22] are further confirmed. The
first decomposition step does coincide with thdgoilm coordinated moiety being melted and
decomposed. The onset decomposition, temperatufes, the palladium cobalt
tetracarboxylatido complex¢$9-22]is between 118.35 °C to 130.26 °C.

Onset 126.66 °C

g
\ Step 1, 37% mass loss
Palladium decomposition

mg \ Step 2, 37 % mass loss
Onset 226.80 °C Cobalt decompositic
Total mass loss = 74 % \

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 ‘C

Figure 3.43: TGA of PdCo(G),, [20], at a scan rate of 10 °C rifimnder argon.

Table 3.28 Depicts the decomposition temperature rangefl®22], with [19] having three

decomposition steps whi[20-22] only have two decomposition steps.
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Table 3.28: TGA data of PdCo(fg)4[19-22], which includes the decomposition temperatureraads loss (%).

PdCo(Cy)4 Step Decomposition mass loss / %
temperature range / °C
PdCo(Cy)4, [19] 1 126.37 - 223.51 35
2 223.51 — 324.32 25
3 324.32 — 362.77 12
PdCo(GCg)4, [20] 1 126.66 — 226.80 37
2 226.80 — 349.84 37
PdCo(Cy)s, [21] 1 130.26 — 226.28 37
2 226.28 — 358.99 37
PdCo(Cyy)4, [22] 1 118.35 —244.73 48
2 244.73 — 363.00 32

The analysis of the gaseous products from pyrolggcomposition fo[19-22] are tabulated
Table 3.29 showed that numerous mass fragments was releaBkdse include oxygenated
species such as water, carbon dioxide and carbonoxiae in addition to hydrocarbon

fragments.

Table 3.29:Mass charge ratio and gaseous compounds detebittlugsing mass spectroscopy coupled with TGA
of PdCo(Gy)4, [19-22].

m/z PdCo(Gy)4, [19] PdCo(Gy)., [20] PdCo(C)4 [21] PdCo(C)4 [22]
2 ) H, H, H,

14 . - CH, CH,

16 ] - CH, CH,

17 OH OH OH OH

18 H,O H,0 H,0 H,0

28 CO, GH, CO, GH, CO, GH, CO, GH,
29 - - - GHs

30 - - - GHe, CH,O
32 O, CH,OH 0,, CH,OH 0,, CH,OH 0,, CH,OH
38 GH, GH, GH, GH;

40 GH,4 CsH,4 CsH,4 CsHy

44 [ele} CO, CO, CO,
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3.5.9. Thermal analysis of [Pd Cd" (u-OOC(CH,)sCH3)4]- H-0, [34]

The thermal analysis of PdCdgL:, [34], will be discussed. Focusing on solid state items
and polymorphism of PdCd{g)4, [34], as well as the decomposition thereof.

3.5.9.1. Differential scanning calorimetry, (DSC)

Figure 3.44depicts the DSC thermogram of the heating androgalycles for PdCd({g)4, [34],

at a heating rate of 10 °C nfiunder an inert nitrogen atmosphef&able 3.30summarises the
DSC data for PACd(f)s, [34].

Cycle 1 reveals six thermal events, four for thatimg segment and two thermal events for the
cooling segment. During the cooling of the samlerystallisation peak2(1) (15.80 °C,
10700 J mat) is observed followed by a second exothermic f@a{d) (-15.41 °C, 2200 J mol
1), which may be interpreted as reordering of thestal structure to form a low temperature
polymorph. In the heating segment of cycle 1, peldkl) (-7.16 °C, -3400 J md) is the
melting of the unstable low temperature polymorpimich immediately crystallises into the
stable high temperature polymorph at pét#(1) (1.89 °C, 3300 J md). PeakH3(1) (15.20
°C, -3600 J mat) is the melting of this stable high temperaturémmrph, followed byH4(1)
(29.89 °C, -200 J md) which is assigned to a solid state transitiotheflong aliphatic chains,
of the carboxylatido ligands, settling into diffateconformations. Peakl5(1) (51.32 °C, -
16100 J mat) is the melting of the highest temperature polyphaof the sample.

In cycle 2, eight thermal events are observed dinlythe partial decomposition of the complex
atD6(2) (166.04 °C, 40000 J mid). During the second heating segmétit(2) (-7.00 °C, -4500

J moi) and H2(2) (1.89 °C, 4200 J md) is again assigned to the melting of the unstable
polymorph and the immediate crystallisation to skeble polymorph respectively. PddR(2)
(15.20 °C, -2600 J md) is the melting of the stable polymorgt4(2) (30.38 °C, -700 J.md)

is a solid state transition and5(2) (51.31 °C, -15900 J mid) is the melting of this polymorph.
Peak D6(2) represents decomposition ¢84]. In the cooling segment of cycle 2 the
crystallisation pealC2(2) (57.10 °C, 50000 J mid) is assigned as the crystallisation of the
decomposed products generated at fe&k). PeakC1(2) (3.09 °C, 6500 J md) is also
related to the decomposed product§3di.

Cycle 3 has only two thermal events both are inhtba&ting segmenk1(3) (18.52 °C, -5500 J
mol ™) andM2(3) (87.52 °C, -49900 J nmid) followed by destructive decomposition.

Evidence of this is found in the cooling segmentyafle 3, which has no cooling thermal events.
Both H1(3) andM2(3) are related to the decomposed produc{84i
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Figure 3.44: DSC of PdCd(G). [34], with a scan speed of 10 °C flinnder an inert atmosphere of nitrogen. The
arrow pointing left indicates the cooling segmehilevithe arrow pointing to the right indicates tieating segment.

H andC denote heating and cooling respectively, whilés associated with melting. The number in braskethe
cycle number while the middle number is the peaklmer. For examplel2(1) would indicate the second peak in
the heating segment of cycle 1. The temperatif&sare peak temperatures and the energies aralgiethAH) in

J mol*.
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Table 3.30:DSC data of PACd(g)a, [34], which includes the peak, temperature (°C) antapy change (J mod)
of each thermal event.

Peak | Temperature AH Peak | Temperature AH Peak | Temperature AH
°C J mol™ °C J mol™ °C J mol™
Cycle 1 Cycle 2 Cycle 3

C1(1) -15.41 2200 | C1(2) 3.09 6500 H1(3) 18.52 -5500
C2(1) 15.80 10700 | C2(2) 57.10 50000 | M2(3) 87.52 -49900
H1(1) -7.16 -3400 | H1(2) -7.00 -4500 - - -
H2(1) 1.89 3300 | H2(2) 1.89 4200 - - -
H3(1) 15.20 -3600 | H3(2) 15.20 -2600 - - -
H4(1) 29.89 -200 | H4(2) 30.38 -700 - - -
M5(1) 51.32 -16100 | M5(2) 51.31 -15900 - - -

- - - D6(2) 166.04 40000 - - -

3.5.9.2. Variable temperature polarised light microscopy

Figure 3.45shows some of the images obtained during thergeaind cooling of PdCd(g)a,
[34]. The series of pictures in the top row shows how &®@0%)4, [34], melts from a solid (17

°C) to an isotropic liquid (88 °C). The seriedrafges at the bottom row shows super cooling,

and that even at temperatures of -21.00 °C, cftigstian has not yet set in, in the light beam of
the microscope

Heating

Cooling

Figure 3.45: Polarised light microscope pictures of PdCd)§J34] obtained while heating the sample at a rate of

10 °C min® under an open atmosphere. Top: heating of th@lsafom 17 °C to 88 °C and Bottom: cooling from

11.00 °C to -21.00 °C. No crystallisation was afeed even at -21.00 °C while in the light beamha microscope.
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3.5.9.3. Thermal gravimetric analysis, (TGA)

The TGA curve for PdCd(f)s, [34], obtained under an inert atmosphere of argonjsasdown

in Figure 3.46. The decomposition of thiB4] proceeds through five major steps, the first of
which corresponds to loss of crystal water. A mbss of 1.66 % is recorded for the
dehydration step dB4] which is slightly less than the theoretical masslof 2.03 %. The total
measured mass loss (including the water loss) i$86%. The theoretical mass loss value to
form the decomposition products PdO and CdO is& 26 The calculated mass loss value
correspond fairly well with the total experimentabss loss of 69.18 %, and it could thus be
assumed that during the thermal decomposition &fde@d,o),4, [34], PdO and CdO is formed, as

non-volatile products.

Step 1, 69.33 % mass loss Total mass loss = 69.18 %

ke
Onset 63-3'°C\ Step 2, 30.20 % mass loss

Onset 118.5°C \
2

N Step 3, 12.57 % mass loss
Onset 202.8°C .

Onset 244.2°C
Step 5, 1.17 % mass ¢
Onset 329.5(C ¥ P

-----------------------------------------------------

Step 4, 23.58 % mass loss

Figure 3.46: TGA of PdCd(Gy)s [34], obtained by using a scan rate of 10 °C ‘mimder an inert argon
atmosphere.
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3.5.10. Thermal analysis of [Pd' Zn" (ui-OOC(CH,)sCHs).], [36]

The thermal analysis of PdZn{gl, [36], will be discussed. Focusing on solid state items,

the mesophase behaviour of PdZpj&; [36], and also the decomposition[86].

3.5.10.1.Differential scanning calorimetry, (DSC)

Figure 3.47represents the thermogram for heating and coalirfjdZn(Go)4, [36], at a heating
rate of 10 °C mift under an inert atmosphere of nitrogérable 3.31summarises the DSC data
for PdZn(Go)s, [36]. The DSC study 0of36], is consistent with smectic liquid crystalline
mesophase behaviotft.Cycle 1, has six thermal events, pétl{1) (33.89 °C, -1300 J md) is
assigned to a solid state transition &f{1) (81.67 °C, -60200 J md) is the conversion of the
crystalline solid into the smectic liquid crystatti mesophase and pad(1) (103.47 °C, -240 J
mol™?) is the melting of the smectic liquid crystallimeesophase into an isotropic liquid. Peak
C3(1) (98.09 °C, 25 J md) is the exothermic conversion of the isotropiaidjinto the smectic
liquid crystalline mesophase, with2(1) (59.88 °C, 67400 J mid) being the crystallisation of
the liquid crystalline mesophase into a crystalboéd. PealC1(1) (11.38 °C, 2600 J md) is
consistent with reordering of the long aliphati@icis into lower temperature conformations for
the crystal. Peak?2(1) differs fromH2(1) by 21.79 °C, this is due to super-cooling. Cyzle
has seven thermal events, péHk(?2) (9.40 °C, -400 J md) andH2(2) (26.57 °C, -900 J md)

are solid state transitions. PddR(2) (81.14 °C, -59700 J mid) is the endothermic conversion
of the crystalline solid into the smectic liquidystalline mesophase. The pddi(2) (106.61
°C, -60 J maf) is the melting of the smectic liquid crystallimesophase into an isotropic liquid.
PeakC3(2) (98.08 °C, 44 J md) is the exothermic conversion of the isotropiaidjinto the
smectic liquid crystalline mesophase, wi@2(2) (57.87 °C, 66100 J md) being the
crystallisation of the liquid crystalline mesophas® a crystalline solid. Peakl(2) (12.06 °C,
2500 J mol) is consistent with reordering of the long alipbathains into lower temperature
conformations fof36]. Cycle 3 has seven thermal events, pdak3) (9.06 °C, -400 J md)
andH2(3) (26.73 °C, -1200 J md) are the same solid transitions as was observeycie 2 and
M3(3) (80.97 °C, -60600 J md) is the melting of the crystallised complex. Pdadk(3)
(178.91 °C, 34800 J mid) represents the first decomposition stage of taptex. In the
cooling segment, the crystallization pe@R(3) (93.46 °C, 52000 J mid) is at a temperature
higher than that of the crystallisation peaks obsgifor cycles 1 and 2. This implies that a new
compound was generated at peBK(3) and C3(3) represents the crystallisation of this
compound. Peak€2(3) (19.55 °C, 20600 J md) and C1(3) (5.22 °C, 2100 J md) is
attributed to solid state transformations of theameposed products. Cycle 4, has four thermal
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events, however no significance is given to antheke peaks in terms of the original complex,
[36].
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Figure 3.47: DSC of PdZn(&). [36], with a scan speed of 10 °C minnder an inert atmosphere of nitrogen. The

arrow pointing left indicates the cooling segmehilerithe arrow pointing to the right indicates tresating segment.

H andC denote heating and cooling respectively, whilés associated with melting. The number in braskethe

cycle number while the middle number is the peaklimer. For examplel2(1) would indicate the second peak in

the heating segment of cycle 1. The temperatif&sare peak temperatures and the energies aralgiethAH) in

J mol*.
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Table 3.31: DSC data of PdZn((), [36], which includes the temperature (°C) and enthalpgnge (J mdj) of

each thermal event.

Peak Temperature AH Peak Temperature AH
°C J mol™* °C J mol™*
Cycle 1 Cycle 2
C1(1) 11.38 2600 C1(2) 12.06 2500
C2(1) 59.88 67400 | C2(2) 57.87 66100
C3(1) 98.09 25 C3(2) 98.08 44
H1(1) 33.89 -1300 | H1(2) 9.40 -400
H2(1) 81.67 -60200 | H2(2) 26.57 -900
M3(1) 103.47 -240 H3(2) 81.14 -59700
- - - M4(2) 106.61 -60
Cycle 3 Cycle 4
C1(3) 5.22 2100 | C1(4) 48.21 1200
C2(3) 19.55 20600 | H1(4) 19.71 -26300
C3(3) 93.46 52000 | H2(4) 108.80 -7700
H1(3) 9.06 -400 | M3(4) 120.92 -41200
H2(3) 26.73 -1200 - - -
M3(3) 80.97 -60600 - - -
D4(3) 178.91 34800 - - -

3.5.10.2.Variable Temperature Polarised Light Microscopy

Figure 3.48shows some of the images obtained during the hgeatia cooling of PdZn ()4,
[36], in atmospheric conditionsThe heating series (top row) indicates the fornmatd the
smectic liquid crystalline mesophase as observethenDSC study. The cooling segment
indicates the starting of the conversion of thérggmc liquid, 69 °C, to smectic liquid crystalline
mesophase, 61 °C, to crystallisation, 55 °C, ofi#G)4, [36].
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Heating

22 °C, crystalline soli ©. 82°C, smectic mesopha : 2 o 98 °C, isotropic liquic > 7

Cooling

69 °C, isotropic liquid to T
liquid crystal 5ol 5 61°C, smectic mesophe

Figure 3.48: Polarised light microscope pictures of PdZp)§; [36], with a heating rate of 10 °C.minunder
atmospheric conditions. Top: heating of the sanfois; 22.00 °C to 98.00 °C and Bottom: cooling fré&00 °C
to 55.00 °C.

3.5.10.3.Thermal Gravimetric Analysis, (TGA)

Figure 3.49 depicts the decomposition of PdZafG, [36], under an atmosphere of argon
utilising a heating rate of 10 °C min The decomposition proceeds via four main steps,
consisting of two larger mass loss steps (37.1328hd0 %) and two smaller mass loss steps
(4.58 and 13.00 %). The total measured mass $085.1.1 %, which correspond well with the
theoretical mass loss of 74.51 % if the decompmsiproducts that formed are Pdéhd ZnO.

Total mass loss = 75.11 %

e

1,37.13 % |
Onset 107.74°c \| Step 1,37.13 % mass loss

Step 2, 4.58 % mass loss

rs

Onset 207.21°C T Step 3, 20.40 % mass loss

Onset 238.04 'C < Step 4, 13.00 % mass loss
Onset 354.35°C N\

Figure 3.49: TGA of PdZn(Gy)s, [36], utilising a scan rate of 10 °C rifiunder argon.
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3.5.11. Thermal analysis of [Pd'Mn" (u-OOC(CH,)sCH3)4], [39]

The thermal analysis of PAMn{g, [39], will be discussed. Focusing on solid state items,

polymorphism and also the decomposition thereof.

3.5.11.1.Differential scanning calorimetry, (DSC)

Figure 3.50 depicts the DSC thermogram for the heating andirapaf PdMn(Gg)s, [39],
utilising a heating rate of 10 °C mirunder a nitrogen atmospher€able 3.32summarises the
DSC data for PAMn(£g)4, [39].

Cycle 1, has four thermal events, two in the cgpkegment and two in the heating segment.
H1(1) (37.38 °C, -46500 J md) can be interpreted as a solid state transitioievifi2(1) (62.95

°C, -18100 J mdl) is the melting of the sample. In the coolingraegt of cycle 1C2(1) (9.90

°C, 31100 J mdl) represents crystallisation of the isotropic lijui The difference between
M2(1) andC2(1) is 53.05 °C, this is an indication of super-coglinThe second cooling peak
C1(1) (-9.95 °C, 18900 J md} in cycle 1, can be interpreted as reorderingheflong aliphatic
chains of the complex, most probably into unstgiolymorphs.

Cycle 2 has ten thermal events, two in the coofiegment and eight in the heating segment.
However, the major transitions correspond to tradssent in cycle 1. From the heating segment,
it is evident that three low temperature polymorpigst due to solid state transitions. Peaks
H1(2) (-8.68 °C, -1600 J md) and H2(2) (2.00 °C, 500 J md) is considered to the first
polymorph. Peak$i3(2) (10.99 °C, -1900 J md) and H4(2) (19.21 °C, 5000 J md) is
considered to be the second polymorph. R5(2) (30.76 °C, -43400 J md) is assigned to be
the partial melting of the second polymorph, whalko includes most di39]. PeakH6(2)
(59.47 °C, -8000 J md) is the melting of the last polymorph, whité7(2) (66.19 °C, 2500 J
mol™?) is the crystallisation of this polymorph. PedB(2) (77.67 °C, -2400 J mo) is assigned

to be the final melting 0f39]. In the cooling segment of cycle 2, two therme¢rgs are
observedC1(2) (-10.10 °C, 20600 J.nmid) andC2(2) (8.67 °C, 30600 J md). PeakC2(2)is the
crystallisation of the isotropic liquid and1(2) is a solid state transition of the complex. The
crystallisation peakt2(2) is observed at a much lower temperature thanothiéie melting peak,
this is attributed to super-cooling. Cycle 3 hamg) possibly eleven identifiable thermal events,
ten in the heating segment and one in the coolegment. In cycle 3 the creation of
polymorphs is again evident from the heating segmath partial melting at peak5(3) (30.75

°C, -77900 J mal), this peak however has two shoulders to thealedt to the right of the peak.
These thermal events can be attributed to thegbantelting of the polymorph created earlier in
the heating segmenD10(3) (170.22 °C, 11900 J nid) represents the partial decomposition of
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the complex. During the cooling segment of cycleng peak is observed which is attributed to
the crystallisation of a mixture of isotropic ligisi (including the partial decomposition
products). It is not regarded as a representatneaningful thermal event related[89]. Cycle
4,H1(4) (31.59 °C, -17800 J md) is the melting of the residual portion of the aning[39]
after decomposition. Peaki2(4) (60.60 °C, -7600 J mo), H3(4) (68.32 °C, 2000 J md) and
M4(4) (80.89 °C, -14200 J md) is identifiable as polymorphism and melting mxstpvely even
after partial decomposition occurred. No coolihgrinal event is observed as the complex was

completely decomposed @d. 225 °C.

exo
c1(1),-9.95°C  {|c2(), 9.90°C
AH(18900 AH(31100 <— Cycle 1 endo
—
H1(1), 37.38 °C M2(1), 62.95 °C H4(2)
AH(-46500) AH(-18100) 19.21°C H7(2)
Ho@) — AH(5000) 66.19 °C
200 °C AH(2500)

C1(2),-10.10° AH(500
AH(20600 ?hlcza), 8.67 °C s T ME)
AH(30600 €&— 7767 °C
E
| S Cycle 2 : H6(2) AH(-2400)
AH(-1600) AH( 1900) 59.47
AH(- 8000)
H5(2)
30.76 °C
50 AH(-43400
mwW C1(3), 10.82 H8(3)
H6(3) 65.98 °C
AH(38200 e
— Cycle 3 o PO o0y AH(1200)
D10(3) 250 °C Alﬁééof) """""" ~ M
170.22 °C AH(600! H7(3) 77.62°C
AH(11900) }, 59.76 °C  AH(-3100)

H1(3) H3(3)
-7.15°C 11.49°C
AH(-1000) AH(-4000)

H5(3)

30.75°C
AH(-77900)
I, Cycle 4

) M4(5)
H1(4), 31.59 °C 80.89 °C
AH(-17800 X H2(4) AH(-14200)

60.60 °C _13(4)

” 68.32 °C
AH(7600° 15000

50 0 50 100 150 200 250  300°C
Figure 3.50: DSC ofPdMn(C,o)s, [39], with a scan speed of 10 °C mlinnder an inert atmosphere of nitrogen. The
arrow pointing left indicates the cooling segmehile/the arrow pointing to the right indicates tresating segment.
H andC denote heating and cooling respectively, wMlés associated with melting. The number in bragkethe
cycle number while the middle number is the peakimer. For examplel6(3) would indicate the sixth peak in the
heating segment of cycle 3. The temperaturesdf€peak temperatures and the energies are eeth@ipf) in J

mol™.
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Table 3.32: DSC data oPdMn(Gy)a, [39], which includes the temperature (°C) and enthalpgnge (J md) of

each thermal event.

Peak Temperature AH Peak Temperature AH
°C J mol* °C J mol™
Cycle 1 Cycle 2
C1(2) -9.95 18900 C1(2) -10.10 20600
C2(2) 9.90 31100 C2(2) 8.67 30600
H1(1) 37.38 -46500 H1(2) -8.68 -1600
M2(1) 62.95 -18100 H2(2) 2.00 500
- - - H3(2) 10.99 -1900
- - - H4(2) 19.21 5000
- - - H5(2) 30.76 -43400
- - - H6(2) 59.47 -8000
- - - H7(2) 66.19 2500
- - - M8(2) 77.67 -2400
Cycle 3 Cycle 4
C1(3) 10.82 38200 H1(4) 31.59 -17800
H1(3) -7.51 -1000 H2(4) 60.60 -7600
H2(3) 2.50 600 H3(4) 68.32 2000
H3(3) 11.49 -4000 M4(4) 80.89 -14200
H4(3) 19.21 1036 - - -
H5(3) 30.75 -77900 - - -
H6(3) 45.95 600 - - -
H7(3) 59.76 -6100 - - -
H8(3) 65.98 1200 - - -
M9(3) 77.62 -3100 - - -
D10(3) 170.22 11900 - - -

3.5.11.2.Variable Temperature Polarised Light Microscopy

Figure 3.51 shows the heating and cooling of PdMi)&; [39], the heating segment, cycle 1,
illustrates the melting of the crystalline solid&ft °C. The cooling segment, cycle 1, indicates

the initial stages of crystallisation at 35 °Ctld isotropic liquid to the crystalline solid at ZD.

The heating segment, cycle 2, confirms the polymism, observed in the DSC study, see

Figure 3.5Q
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The image labelled 50 °C, confirms the partial mglof PAMn(Go)s, [39], at peakd6(2). The
images labelled 61 °C, 73 °C and 75 °C, confirnes pleaksH7(2) (cold crystallisation) and
M8(2) (melting to the isotropic liquid) sé¢ggure 3.5Q

Heating segment, cycle 1

8C °C, isotropic liquic

VRS : e 3 “\ 75 °C, melting of
61 °C, crystallisation 73 °C, melting of polymorph into an
and crystallisefB9] of the polymorph the polymorph isotropic liquid

Figure 3.51: Polarised light microscope pictures BEMn(Go)s, [39], with a heating rate of 10 °C mirunder
atmospheric conditions. The heating cycle 1, éstthating of the sample from 26 °C to 80 °C andiegaycle 1,
is the cooling from 35 °C to 20 °C. The heatingreent cycle 2, confirms the polymorphism observethe DSC
study.
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3.5.11.3.Thermal Gravimetric Analysis Pd"Mn" (ui-OOC(CH,)sCHa)d], [39]

Figure 3.52shows the TGA thermogram of PdMnz, [39]. Mass loss occurs in four steps.
The total measured mass loss is 67.14 % which sporels well with PdO and M@; as final
decomposition products. Theoretically a mass td<€6.88 %, would result exclusively in PdO
and MnOs. The first step is the largest mass loss (38.1 Whtle the other three are small mass
losses of 9.06, 17.96 and 1.95 %, respectively.

Total mass loss = 67.14 %

[,h-i-r—'__* ’ \
Onset 99.5.C Step 1, 38.17 % weight Ic

! ) Step 2, 9.06 % weight loss
Onset 235.6¢C N Step 3, 17.96 weight loss

Onset 278.5°C \ Step 4, 1.95 % weight loss
Onset 328.0°C

Figure 3.52: TGA of PdMn(Cyo)s, [39], utilising a scan rate of 10 °C riimnder a argon atmosphere.
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3.5.12. Thermal analysis of [Pd' Cu" (u-OOC(CH,)sCH3)4], [40]

The thermal analysis of PdCu, [40], will be discussed. Focusing on solid state items,

polymorphism and also the decompositiori4df].

3.5.12.1.Differential scanning calorimetry, (DSC)

Figure 3.53 represents the DSC thermogram for the heatingcanting of PdCu(G)4, [40],
utilising a heating rate of 10 °C miinunder an inert nitrogen atmospherelable 3.33
summarises the DSC data for PdCuj,; [40].

Cycle 1 has two thermal events, one in the heaagment and one in the cooling segment.
M1(1) (76.60 °C, -59300 J mid) is the melting peak d#0] and shows a small shoulder to the
right of the peak, peaR1(1) (45.62 °C, 27800 J md) is the crystallisation peak of the isotropic
liquid to the crystalline solid state. The cryksaltion peak is at a much lower temperature than
the melting peak which indicates super-cooling.

Cycle 2, has five thermal vents. Pe#&ks(2) (-25.47 °C, -1500 J md) andH2(2) (-7.43 °C,
2100 J mot) indicating melting and crystallisation of a loemperature polymorph respectively.
This thermal event is followed by a solid staterdeoing of the crystal prior to melting at peak
H3(2) (12.39 °C, -6300 J md). During cycle 2, the melting pedk4(2) (93.42 °C, -25100 J
mol™) is nearly half oM1(1). This indicates less material was available fettimg, but it is not
necessarily due to decomposition. More likelysidue to the bulkiness of the original sample
and large gas pockets between the original powdesedtles. This view is supported when one
observes that pedl4(2) of cycle 2 and peakl4(3) of cycle 3 exhibits almost the same energy
absorption. The crystallisation of the isotropguld is observed at pedkl(2) (43.78 °C, 28200

J molh).

Cycle 3 has six thermal events, withi(3) (-25.46 °C, -2300 J mo) andH2(3) (-5.60 °C, 4500

J mol') indicating melting and crystallisation of a lowniperature polymorph respectively.
This event is followed by a solid state reordemfighe crystal prior to meltinyl4(3) (93.41 °C,
-25500 J mot) indicated byH3(3) (12.38 °C, -4400 J mo). The cooling segment of cycle 3
has two cooling events pe&l2(3) (38.79 °C, 18600 J md) represents the crystallisation from
the isotropic liquid to a crystalline solid a@i(3) (6.19 °C, 19100 J md) is an exothermic
solid state transition.

Cycle 4 shows two thermal events in the heatingnesy at peaki1(4) (17.66 °C, -17900 J mol

) andM2(4) (94.40 °C, -9700 J md) followed by destructive decomposition of the cdexp
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above 205 °C. No thermal event in the cooling sagns observed implying the complex was

completely destroyed in the heating segment ofec¥cl
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H3(2)
12.39°C
AH(-6300
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C1(3), 6.19 °C
AH(19100
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H1(3) 12.38 °C
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Figure 3.53: DSC of PdCu(&y)., [40], utilising a scan speed of 10 °C miander an inert atmosphere of nitrogen.
The arrow pointing left indicates the cooling seginghile the arrow pointing to the right indicatbée heating
segment.H andC denote heating and cooling respectively, whlés associated with melting. The number in
brackets is the cycle number while the middle nunidbéhe peak number. For exampl2(3) would indicate the
second peak in the heating segment of cycle 3. tdihperatures (°C) are peak temperatures and grgien are

enthalpies AH) in J mot.
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Table 3.33: DSC data of PdCu(@)., [40], which includes the temperature (°C) and enthalmgnge (J md) of

each thermal event.

Peak Temperature AH Peak | Temperature AH
°C J mol™ °C J mol™
Cycle 1 Cycle 2
C1(1) 45.62 27800 C1(2) 43.78 28200
M1(1) 76.60 -59300 H1(2) -25.47 -1500
- - - H2(2) -7.43 2100
- - - H3(2) 12.39 -6300
- - - M4(2) 93.42 -25100
Cycle 3 Cycle 4
C1(3) 6.19 19100 H1(4) 17.66 -17900
C2(3) 38.79 18600 M2(4) 94.40 -9700
H1(3) -25.46 -2300 - - -
H2(3) -5.60 4500 - - -
H3(3) 12.38 -4400 - - -
M4(3) 93.41 -25500 - - -

3.5.12.2.Variable Temperature Polarised Light Microscopy

Figure 3.54showes the images of the heating and coolingdu(Gg)4, [40]. The series at the
top shows how PdCu(g)s, [40], melts from a solid (21.00 °C) to an isotropiailat (98.00 °C).
The series of images at the bottom shows the apélom an isotropic liquid to crystallisation at
61.00 °C.

Heating

L

L)

4 " ‘- A v . > . E. e - e
LA 9 s v
0 Y . Ol £ o e - wiia Wia
o 76 °C, initial stage of melting & 98 °C, isotropic liquid

i 4

i :
r 21 °C, crystalline solid ‘

Cooling

61 °C, crystalline solid

;‘ 67 °C, initial stage of crystallisation

Figure 3.54: Polarised light microscope pictures of PdCuJ40] obtained by using a heating rate of 10 °C in
under open atmospheric conditions. Top: heatinthefsample from 21 °C to 98 °C and Bottom: coofirogn 67
°Cto 61 °C.
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3.5.12.3.Thermal Gravimetric Analysis

The TGA curve for PdCu({g)4, [40], obtained under an argon atmosphere, is shoviAigure
3.55. The decomposition d#0] proceeds in one global pyrolytic process compgigih many
overlapping steps. The total measured mass los&.B4 % and correlates well with the
theoretical mass loss of 76.35% if only PdO and @uformed.

L
Onset 134.31°C

mg Total weight loss = 77.24 %

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 C

Figure 3.55: TGA of PdCu(Go)s, [40], with a scan rate of 10 °C mirunder an argon atmosphere.
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3.6. Electrochemistry

The oxidation and/or reduction potentials of ak tiedox active metal centres of the following
selected synthesised mono- and mixed-metal carbtidgl complexes were explorgtt4], [19-
22], [23], [29], [30], [32], [34], [36], [39], [41] and[42]. An attempt was then made to quantify
the electronic influences of the different metald ahain lengths of the carboxylatido ligands on
the oxidation and/or reduction potential of themedctive metal centres of these compounds.

3.6.1. Cyclic voltammetry of circular tripalladium hexa-
carboxylatido complexesPd;(Ce)s [1], Pd(Cg)e [2], Pdi(Cip)s [3],
Pds(C12)s [4] and Pdy(C2)s [42]

The cyclic voltammetry of all the circular tripallmm hexacarboxylatido complexes [dfF4]
and[42] are shown ifFigure 3.56 The CV data are summarisedliable 3.34

[
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14 p

10
Pdy(Ce)s [1]

Relative Current / pA

s k
s k
Pds(Ce)s [2]
4k
Pdy(Ci0)s [3]
2k
o k Pds(Cy12)s [4]
2k I
_4 '] 1 ']
-1800 -800 200 1200

Potential / mV vs. FcH/FcH*

Figure 3.56: Comparative cyclic voltammograms of a 0.5 mmol¥solution of[1-4] and[42] in DCM. With 0.1
mol dm® [NBu,][PF¢] as supporting electrolyte and using a glassyarasorking electrode at 25 °C. Scan rate of
100 mV §" with ferrocene as internal standard. The oxidati@ve is labelled ad and the reduction wave is

labelled ag. Scan direction is indicated.
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Cyclic voltammograms dfL-4] and[42] are shown irFigure 3.56with a scan rate of 100 mV s

! of a 0.5 mmol dii solution, at 25 °C in DCM. With ferrocene as intd standard and 0.1 mol
dm?® supporting electrolyte, [NBJ[PFs]. Two redox processes are observed in the CV's of
Figure 3.5 is associated with the redox centreqlefl] and[42], together with the internal
standard FcH/FcHcouple. These are the cathodic waves labeélkd-1.384< E,.< -1.063 mV
and the anodic wave labellédat -824< Ey,< -578 mV. Waves$ andA are not associated with
the carboxylatido reduction, these occur at faratigg potentials (outside the solvent window of
DCM). This leaves only the Pd(ll) centre as theoseactive species ifi-4] and[42]."> This
leads us to assigwave | as the reduction of Bd— Pd andwave A as the oxidation of
PP — Pd'. In all cases the redox process is chemicalvrsible becausgi,a < 0.48 and
electrochemically irreversible becaugeE, = Epa — B¢ > 327 mV, for electrochemical
reversibility the difference in peak potential hase 59 m\K AE, < 95 mV.

The length of the aliphatic chain of the carboxdatligand clearly has an influence on the
position of the oxidation and reduction peaks, Biggire 3.56 and Figure 3.57. The general
trend that was observed is that, as the chainheingteases the oxidation potentia}sEjoes to
more negative values. This implies that a longmirc length makes oxidation of the palladium
metal centre increasingly difficult. The reductipotential, k. is more complex, and the
correlation graph between the chain length apgli& V-shaped. Up to a chain length of eight
carbons the reduction potential of the palladiumaineentre goes to more negative values and
for ten and twelve carbon atom chain lengths, #auction potential shifts to less negative
values. Therefor@42], [1] and[2] becomes increasingly difficult to be reduced, @f#] and

[4] becomes easier to be reducedBigare 3.57
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Figure 3.57: Correlation graph for the chain length[d$4] and[42] against the oxidation and reduction potentials.
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Figure 3.58: The cyclic voltammograms of a 0.5 mmol disolution of P&(Cy)g, [3], in DCM. With 0.1 mol drii
[NBu,][PF¢] as supporting electrolyte using a glassy carborking electrode at 25°C. Scan rates of 100, 200,
400 and 500 mV-5with ferrocene as internal standard. The oxidatiave is labelled a& and the reduction wave
is labelled a$ and the scan direction is indicated.

It can be observed that varying the scan rate doegrovide any extra information about the

reduction and oxidation of palladium, degure 3.58

15 C. Amatore, E. Carré, A. Jutand and M. A. M' BaBrganometallics, 1995,14, 1818
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Table 3.34:CV data of the circular tripalladium hexacarboxigla complexe$l1-4] and[42] with scan rates of 100,

200, 300, 400 and 500 m\ts

Pay(Co)e, [1] | Epe(MV), [ Epa(MV), AE, EmV) [ ine(uA) ipa(HA) | ipclipa
Wave | Wave A
100 -1241 -760 481 -1000 0.71 1.67 0.43
200 -1349 -726 623 -1038 0.68 2.24 0.30
300 -1423 -700 723 -1061 0.89 2.50 0.3b
400 -1474 -666 807 -1070 0.83 2.71 0.31
500 -1513 -639 874 -1076 0.83 3.13 0.2Y
Pay(Co)e, [2] | Epe(MV), | Epa(mV), AE, EmV) | ipe(uA) ipa(HA) | ipcfipa
Wave | Wave A
100 -1384 -698 686 -1041 5 18.5 0.27
200 -1407 -632 775 -1020 6 26.8 0.22
300 -1466 -606 849 -1031 7.2 31 0.23
400 -1488 -582 906 -1035 6.2 35 0.14
500 -1531 -558 973 -1044 8.5 36 0.24
P0y(Ci0e [8] | Epc (MV), | Epa(mV), AE, EmV) | ipe(uA) ipa(HA) | ipcfipa
Wave | Wave A
100 -1172 -824 348 -998 0.43 1.01 0.48
200 -1228 -759 469 -994 0.43 1.38 0.31
300 -1265 -711 554 -088 0.57 1.35 0.42
400 -1355 -661 694 -1008 0.57 2.33 0.24
500 -1431 -646 784 -1038 0.58 2.71 0.21
P0y(C1s [4] | Epc (MV), | Epa(mV), AE, EmV) | ipe(uA) ipa(HA) | ipclipa
Wave | Wave A
100 -1128 -801 327 -964 0.21 0.87 0.24
200 -1148 -739 409 -943 0.25 1.15 0.22
300 -1161 -711 450 -936 0.23 1.30 0.18
400 -1171 -689 482 -930 0.25 1.42 0.18
500 -1178 -668 512 -922 0.29 1.5 0.19
Pdy(Co)e [42] | Epc (MV), Epa (MV), AE, E°(mV) ipc (MA) ipa(MA) | ipdlipa
Wave | Wave A
100 -1063 -578 484 -820 0.22 0.45 0.48
200 -1107 -503 604 -805 0.17 0.41 0.41
300 -1149 -470 679 -809 0.16 0.77 0.21
400 -1234 -430 804 -832 0.21 0.8 0.27
500 -1296 -388 908 -842 0.19 0.95 0.20

3.6.2. Cyclic voltammetry of mixed-metal

paddlewheel complexes

palladium cobalt

The cyclic voltammetry of all the mixed-metal pdilam cobalt paddlewheel carboxylatido
complexeq19-22] and[29] are shown irFigure 3.59and the corresponding data are shown in
Table 3.35
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Figure 3.59: The comparative cyclic voltammograms of a 0.5 muhwi® solution of[19-22] and[29] in DCM.
With 0.1 mol dn? [NBu4][PF¢] as supporting electrolyte using a glassy carborkimg electrode at 25 °C. Scan rate

100 mV &' with ferrocene as internal standard. The redoatiave is labelled ds Scan direction is indicated.

In all the cyclic voltammograms di9-22] and [29] only one reduction wave was observed
labelled asvavel. No oxidation peak is observed implying the regoocess is chemically and
electrochemically irreversible. This reduction wa¢ assigned, in accordance with the data
obtained from the palladium electrochemistry disedsin paragraph 3.6.1, to the'Re Pd
reduction process. Values for the reduction df PdPd, were found to be -1396 m¥ E,, <
-1329 mV.

No peaks could be identified for the oxidation arduction of the cobalf In general, the
reduction potential of the palladium i19-22], shifts to more negative values when it is

complexed with cobalt, s@@able 3.34andTable 3.35for comparison.

8 p. Bhyrapa and V. Krishnamorganic Chemistry, 1991,30, 239
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The influence of the cobalt in [P@0" (u1-OOC(CHy)16CHs)s] [22] on the oxidation potential of
the palladium is evident from the shift to more a@ge values for the complexes.E
[Pds(1-OOC(CHy)10CHa)g] = -1128 mVwhile, By, [Pd'CA" (u1-OOC(CHy)19CHs)4] = -1338 mV.

The increased electron density on the palladiummataoe to the cobalt atom shifts the reduction
wave to more negative values. This shows thaetlsegood electronic communication between
the two metals through the carboxylatido ligands.

Also the presence of the cobalt within the compda8-22] decreases the electron density on
the palladium atom. As the carbon chain lengtheases the reduction potentials shifts to less
negative values making the palladium atom easidretseduced sekigure 3.61 The cyclic
voltammograms of PdCo(g)s, [21], are shown irFigure 3.6Q at scan rates of 100, 200, 300,

400 and 500 mV'%s No extra information could be obtained from thésster scan rates.

8
< PACO(Ga) [21]
> s
c
i 5
} S
S ¢
2 3
=
Q 2
&J wave I, Pd" — Pd°
1 . . f .
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Figure 3.60: The cyclic voltammograms of a 0.5 mmol:dmolution of PdCo(g)a, [21], of in DCM. With 0.1
mol.dm? [NBu,][PF¢] as supporting electrolyte with a glassy carb@tibde at 25 °C. Scan rates of 100, 200, 300,
400 and 500 mV 5with ferrocene as internal standard. The reducii@ve is labelled as. Scan direction is

indicated.

The general trend is a decrease in the negativectied potential of PH— Pd as the aliphatic
chain length of the carboxylatido ligand increasegFigure 3.62
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Figure 3.61: The correlation graph of the chain length of [BEOOC(CH,),CHs)4] where n =0, 4, 6, 8 and 10
against the reduction potentials of the palladitomafor the 500 mV $scan rate.

Table 3.35:CV data of palladium cobalt mixed-metal paddlewhmeboxylatido complexeg19-22] and[29] at
scan rates of 100, 200, 300, 400, 500 mV s

PACO(Co), [19] | Enc(MV), | ipc(HA)
Wave |

100 -1396 0.63

200 -1408 0.82

300 -1418 1.00

400 -1430 1.16

500 -1438 1.28

PdCo(Cs)a, [20] Epc (MV), ipc (HA)
Wave |

100 -1376 0.43

200 -1383 0.45

300 -1403 0.52

400 -1421 0.66

500 -1429 0.73

PACO(Cios, [21] | Boe (MV), | ipc(MA)
Wave |

100 -1329 0.54

200 -1373 0.60

300 -1362 0.73

400 -1409 0.85

500 -1420 1.27

PdCo(Cy2)s, [22] Epc (MV), ipc (HA)
Wave |

100 -1338 0.24

200 -1354 0.29

300 -1381 0.33

400 -1392 0.36

500 -1411 0.49

PACO(C)s [29] | Enc(MV), | ipc(HA)
Wave |

100 -1323 0.31

200 -1329 0.76

300 -1344 0.33

400 -1353 1.20

500 -1346 1.58
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3.6.3. Cyclic voltammetry of short-chain mixed-metal paddéewheel
acetatido complexes

The cyclic voltammetry of the mixed-metal paddleelhacetatido complexes PdZnjg; [23],
PdMn(G), [30] and PdCe(G)4" [32], will be discussed in this section. The CV data ar
summarised imable 3.36

3.6.3.1. Cyclic voltammetry of [Pd" Zn" (n-OOCCH5),], [23]

Cyclic voltammograms of PdZnglz, [23], are depicted irFigure 3.62 The complex was
dissolved in DCM having a concentration of 0.5 mrdoi® at 25 °C. Ferrocene was used as
internal standard and 0.1 mol drsupporting electrolyte, [NBJ[PF¢]. Utilising a scan rate of
100, 200, 300, 400 and 500 mV.s
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Figure 3.62: Comparative cyclic voltammograms of a 0.5 mmolsolution of PdZn(§), [23], in DCM. With
0.1 mol dn® [NBuy][PF¢] as supporting electrolyte and a glassy carborkingrelectrode at 25 °C. Scan rate of
100, 200, 300, 400 and 500 mV and ferrocene as internal standard. The reduet@ve is labelled as a bold

roman numeral and the oxidation wave is labelled bsld capital letter. Scan direction is indicated

FromFigure 3.62 it can be observed that PdZn)£;[23], has two redox waves, one oxidation
wave labelledA (1080 mV), and one reduction wave labelle@1330 mV).
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The oxidatiorwave A can only be the oxidation of P> Pd¥.}” This is because, Zn(lIl) does
not have any oxidation number higher than'%2The reductionwave | can be assigned to
Pd' - Pdreduction. Following the Pd— Pd" oxidation awaveA, all the Pd(IV) species that
was produced, diffuses away from the electrodeis ®hly allows for P4 — Pd reduction at
wavel. The redox process for PdZnj4; [23], is chemically and electrochemically irreversible.
No reduction half waves was observedvii@ve A and no oxidation half waves was observed for
wavel. The wave marked is not a redox process, and was confirmed by Qsteng square

wave voltammetry.

3.6.3.2. Cyclic voltammetry of [Pd"Mn" (u-OOCCH5),], [30]

Cyclic voltammograms of PdMni, [30], are illustrated irFigure 3.63 The complex was
dissolved in DCM having a concentration of 0.5 mrdni® at 25 °C. Ferrocene was used as
internal standard and 0.1 mol drsupporting electrolyte, [NBJ[PF¢]. Utilising a scan rate of
100, 200, 300, 400 and 500 mV.s

24 Wave B, P¢' — PdV

<

=

~~ PdMnN(C)4, [30]
2 19

()

S

S

=

o

S 14

=

L

)

o

9 L 'l L L 'l 'l L L

-700 -450 -200 50 300 550 800 1050 1300
Potential / mV vs. FcH/FcH®

Figure 3.63: Comparative cyclic voltammograms of a 0.5 mmol®dsolution of PAMn(§),, [30], in DCM. With
0.1 mol dn? [NBu,][PF¢] as supporting electrolyte and a glassy carborkingrelectrode at 25 °C. Scan rate 100,
200, 300, 400 and 500 mV* with ferrocene as internal standard. The oxidatiaves are labelled as bold capital

letters. Scan direction is indicated.

"D. B. Nicholas, J. F. Kampf and M. S. SanfatdAm. Chem. Soc. 2010,132, 2878
8 A. Cotton, G. Wilkinson and P.L. Galasic Inorganic Chemistry, John Wiley and sons, inc, 199%’, 294.
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The complex, PdMn(&,4, [30], exhibits two oxidation waveéA (695 mV) andB (935 mV).
Conradie and Freitag reported, M — Mn"' oxidation at a potential 0620 mV, for the
Mn(CH3;COCHCOCHE)3; complex. The redox process for PAMg(C[30], is chemically and
electrochemically irreversible, as no reductionf vehves are observed for wavés and B.

" oxidation, whilewave B is assigned to the Pd- Pd"

Wave A is assigned to the Mn— Mn
oxidation. WaveB (935 mV) is only clearly observed for the 100, 200 and B00s™ scan rate,
seeTable 3.36 No Pd reduction was observed at large negative potsniiihin the potential

range that DCM as solvent allows.

3.6.3.3. Cyclic voltammetry of [Pd" C€" (n-OOCCH3).]", [32]
Cyclic voltammograms of PdCef)g *, [32], are depicted irfFigure 3.64 The complex was
dissolved in DCM having a concentration of 0.5 mmioi® at 25 °C. Decamethyl ferrocene

(Fc*) was used as internal standard and 0.1 mof agmpporting electrolyte, [NBJ[PFg].
Utilising a scan rate of 100, 200, 300, 400 and B80s .

13

" " PdCe((2)4+ [32]
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Figure 3.64: The cyclic voltammograms of a 0.5 mmol dreolution of PdCe(g,", [32], of in DCM. With
0.1 mol.dn® [NBu,][PF¢] as supporting electrolyte and a glassy carboctrelée at 25 °C. Scan rates of 100, 200,
300, 400 500 mV Swith decamethyl ferrocene as internal standarde fduction waves are labelled as bold
roman numerals and the oxidation wave is labelted bold capital letter. Scan direction is indidaténsert, (right)

illustrating the weak reductiomavell .

The complex, PdCe(l’, [32], shows an electrochemically reversible but chellyica

irreversible redox process at abdidD mV.
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Oxidation and reduction half waves are labeke(b14 mV)andl (424 mV), with AE = 90 mV
andipdipa = 0.48at 100 mVS scan rate for the complex. The oxidatigave A is assigned to
the C&' — CéY oxidation andvavel, is assigned to the reduction of Ce> Cé" in accordance
with published datd’ Although not visible in the scan with the decamyktferrocene as
reference a weak broad reductiwavell (-1555,estimatedlis observed in the scan without the

reference if the y-axis is enlarged. This redacpss is assigned to the reduction df PdPd.

Table 3.36: CV data of the mixed-metal paddlewheel acetatidmpmlexes PdzZn(g, [23], PAMn(G), [30] and
PdCe(G)," [32] utilising scan rate of 100, 200, 300, 400, 500 si\are shown.

PAZn(C2)s [23] | Ea(MV), | ipa(MA) [ Epe(MV), | ipc(WA) | - - :
Wave A Wave |
100 1080 1.45 -1330 0.73 - - -
200 1085 2.78 -1355 0.59 - - -
300 1112 3.56 -1394 0.66 - - -
400 1120 4.35 -1390 0.79 - - -
500 1138 5.28 -1369 0.86 - - -
PAMN(C2)s, [30] | Ena(MV), | ipa(MA) | Epa(MV), | ipa(A) | - - :
Wave A Wave B
100 664 0.28 935 0.29 - - -
200 672 0.49 950* 0.12* - - -
300 683 0.57 962* 0.05* - - -
400 690 0.68 - - - - -
500 692 0.69 - - - - -
PACe(C)s, [32] | Ea(MV), | Exe(mV), | AE [ E"(MV) | ipa(HA) | ipe(HA) | ipclipa
Wave A Wave |
100 514 424 90 469 0.27 0.13 0.48
200 518 425 93 472 0.42 0.17 0.40
300 524 370 154 447 0.54 0.13 0.24
400 540 379 162 460 0.67 0.17 0.25
500 546 385 162 465 0.79 0.18 0.23
PdCe(G)s", [32] | Ene (mV), : - - - : -
Wave I
100 -1555* - - - - - -
200 -1588* - - - - - -
300 -1613* - - - - - -
400 -1636* - - - - - -
500 -1663* - - - - - -

*Estimated values

9R. Freitag and J. Conradiglectrochimica Acta, 2015,158 418.
2 A, Paulenova, S. E. Creager, J. D. Navratil antVéi, Journal of Power Sources, 2002,109, 431



Chapter 3 RESULTSAND DISCUSSION 143

3.6.4. Cyclic voltammetry of aliphatic long-chain mixed-meal paddlewheel
carboxylatido complexes

The cyclic voltammetry of mixed metal paddlewhesiboxylatido complexes PAdCd{fy, [34],
PdZn(Go)s) [36], PAMNn(Go)4 [39] and PdCe()s" [41] will be discussed, and the CV data are
tabulated inrable 3.37

3.6.4.1. Cyclic voltammetry of [Pd" Cd" (un-OOC(CH,)sCH3)J], [34]

Cyclic voltammograms of PdCd{(g)., [34], are depicted irFigure 3.65 The complex was
dissolved in DCM having a concentration of 0.5 mmdoi® at 25 °C. Decamethyl ferrocene
(Fc*) was used as internal standard and 0.1 mof dmmpporting electrolyte, [NBi[PFe).
Utilising a scan rate of 100, 200, 300, 400 and B80s .
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Figure 3.65: The cyclic voltammograms of a 0.5 mmol drsolution of PdCd(G)s [34], in DCM. With
0.1 mol dn? [NBu,J[PFs] as supporting electrolyte and a glassy carborkingrelectrode at 25 °C. Scan rates of
100, 200, 300, 400 and 500 mV with decamethyl ferrocene (Fc*) as internal staddalhe reduction wave is
labelled as a bold roman numeral and the oxidatiame is labelled as a bold capital letter. Scaedtion is

indicated.

For the PdCd(€)s, [34], complex, one irreversible oxidation and one iemsible reduction
wave was observed. The oxidatiovave A (226 mV) is assigned to the oxidation of
Pd' - PdY. This is because, the highest oxidation numb&dis +2*2
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The reductionwave | (-1339 mV) is assigned to the Pd> Pd reduction similar to previous
assignments. After the Pd— Pd" oxidation atwave A, all the Pd(IV) species that was
produced diffuses away from the electrode. Thik @tlows for the P — Pd reduction
process atvave I. For the PdZn(§., [23], the oxidation of Pl— PdY was assigned,080
mV, while the oxidation of Pd— Pd" for PACd(Go)s, [34], was assigned @26 mV. The
cadmium atom, together with the electron donatimgperty of the aliphatic long-chains
decreased the Pd- Pd" oxidation potential by54 mV, confirming communication between

the palladium and cadmium atoms.

3.6.4.2. Cyclic voltammetry of [Pd" Zn" (n-OOC(CH,)sCHs).], [36]

Cyclic voltammograms of PdZn{g), , [36], are depicted irFigure 3.66 The complex was
dissolved in DCM having a concentration of 0.5 mrdni® at 25 °C. Ferrocene was used as
internal standard and 0.1 mol drsupporting electrolyte, [NBJ[PF¢]. Utilising a scan rate of
100, 200, 300, 400 and 500 mV.s
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Figure 3.66: The cyclic voltammograms of a 0.5 mmol drsolution of PdZn(&). [36], in DCM. With
0.1 mol dn? [NBu,J[PFs] as supporting electrolyte and a glassy carborkingrelectrode at 25 °C. Scan rates of
100, 200, 300, 400 and 500 mV\ith ferrocene (Fc) as internal standard. The cédn wave is labelled as a bold
roman numeral and the oxidation wave is labelled bgld capital letter. Scan direction is indichte
Electrochemical studies of PdzZn@a, [36], illustrates one irreversible oxidation and one
irreversible reduction wave. Two redox processespxidation wave labelled (1066 mV),

and one reduction wave labelle@1460 mV). Oxidation waveA can only be the oxidation of
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Pd' — Pd".?* This is because Zn(ll) does not have any oxidatiomber higher than +2.

The reductionwave | is assigned to the Pd— Pd reduction. Following the Pd— Pd¥
oxidation atwaveA, all the Pd(IV) species that was produced, difuseay from the electrode.
This only allows the Pd— Pd reduction process. Redox process for PdZg4C[36], is
chemically and electrochemically irreversible besmain both redox processes no reduction half
wave was observed fowave A and no oxidation half wave was observed Voave |.
Comparing the reduction potential of 'Pd» Pd, of PdzZn(G)s [23] (-1330 mV) and
PdZn(Go)s, [36], (-1460 mV)the reduction potential shifts to more negativeugal confirming
the electron donating property of the decanoatightnatic chain.
3.6.4.3. Cyclic voltammetry of [Pd"Mn" (un-OOC(CH,)sCH3)J], [39]
Cyclic voltammograms of PdMng)4, [39], are depicted irFigure 3.67. The complex was
dissolved in DCM having a concentration of 0.5 mrdoi® at 25 °C. Ferrocene was used as
internal standard and 0.1 mol drsupporting electrolyte, [NBJ[PF¢]. Utilising a scan rate of
100, 200, 300, 400 and 500 mV.s
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Figure 3.67: The cyclic voltammograms of a 0.5 mmol.dsolution of PAMn(Gy)4, [39] of in DCM. With 0.1 mol
dm* [NBugJ[PFg] as supporting electrolyte and a glassy carborkiwgrelectrode at 25°C. Scan rates of 100, 200,
300, 400 500 mV 5with ferrocene as internal standard. The oxidatianes are labelled as bold capital letters and
the reduction wave is labelled as a bold roman mamg&can direction is indicated. (a) Linear swegeftammetry
performed at 2 mV'5and (b) Oster Young square wave voltammetry pevéarat 60 Hz.

2L D. B. Nicholas, J. F. Kampf and M. S. SanfatdAm. Chem. Soc. 2010,132, 2878
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The PdMnN(Go)4, [39], exhibits two oxidation waves. The oxidatimavesA (853 mV) andB
(1058 mV)are assigned to the oxidation of W Mn" and P4 — Pd¥ respectively. These
assignments are based upon the LSV and SW datciemll sed-igure 3.67. This illustrates a
one and two electron oxidation farave A andwave B respectively. Lastly, Mh— Mn'
reduction atwave |, is observed at650 mV. All redox processes are chemically and
electrochemically irreversible, as no reductiorf halves are observed faravesA andB while

no oxidation half wave was observed foave |.

3.6.4.4. Cyclic voltammetry of [Pd" Ce" (n-OOC(CH,)sCH3)J]*, [41]

Cyclic voltammograms of PdCe{(gs" , [41], are depicted irfFigure 3.68 The complex was
dissolved in DCM having a concentration of 0.5 mrmdoi® at 25 °C. Decamethyl ferrocene
(Fc*) was used as internal standard and 0.1 mof dmpporting electrolyte, [NBJ[PF.
Utilising a scan rate of 100, 200, 300, 400 and 1B80s™.
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Figure 3.68: The cyclic voltammograms of a 0.5 mmol.dsolution of PdCe(g), [41] of in DCM. With 0.1 mol
dm® [NBu,][PFs] as supporting electrolyte and a glassy carborkingrelectrode at 25°C. Scan rates of 100, 200,

300, 400 500 mV Swith decamethyl ferrocene (Fc*) as internal staddaFhe oxidation waves are labelled as bold
capital letters and the reduction waves are latheke bold roman numerals. Scan direction is inditathe insert

illustrates a weak Pd— Pd" oxidation atwaveB, in the scan without decamethyl ferrocene asiadestandard.
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Oxidation of C& — Cé" is observed a (297 mV) and the reduction, ¢e— Cé" is observed
atl (229 mV). Similar to the acetatido complex, PdCg(C [32], PdCe(Go)s [41], exhibits a
chemically irreversibldiy/ipa = 0.62) and electrochemically reversib(@E = 69 mV) redox
process at abo63 mV for 100 m & scan rate. Increasing the carboxylatido carbaxinch
length from two to ten, the Edecreased frons14 mV for PdCe(G)s" [32] to 297 mV for
PdCe(Go)4 [41]. This implies that a longer chain length caudesaxidation of the cerium to
be easier, and therefore an increase in the efedensity of cerium. A weak Pd— Pd"
oxidation wave is observed in the scan withoutdbeamethyl ferrocene as internal standard at
waveB (881 mV), see insert ifFigure 3.68 The reduction of Pd— Pd is observed awavell
(-1430 mV) The redox processes of thé'Rd Pd" oxidation and the Pd— Pd reduction are
chemically and electrochemically irreversible.

Table 3.37:CV data of aliphatic long-chain mixed-metal paddieal carboxylatido complexes PdCd{}¢ [34],
PdZn(Go).) [36], PAMN(Go)4 [39] and PdCe(g)." [41] at a scan rate of 100, 200, 300, 400, 500 fhV s

PdCd(C10)4a Epa (mV), ipa (UA) Epc (mV), ipc (UA) - - b
[34] Wave A Wave |
100 226 0.68 -1339 0.20 - - -
200 246 0.81 -1357 0.32 - - -
300 267 1.13 -1371 0.24 - - -
400 270 1.23 -1393 0.28 - - -
500 275 1.39 -1426 0.44 - - -
szn(C10)4y Epa (mV), ipa (UA) Epc (mV), ipc (UA) - - b
[36] Wave A Wave |
100 1066 0.42 -1460 0.06 - - -
200 1082 0.32 -1475 0.07 - - -
300 1093 0.21 -1490 0.08 - - -
400 1098 0.11 -1523 0.08 - - -
500 1104 0.05 -1560 0.09 - - -
PAMN(C10)a | Epa(MV), | ipa(MA) | Epa (MV), | ipa(HA) | Epo(MV) | ipe(HA) :
[39] Wave A Wave B Wave |
100 853 0.70 1058 0.40 -650 0.10 -
200 888 1.0 1076 0.44 -640 0.11 -
300 911 1.20 1085 0.44 -626 0.21 -
400 912 1.58 1087 0.50 -612 0.27 -
500 912 1.94 1091 0.53 -598 0.45 -
PACe(Cio)s’, | Epa(MV), | Exc(mV), | AE EMV) | 1A | ipe(MA) | ipdip
[41] Wave A Wave |
100 297 229 69 263 0.13 0.08 0.62
200 302 222 80 262 0.17 0.09 0.53
300 308 212 95 260 0.21 0.10 0.44
400 314 208 106 261 0.23 0.12 0.53
500 321 208 113 264 0.26 0.13 0.52
PdCe(ClO)4+, Epa (mv), Epc (mv), - - - - -
[41] Wave B Wave Il
100 881* -1430* - - - - -
200 895* -1450* - - - - -
300 923* -1470* - - - - -
400 951* -1490* - - - - -
500 980* -1510* - - - - -

*Estimated values
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3.7. Surface Chemistry

The short- and long-chain aliphatic mixed-metal gjdadtheel complexegl9-25], [27-30] and
[33-41] were coated onto hydroxylated silicon wafers arsletd for catalytic activity for the

aerobic oxidation of 1-octadecanol to 1-octadeaanoid as model reactant.

3.7.1. Wafer preparation and coating of complexes

Supported mixed-metal catalysts were prepared odiffed flat two-dimensional supports as
potential catalysts for the solvent-free aerobidation of long-chain aliphatic alcohols.

Single sided polished silicon wafers, with a diaenetf 120 mm, was calcined at 750 °C for 24 h
in oxygen. This resulted in the formation of anogpious -O-Si-O- layer on the silicon surface,
90 nm thick. The amorphous -O-Si-O- layer was tlodganed with HO, and NHOH.
Furthermore the wafers were boiled in double diestilater which resulted in the formation of
hydrophilic silanol groups -Si-OH on the wafer sueé. Selected complexes in this study were

coated onto the -Si-OH prepared wafer surface usiimycoating seScheme 3.12?

I
750 °C
Calcination

Si (100) Amorphous SiO;, layer
90 nm thick

.
2880 rpm or 48
revolutions per
second

[53: M=2Zn,n=0 [60]: M=Co,n=4,[61]: M=Co,n=6
[54]: M=Ba,n=0 [62]: M=Co, n=38, [63]: M=Co, n=10
[65]: M=Cd,n=0 [64]: M=Ba,n=28,[65]:M=Cd,n=8
[56]: M=Sr,n=0 [66]:M=Ca,n=8,[67]:M=2Zn,n=8
[67: M=Ni,n=0 [68]: M=Sr, n=8,[69]: M=Ni, n=8
[58]:M=Co,n=0 [70]:M=Mn,n=8,[71]: M=Cu,n=8
[59]: M=Mn,n=0 [72]:M=Ce, n=8

N ol
H,0,/NH,OH (25 °C)
(cleaned)
Boiling H,O

(hydroxylation) Amorphous SiOH layer

PdO MO Pdo MO
B
oxidation in oxygen PdO MO
450 °C \ PdO MO d

[73]: M=2Zn,n=0 [80]: M=Co,n=4,[81]: M=Co,n=6
[74]: M=Ba,n=0 [82]: M =Co, n =8, [82]: M= Co, n =10
[75]: M=Cd,n=0 [84]: M=Ba,n=8,[85]: M=Cd,n=8
[76]: M=Sr,n=0 [86]:M=Ca,n=8,[77:M=2Zn,n=8
[77]: M=Ni,n=0 [88]:M=Sr, n=8,[89]: M=Ni, n=8
[78]: M=Co,n=0 [91]:M=Mn,n=8,[91]: M=Cu,n=8
[79:: M=Mn,n=0[92]: M=Ce, n=8

Scheme 3.12: The above scheme demonstrates the preparatisificoin wafers by calcination and hydroxylation

(top) as well as the coating of the complexesditifi spin-coating and oxidation of the pre-cataflsttom).
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Spin-coating is the two-dimensional equivalent o&twncipient impregnation for three
dimensional systems. Modified wafers of approxersise 4 x 5 mfnwere spin-coated at 2880
rpm (48 revolutions per second). A 5 mM solutidrire mixed-metal complex was added at a
constant rate to the rotating wafer.

The appearance of Newton rings is an indication #flathe excess solvent has been spun off
from the hydroxylated wafer leaving the dissolveamplex coated onto the modified wafer

surface. The amount of moles coated onto the kythted wafer can be calculated by using the

n
m=135xCy | (1)
p[’}tevp

In equation 1m is the amount of moles coated onto the —Si-OH tfanalised surface of the

following equatior?®2*

silicon wafer,C is the concentration of the catalyst precursohitiulk solution (mol i), n is
the viscosity ang is the density of the solvent, here acetone (t08@B16 kg nt s*, p = 791 kg
m3) and DCM (n = 0.00041 kg Tns?, p = 1330 kg %), w is the rotation speed 2880 rpm (48
revolutions per second), arig, (one second for DCM and two seconds for acetosidhe

evaporation time.

3.7.2. Catalytic studies on the modified wafers (-Si-OH)

The goal of this part of the research project isd¢ove as a proof of concept that by increasing
the number of carbons in the carboxylatido backl{oe@acing the acetatido ligand with either a
hexanoatido, octanoatido, decanoatido or dodecamoatigand) of the mixed-metal
carboxylatido complexes, the catalytic activitytlois catalyst would improve. By increasing the
number of carbons in the carboxylatido backbone, rtfetals are less likely to aggregate and
form big clusters on the surface of the modifiedemawhich could cause a decrease in catalytic
activity. The long chains would in essence keep ithixed-metal carboxylatido complexes
further apart from each other, thereby minimisirggragation of the metallic centres upon

further treatment such as calcining (high tempeeatxidation).

22E. Erasmus, P. C. Thiine , M.W.G.M. (Tiny) Verhaev&W. (Hans) Niemantsverdriet, J. C. Swatet, Comm,
2012,27, 193

23 3. W. Niemantsverdriet, A. F. P. Engelen, A. M.Jbmg, W. Wieldraaijer, G. J. Krameppl. Surf. Sci, 1999,
144, 366

2p.J. L. Gunter, J. W. Niemantsverdriet, F. H.eRi, G. A. SomorjaiCatal. Rev. Sci. Eng. 1997,39, 77
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After preparation of the modified silicon wafersdaooating of the surface with the desired
carboxylatido complex by means of spin-coating, ghecatalyst was oxidised (calcined at 450
°C) in oxygen where the organic fragments (the @eylatido ligands) were burned off and
metal oxides was deposited on the surface PdO aBdiwktal oxides). To test the activated
PdO and MO (metal oxide) catalystsa model reaction, the aerobic solvent-free axideaof 1-
octadecanol to 1-octadecanoic acid was choBeareaction is shown cheme 3.13

The catalytic reactions for the various catalysésenmonitored by ATR-FTIR, sdégure 3.69

by following the appearance of the carbonyl strieiglirequencies at 1730 and 1710tm

NVAVAVAVAVAVAVAVAV

Atmospheric oxygen | Pd'Col/Si(OH)/SiO,/Si(100)

Wwwvwo”

O

Scheme 3.13Aerobic oxidation (open to air) of 1-octadecarmlltoctadecanoic acid, using (as an example) the
Pd'Co'/Si(OH)/Si02/Si(100) catalyst.

11 hours

9 hours 1730 710

5 hours

CO intensity ' v l

increase

OH intensity
Decrease

3600 3100 2600 2100 1600 1100 600

-1
Wavenumber / cm

Figure 3.69: ATR-FTIR spectra showing the oxidation of 1-octeaieol to 1-octadecanoic acid, on the surface of
Pd'Cd"/Si(OH)/Si02/Si(100). Note the decrease in OH aigntensity at 3350 cthand the increase in intensity of

C=0 stretching frequencies at 1730 and 1710 amthe reaction proceeds.
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Turn over frequency (TOF) of a catalyst is a goodidati
determine the TOF of a catalyst requires both egusi(1)

of active sites deposited on the modified Si-wafas determined to be 7.76 xA®ol m?using

equation (1).

on of how active the catalyst is. To
and (2) see below. The total amount

TL
m=135xC, |— (1)
Nlpm tap‘p
! kg
] 0.00041 24
m=135x500 | ms
i

1330 X4 (485-1)2 15
'-.1 m

mal
m=7.76x107°% —
m&

The quantitym, may be converted into the amount of active sitdsch was calculated to be 47

molecules nii. This can then be further manipulated to obth@mamount of molecules nim

For this example a modified wafer with an averagase area of 20 mmwas found to have

9.4x103* molecules mi (active sites). Equation (2), may be used toinktee TOF (turn over

frequency) for each catalyst prepared. If 0.1 g-ottadecanol (2.1 x $dmolecules) was fully

oxidised to the carboxylic acid in 14 hours (504)pwith the catalyst having 9.4xfactive

sites, a TOF of 5 moleculed $s calculated. The TOF's for all the catalystegared in this

study are summarised irable 3.38

amount of molecules converted
amount of active sites

TOF (Turn over frequency) = (2)

time in seconds

2.1x10%" molecules
9.4x101* active sites
50400 =

TOF =

TOF = 5 molecules s™3
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Table 3.38: Contains the time in hours (conversion of 1l-oetachol to 1l-octadecanoic acid) and turnover

frequency (TOF) in seconds of the tested modifiefiewcatalysts.

Catalysts prepared from short-chain complexes Catgbts prepared from long-chain complexes
Catalyst (Oxidised) Time TOF Catalyst (Oxidised) Time TOF
(hrs) | (molecules ) (hrs) | (molecules &)
Pd'zn"/Si(OH)/SiO/Si(100) | 84 1 PACA"/Si(OH)/SiG/Si(100) | 11 6
[73], from PdZn(G), [80], from PdCo(G)4
Pd'Bd'/Si(OH)/Si0O/Si(100) | 60 1 PACA"/Si(OH)/SiO/Si(100) | 11 6
[74], from PdBa(G)4 [81], from PdCo(G)4
Pd'Cd'/Si(OH)/Si0/Si(100) | 36 2 PACOo"/Si(OH)/SiO/Si(100) | 13 5
[75], from PACd(G)4 [82], from PdCo(Gy)s
Pd'SI"/Si(OH)/Si0y/Si(100) 69 1 PACOo"/Si(OH)/SiO/Si(100) | 13 5
[76], from PdSr(G), [83], from PdCo(&,)4
Pd'Ni"/Si(OH)/Si0/Si(100) | 60 1 PAdBA"/Si(OH)/SiG/Si(100) | 16 4
[77], from PdANi(G), [84], from PdBa(Gy)4
Pd'C0'/Si(OH)/SiG/Si(100) | 72 1 PACd'/Si(OH)/SiO/Si(100) | 14 5
[78], from PdCo(G), [85], from PdCa(Gy)4
Pd'Mn"/Si(OH)/SiG/Si(100) | 93 0.8 PYcd'/Si(OH)/SiO/Si(100) | 11 6
[79], from PAMN(G), [86], from PACd(Gy)4
Pd C€"/Si(OH)/SiO/Si(100) | 12 6
[87], from PdCe(Gy)4
Pd' CU'/Si(OH)/SiO/Si(100) | 11 6
[88], from PdCu(Gy)s
Pd'Mn"/Si(OH)/SiQ/Si(100) | 14 5
[89], from PAMnN(Gy)4
Pd'Ni"/Si(OH)/SiG/Si(100) | 13 5
[90], from PdNi(Gg)s4
Pd'SI'/Si(OH)/SiO/Si(100) | 13 5
[91], from PdSr(Gy)4
Pd'zn"/Si(OH)/SiG/Si(100) | 9 7
[92], from PdZn(Gy)4

Data inTable 3.38confirms the hypothesis that an increase of thphalic chains of the mixed-

metal paddlewheel complexes will lead to an inaess catalytic activity of the prepared

catalysts, see chapter 1.

Catalysts prepared f{&81h [31] and [32] showed no activity.

Modified silicon wafer catalyst§73-79], with a TOF of 0.8 molecules’sto 2 molecules s

prepared from the short-chain mixed-metal complg28s25] and [27-30] have an average

conversion time (1-octadecanol to 1-octadecanad) at 60 hours.
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The catalystd80-92] prepared from long-chain mixed-metal complex&3-22] and [33-41]
have an average conversion time (1-octadecanoldatadecanoic acid) of 12 hours with an
average TOF of 6 moleculed.sTherefore a definite increase in catalytic dtgtiwas observed.
From the results, catalysts prepared from the atipllong-chain mixed-metal complexes have a
higher surface area i.e. less aggregation of thalsneompared to the short-chain mixed-metal
catalysts. This follows from the fact that thé'@dCd' O, catalysts[80-81] and[82-83], are five

to six times more catalytically active thgd8]. However,[82] and[83], showed an increase in
conversion time and a decrease in turn over freguerhis implies that the further away the
active sites are from each other, results in agdeser in catalytic activity. Therefore the catalyst
prepared from the PdCof)s and PdCo(g)s complexes are optimal for the Pd and Co atoms to
oxidise 1-octadecanol to 1-octadecanoic acid.

Figure 3.69 shows the relationship between ionic radius (pemsus TOF for the metals [#1]

and [33-41] except for palladium. The relationship illustsathat a decrease in ionic radius
leads to an increase in catalytic activity. Pedodnetals show the same TOF, while an increase
in TOF is observed for copper and zinc. Copper Znd has an ionic radius close to that of
nickel and cobalt. However, copper and zinc haggher synergy with palladium, than cobalt
and nickel, thereby increasing the catalytic betvawvof the catalysts.

Regarding the metals from period 5 and 6, an is&rea catalytic activity is observed as the
ionic radius of the metals decreases. Barium hasrac radius of 149 pm compared to that of
palladium which is 137 pm. Therefore the catalgiitivity of the catalyst decreases, because 1-

octadecanol cannot optimally coordinate to thegailim. This results in a decrease of catalytic

activity.
Ba
__150 p
€ 140 } .
Q. ) .
~ 130 Period 5 and period 6, metal atorr
174}
3120 }F 5
S 110 } ce y
(a'd
S 100 F "
.E 90 P Co4p Period 4, metal atom C’u Z’n
o I NI I I ]
- 80
3.5 4.5 5.5 6.5 7.5

TOF (molecules s1)

Figure 3.70: Comparison of ionic radius (pm) for PdM (M = B&, Ce, Cd, Ca, Mn, Co, Ni, Cu, Zn) vs the TOF

(molecules 3) obtained for the solvent free aerobic oxidatibi-@ctadecanol to 1-octadecanoic acid.
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3.7.3. XPS

XPS was used to characterise the surfaces of theokylated silicon wafers coated with
selected mixed-metal complexes. The XPS measutsmelected was of the calcined catalysts
having PdO and MO (metal oxide) on the modifiedame (i.e. the organic ligand fragments, the

carboxylatido ligands, were burned off).

3.7.3.1. XPS data of the activated PdO and MO (metal oxidegatalysts [73],
[82], [84], [86], [89] and [90]

Figure 3.71, illustrates the XPS spectra of zinc oxide, nickeide, cobalt oxide, manganese
dioxide, cadmium oxide, palladium oxide and barioxide. The XPS data are summarised in
Table 3.39 In general the P® 3d;, peak was observed ed. 337.15 eVfor all six catalysts.
This corresponds well with the reported bindingrgies 0f337.10 eVfor Pd'0.2°> The C4O
2ps2 peak was observed @82.04 eV which is within range o¥79.3-781.80 eMfeported for
oxidised C40/Si0,. The shake-up peak of the @ was observed @.72 eVhigher than the
photoelectron lines of the gpand 2p), peaks>® Zn'O 2py, was observed d1022.43 eV which

is within experimental error of the reported vahfe1022.10 eVfor Zn'0?’ Ni'O 2py, was
observed aB857.90 eV which is within experimental error of the repartealue 0f857.20 eVfor
Ni"0.22 Mn"“'O, 2py, was observed #53.93 eV which correlates very well with the reported
value 0f653.90 eVfor Mn'V0,?° Cd'O 3d, was observed a406.02 eV which is within
experimental error of the reported values46#.60-407.38 eMfor Cd'0.3%3! Bd'O 4d;, was
observed aB0.07 eV which corresponds very well with the reportedueabf 89.90 eV for
Ba'0.* Pd'o/Bd'O and P4O/zn"O have a 1:1 metal ratio, while R¥Cd'0, Pd'0O/Cd'O
and PJO/Ni"O have a 1:1.5 metal ratio. However'@Mn'VO, has a ratio of 2.7:0.8. The
palladium atoms aggregate to form larger partideshe modified silicon wafer surface after

oxidation of the pre-catalyst.

% T H. Fleisch, G.W. Zaiac, J.0. Schreiner and ®ains, Appl. Surf. Sci., 1986,26, 488

%Y. Okamoto, K. Nagata, T. Adachi, T. Imanaka, #arura and T. Takyu, Phys. Chem. 1991,95, 310.
27 G. Deroubaix and P. Marcusyrf. Interface Anal., 1992,18, 39

83.0. Grim, L.J. Matienzo and W.E. SwardzAm. Chem. Soc., 197294, 5116

29B.J. Tan, K.J. Klabunde and P.M.A. Sherwaddym. Chem. Soc., 1991,113 855

%0F. Golestani-Fard, T. Hashemi, K.J.D. Mackenzi@.Elogarth,J. Mater. Sci., 1983,18, 3679

31 M.S. Setty, A.P.B. Sinh&hin Solid Films, 1986,144, 7

%2 H. van Doveren and J.H.Th. VerhoevénElectron Spectrosc. Relat. Phenom. 1980,21, 265
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Figure 3.71: XPS spectra of P®, Ccd'0, zr'0, Bd'0, cd'0, Ni'O, MnVO,, on the modified wafer.
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Table 3.39:XPS data of PtD, Cd'0, zn'0, Bd'0, €d'0, Ni'O, Mn"0,, on the modified wafer.

Pdll CO“
Peak | Binding energy (eV)| Atomic % Peak Binding enayy (eV) | Atomic %
3as; 337.19 1.2 25, 782.04 1.9
3dsp, 342.54 2p 786.76

Shake-up peak
- - - 2pys 797.75
- - - 2p2 802.92
Shake-up peak

Pdll anl
3as; 337.19 0.8 2p 1045.68 0.6
3ds; 342.54 2p;; 1022.43

Pdll Ba"
3as; 337.23 0.6 4g, 90.07 0.6
3ds; 342.30 4g,; 92.59

Pdll Cd"
3as; 337.21 1.1 3¢, 406.02 1.8
3ds; 342.46 3d 412.78

Pdll Ni“
305, 337.07 1.2 25, 857.90 0.7
3ds; 342.20 2R 875.74

Pdll Mn [\
305, 337.03 2.7 2 642.14 0.8
3ds; 342.30 2p; 653.93

This concludes the discussion on the results obdairom this study as outlined in chapter 1.

All objectives have been met.



4. Experimental

4.1 Introduction

Experimental procedures, reaction conditions armthrigues used during the course of this
investigation are reported in this chapter.

4.2. Synthesis

4.2.1. Synthesis of [Pd' (1-OOC(CH,),CHs)¢], where n = 4 for [1], 6
for [2], 8 for [3] or 10 for [4]

Synthesis of long-chain circular aliphatic hexacasdatidotripalladium(ll) complexes
[Pds" (n-OOC(CH,)CHs)e], where n = 4 foff1], 6 for[2], 8 for[3] or 10 for[4], according to the
Schemes below each section, utilizing the samergkepecedure. This procedure will be outlined
for hexakis(hexanoatido)tripalladium(ll), while grithe characterisation data will be given for the
rest. These four novel complexes were synthesigasing a modified procedure from Stephenson
et al’

4.2.1.1. Synthesis of circular hexakis(hexanoatido)tripallacim(ll),
[Pds" (n-OOC(CH,)4CHy)e], [1]

o) o O
100-110°C O\ / O\IO \ /
3[Pd(NO3),-2H,0] + 6[CH(CH,),CO0H] ———— /Pd P/d\ /Pd\ + 6HNO; + 6H,0
Q % O 0o O
1

Pd(NG;),- 2H,0 (0.4 g, 1.5012 mmol) was suspended in hexanaat @cml) in a three necked
round bottom flask (50 ml). The resulting mixtuvas heated to 100 - 110 °C in an oil bath. The
acid was removed by passing compressed air ovee#otion until no more acid was present. The
condensed acid was collected in a beaker (200rapending on the chain length this may take 5
hours to 1 day. When all the acid has been remowthlytically pure [Pd(IB(u-
OOC(CH)4CHg)g] was obtained. Yield: 0.4 g, 0.3919 mmol, 78 %p.ndecomposes above 200

1T, A Stephenson, S. M. Morehouse, A Powell, J. P. Heffer, and G. Wilkinsah,Chem. Soc1,965, 3632
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°C, Elemental Analysis: calc. C: 42.80 %; H: 6.59fétnd: C: 43.29 %; H: 6.73 %, (300 MHz,

CDCly)/ppm: 0.73 — 0.96 (18 H, t, 6 X GH0.96 — 1.15 (12 H, m, 6 X GH 1.14 — 1.29 (12 H, m,
6 X CHp), 1.31 — 1.51 (12 H, m, 6 x GH 2.04 — 2.31 (12 H, m, 6 x GHFTIR (cni}): 2955, 2928,
2859, 1602, 1559, 1500, 1411, 1378, 1344 and 1319.

4.2.1.2. Characterisation data of circular hexaoctanoatidotipalladium(ll),
[Pds" (n-OOC(CH)sCHy)el, [2]

3[Pd(NO3),-2H,0] + 6[CH(CH,)sCOOH] 10y + 6HNO3 + 6H,0

Yield: 0.4 g, 0.35 mmol, 70 %, m.p. decomposes a0 °C, Elemental Analysis: calc. C: 49.72
%; H: 8.08 %, found: C: 49.87 %; H: 7.91 % (300 MHz, CDC4)/ppm: 0.75 — 0.95 (18 H, t, 6 X
CHs), 0.97 — 1.55 (60 H, m, 30 x GH2.01 — 2.32 (12 H, m, 6 x GH FTIR (cm): 2954, 2924,
2854, 1604, 1559, 1499, 1411, 1378 and 1317.

4.2.1.3. Charaterisation data of hexadecanoatidotripallacum(ll),
[Pd3" (n-OOC(CH,)sCH3)g], [3]

100 - 110 °C \ / \/ \ /
3[Pd(NQO3),-2H,0] + 6[CH(CH,)sCOOH] ———— /Pd\ P/d\ /Pd\ + 6HNO; + 6H,0

Om
3

Yield: 0.5 g, 0.3911 mmol, 78 %, m.p. 22-23 °C,r&émtal Analysis: calc. C: 53.27 %; H: 8.94 %,

found: C: 53.12 %; H: 8.52 % (300 MHz, CDC})/ppm: 0.77 — 0.97 (18 H, t, 6 x GKH 0.97 —
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1.55 (84 H, m, 42 x Ch), 2.04 — 2.41 (12 H, m, 6 x GH FTIR (cm): 2954, 2921, 2852, 1604,

1560, 1500, 1412, 1377 and 1318.

4.2.1.4. Characterisation data of hexadodecanoatidotripahdium(ll),
[Pds" (n-OOC(CH,)16CH3)dl, [4]

O o
- A\
3[Pd(NO3),-2H,0] + 6[CH(CH,)1qCOOH] == Pé Pd + 6HNO; + 6H,0
4 o 4N /

4

Yield: 0.5 g, 0.3911 mmol, 78 %, m.p. 42-43 °C,r&émtal Analysis: calc. C: 57.08 %; H: 9.18 %,
found: C: 57.52 %; H: 9.71 %y (300 MHz, CDC})/ppm: 0.79 — 0.98 (18 H, t, 6 x G} 0.98 —
1.55 (108 H, m, 54 x C}, 2.04 — 2.42 (12 H, m, 6 x GH FTIR (cm): 2955, 2916, 2849, 1596,
1500, 1489, 1467, 1414, 1378 and 1318.

4.2.2. Synthesis of [K(OOC(CH,),CHy)], where n = 4 for [5], 6 for
[6], 8 for [7] or 10 for [8]

The known long-chain aliphatic potassium carboxegafK(OOC(CH),CHs)], where n = 4 fof5],

6 for [6], 8 for[7], 10 for[8] were synthesised according to the Schemes baltlizing Ishiokaet
al.’s 2 general procedure. This procedure will be oudif@ potassium hexanoate while only the
characterisation data will be given for the rest.

2T. Ishioka, H. Wakisaka, T. Saito and |. Kanesdk#&hys. Chem. B,998,102, 5239

* According to IUPAC, the term “carboxylate” imp$iethat the anionic carboxylate ligand is ionicailgund (i.e.
electrostatically) to the Kcation, e.g. KOOC(CH4CHs]. The term “carboxylatido” implies that the aniofigand is
coordinatively (covalently) bound to a metal, éRp" (1-OOC(CH,)4sCHa)g].
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4.2.2.1. Synthesis of potassium hexanoate, KOOC(CHLCH], [5]

CH3(CH2)4COOH + KOH@nq) —> K[OOC(CH,)4CHj3] + H,0O
5

A slight excess of KOH{g) (60 ml, 44 mmol) was added dropwise to hexanoid & g, 43 mmol)
in a 500 ml beaker, this resulted in a basic swutiThe solution was dried under reduced pressure
to yield the crude product. The solid was thesaliged in 100 ml warm, methanaa 60 °C) and
the excess KOH was removed by decantation. Thehalsolution was then dried under reduced
pressure to yield: 5 g, 33 mmol, 77 %, of pure gsitan hexanoate, m.p. 312-313 °C,
characterisatiof’ FTIR (cmi'): 2954, 2927, 2872, 1561, 1466, 1455, 1428, 1488 and 1340.

4.2.2.2. Characterisation data of potassium octanoate, KOOQCH,)sCH3], [6]

CH3(CH2)6COOH + KOHgg — K[OOC(CH,)sCH3] + H,0

6
Yield: 5 g, 29 mmol, 84 %, m.p. 292-294 °C, Chaiatgion® FTIR (cni®): 2952, 2924, 2853,
1561, 1535, 1466, 1459, 1431, 1407, 1384 and 1372.

4.2.2.3. Characterisation data of potassium decanoate, K[OO(H,)sCH3], [7]

CHg(CHz)scOOH + KOH(aq) — K[OOC(CHZ)SCH3] + HZO
I

Yield: 11 g, 45 mmol, 52 %, m.p. 280-283 °C, Chariaition®> FTIR (cm'): 2954, 2923, 2849,
1561, 1465, 1456, 1429, 1411, 1382 and 1339.

4.2.2.4. Characterisation data of potassium dodecanoate, K[OC(CH,),¢CH3],[8]

CH3(CH2)10CO0H + KOHgg — K[OOC(CH,)10CH3] + H,0
8
Yield: 11 g, 45 mmol, 90 %, m.p. 272-273 °C, Cheriation® FTIR (cmi’): 2952, 2917, 2848,
1562, 1463, 1432, 1412, 1383, 1338 and 1328.

3 All these long-chain potassium carboxylates asvipusly known. As in the original publicationseelental analysis
could not be obtained within satisfactory limitstfwn 0.4% of the theoretical). Hence the origipapers characterised
these compounds by FTIR and powder X-ray diffractamly. This is perfectly normal in almost all tprchain
carboxylate or carboxylatido complexes. In thisdgtuwhere elemental analysis gave satisfactoryltsesihey were
included. If not, it was omitted. For the potassicarboxylates, our FTIR results were fairly clésethose of the
original publications and we did not characterfsen any further.

*T.R. LomerActa Cryst.1952,5, 11
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4.2.3. Synthesis of [C§(OOC(CH,).CH3);]-4H,0, where n = 4 for [9], 6 for
[10], 8 for [11] or 10 for [12]

Synthesis of previously unknown long-chain alipbatcobalt carboxylatido complexes
[Co"(OOC(CH)CHs)2]-4H,O where n = 4 for[9], 6 for [10], 8 for [11], 10 for [12] were
synthesised according to the Schemes below eadiorseatilizing the same general procedure.
This procedure will be outlined for dihexanoatidoaty(ll) tetrahydrate while only the
characterisation data will be given for the reShese complexes were synthesised by following a
modified procedure from Pereigael® Due to the paramagnetic property of cobalt noRNStudy

could be performed.

4.2.3.1. Synthesis of dihexanoatidocobalt(ll) tetrahydrate,
[Co" (OOC(CH,),CH3),]- 4H,0, [9]

@) (0]
ar H20\| OH>
Co(NO3)p"6H20ag) + 2[CH3(CH2)4COOK aq)] —— =SSO + 2KNO; + 2H,0
H0"| “oH,
5 oL 0

9

Potassium hexanoate (0.5 g, 3.24 mmol) was disdotveninimum amount of water. An aqueous
solution of Co(NQ),:6H0O (0.47 g, 1.62 mmol) was prepared and added drge wo the
Potassium hexanoate solution. The solution was stiered for 30 minutes, and the solid filtered.
The purple solid that resulted was washed with @mMethanol mixture and the product was dried in
an oven at 60 °C overnight to yield: 0.077 g, 02a48nol, 13.17 % m.p. decomposes at 200 °C

of pure dihexanoatidocobalt(ll) tetra hydrate, FTRiY): 2956, 2929, 2859, 1552, 1406, 1376,
1363 and 1319.

®R. F. P. Pereira, A. J. M. Valente, M. Fernandestd. D. BurrowsPhys. Chem. Chem. Phy2012,14, 7517
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4.2.3.2. Charaterization data of dioctanoatidocobalt(ll) tetrahydrate,
[Co" (OOC(CH,)¢CH3),]- 4H,0, [10]

o) 0}
RT Hzo\l /OH2
CO(NO3)2‘6H20(aq) + 2[CH3(CH2)GCOOK(aq)] EEE— /CO\ + 2KNOj3; + 2H,0
H0"| “oH,
9) Oy 9

Yield: 0.27 g, 0.66 mmol, 48 %, m.p. decomposes.@t160 °C, FTIR (crit): 2955, 2923, 2853,
1547, 1406 and 1378.

4.2.3.3. Characterisation data of didecanoatidocobalt(ll) terahydrate,
[Co" (OOC(CH,)sCH3),]- 4H,0, [11]

Cl) (@]
H,O OH;
Co(NO3);6H;0/aq) + 2[CH(CH)sCOOK ag] ———= = >Co{  ~ + 2KNO; + 2H,0
H0"| “oH,
7 oL O
11

Yield: 0.2 g, 0.4 mmol, 34 %, m.p. decomposes.at 200 °C, FTIR (crt): 2955, 2920, 2851,
1551, 1407 and 1310.
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4.2.3.4. Characterisation data of didodecanoatidocobalt(l)tetrahydrate
[Co" (OOC(CH,)10CH3),]- 4H,0 [12]

(l) @)
H,0. OH,
Co(NO3)z6H20(aq) + 2[CH3(CHz)10CO0K a] ——= *" 3Gl "+ 2KNO; + 2H,0
H0"| “oH,
8 oL 0O

12

Yield: 0.15 g, 0.3 mmol, 27 %, m.p. decomposes.at160 °C, FTIR (crit): 2955, 2919, 2850,
1623, 1588, 1545, 1466, 1408 and 1312.

4.2.4. Synthesis of [M'(OOC(CH,)sCHa);]-xH,0, where M = Ni for [13], Mn
for [14], Zn [15], Ca for [16] or Sr for [17], x = 0-4, as well as
[Ce" (OOC(CH,)sCH3)], [18]

Synthesis  of  known long-chain  aliphatic  metal dicetylatido  complexes
[M"(OOC(CH)sCHs),]- xH.O where M = Ni for[13], Mn for [14], Zn [15], Ca for[16] or Sr for
[17] as well as [CE(OOC(CH)sCHs)s] were synthesised, according to the Schemes bebmk
section, utilizing the same general procedure. sTlprocedure will be outlined for
didecanoatidonickel(ll) tetra hydrate while onlgtbharacterisation data will be given for the rest.
These known complexes were synthesised, followinéified procedure from Pereiaael® Due

to the insolubility of the complexes no NMR studytd be performed.
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4.2.4.1. Synthesis of didecanoatidonickel(ll) tetrahydrate,
[Ni"" (OOC(CH,)sCHs),]- 4H,0, [13]

Ni(CH3CO0),4H;0 aq) + 2[CH3(CH,)sCOO0K o] —— [Ni'(OOC(CH,)sCHs)o- 4H,0 + 2[CH5COOK]

7 13

Potassium decanoate (0.40 g, 1.9 mmol) was dissafveninimum amount of water. An aqueous
solution of Ni(OOCCH),-4H0O (0.24 g, 0.95 mmol) was prepared and added drsp W the
Potassium decanoate solution. The solution was stigred for 30 minutes, and the solid filtered.
The green solid that resulted was washed with anehanol mixture and the product was dried in
an oven at 60 °C overnight to Yield: 0.7 g, 1.6 hréd %, m.p. decomposes @t. 250-251 °C,
FTIR (Cm'l): 2958, 2916, 2847, 1695, 1544, 1464, 1405, 13364, 1269, 1241, 1204, 1112 and
722.

4.2.4.2. Characterisation data of didecanoatidomanganese(l))
[Mn" (OOC(CH,)sCH3),], [14]

Mn(NOs)z(aq) + 2[CH3(CH,)sCOOK aq)] —— [Mn'(OOC(CH,)sCH3);] + 2KNO,
7 14
Yield: 0.9 g, 2 mmol, 86 %, m.p. 168-169 °C, FTI&n{): 3341, 3193, 2954, 2918, 2872, 2849,
1678, 1562, 1467, 1460, 1413, 1370, 1356, 1334514969, 1236, 1200, 1074 and 696.

4.2.4.3. Characterisation data of didecanoatidozinc(ll),
[Zn" (OOC(CH,)sCH3)], [15]

ZN(NO3);*6H;0aq) + 2ICH3(CH,)gCOOK aq] ——= [Zn'(OOC(CHZ)CHa),] + 2KNO3 + 6H,0

7 15

Yield: 0.9 g, 2 mmol, 82 %, m.p. 136-137 °C, Eleta¢nalysis: calc. C: 59.08 %; H: 9.43 %,
found: C: 58.75 %: H: 9.05 %, FTIR (¢t 2952, 2914, 2849, 1534, 1455, 1396, 1341, 13279,
1243, 1204, 1079 and 741
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4.2.4.4. Characterisation data of didecanoatidocalcium(ll) nonohydrate,
[Ca" (OOC(CH,)sCH3),]- H,0, [16]

RT
Ca(NO3)p 4H,0 4q) + 2[CH3(CH,)gCOOK](aq) — [Ca"(OOC(CH,)gCHs)s] -H,0O + 2KNO3 + 3H,0

7 16

Yield: 0.8 g, 1.9 mmol, 80 %, m.p. 220-221 °C, Eémal Analysis: calc. C: 62.79 %; H: 10.02 %,
found: C: 62.70 %: H: 9.84 %, FTIR (¢t 3570, 3368, 2957, 2919, 2847, 1627, 1576, 15386,
1431, 1415, 1334, 1308, 1116, 723.

4.2.4.5. Characterisation data of didecanoatidostrontium(ll),
[Sr" (OOC(CH2)sCHs),], [17]

ST(NO3)2-H;0(aq) + 2[CH3(CH;)gCOOK] aq ——= [ST'(OOC(CHp)sCH3)s]+ H0 + 2KNOg + HyO
V4 17

Yield: 0.8 g, 1.9 mmol, 40 %, m.p. 169-170 °C, FTtRi'): 2957, 2925, 2846, 1510, 1458, 1448,
1442, 1406, 1334, 1310, 1289, 1197, 1118 and 723.

4.2.4.6. Characterisation data of tridecanoatidocerium(lll),
[Ce" (OOC(CHy)sCH3)4), [18]

o o
Ce(CH3C00)3-Hy0aq) + 3[CH3(CHy)sCOOK](aq) ——= \C/ o+ 3[CH;COOK] + H;0
o——Ce—

7 N

Yield: 0.9 g, 1.4 mmol, 87 %, m.p. 149-150 °C, E¢ertal Analysis: calc. C: 55.10 %; H: 8.79 %,
found: C: 53.81 %: H: 8.66 %, FTIR (¢t 2956, 2919, 2850, 1561, 1534, 1411, 1433 an®.130
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4.2.5. Synthesis of [P4Co" (1-OOC(CH,).CHa)4]- H,0, where n = 4 for [19], 6
for [20], 8 for [21] or 10 for [22], utilising Method 1

Synthesis of new long-chain aliphatic tertracarbatgopalladium(ll)cobalt(ll) monohydrate
complexes [PUCo" (u1-OOC(CH),CHs)4]- H-0, where n = 4 fof19], 6 for[20], 8 for[21] and 10

for [22]. The complexes were synthesised according t&Gthemes below each section, utilizing
the same general procedure. This  procedure  will  beutlined  for
tetrahexanoatidopalladium(ll)cobalt(ll) mono hydravhile only the characterisation data will be
given for the rest. These four novel complexesvgsnthesised by following a modified procedure
from Kozitsyna,et al® and Akhmadullinagt al” Due to the paramagnetic properties of cobalt no

NMR studies could be performed.

4.2.5.1. Synthesis of tetrahexanoatidopalladium(ll)cobalt(l) monohydrate,
[Pd" Co" (n-OOC(CH,)4CHa)4]- H,0, [19]

O\ /O Q /C) O\ / H>O ? OHz  Hexanoic acid (l)/ /l//<0\/\/
M P4 o+ 3 ¢ 3 _o—Pd—Q—Co =
Pd Pd AN o | 2
O/ \O O/ \OO/ b H,0 (|) OH,  100-110°C ) S
> ° gl

Dihexanoatidocobalt(ll) tetrahydrate (0.1 g, 0.28noh) was added to a suspension of
hexakis(hexanoatido)tripalladium(ll) (0.1 g, 0.Inwl) in hexanoic acid (minimum amount) in a
three necked round bottom flask (50 ml). This mmg&twas heated to 100 - 110 °C while stirring.
Through one of the necks of the flask compressedas passed over the reaction. This caused the
excess acid to evaporate from the reaction mixdackthrough the other neck of the flask the acid
crystallised in a collection beaker, this may t&kbours to 1 day, depending in the chain length.
The resulting yield (based on cobalt) 0.12 g, 6.18nmol, pure tetrahexa-
noatidopalladium(ll)cobalt(ll) mono hydrate (71 9),p. 52-53 °C, Elemental Analysis: calc. C:
43.54 %; H: 7.31 %. found: C: 43.87 %; H: 7.24 %I (cm®): 3370, 2954, 2929, 2870, 1589,
1534, 1440, 1400, 1341, 1308, 1229, 1190, 1111, 722

®N. Y. Kozitsyna, S. E. Nefedov, F. M. Dolgushin, W Cherkashina, M. N. Vergaftik and I. |. Moiseev
Inorg. Chim. Acta2006,359 2072

"N. S. Akhmadullina, N. V. Cherkashina, N. KozisyheP. Stolarov, E. V. Perova, A. E. Gekhman, S\N&fedov,
M. N. Vargaftik, I. I. Moiseevinorg. Chim. Acta2009,362, 1943
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4.2.5.2. Characterisation data of tetraoctanoatidopalladium(l)cobalt(ll)
mono hydrate, [Pd' Co" (n-OOC(CH,)sCH3)4]- H,0, [20]

A P

3 O/Pd/gﬁ)l/o/<o\/\/\/

?3(4 P\d }3(4 . 3 HzO:(I:O/OHz Octanoicacid _ a son 28— (ID\OHZ
\ /N

O/ o, O/ \OO 5 OH20 (l) NoH,  100-110°C vib/
yy\{ ? 2
2 10

Yield (based on cobalt): 0.16 g, 0.222 mmol, 89rfp. 76-77 °C, Elemental Analysis: calc. C:
50.83 %; H: 8.26 %. found: C: 51.10 %; H: 8.41 %R (cm™): 2955, 2919, 2851, 1709, 1590,
1515, 1465, 1420, 1405, 1312, 1113, 719.

4.2.5.3. Characterisation data of tetradecanoatidopalladiuml(l)cobalt(ll)
mono hydrate, [Pd' Co" (un-OOC(CH,)sCH3).]- H-0, [21]

i% p o/io O/Q;/V\

Qg oqoo O | l— —o
, H.O OH N 3 —Pd—~N_—Co
\ é 3 2 \Co/ 2 Decanoic acid WT—S (,) \OHZ
2

\ A \ H,O I NOH 100 - 110 °C 0O
O 00 0o O oL O v\/\b/
\;{ u \2 21
-3 11

This compound can be crystallised by dissolvingpbeder in DCM, and overlayed with n-Hexane
in a test tube covered with parrafilm with a fewesopoked inside it. After 5 days crystals suiabl

for X-ray crystallography may be obtained. Yielth§¢ed on cobalt): 0.12 g, 0.1382 mmol, 62 %,
m.p. 83-84 °C, Elemental Analysis: calc. C: 54.20H69.10 %. found, C: 54.24 %; H: 9.13 %,

FTIR (cm%): 2955, 2915, 2849, 1589, 1517, 1464, 1420, 14844, 1113, 720.
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4.2.5.4. Characterisation data of tetradodecanoatidopalladim(ll)cobalt(ll)
mono hydrate, [Pd' Co" (n-OOC(CH,)1dCH3)4]- H,0, [22]

})d F>d I\Dd . s Seo < Dodecanoic acid AANAAAA |

\ \ H,0 100-110°C o)
LA P o SSUoy gl
; 22
4 12

Yield (based on cobalt): 0.12 g, 0.122 mmol, 62réwp. 84-85 °C, Elemental Analysis: calc. C:
61.40 %; H: 10.20 %. found: C: 61.52 %; H: 9.85/@%|R (cnmi'): 2916, 2850, 1590, 1560, 1516,
1466, 1420, 1406, 1316, 1114, 719

4.2.6. Synthesis of [PdM" (un-OOCCH,)4]-H,0, where M = Zn for
[23], Ba for[24], Cd for [25], Ca for [26], Sr for [27], Ni for [28], Co for
[29], Mn for [30] or Cu for [31] as well as [PdCe" (p-
OOCCH3)4]-H50 [32], utilising Method 1

Synthesis of the known short-chain tetracarboxytatalladium(I)metal(ll) complexes, [Pl (p-
OOCCH)4]- H20O, where M = Zn fof23], Ba for[24], Cd for[25], Ca for[26], Sr for[27], Ni for
[28], Co for[29], Mn for [30] or Cu for[31] as well as [PtCE" (1-OOCCH)4]- H20 [32], utilising
Method 1. The complexes were synthesised accotditlie Schemes below each section, utilizing
the same general procedure. This procedure widlutkned for tetraacetatidopalladium(ll)zinc(ll)
while only the characterisation data will be giviem the rest. These published complexes were
synthesised by following a modified procedure friiozitsyna,et al® and Akhmadullinaet al.
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4.2.6.1. Synthesis of tetraacetatidopalladium(ll)zinc(ll) mono hydrate,
[Pd" Zn" (n-OOCCH,)4]-H,0, [23]

ANA PN

O 00 o0Q P
\Pd/ P\d/ \Pd/ + 3[Zn"(OOCCHgz),]- H,0 Aceticacld _ 3 O/F|>d/gjzl%<0
A NANA 90 °C /71’ é OH,
O\O/\O O&Z) 43 OY
Y 23
42

Hexaacetatidotripalladium(ll) (0.1 g, 0.4454 mmahd diacetatidozinc(ll) (0.082 g, 0.4454 mmol)
was added to acetic acid (2 mL). The solution gestly refluxed for 3 hours and let to cool
overnight in the reaction vessel. The precipitages filtered and washed with cold n-Hexane and
Benzene. The solid obtained was dried in an ov&0 aC. Yield: 0.16 g, 0.382 mmol, 86 %, m.p.:
Decomposes before melting, above 170 °C, Elememalysis: calc. C: 26.39 %; H: 4.06 %.
found, C: 26.67 %:; H: 4.28 % (300 MHz, CDC})/ppm: 2.37 (12 H, s, 4 x G FTIR (cm’):
3201, 3024, 2986, 2938, 1587, 1537, 1409, 13948,1B251, 697.

4.2.6.2. Characterisation data of tetraacetatidopalladium(ll)barium(ll)
mono hydrate, [Pd'Ba" (1-OOCCH,),]-H,0, [24]

AN

o§
(@)
Q

O OO0

\ / \ /C) \ / I Acetic acid l!’d/8/5|a//<o
/pd\ P/d\ Pd\ + 3[Ba'(OOCCH3),] e ™ /3%1’ —t o,
o 0.0 Oo © 44 o) O

YN N he

42

Yield: 0.16 g, 0.34 mmol, 76 %, m.p.: Decomposeforee melting, above 170 °C, Elemental
Analysis: calc. C: 19.28 %; H: 2.83 %. found, C:11®%; H: 2.67 %d4 (300 MHz, CDC})/ppm:
not soluble, FTIR (c): 3399, 3011, 2984, 2933, 1630, 1600, 1551, 14305, 1320, 1022, 685.
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4.2.6.3. Characterisation data of tetraacetatidopalladium(ll)cadmium(ll), mono
hydrate, [Pd" Cd" (n-OOCCH3),]- 2CH;COOH- H,0, [25]

AOA A

Q O°

o I
}d/ p>d/\ \/pd/\ + 3[Cd"(OOCCHjZ),]- 2H,0 % 3 O/Pd/g/Cld/o+ 6H,0
VSV N

Yield: 0.14 g, 0.23 mmol, 51 %, m.p.: Decomposeforee melting, above 170 °C, Elemental
Analysis: calc. C: 20.26 %; H: 2.98 %. found, C:9¥%; H: 2.84 %4 (300 MHz, CDC})/ppm:

c.a. 1.50 (water), 2.26 (3 H, s, 1 x §HFTIR (cni'): 3402, 3013, 2985, 2941, 1731, 1616, 1537,
1518, 1404, 1374, 1339, 1235, 1029, 696.

4.2.6.4. Characterisation data of tetraacetatidopalladium(ll)calcium(ll) mono
hydrate, [Pd" Ca" (n-OOCCH3)4]- H,0, [26]

ANA N

O O Q
\Pd/ (;\d/o \Pd/ + 3[Ca'(OOCCH,),]- H,0  Aceticacid 4 o—Pd—, Ojl/la/<o
VANERVA / \ 90°C /Vcl)—- “OH,
O\O/\O O&Z) 46 Y
Y 26
42

Yield: 0.12 g, 0.24 mmol, 54 %, m.p.: Decomposeforee melting, above 170 °C, Elemental
Analysis: calc. C: 24.00 %; H: 3.53 %. found, C:623%; H: 3.48 %y (300 MHz, CDC})/ppm:

c.a.1.50 (water), 2.13 (12 H, s, 4 x @HFTIR (cni'): 3398, 3016, 2972, 2937, 1708, 1630, 1564,
1437, 1400, 1375, 1335, 1029, 691.
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4.2.6.5. Characterisation data of tetracetatidopalladium(ll)strontium(ll) mono
hydrate, [Pd" Sr" (1-OOCCH5).]- H,0, [27]

AAA PN

O O

0O (0]
\ ic aci |
o.d od b /71—_ o 2

27
42
Yield: 0.13 g, 0.298 mmol, 67 %, m.p.: Decomposefoile melting, above 170 °C, Elemental
Analysis: calc. C: 21.43 %; H: 3.15 %. found, C:121%; H: 3.02 %4 (300 MHz, CDC})/ppm:

c.a.1.50 (water), 2.13 (12 H, s, 4 x @HFTIR (cm): 3390, 3012, 2932, 2853, 1698, 1637, 1602
1564, 1429, 1407, 1369, 1348, 1289, 1020, 690.

4.2.6.6. Characterisation data of tetraacetatidopalladium(l)nickel(ll) mono
hydrate, [Pd" Ni" (1-OOCCH3)4]- H,0, [28]
/\o

C)\ /O O\/O \ T
P4 Pd P& + 3INOOCCHy),)-4H,0  Atcedd, 3 O/Pd/g/Nl/O + 9H,O
/ \ I\ / \ 90°C lk—r— |
o) o) o)
CK§>/;x§1rj3§3\<: 48 \\\T//’
47 28

Yield: 0.19 g, 0.35 mmol, 79 %, m.p.: Decomposefoige melting, above 170 °C, Elemental
Analysis: calc. C: 27.15 %; H: 3.42 %. found, C:25/%; H: 3.50 %4 (300 MHz, CDC})/ppm:
c.a.1.50 (water), 1.90 (12 H, s, 4 X @HFTIR (cm%): 3251, 1706, 1596, 1524, 1451, 1431, 1395,
1379, 1340, 1251, 1019, 699.



Chapter 4 EXPERIMENTAL 172

4.2.6.7. Characterisation data of tetraacetatidopalladium(Il)cobalt(ll) diacetic
acid mono hydrate, [Pd Co" (n-OOCCHj5),]- 2CH;COOH- H,0, [29]

O O
\ / \Pd/ HZO\ C / Hy  Acetic acid

P
il S N
\ 90°C |
/ \ Hz OH, = 3 o

Yield: 1.071 g, 1.995 mmol, 90 %, m.p.. Decompokefore melting, above 170 °C, Elemental
Analysis: calc. C: 27.14 %; H: 3.42 %. found, C:37%; H: 3.49 %y (300 MHz, CDC})/ppm:

paramagnetic, FTIR (c: 3229, 3021, 1703, 1634, 1619, 1600, 1394, 13384, 1326, 1258,
1022, 693.

4.2.6.8. Characterisation data of tetraacetatidopalladium(ll)managanese(ll),
mono hydrate [Pd'Mn" (n-OOCCH3).]- H,0, [30]

AOA A

o 0% \ | /|/<O
\ / / / I Aceticacid 3 O/Pd/g/Mn/
Pd  + 3 [Mn'(OOCCH,),]-H,0 —~5edd, | Non

\/\%/O&Z) 50 OY

30

Yield: 0.143 g, 0.344 mmol, 77 %, m.p.: Decompokefore melting, above 170 °C, Elemental
Analysis: calc. C: 29.57 %; H: 4.55 %. found, C:98%; H: 4.59 %y (300 MHz, CDC})/ppm:

paramagnetic, FTIR (c): 3294, 3252, 3169, 1622, 1601, 1540, 1494, 14200, 1339, 1119,
1026, 691.



Chapter 4 EXPERIMENTAL 17¢

4.2.6.9. Characterisation data of tetraacetatidopalladium(ll)copper(ll),
[Pd" Cu" (n-OOCCH5)4, [31]

ANA N A

O 000 i |
\ / P\/ \ / H20 1 —Q——Cuy—0 Aceticacid _ ¢ o—Pd— O/C'u/o + 6H,0

2 P4 d Pd +3 __o—Qu—§ N 90°

O§>d \O<<\0 //c'a%/cln Oz % OYO
Y 31
42 >1

Yield: 0.112 g, 0.277 mmol, 62 %, m.p.. Decompokefore melting, above 170 °C, Elemental
Analysis: calc. C: 26.48 %; H: 4.07 %. found, C:(27%; H: 4.31 %4 (300 MHz, CDC})/ppm:
c.a.1.50 (water), 1.91 (12 H, s, 4 X @HFTIR (cm®): 3013, 2989, 2938, 1572, 1524, 1426, 1402,
1348, 1051, 689.

4.2.6.10.Characterisation data of tetraacetatidopalladium(Il)cerium(lll) mono
hydrate, [Pd" Ce" (n-OOCCH3)4]- H,0, [32]

O\)/C>g\/§<§o OAO O/\O

\/ Acetic acid —Pd—O——Ce—° + 3CH,COO"
/Pd\ P/d\ 7d\ + 3 o//Ce\\o T3 0] 1 g/é\OHz 3
0\0/\0 O&Z’ Jd o hd
\/ 52

32
42

Yield: 0.17 g, 0.28 mmol, 71 %, m.p.: Decomposeforee melting, above 170 °C, Elemental
Analysis: calc. C: 27.74 %; H: 3.97 %. found, C:68/%; H: 3.95 %4 (300 MHz, CDC})/ppm:
c.a.1.50 (water), 1.90 (12 H, s, 4 x @HFTIR (cm®): 3388, 3016, 2983, 2936, 1701, 1619, 1608,
1536, 1402, 1377, 1340, 1025, 688.
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4.2.7. Synthesis of [PdM" (un-OOC(CH,)sCHs)4], where M = Ca for
[351 Zn for [36], Sr for [37], Ni for [38] or Mn for [39] as well as
[Pd" Ce" (n-OOC(CH,)gCH3)4]- H,O [41], utilising Method 1

Synthesis of previously unknown long-chain alipbatertracarboxylatidopalladium(ll)metal(ll)
complexes, M = Ca fo[35], Zn for [36], Sr for [37], Ni for [38] or Mn for [39] as well as
[Pd'Ce" (u1-OOC(CH)sCHs)4] [41], utilising Method 1. The complexes were synthedi
according to the Schemes below each section,inglithe same general procedure. This procedure
will be outlined for tetradecanoatidopalladium(d)cium(ll) while only the characterisation data
will be given for the rest. These six novel compke were synthesised by following a modified
procedure from Kozitsynat al® and Akhmadullinaet al’

4.2.7.1. Characterisation data of tetradecanoatidopalladiuml(l)calcium(ll),
[Pd" Ca (1-OOC(CH_)sCH3)4], [35]

=

O\ /O/ O\ p O\ /O Decanoic amd /F?d 8;63//(0\/\/\/\; 3H20
/Pd\ P/d\ 7d\ + 3[Ca(00C(CH2)sCH3)z] - H20 — =" e O
OLA0 K P 16 \/\/\b/

Didecanoatidocalcium(ll) mono hydrate (0.05 g, Q.Ifhmol) was added to a suspension of
hexadecanoatidotripalladium(ll) (0.052 g, 0.037 eh)nin decanoic acid (minimum amount) in a
three necked round bottom flask (50 ml). This mmig&twas heated to 100 - 110 °C while stirring.
Through one of the necks of the flask compressedas passed over the reaction. This caused the
excess acid to evaporate from the reaction mixancethrough the other neck of the flask the acid
crystallised in a collection beaker. This may takeut 1 day, for decanoic acid. Yield (based on
Calcium): 0.15 g, 0.18 mmol, 58 %, m.p. 78-79 “@nkental Analysis: calc. C: 56.58 %; H: 9.27
%. found: C: 57.03 %; H: 9.44 %, (300 MHz, CDC})/ppm: 0.81 - 0.99 (12 H, t, 4 x GH1.05
-149 (52 H, m 26 xCH 1.57-1.75 (4 H, m 2xCH203-218 (4 H,t, 2 xCH 2.30 —
2.44 (4 H, t, CH), FTIR (cm"): 3366, 2919, 2853, 1708, 1621, 1606, 1568, 18487, 1400,
1112, 721.
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4.2.7.2. Characterisation data of tetradecanoatidopalladium(l)zinc(ll),
[Pd" Zn" (n-OOC(CH,)sCH3)J], [36]

/Q;\A
O O O O Decanoic acid /\/\/\/\/Q/P/d/g/zn/o
Pd P\d \//\ + 3 [Z0(00C(CHz)sCHy)g] ocandc acd, O
A . NN ol

36

3

This compound was crystallised by dissolving thevger in DCM, and overlayed with n-Hexane in
a test tube covered with parrafilm with a few hgbedked inside it. After 5 days crystals suitable
for X-ray crystallography may be obtained. Yiebhged on zinc): 0.14 g, 0.16 mmol, 56 %, m.p.
103-104 °C, Elemental Analysis: calc. C: 56.18 %;8:96 %. found: C: 55.90 %; H 9.00 %,
(300 MHz, CDC})/ppm: 0.79 — 0.96 (12 H, t, 4 x GK11.03 — 1.40 (48 H, m, 24 x GH 1.44 —
1.82 (8 H, m, 4 x Ch), 2.13 — 2.58 (8 H, m, 4 x GH FTIR (cm®): 2916, 2849, 1712, 1608, 1593,
1547, 1523, 1465, 1458, 1422, 1407, 1398, 13157,1220.

4.2.7.3. Characterisation data of tetradecanoatidopalladiuml(l)strontium(ll),
[Pd" St (n-OOC(CH3)sCH3)d]- H-0, [37]

ANA O/Q\//O\;\\/W\/
- O
\ AN I _Decancicacid /\M/\%Pd Sr/
Pd/ + 3[Sr(O0C(CHy)gCHy)y] — —————> 100- 110 °C 8

P
O/ \O/ \0.0/\O 17 v\/\b/

37

3
Yield (based on strontium): 0.19 g, 0.21 mmol, 95rfmp. 63-64 °C, Elemental Analysis: calc. C:
54.65 %; H: 8.72 %. found: C: 55.23 %; H: 8.643»(300 MHz, CDC})/ppm: 0.78 — 0.98 (12 H,
t, 3xCH), 0.99—-155(5B2H, m, 26 xGKH158-1.74 (4 H, m 2xCGH199-222(4H, m,2
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X CHy), 2.26 — 2.70 (4 H, m, 2 x GH FTIR (cm): 2919, 2850, 1706, 1628, 1608, 1540, 1459,
1444, 1395, 1297, 1110, 720.

4.2.7.4. Characterisation data of tetradecanoatidopalladium(l)nickel(ll),
[Pd" Ni" (1-OOC(CH)sCHs)4], [38]

A

)

d 1 |/<\/\/\/\/
@) o o O o Pd— —Ni—©
\/ O\ P N/ + 3 NI(OOC(CHy)aCHg)y] 4H,0 -2802MOCaCd /\/\/\/\% | +12H,0
/Pd\ P/d\ /Pd\ 100-110°C 'e) 0O
O8O K P 13 \/\/\b/
38
3

This compound can be crystallised by dissolvingpbeder in DCM, and overlayed with n-Hexane
in a test tube covered with parrafilm with a fewdsopoked inside it. After 5 days crystals suiabl
for X-ray crystallography may be obtained. Yietdged on nickel): 0.33 g, 0.38 mmol, 90 %, m.p.
94-95 °C, Elemental Analysis: calc. C: 58.03 %;9%62 %. found: C: 57.53 %; H 9.48 @&, (300
MHz, CDCkL)/ppm: 0.73 —1.13 (12 H, t, 4 x GH1.13 — 4.15 (64 H, m, 32 x GHFTIR (cm"):
2915, 2848, 1588, 1538, 1515, 1468, 1440, 1405/,1B019, 721.

4.2.7.5. Characterisation data of tertadecanoatidopalladium(l)manganese(ll),
[Pd"Mn" (n-OOC(CH,)sCH3)4], [39]

A

@) @]
@) o g O o i o
\/ C)\/O N/ 4 3[Mn'(OOC(CH,)sCH)p] —ooanoc2cd /\N\/\B,AQ//P'OIT —Mn—"0
/Pd\ P/d\ /Pd\ 100- 110 °C (5 (])
AN, 1 e g
39
3

Yield (based on manganese): 0.16 g, 0.19 mmol, 8é%. 77-78 °C, Elemental Analysis: calc. C:
56.78 %; H: 9.06 %. found: C: 56.77 %; H 9.0584 (300 MHz, CDC})/ppm: 0.15 —2.49 (76 H,
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m, 4 x CH, 32 x CH), FTIR (cm"): 3324, 2919, 2851, 1688, 1594, 1559, 1458, 14867, 1115,

723.

4.2.7.6. Characterisation data of tetradecanoatidopalladium(l)cerium(lll),
[Pd" Ce" (n-OOC(CH2)sCHa3)4l", [41]

g =

|
XL AP s O\ P Decomoicadd PO e
/Pd\ ID/d\ F,d\ o—Ce—0Q 100- 110 °C S 3
KRS vl
N o/ \o
18 41
3

Yield (based on cerium): 0.15 g, 0.16 mmol, 72 %p.n%4-55 °C, Elemental Analysis: calc. C:
52.74 %; H: 8.75 %. found: C: 53.33 %; H 8.208%(300 MHz, CDC})/ppm: 0.73 — 0.95 (12 H,
t, 4 x CHy), 0.96 — 1.90 (64 H, m, 32 x GH FTIR (cm?): 3382, 2922, 2853, 1701, 1618, 1591,
1556, 1453, 1408, 1309, 1115, 723.

4.2.6. Synthesis of [P4Co" (n-OOC(CH,),CHa)4]- H,0, where for n = 4 for
[19], 6 for [20], 8 for [21] or 10 for [22], utilisng method 2

Synthesis of previously unknown long-chain alipbati paddlewheel
tertracarboxylatidopalladium(il)cobalt(I1) mono hrdie complexes [PCo" (u-
OOC(CH)nCHa)4]- H20, where n = 4 fof19], 6 for[20], 8 for[21] and 10 fof22]. The complexes
were synthesised according to the Schemes below eaction, utilizing the same general
procedure. This procedure will be outlined forraaexanoatidopalladium(ll)cobalt(ll) mono
hydrate while only the characterisation data waldiven for the rest. These four novel complexes
were synthesised by following a ligand exchangetrea. Due to the paramagnetic properties of
Cobalt no NMR studies could be performed.
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4.2.6.1. Synthesis of tetrahexanoatidopalladium(ll)cobalt(ll) mono hydrate,

[Pd" Co" (n-OOC(CH,),CH3).]- H,0, [19]
N

@)
@) /( 1 /|/<\/\/
1 | Hexanoic acid - )
0 e exanoic aci ——Pd )—_Co
l%F{dO/CIO\OH 100 - 110 °C W 0 CI) “OH;,

O\|/O Cib/

29 198

Tetraacetatidopalladium(ll)cobalt(ll) (0.1 g, 0.20@mol) was suspended in hexanoic acid
(minimum amount). The solution was heated to 10Q0 °C, under compressed air flow until all
excess acid was removed depending on the chaithlémg may take 5 hours to 1 day. Yield: 0.13
g, 0.207 mmol, 99 %, m.p. 52-53 °C, Elemental Asilycalc. C: 44.78 %; H: 7.21 %. found, C:
44.27 %; H 7.07 %, FTIR (cM): 3370, 2954, 2929, 2870, 1589, 1534, 1440, 14841, 1308,
1229, 1190, 1111, 722.

4.2.6.2. Characterisation data of tetraoctanoatidopalladium(l)cobalt(ll)
mono hydrate, [Pd' Co" (n-OOC(CH,)sCH3).]- H,0, [20]

O
@) o /|/<\/\/\/
| —0 /CI/< Octanoic acid | O
l/io/ | NoH 100-110°C  AAA—7T1 | SOH,
o) O

29 20

Yield: 0.13 g, 0.17 mmol, 81 %, m.p. 76-77 °C, Eteral Analysis: calc. C: 52.08 %; H: 8.20 %.
found: C: 52.17 %; H 7.82 %, FTIR (€M 2955, 2919, 2851, 1709, 1590, 1515, 1465, 14205,
1312, 1113, 719
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4.2.6.3. Characterisation data of tetradecanoatidopalladiuml(l)cobalt(ll)
mono hydrate, [Pd' Co" (n-OOC(CH,)sCH3).]- H-0, [21]

A AN

(l) I/< Decanoic acid I!’d 8 Co—©
_— — A O tihbidnthdhhdhali — — —
29 21

Yield: 0.12 g, 0.139 mmol, 66 %, m.p. 83-84 °C,r&émtal Analysis: calc. C: 55.34 %; H: 9.06 %.
found, C: 55.04 %; H 8.61 %, FTIR (€ 2955, 2915, 2849, 1589, 1517, 1464, 1420, 14844,
1113, 720

4.2.6.4. Characterisation data of tetradodecanoatidopalladim(ll)cobalt(lI)
mono hydrate, [Pd' Co" (n-OOC(CH,)1dCH3)4]- H,0, [22]

/I!’ d /gjclo//(O Dodecanoic acid 0 /pd/g/clo \/Oa 2

- T =
/O/i i*Non 100110 °C AANAAA =T
o) o)

29 22

Yield: 0.14 g, 0.22 mmol, 88 %, m.p. 84-85 °C, Eénal Analysis: calc. C: 59.91 %; H: 9.64 %.
found: C: 59.96 %; H 10.83 %, FTIR (€ 2916, 2850, 1590, 1560, 1516, 1466, 1420, 1406,
1316, 1114, 719

4.2.7. Synthesis of [PdM" (n-OOC(CH,)sCHs)4], where M = Ba for
[33], Cd for [34], Ca for [35], Zn for [36], Sr for [37], Ni for [38] or Mn
for [39], Cu for [40] as well as [Pd Ce" (n-OOC(CH,)sCHa)J], [41],
utilising Method 2

Synthesis of previously unknown long-chain alipbatetracarboxylatidopalladium(ll)metal(ll)
complexes The complexes were synthesised accotalitig Schemes below each section, utilizing
the same  general procedure. This  procedure  will beutlined  for
tetradecanoatidopalladium(ll)barium(ll) while ortlye characterisation data will be given for the
rest. These nine novel complexes were synthebigéallowing a ligand exchange reaction.
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4.2.7.1. Synthesis of tetradecanoatidopalladium(ll)barium(l),
[Pd"Ba" (n-OOC(CH)sCHa)4], [33]

@)
/|a//<O Decanoic acid | OW
O———0— | NoH 100-110°C o |
//I_ | ) Wr‘

Tetraacetatidopalladium(ll)barium(ll) (0.1 g, 0.800nmol) was suspended in decanoic acid
(minimum amount). The solution was stirred, andtéé to 100 - 110 °C, under compressed air
flow until all excess acid was removed. For decaraid this may take 1 day. Yield: 0.143 g,
0.151 mmol, 75 %, m.p. 55-56 °C, Elemental Analtysic. C: 52.88 %; H: 8.76 %. found, C:
52.44 %; H 8.95 %y (300 MHz, CDCY)/ppm: 0.81 —0.96 (12 H, t, 4 x GH1.03 — 1.50 (52 H,
m, 26 x CH), 1.51 — 2.45 (12 H, m, 6 x GH FTIR (cni'): 2920, 2851, 1703, 1645, 1629, 1573,
1548, 1467, 1441, 1387, 1301, 1113, 720.

4.2.7.2. Characterisation data of tetradecanoatidopalladiumil)cadmium(ll),
[Pd" Cd" (1-OOC(CH)sCHa)d], [34]

A o D

? |
I /|/< Decanoic acid o—Pd—, /Cld/o + H,0

@) >
O/E,d/g/Cd\/ o W
l OH 100-110°C
//é\/o | Wib/o
25 34

Yield: 0.138 g, 0.149 mmol, 88 %, m.p. 51-52 *CGerigéntal Analysis: calc. C: 52.04 %; H: 8.52 %,
found: C: 51.49 %; H 8.85 %y (300 MHz, CDC4)/ppm: 0.84 — 0.93 (12 H, t, 4 x GK11.01 —
1.35(48H, m, 24 x CH), 1.36 —1.58 (8 H, m, 4 x G 2.03 — 2.17 (8 H, m, 4 x CGH FTIR (cm

1): 3339, 2922, 2851, 1686, 1600, 1564, 1526, 14860, 1316, 1114, 721.
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4.2.7.3. Characterisation data of tetradecanoatidopalladium{l)calcium(ll),
[Pd" Ca" (n-OOC(CH)sCHa)4], [35]

A A

O/( |
/Cla/o Decanoic acid 0 /Pd/g /Ca/o + H,0

. |
[ Non  100-110°C
/‘Vé\|/o vvib/o

26 35

Yield: 0.12 g, 0.136 mmol, 71 %, m.p. 78-79 °C,r&émtal Analysis: calc. C: .56.58 %; H: 9.27 %,
found: C: 56.93 %; H: 9.33 % (300 MHz, CDC})/ppm: 0.81 — 0.99 (12 H, t, 4 Xx GK1.05 —
149 (52H, m, 26 xCH, 1.57-1.754 H, m 2xCH203-218 (4 H,t 2xCiH230-244
(4 H, t, CH),FTIR (cm®): 3366, 2919, 2853, 1708, 1621, 1606, 1568, 15437, 1400, 1112, 721.

4.2.7.4. Characterisation data of tetradecanoatidopalladiumil)zinc(ll),

[Pd"Zn" (u-OOC(CH)sCHs)], [36] /q\/\/\
(0]

0)
/4 Decanoic acid O/ILd/g/zn/O + H,0
| SoH 100 - 110°C l

9] 0]
~ Y
23 36

Yield: 0.15 g, 0.175 mmol, 95 %, m.p. 103-104 "@&nr&ental Analysis: calc. C: 57.56 %; H: 9.56
%, found: C: 57.15 %; H 9.08 %, (300 MHz, CDC})/ppm: 0.79 —0.96 (12 H, t, 4 x GK11.03 —
1.40 (48 H, m, 24 xC§), 1.44-1.82(8H, m, 4 x GH 2.13-2.58 (8 H, m, 4 x GH FTIR (cm
1): 2916, 2849, 1712, 1608, 1593, 1547, 1523, 14658, 1422, 1407, 1398, 1315, 1117, 720.
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4.2.7.5. Characterisation data of tetradecanoatidopalladium(l)strontium(ll)
[Pd" Sr' (u1-OOC(CH)eCHs)d], [37]

A A

/O/S — 0 Decanoic acid ___Pd— Sr/o + H,0
O/Pd O/ Ir\OH 100 - 110 °C /\/\Mko-l’ e
1 0

27 37
Yield: 0.081 g, 0.0909 mmol, 81 %, m.p. 63-64 "@rkental Analysis: calc. C: 54.85 %; H: 9.32
%, found: C: 55.25 %; H: 9.04 %, (300 MHz, CDC})/ppm: 0.78 —0.98 (12 H, t, 3 X G}10.99
—155(B2H, m 26 xChH 1.58-1.74(4H, m 2xCH1.99-2.22 (4H, m, 2x CH?2.26-

2.70 (4 H, m, 2 x Ch), FTIR (cm"): 2919, 2850, 1706, 1628, 1608, 1540, 1459, 14385, 1297,
1110, 720.

4.2.7.6. Characterisation data of tetradecanaotidopalladium(l)nickel(ll)
[Pd"Ni" (1-OOC(CH)gCHs)], [38]

7 - T
- e} Decanoic acid 0 0
— Ni— — > Pd— Ni

Yield: 0.15 g, 0.175 mmol, 95 %, m.p. 94-96 °C,r&émtal Analysis: calc. C: 58.03 %; H: 9.62 %,
found: C: 57.50 %; H: 9.24 % (300 MHz, CDC})/ppm: 0.73 — 1.13 (12 H, t, 4 x GH1.13 —
4.15 (64 H, m, 32 x Ch, FTIR (cm?): 2915, 2848, 1588, 1538, 1515, 1468, 1440, 14857,
1119, 721.
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4.2.7.7. Characterisation data of tetradecanaotidopalladium{l)manganese(ll)
[Pd"Mn" (u1-OOC(CH)sCHa)d], [39]

/\O ) /q:\/\
I/< Decanoic acid W + H,0

—Mn—70 " O/é’d/ /Mn/o

|
Pd—_.
/‘OV/i-O/ | SoH 100 - 110 °C /\/\/\/\k"’ |

O o) O
~ Y
30 39

Yield: 0.15 g, 0.178 mmol, 71 %, m.p. 77-79 °C,rRémtal Analysis: calc. C: 58.31 %; H: 9.66 %,
found: C: 57.83 %; H 9.20 %y (300 MHz, CDCY)/ppm: 0.15—2.49 (76 H, m, 4 x GHB2 x
CH,), FTIR (cm?): 3324, 2919, 2851, 1688, 1594, 1559, 1458, 14867, 1115, 723.

4.2.7.8. Characterisation data of tetradecanoatidopalladium(l)copper(ll),
[Pd" Cu" (1-OOC(CH)sCHa)d], [40]

0 0)
| /|/< Decanoic acid |

— O
O/Fi,d 8/0lu\/OH 100-110°C NW\/OVT_-
31 4C
Yield: 0.17 g, 0.199 mmol, 84 %, m.p. 93-94 °C,r&émtal Analysis: calc. C: 56.25 %; H: 8.98 %,

found: C: 55.99 %; H 9.34 %, (300 MHz, CDC})/ppm: 0.39 — 1.56 (76 H, m, 4 x GH32 X
CH,), FTIR (cm?): 2920, 2851, 1608, 1580, 1465, 1428, 1416, 148383, 1116, 721.
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4.2.7.9. Characterisation data of tetradecanoatidopalladium(l)cerium(lll)
[Pd" Ce" (1-OOC(CH)sCH3)]", [41]

» O/Pd/g/ce/o + H,O
| NoH,  100-110°C |

0) 0]
~7 Y
32 41

Yield: 0.12 g, 0.128 mmol, 79 %, m.p. 54-55 °C,riémtal Analysis: calc. C: 52.72 %; H: 8.73 %,
found: C: 53.29 %; H: 8.67 %y (300 MHz, CDC})/ppm: 0.73 — 0.95 (12 H, t, 4 x G 0.96 —
1.90 (64 H, m, 32 x CH), FTIR (cm?): 3382, 2922, 2853, 1701, 1618, 1591, 1556, 14888,
1309, 11115, 723.

4.2.8. Silicon wafer preparation, spin-coating, grafting and
calcination (activation) thereof

4.2.8.1. Preparation of silicon wafers having a hydroxylatd (Si-OH) surface

—_— -
250 9C H,0,/NH,OH (25 °C)
Calcination (cl'e'aned)
Si (100) Amorphous SiO, layer Boiling H;0 Amorphous SiOH layer
90 nm thick (hydroxylation)

Silicon wafers were calcined in oxygen at 750 °C24 hours to form an amorphous $i@yer and
then cleaned/etched by allowing it to stand in atane of 1/1 (v/v) of HO, (25% solution) and
NH4OH (35% solution) at room temperature for 10 misut&he Si-wafers were then hydroxylated
to form Si-OH bonds on the surface of the waferbbiing the wafers in double distilled water for
1 h and dried at room temperature under a flowitobgen.
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4.2.8.2. Spin-coating of the complexes were accomplished fdlow, [53-72]

(CHZ)n
\0 /
2 CH,)
0 O'\ ( 2/n
O o
NN O  cH,
(ChHp), O [N T
—_—
2880 rpm or
48 revolutions
per second

Amorphous SiOH layer

[63]:M=2n,n=0 [60]: M=Co,n=4,[61]:M=Co,n=6
[54]: M=Ba,n=0 [62]: M=Co, n=8,[63]: M=Co, n=10
[65]: M=Cd,n=0 [64]: M=Ba,n=8,[65]:M=Cd,n=8
[56]: M=Sr,n=0 [66]: M=Ca,n=8,[67]:M=2n,n=8
[57]:M=Ni,n=0 [68]: M=Sr, n=8,[69]: M=Ni, n=8
[68]: M=Co,n=0 [70]: M=Mn,n=8,[71]: M=Cu,n=8
[591: M=Mn,n=0 [72]: M=Ce, n=8

The hydroxylated wafer was cut to the appropriate $or the spin coater (4 x 5 mm). The
hydroxylated wafer was then first washed with cleatvent DCM or acetone depending in which
solvent the complexes were dissolved and spun dsedy the spin coater. This cleaned wafer was
then spun at 2880 rpm (or 48 revolutions per secoAdsolution of 5 mM (0.2 mL) of the specific
complex[23-25] and [27-30] as well ad§19-41] was added dropwise to the revolving waver. The
wafer with the anchored complex was then drieddigrsng the wafer for an additional 1 minute.
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4.2.8.3. Activation (Oxidation) of the spin coated complexe®n functionalised
Si-OH wafers were accomplished as follow [73-92]

(CHy),
H;C
3 X_o /CH3
A
o Y(CHz)n
0.
NN O cHy
HsC. _M [
chano” |
PdO MO pPdO MO
_— >
oxidation in oxygen PdO MO
450 °C PdO MO

[73]: M=2Zn,n=0 [80]: M=Co,n=4,[81]: M=Co,n=6
[74]: M=Ba,n=0 [82]: M= Co, n =8, [82]: M= Co, n=10
[75: M=Cd,n=0 [84]: M=Ba,n=8,[85]: M=Cd,n=8
[76]: M=Sr,n=0 [86]:M=Ca,n=8,[77]: M=Zn,n=8
[77: M=Ni,n=0 [88]:M=Sr, n=8,[89]: M=Ni, n=8
[781: M=Co,n=0 [91]: M=Mn,n=8,[91]: M=Cu,n=8
[79: M=Mn,n=0[92]: M=Ce, n=8

[63]:M=2Zn,n=0 [60]: M=Co,n=4,[61]: M=Co,n=6
[54]: M=Ba,n=0 [62]: M=Co,n =38, [63]: M=Co,n=10
[651: M=Cd,n=0 [64]: M=Ba,n=8,[65]: M=Cd,n=8
[56]: M=Sr,n=0 [66]:M=Ca,n=8,[67: M=Zn,n=8
[67: M=Ni,n=0 [68]:M=Sr, n=8,[69]: M=Ni, n=8
[58]: M=Co,n=0 [70]:M=Mn,n=8,[71]: M=Cu,n=8
[59]: M=Mn,n=0 [72]: M=Ce, n=8

The Si-OH wavers that were coated with the compexere all activated, in a calcination oven at
450 °C under a stream of oxygen for four hoursis Tasulted in PdO (palladium oxide) and MO
(metal oxide) being deposited on the modified wateface.

4.2.8.4. Catalyst testing of the activated PdO and MO (metabxide) wafers,
here, using Pd Co'"/Si(OH)/SiO,/Si(100) as an example

NVAAANANAANANA

Atmospheric oxygen | Pd''Co'/Si(OH)/SiO,/Si(100)

WAWO“

0]

The catalysts were tested using 1-octadecanol d@elnsatalyst in an aerobic solvent-free reaction.
In this reaction, 1-octadecanol was oxidised t@th@ecanoic acid. A 5 mL pill tube was used as a
reaction vessel. 1-octadecanol (0.1 g) was weiginetiplaced inside the pill tube; the activated
catalyst was placed on top of the pellets of 1amtanol. The temperature was raised to 105 °C
and kept constant until the reaction was compléefae reaction was followed using ATR-FTIR
until completed.
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4.3. Materials

Solid and liquid reagents were purchased from Sigidach, and used without further
purification. UniLAB grade solvents were purchasesin Merck. Double-distilled water was used
where necessary.

4.4. Spectroscopic measurements

Nuclear magnetic resonantid spectra were recorded on a 300 MHz Bruker AvabE& NMR
spectrometer, at 298 K. Chemical shifts are regonelative to SiMe (O ppm). Spectral
processing was done by means of the MestReNova3w0.8469 NMR software for Windows.
Melting points (uncorrected) of products were deieed with an Olympus BX51 polarised
microscope, fitted with a LINKAM THRM 600 heatingage. The upper temperature limit of this
instrument is 300°C. Infrared measurements were taken using a Nid&®&0 ATR Fourier

transform spectrometer.

4.5. Electrochemistry

Cyclic voltammetry (CV), linear-sweep voltammetiyS{) and square wave voltammetry (SW)
were performed using a Princeton Applied ResearBRFTAT 2273 Voltammographs were
recorded using Powersuite (version 2.58). A platirwire was used as an auxiliary electrode and a
silver wire as reference electrode. A glassy carblectrode was used as the working electrode,
with surface area 3.14 nfm The working electrode was polished on a Buhlelishing mat,
utilising 1 micron and then % micron diamond pasBalutions contained 0.5 mM of analyte, 0.5
mM of decamethylferrocene or ferrocene as intestahdard and 0.1 M tetrabutylammonium
tetrakis(pentafluorophenyl)borate as the supportilegtrolyte. All complexes were dissolved in 1
cm® anhydrous dichloromethane as solvefftemperatures were kept constant to within C5
Experimental potentials were referenced againsbdéene (FcH/FCHE® = 0.00V) as an internal
standard, according to internationally acceptedAURtandards. To achieve this, each experiment
was performed first in the absence of ferrocene thieth repeated in the presence of < 1 mM
ferrocene. Data was manipulated on a MicrosofteExeorksheet to set the formal reduction
potentials of FcH/FcHcouple at 0 V.
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4.6. Thermal gravimetric analysis with coupled mass
spectrometry (TGA-MS)

TGA experiments were performed on a TGA/SDTABSbupled to a ThermoStat Pfeifer
vacuum mass spectrometer. Instruments were is@@land purged with argon gas 24 hours in
advance of experimentation. Successive blank sufme sample) were run on empty 60 pl
aluminium oxide crucible until reproducible curve®re obtained. Samples sizes for all tested
compounds were 2 - 8 mg and were weighed on a dieemal Mettler XS205 dualrange
elecrobalance. Samples were heated at a rate 4 Hin* in the temperature range 30 °C < T <
700 °C. A constant flow of argon was maintaineéroall experiments, unless stated otherwise. a
TGA experiment synchronised with an analog masstepaetry scan is run to identifp/zvalues

of evolved gasses.

4.7. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurersemére performed on a METTLER DSC822
differential scanning calorimeter with FRS5 detecand robotic auto-sampler. The maximum
temperature range for the instrument is -50 °C <« B00 °C. Samples sizes for all tested
compounds were 2 - 8 mg and were weighed on a dieemal Mettler XS205 dualrange
elecrobalance, then sealed in standardp#tGluminium crucibles. The aluminium cap was
perforated with a needle creating a hole of ~ 1 mmiameter to allow any gasses evolved during
potential decomposition to escape without deforomatf the crucible. All experiments were
performed under nitrogen. The scan rate was inaaés (unless specifically mentioned otherwise)
was 10 °C mift for both heating and cooling. Isothermal segmefitsne minute prior to and at
the final temperature between dynamic heating auling segments were included to allow for
instrumental overshot and setting. Curve analysese performed using STARSW 8.10°

software.
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5.1. Summary and Conclusions

The circular long-chain palladium carboxylatido quexes[1-4] were synthesised by reacting
palladium nitrate with the appropriate long chaanboxylic acid, in this case hexanoic, octanoic,
decanoic or dodecanoic acid. lonic potassium aailates[5-8] were synthesised using a
neutralisation reaction between KOH and the appaiptong chain carboxylic acid. The mono-
metal carboxylatido complexd®-12] and [13-18] were prepared by a metathesis reaction
between the desired aqueous ionic potassium cddiexgnd the selected aqueous metal salt.
The mixed-metal palladium metal tetraacetatido demgs[23-32] were synthesised by reacting
one equivalent of palladium acetatido complex wittee equivalents of the appropriate metal
acetatido complex in acetic acid. Synthesis of ldrg-chain mixed-metal palladium metal
tetracarboxylatido complexg¢49-22] and[33-41] were achieved using two methods. The first
method involves the reaction of one equivalent gfadladium long-chain hexacarboxylatido
complex with three equivalents of the relevant inktag-chain carboxylatido complex, with
yields between 56 and 95 %. The second methodvies@ ligand exchange type of reaction
where the palladium metal paddlewheel tetraacetatanplex is reacted with the desired long
chain carboxylic acid. This results in the desitedg-chain paddlewheel palladium metal
tetracarboxylatido complexes, with yields betweérafd 99 %. Method two gave higher yields

and more pure products than method one.

NMR analysis showed that the length of the longithearboxylatido complexes has an
influence on the resonance position of the proteakp. As the carbon chain becomes longer,
the CH groups start to overlap. The €k$ located ata. 0.75-0.95 ppm and get shifted to
higher ppm values as the carbon chain length iseea

Synthesis of the long-chain circular tripalladiuexhcarboxylatido and long-chain mixed-metal
paddlewheel tetracarboxylatido complexes was maoedtousing ATR-FTIR. Also the
disappearance of the pealcat 1700 cnit indicated the consumption of the free acid. Witiike
appearance of the stretching frequenciesaat1600 cm' and 1400 cri for the long-chain
circular tripalladium hexacarboxylatido complexesd dong-chain mixed-metal paddlewheel
tetracarboxylatido complexes confirmed the formatbthe target complexes.
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The long-chain mono- and mixed-metal carboxylatdmplexes showed mixed binding modes
which could be identified as unidentate, bidentaidendate, bridgingsyn-syn) binding mode
and ionic binding mode. These conclusions were enfidm the following frequencies
observed: For @piterence > 200 cn', the carboxylatido binding mode to the metal insidered

to be unidentate. For Apiterence < 120 cnt, the binding mode is considered to be bidentate.
When a series of symmetric and anti-symmetric gtirey frequencies are observed that results
in @ Apifrerence = 120 - 200 crl, the binding mode is considered to be bridgingr &Apiference =

150 - 200 crit, (mostly close to 150 cironly) the binding mode is considered to be ionic.

The single crystal X-ray structures of [fa"(u-OOC(CHy)sCHs)] [21] (Z = 2, space group
P2:/c), [Pd'zn"(u-OOC(CH)sCHs)4] [36] (Z = 4, space grougP2i/c), and [PUNi"(u-
OOC(CH)sCHz3)4] [38] (Z = 2, space group-1) were solved and confirmed the binding modes
observed in the ATR-FTIR studies. All three comple have the same bridging structure, with
four carboxylatido ligands around the Pd-Ni, Pd&®a Pd-Zn metals. All three complexes are
dimers.

Thermal studies in the form of DSC and TGA-MS weoaducted on selected compounds to
determine temperature dependent physical properti@he long-chain circular palladium
complexeq1] and[2] are oils even at -50 °C and it decomposes at 24127and 229.68 °C
respectively. Due to super-coolin] has a cold crystallisation peak at -12.43 °C aas &
melting point at 20.80 °C whilg4] crystallises at 23.26 °C with a melting point &t89 °C.
Variable temperature polarized light microscopigdgts confirmed the observations made by
DSC thermal studies.

TGA-MS studies showed that the decomposition of tbeg-chain circular palladium
carboxylatido complexes all proceed in one steprcéhtage mass loss fidi, [2], [3] and[4]

are 63.70 %, 67.71 %, 71.43 % and 74.23 % resmgtivihe formation of Pd, PdO and PdO
during pyrolysis as the final non-volatile decomifios products. The TGA-MS studies showed
different volatile products are liberated duringe tdecomposition of1-4]. These include
methane, hydroxide ions, water, carbon monoxidgger, methanol, propyne, carbon dioxide
and other products.

The long-chain mono-metal carboxylatido complepd&g and[16] showed solid state transitions
with melting points at 136.26 °C and 220.35 °C ee$pely. The variable temperature polarized
light microscopic studies showed thab] and[16] melts without any prior thermal activity
before melting.
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Complex[15] does not show a step for a loss of water but dbesv two decomposition steps
with a total mass loss of 79.08 %. Non-volatieZand CaO are the final decomposition
products. Both these complexes decompose thrauglsteps][16] has a loss of water for the
first step while the second step is the decompmositif the complex with 69.33 % total mass
loss. The long-chain mixed-metal carboxylatido pteres that showed mesophase behaviour
were[20], [21] and[36]. The smectic mesophase was observed over a tatm@erange of
8.61 °C for[20] and 21.80 °C fof36]. However no liquid crystal mesophase behavious wa
observed fof21] in the DSC thermogram, but was confirmed by véeidemperature polarised
light microscopic study. Melting point of 76.2€ for [20], and a melting point of 103.47 °C
for [36] was obtained. The smectic mesophase behavioucavdismed for[20] and[36] using
variable temperature polarized light microscopidsts. Complex20] and[36] goes through a
two-step and four-step decomposition process withta mass loss of 73% and 75%. The
formation of PdO and CoO as well as Bdihd ZnO as the final non-volatile decomposition
products. The volatile gases observed [f8] were found to be hydrogen, hydroxide ions,
water, carbon monoxide, ethyne, oxygen, methanallopropenylidene, propyne and carbon
dioxide.

The long-chain mixed-metal carboxylatido compleik®y, [39] and[40] had melting points of
51.32 °C, 77.67 °C and 76.60 °C and respectiveBomplex [39] has the most solid state
transitions and also shows polymorphism compardatiémther complexes. ComplgE3d], has
five decomposition steps (total mass loss 69.18 Wijth the formation of PdO and CdO, as the
final decomposition products. The compl&9] has four steps (total mass loss 67.14 %) and
PdO and MpOs as the final decomposition products. Comgh®] has one decomposition step
(total mass loss 77.24 %) and PdO and CuO asriakedecomposition products.

From the electrochemistry of the circular tripallad hexacarboxylatido complexes, one
oxidation and one reduction wave was observed. r&€Haction wave was assigned to' Pd
Pd while the oxidation wave was assigned td Pd Pd'. The complexes however do not
disintegrate, the complexes stays intact with thidaiion and reduction process.

The electrochemical study pf-4] revealed that the carboxylatido ligand chain lengfluence
the position of the reduction peak. The genemidrobserved, as the chain length increases the
oxidation potential, [z, goes to a more negative values, implying thabragér chain length
makes oxidation more difficult.
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The influence of the cobalt in [P@0" (u1-OOC(CHy)16CHs)s] [22] on the oxidation potential of
the palladium is evident from the shift to more agge values for the complexes,HP ds(p-
OOC(CH)10CHs)e] = -1128 mV while, By, [Pd'Co" (u-OOC(CH)10CHs)4] = -1338 mV. The
increased electron density due to the cobalt,ssth reduction wave to a more negative values.
The length of the carbon chain had an influencahenposition of the oxidation wave of the
palladium cerium carboxylatido complexes. Incregsihe carboxylatido carbon chain length
from two to ten, the & decreased frorfil4 mV for [Pd'Cé" (u-OOCCH)4]* [32] to 297 mV for
[Pd'Ce" (ui-OOC(CH)sCHs)4]* [41] making oxidation easier.

Silicon wafers were modified to have Si-OH sitestloa surface to provide a suitable anchoring
site for the complexes. Selected mixed-metal cailatido complexes were coated onto the
hydroxylated wafers using spin coating. The prialgats were activated under a stream of
oxygen at 450 °C. This allowed for PdO and MO @hekide) to be deposited on the modified
silicon surface. The solvent-free aerobic oxidaid 1-octadecanol to 1-octadecanoic acid was
used as model reaction to test the catalytic agtiof the two dimensional supported model
catalysts. The catalytic reactions were followsthg ATR-FTIR by observing the appearance
of the carbonyl stretching frequencies at 1730'@nd 1710 ci as the reaction progressed. A
turnover frequency (TOF) of 0.8 to 2 moleculésvsas obtained from the catalysts prepared
from the short-chain mixed-metal acetatido compex@&he catalysts prepared from the long-
chain mixed-metal carboxylatido complexes had a DDE to 7 moleculess Comparison of
the obtained TOF with the ionic radius of the secoretal showed that the larger ionic radius is
accompanied by a decrease in the turnover frequehisyimplies that larger atoms tend to be
more sluggish in catalytically oxidising 1-octadechto 1-octadecanoic acid.

XPS characterisation studies of the activated ysialrevealed that the ratio of palladium to
cobalt on the surface is 1.2:1.9. The'®d3d;, peak at337.19 eV is well within range of
reported binding energy of with an average valu®diO (337.10 eV). The Co 2p, peak at
782.04 eV, is within the range 0779.3-781.8 eV reported for oxidised Co/S}O It also relates
closely with the reported value @81.1 eV of the oxidised palladium cobalt tetraacetatidim sp

coated onto the hydroxylated silicon wafer.

It is clear that all objectives described in Cleagdiwas achieved during the course of this study.
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5.2. Future Perspectives

The present research program can further be exgdmgearying the axial ligand for example
with THF and acetonitrile or even long chain aliphdigands. The aliphatic chains can be
replaced with unsaturated long chains and even sutbstituted long chains. Metallocenoic
acids (metal = iron, ruthenium or osmium) can bedu® replace the long chain carboxylatido
ligands thereby introducing a third metal to thenptex. The chain length of the metallocenoic
acid can also be varied to get different chain tlesg

The palladium metal carboxylatido complexes pregpanethis study can also be anchored onto
three dimensional supports and a wide variety tdlgtc reactions can be tested. The catalysts
can also be reduced to have the metals on thecsurfa

This concludes the study by the author on longfchabno- and mixed-metal carboxylatido

complexess outlined in the objectives described in chapter
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