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Abstract

This thesis sought to explore the chemical andipblproperties of a series of cyclotri-
and polyphosphazenes with substituted tridentgémtis coordinated to iron(ll) and
ruthenium(ll). There were two main objective ofstiheésearch i) to graft spin crossover
(SCO) groups to a polymer backbone, potentiallyingak new malleable material, ii)
to demonstrate that ruthenium(Il) complexes candsal to link groups to a

polyphosphazene backbone.

Seven cyclotriphosphazenedL’) and four polyphosphazene'{tL*) ligands were
synthesised with 2,6-di(pyridine-2-yl)pyridine-4{tonate (OTerpy); 4-(2,6-
di{pyridin-2-yl}-pyridine-4-yl)phenolate (OPhTerpy®,6-di(1H-benzimidazol-2-
yl)pyridine-4(1H)-onate (Obbp); and 4-(2,6-difkpyrazol-1-yl}pyridine-4-

yhphenolate (OPhbpp) moieties. These ligands websequently coordinated to either
iron(Il) or ruthenium(ll) and the optical, vibratial, electrochemical and magnetic

properties of the subsequent small molecule coneglexd polymers were measured.

Sixteen iron(ll) complexes were synthesised bytmegéron(ll) salts with the

respective ligand (=L"). Where X-ray crystal structures have been obthieach of

the small molecule iron complexes were homolepiging electronic absorbance,
resonance Raman (rR), magnetic and Mdssbauer speafry, it was shown that the
polymer complex cores in the resulting cross-lingetymers were the same as those of
the small molecule analogues (SMA). In additiorsthtechniques confirmed that the

1P were each determined to be

iron complexes formed with the ligand$ L?, L*F and
low spin (LS), while those formed witi? displayed SCO, and the iron complex formed
with L* remained high spin (HS) for all temperatures wh#eolymeric analogue

remained LS for all measurable temperatures.

Fourteen ruthenium(ll) small molecule complexesensmthesised by reacting
ruthenium complexes of the appropriate co-ligaq8"@',2"-terpyridine (Terpy); 2,6-
di(pyridin-2-yl)-4-phenylpyridine (PhTerpy); 2,6{dH-benzimidzol-2-yl)pyridine
(bbp); and 2,6-di{#-pyrazol-1-yl)pyridine) with the respective ligafid—L*). Using
electronic absorption and rR spectroscopy it wasrdened that only the polymersL
and 1*° formed complexes ([Ruf)(Terpy)]Ch, [Ru(L*)(PhTerpy)]C},

! See pull out sheet for ligand structures.



[Ru(L*™)(Terpy)]Ch and [Ru(Z")(PhTerpy)]Ch) analogous to that of their SMA
(IRu(L))(Terpy)l(PR)z, [Ru(L")(PhTerpy)l(P)z, [Ru(L)(Terpy)](PF)2 and
[Ru(L?)(PhTerpy)](PE),), and are therefore the most suitable for linkgngups to

polyphosphazenes.

Although the ruthenium-bbp-terpy based complexesgut to be unsuitable for
attaching groups to a phosphazene due to the laslirig of metal complex on the
polymer (L), the SMA ([Ru(L)(bbp)](PF)2, [Ru(L*)(bbp)](PF)2,
[Ru(L®)(Terpy)](PR). and [Ru(l®)(PhTerpy)](Pk),) displayed a dependence on the
basicity of the solution. As it was increased, ith&lazole groups were deprotonated
causing a bathochromic shifting of the metal-taiid charge transfer, oxidation

potential and selected vibrational modes.
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Chapter 1

An introduction to phosphazenes






1.0 Abbreviations used in Chapter 1

Biphen 2,2-Biphenol

NLO Non-linear optics

PEO Polyethylene oxide

OLED Organic light emitting diode
ROP Ring opening polymerization
TFE Trifluoroethanol






1.1 Introduction and applications

The name phosphazene refers to a large class odamc molecules that have an

unsaturated phosphorus-nitrogen backbome shown in Figure 1.1.1.

A

Figure 1.1.1 The PN backbone of a phosphazene.

Parent phosphazenes, which have the formula [BJR@re readily functionalized by
nucleophilic attack. By removing a proton from dco@ol, amine or thiol, the chlorine
is readily replaced by the nucleophile, making simple process to attach different
substituents to the phosphazene backksee Figure 1.1.2 for an examf)leand

making phosphazenes useful for a variety of diffeegpplications.

Figure 1.1.2 Example of a phosphazene substitution reaction phienof

As well as the polymer chains, phosphazenes also &yclic molecules with varied
ring sizes>™ Also, other heteroatoms may be included in thg (g®e Figure 1.1.3)
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Figure 1.1.3 Examples of cyclic phosphazenes (R can be anyitudg)3®

Cyclotriphosphazene (trimer) and cyclotetraphosphaztetramer) are the most studied
of the cyclic phosphazenéss they are more easily and cheaply synthesfzedlike
the polymer, it is possible to get well-resolvedrag structures of trimeri¢™® and

64—16

tetrameri species, allowing their molecular structures tetuelied more accurately

than the polymer and making them ideal modelsHemtolymer systems.

Both cyclomers and polymers have found applicatiaying from flame retardant
material$’ to drug delivery syster¥§ One of the most thoroughly studied applications
is the production of solid state polymer membrafesthe purpose of lithium ion
batteries®>?° In these systems, an assortment of ether groups attached to the
phosphazene backbone, and the polymer was theedaak solution containing a LiX
(X = anion) salt. When a potential is applied te golymer, this causes the lithium ions

to migrate (see Figure 1.1.4).
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Figure 1.1.4 A schematic view of how a phosphazene-lithiumrizembrane works>°

Using a material with a polyphosphazene backbong theee advantages over

polyethylene oxide (PEO), currently used for lithiion membrane$-?

I) the phosphazene polymers are more flexible than, PEO
i) they are completely amorphous; and
iii) they have a higher concentration of etheric oxygems per repeating unit in

which increases the number of cation coordinatitas$

Phosphazene trimers have also been used for antrassb of optical applications.
Recently, one was used to produce an organic égfitting diode (OLEDY® In this
case, the trimer unit was substituted with amincepg groups, forming the dendrimer
unit (shown in Figure 1.1.5). This system is ideatause it is able to be produced in
high purity via chromatography and it also hasatieantage of being soluble, allowing
it to be dip-coated onto a surface containing adooting polymer, thus providing a

convenient method for electro-luminescent deviaapction.



Figure 1.1.5 An example of an OLED dendrimer unit based on@sphazene trimér.

Polyphosphazenes also have interesting optical epties. While the phosphazene
backbone is optically invisible until the infrareggion, the addition of aromatic groups
can form a polymer with refractive indices to theler of 1.75* (fused silica has a
refractive index of 1.459). Unlike the carbon-based analogues, the polymerains
stable after continued exposure to laser Iighihe polyphosphazene also shows non-
linear optical (NLO) properties, displaying seconrder §°) and third order )
behaviour. For a material to displag behaviour requires the presence of a non-
centrosymmetric solid state structGfelhis was achieved by Dembak and Allcock by
attaching groups similar to those found in liquigistalline species to the phosphazene
backbone (Figure 1.1.6¥*° To maximize the/* behaviour, the polymer should ideally
be fully substituted, as each unit has a strongldjpresulting in delocalization.
However, in practice, this causes the polymer towdry insoluble and, to account for



this, trifluoroethanol is used as a co-substitientarying ratios> > This resulted in a

decrease in® but it increased the solubility and thgt&€mperature.

N
I |
CF3CH,0— | —OCH,CH,—N N=N NO,

Figure 1.1.6 A phosphazene polymer substituted with a liquidtailine-type
substituent for NLO propertiég.

Due to the zwitterionic nature of the PN bond, aesk was performed to obtajf
optical materials based on phosphazenes. It waslfthat by adding electron-donating
groups to the phosphazene (such as SMe) to pehertbackbone bonding, resulted in a
v value almost as large as £SHowever, to date, this has only been tentatively

explored.

These are only a few examples of applicationsirglab the physical properties of the
phosphazene. However, they have found applicairomsost areas of society, such as
elastomer¥, protective coatingd semiconductofs, magnetic recording medfa
adhesive¥, bone replacemefitand even lubricants






1.2 Benefits and effects of heter osubstituted phosphazenes

A benefit of the phosphazene system is that ibis o be hetero-substituted (i.e. two or
more different substituents can be attached) velgtieasily. There can be many
reasons for doing this, such as altering solubflitgrystal engineerinf, additional

functionalitie$®, and simplifying chemistf.

2,2'-biphenol (biphen) is one of the most common stestits that can be added to a
phosphazene because this makes it possible tootdiné number of biphens that are
attached (see Figure 1.2*4)Mono and bis-biphen substituted phosphazenes ean b
more soluble in organic solvents than the fully stitbted phosphazene. Their
introduction also reduces the number of reactitessand thereby provides greater
control over substitution reactions, and also ih cdd additional sites for-n
interactions’? Phenols are used for similar purposes. Howevas, ihore difficult to
control the number being attachi®dThey are typically more soluble than the biphen
groups, due to the additional degrees of freedohen®ls can be used to replace

unreacted chlorines to make the molecule moreestabl

0, O O, L0
N / N/ Ou, »O _—Cl “p,
/ N \ / d N RN
AN O\ H @ O*P PPhg O\F\,‘\ /}L_N\o
. =
o’ \ N \ N vl §Nd PR

Figure 1.2.1 (a) One biphenol used to control coordination.Twp biphenols used to
control coordination. (c) a phenol controlling cdimating behaviour. (d) the absence of
a phenol controlling the coordination behavibuif® %44

As seen in Figure 1.2.1 (left), adding an additidnphen group to the phosphazene has
reduced the number of pyridoxy groups capable ofdinating, resulting in the copper
no longer bonding to the phosphazene ring nitré§etiowever, when a phosphine
group™ is replaced with a phenol (Figure 1.2.1 (right))causes the palladium to
coordinate to the phosphazene ring nitrogen, a® thee no other coordination sites

available®®
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Different substituents can also be added to prowdditional functions or tune an
existing system, such as adding a hard donor gim@psoft donor grod (see Figure
1.2.2) for catalysis. This feature makes phosphezamique, as no other synthetic

macromolecule provides this ease of modification.

o0

\ | Ph,R

Figure 1.2.2 Semi-hard donor (pyridine) and soft donor (phosghgroups attached to
a phosphazen®.

Not only can the substituents be varied but alsditikers can be changed. The linkers
are the atoms, or groups, that join the substitteettie phosphorus atom. The two most
common ones are oxygen and nitrogen. However, rsatfd other substituents can also
be directly attached to the phosphorus atoms. Ghgrigese linkers can have an effect
on the reactivity of the phosphazeérid\itrogen atoms are more electron-donating than
oxygens®® Therefore, using a nitrogen linker causes the nitirggen to be more basic,
resulting in the ring nitrogen being more likelydoordinate to metal ions. The length
of the linker can also be varied, resulting inistd, or very relaxed bonding angles,

depending on the lengths (see Figure 1.7:%).
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Figure 1.2.3 Examples of the variation of substituent link&rs?
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1.3 Phosphazenes and metals

A phosphazene can interact with a metal in fivéedént ways®

)] form a cationic salt with the metal ion;

i) coordinate to the ring nitrogen;

i) coordinate via exocyclic groups substituted toghesphazene ring;
iv) coordinate to the phosphorus atom via a covalend band

V) form an anionic bond with the phosphazene ring.

Examples of each of these types are now given.

Cationic salts normally occur when the substitueaitached to the phosphazene are
strong electron donors. For these phosphazenesinthaitrogen is readily protonated,
forming a cation - this cation then forms a salthwa metal complex, such as P£CI
(see Figure 1.3.7)

Me H Me |2*
Me""'-'P—N:E><Me

IUI ll|l PtCl,*
Me=P=N—PMe
| W d te _

Figure 1.3.1 Example of an ionic phosphazene Slt.

If the phosphazene is not protonated, it is possilcoordinate the metal ion directly to
the ring phosphazene (see Figure 1.3.2). It ischtitat, when this coordination occurs,
the flanking PN bonds lengthen due to electron itledeing removed from the PN
bonding orbital and going into the 4s or 5s orhifathe metal ion?

Me

O
Me
1 &
Mem----|:|>%ﬁ?|:|>"<|\/|e Me Me
0 o
Mey __Nu\ AN «Me MetxiD —N—P=xMe
SN ot 2 //P\ "\.-Pt../|
Me® //N N\ Me N N
Me';P PQ‘MG | ”
Me\\ | N || Me Me»F::N—li-ulllMe
x H
T Ser Me Me

Me/ :Kﬂe Mé ,//Me

Figure 1.3.2 Examples of metal ions coordinating to ring nigng’>>°
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Substituents attached to the phosphazene can digaads themselves. This is a rich

area of research due to the numerous potentialdgyéhat could be attached. Shown in

Figure 1.3.3 are jugour examples®"*°

N N N N\ \N\/
\ [ P Re‘
L, P. | SN CO
Fe\ ~ QN/FG\ \N \ L N— E,
Me II e | K »

e
P\ //P I N7 E
</NMe MeN\> T T

Figure 1.3.3 Examples of exocyclic substituents coordinatingietal ions->>">®

In some cases, the metal itself can act as theisidrg, forming a covalent bond with
the phosphorus atom. This is a somewhat specialcesd and occurs when the
phosphorus has a vacant site. This can occur viataaomer of the
hydridocyclophosphazene (see Figure 1.2 4ovalent bonds can also be formed via a
nucleophilic substitution, using an organometadlidon similar to other nucleophilic
substitutions with other substituents (see FiguBe4)®®

CO CO
OC T~ T.co
HsCs, s AuCl oc\\\/Fe ,Fe,;co
P _H oC /P\N co
Pha || | «Ph cla |l | «Cl
P P P _P*
N7 ) N7
Ph  Ph ¢l C

Figure 1.3.4 Example of a metal coordinating to the phosphaptesphorug®®

The final form of interaction with a metal is whiére phosphazene is anionic, and this
typically occurs when a strong base, such as nHibiym, is reacted with an
amine-substituted phosphazene, removing the priston the amine and leaving the
phosphazene with an overall negative charge (spedil.3.5f*

16



Figure 1.3.5 An example of an anionic phosphazene interactirig avmetal,
Lig[PaNa{N(C eH10)e}] 2.

17






1.4 Phosphazene polymers

1.4.1 Phosphazene polymer history

The phosphazene trimer was obtained and purifieet @80 years ago by Lieberg,
Wohlef? and Ros® from reactions with PGland NH. However, it was not until the
1890s that the first polymer was produced by St&sThis was achieved by heating
the trimer to form an ‘inorganic rubber’. This poigr was cross-linked and, therefore,
not soluble in any solvents. It did swell, howevehowing that solvent was being
absorbed into the polymer matrix. In the 1960see¢hkey papers were published by
Allcock, Kugel and Valan. The fifdtstated that the polymer had a tendency to
hydrolyze and suggested that it was very reactivehat other groups could be added.
The secontf suggested that Stokes’ polymer may have been-tnkesl, due to its
swelling when in a solvent. It also said that,hé tpolymer had been linear, it may be
soluble and substitutions may go to completion.this paper, Allcock and Best
described that, by careful control of reaction smend conditions, a linear polymer
could be formed.

The third paper by Allcock and Kudélshowed that it was possible to replace chlorine
groups with organic nucleophiles. These key papHesxtively started the phosphazene
polymer age which has given rise to an assortménpadymers with different

substituents and a variety of ways for forming ploé/mer.
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1.4.2 Polymerization methods
1.4.2.1 Thering opening polymerization

The phosphazene polymer can be made using a vafiehethods - the simplest and
most commonly used in research laboratories isitigeopening polymerization (ROP)
of the trimer unif. This can be performed with a substituted or haiaged trimer unit.

The general procedure is as follows:

i) The trimer is sublimed to remove any impuritiesttinaay inhibit the

polymerization (see Figure 1.4.2.1.1).
; I ‘:—....._

Sublimed P;N;Clg
(Phosphazene trimer)

Impure P3N2Clg
(Phosphazene trimer)

Figure 1.4.2.1.1 Trimer initially being sublimed.

i) The freshly sublimed trimer is ground down intoirrefpowder and placed
into a glass tube. It is necessary to use a fremfgaled tube because it has
been suggested that the polymerization is initidtedugh the interaction
between the silica and the trimer. It is also neagsto thoroughly dry the
trimer using a high vacuum (see Figure 1.4.2.1.3f the trimer absorbs
water from the atmosphere, and this inhibits threnfdion of the polymer in

high concentration&.

20



Figure 1.4.2.1.2 Left: Trimer under vacuum in tube. Right: Trimersealed tube.

ii)

The trimer is then rocked gently in an oven at °€5G this is the

polymerization step. The rocking is continued uiti¢ free-flowing liquid

becomes very viscous (see Figure 1.4.2.1.3), shypalimost no movement
while rocking. This can take anywhere from 6-11rsdu

Figure 1.4.2.1.3 Left: Trimer rocked in oven. Right: Molten polyme

The final step is to sublime the unreacted trimet af the polymer (see
Figure 1.4.2.1.4), leaving a white elastic solttle polymer. The chlorinated

polymer must be stored in an inert environment tevent it from
hydrolyzing.

21



Figure 1.4.2.1.4 Polymer remaining at the bottom of the sublimator.

The accepted mechanism for the ring opening poligaton is shown in Figure
1.4.2.1.5”° However, there is still much speculation over fimitiation of the
polymerization: it is known that the silica surfatas significant involvement and that,
for polymerization to occur, it is necessary tod@aces of water present. Early studies
were performed prior to the distinction betweersskbnked and linear polymers having

been madé?’® making the measurements less meaningful.

/P§ /P\
N N Heat N~ SN o
X | X » X e X

P ~P P ~#P

| N7 | | "N |

X X X X
Asp X Xp X X X
N~ SN NN Sy X X X X

N N XA X x| _N=P N=F® Xo

N P 2P P P /
L | "N | >N N=FR
X X X X X I\

|
X X X
Figure 1.4.2.1.5 Accepted mechanism for ROP, X = Cl, Br of°F.

Due to the negative hyper-conjugation componerthefbonding® the halogen is able
to be removed as Clallowing another ring nitrogen to attack the p@si phosphorus
atom. If the polymerization was performed with Hagahlorocyclotriphosphazene,
further reactions can then performed to add thstgubnts, as is the case for the trimer

species.

22



1.4.2.2 Living Cationic Polymerization

The next most common method is the Living Catidghatymerization of MgSIN=PCB.
In this method, a condensation betweersPENSIMg and PG occurs. The

polymerization is normally initiated by the additiof a Lewis acid and propagates as

follows:’’
Initiation
) 2PClg
ClzP=NSiMe; — > Cl3P=N—-~"CI3" PClg
MesSiCl
Chain Growth
CI3P=NSiMe3
ClsP=N—~PCI,* PCly — > (Cl;P=N PCl,=N PCl,* PClg
3 3 6 ‘Me,Sicl 3 2 %n 3 6

Halogen Replacement

NaOR
ClaP=N—{PCl,=N—}-PCl,*  PClg " (RO)gP=N—{P(OR);=N—}~P(OR}3 0 4

The Living Cationic Polymerization has several adages over the ROP: it gives far
greater control over the molecular weight, a mustelr polydispersive index (PDI),
and the ability to form block polymef& However, this method can be difficult to use
due to the high reactivity of the intermediate $sg®cThere are several other methods
used, such as condensations ofs@H NHCI® or CksP=NP(O)C}’®, or anionic
condensatiofil’ However, these are either less reliable or monepbex to perform than

the ROP or Living Cationic methods.
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1.4.3 Polyphosphazenes and their Common Substituents

Like the cyclic phosphazenes, the polymer can hlee hetero-substituents used to
alter its physical and chemical properties. A commae used is 2,2,2-trifluoroethanol
(TFE) (see Figure 1.4.3.1).This has the effect of making the polymer inscéulsi

water or chloroform, allowing the reactants to bpasated from the polymer.

OCH,CF3 OR OCH,CF3

——N——P—=—N—P=—N—FP=—

OCH,CF; OR OR

Figure 1.4.3.1 A TFE-substituted polymer (R can be any substifLfén

Once again, biphen is a commonly used substittteamd this, unlike TFE, occupies
two available sites on each phosphorus atom, lgativo sites available on the

unsubstituted phosphorus atoms (see Figure 1.4.3.2)

o 0
N\~
——N—P~—N—P=—
RO/\OR

Figure 1.4.3.2 Biphen-substituted polymer (R can be substitu&nt).

The substituents also play a significant role ia #tability of the polymer. In some
cases, the substituents will attack the polymekbawe which is a major problem with
substituents that have nitrogens held close to khekboné? such as pyridine-
substituted polymers. For these systems, the pyridauses the polymer to break down
and, to compensate for this, the ratio of pyridioghe other substituent is decreased
(see Figure 1.4.3.35.
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o _O
=N PN

—  \

o8 F’\oN
NN N
ols

Figure 1.4.3.3 A pyridine-substituted polymer stabilized with béstf*
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1.4.4 Polyphosphazene Structure

The structure of the polymer has been a topic bhtiebut it has now been acceg
that the polymer backbone occurs in a-trans conformation to reduce ste
hindrance’

QZDCIIIDZD QOQO QO
OO OO

Trans-Trans Cis-Trans

Figure 1.4.4.1 A schematic diagram showing the difference in steimdrance betwee

a transtrans and cis-trans polymgr.

Further information using powderffraction suggested that a stretched polymer h
helical structure to the PN backbone (see Figude4R)® These measurements are
particular importance for the design of systemtghasaomatic groups can be held o\
each other slightly displaced through rotation. Mo evidence has shown tl
substituents interact with each other along thenclfas opposed to intermolecu
interactions), interactions could be possible witliky grcups attached. It has be
found that attaching large aromatic groups increése crystalline regions found in t

polymer.

Figure 1.4.4.2 Proposed structure of the phosphazene back’
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Chapter 2

Synthesis and characterisation of cyclotriphosphaze based
ligands.






2.0 Abbreviations used in Chapter 2

SCO

NMR

ESMS

HOPhTerpy

OPhTerpy
HOTerpy
OTerpy
HObbp
Obbp
HOPhbpp
OPhbpp
HObpp
HOPhbbp
HOQsal
Biphen
TBAB

NfF
HOPH®

THF

Spin crossover

Nuclear magnetic resonance

Electrospray mass spectroscopy
4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)pénol
4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)pheolate
2,6-di(pyridine-2-yl)pyridine-4H)-one
2,6-di(pyridine-2-yl)pyridine-4f)-onate
2,6-di(H-benzimidazol-2-yl)pyridine-4)-one
2,6-di(H-benzimidazol-2-yl)pyridine-4(#)-onate
4-(2,6-di{1H-pyrazol-1-yl}pyridine-4-yl)phenol
4-(2,6-di{H-pyrazol-1-yl}pyridine-4-yl)phenolate
2,6-di(H-pyrazol-1-yl)pyridine-4(H)-one
4-(2,6-di{H-benzimidazol-2-yl}pyridine-4-yl)phenol
E)-2-({quinolin-8-ylimino}methyl)benzene-1,4-diol
2,2-Biphenol
Tetrabutyl ammonium bromide
1,1,2,2,3,3,4,4,4-nonafluorobutane-1-sulfdihybride
4+ert-butylphenol

Tetrahydrofuran
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2.1 Introduction

The body of this research has two overall aims:

(1) To undertake the synthesis of polyphosphazenesiodimg spin crossover
(SCO) groups attached. Such a system would all@tesys that have long
been suggested to form circuits or devices thatdctake advantage of the
switching ability of SCO materials.

(i) To undertake the synthesis of polyphosphazenesaioomg coordination
linking groups for the purposes of attaching othamctionalities to the
polyphosphazene backbone without the need of alc@mines or basic

conditions.

In order to elucidate possible pathways and devetw polyphosphazenes, the role of
small cyclic model systems is crucial to establiblat the substitution of these
functionalities is possible and to identify the io@l conditions for these reactions to
occur. The use of small molecules as templatesvalfor ease of synthesis and, since
the chloropolymer [NPG], is exceedingly sensitive to hydrolydipermits the use of
standard techniques for analysis, such as Elecagdyiass Spectra (ESMS) and X-ray
crystallography which are not suitable for polymmeaterials. In addition the CHN
micro-analytical figures for polymers invariablyrdenstrate greater variance than for

small moleculeg.

Accurate characterisation of polymeric materialfrasight with uncertainty, especially
when more than one side group or co-substitueatté&ched to the polymer backbone.
By their very nature polyphosphazenes are fleximdeing a very low bond torsidand
random orientations which lead to localised, serdeced aggregations, hence the
formation of lamellae and semi-crystalline regiomgh amorphous phases. These
different phases are greatly affected by the simkcnemical nature of the side groups
as well as the distribution of these groups aldreggldackbone. For a short chain length
polymer, end group concentration may also becomfactor in the micro- and
macroscopic properties. In co-substituent polymkesdistribution of the side groups
and degree of tacticity can only be reasoned imgesf statistical probability, although
for phosphazene polymers with organic side grouPB{*H} Nuclear Magnetic

Resonance (NMR) spectra can give insight into theler distribution of the side
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groups by integration of spectral peaks, thougldoam nature of the polymers often
leads to line broadening and thus a degree of taiogr® Also, unlike the

cyclophosphazenes, the polymer may exist in varcmugormations due to the random
orientation of the backbone. The inherent flexihilmay also reduce the ability to
coordinate to transition metals by favouriag stacking, for example, aryloxy pendant

moieties.

2.1.1 Synthetic approach

The synthetic approach to forming substituted phagpnes typically relies on the
substitution of the chlorine atoms of the hexaahdgclotriphosphazene with a suitable

nucleophile (Nug (see Figure 2.1.1.1).

Cla__Cl Nuce  _ Nuc
N + Nuc N
Clu, || | LCI T> Nuc,, |l | uNuc
SN LN
cr dCl Nuc Nuc

Figure 2.1.1.1Nucleophilic substitution of hexachlorocyclotrigphazene.

The mechanism for this substitution is still adi@f scholarly debate. For amines and
many other nucleophiles the substitution pattearsl (therefore the mechanism) are
dependent on the amine (or nucleophile); howebhergtis strong evidence to show that

the base and the solvent used can play a role.

The substitution of phenols has a much simpler rmeisim than other nucleophiles.
From previous studies it has been suggested tlegt sibstitute via an \2 type

mechanism (see Figure 2.1.1%2).

N\TI)_‘ - N Cl

N CI
Y Y
— P—Cl ——»

/e\ /| /\
N{ ClI N N OAr
OAr

“OAr

Figure 2.1.1.2Mechanism for the aryloxy substitution of a chlerfior a phosphazerie.
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This systematic substitution typically results mnrgeminal substitution; depending on
the size of the substituent either theor trans species can be formed. If the substituent
is large then therans form is favoured to reduce steric hindrance. Foralter
substituents a mixture ofs andtrans tends to be formed (see Figure 2.1.%:3).

R
R R R |
|/N—P\ |/N—P\ |/N—P\
P\ (N P\ (N P\ (N
| P Nm—p NP NP
R |
R
1,1-isomer trans-1,2-isomer cis-1,2-isomer
geminal non-geminal

Figure 2.1.1.3Potential substitution patterns for a cyclotriphwespene.

2.1.2 Phosphazene Decay

The stability of phosphazenes has often been tlminfall. They can break down by
two different mechanisms i) by hydrolytic decay igr by substituent interactions.
Hydrolytic decay occurs as a result of water orrbyale substituting the groups
attached to the phosphazene, most commonly chlcFime substitution gradually leads
to the formation of a phosphate and ammonia (sger&i2.1.2.15. This can be reduced
by preventing water reacting with the phosphazeitber by keeping it dry or using
highly hydrophobic substituents. Alternatively,ostgly attached substituents could be
used to prevent substitution with water or hydrexiohs.

cl. cCl Cl. OH cl. .0 cl. 0
N/ N/ N/ N/
/P\ /P\ /P\ /H /P\ /H

N~ SN N~ SN N~ N N~ N

[ P P N P N R N
Cl—p  bcl c—y  bci Cl—p  jbcl Cl—p =0
/ ONTN\ / NN\ / NN\ / N7
Cl cl Cl Cl Cl Cl O o

H
HO. O HO. O
\_/ A
c—l 1 _c ol 1o
cl cl c’ | OH
H

Figure 2.1.2.1Schematic view of hydrolytic decay.
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The second and less understood decay mechanismsogdeusubstituent interaction.
This often occurs when pyridine nitrogens are twttlo to the phosphazene linker. In
each example the lone pair of the nitrogen is adiéng with an orbital of the
phosphazene ring, resulting in the pyridine beietd tover the phosphazene rihdt
was suggested by Davidsenal.® that this interaction facilitates the breakingtioé
P=N bond promoting decay (see Figure 2.1.2.2).

H
P

N
|

~
NG _P

N/\N) S Cyclic species and

| I decomposition products
AN o P\N

Figure 2.1.2.2Schematic view of decay via a substituent intévact
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2.2 Synthesis of ligands

A brief overview of the literatur&2>was performed to find SCO ligands that contained
a phenol and when coordinated to iron forms SCOptexes or can be systematically
coordinated to ruthenium to build larger complex@fe candidates chosen for

investigation are shown in Figure 2.2.1.

OH

H H
N N N
TR AT

4-(2,6-di{pyridin-2-yl}-pyridine
-4-yl)phenol

HOPhTerpy

/NNN§
VN

2,6-di(1H-pyrazol-1-yl)pyridin
-4(1H)-one

HObpp

2,6-di(pyridin-2-yl)pyridin-4(1H)-one

HOTerpy

OH

=

SRS

4-(2,6-di{1H-pyrazol-1-yl}pyridin
-4-yl)phenol

HOPhbpp

4-(2,6-di{1H-benzoimidazol-2-yl}pyridin

-4-yl)phenol

HOPhbbp

2,6-di(1H-benzoimidazol
-2-yl)pyridin-4(1H)-one

HObbp

Z
X
_N
JéOH
HO
(E)-2-({quinolin-8-ylimin}methyl)

benzene-1,4-diol

HOQSal

Figure 2.2.1Ligands investigated using the trimeric phosphaz&tack: compounds

that have already been reported. Green: proposegamnds.
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Depending on the substituents, three possible iaagme combinations were used as

part of the investigation shown in Figure 2.2.2.

Ra O
PN

~

" | .O
P -P* O
N =
O

N3P5(Biphen),R, N3zP3(OPh)sR N3P 3(Biphen),(OPh)R
R = OQsal R = OPhTerpy R = OPhTerpy
OTerpy OTerpy
Obbp Obbp
OPhbpp
OQSal

Figure 2.2.2Substitution patterns of the proposed compounds.

The 2,2-biphenol (biphen) substituents were used becausie substitution can be
controlled to substitute one or two phosphorus atdm a geminal fashion?® The
phenols were used because it is possible to catieadubstitutio! and the complexes
formed with this type of phosphazene tend to fomystals more often than other
substituent$® In addition, it is intended to usetdt-butylphenol (OPHY) as the co-
substituent for the polyphosphazene to maintaih Bmubility. However, phosphazene
trimer complexes formed with OBW as a co-substituent tend to form oils, therefore
this was not used for the small molecule model. @&gerimental data for the synthesis

of each ligand is described in Appendix A.
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2.3 Comments and observations about the ligand symsis

By the addition of the appropriate nucleophilesfefreto Figure 2.2.1) to the
phosphazene units (refer to Figure 2.2.2) eightsphazene ligands were successfully

synthesised and characterised (see Figure 2.3nEseTwill serve as models for their

polyphosphazene analogues.

N3P3(OPh)s(OTerpy) N3P3(OPh)s(OPhTerpy) N3P3(OPh)s(Obbp) N3P3(OPh)s(OPhbpp)
() () (L4

\_/

Osp, o s, 0 e
oN E“O og N0 o': E‘Ao
6N0 6N o o
N3P3(Biphen),(OPh)(OTerpy) N3P3(B|phen)z(OPh)(OPhTerpy) N3P3(B|phen)2(OPh)(Obbp)

(LY (L9

Figure 2.3.1Synthesised ligands.

2.3.1 2,6-bis(2-pyridyl)-4(H)-pyridonate and 2,6-di(1H-benzimidazol-2-
yl)pyridine-4(1H)-onate based ligands

The ligands £, L3, L° and L’ were synthesised by reacting the respective endgife
either NP3(OPh)CI (L* and ) and NPs(Biphen)Cl, (L> and L). In comparison to
analogous reactions with phenol the reactions @j@abis(2-pyridyl)-4(H)-pyridonate
(OTerpy) and 2,6-di-benzimidazol-2-yl)pyridine-4()-onate (Obbp) are slow
taking three days and five days respectively. Baetions were slow because HOTerpy
and HObbp exist as the enone tautomers (see R2gBuke1).
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/
/

Figure 2.3.1.1The enone structures of HOTerpy (left) and HObgh{}.

The enone tautomer causes the proton to be mushatgdic than it would be for an
analogous phenol, therefore lowering the reactioftthe nucleophile. Further evidence
is provided during the synthesis of &r L', where either HOTerpy or HObbp is reacted
with N3P3(Biphen}Cl,. Despite the ratios of the substituent or the tamdiof a
promoter (such as a TBAB) the reaction will onlyogeed to the monosubstituted

species.

As proof that it is the poor acidity of the substint rather than the deactivation of the
phosphorus atom, the unreacted chlorine is alibe teplaced with a phenol (see Figure
2.3.1.2).
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Figure 2.3.1.2Reaction scheme for’lshowing the formation of the

N3P3(Biphen}(OTerpy)Cl intermediate species.

The reaction of HObbp was notably slower than dfaiOTerpy for two reasons: i) a
carbonate base was used to prevent the imidazojefrom being deprotonated and
potentially reacting with the phosphazene, ii) HPlblas insoluble in most solvents
except acetone, this decreased solubility and baisglvent with a low boiling point
adds to the slow reaction.

2.3.2 4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)phenolate and 4-(2,6-di{H-pyrazol-1-
yl}pyridine-4-yl)phenolate based ligands

L% L* and L° were synthesised by reacting the respective nphlo with either
N3P5(OPh)}CI (L? and %) or NsPs(Biphen)}Cl, (L®) in THF. Unlike OTerpy and Obbp,
4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)phenolate (OfTerpy) and 4-(2,6-di{lH-pyrazol-
1-yl}pyridine-4-yl)phenolate (OPhbpp) do not favdbe enone tautomers, therefore the
nucleophiles behave as phenols. This results iregletion occurring overnight rather

than 3-5 days. The enone isn’t favoured for thesapiexes because the phenyl rings
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are almost perpendicular to each other resultinguncharge delocalisation (see Figure
2.3.2.1).

Figure 2.3.2.1Phenyl ring twisting.

The reactivity of the nucleophiles is further deymd when reacting with
N3Ps(Biphen}Cl,, if care is not taken in the ratios of the reartathe geminal
disubstituted species is formed instead of mondgutesd species.

The reaction of the §P3(Biphen}Cl, and HOPhbpp was not explored due to difficulty
of producing HOPhbpp.

2.3.4 HOQSal

Attempts were made to reacE){2-({quinolin-8-ylimino}methylbenzene-1,4-diol)
(HOQSal) (see Appendix A) with bothsRs(Biphen}Cl, and NP3(OPh}CI, using both
potassium carbonate and triethylamine as baseseWowno signs of reaction were
observed. This may be due to the delocalisationcérge around the 2,5-

dihydroxybenzene group, reducing its acidity (segife 2.3.4.1).
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Figure 2.3.4.1 PQSalf resonance structure.

Several different approaches could be employeddrease the chances of a successful
reaction: i) NaH could be used, being a strongsebtamay drive the reaction further;
however, it is likely that this base would damalge imine bond; ii) coordinating the
ligand to iron before reacting it with a phosphazemuld make the phenol group more
acidic; however, this would result in a diphenosteyn which would result in cross
linking — not an ideal candidate for forming a pubr.

2.3.5 2,6-di(H-pyrazol-1-yl)pyridine-4(1H)-one and 4-(2,6-di{H-benzimidazol-2-
yl}pyridine-4-yl)phenol

Neither 2,6-di(H-pyrazol-1-yl)pyridine-4(H)-one (HObpp) nor 4-(2,6-difd-
benzimidazol-2-yl}pyridine-4-yl)phenol (HOPhbbp) me successfully synthesised.
While  4-methoxy-2,6-di(#-pyrazol-1-yl)pyridine (MeObpp) was synthesised
according to the literature, the yields for thisr&vpoor, most likely due to the methoxy
groups deactivating the pyridine ring towards noplalic reactions. In addition a
successful deprotection step was not found foré¢hoval of the methyl group. PyHCI
and BBg were both tried; however, these typically resulteceactions with the pyrazol
groups in addition to the methyl group. While femthapproaches could have been
investigated it was outside the scope of this ptdgee Figure 2.3.5.1).
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Figure 2.3.5.1Proposed deprotection of MeObpp.

HOPhbbp may have been synthesised (see Figure2).2$ indicated by the ESMS
mass spectroscopy data collected (see Appendixh@yever, the product was so

insoluble that it would be impossible to dissolMein a solvent suitable for a
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Figure 2.3.5.2Reaction scheme for the formation of HOPhbbp.
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2.4 Crystallography

The X-ray data for ?:2CHCl, was collected on a Siemens P4 four-circle
diffractometer, using a Siemens SMART 1K CCD arededor. The crystal was
mounted in an inert oil, transferred into the cagds stream of the detector and
irradiated with graphite monochromated Mo K. = 0.71073 A) X-rays. The data was
collected by the SMART program and processed witiNg to apply Lorentz and
polarisation corrections to diffract spots (inteagth3-dimensionally).

L3 3H,0-GHeO and L’-GHsO-H,O data were collected at low temperature with a
Rigaku-Spider X-ray diffractometer, comprising ag&u MMOO7 microfocus copper
rotating-anode generator, high-flux Osmic monoctating and focusing multilayer
mirror optics (Cu K radiation). = 1.5418 A), and a curved image-plate detector.
CrystalClea?” was utilised for data collection af@®Process™ in PROCESS-AUTO for

cell refinement and data reduction.

The structures were solved by direct methods afidled: using both th&HELX*' and
OLEX? * programs. Hydrogen atoms were calculated at igealtions. Refinement

data for the X-ray crystal structures are givefable 2.4.1.
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Table 2.4.1Crystal and refinement data for the ligands.

L° L> L’

Compound

-3H,0- CsHgO -2CH.ClI; -C3HgO-H,0
Molecular formula CsoH4oNgO10P3  Ca7H35CI4NgOsPs  CsoH41NgP30s
M (g mol™) 1038.91 1014.52 998.84
Temperature (K) 163 (2) 170 (2) 138 (2)
Crystal system Triclinic Monoclinic Triclinic
Space group P1 P2./a P1
a(A) 11.8419 (4) 10.740 (2) 10.782 (2)
b(A) 14.0379 (4) 39.690 (8) 14.678 (3)
c(A) 15.3918 (11)  11.160 (2) 14.910 (3)
a(®) 91.665 (7) 90 97.30 (3)
B 90.322 (6) 104.14 (3) 92.03 (3)
() 96.231 (2) 90 96.59 (3)
V(A3 2542.4 (2) 4163.0 (16) 2322.38 (8)
Z 2 4 2
p(Mo Ka) mm™ - 0.418 -
n(Cu Ka) mm™ 1.634 - 1.736
peaic (g cm®) 1.357 1.461 1.429
20max(®) 117.88 50.70 130.16
Number of unique reflections 7193 7821 7656
Data/restrains/parameters 7193/60/685 7821/26/624 7656/113/651
Final R indices [I1>26(1)] R1=0.0756 R =0.0555 R1 = 0.0689

WR2 =0.1775 wR2 =0.1052 wWR2 = 0.1663
R indices (all data) R1=0.1347 R1=0.0649 R1 =0.1044

WR2 = 0.2407 wR2 =0.1089 WR2 = 0.1907
Goodness-of-fit on F 1.074 1.124 1.062

Table 2.4.1 indicates that the refinement dataefach structure are acceptable for
publication. CIF files are included on the accomywag compact disc for reference. On

conducting an online CIF check, all significantredehave been explained in the CIF

file.
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2.4.1 Crystal structure of NsPs(OPh)s(Obbp) (L*)

Triclinic L* crystallises in space group1 with 3 molecules of water and one of
acetone per unit cell. The cell refines with ogaufid molecule per unit cell, having no

centre of symmetry.

Neither the imidazole (N5, N6, N7 and N8) nor pyr&l (N4) nitrogens show any
interaction with the phosphazene ring (see Figu#12l). This is of particular

importance for the polymer synthesis, as this mehatthere is no route for polymer
decay. The phenol groups also appear to have amation with the phosphazene ring
or the Obbp moiety, therefore it is likely thatubstitution to the phenyl groups will not
affect the behaviour of the ligand. In addition,there is no interaction between the
phosphazene ring and Obbp it is likely that theypar will not degrade. The bond
lengths of the phosphazene ring are typical ofenpRy substituted ring (see Appendix
A).

Figure 2.4.1.1Unit cell for L*- 3H,0- GHgO (hydrogen atoms removed for clarity).
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L® packs as a result of water and acetone moleculésofggn bonding with the

imidazole groups of the Obbp moiety and the lone gfahe phosphazene ring nitrogen.
Although the Obbp groups appear tombonding (see Figure 2.4.2.2), this is simply
the result of the hydrogen bonds holding the adjadags near each other, the distance

between the Obbp groups is greater than 3.8 Adistant for ar-r interaction.

Figure 2.4.1.2Packing behaviour of1.3H,0- GHsO (phenoxy hydrogens were
removed for clarity), lines indicating hydrogen biong.
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2.4.2 Crystal structure of NsP3(Biphen),(OPh)(OTerpy) (L)

Monoclinic L crystallises in space gro2;/a with two molecules of dichloromethane.
The cell refines with one ligand molecule per weill, having no centre of symmetry.

The OTerpy moiety points directly away from the gploazene ring showing no
interaction between it and the phosphazene rirgykggure 2.4.2.1). This is particularly
important because many 2-hydroxy-pyridine subgtdythosphazenes are unstable due
to an interaction between the aromatic nitrogen thiedphosphazene. This means that
the analogous polymer is likely to be stable. Thadblengths of the phosphazene ring
are typical of a biphen substituted ring (see ApideA).

Figure 2.4.2.1Unit cell of L>- 2CH,Cl, (hydrogen atoms and dichloromethane

molecules removed for clarity).

One molecule of Lis bound to the other witlhn interactions via the OTerpy moieties.
The pyridine rings of the OTerpy are facing in gopasite direction to the central

pyridine nitrogen, due to the lowering on steriodrance of the OTerpy protons and the
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opportunity for hydrogen bonding between the OTerpyyogen and the OTerpy
aromatic proton. The ligand packs via a combinatibhydrogen bonding between the

biphen protons, the phosphazene nitrogen and tblelodomethane chlorines (see
Figure 2.4.2.2).

Figure 2.4.2.2Packing of °- 2CH.Cl,, dotted lines indicate bonding interactions

(hydrogen atoms removed for clarity).
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2.4.3 Crystal structure of NsPs(Biphen),(OPh)(Obbp) (L")

Triclinic L’ crystallises in space group1 with two molecules of acetone and two
molecules of water. Two ligand molecules existhe unit cell which refines as two

complete molecules, each having no centre of synymet

Unlike L3, the Obbp group lies directly over the phosphazeme however, there is no
indication of interaction. It is likely that it mply the result of packing rather than any
electronic effects. As previously mentioned, asréghiss no evidence of interaction
between the Obbp moiety and the phosphazeneikiely that the polymer will remain
stable. In addition the Obbp moiety shows sintigtlrogen bonding with the pyridine
and benzimidazole (N4, N6 and N8) groups to a watelecule as observed ir’,L
however, the other two water molecules that aduskely hydrogen bonded to the
remaining imidazole nitrogens (N7 and N5) are rugesved (see Figure 2.4.3.1). The
bond lengths of the phosphazene ring are typicah dfiphen substituted ring (see
Appendix A).

Figure 2.4.3.1Unit cell for L”- CHgO- H:O (hydrogen atoms removed for clarity).
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The two ligand molecules are held together via bgdn bonding between acetone,
water and Obbp moiety (see Figure 2.4.3.2). Sutérantions are similar to those
observed for £ This shows that, while there is a small confoiarathange as a result
of replacing the phenols with biphen, all of they letructural features of the molecule
remains the same, suggesting variations in theubstguents has no significant effects
on the primary substituent of the molecule.

Figure 2.4.3.2Crystal structure of a single molecule df G;HgO-H0 (hydrogen
atoms and solvents removed for clarity), dotteddimdicate bonding interactions.
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2.5 Conclusion

Seven ligands were successfully synthesised andaaeaised containing OTerpy,
OPhTerpy, Obbp and OPhbpp moieties as coordinagaires, with phenol and biphen

co-substituents to occupy the remaining reactitgssi

HOTerpy and HObbp were slow to react as the resfuthe formation of the enone

tautomers. For HOTerpy and HObbp, this resultednity the mono-substituted species
being formed despite the reaction conditions usafith a large excess of the
nucleophile and the addition of a promoter it wasgible to drive the reaction to the
disubstituted species. Both the HOPhTerpy and H@Ph&pecies were far more
reactive due to the phenyl spacer, reducing thaliyaof the enone. This information

is crucial for the design and synthesis of the pass.

Only three crystal structures were obtainel:L and L’. However, they each provided
information about all of the ligands. Fron, IL°, L’ it could be determined that there
are no interactions between the coordinating swiestis and the phosphazene ring,
which means that the polymer is more likely to tebke. It can therefore be assumed
that phenyl-spaced substituents will behave instmae fashion, except the chances of
any interactions occurring will be lowered due he increased distance between the

coordinating centre and the phosphazene ring.
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Chapter 3

Reactions of cyclotriphosphazene ligands with seled iron(ll)

salts






3.0 Abbreviations used in Chapter 3

SCO
LIESST
Terpy
PhTerpy
Bbp

Bpp
HOTerpy
HOPhTerpy
HObbp
HOPhbpp

NMR

Spin crossover

Light induced spin state trapping
2,26',2"-terpyridine
2,6-di(pyridin-2-yl)-4-phenylpyridine
2,6-di(H-benzimidzol-2-yl)pyridine
2,6-di(H-pyrazol-1-yl)pyridine
2,6-bis(2-pyridyl)-4H)-pyridone
4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)pénol
2,6-di(H-benzimidazol-2-yl)pyridine-4(d)-one
4-(2,6-di{1H-pyrazol-1-yl}pyridine-4-yl)phenol

Nuclear Magnetic Resonance
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3.1 Introduction

For almost 40 years phosphazenes have been caedlittametal ions. Due to their
ease of modification a range complexes with asdquteperties have been formed. As a
result it has been proposed that they could be fmea range of applicatiohsuch as
anti-cancer druds organic light emitting diodes (OLER)selective metal extractitf

and heterogeneous catalysts

The cyclotrimer has been crucial in the developnoérthese materials. This is because
its reactions can be optimised, and potential sidetions determined. In addition the
products can be characterised with techniques aack-ray crystallography which is

unavailable for polymers.

As previously mentioned in Chapter 1, phosphazére® long been associated with
coordination of metal ions. They are able to d ihi five typical way$: i) form a

cationic salt with the metal ion; ii) coordinate ttee ring nitrogen; iii) coordinate via
exocyclic groups substituted to the phosphazerge ) coordinate to the phosphorus
atom via a covalent bond; and finally v) form anoaic bond with the phosphazene

ring.

It is the third form of coordination that is the sh@ertinent to this project. Here an
assortment of ligands that typically form spin smger complexes were chosen to
attach to a cyclophosphazene. While choosing dubsts that may promote the
coordination of the phosphazene itself may givee ie unique properties, such

behaviour is often unpredictabté’

Substituent selection was based on six main facfovghen coordinated to iron(ll) the
complexes show SCO behaviour; ii) the SCO tempedtr similar complexes occurs
near room temperature, making it possible to ingat¢ any changes with the available
equipment; iii) the SCO behaviour is not dependamtinter-molecular interactions,
rather it is based on the ligand strength and tstradn; iv) phenol bearing analogues of
the substituents must be able to be made in sefficicales to attach to the polymer; v)
the substituents must be stable with strong basaidw phosphazene substitution; vi)
ideally similar complexes display Light Induced E&d Spin State Trapping (LIESST).
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A selection of suitable substituents was initidlyestigated to assess their reactivity
with cyclophosphazenes in Chapter 2. Eight newnliigavere chosen from Chapter 2 to
coordinate iron, each of them contained the follgvcoordination sites: 2;8',2"-
terpyridine (Terpy), 2,6-di(pyridin-2-yl)-4-phenypdine (PhTerpy), 2,6-di{-
benzimidazol-2-yl)pyridine (bbp) and 2,6-dH{dpyrazol-1-yl)pyridine (bpp). Each of
these groups will be described in turn.
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3.1.1 2,2.:6',2"-terpyridines

2,2:6',2"-terpyridines are a class of classic multidentaganids which have been
extensively studied because of their high affirfiiy binding transition metal ion&
and their interesting optical propertig® With the recent developments by
Constabl&”2?*and other$™!, it has become simpler to functionalise them. Assalt of
the large variety of substituted terpys that arev navailable, they have found
applications in areas from actinide metal extractm solar cell dyes (an example of a

terpy-based Gratzel dye for a solar cell showniguie 3.1.1.1%.

Figure 3.1.1.1A Gratzel dye based on a terpy for use in a sHr?

When coordinated to iron(ll), typically LS complexare formed that cannot be excited
to the HS statd® However, it is possible to induce SCO behaviourbsling sterically
bulky groups near the coordinating siteTo reduce the steric strain the iron-nitrogen
bond lengths are increased reducing the energgrdifte between the HS and LS states
(AEqL), making SCO thermally accessible. An examplehed bccurs when the ortho
and para hydrogens of one of the terpy rings abstiuted by phenyl group$,this
results in SCO occurring at room temperature (sgar€ 3.1.1.2).
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Figure 3.1.1.2Left: A crystal structure of a terpy complex substituatthe ortho and

para positions reducing the SCO temperature (hyh®ganions and solvent removed

for clarity). Right: The visible spectrum of thisrapound as a function of temperature
(300 — 323 K}*

In addition to bulky groups near the coordinatiate scausing changes in SCO
behaviour, changes in the para position (see Figuré.3) also have significant effects.
Varying the electron withdrawing or donating alyildf the substituent alters the spin
state of the complex. However, the effects of thlesstution cannot be predicted as

they are both dependent on electronic effects alid state interaction¥>’

/N N/

Figure 3.1.1.3Substitution of terpy at the para position, wherean be any substituent.

Not only do terpy complexes provide a path for ter SCO, they also show light-
excited SCO behaviod?:*® They are able to do this via the charge transtidb
observed when iron(ll) is coordinated. The opt€&lO behaviour could also be tuned

via substitution, just as the thermal behaviour lzan
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3.1.2 2,6-di(H-benzimidazol-2-yl)pyridine

2,6-di(1H-benzimidazol-2-yl)pyridines has drawn a great defainterest due to its

imidazole rings. The rings are more electron pbantpyridine resulting in a stronger
o-donor coordination than pyridine. Such a diffeengreatly alters the metal
complexes behaviour, e.g. lowering the energy uiffee between the ground and
excited state. In addition to this feature the @met of the imidazole rings can be

removed®*® or substitutetf (see Figure 3.1.2.1), greatly altering the metahglexes

behaviour.
y N y N . N .
\ | / ol ] \ | /
N N/ N N N/ N N N/ N
G WO CH TR OHA T RD
N N N N N N
bbp bbpZ bbpR

Figure 3.1.2.1From left: Parent bbp, deprotonated bbp, N-sulistitbbp (where R can

be a range of substituents).

It is due to these ligands’ tuneable propertie$ thay have been used for a range of
applications such as luminescefi¢@ actinide separatiéh hydrogen productidfi*®
and high temperature S¢H3

The o-donor behaviour lowers th&Eys. s relative to terpy, resulting in SCO to occur
near room temperaturé.As the variation on the imidazole nitrogen chandgfss
luminescence and metal affinity properties, the S&@aviour is also greatly altered.
The general behaviour observed when the imidazol@eprotonated is that the SCO
temperature increases, this increase is due to namease in electron-density
strengthening the Fe-N bond. When the proton ist#ubed with an alkyl group the
SCO temperature is generally increased due tonttrease in electron density; however,
this can be altered if the substituent causes ystem additional strain (see Figure
3.1.2.2)*
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Figure 3.1.2.2Left: A Monte-Carlo simulation of a substituted iron-lbdggmplex. Right:

The magnetic behaviour of the compféx.

To date there have been few studies that have édcas the SCO behaviour of the
para-substituted bbp ligands. The single paperhaatbeen published observed that as
the electron-withdrawing effect of the substituestincreased,AEys. s decreased
resulting in the HS state being favoured (see Eidut.2.3). This is due to reduction in
the electron density available for coordinationthte metal ion, i.e. it produces a weaker
field ligand>°

2.124
NH, OH
> 2.094
)
@
£
_"'j 2.06
B
W
<2034 CN CHO
CONH;
cocl NO,
200 =2 T T T T T 1
0.8 0.4 0 0.4

Ab
Figure 3.1.2.3Differences in the calculated heats of formatiotwleen the HS and LS

forms (AE since calculations are for single molecules) ie(¥bbp)]** vs. AS (*H

NMR increment for para-substituents X in benzéfle).
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3.1.3 2,6-di(H-pyrazol-yl)pyridine

2,6-di(1H-pyrazol-yl)pyridines was originally introduced as a terpy analogue for
ruthenium complexes because it can be easily fomalised by varying the pyrazole
attached?® however, it is now primarily used to form SCO cdexes (Figure 3.1.3.1)
with brief interludes into solar cell dy&s?and lanthanide luminescente® As with
bbp the pyrazole ring is more electron poor tharidpye resulting in mores-donor
coordination behaviour, resulting ikEys. s being smaller than that of terpy and bbp.
This in turn results in the SCO temperatures b&ngr than that of terpy or bip

G 2+

=

N

Figure 3.1.3.1A schematic view of iron(ll) coordinating to a bjigand, forming a

SCO complex.

The variations in SCO behaviour have been extelysingestigated in relation to the
pyrazole substitution; however, it is only recerttiat the effects of substitution at the
para position of the pyridine have been investiat&® It has been found that the
addition of a phenyl group to the para positionntans its SCO behaviour and allows
further substitution® It is noted that variations in crystal lattice dtier the SCO
behaviour but do not prevent it (see Figure 3.),%.this has also been found to be true
for substitutions of the pyrazole rif§®— the SCO behaviour will be altered; however,

no examples of substitution have been shown togmtay.
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Figure 3.1.3.2Left: [Fe(Pybpp)] **. Right: thermal magnetic behaviour of
[Fe(Pybppy] ***

These complexes have also been studied for itsoptagnetic behaviour. This, like
many other SCO complexes, showed that the LS conquald be excited to the HS
state through the use of laser excitation and imetde HS state for extended periods of
time by keeping the complex at cryogenic tempeeatuiThis effect is called light

induced excited spin state trapping (LIESETJ (see an example in Figure 3.1.3.3).

Tz+ =
_= 0
N / S 2
\N \ Laser ‘
/ < \ N—N ap ) B Excitation fi
S = . I
N /Fe\\N N / & =5 -
N—N AN i L I
y S : |
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5 150 (EH] -] o 30

Temperature (K}
Figure 3.1.3.3Left: [Fe(bppMe)]?*. Right: thermal and LIESST magnetic behaviour of
[Fe(bppMe)]*~*®
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3.2 Synthesis of the iron(ll) complexes

In this chapter the ligands produced in Chaptese2 Figure 3.2.1) were reacted with an
assortment of iron(ll) salts to produce the regpeatomplexes. This investigation was
performed in order to eludicate the coordinatiohaweour of the complexes providing

insight to the coordination behaviour of the polynamalogues. The experimental

details are fully given in Appendix B.
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OA \O OA \O OA \O
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O/Fl; F\,AO O/I%NFI"O O/FL;NF',AO
oN() O 6 o 6

N3P3(Biphen),( OPh)(OTerpy) N3P3(Biphen), OPh)(OPhTerpy) N3P3(Biphen),(OPh)(Obbp)
(L% (L% (L7)

Figure 3.2.1Ligands to be coordinated with iron(ll).
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3.3 Observations from synthesis

By the addition of the appropriate iron(ll) salttivieach of the ligands, 16 complexes
were successfully synthesised and characterisedHiggeire 3.3.1). These will serve as

models for their polyphosphazene analogues.

P g6 oo, NO:P\\.;\?Ph Pnd s Pho,P!}“P\\‘E\jOPh
Phof’\N:P'4OPh Phé\F')\lh—’of‘OPh
PhO
[Fe(L"),]Xz [Fe(L2)5]X, [Fe(L3)5]X, [Fe(L4),]X,
( Q N:Q}
RO NY
o NN

:P/fl Q
o N:Q o oPh (Q/"L‘Q
Q R , = OPh
0 O

O N :
I‘ A
(6 N=_ QF\ _pa
O_/C O.\0Ph & NP

O/Pu \\N
g
[Fe(L®)21X; [Fe(L®)2]X, [Fe(L")2]X,
Figure 3.3.1Iron(ll) complexes synthesised in this chapter, Kl©,, PR or BF,.
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Each of the 2,6-bis(2-pyridyl)-4)-pyridonate (OTerpy)-, 4-(2,6-di{pyridin-2-yl}-
pyridine-4-yl)phenolate (OPhTerpy)-, 2,6-bis(beniziazole)-4(H)-pyridonate
(Obbp)- and 4-(2,6-(pyraz-1-yl)-pyridine-4-yl)phdate (OPhbpp)-based ligands
formed bis-ligand iron(ll) complexes, by the adulitiof the respective metal salt to two
equivalents of each ligand (see Figure 3.3.1.1)e Teactions were typically
instantaneous, however, stirring was continued gsul® complete reactions. The
reaction with [ required heating for an extended period of timiictvis typical of this
class of ligand. In the case of the terpy-basedptexes it was possible to metathesise
the anions with silver salts; however, both the @band OPhbpp-based complexes
became unstable in the presence of these saltsedioably breaking down into an
assortment of products. This restricted the symh&#fsthese complexes to the anions of
the available metal salts, however, it was notedl éach complex grew crystals with the

perchlorate counter ion, although only one peretorcomplex gave a diffractable

crystal.
FeX2 0%
or
N " DFecksOL \/ v
| W AGEREN)A i |
p— 7\ et 7\ /F\ NN —
N N N

SERGR SRS

Figure 3.3.2The schematic reaction for the tridentate ligands.

No differences were observed in the reactivityigémds containing biphenol or phenol
co-substituents. This is of particular importanaethe synthesis of the polymers as this
suggests that the coordinating group will behawe shme way in spite of the co-
substituents attached to the polymer backbone. emofeature observed is that the
yields and solubilities remain similar in spite tbk anions used. Therefore, it can be
assumed that the synthesis of the polymer analogillesccur in the same way despite
the anion used. In all the mass-spectra, no speocigsining anions or solvents were
observed, showing that the anions or solvent médsowere not bound to the cationic
complex. However, the elemental analysis for eddime complexes contained solvent

molecules, typical behaviour of phosphazehes.
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All of the terpy-based complexes appeared to kihenLS state in both solid state and
solution. This was assumed by the purple cSfoand high resolution of the NMR
spectra. The Obpp-based complexes appeared to e th® solid state; however, in
solution they displayed a slight red colour andNiMR spectra were less resolved than
expected for diamagnetic compleXéssuggesting the presence of a low ratio of HS
species. The complex formed by the OPhbpp-baseddigormed a pale yellow solid
and solution, and NMR data was unavailable dudn¢osblutions being paramagnetic,
pointing to the complex being H8 The magnetic behaviour is thoroughly investigated
in Chapter 7.
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3.4 Crystallography

The X-ray data for [Fe(t)s](PFs)2- CHCN and [Fe(B),](PFs)2: CHCN was collected
on a Siemens P4 four-circle diffractometer, usin§iemens SMART 1K CCD area
detector. The crystal was mounted in an inertt@hsferred into the cold gas stream of
the detector and irradiated with graphite monoclatee Mo k. (A = 0.71073 A) X-
rays. The data was collected by the SMART prograuh processed with SAINT to
apply Lorentz and polarisation corrections to diffrspots (integrated 3-dimensionally).

[Fe(LY),](ClO,),- CHCN and [Fe(B),](BF4),- CGHeO- GH1-0 data were collected at low
temperature with a Rigaku-Spider X-ray diffractoarecomprising a Rigaku MMO007
microfocus copper rotating-anode generator, higk-fOsmic monochromating and
focusing multilayer mirror optics (Cu K radiatich,= 1.5418 A), and a curved image-
plate detector. CrystalClear was utilised for datallection and FSProcess in
PROCESS-AUTO for cell refinement and data reduction.

The structures were solved by direct methods afidledt using both th&HELX® and
OLEX 2% programs. Hydrogen atoms were calculated at igesitions. Tables 3.4.1
and 3.4.2 indicate that the refinement data forhestructure are acceptable for
publication. CIF files are included on the accomypag compact disc for reference. On
conducting an online CIF check, all significantredehave been explained in the CIF
file.
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Refinement data for the X-ray crystal structuresgiven in Tables 3.4.1 and 3.4.2.

Table 3.4.1Crystallographic and refinement data for compldkesL'),](PFs). and

[Fe(LY)2](ClO4),

Compound

[Fe(L")2](PFe)2: CHCN  [Fe(L1)2](CIO 4)2- CH:CN

Molecular formula
M (g mol™)
Temperature (K)
Crystal system
Space group
a(A)

b(A)

c(A)

a(’)

B()

()

V(A3)

Z

p(Mo Kea) mm™
n(Cu Ka) mm™
Pealc (g Ci°)
20max(°)

Number of unique reflections

Data/restrains/parameters

Final R indices [1>26(1)]

R indices (all data)

Goodness-of-fit on B

CooH73F12FeNi3012Ps
2084.26

90 (2)
Triclinic

P1

15.042 (8)
16.340 (10)
20.999 (13)
100.59 (5)
91.53 (3)
91.53 (5)
4936 (5)

2

0.368

1.402

58.28

26163
26163/130/1264
R1 = 0.0585
wR2 = 0.1320
R1 =0.0748
wR2 = 0.1385
1.084

Co2H73Cl2FeNi3020Ps
1993.23
123 (2)

Triclinic

P1

14.767 (3)
16.334 (3)
21.024 (4)
104.25 (3)
100.82 (3)
91.04 (3)
4816.7 (17)
2

3.317

1.374

130.16

15495

15495/96/1208

R1 =0.0727
wR2 = 0.1879
R1 = 0.0955
wR2 =0.2111
1.087
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Table 3.4.2Crystallographic and refinement data for compldke$L?),](PFs)o,

[Fe(L%)2](BF ).
Compound [Fe(L%),](PFe).- CHsCN  [Fe(L®),](BF4),- CsHeO-
CsH120

Molecular formula CiodHsaF12FEN14O12Ps  CioeHge2B2FsFeNig014Ps
M (g mol™) 2277.50 2229.26
Temperature (K) 90 (2) 123 (2)
Crystal system Triclinic Triclinic
Space group P1 P1
a(A) 9.823 (3) 12.880 (3)
b(A) 20.681 (9) 17.690 (4)
c(R) 24.932 (10) 24.070 (5)
M) 86.15 (3) 85.16 (3)
B 84.188 (14) 83.21 (3)
() 87.457 (13) 75.32 (3)
V(A3 5024 (3) 5259.6 (21)
Z 2 2
p(Mo Ka) mm™ 0.368 -
p(Cu Ka) mm™ - 2.736
peaic (g ci®) 1.451 1.407
20max(”) 56.56 102.26
Number of unique 24825 11111
reflections
Data/restrains/parameters  24825/297/1359 11111/2766/1494
Final R indices [1>26(1)] R1 =0.0710 R1 =0.0916

WR2 = 0.1843 WR2 = 0.2155
R indices (all data) R1=0.1120 R1 =0.1137

wR2 = 0.2069 wR2 = 0.2296
Goodness-of-fit on B 0.926 0.967

81






3.4.1 Crystal structure of [Fe(L}),](PFe),- CHsCN

Triclinic [Fe(LY),](PFs).- CH:CN crystallises in space grodpl with one molecule of
acetonitrile. 63 electrons per cell were removeda WLATON/SQUEEZE™
corresponding to 1.5 molecules of diethyl ethere Structure refines with one cationic
complex and two hexafluorophosphate anions peraatit

The complex shows the typical iron(ll) bis-terpyaergement, with each of the pyridine
nitrogens coordinating to the iron atom, confirmitig spectroscopic data collected.
The phosphazene rings sit in two different posgjame pointing away from the central
terpy complex, while the other folds over formingoacket, due tat-n interactions
between the non-geminal phenol rings and the hyir@goms of the terpy (3.196(2) A)
(see Figure 3.4.1.1).

Figure 3.4.1.1Unit cell of [Fe(L}),](PFs).- CH:CN (hydrogen atoms, solvents and

anions were removed for clarity). Insert: Greerdiindicater-H interactions.

Both the hexafluorophosphate anions show hydrogemling with the protons of the
terpy units of the cationic complex, forming a chehof anions between the cationic
complexes. The localised acetonitrile fills in ta&ds formed between the phenol and

terpy groups.



Figure 3.4.1.2Packing of [Fe(£),](PFs),: CHsCN, dotted lines indicate bonding

interactions.

The iron-nitrogen axial bond lengths (F&ILA and-N1B) are 1.883(2) A and the
equatorial bond lengths (Fel2A, -N3A, -N2B and-N3B) are 1.975(2) 1.992(2) A
(see Appendix B). These are typical bond lengthd ®iron(ll) terpy complexé&s ™t
and this is consistent with the purple colour o tomplex. The phosphazene bond
lengths are also of typical size for phenoxy-subtd cyclotriphosphazeffe
(Appendix B).
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3.4.2 Crystal structure of [Fe(L%),](ClO 4),- CHsCN

Triclinic [Fe(LY)2])(ClO4),- CHCN crystallises in space gro#l with one molecule of
acetonitrile. 58 electrons per cell were removeda WLATON/SQUEEZE™
corresponding to 1.38 molecules of diethyl ethére $tructure refines with one cationic
complex and two perchlorate anions per unit cel (Bigure 3.4.2.1).

The complex shows the typical iron(ll) bis-terpysergement, with each of the pyridine
nitrogens coordinating to the iron atom as seeh jfie(L"),](PFs),- CHsCN.

i
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Figure 3.4.2.1Unit cell for [Fe(L}),](ClO4.),- CHCN (hydrogen atoms, solvents and

anions were removed for clarity). Insert: Greerdiindicater-H interactions.

As with [Fe(LY)s](PFs)2- CHCN, [Fe(LH)2](ClO4)2- CHCN shows the typical iron-bis
terpy coordination with the phosphazene units fagriwo pockets around the central
complex. Also as with hexafluorophosphate, perai®wanions show hydrogen bonding
with the hydrogen atoms of the terpy moieties, fiogra column of anions between the
cationic complexes. The complex has iron-nitrogeala(Fe:-N1A and-N1B) bond
lengths of 1.887(3)- 1.890(3) A and equatorial (Fe42A, -N3A, -N2B and-N3B)
bond lengths are 1.954(4) 1.975(4) A (see Appendix B). These are typical dbon
lengths for an LS iron(ll) bis-terpy compféx*"3and are consistent with the purple
colour of the complex. With the exceptions of tméoas, [Fe(L)-](PFs).- CHCN and
[Fe(LY)2](ClO4),- CHsCN have isomorphous structures.
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3.4.3 Crystal structure of [Fe(L?),](PFe),- CHsCN

Triclinic [Fe(L?);](PFe)2- CH:CN crystallises in space groupl. 57 electrons per cell
were removed viaPLATON/SQUEEZE™ corresponding to 2.59 molecules of
acetonitrile. The structure refines with one catoncomplex and two

hexafluorophosphate anions per unit cell (see Eigu4.3.1).

The complex shows the typical iron(ll) bis-terpyasrgement, with each of the terpy
nitrogens coordinating to the iron atom. The phagehe rings show the same
orientations as with [Fef)s](PFs)2 and [Fe(l}),](ClOg),. Both the phosphazene units
are identical, pointing away from the iron(ll) bepy complex. Nar-n interactions

were observed as in the previous examples.

Figure 3.4.3.1Unit cell for [Fe(L?)2](PFs)2: CH:CN (hydrogen atoms, solvents and

anions were removed for clarity).

The hexafluorophosphate anions show hydrogen bgngith the hydrogen atoms of
the terpy units and the phenyl spacer forming dni@olumns between the cationic
complexes. Hydrogen bonding is also observed betwbe hydrogen atoms of the

phenol group and the oxygen atom of an adjacemgtggoup (see Figure 3.4.3.2).
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Figure 3.4.3.2Packing of [Fe(B),](PFs).- CHCN, dotted lines indicate hydrogen
bonding (hydrogen atoms removed for clarity).

The iron nitrogen axial bond (Fe1A and—-N1B) lengths are 1.878(3) — 1.888(3) A
and the equatorial bond (FN2A, -N3A, -N2B and-N3B) lengths are 1.975(3) —

1.994(3) A (see Appendix B). These are typicalrof.8& iron(ll) bis-terpy comple&-"*

3 which is consistent with the purple colour of t@mplex. The phenyl spacers have
tetrahedral angle of 35.8(0and 46.4(9) which would reduce an electronic effects
from the phosphazene. As with the previous complettee phosphazene bond lengths
are typical of a phenoxy-substituted cyclotriphasEné’ (see Appendix B).
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3.4.4 Crystal structure of [Fe(L®),](BF )2 CsHeO- CsH 10

Triclinic [Fe(L%),](BF.)2- CsHsO- GH1,0 crystallises in space grouP 1 with one
molecule of acetone and one of tert-butyl methiieet The structure refines with one

cationic complex and two tetrafluoroborate anioesymit cell (see Figure 3.4.4.1).

The complex shows the typical iron(ll) bis-bbp agament, with each of the pyridine
and four imidazole nitrogen’s coordinating to theni atom; as previously mentioned
this is typical for iron(ll) complexes. The phospbae rings also show the same
behaviour as in [Fef),](PF),, with both phosphazene rings facing away from the

iron(Il) bis-bbp complex.

Figure 3.4.4.1Unit cell contents for [Fe()s](BF4)2- CG:HeO- GH1:0 (hydrogen atoms,

solvents and anions were removed for clarity).

The fluorine atoms of the tetrafluoroborate aniamnfs hydrogen bonds with the
hydrogen of the imidazole, the remaining imidazptetons forms a hydrogen bondn
with the acetone and tert-butyl methyl ether (sgere 3.4.4.2).
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Figure 3.4.4.2Packing structure of [Fef)y](BF.)2- CsHsO- GH120, dotted lines
indicate hydrogen bonding (hydrogen atoms remouedlérity).

The iron nitrogepyrigine axial bond lengths (FelN1A and-N1B) are 1.907(5) — 1.909(6)
A and the equatorial iron nitrog@fzimidazeebond lengths (FeN2A, -N3A, -N2B and
—N3B) are 1.987(5) — 1.996(5) A (see Appendix Bpitgl bonds lengths of an LS
iron(ll) bis-bbp!®> which corresponds to the purple colour of the cempBy the
comparison to the bond lengths of (in Chapter 2), no significant differences in bond
lengths are observed for the phosphazene ring ftmeréghe metal complex has no
interaction with the phosphazene ring (see AppeBlix
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3.5 Conclusion

Sixteen iron(ll) complexes were synthesised andadterised by reacting the ligands
produced in Chapter 3 {LL? L3, L? L°, L° and L) with the respective iron salt.

The crystal structures obtained for the [F¥{(PF)2, [Fe(L))2](ClO.)2, [Fe(L)s](PFs)2
and [Fe(1®),](BF4),, show that the ligands coordinated to iron in @fashion which is
consistent with the purple colour and other charsation techniques used. A$ is
also a tridentate ligand, it can be assumed thaillitcoordinate to iron in the same
fashion as [Fe(f),](PFs).. Another feature that is observed from the crystalctures is
that the anions are located in approximately thmesgosition for each of the
complexes — both anions sit in a channel betweenc#tionic complexes, hydrogen
bonding to the iron-ligand centre. This is obserf@dhexfluorophosphate, perchlorate
and tetrafluoroborate anions, therefore it can $gumed that all weakly coordinating

anions will behave in the same way.

From these small molecule models it can be assutiadthe same coordination
behaviour will be observed in the polymer, as tlhwgphazene rings displayed no
interaction with the coordination centre. As suahy metallo-polymer complexes that

will be formed will be cross-linked via the metaidnd centre.
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Chapter 4

Reactions of cyclotriphosphazene ligands with selisd

ruthenium(ll) complexes






4.0 Abbreviations used in Chapter 4

Terpy 2,26',2"-terpyridine

PhTerpy 2,6-di(pyridin-2-yl)-4-phenylpyridine
Bbp 2,6-di(H-benzimidzol-2-yl)pyridine
Bpp 2,6-di(H-pyrazol-1-yl)pyridine

NMR Nuclear magnetic resonance

MLCT Metal-to-ligand charge transfer

DSC Differential scanning calorimetry
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4.1 Introduction

This chapter focuses on the use of metal complaegdskers to build supramolecular
structures on a polymer backbone. As previouslycudised in Chapter 3, the
cyclotriphosphazene is often used as small molezn#ogue of the polymer as it can

be characterised more accurately than a polymebean

Ruthenium(ll) was chosen as the metal to be useduse it is less labile than iron(ll)
allowing the complexes to be built in a stepwisghfan! which means other groups can

be attached rather than forming a cross-linkedmely

Tridentate ligands and co-ligands were chosendor feasons: i) only two ligands can
coordinate to one metal ion, providing a contral floe ligand-metal ratio; ii) when

substituted at the 4-position of the central uné& tomplexes formed are linear, giving
control over the orientation; iii) the physical pssties (e.g. electronic, vibrational,

electrochemical) have been thoroughly investigateetefore any changes in behaviour
attributed to the attachment to the phosphazenebeacompared and explained; iv)
examples of the ligands being substituted with ogreups via mild reactions such as

Suzuki couplind.

o8

Figure 4.1.1Schematic view of the metal complex used as a&fibletween a polymer

and the R group.

A selection of suitable substituents was initialtlyestigated to assess their reactivity
with cyclophosphazenes in Chapter 2. Four ligandsewchosen to coordinate to
ruthenium, each of them contained the followingahid cores: 2,2".6',2"-terpyridine
(terpy), 2,6-di(pyridin-2-yl)-4-phenylpyridine (Plefpy), 2,6-di(H-benzimidazol-2-

yhpyridine (bbp) and 2,6-dif-pyrazol-1-yl)pyridine (bpp). The properties of bac

group are described in turn.
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4.1.1 2,2"6',2"-terpyridine

2,2".6',2"-terpyridines have been studied extemgigae to their high affinity for metal
ions and their interesting optical propertiésit is the latter that is the reason for their
coordination to ruthenium. Ruthenium terpy comptexgpically have high extinction
coefficients making them suitable for applicatiossch as dyes for solar celi§,
photocatalysts and photo-activated drugs.

Figure 4.1.1.1Examples of ruthenium(ll)-terpy solar cell dyes

Typically bis-terpy ruthenium(ll) ([Ru(Terpyf") complexes have MLCT absorption
bands near 450 nm with extinction coefficients é brder of 50,000 L mdlcm™.

While this is large, the bands only cover a smatitisn of the light spectrum, therefore
a large portion of potential energy is lost. By mgkcomplexes with electron donor
groups on one side and withdrawing ones on ther ¢th@ds) it has been possible to
direct the flow of electron density. It has alsebeossible through the formation of
heteroleptic complexes to extend the peak absoebearme, allowing a larger portion

of the visible spectrum to be converted to useab&rgy’
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4.1.2 2,6-di(H-benzimidazol-2-yl)pyridine

The benzimidazolyl group is a strongerdonor compared to 2-pyridyl or pyrazolyl,
which results in different physical properties. -2j@LH-benzimidazol-2-yl)pyridine
(bbp) was first coordinated to ruthenium to forraocanplex analogous to terpy, capable

}0,11

of acting as a dye for the use in dye-sensitiséar sells (DSSC (see an example

in Figure 4.1.2.1).

Figure 4.1.2.1Solar cell dye based on bbb.

However, despite its increased absorbance rargédfdared from a decreased covering
of TiO, and a decrease of electron injection efficienaies,llting in a rapid decay of the
dye, making it unsuitable for practical USeDespite these limitations ruthenium-bbp
complexes have found other applications that ireladti-HIV drugs:? fluorescent
conducting polymer§® and the catalytic of reduction reactions with enétile* and

l15’16,

wate they have it has been shown marked improvemesttbe terpy analogue.

Although all of these previously mentioned appimas use the methyl-substituted bbp
the proton-substituted ligands make many of thepter’s properties pH dependelit,
20 which can result in tuning of its behaviour (ségue 4.1.2.2).
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Figure 4.1.2.2Various states of protonation for [Ru(bbp)(Terp¥)From left:
[Ru(bbp)(Terpy)i", [Ru(bbp)(Terpy)] and [Ru(bbp)(Terpy)}’

[Ru(bbp)(Terpy)}* exhibits an MLCT at 475 nm andr_ transitions at 347 and 314 nm
at pH 5. However, at pH 5-7 the MLCT is red-shiftedt98 nm and at pH > 7 it shifts
to 509 nm. In addition to the red-shift of the ML@dditional transitions are observed
> 650 nm as the pH is increased beyond 7 (seed-#dr2.3). Other properties such as

electrochemical and NMR behaviour are also altéyepH *°

! o —— [Ru(bbp)(Terpy)l*
4 /AP -=-- Rutbp)Terpyr

8 Loy /A Y — = Ru(bbp)(Terpy)]
b | L R A
® | S YA N
-g ! \\1\1:/ \\ “ \‘
g 0 5 iy :. . / ‘\‘\“‘ \

w :
< A

0 T T : ""'~-.‘t‘_1~ 7-!.\‘
350 450 550 650 750 850

Wavelength (nm)

Figure 4.1.2.3pH dependence of [Ru(bbp)(Terp})[n = 0-2) electronic spectfa.

106



4.1.3 2,6-di(H-pyrazol-1-yl)pyridine

2,6-di(1H-pyrazol-1-yl)pyridine (bpp) was originally produteas an analogue to
terpy?’ Ruthenium complexes of bpp have been used forr smé# dyeé® and

catalyst&®%.

The solar cell dyes formed with this ligand arelagaes to the terpy and bbp, with one
bpp ligand, a bipyridine and thiocyanide or cyar(ste Figure 4.1.3.5.

Figure 4.1.3.1Solar cell dye based on bpp.

The overall efficiencies were approximately 40%slésan that of the terpy analogue,
possibly due to the lower extinction coefficientowkver, this is a higher efficiency

than the bbp complex.

The catalysts are typically used for the conversibalkenes to epoxides:however, as
with terpy and bbp, bpp has also been investigiteiis reduction of wate?® but there
is no significant improvement over the terpy analgFew studies have been
performed on the emission properties of rutheniyp-tomplexes. One study did show
that measurable emissions could only be detecteldvattemperatures (see Figure

4.1.3.2)?° which may account for the limited number of exagspl
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Figure 4.1.3.2Left: a) monomer and b) dimer ruthenium compleXdspp. Right:
Absorbance (dashed line monomer, solid line diraed emission (dotted line
monomer, dash-dotted line dimer) spectra of theamar and dimer ruthenium

complexes?®

It has been suggested that the weak fluorescerattritsuted to thes-donor behaviour
of the ligand and the repulsion of the two ruthemicentres destabilising t#&LCT
energy level; however, no lifetime or other measwerts were made to further

investigate this behaviod?.
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4.2 Synthesis of the ruthenium(ll) complexes

In this chapter the ligands produced in Chaptem®@o-ligands (see Figure 4.2.1) were
reacted with an assortment of ruthenium(ll) come$eto produce the respective homo
and heteroleptic complexes. This investigation pagormed in order to elucidate the
coordination behaviour of the complexes hence piogi insight to the coordination
behaviour of the polymer analogues. The experinhelatails are given in Appendix C.
By comparison to the complexes formed in Chapteor8y the phenoxy-substituted
phosphazene ligands grew diffractable crystalsietbee these were the only ligands

used in this investigation.

Co-ligands

o
N=

Figure 4.2.1Ligands to be coordinated with ruthenium(ll), greedicates co-ligands.

S
ool H N
SRR NP O
=
DOA RO an
~F =N
bbp bpp

F
Terpy PhTerpy
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4.3 Observations from synthesis

By the addition of the appropriate ruthenium compte each of the ligands, 15
complexes were successfully synthesised and cleaisedd (see Figure 4.3.1). These

will serve as models for their polyphosphazeneanas.

N=E 4 NP #N f N=P phe NP
PhO PhO pré PhO phé PhOpng PhO
[Ru(L")2](PFe)2 [Ru(L")(Terpy)I(PFe)2  [Ru(L')(PhTerpy)l(PFe)2  [Ru(L")(bpp)I(PFe)2 [Ru(L")(bbp)I(PFe)2
SRoen

[Ru(L))(PFe)2 [Ru(L?)(Terpy)I(PFe)2  [Ru(L?)(PhTerpy)i(PFe)s  [Ru(L2)(bpR)I(PFe)2 [Ru(L?)(bbp)](PFe)2

~
\¢

T

=N !\“@

QN NN~/
\ 7

PFg PFg

[Ru(L®)(Terpy)l(PFe)z [Ru(L®)(PhTerpy)[(PFq), [Ru(L*)(Terpy)l(PFe)2  [Ru(L*)(PhTerpy)l(PFs)>

Figure 4.3.1Ruthenium complexes synthesised in this chapéaffuorophosphate
was used as the counter ion for each complex.
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4.3.1 Homoleptic ruthenium(ll) complexes

Homoleptic terpy complexes were formed by reactimgp equivalents of each
respective ligand with one equivalent of rutheniwichloride, followed by the addition
of ammonium hexafluorophosphate to precipitate dhé pure product. N-
ethylmorpholine was added to promote the reductiomthenium(lil) to ruthenium(ll);
without its addition the yield was reduced by apprately 50%. Under the same
conditions I and L only formed the respective ruthenium trichloridemplexes,
Ru(L%)Cl; and Ru()Cl; (see Figure 4.3.1.1). This is consistent withfehe literature
examples available with bbp and bpp ligahd$:?®*’ Typically, refluxing in high
temperature solvents such as ethylene glycol or ¥MEquired to form the homoleptic

complexes.

I

Phosphazene
\ / P

RuCly(H,0)3
N ——»

Phosphazene \ Phosphazene \ /N—RG—CI—> Phosphazene \

= RuCl3(H20)3
Phosphazene \ /N —_—

<9
N—N N—N o
— RuCl3(H0)3 — \§
Phosphazene \ /N ——— > Phosphazene \ /N_R[J_C| L
N—N N\/\CI
N
O I

Figure 4.3.1.1Homoleptic reaction schemes fof, IL?, L* and L.
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4.3.2 Heteroleptic ruthenium(ll) complexes
Ruthenium(ll) heteroleptic complexes could be fodrbg two different methods:

A. reacting ruthenium trichloride with one equivalesit each phosphazene
ligand forming the ruthenium trichloride compler]lbwed by reacting that
complex with the respective co-ligand.

B. reacting one equivalent of the phosphazene ligatidane equivalent of the
ruthenium trichloride complex of the respectiveligand, e.g. Ru(Terpy)Gl
or Ru(PhTerpy)Gl

For the terpy-terpy heteroleptic complexes eithethod produced the same product
with approximately the same yield. However, forthaf and * method A gave the
ruthenium trichloride complex (RUﬂC'g and Ru(t})Cls) respectively which would not
react with any co-ligand to form a ruthenium(lDngalex. Ru(DMSQO)CI, could not be
used for the formation of heteroleptié tomplexes because the reaction proceeded to
the homoleptic species too rapidly. When method & wsed only Ru(Terpy)£and
Ru(PhTerpy)d reacted with the ligands. This is because bothbByCk and
Ru(bpp)Ct require reactions to be carried out at high tewrupees to proceed and this

often forms mixtures of products.

When producing bbp complexes, care was necessatly thie addition of N-
ethylmorpholine; if too much was added a mixturehe protonated and deprotonated
species were formed which could not be readily s#pd. By reducing the amount of
N-ethylmorpholine, approximately half of the readttaremained unreacted, however,
only the protonated species was formed. The addited an excess of N-
ethylmorpholine or triethylamine resulted in a Engtio of the deprotonated species
being formed, however, the product still contaimechixture of the protonated species.
This is likely due to an equilibrium forming as esult of a weak base reacting with a
weak acid; if a stronger base was used it may dheesquilibrium to the deprotonated
species. However, this increases the chance of glaghéhe phosphazene (see Figure
4.3.2.1).
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Figure 4.3.2.1Controlled synthesis of both the protonated andatepated bbp

complexes.

Such behaviour was not observed fdrbased complexes. When the same ratio of N-
ethylmorpholine was added to the reaction no depaitd species were produced. This
is possibly due to electronic effects or stericet$ due to the ligand core being held
close to the phosphazene unit (see Figure 4.3.2.2).

Phosphazene

R =H or Ph

Figure 4.3.2.2Synthetic scheme for the synthesis dthmplexes.
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4.4 Crystallography

The X-ray data were collected at low temperaturé¢hwa Rigaku-Spider X-ray
diffractometer, comprising a Rigaku MMOO7 microfsclwcopper rotating-anode
generator, high-flux Osmic monochromating and faogisnultilayer mirror optics (Cu
K radiation, A = 1.5418 A), and a curved image-plate detec@ystalClear® was
utilised for data collection andSProcess in PROCESS-AUTO for cell refinement and
data reduction.

The structures were solved by direct methods afidled: using both th&HELX® and
OLEX? * programs. Hydrogen atoms were calculated at igeeitions. Crystal
refinement data are given in Table 4.4.1.1. Clésfiare included on the accompanying
compact disc for reference. On conducting an onGiie check, all significant alerts

have been explained in the CIF file.
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4.4.1 I* based complexes

Refinement data for the X-ray crystal structuresgiven in Table 4.4.1.1.

Table 4.4.1.1Crystallographic and refinement data for complexes

Compound

[Ru(LY)2](PFg)2r CHCN  [Ru(L “)(Terpy)](PFe)2: CHsCN

Molecular formula
M (g mol™)
Temperature (K)
Crystal system
Space group

a(A)

b(A)

c(A)

a(’)

B()

()

V(A3

Z

p(Cu Ka) mm™
Peaic (g CN°)
20max(°)

Number of unique
reflections
Data/restrains/
parameters

Final R indices [I>26(])]

R indices (all data)

Goodness-of-fit on B

Co2H73F12N13012PsRU

2129.51
143 (2)
Triclinic
P1
15.022 (3)
16.380 (3)
21.000 (4)
102.50 (3)
100.80 (3)
91.59 (3)
4944.1 (17)
2

3.266
1.430
124.76

15176

15176/90/1244

R1 = 0.0534
wR2 = 0.1478
R1 = 0.0604
wR2 = 0.1539
1.041

CooHagF12N1006PsRU
1514.03
163 (2)

Triclinic
P1
14.249 (3)
14.389 (3)
17.779 (4)
111.43 (3)
90.67 (3)
109.85 (3)
3153.0 (16)
2
4.062
1.595
130.16

10242

10242/0/866

R1 =0.0424
wR2 =0.1213
R1 = 0.0508
wR2 = 0.1302
0.923
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Table 4.4.1.1 ContinuedCrystallographic and refinement data for complexes

Compound [Ru(L)(PhTerpy)]  [Ru(L)(bpp)I(PFe)2r  [Ru(L ) (bbp)](
(PFe)2 CH3CN PFe)2
CeeHs0F12N9Og CseHa4F12N1206 CroHeoF12N11
Molecular formula
PsRu PsRu OgPsRu
M (g mol™) 1549.09 1450.94 1667.21
Temperature (K) 163 (2) 173 (2) 123 (2)
Crystal system Monoclinic Monoclinic Triclinic
Space group P2;/c C2lc P1
a(A) 9.7822 (2) 37.525 (8) 9.8217 (2)
b(A) 17.6621 (3) 15.032 (3) 19.6815 (4)
c(A) 37.307 (3) 23.974 (5) 20.6624 (15)
a(®) 90.00 90.00 81.567 (6)
B(°) 96.182 (7) 110.81 (3) 76.696 (5)
7(°) 90.00 90.00 80.709 (6)
V(A3) 6408.2 (5) 12641 (4) 3810.6 (3)
Z 4 8 2
p(Cu Ka) mm™ 4.009 4.029 3.440
peaic (g cm®) 1.606 1.525 1.453
20max(”) 130.16 144.18 117.88
Number of unique
' 10872 12210 10729
reflections
Data/restrains/para 10729/754/
10872/194/933 12210/331/910
meters 1093
Final R indices
R1 =0.0773 R1 = 0.0527 R1 =0.0723
[1>26(1)]
WR2 = 0.1846 wR2 = 0.1550 wR2 = 0.2054
R indices (all data) R1 =0.1042 R1 = 0.0648 R1 =0.0790
wR2 = 0.2028 wR2 = 0.1653 wR2 = 0.2152
Goodness-of-fit on
1.071 1.077 1.103

=
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Crystal structure of [Ru(L )2](PFe).- CHsCN

Triclinic [Ru(LY),](PFs).- CHsCN crystallises in space gropl with one molecule of
acetonitrile. 48 electrons per cell were removeda PLATON/SQUEEZE!
corresponding to 1.14 molecules of diethyl ethée Structure refines with one cationic

complex and two hexafluorophosphate anions peroatii{see Figure 4.4.1.1).

The complex shows a ruthenium(ll) bis-terpy arramget, with each of the terpy
nitrogens coordinating to the ruthenium atom, comfig the spectroscopic data
collected. The phosphazene rings sit in two diffepositions, one pointing away from
the central terpy complex, while the other foldemodue torn-H interactions between
the terpy hydrogen and non-geminal pendant phengsr(3.347(3) A), forming a
pocket. This complex forms an isomorph of its iesralogue ([Fe(})-](PFs).- CHCN).

. NSA P
Jron P3A

Figure 4.4.1.1Unit cell of [Ru(LY),](PFs).- CH:CN (hydrogen atoms, solvents and
anions removed for clarity). Insert: Red lines aaden-H interactions.

The ruthenium-nitrogen axial bond lengths (RN1A and-N1B) are 1.977(3) and
1.980(3) A respectively; the equatorial bond lesg(Ru1-N2A, -N3A, -N2B and
—~N3B) are 2.053(3) — 2.074(3) A (see Appendix C)eJare typical bond lengths for
ruthenium(l1) bis-terpy complex&é33which is consistent with the orange colour of the
complex. The phosphazene bond lengths are algpicht size for phenoxy-substituted
cyclotriphosphazerié (see Appendix C).
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Crystal structure of [Ru(L })(Terpy)](PF¢)2- CHsCN

Triclinic [Ru(LY)(Terpy)](PR).- CHCN crystallises in space group 1 with one
molecule of acetonitrile. The structure refineshwine cationic complex and two

hexafluorophosphate anions per unit cell (see Eigut.1.2).

This heteroleptic complex shows two terpy unitsrdowting to the ruthenium centre,
with each of the terpy nitrogens coordinating te tlithenium atom, confirming the
spectroscopic data collected. The phosphazenefoidg over the terpy oxygen with
two of the non-geminal pendant phenoxy groups, s§hpwa face to face-H interaction
with the proton of the terpy group (3.245(3) A).eTphosphazene substituted terpy
ruthenium-nitrogen bonds lengths are (RN1, -N2 and-N3) 1.982(3), 2.072(3) and
2.079(3) A respectively. The non-phosphazene rutinemitrogen terpy bond lengths
are (RuiN4, -N5 and —-N6) 1.980(3), 2.080(3) A and 2.095(3) A respecivel
(Appendix C), showing that the phosphazene terpslightly more electron donating
than the unsubstituted terpy.

Figure 4.4.1.2Unit cell of [Ru(L")(Terpy)](PF)2: CHCN (hydrogen atoms removed

for clarity). Insert: Red lines indicateH interactions.
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Crystal structure of [Ru(L 1)(PhTerpy)](PF6)2

Monoclinic [Ru(LY)(PhTerpy)](PF). crystallises in space group2:/c. The structure
refines with one cationic complex and two hexaftybrosphate anions per unit cell (see
Figure 4.4.1.3).

This heteroleptic complex shows two terpy unitsrdomating to the ruthenium centre,
with each of the terpy nitrogens coordinating te timthenium atom, confirming the
spectroscopic data collected. No interactions vedserved between the terpy unit and
the phosphazene. The phosphazene substitutedrtgfmnium-nitrogen bonds lengths
are (Rul-N1, —-N2 and —N3) 1.980(4), 2.092(6) ar@b=(6) A respectively. The
PhTerpy ruthenium-nitrogen bond lengths are (R, —N5 and —-N6) 1.965(4),
2.072(5) and 2.066(5) A respectively (see Apper@)x showing phenyl-substituted
terpy is slightly more electron donating than thegphazene-substituted terpy unit;
however, this difference is less significant tham the non-substituted terpy. See

Chapter 6 for further investigations.

Figure 4.4.1.3Unit cell of [Ru(LY)(PhTerpy)](Pk)2 (hydrogen atoms and anions

removed for clarity).
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Crystal structure of [Ru(L *)(bpp)](PFe)2- CHsCN

Monoclinic [Ru(LY)(bpp)](PF)2- CHCN crystallises in space gro@®2/c. The structure
refines with one cationic complex, one acetonitrilmolecule and two

hexafluorophosphate anions per unit cell (see Eigut.1.4).

This heteroleptic complex shows one terpy and bpts woordinating to the ruthenium
centre, with each of the terpy and pyrazole nitnsgeoordinating to the ruthenium atom,
confirming the spectroscopic data collected. Thesphazene ring folds over the
oxygen terpy, with two of the non-geminal pendamémoxy groups showing a face to
face n-H interaction with the proton of the terpy group883(3) A). The ruthenium-
nitrogen bonds of terpy are (ReN1,-N2 and-N3) 1.972(3), 2.071(3) and 2.069(3) A
respectively. The bpp bond lengths are (RU4,-N6 and-N7) 1.997(3), 2.060(3) and
2.071(3) A respectively (see Appendix C). The lanigep bond lengths are typical of
the ruthenium terpy-bpp compléX.

Figure 4.4.1.4Unit cell of [Ru(L")(bpp)](PR)2: CHCN (hydrogen atoms, solvents and

anions removed for clarity). Insert: Red lines aaden-H interactions.
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Crystal structure of [Ru(L *)(bbp)](PFe)2: CsHsO

Triclinic [Ru(LY)(bbp)](PR).- CsHsO crystallises in space groupl. The structure
refines with one cationic complex, one acetone madéand two hexafluorophosphate
anions per unit cell (see Figure 4.4.1.5). 50 edexst per cell were removed via
PLATON/SQUEEZE>! corresponding to 1.56 molecules of acetone.

This heteroleptic complex shows one terpy and bbs woordinating to the ruthenium
centre, with each of the terpy and imidazole nigrogy coordinating to the ruthenium
atom, confirming the spectroscopic data collectiédw phosphazene ring folds over the
oxygen terpy. However, unlike [Ru{i{(bpp)](PR).- CHiCN the non-geminal pendant
phenoxy groups do not display-n interactions, possibly due to the different
crystallisation conditions. The ruthenium-nitrogeends lengths of terpy are (R«N1,
—N2 and-N3) 1.968(4), 2.063(4) and 2.074(4) A respectiv@lye ruthenium-nitrogen
bond lengths of bbp are (Rud4, -N6 and—N8) 2.007(4), 2.069(4) and 2.065(4) A
respectively (see Appendix C), the longer bbp blendths are typical of the ruthenium
terpy-bbp complex??’

Figure 4.4.1.5Unit cell of [Ru(L*)(bbp)](PR)2- CsHsO (hydrogen atoms, solvents and

anions removed for clarity).
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4.4.2 Packing of the It based complexes

For [Ru(LY),](PFs). both the hexafluorophosphate anions show hydrbgerding with
the protons of the terpy units of the cationic cterpforming a channel of anions
between the cationic complexes. The localised adete fills in the voids formed
between the phenol and terpy groups (see Figur2.4)4

Figure 4.4.2.1Packing of [Ru(£);](PFs).: CH:CN, dotted lines indicate bonding

interactions.

Both [Ru(LY)(Terpy)](PR)>-CHsCN and [Ru(l)(bpp)](PR)- CHCN packed via a

combination of hexafluorophosphate anions hydrdgemding with the protons of the
terpy units and the phenyl rings, forming a chanofebnions between the cationic
complexes, with the acetonitrile hydrogen bondinthvhe unsubstituted terpy proton
and the hexafluorophosphate anion filling the gafsee Figure 4.4.2.2).
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Figure 4.4.2.2Packing of [Ru(E)(Terpy)](PR).- CHCN. Dotted lines indicate bonding

interactions.

[Ru(LY)(PhTerpy)](Pk). crystallises with the absence of any solvent mdécin the
matrix. The cationic complexes are hydrogen bongetiveen terpy protons with the
hexafluorophosphate anions, forming a zig-zag celabetween the terpy units (see
Figure 4.4.2.3).

Figure 4.4.2.3Packing of [Ru(t)(PhTerpy)](Pk)2, dotted lines indicate bonding
interactions.
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[Ru(LY(bbp)](PR).- CHsO packed via a combination of hexafluorophosphaiere
hydrogen bonding with the protons of the terpy &g units and the phenyl rings,
forming a channel of anions between the cationmmexes, with the acetone hydrogen
bonding with the protons of both the terpy and phyons (see Figure 4.4.2.4).

Figure 4.4.2.4Packing of [Ru(E)(bbp)](PF).- GHsO, dotted lines indicate bonding

interactions.
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4.4.3 ” based complexes
Refinement data for the [Ruf)z](PFs) crystal structure are given in Table 4.4.3.1.

Table 4.4.3.1Crystallographic and refinement data for the caxpl

Compound [Ru(L?)2](PFe)2
Molecular formula Ci02H78F12N12012PsRU
M (g mol™) 2240.60
Temperature (K) 143 (2)

Crystal system Triclinic

Space group P1

a(A) 9.8601 (2)
b(A) 20.8653 (5)
c(A) 25.0464 (18)
a(®) 85.942 (6)

B 83.704 (6)

7O 87.947 (4)
V(A3 5106.9 (4)

Z 2

p(Cu Ka) mm™ 3.190

Peaic (g CNi) 1.457

20max(©) 130.16

Number of unique reflections 17091
Data/restrains/parameters 17091/1045/1330

Final R indices [1>26(1)] R1 =0.0722
wR2 = 0.2004

R indices (all data) R1 =0.0871
WR2 = 0.2324

Goodness-of-fit on B 1.048
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Crystal structure of [Ru(L ?)2](PFe)2

Triclinic [Ru(L?),](PFs). crystallises in space groupl_ 44 electrons per cell were

removed viaPLATON/SQUEEZE>! corresponding to 2 molecules of acetonitrile. The
structure refines with one cationic complex and twexafluorophosphate anions per

unit cell (see Figure 4.4.3.1).

The complex shows a ruthenium(ll) bis-terpy arranget, with each of the terpy
nitrogens coordinating to the ruthenium atom, aomifig the spectroscopic data
collected. The phosphazene rings are in two idanpiositions with each ruthenium(ll)-
bis-terpy unit pointing away from the phosphazeing.rNo interactions are observed
between the phosphazene rings and phenyl ringshandithenium-terpy complex. The
compound is isomorphous with its iron analogue ([Be](PFs).- CHiCN, see Chapter
3). The axial ruthenium-nitrogen bonds lengths (&el-N1A and—N1B) 1.976(4) A,
1.974(4) A and the equatorial (R&N2A, -N2B, -N3A and—-N3B) 2.066(4) - 2.083(4)
A (see Appendix C), consistent with ruthenium(li3-kerpy complexes and the orange

colour of the complex.

Figure 4.4.3.1Unit cell of [Ru(L?),](PFs)2 (hydrogen atoms and anions removed for
clarity).
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4.4.4 [Ru(L?),](PFe), packing

As with the other ruthenium complexes the catiatmplex [Ru(l?),](PFs). packs via
hydrogen bonding between the terpy protons anchéxafluorophosphate anions. No
observable interactions are evident between thespitezene ring and any of the
substituents (see Figure 4.4.4.1).

Figure 4.4.4.1Packing of [Ru(B)2](PFs)., dotted lines indicate closest contacts.
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4.4.5 | based complexes
Refinement data for the X-ray crystal structuresgiven in Table 4.4.5.1.

Table 4.4.5.1Crystallographic and refinement data for complexes

Compound [Ru(L)(Terpy)l(PFe)2  [Ru(L *)(PhTerpy)](PFe)2
-2CHCN -CH3:CN
Molecular formula CesHs1F12N1206PsRU GroHs5F12N1206PsRU
M (g mol?) 1592.12 1668.20
Temperature (K) 163 (2) 123 (2)
Crystal system Triclinic Triclinic
Space group P1 P1
a(h) 13.7659 (3) 15.0162 (8)
b(A) 15.1173 (3) 15.7753 (10)
c(R) 18.5931 (13) 18.5730 (13)
o(®) 70.493 (5) 98.702 (7)
B 76.535 (5) 109.897 (8)
7(°) 75.639 (5) 95.212 (7)
V(A3 3485.2 (3) 4041.2 (4)
Z 2 2
n(Cu Ka) mm™ 3.715 3.214
peaic (g cm®) 1.517 1.371
20max(®) 130.16 117.86
Number of unique reflections 11366 11249
Data/restrains/parameters 11366/401/920 11249/390/1039
Final R indices [1>26(1)] R1 = 0.0689 R1 = 0.0865
wR2 = 0.1813 WR2 = 0.2262
R indices (all data) R1 = 0.0840 R1 =0.1077
wR2 = 0.2164 WR2 = 0.2489
Goodness-of-fit on F 1.185 1.091
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Crystal structure of [Ru(L ®)(Terpy)](PFg)2- CHsCN

Triclinic [Ru(L®)(Terpy)](PR)2- CHiCN crystallises in space growpl. The structure
refines with one cationic complex, one acetonitrilmolecule and two

hexafluorophosphate anions per unit cell (see Eigut.5.1).

This heteroleptic complex shows one terpy and bbfs woordinating to the ruthenium
centre, with each of the pyridine and imidazoleagiens coordinating to the ruthenium
atom, confirming the spectroscopic data collectdae ruthenium-nitrogen bond lengths
of terpy are (Rul-N6, —N7 aneN8) 1.979(5), 2.071(4) and 2.063(4) A respectively.
The ruthenium-nitrogen bond lengths of bbp are @R, —N2 and-N4) 1.999(5),
2.063(4) and 2.073(4) A respectivdlsee Appendix C). The longer bbp bond lengths
are typical of the ruthenium(ll) terpy-bbp compléx’

Figure 4.4.5.1Unit cell of [Ru(L*)(Terpy)](PF).: CHsCN (hydrogen atoms, solvents
and anions removed for clarity). Insert: Red limecater-H interactions.
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Crystal structure of [Ru(L *)(PhTerpy)](PFs).- CHsCN

Triclinic [Ru(L®)(PhTerpy)](Pk),- CHiCN crystallises in space group 1. The
structure refines with one cationic complex, onestawitrile molecule and two

hexafluorophosphate anions per unit cell (see Eigut.5.2).

This heteroleptic complex shows one PhTerpy and bbjs coordinating to the
ruthenium centre, with each of the pyridine anddaziole nitrogens coordinating to the
ruthenium atom, confirming the spectroscopic daikected. The phosphazene ring
folds over the oxygen terpy, with two of the nonvgeal phenoxy groups showing a
facing imidazole ring but only one was close enotagyhan-H interactions (3.179 (5)
A). The ruthenium-nitrogen bond lengths of terpgy Ru1l-N6, —N7 andN8) 1.939(5),
2.064(5) and 2.075(5) A respectively. The ruthenhitrogen bond lengths of bbp are
(Rul-N1, —N2 andN4) 1.985(6), 2.059(5) and 2.066(5) A respectisise Appendix
C). The longer bbp bond lengths are typical of riltéenium terpy-bbp complex. The
phenyl group is at a 25(8)° torsional angle withpect to the terpy group?’

Figure 4.4.5.2Unit cell of [Ru(L*)(PhTerpy)](Pk)2- CHCN (hydrogen atoms, solvents

and anions removed for clarity). Insert: Red limecaten-H interactions.
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4.4.6 Packing of 1> based complexes

Both [Ru(L®)(Terpy)](PK).: CHsCN and [Ru()(PhTerpy)](Pk).- CHiCN complexes
pack via hydrogen bonding between the hexafluorsphate anions and the hydrogen
atoms of terpy and bbp groups. In addition, hydnogending is observed between the
acetonitrile group and the hydrogen atoms of thelazole and phenoxy groups (see
Figure 4.4.6.1).

Figure 4.4.6.1Packing of [Ru(E)(Terpy)](PFK).: CHCN, dotted lines indicate bonding
interactions.
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4.5 Conclusion

Two homoleptic and 15 heteroleptic ruthenium(ll)ngdexes were synthesised by
reacting the ligands produced in Chapter 2, (L?, L and ¥). The homoleptic
complexes were synthesised by reacting the ligamidls either RuC4-3H,O. The
heteroleptic complexes were synthesised by two odsthMethod A was to make the
ruthenium trichloride complex of the respectiveahg and react it with the co-ligand.
Method B was to react the respective ligand with rilthenium trichloride complex of
the co-ligand. This method was limited to only gsihe terpy based co-ligands.

The crystal structures of both thé &nd > homoleptic complexes were isomorphs of
the iron analogues discussed in Chapter 3 whicbnsistent with the orange colours of
the complexes. Each crystal structure of the hkgptic complexes displayed the

expected coordination of the two different trideéathgands to one ruthenium centre.

Each of the bond lengths measured were simildrabdf the reported non-phosphazene
analogues. In addition none of the crystal strcttisplayed significant interactions

between the ruthenium complex centres and theofébe molecule, suggesting that the
physical behaviour will remain the same as the ploosphazene analogues, however,
this will be thoroughly investigated in Chapter 7.

From these small molecule models it can be assuthadthe same coordination
behaviour will be observed in the polymer, as th@gphazene rings displayed no

interaction with the coordination centre.
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Chapter 5
Synthesis and reactions of polyphosphazenes withom(I1)

perchlorate and ruthenium complexes.






5.0 Abbreviations used in Chapter 5

ROP
MOF
NMR
GPC
SEC
DSC

Tg

SCO
TFE
OPhTerpy
OTerpy
Obpp
OPhbpp
Terpy
PhTerpy
‘Bu
oPH*
TBAN
TBAB
THF

Mn

Muw

PDI

Ring opening polymerization
Metal organic framework
Nuclear magnetic resonance
Gel permeation chromatography
Size exclusion column
Differential scanning calorimetry
Glass transition temperature
Spin crossover
Trifluoroethoxy
4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)pheolate
2,6-bis(2-pyridyl)-4H)-pyridonate
2,6-bis(benzimidazole)-4{}-pyridonate
4-(2,6-(pyraz-1-yl)-pyridine-4-yl)phenolate
2,2".6',2"-terpyridine
4-phenyl-2,2".6',2"-terpyridine
Tert-butyl
4-tert-butylphenolate
Tetra(butyl)ammonium nitrate
Tetra(butyl)ammonium bromide
Tetrahydrofuran

Number average molecular weight
D NM,
n— ZNl

M whereN; is the number of molecules Byeignt

Weight average molecular weight
z Ni Mi2
Y INM,

My,

Polydispersity index
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5.1 Introduction

5.1.1 Polyphosphazenes and metals

Polyphosphazenes have shared a long history oflc@iing metal ions via substituents
ranging from pyridines to phosphinESThese coordination compounds have been used
for a variety of applications such as luminescenegerials' metal extractiofd,catalysts

and nano-particle precursofs However, until recently the substituents used hang
been mono-dentate, relying on the phosphazeneotatdéf hold the substituents close

enough to form multidentate Iigands (see Figurelsl).

— - NCCH, CHch PhoR PPh, |
~ \
\ /
N / —N
0 (o)
N\ V4
P

Figure 5.1.1.1Examples of phosphazene polymers with metal coatitig

substituent§:*

Multidentate substituents were not reported uniiis&oughet al. attached 4-(6-phenyl-
2,2 -bipyridin-4-yl)phenolate (OPhBipyPh) to a polyppbszene backborteThese
OPhBIipyPh polymers were subsequently coordinatedselection of metals to produce
luminescent polymets (see Figure 5.1.1.2). It was found through physica
measurements and computational models that theti@dddf these groups to the
polyphosphazene had no effect on the optical bebhawof these complexes in the

solution phase.
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OC—/Re—CI
oc” |
CO

Figure 5.1.1.2Examples of multidentate ligands attached to padgphazene
backbones forming luminescent polymérs.

5.1.2 Cross-linked polyphosphazenes

The first polyphosphazenes, which were made by 35K’ were suspected to be
cross-linked as they were described as an inorgaiicer that would only swell in a
solvent, not dissolve. In addition, any substitatreactions that were attempted resulted

in only partial completion. Both observations agns of cross-linking.

It was not until 1965 that Allcock discovered thegropening polymerisation (ROP)
method of forming linear high molecular weight pokrs*®*° These polymers were
readily soluble in some solvents; as such numesulsstitution reactions could be

performed on them, spawning a new branch of polysn&nce.

After such a heroic effort to make linear polyphuspenes one has to wonder why
anyone would return to cross-linked polymers. Thason being the discovery that
cross-linked polymers have a range of propertifferént to that of linear polymers,

making them useful for a range of applications. eehrexamples of cross-linked

polyphosphazenes are described below:

i) Scaffolds for tissue growth.

Structural biopolymers are all cross-linked rattiean linear; this is because the cross-
linked polymers are very strong but flexible, iddal organs. With this in mind
polyphosphazenes have been modified to be intefnraidn tissue to form scaffolds,
allowing tissue to be grown on it. Polyphosphazearesdeal for this as they are able to
be hydrolysed into phosphates and ammonia whichbeawlealt with by biological

systems. Such polymers have already been usedres doaffolds, facilitating rapid
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bone repaif>?® An example of bone starting to grow between pobgpthazene beads

is shown in Figure 5.1.2.1.

Figure 5.1.2.1Left: Example of polyphosphazene beads for theofib®ne growth.
Right: Cell growth between polyphosphazene béads.

i) Hydrogels.

As was earlier discovered, when cross-linked phasphes are soaked in solvent they
swell (see Figure 5.1.2.2) because the solventculds are filling the cavities between
the polymer chain& Such behaviour can be used to form hydrd§élavhich can be
designed to hold specific drugs that can be retkasespecific parts of the body. The
hydro-gels can then be further modified to be peafeally absorbed by specific body
parts®® where the slow breakdown of the phosphazene deasea steady amount of a

drug?’

A

Figure 5.1.2.2Example of a hydrogel (MEEP), dried and solvenbalsd?
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Both of these examples are based on organic sudystit cross-linking either via the

formation of radicals or hydrogen bonding (see Fédhi1.2.3Y?

Gamma Rays o

~—T—O

O—T----

Figure 5.1.2.3Left: Suggested mechanism for cross-linking vidaaldormation.

Right: Cross-linking via hydrogen bondifg.

iii) Metal coordination cross-linking

There are only a handful of examples where metak iare used to cross-link
polyphosphazene®©ne comes from Diagt al. whose work focused on coordinating
metal ions to the polymer backbone via benzyleitsubstituenté® Typically counter
ligands were chosen such that cross-linking is gmtad. However, in one case when
diphenyl phosphine ethylene was used, unexpectedsdinking occurred via a

transition metal. A proposed structure for the sisking is shown in Figure 5.1.2.4.
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Figure 5.1.2.4A proposed structure for the cross-linking of pdlgpphazene chains via
a metal iorf?

A second group, Carriedet al., has focused on the production of polymeric metal
organic framework (MOF}? MOFs have drawn a great deal of attention in regears
due to their high porosity and the potential tdlogctionalised for catalysis, gas storage,
etc. Carriedo’'s MOF was formed via gold coordingtito phosphine substituents
attached to the phosphazene backbone (see Figuges.

:
Tt
s

PPh,  PPhy

i

Au  PFg

PPh,  PPh,

el
0" o . s

AuCI(THT)
—_—
THF

0]
4<N§P\%—<N7Pﬁ
0 @H ’

Figure 5.1.2.5Carriedo’s MOF based on polyphosphazenes crosedimta gold?®

These cross-linked polymers formed large solvenities. Once the cavities were

evacuated by heating the sample, it left them alselto be filled with other molecules

for catalytic reactions or gas stor&ge.
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5.2 Polymer characterisation

Polyphosphazenes like all other materials have then methods for characterisation.
Unlike small molecules it is impossible to obtairystals for single crystal X-ray
diffraction, and elemental analysis is subjectamé errors (up to 49%8)However, an
assortment of spectroscopic techniques can be eabplThe key methods for
characterising the composition and physical behavewe nuclear magnetic resonance
(NMR), gel permeation chromatography (GPC) andedd#tial scanning calorimetry
(DSC)*#

5.2.1 NMR spectroscopy

Polyphosphazenes like many other compounds can hiaeaaterised using NMR
spectroscopy of its respective nuclei. As the phagpne backbone contains
phosphorus they can be studied directly*# NMR spectroscopy. It provides a clear
indication of a reaction’s progress by the disapgeee or appearance of a particular
peak. In addition, by observing tHéP NMR signal width, the distribution of the
substituents can be determined, i.e. in blocksandomly with other substituents (see
Figure 5.2.1.1).

T DR A o g
Shift (ppm) Shift (ppm)

X X Y. X YO ¥ XX
AN AN
SN p/:N p/:N \p/:N
N /N / N\ / / N\ /

X x xX YUY X/P\:YN 7N
Figure 5.2.1.1Left: Example®'P NMR of a blocky distributed substitution
polyphosphazene ([NP(O-2-Py-6-Mp).° Right: Examplé’P NMR of a randomly
distributed substitution polyphosphazene ({NP(&Bk o 7{NP(OPH®")(OPh-4-Bipy-
2-Ph)o.2gn).*
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As observed in Figure 5.2.1.1 the signal for eabbsphorus atom is sharp for the
blocky distributed, but broad and less resolvedtierrandomly distributed substituents

on the polyphosphazene backbone.

'H NMR is also useful when the substituents havenitally distinct protons, although
due to the broadening of the signal, distinguishimg difference between chemically

similar protons becomes very difficult.

5.2.2 Gel permeation chromatography

Gel permeation chromatography (GPC) is a methodmefsuring the size and
distribution of sizes for the polymers. This wotkspassing the polymer through a size
exclusion column (SEC). Contained in this columiges$ that allows small particles to
interact with them while allowing the larger paes to pass by, shown in Figure
5.2.2.1, resulting in the larger polymers passimgugh the column faster than the

smaller ones. By the calibration of the columneittimes possible to relate the retention

_ "@g’
¢] ‘\%

time to the size of the polymer.

Long Polymer %

Short

Solvent flow
‘O

€]
©
uWN[oD UoISN[oXT 9zIg

Voot
%"%‘%

Figure 5.2.2.1Left: A schematic view of the size exclusion gabiR: A schematic

view of a size exclusion column in action.
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From the width of the peak the polydispersity indel) can be determined. This is a
measure of the size distribution of the polymerisitdefined as follows (Formulas
5.2.2.1-3):

" D> NM? D NM,
PDI=—% M, = —=——— M =-
M, where " ZNiMi and ZNi

Formulas 5.2.2.1 - 3 respectively

My is the weight average molecular weight avgis the number average molecular
weight.N; is the number of polymer chains with the m@ss

For a polymer where all molecules have the exanesaeight the PDI = 1; however, in
reality all polymers have PDIs >1.

In addition, in 1987 Nielsoret al. found it was necessary to include a salt
‘tetra(butyl)ammonium nitrate’ (TBAN) to obtain nemlucible resultd® While no
definite explanation has been determined it has Iseggested that the addition of the
salt prevents the polymer from either folding in itself giving a different size or it
prevents the small polymers from building up ink® tcolumn. As a result is has

become a standard method for GPC analysis of poggitazenes.

5.2.3 Differential scanning calorimetry

The third most common technique used for the changation of polymers is
differential scanning calorimetry (DSC). This isreeasure of the thermal transition of
materials. These transitions are measured by lyet@atio samples, one a control and the

other a sample, monitoring the amount of heat regub increase the temperatfe.

For polymers the key feature is the glass transitemperatureT), which describes
the temperature at which the polymer switches fitwemng microcrystalline (ordered

regions) to completely amorphous. The sample carfudber heated to show the
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breakdown temperature of the polymers, an exanfpeDSC curve is shown in Figure

5.2.3.1.

Increasing heat flow

Temperature

Figure 5.2.3.1An example of a DSC curve.

The Ty temperature is primarily affected by six differémttors®

)

ii)

Vi)

Torsion energy of the =P-N=P-N- bond. While theunatof the bond is now
well understood, the calculated torsion energy h& bond is still under
debate. Recent publications put the theoreticalevat 0.4 kJ bont®*
Distribution of substituents. Unlike some organatymers the substituents
are attached to alternating atoms rather than eatery, making it less dense.
In addition when dealing with hetero-substituted ogfhazenes the
distribution of each substituent along the polyinackbone can prevent the
formation of microcrystalline regions.

The nature of the substituent itself can have &cetia its intramolecular
interactions and its intermolecular interactions.

Cross-linking of the polymer increas@g. This is because cross-linking
forms rigid networks preventing polymer chains freling over each other.
The architecture of the polymer backbone (whethés an idealised linear
polymer, collinear or has side branches) has tlyes effect.

Solvents and impurities also affect the Although samples are purified and
extensively dried it is often impossible to comelgtremove solvents and

impurities from the polymer.
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Shown in Table 5.2.3.1 are examples of how a varian substituents varies thg

temperaturé?

Table 5.2.3.1Examples offy temperature for different substituerits.

Polymer T4 (°C)
[NP(OPhY],, -8
[NP(OPhMe)], 2
[NP(OPhED)], -19
[NP(OPHPr)), -34
[NP(OPHPI)], -0.1
[NP(OPHBuU)], -16
[NP(OPHBU),], 44

The general trend observed for these polymers #mtis that as the bulkiness of the
pendant is increased tfig increases. However, this is offset by the tenddacyhe T,
to decrease as the pendant group becomes longea @iscrete chainlike structurd@),
values remain similar no matter what co-substitsieme added, assuming the primary

substituent forms the bulk of the polyntér.

Shown in Table 5.2.3.2 is a comparisorTgialues for cross-linked polymers based on

Carriedo’s gold coordinating polymers, shown inufig5.2.3.2°

Y

- _Op0 (Ehz PPh, CIAU/Pth Fgth
O"P\\O N Au PFg AU PFg
@ /\1‘* X PPh, F’F’h2 PPh
AN N
PPh, PPh, <j © ) Q

L AuCl _n N Op 0
X=0.15 1a h ofo N
1-x X

X=0.15 2a X=0.15 3a
X=0.35 2b

Figure 5.2.3.2Carriedo’s gold cross-linked polyphosphazefies.
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Table 5.2.3.2Ty values for Carriedo’s gold cross-linked polyphaspnes?

Polymer T4 (°C)
la 176
1b Not visible
2a 159
2b 170
3a 176

The most interesting result from tAg values are found from Carriedo et’alvhere
cross-linking caused a relatively small increaseljnvalues for the polymers. Even
when the cross-linking is increased ffigvalue does not increase in comparison. This
can be explained if the cross-linking has only alsraffect on the flexibility of the
polymer backbone, particularly when coordinatingp#t metal to a soft ligand resulting
in a flexible metal-ligand bon®. However, this may change once the ratio of cross-

linking is greatly increased, although no one hadaed this yet.
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5.2.4 Polyphosphazene standard

A standard is used for each of the measuremeriteeqolyphosphazenes. The common
standard used is the trifluoroethanoxypolyphosph@zgNP(TFE)],) (see Figure
5.2.4.1), it is synthesised by reacting the sodsathof trifluoroethanol with NPGF?

| |
O O
O\P/—N O\ /—N
\P:N/ a \PfN/ B \P:N/
/N /

CF3 CF3 CF3 CF3 CF3 CF3

Figure 5.2.4.1NP(TFE)],, used as a phosphazene polymer starfdard.

[NP(TFE)], is used as a standard because it is very staliigdimlysis and any other
potential sources of degradation during synthesisstorage. In addition, [NP(TFH)
has been one of the most extensively charactepeghosphazenes; therefore, all of
its properties are knowiT{ = -66 °C,*'P NMR = -7.60 ppmj?
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5.3 Synthesis of polymers
This chapter describes the synthesis and charsatien of the polyphosphazenes
containing the substituent's described in Chapte(s@e Figure 5.3.1) and their

respective iron(ll) and ruthenium(ll) complexes.

2,6-di(1H-benzoimidazol-2-yl)pyridin-4(1H)-one 2,6-di(pyridin-2-yl)pyridin-4(1H)-one
HObbp HOTerpy
OH OH

X
D
4-(2,6-di(1H-pyrazol-1-yl)pyridin-4-yl)phenol 4-(2,6-di(pyridin-2-yl)-pyridine-4-yl)phenol

HOPhbpp HOPhTerpy

Figure 5.3.1Ligands attached to the polyphosphazene backiotie.

Chapter 2 proved that both HOPhbpp and HOPhTerpglilsereact within a day to
completely substitute the cyclicphosphazene chéstichowever, both HObbp and
HOTerpy require 3-5 days reaction time. In addiionHObbp, a carbonate base was
required to prevent side reactions that could od@hydride base was used as with the
other substituents.

Chapter 3 proved that when reacting iron(ll) stitsreaction occurred rapidly forming
homoleptic complexes with each of the ligands, mm only stirring at room
temperature. Each of the anions displayed the sagek interaction with the iron
centre of the cationic complex. No interactionsev&een between the phosphazene ring
or its substituents with the complex core. It isuased that the same behaviours will be

observed for the polymeric analogues.
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Chapter 4 proved that the ligands could react wistelection of ruthenium complexes
to either form homoleptic or heteroleptic complexése homoleptic complexes were
achieved by reacting two equivalents of the ligamith one equivalent of ruthenium
trichloride trihydrate, however, this only producekban products with terpy based

ligands.

Heteroleptic complexes could be synthesised bypessible means, either by forming
the ruthenium trichloride complex of the ligand rireubsequently reacting it with the
respective co-ligand; again this only works for tieepy based ligands. The other
method that can be used is the reaction of theeniim trichloride co-ligand with the
respective ligand. For each of the ruthenium corgdethe anions weakly interacted
with the ruthenium centre. No interactions wereepbsd between the phosphazene ring
or its substituents with the complex core. It iswsed as for iron that the same

behaviours will be observed for the polymeric agaks.

Each of the ligand substituents were intended tadaked in a 0.20 ratio. By comparison
to the polymers produced by Ainscougtal.; a ratio of 0.20-0.25 results in a polymer
that remains soluble and displays no interactiotween metal centres while

maintaining a high enough ratio of the metal comptedetect. The experimental data

for the polymers are described in Appendix D.
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5.4 Observations from polymer syntheses

Each of the polymers was synthesised by initiadigcting [NPC]],, with a 10% ratio of
the NaOPFR", to maintain the solubility of the polymer whileet other substituent was
reacted. Toluene was added to the solution beches®©PI" substituted polymer is
more soluble in toluene than tetrahydrofuran (THM)e next step in the reaction was to
add the sodium salt of the respective substituentpptassium salt of 2,6-dilt
benzimidazol-2-yl)pyridine-4f)-onate). Once all of the substituent had reactgd w
the phosphazene polymer, an excess of N&®Mas added to replace the remaining

chlorines (see Appendix D), producing the polynsérswn in Figure 5.4.1.

(l)PhtBu-‘ ’( (l)PhtBu—‘ ’((l)PhtBu OIPhtBu ?PhtBu ?PhtBu
R L Tt
0 Jo.zo{ OPh‘B”Jo.eo {CI 0.20 O  Joosl OPh®o70(Cl  Jo25

H H
N N
O R
N N

A/

L'P L3P
OIPhtBu—‘ ’V OlphtBu—‘ ’V?PhtBu ?PhtBu ?PhtBu ?PhtBu
" T " R
o Jo.zo{OPh‘B”Jo.M{CI 0.06 o 0.20L OPh®]q 55|Cl 0.25
a
x
D

Figure 5.4.1Metal-free polymers synthesised.

5.4.1 Unreacted P-ClI units

The first feature that arises when looking at thletular formula of each polymer is
the large amount of unreacted P-Cl units that ramaéhis occurs commonly when
attempting to attach ‘bulky’ substituents, such @®H®" to a polyphosphazene

backbone. Attempts were made to change the ratittee deactants, choice of base, and
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addition of promoters and solvents with higher ibgilpoints; however, none of these
variations improved the completeness of the reaciiod in some cases promoted the
decay of the polymer. Each of the reactions leftilsir amounts of unreacted chlorines
showing that it is reproducible. Despite the inctéetg substitution the remaining P-Cl
units were stable in water and in all other solge¢he polymers were exposed to, which
was satisfactory for the purposes of this invesitiga A possible reason for the low
reactivity of the chlorine can be explained by lmgkat a space-filling model of a
polymer segment (see Figure 5.4.1.1). The chlagmnclosed by the other substituents

preventing reactants from reaching that centre.

Figure 5.4.1.1Left: Schematic diagram displaying the unreacted P-QGlfannd on the
polyphosphazene backbone (hydrogens removed fatyglaRight: Space-filling model
displaying the unreacted chlorines found on thggtwdsphazene backbone (hydrogens

removed for clarity).

5.4.2 2,6-bis(2-pyridyl)-4(H)-pyridonate based polymer (L*F)
2,6-bis(2-pyridyl)-4(H)-pyridonate (OTerpy) reacted with the chloropolynvath a
similar rate to the small molecule analogues (skapt&r 2). However, during the
course of the reaction polymer degradation wasrebdeusing®'P NMR spectroscopy.
This was determined by the appearance of peaks Xeand 20 ppm (see Figure
5.4.2.1).
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[NPCIy],

[{NP(OTerpy)CI}DgD{N P(OPhtBu)C]}ozo{N PC [2}0 30],-,

PRSPPI J—

[{NP(OTerpy)(OPh®)}s 2¢{NP(OPh"®"),}5 so{NP(OPh®*)Cl}g 20]s

i1 Tl Uy ] A LR L WM R LA s
TS 2 o y A ! i

20 0 -20
Shift (ppm)

Figure 5.4.2.13'P NMR spectra of 1¥ during the course of its synthesis, showing the

decay.

It was suggested by Kiré al.° that the pyridine nitrogen of 2-pyridoxy attackée -

P=N- bond during its synthesis breaking the polymmto oligomers because peaks

observed at 15 and 20 ppm are typical of the titrsgrecies. By comparison to Kigk

al.° an analogous mechanism for this decay of the QTeotymer is shown in Figure

5.4.2.2.

Figure 5.4.2.2Left: 2-Pyridoxy interactions with the polyphosgkae backbone. Right:

Proposed decay mechanism of the OTerpy based pddyme

159



The molecular weights described in Section 5.6 stimatthe polymers are also shorter
than the parent polymer. This suggests that thgnper is breaking down but not as
significantly as the pyridine ones; which is maokely due to the geometry of the terpy
substituents. The aromatic nitrogens are held diogbhe polymer backbone but not to

the same extent as for the 2-pyridoxy polymer.

5.4.3 2,6-di(H-benzimidazol-2-yl)pyridine-4(1H)-onate based polymer (£F)
2,6-di(1H-benzimidazol-2-yl)pyridine-4{)-one (HObbp) was insoluble in all viable
solvents except acetone, in which it was only sygyi soluble. Acetone was used for
the small molecule analogues (see Chapter 2), psoitided no problems with the
phosphazene starting material and product. Howeleth the chloro- and tert-
butylphenol substituted polyphosphazenes are naoblsoin acetone; therefore, only
small amounts could be added to the THF/toluenetioea solution to prevent the
polymer from precipitating. The amount of acetomeited the amount of HObbp that
could be added to the polymer. One possible solusoto extend the reaction time.
However, this results in another problem, typicalholyphosphazene halogen
substitution reactions only run for 7-10 days befbydrolysis becomes a significant
problem. As adding 0.05 ratio of 2,6-d{dbenzimidazol-2-yl)pyridine-4{)-onate
(Obbp) takes 3 days (ignoring the additional tinequired to substitute HOPhBu
further addition would take longer increasing theant of hydrolytic decay.

5.4.4 4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)phenolate and 4-(2,6-di{H-pyrazol-1-
yl}pyridine-4-yl)phenolate based polymers (£ and L*")

The phenol groups in the 4-(2,6-di{pyridin-2-yl}-pgine-4-yl)phenol (HOPhTerpy)
and 4-(2,6-di{H-pyrazol-1-yl}pyridine-4-yl)phenol (HOPhbpp) ligasdwere more
acidic than that of the HObbp and HOTerpy substitsieThis allowed for a more rapid
nucleophilic substitution of the chlorine (consmtavith the small molecule analogues),
with no evidence of hydrolytic decay (see Figure.4. In addition, the phenyl spacer
reduced steric hindrance, further accelerating¢faetion. This reaction behaviour was

the same as the small molecule analogues.
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Figure 5.4.4.13'P NMR spectra of the reaction progress 9t L
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5.5 Molecular weights of the metal-free polyphosplm@enes
As described in Section 5.2.2, GPC is the standethod for determining the weight

of a polymer. Shown in Figure 5.5.1 is a typical GGBpectrum recorded for a

phosphazene.

Hgh Low

Resporss (mV)
]
g
1 L
—

% / N

|

T 17T T 17T 1T T 7T 17T T T T T T 17T T 7T T T T 7T T T T T T°1
4 85 9 85 10 WS 11 N5 12 1256 13 135 14 45 15 155 16 185 17 175 18 165 19 195 20 2085 21 215 2
Ratention Time

Figure 5.5.1Example of a typical peak recorded on a GPC.

The retention time of the polymer corresponds trtiolecular weight (M), i.e. large
polymers have short retention times while smallypars have larger retention. From
the width of the peak it becomes possible to daterthe distribution of chain lengths
(Mp). The distribution of polymer weights versus ch&ngth is given by its PDI.
[NP(TFE)], is used as the reference to deduce the molecwaghtvof the parent
polymer.

Shown in Table 5.5.1 are the molecular weights RbBds of the TFE and metal-free
polymers.
Table 5.5.1Molecular weights and PDIs of the metal-free polygphazenes.

Polymer Mw (10°) PDI No. of Repeating units

[NP(TFE)Y], 256  1.53 1057
Lt 399 297 234
L2F 795  2.01 427
L3F 820  1.66 126
L4 1,141 1.85 660
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As seen in Table 5.5.1 the parent polymer is 1@peéating units, this is smaller than
produced by established labs such as Allcock’s. él@r, its molecular weight and PDI
are within the range for a TFE substituted phosphazpolymer formed using the ROP
method. Each of the polymers displayed varying elegiof decay which relates to the
length of reaction time. Both’C and *” have only 427—660 repeating units suggesting
some decay during the reaction, however, as bdthahd L'* required significantly
longer reaction times resulting in greater decadye Mumber of repeating units fot'lis
deceptive. This is because the repeating unit sedaon the number of primary

substituents. As ¥ has a low ratio of primary substituents the reipgatnit is large.

The PDIs of BF, L% and L*F are within a typical range of a substituted ROP
polyphosphazene. They show some small variationtduee random distribution of
substituents and decay that occurs with longerticradimes. ¥ suffered from a

significant amount of decay causing a high PDI.
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5.60bservations from metal-coordinated polymer (metalb-polymer)
syntheses

The homoleptic iron(ll) metallo-polymers were sydised by dissolving two
equivalents of the polymer (see Figure 5.6.1) ilorform under argon. Finally one
equivalent of iron(ll) perchlorate was added and #wolution was stirred at room

temperature, forming the metallo-polymers in Figbré.1. Experimental data is given
in Appendix D.
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Figure 5.6.1Iron(ll) metallo-polymers synthesised.
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5.6.1 Iron(Il) metallo-polymers

As for the small molecule analogues (Chapter 3% equivalent of Fe(Clg».6H,0
was added to two equivalents of the polymer’s répgaunit dissolved in a chloroform:
methanol (9:1) mixture under argon (see Figurel5l§. In the case of'f, L, and L°F
the solutions rapidly turned purple. Howeve?” produced a yellow solution. Each of
the solutions were stirred for an extended peribtinge to assure the reaction went to
completion. The solution was cooled to precipitaeess iron salts from the solution
followed by the precipitation of the polymer by tlaeldition of methanol. Anion
metathesis was not viable for the polymers as & ingossible to precipitate the salts
produced during the reaction. In addition oftenessl reactions are stoichiometric a

mixture of products will be formed during the reae.

N ClO4

’|‘|‘ /\ Fe(Cl04),.6H,0 "“‘
P— N —» p—

N N —\2+ ClOy
/I I

I
—P

N

Figure 5.6.1.1Schematic view of the iron(Il) metallo-polymers gyesis.

If Fe(ClOy),.6H,0 was added to a concentrated (greater than 0.@01 T solution of
the polymer, the solution would rapidly form a perglastic precipitate. However, if
Fe(ClQy)».6H,0 was added gradually to a dilute solution (les® 1.0005 mol L), the
solution slowly turned purple over a period of lroubnce the complexation reaction
had completed the solvent volume could be reduoeainhg a concentrated (~ 0.002
mol L) solution; however, at this concentration a priégip was not formed. As the
polymer remained soluble it suggests that the petyshains are not cross-linking;
however, the colour is typical of the small molecahalogues which suggests an iron(ll)
bis-terpy complex. A possible explanation for tiesthat at low concentrations the
polymer is unable to significantly cross-link beemedifferent polymer chains, rather it

forms intra-chain cross-links (see Figure 5.6.1.2).
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Figure 5.6.1.2Left: Schematic diagram for the suggested intra-chakatie. Right: An

extended view of the looped polymer chain.

Once the soluble form of the polymer was made Iy eemained in solution for 2-7
days after which the elastic precipitate (see Fgbi6.1.3) was formed which was
insoluble in all solvents. The same result coulétieieved by the addition of methanol;

this is because the parent polymer is insolublaéthanol.

Figure 5.6.1.3Example of the stretched cross-linked metallo-p@&ym

(IFe(L™)21(CIO,)).
The metallo-polymer precipitate formed is insolubieall solvents, but swells when

exposed to solvents such as chloroform or THF. &tmeperties suggest that inter-

chain cross-linking was occurring (see Figure 54.1
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Figure 5.6.1.4Left: schematic diagram of the suggested cross-linkeghpe. Right:

An extended view of the cross-linked polymer.

The soluble form slowly forms the precipitate besmauron(ll) is labile, thus intra-chain
loops are able to convert to the entropically faable inter-chain cross-links. Due to
the insolubility of the metal complexed polymerswas impossible to obtain the
molecular weights. It is therefore assumed thaattdition of the metal has not affected
the parent polymer chains integrity; it has simpbprdinated to the substituent ligands.
Such cross-linking behaviour was observed f6f, LL** and 1% based polymer

complexes.
Although the colours of the polymers match the $mmallecule analogues, a thorough

investigation is made in Chapter 7 to investigéie ¢oordination site of the polymer

and the physical properties (electronic, vibratlpakectrochemical and magnetic).
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5.70bservations from metal-coordinated polymer (metalb-polymer)

synthesis

The heteroleptic ruthenium(ll) metallo-polymer wagnthesised by dissolving one
equivalent of the polymer in THF, followed by thed#tion of methanol. Finally, one
equivalent of the ruthenium trichloride complextbeé co-ligand was added and the
solution was stirred at room temperature, formimg retallo-polymers in Figure 5.7.1.

Experimental data is given in Appendix D.

?PhtBu —‘ ’( (ljphtBu -‘ ’(?PhtBu ?PhtBu ?PhtBu ?PhtBu
R o T
0 Jo.zol OPhtB”Jo.eo {CI 0.20 0 0.05L OPh® Jo.70[Cl 0.25

[Ru(L'P)(Terpy)ICl, R=H [Ru(L®P)(Terpy)ICl, R=H
[Ru(L"P)(PhTerpy)]Cl, R = Ph [Ru(L3P)(PhTerpy)ICl, R = Ph
OPhiBu OPh®8u OPhi8 OPh‘B“-‘ { OPh‘B”-‘ [OPh‘B”
b S B PN pn SV N PR
<|D 0.20 <|3PhtB” 0.74 <|3I 0.06 (|3 Jo.zol C|>Ph‘B”Jo.55{CI 0.25

[Ru(L?P)(Terpy)]lCl, R=H [Ru(L*P)(Terpy)ICl, R=H
[Ru(L?P)(PhTerpy)ICl, R = Ph [Ru(L*P)(PhTerpy)ICl, R =Ph

Figure 5.7.1Ruthenium(ll) metallo-polymers synthesised.

169



5.7.1 Ruthenium(Il) metallo-polymers

Homoleptic complexes were attempted by reactingemium trichloride with the free
ligands L*¥ and 1?", as only the terpy based small molecule analoglesmly formed
homoleptic complexes. However, unlike with iron(te reactions were slow requiring
refluxing to proceed. After three hours (the tirequired to coordinate as the ruthenium
(1) complex) for each reaction, a precipitaterf@d that would not dissolve in any
suitable solvents. This is likely due to some @& ththenium coordination sites cross-
linking; however, due to the high temperatures risaction was driven towards the
kinetically favourable product without froming tir@ermediate loops as with iron(ll).
As the precipitate could not be dissolved it prégdnany means of purifying or
characterising it by many techniques used for tbe polymers. In addition, as the
precipitate formed in only three hours it is likehat only a small ratio of ruthenium(ll)
sites have formed, the rest would still be ruther(ili). Not only did this precipitation
prevent the formation of the homoleptic rutheniunetatio-polymers, but it also
prevented the formation of heteroleptic rutheniuomplexes by initially forming the

ruthenium(lll) trichloride complexes then reactiwgh the respective ligand.
The heteroleptic ruthenium(ll) metallo-polymers wdormed by reacting each ligand
with the respective ruthenium(lll) trichloride cgdnd complex. This resulted in the

formation of soluble polymers. This reaction diggld no differences with the different

ratios of substituents.

N Ru(RTerpy)Cls
'l\“ Ethylmorphlllne '\\Ij
P— P—

H
N N ~
/\N=N/\h}(\©’zj§ R = H or Ph

Figure 5.7.1.1Schematic view of ruthenium(ll) metallo-polymer gyesis.

The physical properties (electronic, vibrationatl adectrochemical) of the ruthenium

small molecule and metallo-polymer complexes ardy fanompared in Chapter 6.
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5.8 Differential scanning calorimetry
Shown in Table 5.8.1 are tHg values obtained for each of the free and coordthat
polymers. Four assumptions can be made for eatcheopolymers when comparing
their T, values®
) As each of the polymer backbones contains only =P-N- bonding the
energy barrier for bond torsion will be the same.
As each of the polymers was made from the samenppotymer these assumptions
can be made:
i) The same degree of cross-linking is present foh eaetal-free parent
polymer.
i) The architecture of the metal-free polymers will the same, i.e. linear,
collinear or containing side branches.
Iv) Finally, each of the polymers was prepared for mesmsents under the
same conditions.
Table 5.8.1Ty values for metal-free, iron(ll) and ruthenium@)mplexes of the
polyphosphazenes.
Ty (°C)
Metal-Free Fe(CIQ), Ru(Terpy)C} Ru(PhTerpy)d
[NP(TFEY], -62.76 - - :

Polymer

L 38.52  notvisible  42.33 29.67

L2F 38.61 44.40 58.70 28.28
L3F 44.31 42.70 34.18 30.43
L4 35.52 47.92 37.92 40.34

The T4 temperature for the [NP(TF&,) is -62.76°C, this is typical of a fully substitdte
linear [NP(TFE)], polymer, therefore it can be assumed that thenpatdoro polymer

is linear. The free polymers also display similgrvalues for that of Ainscough’s
polymers (43 -47°C).

For [Fe(l*")2](ClO,), and [Fe(l!F),](ClO,), the T, values have slightly increased (5.79
and 12.4°C respectively) relative to the free paysn While one may expect a large
increase due to the reduced flexibility of the egst this is neither observed in the
current work nor with Carriedo’s gold cross-linkegistems? These may well be

typical increases for transition metal cross-linkegtems; however, there are few
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examples to compare. [Fé{)s](ClO.), shows no discernable glass transition point, the
most likely reason for this is that the transitisrtoo gradual to observe. The decrease
of T, for [Fe(L®7),](ClO,), relative to the free polymer is difficult to exjslaone theory

for this is that a certain amount of cross-linkimgeurs at the unreacted chlorine sites;
however, under the reaction conditions of the metardination some of the cross-

linking is reduced.

|4P

The ruthenium metallo-polymers based df, IL>" and L*F each displayed an increase

in Tq relative to that of the free polymers. This canebglained by the addition of a

larger charged group to the polymer backbone. Agaén 7

based complexes had
lower Ty values most likely due to the reduction of croe&ihg under the coordinating
conditions. The effect may be greater for these/mels because the reaction times

were longer than those for the iron reactions dised in 5.6.

It can also be observed that the ruthenium meplgmers co-substituted with
PhTerpy has loweily values than the terpy analogues. A possible redsorhis
behaviour is that the generally longer substituéover it, although this usually applies

to alkyl groups rather than aromatic ones.
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5.9 Conclusion

Four polymers containing different tridentate sitbenhts were successfully synthesised
(L*P, L% L®® and 1*F). The reactivity of each of the tridentate substitts (OTerpy,
OPhTerpy, Obbp and OPhbpp) was similar to thatefdmall molecule analogues in
Chapter 2. Each of the polymers had a high ratiaroacted chlorines due to the

presence of bulky substituents.

Each of the four metal-free polymers reacts witfr@,)..6H,O to form a homoleptic
iron(Il) polymer, initially forming what was susged to be an intra-chain cross-linked
polymer but after precipitation formed inter-chairmss-linked polymer network. It is
suspected that [FetD),](Cl04),, [Fe(L*) 2](Cl0.) and [Fe(E"),](ClO4), were low spin;
however, [Fe(tH),](ClIO,), appears to be high spin due to its yellow colailthough
these properties are thoroughly investigated inp@a/.

Eight heteroleptic ruthenium(ll) metallo-polymerene synthesised by reacting either
Ru(Terpy)C4 or Ru(PhTerpy)Glwith the free polymer. Due to an inability to perh
anion metathesis on the polymers the anions remtasee chlorides rather than

hexafluorophosphates.

The reactions of Ru@I3HO with the four metal-free polymers produced soliadlgt
were insoluble in all suitable solvents, possiblyedto some cross-linking. It is
suspected due to the rate of the reaction onlyallsatio of ruthenium(ll) centers are
formed, therefore, the remainder of metal centemain ruthenium(lll). These
compounds could not be purified or characterieseddsmal techniques, so studies on

them were abandoned.

Ruthenium trichloride complexes of the free polysneould not be synthesised and
isolated, because the reaction readily formed aolule solid, possibly due to some
cross-linking. Due to the insolubility of the prpitate it cannot be purified or
characterised by many techniques. This also mdait the heteroleptic complexes

could not be formed by reacting the co-ligand wté ruthenium trichloride complex.
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Despite the limitations of the synthesis the remdiclearly demonstrate that it is
possible to attach groups (a phenyl ring in thesamples) to a polyphosphazene
backbone under relatively mild conditions. The coaation behaviour and physical

properties of these links will be thoroughly inugated in Chapter 6.
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Chapter 6

Coordination site characterisation of the rutheniun{ll)
metallo polymer and the physical behaviour of bottihe
cyclotriphosphazene and polyphosphazene rutheniuni{l

metallo polymer.






6.0 Abbreviations used in Chapter 6

SMA Small molecule analogue

Terpy 2,2".6',2"-terpyridine

PhTerpy 2,6-di(pyridin-2-yl)-4-phenylpyridine
bbp 2,6-di(H- benzimidazol-2-yl)pyridine
bpp 2,6-di(H-pyrazol-1-yl)pyridine

Cv Cyclic Voltammetry

IR Infrared spectroscopy

UV/Vis Ultraviolet/Visible

MLCT Metal-to-ligand charge transfer

McC Metal-centred triplet state

DFT Density functional theory

TD-DFT Time-dependent density functional theory
NEt; Triethylamine

o' Cationic Hammett Parameter

R Resonace Raman
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6.1 Introduction

6.1.1 Metallo-polymers

Metallo-polymers are gaining interest due to tipeitential uses as electroluminescent
materials, photovoltaic materials, photocatalysts:™ They have been used for these
applications because they combine the flexibiblubility and ductility of the polymer

with the desired optical, catalytic, magnetic, graperties of the metal complex.

Metallo-polymers fall into two different classescbordination polymer and ii) grafted
polymer. The coordination polymer is one in whibk polymer consists of a repeating
unit of two ligands with an organic linker, formigink and each one coordinates to
two metal ions forming a chain (see Figure 6.1.1f19 conjugated linker is used the

metal centres can electronically interact with eaitter.

+

n n

Ligands Linker Ligand Linker Ligand

Figure 6.1.1.1Two examples of coordination polymekft: an electronically active

thiophene linker.Right: an electronically mute polyether linKer.

The most pertinent metallo-polymers to this progeet grafted polymers. These have a
polymer backbone with the ligands attached aschdens. They have an advantage
over the coordination polymers, in that they cdahezibe polymerised first then the
metal coordinated or the metal can be coordinateldiaen the monomer unit
polymerised. Depending on the system either apjproan be advantageous. In addition
the use of grafting potentially allows the additmircomplex groups, rather than just
modifications of the polymer backbone, althougllate this has not been investigated.
As with the coordination polymers, the metals ciagteonically interact via the

polymer; however, consideration about the linkewel8 as the polymer must be made
(see Figure 6.1.1.2), i.e. even if the polymer bacle is conjugated the metals cannot

interact via the polymer unless the linking groaps also conjugated.
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Figure 6.1.1.2Two examples of grafted polymetseft: an electronically active

2+

Ligand

poly(phenylenevinylene) polymer with electronicatiyte ether linkef.Right: an

electronically mute alkyl polymer with an electrcally mute ester linket.

While metal communication can provide new desirgbtgerties by expanding the
conjugation, metal communication is not always i@ddde. In some cases the properties
of the metal complex were already suitable andbtilg polymer features required are
the solubility and ductility of the polymer, fordke cases electronically mute polymers
are ideal, e.g. alkyl chains, polyethers, polypgsj polyphosphazenes, etc.

In this study the feasibility of attaching groupsatpolyphosphazene via metal
coordination was investigated. Tridentate liganéserchosen as the ligands and linkers
because when they are coordinated to certain nteeysonly form metal-bis-ligand
complexes with an octahedral geometry. Althouglseélgroups are intended to act as a
new linker to a phosphazene, they also have pHysioperties that are unique which
needed to be examined to determine how they wiilhise before other substituents
could be used. In this case a phenyl ring was asedmodel for other groups. Each of
the substituents chosen to act as ligands conétibe following groups: 2,2":6',2"-
terpyridine (Terpy); 4-phenyl-2,2".6',2"-terpyriéiffPhTerpy); 2,6-di{-
benzimidazol-2-yl)pyridine (bbp); and 2,6-d{dpyrazol-1-yl)pyridine (bpp). The

physical behaviours of these complexes are destibeirn.
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6.1.2 Ruthenium(ll) bis(2,2":6',2"-terpyridine) complexes

Ruthenium(ll) bis(2,2":6,2"-terpyridine) ([Ru(Tefp}*) complexes have been one of
the most studied species of compléXprimarily due to their metal-to-ligand charge
transfer (MLCT) band$:™* While both [Ru(Terpy)** and Ruthenium(ll) tris(2,2'-
bipyridine) ([Ru(Bipy}]**) complexes have the MLCT band at approximatelystirae
position, [Ru(Terpy)®>* has a very short excited state lifetime relativénat of
[Ru(Bipy)s]?*, this occurs because the axial N-Ru-N angle idlem@58.6°) that that
of 2,2'-bipyridine (173.0°). This causes weakeafid field strength, resulting in the
metal centred triplet statéC) energy being reduced. As a consequencéMiis
thermally accessible from the triplet excited s@EkLCT), facilitating non-radiative

decay back to the ground state (&5).

‘MLCT 'MLCT

3 3
hv MLCT hv MLCT

\
[ Ve
A/
/|
/ \_/ \
o
SE;\C}
\/ |

GS GS

Figure 6.1.2.1Molecular orbital diagrams of an MLCT transitioreft: [Ru(Terpy}]*".
Right: [Ru(Bipy)]*".

The fluorescence can be altered by either lowdheginglet metal to ligand charge
transfer tMLCT) energy level or by stabilising ti#MLCT state. This is achieved by
varying the electron donation of the substituemtsyoextending the aromaticity of the
systent?

When increasing the aromaticity of a system byaith@ition of a phenyl ring via a
single C-C bond rather than by forming a fused,raggplanarity plays a significant
role. The cationic Hammett parametef){® (a measure of a substituent’s withdrawing
effect) of the phenyl ring is similar to hydrogétowever, in practice the MLCT band
is shifted to 481 nm compared to 475 nm for [Rupyi**, due to the stabilisation of
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the3MLCT state. This occurs because at the GS georttetrghenyl ring twists away
from the central pyridine to reduce steric hindegritowever, at the excited state the

ring rotates becoming planar, stabilising INLCT state™

Figure 6.1.2.2Rotation of the phenyl ring attached to the [Rup¥i** complex.

In addition to the distinct optical properties [Ra(py)]** complexes show distinct
electrochemical behaviour. They each have an aridgaeak that corresponds to the
RU'/RU" couple, this shift is greatly dependent on thetede donation of substituents
attached to the ligands. Constable éfafdetermined the' value is directly related to
the RU/RU" couple (see Formula 6.1.2.1).

E° (Ru) = 0.245" + 0.944 (Formula 6.1.2.1).
Wheres' is the average of the substituent’s cationic Hathiparametero()
i.e. for [Re(XTerpy)(YTerpyfi": ¢’ = % " (X) + 6*(Y)) (Formula 6.1.2.1)

Thes" value was used rather than the Hammett paramgtbetause the process is
essentially the generation of a positively chargjgekcies, albeit on the metal centre

rather than the organic ligand.
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6.1.3 Ruthenium(ll) (2,6-di{1H-benzimidazol-2-yl}pyridine)(2,2":6',2"-terpyridine )

complexes

Ruthenium(ll) (2,6-di{H-benzimidazol-2-yl}pyridine)(2,2".6',2"-terpyridine
([Ru(bbp)(Terpy)}") complexes have not been as thoroughly studi¢B&@erpy)]**
complexes. Bbp’s coordination behaviour is simitathat of terpy® However, the
imidazole nitrogens are pooreacceptors and betterdonors than pyridine nitrogéfi,
which causes a lowering of tARILCT energy level. As a result the lifetimes and
quantum yields are typically increased beyond dtfidite [Ru(Terpy)]?* complexes,
although in most cases below practically usefutls$

In addition to the difference in electronic propestthe imidazole proton can hydrogen
bond with anions, resulting in significant diffecers in the electronic spectra and
electrochemical properties with different aniontsdi these protons can also be

removed and substituted by other grotigBhe systematic removal of the protons

causes the imidazole group to become a strasglenor subsequently lowering the
'MLCT causing the MLCT band to be red shifted. Tikialso reflected in the R(RU"

oxidisation potential as the complex is deprotonaté®

500 700
Wavelength, nm

Figure 6.1.3.1Left: Two [Ru(bbp)(Terpyfi" complexes linked by a biphenyl spacer.
Right: The absorbance spectra of the complex aptheas gradually increaséd.
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6.1.4 Ruthenium(ll) (2,6-di{1H-pyrazol-1-yl}pyridine)(2,2".6',2"-terpyridine)

complexes

Ruthenium(ll) (2,6-di{H-pyrazol-1-yl}pyridine)(2,2":6',2"-terpyridine)
([Ru(bpp)(Terpy)}") complexes are rare, only five have ever beenrtegt*?°In one
such report, the complexes were shown to only akiyeluorescent even at 77 %K.
Based on other metal-bpp complexes it can be detedchthat the pyrazole group is a
weakers-donor andi-acceptor than pyridin€. Thereare limited examples for
electrochemical behaviour of [Ru(bpp)(Tergy)ased complexebpwever, a series of
[Ru(bpp}]?** based complexes provide insight into how thé&/Ru" oxidation potential
is dependent on the pyrazole substitution. As thralbrer of methyl groups added to the

pyrazoles increased, the oxidation potential lilyedecreased (see Figure 6.1.4%).

N Rj|2+ 1.3

1.2+

1.11

N
R
/ \ i
e
\ _N N N/ . ]
/‘ e 2 4 8 8

Ra N R Number of Methyl Groups

Ey /2 (V vs SSCE)

Figure 6.1.4.1Left: [Ru(bpp}]?* based complex; No. methyl groups = Q,(R,, Rs, Ry
=H),2(R=Me,R, R;, R=H), 4 (R,R2=Me, R, Ri=H), 6 (R, Rz, Rs= Me, Ry =
H) and 8 (R, Ry, Rs, Rs = Me). Right: RIW/RU" oxidation potential vs. methyl
substitution numbet®
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6.2 Current research

This chapter describes the physical propertiesf@eic, vibrational and
electrochemical) of the ruthenium complexes synsleelsin Chapters 4 and 5 (see
Figure 6.2.1). These measurements were used tordeteif the addition of a

phosphazene to the complex cores resulted in agehartheir behaviour.

?Ph(Bu ?Ph(Bu ?PhtBu

T T

o] 0.20L OPh® Jo golCl 0.20
®

=

[Ru(L")1(PFe) [Ru(L')(Terpy)I(PFe),  R=H [Ru(L'P)(Terpy)lCl, R=H
[Ru(L")(PhTerpy)l(PFq), R=Ph [Ru(L'P)(PhTerpy)|Cl, R = Ph
OPh OPh
[ OPh [ OPh

_N _N

PhO—} \p/\ oph—f \P/\ OPh®: OPHee ] oPh®:
N\\P/,(‘/ OPh N\\P/,(‘/ OPh PN PN P

PO N PN 0 0.20L OPh® Jg 74[Cl 0.06

2+
</
F
A
s

o
\p_—OPh
pho. NN
N N
P. _J—oph
I WP
PhO /
PhO

[Ru(L2),](PFe), [Ru(L?)(Terpy)l(PFe), ~ R=H [Ru(L*")(Terpy)ICl, R=H
[Ru(L?)(PhTerpy)](PFs), R =Ph [Ru(L?)(PhTerpy)ICl, R = Ph

Figure 6.2.1Ruthenium complexes investigated in this chapter.
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PhO

N=
/\p\\/ R~on OPh“3 (I)PhtB OPh“3
Pno” P=N P=
P~opn I
0 0.05L OPh® Jo.70 4

[Ru(L3)(Terpy)l(PFg), ~ R=H [Ru(L*)(Terpy)ICl, R=H
[Ru(L®)(PhTerpy)](PFs), R =Ph [Ru(L3P)(PhTerpy)]Cl, R = Ph

PhO 1\
}—/NQP\\OPh ?PhtBu OPhtBu (l)Ph(Bu
Pho” \,El\ N =N N

O/P\OPh o 0.20 OPh‘Bu 0.55(Cl 0.25

[Ru(L*)(Terpy)l(PFg),  R=H [Ru(L*")(Terpy)ICl, R=H
[Ru(L*)(PhTerpy)](PFs), R =Ph [Ru(L*P)(PhTerpy)]Cl, R = Ph

Figure 6.2.1 continuedRuthenium complexes investigated in this chapter.

Electronic absorbance, resonance Raman (rR) anttebemical data were recorded
in acetonitrile for the small molecule complexed anchloroform for the polymers. IR
data was recorded using KBr disks for both smalleecude and polymeric complexes.

Instrumental details and specific conditions axeegiin Appendix E.

Computational models of the respective cationic glexes were employed to aid the
assignment of the electronic absorbance and vimaltispectra, using a DFT/B3LYP
calculation with an SDD basis set. The time-depandalculations were carried out in
an acetonitrile solvent field using the PCM metfbdll calculations were performed

using theGaussian09**/GaussView5™ packages.
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As a means of determining the accuracy of theseetapthe calculated bond lengths
were compared to those obtained from crystallogcagidita (see Chapter 4). This gave
a mean difference of 0.016 ([Rdj(Terpy)f") — 0.073 A ([Ru(t})-]*"); see Appendix E

for all calculated values.

In addition to structural accuracy, the electragcuracy of the models was measured
by comparison of the calculated vibrational frequies to the measured ones (see an
example in Figure 6.2.2); the output frequenciegeveealed by 0.9 As these
complexes did not contain unique vibrational modes,mean average deviation (MAD)
values were calculated using all assigned vibratiotodes’ This gave values of 3.08
([Ru(LY(bbp)F") — 6.96 crit ([Ru(L*)(Terpy)F") which is particularly accurate for this

basis set with a large complex. See Appendix Eliaralculated values.

2
3 IR
c .
E _ 1 1 T T T T 1
I=
cC
©
© |
l_
B3LYP/SDD

1600 1400 1200 1000 800 600 400
Frequency (cm'1)
Figure 6.2.2Comparison of the IR spectra for [RUf3](PFs) to the calculated IR
spectra of [Ru(t),]**.
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6.3 Electronic absorbance spectroscopy
6.3.1 Ruthenium(ll) bis(2,2":6',2"-terpyridine) complexes

The electronic absorbance spectra of each of {(2e246',2"-terpyridine)-4'-yl-
phenolate (OPhTerpy) based complexes display anT™vih&hd at 483—-489 nm
characteristic of a [Ru(Terpy}" complex. Each of the small molecul&hased
complexes—[Ru(B)](PFs), [Ru(L)(Terpy)](PF). and [Ru()(PhTerpy)](Pk)o—

show approximately a 1-4 nm red shift relativeRa(PhTerpy)](PFs)->* (see Table
6.3.1.1).

_ I-r‘\ [Ru(L*),(PF),

100 ¢ [V — = [Ru(L*)(Terpy)I(PF ),
vy [Ru(L%)(PhTerpy)I(PF,),
o \ 2P

80 FE = = = [Ru(L™ )(Terpy)I(PFy),

: '-:\‘ — - =[Ru(L*)(PhTerpy)](PF,),

T T T T T T
300 400 500 600 700
Wavelength (nm)

Figure 6.3.1.1Electronic absorbance spectra of the compoundsTé&®y based
complexes [Ru(®)2](PFe)z, [Ru(L®)(Terpy)](PF)2, [Ru(L?)(PhTerpy)](Pk)2,
[Ru(L*")(Terpy)]Ck and [Ru(2Y)(PhTerpy)]Ch.
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Table 6.3.1.1Extinction coefficients of MLCT bands for the OPhpy based

complexes.

Complex Amax/ NM (€ / 10° L mol™ cm'™)
[Ru(PhTerpy)](PFe)2 *** 487 (26)
[Ru(L?)2](PFs)2° 484 (25)
[Ru(L?)(Terpy)](PF)2° 483 (23)
[Ru(L?)(PhTerpy)](Pk)2° 489 (33)
[Ru(L*")(Terpy)]Ch" 489 (29)
[Ru(L*)(PhTerpy)]Ch" 488 (28)

Recorded in? acetonitrile and chloroform.

The slight red shift proves that the substitutibthe phosphazene had only a weak
electron-withdrawing effect indicated by almosteftect on the MLCT band. DFT
calculations support this by showing no contribaititom the phosphazene in the
orbitals involved in the MLCT (see Appendix E), example of [Ru(£),]** orbitals are

shown in Figure 6.3.1.2.

o\

4

HOMO LUMO

Figure 6.3.1.2Highest occupied molecular orbital (HOMO) and lotw@soccupied
molecular orbital (LUMO) of [Ru(B)2]*".

The phenyl spacer acts to increase the distaneeebetthe terpy unit and phosphazene,
thereby reducing any contribution the phosphazeag mave otherwise made. In
addition, because of the ‘bulk’ surrounding themphepacer it is probable that its
rotation in the excited state is hindered. This Mgaduce the stabilisation of the

3MLCT state accounting for the absence of fluoreseeat room temperature.
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The polymeric analogues [RUfl)(Terpy)]Ch and [Ru(l*7)(PhTerpy)]C} display

almost identical MLCTumax positions to that of their small molecule analagy(8MA)
(see Figure 6.3.1.1), with the slight differenceseptially being explained by the
difference in the solvent environment as the SMAenecorded in acetonitrile and the
polymers in chloroform. The-z transitions (220-350 nm) are notably different tue
the difference in co-substituent. Also, extinctawefficients of each of the polymers
show a difference compared to the SMA, it is pdsdihat the change in environment
could alter this; however, the most likely reas®that the molecular weight of the
complex may not be exact, as is often the problétm polyphosphazenes (see Chapter
5).

The 2,6-di(pyridine-2-yl)pyridine-4{1)-onate (OTerpy) based complexes—
[Ru(L)2l(PFe)2, [Ru(L)(Terpy)](PF)z [Ru(L)(PhTerpy)](PE),

[Ru(L*)(Terpy)](PK). and [Ru(F)(PhTerpy)](Pk)>—also displayed the characteristic
MLCT bands associated with [Ru(Terply} complexes (see Figure 6.3.1.2). However,
they displayed a greater range\af« (474—490 nm) than the OPhTerpy complexes. The
larger differences occurred because there is degreariation in electron-withdrawing
effects of the terpy substituents. This effect Vaager for these complexes than
OPhTerpy, because the terpy centre was isolatetbdbhe phenyl spacer.
[Ru(LY)(PhTerpy)](Pk). has a 485 nriymax Showing that the MLCT is dominated by
the PhTerpy group. [Rull(Terpy)](PF)2 has a 477 nriimax red shifted by 3 nm

relative to [Ru(Terpy)(PFs),>*, suggesting that the phosphazene is acting as an
electron-withdrawing group. The electron-withdragveffect was greatly enhanced for

[Ru(LY),](PFs). because two electron-withdrawing substituents \aésehed.

Unlike [Ru(L2))(Terpy)]Ch and [Ru(2?)(PhTerpy)]C} the polymer analogues
[Ru(L*P)(Terpy)]Ch and [Ru(L*F)(PhTerpy)]C} are red shifted compared to that of the
SMA. This suggests that a [Ru(Terg{} complex is formed, but the environment has
changed enough to alter the electronic spectrab&srved with the OPhTerpy
complexes, a variation between the SMA extinctioefficients and the polymers was
seen; again, possibly due to the typical errore@ated with the molecular weight of

the polymer.
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Finally, significant differences occur for ther (220-350 nm) bands of the polymers
relative to the SMA. As for the OPhTerpy based clexgs, the OTerpy based
polymers have a different ratio and type of co-sitlgent to that of the SMA.

120+ , 1
N —[Ru(L"),]J(PF,),
0075, — = - [Ru(L")(Terpy)I(PF),
¥ R [Ru(L")(PhTerpy)](PF,),
god & — - = [Ru(L")(Terpy)I(PF,),
= = - [Ru(L™)(PhTerpy)](PF,),

¢ (L mol™ cm™ x10%)

T T T T T T -
300 400 500 600 700
Wavelength (nm)

Figure 6.3.1.3Electronic absorbance spectra of the compoundsryTbased

complexes [Ru(b)z](PFs)2, [Ru(LY)(Terpy)l(PR),, [Ru(LY(PhTerpy)](PE)2,
[Ru(L*)(Terpy)]Ch and [Ru(L:F)(PhTerpy)]C}.

Table 6.3.1.2Extinction coefficients of MLCT bands for the OTgrpased complexes.

Complex Amax/ Nm (g / 10° L mol™ cm™)
[Ru(Terpy}|(PFs)>*™ 474 (10)
[Ru(LY)2](PF).* 490 (33)
[Ru(LY)(Terpy)l(PF)2° 477 (17)
[Ru(LY)(PhTerpy)](Pk)2° 485 (26)
[Ru(L*)(Terpy)]CL" 482 (21)
[Ru(L*)(PhTerpy)]Ch"° 490 (21)

Recorded in? acetonitrile and chloroform.
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6.3.2 Ruthenium(ll) (2,6-di{1H-benzimidazol-2-yl}pyridine)(2,2":6',2"-terpyridine )

complexes

Each of the ruthenium(ll) (2,6-difd-benzimidazol-2-yl}pyridine)(2,2".6',2"-terpyridine
[Ru(bbp)(Terpy)t* complexes—[Ru()(Terpy)](PF)., [Ru(L*)(PhTerpy)l(Pk)..
[Ru(LY)(bbp)](PR). and [Ru(l?)(bbp)](PR)>—exhibit MLCT transitions at 479—489
nm (see Figure 6.3.2.1), red shifted 0—4 nm froos¢hobserved for non-phosphazene
analogues ([Ru(bbp)(Terpy)](Ci* and [Ru(bbp)(MePhTerpy)](RE>) (see Table
6.3.2.1). The small differences are associated thhelectron-withdrawing effects of

the phosphazene.

[Ru(L’)(Terpy)I(PF,),

1o X
70 l|| I"‘ — = -[Ru(L’)(PhTerpy)](PF,),
o] (VY [Ru(L')(obpJI(PF,),

4 ' e o 2
50 'I'\,'I \ [Ru(L")(bbp)I(PF,),

e (L mol" cm™ x10%)

3(IJO ' 4(IJO ' 5(I)O I 6(I)O ‘ 7(I)O
Wavelength (nm)
Figure 6.3.2.1Electronic absorbance spectra of the compoungsbbbed complexes
[Ru(L®)(Terpy)](PR)2, [Ru(L’)(PhTerpy)](Pk)2, [Ru(L")(bbp)](PF)2and
[Ru(L?)(bbp)](PF)2.

DFT calculations indicate small contributions te MLCT orbitals from the
phosphazene ring for [Ru{l(Terpy)](PR)2, [Ru(L*)(PhTerpy)](Pk), and
[Ru(LY)(bbp)](PFR).. However, calculations of [Ruf)(bbp)](PK). show no such
contribution; this is again due to the presencihefphenyl spacer separating the
phosphazene and complex centre (see Appendix Exanple orbitals of
[Ru(L3)(Terpy)F* and [Ru(1?)(bbp)f* are shown in Figure 6.3.2.2.
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[Ru(L’)(Terpy)]*

HOMO LUMO
[Ru(L?)(bbp)**

Figure 6.3.2.2HOMO and LUMO orbitals of [Ru{)(Terpy)F* and [Ru(%)(bbp)F*.

The polymeric complexes [Ru{D)(Terpy)]Ch and [Ru(B?)(PhTerpy)]Ch displayed a
low signal-to-noise ratio showing that at 5% suhsitn of Obbp UV/Vis spectroscopy

became impractical.

Each of the small molecule complexes was systeaitideprotonated by the addition
of triethylamine (NEJ). As the complexes were deprotonated the MRGF was red
shifted (see Table 6.3.2.1), e.g. [RE)(Terpy)](Pk)2: 479 nm (0 eq NE} > 499 nm

(1 eq NE$) > 508 nm (2 eq NE}. By comparison to DFT models and literature the
species formed with 1eq of NS likely to be the mono-protonated complex
previously observed by Mond& Upon the further addition of NEthe completely
deprotonated species was formed. However, the Mb&d for eq NEt> 2 remains

broader than observed in similar literature exasfdee Figure 6.3.2.1) and is likely
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due to an equilibrium being formed between the detefy and mono-deprotonated
complexes. This occurs because a weaker basg)(W&s used. The equilibria could be
shifted by using a much stronger base, but suasa ould likely hydrolyse the
phosphazene in the process.

Equivalents

N
o

e (Lmol" ecm™ x10%

300 400 500 600 700
Wavelength (nm)

Figure 6.3.2.2Electronic spectra of [Rufl(Terpy)](Pk). as NE§ was sequentially
added to the solution.

Table 6.3.2.1Peak MLCT absorption wavelengths and extinctiorffeament of the bbp
based complexes as NEtas sequentially added.

Amax/ NM (g / 10° L mol™ ecm™)

Complex eq NEt;

0eq leq 2eq
[Ru(L®)(Terpy)](PR), 479 (13) 499 (11) 417 (9), 508 (9)
[Ru(L®)(PhTerpy)](PR). 489 (20) 492 (19) 420 (11), 494 (15)
[Ru(LY)(bbp)](PF)2 481 (12) 488 (10) 408 (8), 509 (8)
[Ru(L?)(bbp)](PF)2 487 (20) 504 (9) 409 (8), 509 (8)
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6.3.3 Ruthenium(ll) (2,6-di{1H-pyrazol-1-yl}pyridine)(2,2".6',2"-terpyridine)

complexes

Each of the bpp based small molecule complexes—t[Rderpy)](Pk)-,
[Ru(LY)(PhTerpy)I(PE)2, [Ru(L")(bpp)](PFs). and [Ru(L)(bpp)](PFs)—displayed an
MLCT band at 432-440 nm, with a second less diatstged MLCT band at 355—-387
nm observed for [Ru()(Terpy)](Pk). and [Ru(¥)(PhTerpy)](PF) (see Figure
6.3.3.1). In similar literature examples, the higjrenergy MLCT was concluded to
primarily involve the bpp ligand and the lower egyeone primarily involved the terpy
ligand?*?® However, for both [Ru(f)(Terpy)](PR). and [Ru(l®)(PhTerpy)](Pk). the
two MLCT bands are broader than the other liteemaxamples. DFT calculations
suggest the orbitals involved in the transitionsxdbsolely involve individual ligands;
rather, they involve varying contributions from kdigand—the mixture of ligand
orbitals causes the broadening of the observedspsak Appendix E).

sod N . — [Ru(L)(Terpy)I(PF,),

,’ﬁ‘!_‘. = = [Ru(L*)(PhTerpy)](PF),
oV e [Ru(L')XbPPII(PF,),
— - = [Ru(L*)(bpp)I(PF,),

360 ' 4(IJO 5(l)0 ' 600 700
Wavelength (nm)

Figure 6.3.3.1Electronic absorbance spectra of the compound<L[iRTerpy)](PFK)-,
[Ru(L*)(PhTerpy)l(PB)2, [Ru(L)(bpp)](PFR)2 and [Ru(L)(bpp)](PF)2.
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Table 6.3.3.1Extinction coefficients of MLCT bands for the bpaded complexes

recorded in acetonitrile.

Complex Amax/ NM (€ / 10° L mol™ cm'™)
[Ru((Me)bpp)(MePhTerpy)] (P&, 359 (3), 457 (10)
[Ru(bpp-Ph-bpp)(Terpy)] (RF"* 366 (9), 443 (25)
[(Terpy)Ru(bpp-Ph-bpp)Ru(Terpy)l(RE* 371 (13), 453 (45)
[Ru(LY)(Terpy)](PF)2 387 (8), 458 (13)
[Ru(L*)(PhTerpy)](Pk)2 387 (10), 443 (15)
[Ru(L")(bpp)I(PF)2 357 (6), 440 (15)
[Ru(L?)(bpp)](PR)2 355 (7), 432 (19)

The polymer analogugBu(L*")(Terpy)]Ch and [Ru(*?)(PhTerpy)]C} displayed
significantly different absorbance spectra to tifdhe SMA. They had a broad

absorbance with no clearly defined peaks, thegerdiices suggest a different in

coordination behaviour. In previous work by Rulgeal.,?* it was necessary to remove

a chloride from the ruthenium trichloride compleiop to reacting it with the bpp in

order to produce a clean product. This was notsszey for the synthesis of the SMA

as the reaction was performed in neat methanolghery the polymer reactions were

performed in a solution of methanol and THF (50:2®) a result the solution had a

lower boiling temperature; in addition, the abseottanion metathesis may have

resulted in the reactions not going to completion.

60

I

40

50

e (L mol” cm” x103)

0

30

20~

101

[Ru(L*)(Terpy)ICI,
[Ru(L*)(PhTerpy)ICl,

\"\

300

400 500 600 700
Wavelength (nm)

Figure 6.3.3.2Electronic absorbance spectra of the compoundd [B(Terpy)]Ch

and [Ru(*Y)(PhTerpy)]C}.
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Based on comparisons to other similar complexésariterature it was suggested that
a chloride remains coordinated to the rutheniumrmaaad only one of the pyrazole rings
coordinates (see Figure 6.3.3°3§°

cr

Figure 6.3.3.3Proposed complex formed on the polymer.

Time dependent-DFT (TD-DFT) calculations were usesimulate the electronic
spectra of the proposed structure. This provides approximation for the recorded
spectra, but is not conclusive. The coordinatiomavéour of [Ru(l*?)(Terpy)]Ck and
[Ru(L*®)(Terpy)]Ck was further investigated using rR spectroscopg &extion 6.4.3).
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6.4 Vibrational spectroscopy
6.4.1 Ruthenium(ll) bis(2,2":6',2"-terpyridine) complexes

The IR data collected was dominated by aromatig deformations and thus were
similar for all of the compounds, therefore rR @dvo be a more definitive technique.
This is because it shows selective enhancemenbdémwithin active chromophores,
where the excitation wavelength.f) determines which particular chromophores are
being probed. Each of the complexes were exciteddwelengths at 488 and 514 nm,
which correspond to the MLCT band. TD-DFT calcwdas indicated that these
transitions are localised on the [Ru(Teg}¥) centres. Both 488 and 514 nm excitations
displayed similar results; as such, the 488 nmtatons are shown in Figure 6.4.1.1
and all vibrational data is tabulated and assigrség DFT calculations in Appendix E.
Both sets of complexes displayed vibrational mdataswere localised predominantly
on the [Ru(Terpy]** centre. However, each of them displayed low engiigrational
modes (below 675 ci) delocalised through the entire ligand includihg t

phosphazene ring.

The heteroleptic complexes displayed additionablisaiue to the asymmetry of the
complex. This is reflected in the splitting of thends at 1329, 1351 ¢m
([Ru(LY(Terpy)F") compared to 1356 c([Ru(L")-]*"), and 1473, 1487 cin
([Ru(LY)(Terpy)F") compared to 1473 ch{[Ru(L),]?") corresponding to the terpy
stretching modes (see an example in Figure 6.4.lt.i§)much less significant for the
OPhTerpy based complexes only showing a differandg29 crit. This is due to the
phenyl group localising the enhanced vibrationatle® The effect is increased for the
OTerpy based complexes, due to the greater differanmass and electronegativity.
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1329 cm™ 1351 cm™

Figure 6.4.1.1Example of additional vibrational modes due todegmmetry of a

heteroleptic complex (red arrows indicate displagenvectors). a) [Ruf),]**, b) and c)
[Ru(LY)(Terpy)f".

The polymeric complexes displayed almost identiRaspectra to the SMA (see Figure
6.4.1.2), small differences can be attributed &ubke of chloroform rather than
acetonitrile, due to solubility. However, the spacire so similar that it can be
determined that the ruthenium coordination siteghenpolymer are very similar to that
of the SMA.

202



Intensity

1600 600 800 1000 1200 1400 1600
Raman Shift (cm™)
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Raman Shift (cm'1)

Figure 6.4.1.2rR spectra recorded using a 488 nm excitatiort: G¥ferpy based
complexes [Ru(D)2](PFs)2, [Ru(L)(Terpy)](PF)z, [Ru(L)(PhTerpy)l(PB)-
[Ru(L*P)(Terpy)]Ch and [Ru(L}F)(PhTerpy)]C}. Right: OPhTerpy based complexes
[RU(L)2(PFe)2, [Ru(L*)(Terpy)l(PR), [Ru(L®)(PhTerpy)l(PR)z, [Ru(L*)(Terpy)ICh
and [Ru(®Y)(PhTerpy)]C}.
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6.4.2 Ruthenium(ll) (2,6-di{1H-benzimidzol-2-yl}pyridine)(2,2".6',2"-terpyridine)

complexes

Each of the complexes containing bbp moiety diggdayR enhancement of the
vibrational modes associated with the [Ru(bbp)(VEf centre as thi., of 514 and
488 nm was used corresponding to the MLCT bandK&pee 6.4.2.1).

[Ru(L’)(Terpy)](PF,), [RU(La)(Terpy)l(EFs)2

I
~
©

©
>

©
1
~

-

[Ru(L®)(PhTerpy)](P

6)2 2
@

[Ru(L")(bbp)I(PF,),

Intensity

T Y917

o) 9
®

600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Raman Shift (cm™) Raman Shift (cm™)

Figure 6.4.2.1rR spectra of [Ru®)(Terpy)](PR)2, [Ru(L})(PhTerpy)](Pk)-,
[Ru(LY)(bbp)](PR). and[Ru(L?)(bbp)](PF),. Left: kex 488 Nm, righthex 514 nm.

For each of the complexes the phosphazene was sioovemtribute to the delocalised
vibrational modes below 845 émhowever, it has no involvement in the higher gger

vibrations simulated by DFT calculations (see Agpel).
The spectra of the complexes can be divided intogmups:

) [Ru(L)(Terpy)](PF)2 and [Ru(L)(bbp)](PF):;
i) [Ru(L’)(PhTerpy)](P)2 and [Ru(L)(bbp)](PF):.

Each of the groups have similar spectra, excetimogroup ii display differences
associated with the phenyl terpy group, e.g. abX581 1533 cirespectively (see
Figure 6.4.2.2).
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Figure 6.4.2.21533 cni* vibrational mode of [Ru(f)(bbp)F* (red arrows indicate
displacement vectors).

The polymers displayed poor signal-to-noise ratios to the low ratio of the metal
centre relative to the rest of the polymer. Thisngethat rR could not be used to

definitively determine whether the same complex foached on the polymer.

rR spectra for the complexes were recorded ag Wa&s sequentially added. Excitation
wavelength of 488 and 514 nm were used as thebkecbatesponded to the MLCT
band. Shown in Figure 6.4.2.3 are the spectraRa(l*)(Terpy)](PFK). recorded with
Lex 488 nm (data collected withex 514 nm is included in Appendix E).

0 eq NEt, g

Intensity

600 800 1000 1200 1400 1600
. -1
Raman Shift (cm™)

Figure 6.4.2.3rR spectra of [Ru(f)(Terpy)](PFR). as triethylamine was sequentially
added to the solution.
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As NEwas added, the vibrational bands associated witip@isplayed both a shift
and splitting. The shifts occurred because the vanaf a proton from the imidazole
ring made it a strongerdonor. This is best illustrated for the asymmeliig-Ru-

N-rerpy Stretching mode shifts frof091 cni (1 eq NE$) and 1088 cm(2 eq NE%). The
shift occurs because additional electron densiyalable to the metal centre resulting
in the axial bonds increasing in length. 0 eqNfsplayed the symmetricpbj-Ru-

Nrerpy Stretching mode but did not display the asymmetnie.

Splitting of the peaks could have occurred by twegible means:

) the mono-protonated complex has both a protonatdcgaleprotonated
imidazole ring, each has a different vibrationaldm@associated.
i) an equilibrium is formed between the mono-protedatnd completely

deprotonated complexes (see Figure 6.4.2.3).

The observed splitting is likely a combination otlo options as the DFT predicted
spectra are similar for both species making ardistn between the two unreliable. The

equilibrium occurs because of the use of a weak.bas

2+ +
! O O
P = =
| X N | X | X N | S | A N | X
/N\ /N F /N\ /N Z /N\ /N Z
R H R H R
N/ U\N - . N/ U\N - . N/ U\N
+H +H
| N | | N | | N |
N | X N N | N N N | N N
H - H H = 7
o} o}
N Np—OPh N “p—OPh N “p—OPh
Pho )7 Ny PhO__ ) Ny PhO_ ) Ny
P\ _g—0Ph P\ _d—0ph P\, _g—0Ph
PhO / pho N7/ PhO /
PhO PhO PhO

Figure 6.4.2.4Equilibria formed by [Ru(B)(Terpy)](PF)..
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6.4.3 Ruthenium(ll) (2,6-di{1H-pyrazol-1-yl}pyridine)(2,2".6',2"-terpyridine)

complexes

As with the previous complexes, IR provided limitatbrmation about each system;
however, by using rR with &, of 488 and 514 nm, the [Ru(bpp)(Tergy)jentres
could be specifically probed due to the MLCT band.

Due to the phenyl spacer for [Rd{(Terpy)](PR)., [Ru(L)(PhTerpy)](Pk). and
[Ru(L?)(bpp)](PF). only the most delocalised low energy vibratiorside the
phosphazene ring. However, for [R)bpp)](PFk). the complex is directly attached to
the phosphazene ring resulting in an increasedibatibn by the phosphazene ring to
the low energy vibrations (below 700 &ras indicated by DFT simulations (see
Appendix E). The spectra are very similar with timty differences being associated

with the vibrations of the terpy unit (see Figuré.8.1).

[Ru(L*)(Terpy)I(PF,),

1615

Intensity
663
799
832
1009
1049
1091
1162
1253
1288
1

600 I 860 ‘ 10|OO ' 12IOO ' 14IOO ‘ 1GIOO '
Raman Shift (cm™)
Figure 6.4.3.1rR Aex 514 nm. [Ru(B)(Terpy)](PR)., [Ru(LY(PhTerpy)](Pk)2,
[Ru(L")(bpp)I(PR)2 and [Ru(L)(bpp)](PF)..

The electronic spectra of the polymer analogues(({#)(Terpy)]Ch and
[Ru(L*")(PhTerpy)]Ch) showed that the coordination sites are diffeterthat of the
SMAs ([Ru(L*)(Terpy)](PR)2 and [Ru(l¥)(PhTerpy)](Pk).), see Section 6.3.3. It was
suggested by comparison to DFT models that a [R)(Bprpy)CI]|Cl species was
formed, as the reaction could not go to completioder the reaction conditions.
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[Ru(L*)(Terpy)ICl,
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Figure 6.4.3.2kex 514 nm. [Ru(tH)(Terpy)]Ch and [Ru(*)(PhTerpy)]C.

An assignment of the polymer rR can be made basekdeoproposed structure in Figure
6.3.3.3. However, due to the inaccuracies obséiweithe other complexes it is not

possible to confirm that this is the species formed

While a comparison to a DFT model does not defialti identify the complex,
ultimately, even if the suggested model provesatinborrect, the rR confirms the
polymer is behaving in a different manner to the/Sad therefore would be

unsuitable to act as a grafting group to polyphagpehes.
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6.5 Electrochemistry
6.5.1 Ruthenium(ll) bis(2,2":6',2"-terpyridine) complexes

Each of the small molecule complexes containihdisplayed a reversible metal-based
oxidation (RU/RuU") between 0.928 and 0.976 V and ligand based rietischetween
-1.490 and -1.656 V (all the relevant data is givehable 6.5.1.1). The oxidation
potentials are slightly higher than that of [Ru(@gs](PFs), (0.918 V}°. This increase
shows that the phosphazene ether linkage acts ele@ron-withdrawing group,
consistent with the observations made for the elaat absorbance spectra of the

complexes.

Table 6.5.1.1Electrochemical data for the small molecule comgdgyarentheses
indicateAE, (mV).

El/zox/ V El/zred/ V El/zred/ V
Complex Ru"/Ru™  1%redn. 2%redn.

[Ru(LY)(PFe)2 0.976 (61) -1.490 (irr) -1.705 (irr)
[Ru(L)(Terpy)l(PR)2  0.963 (92) -1.656 (ifr) -1.788 (irr)
[Ru(L)(PhTerpy)l(PB)2 0.928 (73) -1.522 (ifr) -1.765 (irr)
[Ru(L?)2](PFs)2 0.996 (86) -1.530 (irr) -1.760 (irr)
[Ru(L’)(Terpy)l(PR)2  0.930 (53) -1.640 (ifr) -1.769 (irr)
[Ru(L)(PhTerpy)l(PR)2 0.933 (47) -1.494 (irr) -1.702 (irr)

Using Formula 6.1.2.1 it was possible to deterntiess” value for the phosphazene
ether bond for the following complexes: [RGU(PFs). (c* = 0.13),
[Ru(LY)(Terpy)](PR)2(c" = 0.15) and [Ru(b)(Terpy)](PR)2 (c* = —0.04). The wide
variation in values could be attributed to the aom&tion changes occurring in the
complex when oxidised. Such behaviour has beemadrén the literaturé® and this is

possibly why this method is only used on relativ@mple complexes.

The replacement of'lin [Ru(LY),](PFs). by L? to give [Ru(1?),](PFs). varies the Eox
(RU'/RU") from 0.976 V to 0.996 V which is counterintuitias L' is expected to be
more electron withdrawing tharf given that the red shift in the MLCT bands of thes

complexes was less than thkHased complexes. This is possibly due to confaomat

209



changes taking place either at the complex coxgaanteractions with the surrounding
complex (see Figure 6.5.1.1). However, in the loéetic L' based complexes,
[Ru(LY)(Terpy)](PR)2 and [Ru(})(PhTerpy)](PE)2, the E,xdecreases from 0.963 V to
0.928 V respectively consistent with the phenylugrof PhTerpy being a stronger
electron donor group than the hydrogen of terpgofparison of & for

[Ru(LY)(Terpy)](PR). and [Ru(})(Terpy)](PR): is consistent with Lhaving a greater
electron-withdrawing ability thanL

\ N
\ / /
; \
@ Complex Core

Surrounding Complex Surrounding Complex

Figure 6.5.1.1Components of the [Ruf)o]** complex.

Reliable electrochemical data could not be obtafoethe polymer analogues due to
the low conductivity of the solution and the polyteg¢endency to form films on the
surface of the electrodes.
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6.3.2 Ruthenium(ll) (2,6-di{1H-benzimidazol-2-yl}pyridine)(2,2":6',2"-terpyridine )

complexes

Electrochemical data were recorded for each offfugbbp)(Terpy)j* based

complexes. Each displayed a single oxidation cpomesing to the RURU"

coupling.
Two other reductions are also observed correspgrdithe reduction of the ligands,

although it cannot be unambiguously assigned (sd&ée16.3.2.1).

As with the electronic and rR spectroscopy eadh®itcomplexes shows a shift in the
electrochemical potential to a more negative valighey were deprotonated (see Table
6.3.2.1). The cyclic voltammetry data was colledtedeat acetonitrile, as any
significant amounts of water caused precipitattbis prevented the determination of
pH. In addition, only a weak organic base, trietinyine (NE$), could be used because

a stronger base would degrade the phosphazene.

Table 6.3.2.1Electrochemical data for the [Ru(bbp)(Terpydased complexes,
parentheses indicatee, (mV).

0 Eq NEt; 2 Eq NEt;
RUII/RUIII 151 2nd RuII/RuIII 1St 2nd
Complex
V) redn. redn. V) redn. redn.
V) V) V) V)
[Ru(L®)(Terpy)] 1.171  -0.896 -1.454  0.521  -1.056 -1.398
(PR):2 (65) (irr) (irr) (53) (irr) (irr)
[Ru(LS)(PhTerpy)] 1.133 -1.082 -1.456 0.494 -1.077 -1.306
(PR)2 (34) (irr) (irr) (85) (irr) (irr)

[Ru(LY(bbp)] (PR).  1.140  -0.897 -1.193 0591  -1.069 -1.324
(38) (irr) (irr) (89) (irr) (irr)

[Ru(L?)(bbp)] (PR)2 1.018 -0.881 -1.584 0.522 -1.427 -1.539
(83) (irr) (irr) (64) (irr) (irr)

As NEg was sequentially added the complexes changedtfierprotonated ligand to

deprotonated ligand complex. This correspondedh tanmdic shift, which occurs
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because the deprotonated imidazole is a strantgenor than the protonated one; as a
result the metal centre required a lower oxidagiotential (see Figure 6.5.2.1).
Although the electronic spectra displays the presaf the signally deprotonated
species, no intermediate step was observed thdtsapport the involvement of the

singly protonated complex. This behaviour has ldeserved for similar examples by
Bond' and Mondé&f.

= [Ru(l’)(Terpy)I(PF,),
12 e [Ru(L’)(PhTerpy)I(PF,),

..... 4 [Ru(L)(bbp)I(PF,),

S | v [Ru(L)(bbp)(PF),

0.0 05 10 15 20
Equivalents of NEt,

Figure 6.5.2.1E,,0f the RU/RuU" oxidation vs. NEfaddition for:
[Ru(L3)(Terpy)](PR). (black squares), [Rufl(PhTerpy)](Pk) (red circles),
[Ru(LY)(bbp)](PR). (blue triangles) and [Ruf)(bbp)](PR). (green diamonds).

The complexes displayed the same dependence diosdbasicity as the hydrogen

substituted complexes. Therefore, it was assunedhie same processes occur; these
are described in the followirfg:

For section A the process only involves the proteci@omplex and a single electron
transfer:

[Ru' (Terpy)(LHo)]** < [RU" (Terpy)(LHo)]*" + €

For section B a one electron/proton process occurs:

[Ru'(Terpy)(LH)]** < [RU" (Terpy)(LH)] + H" + €
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For section C a two proton/one electron processarscc
[Ru'(Terpy)(LH)]*" < [RuU" (Terpy)(L)]" + 2H' + €
For section D a one electron/proton process occurs:
[Ru'(Terpy)(LH)]" < [Ru" (Terpy)(L)]" + H" + &

Finally beyond 2 equivalents NEhe process only involves the deprotonated species
however, the distinction difference was not obvjdhsrefore, it may be that a weak
base such as NEs not strong enough to completely deprotonatetimeplex and an

equilibrium is formed as suggested in the vibratl®study.

In the protonated state, [RUE(Terpy)](PR)2 [Ru(L®)(PhTerpy)](Pk). and
[Ru(LY)(bbp)](PR). had a similar RURU" oxidation potential (1.133 — 1.171 V),
higher than the unsubstituted analogue ([Ru(bbppM§CIO,4),, 0.99 V). This is
because bothiand L* have the ligands (Obbp and OTerpy respectivehgctly
attached to the phosphazene ring, which is eleatithidrawing. [Ru(l)(bbp)](PF).
(1.018 V) has a lower oxidation potential due te penyl spacer reducing the

electron-withdrawing effects.

Once deprotonated, [Rull(Terpy)](PR)., [Ru(L®)(PhTerpy)](Pk). and
[Ru(L?)(bbp)](PF). have similar oxidation potentials (0.494 — 0.522ut
[Ru(LY)(bbp)](PR). (0.591 V) has a higher one. The difference occetsibse the
deprotonated imidazole rings are less aromaticame electron-donating, reducing the
effects of the phosphazene making the oxidatioarg@tl similar to the phenyl spacer.
However, [Ru(l})(bbp)](PR). has the OTerpy ligand directly attached.
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6.5.3 Ruthenium(ll) (2,6-di{1H-pyrazol-1-yl}pyridine)(2,2".6',2"-terpyridine)

complexes

The electrochemical data for the [Ru(bpp)(Terpyypmplexes were collected using
cyclic voltammetry. Each of the complexes displagaéversible oxidation, associated
with the RU/RU" couple, and two irreversible reductions associafi¢ the ligands

although these cannot be unambiguously assignedi¢ae 6.5.3.1).

The RU/RU" oxidation potential of [Ru(t)(bpp)](PF)2 (0.993 V) was slightly lower
than that of [Ru(£)(Terpy)](PFR). (0.963 V) but [Ru(B)(bpp)](PR)- (0.939 V) was
almost the same as [RU{(Terpy)](PF). (0.930 V) [Ru(L*(Terpy)](PFk). (0.961 V)
and [Ru(¥)(PhTerpy)](Pk)2 (0.994 V) both displayed a slight increase in ptig
relative to [Ru(B)(Terpy)](PK). (0.930 V) and [Ru(B)(PhTerpy)](Pk)2 (0.933 V).

Bpp is more electron-donating than terpy; as stiehpotentials should be lower.
However, as demonstrated by the ruthenium-bis-tegmyplexes, conformational
changes occurring upon oxidation could have a tagffect than substituents. This is
further exhibited by the use of PhTerpy insteadi@fpy for [Ru(L*)(PhTerpy)](Pk)..
Phenyl groups are weakly electron-donating, theectioe oxidation potential should
have beer [Ru(L*)(Terpy)](PR)2, yet an increase was shown, and this is likely

associated with conformation changes.

Not many [Ru(bpp)(Terpyjf based complexes have been reported and few
electrochemical studies have been performed. Caedgarthe reported values of the
complexes studied by Rubenal.,** these have high oxidation potentials largely due t

the electron-withdrawing effects of the phosphazsther unit.
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Table 6.5.3.1Electrochemical data for the small molecule comgéeyarentheses
indicateAE, (mV).

El/zo>/V El/zred/ V El/:red/V
Complex Ru"/RU™ 1¥redn. 2 redn.

[Ru(LY)(Terpy)]l(PR)2 0.961(89) -1.552 (irr) -1.806 (irr)
[Ru(LY(PhTerpy)](Pk). 0.994 (92) -1.580 (irr) -1.803 (irr)

[Ru(LY)(bpp)](PR)- 0.933 (82) -1.647 (irr) -1.741 (irr)
[Ru(L)(bpp)](PR)2 0.939 (90) -1.569 (irr) -1.759 (irr)

As observed for the other polymers reliable elexttemical data could not be obtained
for the polymers [Ru(f?)(Terpy)]Ck and [Ru(L*F)(PhTerpy)]Ch.
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6.6 Conclusion

The electronic, vibrational and electrochemicalpgrbies of both the polymers and their
SMA were determined to access the viability of gdimese ruthenium complexes to

attach other groups.

Through the use of electronic absorbance and rBg®eopy it was determined that
the complex cores of the [Ru(Terply) based polymers ([RutD)(Terpy)]Ch,
[Ru(L*P)(PhTerpy)]Ch, [Ru(L*?)(Terpy)]Ch and [Ru(i2%)(PhTerpy)]Ch) match that of
the SMA ([Ru(Y)(Terpy)]Ch, [Ru(LY)(PhTerpy)]Ch, [Ru(L?)(Terpy)]Ch and
[Ru(L?)(PhTerpy)]Ch respectively). Th@maxof the MLCT bands were red shifted
relative to the hydrogen-substituted species dilag@hosphazene ether bond being

slightly electron-withdrawing.

A consistent” value for the phosphazene ether unit could natdtermined, but each
of the complexes displayed cathodic shifts of th&idation potentials, consistent with
the phosphazene ether unit being electron-withdrgwi

The [Ru(bbp)(Terpyf] based complexes ([RW(Terpy)](PR)2,

[Ru(L%)(PhTerpy)](PE)2, [Ru(LY)(bbp)](PF). and [Ru(E)(bbp)](PF).) displayed the
electron-withdrawing effects observed with the [Rerpy)]?* based complexes,

slightly red shifting\max @and increasing the oxidation potential. Due toy@b%

loading, the polymer produced poor physical ddterdfore it was not possible to assess
if the polymer had the same metal centres as tha.SM

Despite having a phosphazene attached to the [R)({Bérpy)f* based complexes,

they displayed the same dependence of the baseidihe solution. As Nktwas added
the imidazole protons were systematically remoeadsing a red shift of the MLCT
band, providing evidence that both the singly amahgletely deprotonated species were
present. Even at high concentrations of ;N\ER suggested the presence of both the
singly and completely deprotonated species existirggjuilibrium, likely due to the use

of a weak base.

The oxidation potential of the complexes displafregisame dependence on the bascity;

as the complex was deprotonated the oxidation patemeatly decreased due to the
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increaseda-donor behaviour of the imidazole nitrogen. Howevtee pure deprotonated

species were not observed due to the use of thie basz.

The [Ru(bpp)(Terpyf[ based complexes displayed a difference betweepdlyener
(IRu(L™)(Terpy)ICk and ([Ru(L)(Terpy)ICh) and the SMA ([Ru(§)(Terpy)l(PF),
[Ru(LY)(PhTerpy)](PE)2, [Ru(L")(bpp)l(PR). and [Ru(L)(Terpy)](PF)2). The SMA
displayed the characteristic MLCT bands and mattihegredicted vibrational spectra.
However, the polymers have a broad absorbanceiMttCT band range and the rR
spectra did not match that of the SMA. A possibigl@nation for this is that under the
reaction conditions it did not go to completiorgueng a chloride attached to the

ruthenium atom.

For the purposes of using a metal complex to atgastips to a polyphosphazene the
terpy substituents are ideal. The polymers reacteah identical fashion to the SMA

with only slight variations in physical behavioweadto the grafted phosphazene. As
only a 5% loading of bbp could be achieved forgb/mer, the data obtained was poor,
and the inability to vary the ratios of the sulsiit also makes it unsuitable for grafting

other groups.

Bpp polymers proved to be unsuitable for the gngftiroups given that the same
complex was not formed on the polymer as the SMéweler, their absorbance

spectra should warrant further investigation foarge of other potential applications.

218



6.7 References

1. Eloi, J. C.; Chabanne, L.; Whittell, G. R.; Mans\ |.Materials Today 2008 11, 28-
36.

2. Whittell, G. R.; Manners, Advanced Materials 2007, 19, 3439-3468.

3. Leung, A. C. W.; Chong, J. H.; MacLachlan, MMacromolecular Symposia 2003
196, 229-234.

4. Wong, W. Y Dalton Transactions 2007, 4495-4510.

5. Hjelm, J.; Constable, E. C.; Figgemeier, E.; fdllj, A.; Handel, R.; Housecroft, C.
E.; Mukhtar, E.; Schofield, EZhemical Communications 2002 284-285.

6. Schubert, U. S.; Schmatloch, S.; Precup, ADésigned Monomers and Polymers
2002 5, 211-221.

7. Wong, C. T.; Chan, W. KAdvanced Materials 1999 11, 455-459.

8. Schubert, U. S.; Hofmeier, Macromolecular Rapid Communications 2002, 23,
561-566.

9. Gohy, J. F.; Lohmeijer, B. G. G.; Schubert, UCBemistry-A European Journal
2003 9, 3472-3479.

10. Hofmeier, H.; Schubert, U. 8hemical Communications 2005 2423-2432.

11. Suen, H. F.; Wilson, S. W.; Pomerantz, M.; Wals L.Inorganic Chemistry 1989
28, 786-791.

12. Puntoriero, F.; Campagna, S.; Stadler, A. Mhr, J. MCoordination Chemistry
Reviews 2008 252, 2480-2492.

13. Sauvage, J. P.; Coallin, J. P.; Chambron, JGGillerez, S.; Coudret, C.; Balzani, V.;
Barigelletti, F.; Decola, L.; Flamigni, IChemical Reviews 1994 94, 993-1019.

14. Medlycott, E. A.; Hanan, G. Shemical Society Reviews 2005 34, 133-142.

15. Hansch, C.; Leo, A.; Taft, R. WChemical Reviews 1991, 91, 165-195.

16. Constable, E. C.; Thompson, A.; Tocher, D.D¥aniels, M. A. M.New Journal of
Chemistry 1992 16, 855-867.

17. Constable, E. C.; Neuburger, M.; Smith, D.Z¢hnder, MInorganica Chimica
Acta 1998 276, 359-365.

18. Constable, E. C.; Harverson, P.; Smith, DV#all, L. Polyhedron 1997, 16, 3615-
3623.

19. Singh, A.; Mondal, Blnorganica Chimica Acta 201Q 363, 3145-3150.

219



20. Nazeeruddin, M. K.; Muller, E.; Humphry-Bake, Vlachopoulos, N.; Gratzel, M.
Journal of the Chemical Society-Dalton Transactions 1997, 4571-4578.

21. Bhaumik, C.; Das, S.; Saha, D.; Dutta, S.;@#itS.Inorganic Chemistry, 49,
5049-5062.

22. Singh, A.; Chetia, B.; Mobin, S. M.; Das, Gel, P. K.; Mondal, BPolyhedron
2008 27, 1983-1988.

23. Haga, M.; Takasugi, T.; Tomie, A.; Ishizuya, Mamada, T.; Hossain, M. D.;
Inoue, M.Dalton Transactions 2003 2069-2079.

24. Schramm, F.; Chandrasekar, R.; Zevaco, T. Addph, M.; Gorls, H.; Poppitz, W.;
Ruben, M European Journal of Inorganic Chemistry 2009 53-61.

25. Zhu, X. J.; Holliday, B. Macromolecular Rapid Communications, 31, 904-909.
26. Laemmel, A. C.; Collin, J. P.; Sauvage, JCémptes Rendus De L Academie Des
Sciences Serie li Fascicule C-Chimie 200Q 3, 43-49.

27. Halcrow, M. A.Coordination Chemistry Reviews 2005 249, 2880-2908.

28. Jameson, D. L.; Blaho, J. K.; Kruger, K. T.;|@by, K. A.Inorganic Chemistry
1989 28, 4312-4314.

29. Tomasi, J.; Mennucci, B.; Cammi, Ghemical Reviews 2005 105, 2999-3093.
30. M. J. Frisch; G. W. Trucks; H. B. Schlegel;E5.Scuseria; M. A. Robb; J. R.
Cheeseman; G. Scalmani; V. Barone; B. MennuccA.(Reterssoret al.; A.1 ed.;
Gaussian, Inc: Wallingford CR2009

31. Dennington, R.; Keith, T.; Millam, J.; Versiéred.; Semichem Inc.: Shawnee
Mission KS,2009

32. Johnson, R. D.; April 2010 ed.; NIST ComputaéilocChemistry Comparison and
Benchmark Databas201Q

33. Horvath, R.; Otter, C. A.; Gordon, K. C.; BredA. M.; Ainscough, E. W.
Inorganic Chemistry 201Q 49, 4073-4083.

34. Amouyal, E.; Mouallembahout, M.; Calzaferri,J8urnal of Physical Chemistry
1991, 95, 7641-7649.

35. Bhaumik, C.; Das, S.; Saha, D.; Dutta, S.;&#&itS.Inorganic Chemistry 201Q 49,
5049-5062.

36. Sivakumar, R.; Marcelis, A. T. M.; Anandan J8urnal of Photochemistry and
Photobiology A-Chemistry 2009 208, 154-158.

37. Philippopoulos, A. I.; Terzis, A.; Raptopouldii, P.; Catalano, V. J.; Falaras, P.
European Journal of Inorganic Chemistry 2007, 5633-5644.

220



38. Stergiopoulos, T.; Karakostas, S.; Falaradp@tnal of Photochemistry and
Photobiology A-Chemistry 2004 163, 331-340.

39. Chryssou, K.; Catalano, V. J.; Kurtaran, RlaFes, Plnorganica Chimica Acta
2002 328, 204-209.

40. Catalano, V. J.; Kurtaran, R.; Heck, R. A.; GimpA.; Hill, M. G.Inorganica
Chimica Acta 1999 286, 181-188.

41. Bond, A. M.; Haga, Mnorganic Chemistry 1986 25, 4507-4514.

221






Chapter 7

Coordination site characterisation of the iron(Il) metallo
polymer and the physical behaviour of both the
cyclotriphosphazene and polyphosphazene iron(ll) mello

polymer






7.0 Abbreviations used in Chapter 7

SCO

HS

LS
SQUID
diso

AEq
UV/Vis
MLCT
FT-IR

rR

DFT
OPhTerpy
OTerpy
Obpp
OPhbpp
Terpy
PhTerpy
bbp

bpp

Spin Crossover
High Spin

Low Spin

Superconducting Quantum Interference Device

Isomer shift

Quadrupole Coupling

Ultraviolet Visible

Metal Ligand Charge Transfer

Fourier Transform Infrared

Resonance Raman

Density Function Theory
4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)pheolate
2,6-bis(2-pyridyl)-4#)-pyridonate
2,6-bis(benzimidazole)-4{}-pyridonate
4-(2,6-(pyraz-1-yl)-pyridine-4-yl)phenolate
2,2".6',2"-terpyridine
2,6-di(pyridin-2-yl)-4-phenylpyridine
2,6-di(H- benzimidazol-2-yl)pyridine

2,6-di(H-pyrazol-1-yl)pyridine
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7.1 Introduction

Spin Crossover (SCO) is a phenomenon that results metal complex changing its
magnetism because of an external influence, sudreak pressure and light. This
only occurs in the first row transition metals wélcation electron configuration of 4—7
d electrons. The most common example of this ia(if which has a Yelectron
configuration; the complex changes from diamagreticaramagnetic (see Figure 7.1).
There are other examples of FeflllCo(ll)°>, Mn(ll), Mn(lll), Co(ll), and Fe(llly
complexes undergoing SCO; however, each of theaengles are paramagnetic for

both spin states.

Low Spin High Spin
& T, P hv 1‘ T N
A
A4 == 4 _%
eV TR ¥ V- —1 — te
"Ai(tag®) *Ta(tagey?)
Diamagnetic Paramagnetic

Figure 7.1 Schematic view of SCO for an octahedral Fe(ll) ptax.

7.1.1 Preparative concepts

In order to explain thermally induced spin crosgspw®me basic concepts must be
covered first. To make things simple, an octahedoal(ll) complex will be used as the

example. The d electrons of any transition metal lsa broken down into two groups

based on their symmetry: thg orbitals, consisting of thd, ,d,,,d,,, all non-bonding

orbitals; and thegorbitals, consisting oﬂxz_y2 andd , , which are weakly anti-bonding.

Using ligand field theory, if these two groups abitals have an energy difference
(10Dq orA,) less than the electron pairing energl, (the electrons will follow Hunds
rule® (this occurs with weak field ligands) and will ogy all available orbitals before
pairing, resulting in a paramagnetic complex. Hogveyf 10Dq >I1, the electrons will

remain paired in thegorbitals (this occurs with strong field ligandsge Figure 7.1.1.1.
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Weak Field Strong Field
10Dg < N 10Dg > N
e o eq
S 2 | l fo4 4 J o
tog K 3 vt
5T2(tzg ed) "Au(tzg”)
Par:_amagn_etic Diamagnetic
High-Spin Low-Spin

Figure 7.1.1.1The electron arrangement of strong field and wesld tomplexes.

By varying the metal ion, the ligand, and the métEind distance 10Dq can be altered,

as described by Jgrgenson’s spectrochemical &eries

7.1.2 The occurrence of thermal SCO

As an iron(ll) SCO complex changes from LS to H& M-L bond length typically
increases by ~0.2 A. This is a result of electrensity being removed from the non-
bonding orbitals and going into the weakly anti-thoig orbitals. The change in bond
length helps explain how SCO occurs. Since the gdambond length is not gradual, it
suggests that there are two potential wells: omeesponding to LS, and the other to HS
(see Figure 7.1.2.1). A vibrational mode links thesvo potential wells; more

specifically, the symmetrical stretching mdde.

A simplistic view of it consists of a two-level timeally accessible system (see Figure
7.1.2.1), the population of electron density folfow distribution. This distribution is
affected by two variablesAry. (the difference in the bond lengths) an#y (the
difference in potential energy wells). These fagtare both governed by the metal ion

and the ligands attached.
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Figure 7.1.2.1Potential wells of the HS and LS states.

The dependence of thermal SCO on temperature ptbeeshe process is driven by

entropy. The initial assumption was that entropys vgenerated by the increase of
degeneracy formed by the change of electron spihaa been displayed in the previous
models. However, due to Jahn-Teller effects mucth@fdegeneracy is lost. The largest
contribution comes from the change in vibrationald& density due to the almost 0.20
A difference in bond lengths between the HS andtaes’

10Dg also changes as the spin state changes bechtise bond lengthening. This
change results in a much smaller energy gap, withtia difference of approximately
1.7 (see Formula 7.1.2.1). The change in 10Dq eanltrin a dramatic colour change,

e.g. from purple to colourless for aromatic N dolngaeinds bound to Fe(ll).

LS n
lODqHS = (rH—Sj Formula 7.1.2.1
10Dq s

(10Dy is the respective energy gaps iis the bond length for the HS statgs is the
bond length for the LS state, and n is typicall$5-
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7.1.3 The occurrence of optical excitation

While similar principles apply for optically indudeSCO, the mechanism is quite
different In the case of an optical excitation, there israersion of the population of
states. It is possible to have no occupancy irldavespin state while the high spin state
is fully occupied, in contrast to distribution ob&ed for thermal excitation.

The electrons of a complex can be excited intolidnd’s orbitals (a metal ligand

charge transfer). As the electron relaxes, it ahirfito either the HS or LS potential

wells and, as the complex absorbs more photonritiee population can be converted
to HS (see Figure 7.1.3.1).

nuclear decay

5E

g:N“T“

fast

A HS
LS
iy KnL
! I
\‘ ffﬂw T I AEOHL
Aryp

Figure 7.1.3.1A schematic mechanism for optical excitation.

At room temperature, the relaxation of the comgtexn HS to LS is within the range
of nano-micro seconds. However, Decurtinsdiscovered that, at cryogenic
temperatures, the relaxation could be considersiblyed to such a degree that it could
take weeks to occur. This meant that, at thesedeatyres, the electron was essentially
trapped in the HS state — this phenomenon wasdchitght Induced Excited State Spin
Trapping (LIESST).
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Two of the most thoroughly studied systems areotesrtris(1-propyl-tetrazole) bis-

tetrafluoroborate [Fe(Ptd)BF4).** and ferrous tris-2-(amino-methyl)pyridine bis-
chloride [Fe(Pig)Cl,- EtOH=3 both were known to display thermal SCO with
respective SCO temperatures of 130 K and 120 K.ligbt excitation, each of these
complexes was cooled to 50 K, then excited withtlighis resulted in a bleaching of

the crystals’ colour — evident in the absorptioacifa, where the peaks that relate to the

low spin state are reduced when bleached (seed~gir3.2).

1
£ 4 Tzq o £ -~ o
== Z3kee /\ ! ! - =273Kbb| |
§kKbb | | ! =P .
EEEEE SKab T'19 i ’ 1 EEEEE ; rI
20 | [ skab
H 1]I | 1 5 i
[ A { I Eg | I
{1\ f ! S
" R A
5 E iII lll'l, ‘I a".l 1 U ,."I": \-.‘."- J r'll
a | f H r Vg ;
'?‘\‘\ ; \ l[I o f /’f
’_,’.,' g"\-'Z _______ w i T . - — .
10 15 20 25 30 x 10% em 10 15x10° em™

Figure 7.1.3.2UV/Vis spectra for the before bleaching (b b) aftdrébleaching (a b)
Left: [Fe(Ptz)](BF4)..*? Right: [Fe(Pic)]Cl,- EtOH!3

The SCO behaviour is also displayed in the magmetiment of the complex. As the
complex is cooled, the magnetic moment decreasesveier, when excited by
radiation, the magnetic moment dramatically jurtfiglagnetic measurements were not
performed for [Fe(Pig)Cl,- EtOH crystals, which were irreversibly fractured o

bleaching'®> However, [Fe(Ptz)(BF,), was stable during the bleaching process,
possibly as a result of the cooperativity effeetdpwing the magnetic moment to be

measured (see Figure 7.1.3'3).
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Figure 7.1.3.3Magnetic moment vs. temperature, and magnetic mbbefore
bleachingand afte-bleaching for [Fe(Ptz)(BFa),.*?

At low temperatures, the excited state will remsiable almost indefinite, but once
warmed the vibration of the molecule will relax tbemplex to its ground state or
again. The stability of the excited state is depandn the ligand field «ength with
weaker field ligands: if\E°%y, is small, the excited state lifetime is increadeaing a
larger Ary. also increases the excited state life.'* Furthermore, it was discover
that by exciting the HS complex with a lower enegjyton the complex could |
relaxed to the LS state. This was result of the lower energy photon providi
sufficient energy to cross the energy barrier betwéhe HS and LS energy we
without providing sufficient energy to cause furtlegcitation to the HS state. This is
particular interest for optical eleonics as it is a system that can be turned ‘onaffd

optically.
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7.1.4 Spin crossover grafted polymers

SCO materials have long been suggested to be usefuhemory storage or atomic
switches, but they are typically crystals or povediemiting their use for applications.
To this end SCO gelS:*®liquid crystals':"?* resins’? Langmuir-Blodgett film&*2° and
hetero-polymer blend%?’ have been used. The gels, liquid-crystals, resind
Langmuir-Blodgett films are all made by taking awrising SCO complex and
substituting it with groups such as long alkyl eisamaking the material amorphous.
The heterogeneous polymers are made by blendirayyanpr such as PMMA with an
SCO complex, allowing it to be spread by an assemtnof techniques. The properties
of this material were enhanced by including hydrogi®nors and acceptors on the
metal complex and the polymer backbone, resultimgthe metal complex being
hydrogen-bonded to the polymer backb&heyhich is not removed by solvent (see
Figure 7.1.5.1).

C—C

N _H
o
=0 N

g H ]

Figure 7.1.5.1Example of an iron triazole complex hydrogen-bontied polymer
backboné&®

SCO grafted polymers are a rare field, there aseeémamples of attempts of producing
SCO polymers: thiophene and terthiophene. At ttagesthese examples can only be
regarded as attempts because the polymers werehaoacterised (e.g. molecular
weight). The thiophene and terthiophene examples Wased on an iron(lll) quinoline-
salene (OQSal) unit (see Figure 7.1.5°7f It was shown that the polymer analogue
had similar magnetic behaviour to the small molearnalogue. Because the molecular
weights were not reported, it is difficult to detene if a polymer or oligomer had been
formed, although the electronic spectrum did prevadrough indication as to how long

the polymer is.
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Figure 7.1.5.2Left: Terthiophene OQSal based metallo-compleghRiThiophene
OQSal based metallo-compl&k®
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7.2 Detection methods

7.2.1 Magnetic susceptibility

There are a variety of methods that have been tase@ntify SCO systems. As this is a
magnetic phenomenon, the most extensively usedumsnts are magnetometers.
Many exist such as Faraday balance, Gouy balarameeriype vibrating sample and
finally a superconducting quantum interference ceSQUIDY", which is the most
sensitive and versatile magnetometer. SQUIDs asedan Josephson junctions, which
are formed by two superconductors being separateddrion-conducting barrier. In the
absence of magnetic flux the current is distribwggdally between two superconductors;
however, once one is induced the current betweehn ebthem varies. This difference
can be used to determine the magnetic flux. Usirgy the magnetic susceptibility of a
solid sample can be measured as a function of tenpwe, pressure and for some
systems, light. A SQUID is often used for studyldGO systems because it is able to
clearly show the transition from the LS state te tiS state and, in some systems,
intermediate states. An example of the magnetic emdnaersus temperature is shown
below in Figure 7.2.1.1. In fact, it is from suctcarve that the SCO temperature is
determined: it is defined as the temperature atlwthe sample is half-way between HS
and LS.

w & v o

Hegr (Hg)

0 100 200 300 400

Temperature (K)

Figure 7.2.1.1An SCO curve for iron(Il) complex of a dipyridylazole ligand?
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7.2.2 MOssbauer spectroscopy

Another frequently used technique is Mossbauer tepgopy>> This technique uses
y-radiation to excite the nucleus of an atom. Ineortb achieve measurable results a

fluorescence resonance must be achieved.

The energies required to measure the hyperfingaictiens are so small they can be
achieved using the Doppler effect. This is achiewgdscillating a radiation source at a
speed within the range of mm/s. As the energy iffees in the nuclei are small the
recoil of the photon hitting the nucleus is enotglaffect them. Therefore, Méssbauer
determined that by measuring the sample in thel stdite with low enough energy-of

rays that the recoil becomes insignificant.

Two key features that can be obtained from the lgiéssr spectra are the isomer shift
(dis)) and the quadrupole coupling\Eg). These values can be computationally
predicted for known structures, therefore they loarcompared to the measured data to

determine the coordination behaviour, oxidationestatc.

diso occurs because the nucleus and electron chargsitydgfrom the 1s-orbital
electrons) have a non-zero volume. This causesi@mob interaction, thereby altering
the nuclear energy levels. Thus any changes inlthe@rbital electrons, source or
absorber will change th&s,. The shift cannot be measured directly, therefors
measured relative to a known absorber, e.g. irors5¥ieasured relative t@wiron. As

the diso IS affected by coulombic effects on the 1s orbjtéhe oxidation state of a metal
can be determined, e.g. *feand F&". The ferrous ions have less s-electrons at the
nucleus due to the greater screening of the drelext Thus ferrous ions will have a

larger positivedis, than ferric ions?

AEq occurs in nuclei with an angular momentum quantwmber | > Y%, this produces
a non-spherical charge distribution. This resuita huclear quadrupole moment. In the
presence of an asymmetric electric field (produagd ligand arrangement) the nuclear
energy levels are split. In the case of iron-5% {) the excited state splits into two; m

+ 1% and m= ¥,. As suchdis, can be related to the ligands attacffed.
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Figure 7.2.2.1Nuclei energy splitting responsible for quadrapspétting.

The orbitals can in turn be split further via aneeral magnetic field, this is called the

Zeeman effect; which is not explored for this study

As both éiso and AEq are indirectly dependent on the d-orbital behaviand bond
lengths, both change as the complex crosses averlf6 > HS. In addition, if the area
of the Mdssbauer peaks for the HS and LS speciessqual then it is possible to

calculate the relative amounts of each speciesHggre 7.2.2.2).

Absorption (%)

02 4

04 4

Velocity (mmys)

Figure 7.2.2.2Example Mdssbauer spectra of an SCO complex, {Be(3
phen}(NCS)]-0.5MeOH (black = LS, grey = HSJ.
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While this is a versatile and powerful techniqueh#s significant limitations. The
relative number of suitable Mdssbauer absorptiahemission ofy-rays are dependent
on they-ray energy, therefore the effect is only detedtedsotopes with low lying
excited states. In order to achieve the resolutgpired, long lifetime excited states are
necessary, greatly restricting the elements and ig@opes that can be detected. Iron-
57, cobalt-57 and a small selection of other nuséisfy both requirements. As SCO
complexes are dominated by iron this provides agqu technique for analysing
Sco¥
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7.2.3Ultraviolet/Visible absorption spectroscopy

SQUID and Mdssbauespectroscopiesire the two most common methods use:
measure the magnetism of the system and the dstates anetal centre respective
However, thereare manyother methods that are able to measure SCO inrmsgs
VariabletemperatureUltraviolet/Visible absorption gectroscop (UV/Vis) has been
used to monitor the absorption of light specifithe metacentr, i.e. the MLCT and d-
d transitions. Ashte HS stal's occupancy increases, the LS statecupanc decreases,
leaving fewer electrons to absorb the light andethyg decreasing absorbance. This
convenient method for monitoring LIESST, as many/Nd&ible spectrometers a
capable of takingeadings as a laser is pul— an example is shown in Figu7.2.3.1

for ferrous tris(2methy-1,10-phenanthrolinéj [Fe(2-mephen}?*.

2.5 T=12K
@ 2.0 /\/-»\befnre irradiation
p=
S \
e
& 1.0 . \
Es] < -
= after irradiation
ﬂ.s- ™ k
0. ]

300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 7.2.3.1[Fe(z-mephenj]** Left: variable temperature UV/Vis. Right: irradielt

sample®*

Although a powerful techniqi, care must be taken to assure SCO and not ar
process causdble changes in electronic specilt is possiblefor compounds to decay
while being heated, that is why it is rare to fisiidies exclusively using UVis to
identify SCO.
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7.2.4 Vibrational spectroscopy

Vibrational spectroscopy is also a powerful techmeitn studying SCO. This is because
the bond lengthening associated with the transitiesults in differences in the

vibrational modes associated with the ligand anthhuentre.

Three possible techniques are available: infrat®) and fourier transform Raman
spectroscopy (FT-R) and resonance Raman (rR). &Rtsgscopy involves passing IR
light through a given sample. As the vibrationaémgies of the bonds fall within the
range of IR (4000 — 400 chy specific vibrational modes will absorb at spiecif
wavelengths. In the case of SCO a disappearanpeadfs corresponding to the metal-
ligand bonds associated with LS species and theease of the HS species. See an

example in Figure 7.2.4.1.

T (%)

1500 1400 1300 1200 1100 1000 900 800
Wavenumber (cm™)

Figure 7.2.4.1Example IR spectra of SCO compounds. | [Fe{HC{pipiFs, ||
[Fe{HC(pz)}2]2(TCAS). HC(pz} (tris(pyrazol-1-yl)methane) and TCAS (p-
sulfonatothiacalix[4]arene). Blue line (room tengtere), green lines (373 K) and red

lines (433 K)*°

Using FT-IR to follow SCO is limited to observingstinctive bonds in simple
complexes. This is because FT-IR detects all vilmat modes at once often resulting
in many peaks overlapping. Even if the peaks doonetlap the spectra is often filled

with peaks having no relation to the metal centre.

FT-Raman suffers from similar problems to FT-IRwewer, rR provides a solution to

this. As previously discussed in Chapter 6, it usedaser with a wavelength
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corresponding to a chromophore’s peak electronisoddance. This results in an
enhancement of the vibrational modes associatdd thé said chromophore. Typically
iron(Il) SCO complexes have distinct MLCT bands.isThmakes it possible to
specifically excite the iron-ligand centre despite surrounding complex thus resulting
in a less cluttered spectrum. That, as with IRpldigs the disappearance and appearance
of HS and LS species. An example of this is shommaf Fe(Pyrazine)Pt(CN) (see
Figure 7.2.4.2). The peaks associated with Pt-Civling and Fe-N stretching modes,
349 and 233 cihrespectively for the HS state, and LS contributethe band at 1238

cm™.

Je

l M
T T T T T T T T T T g

200 400 600 800 1000 1200

Raman shift/ cm™ —

Figure 7.2.4.2Example of a change in Raman spectra as a rdsbfO for a
Fe(Pyrazine)Pt(CN)complex®®
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7.3 Current research

In this chapter the coordination and magnetic behe\of a selection of small molecule
and polymeric complexes were investigated to daternf grafting SCO groups to a
polymer alters their behaviour. The synthetic detlnr the small molecule complexes

are given in Chapter 3 and the polymeric speci€hapter 5 (see Figure 7.3.1).

OPriee oPn®e OPh‘B%
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—|2+ o]
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|
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§(I,I
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(l) OPh‘ |
1 -
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X = ClOy” [Fe(L")](CIO,), [Fe(L"")2](CIO,),
X = PFg" [Fe(L')2](PFo)2
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p=N p= p=
OPh®]g 20 0PhtBu 074 0PhtBu 0.06

X = ClO4~ [Fe(L?),](ClO4), [Fe(L?")2](ClO4)2
X = PFg [Fe(L?)l(PFe)2

Figure 7.3.1Small molecule and polymeric complexes studiedhis thapter. OPh
(Phenoxy), OPR" (tert-butylphenoxy).
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Figure 7.3.1 ContinuedSmall molecule and polymeric complexes studiedhis t
chapter. OPh (Phenoxy), OPh(tert-butylphenoxy).

Only the phenoxy (OPh) substituted phosphazene lex@p were studied because they
each grew crystals even if they were not diffraldaleading to a high reproducibility of
crystal packing and purity. The 2,2'-biphenol sitbstd phosphazene complexes could
be purified; however, as none of them grew crysthls packing would not be

reproducible. Differences in packing or phases h@eeen to alter the SCO behaviour
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of complexes. In addition OPh substituted phospim@zeomplexes provide a more

accurate analogue to that of the tert-butylphenbsstuted polymer.

Due to the polymers being synthesised with pereltdosalts each of the perchlorate
small molecule analogues were studied in additmrihe anions of the diffractable
complexes. Based on the crystal data obtained &ptéh 5 the anions reside in the
same position relative to the cationic complexrdfae it can be assumed that this will

occur for all complexes.

Electronic absorbance and electrochemical data reemded in acetonitrile for the
small molecule complexes, unless otherwise staiadthe polymers in chloroform. IR
data was recorded using KBr disks for both the smalecule and polymeric
complexes. The magnetic, resonance Raman (rR) @&ss$ihduer data were recorded in
solid-state for all complexes. Instrumental detaiisl specific conditions are given in

Appendix F.

Computational models of the respective cationic glenes were employed to aid the
assignment of the electronic absorbance and vdwmaltispectra. DFT calculations were
performed with both the B3SLYP and OLYP levels using 6-31G(d) basis set,

available in theéaussian09*'/GaussView5® packages. The calculated bond lengths and
vibrational frequencies were compared to the meaisdata to determine the most

accurate model.

Using the available crystallographic data in ChaBtehe OLYP models were shown to
have only a 0.003 ([Fef)s]*") — 0.006 A ([Fe(B)-]*) mean deviation in bond length
while B3LYP had a 0.021 A deviation for all of itsodels.

For the vibrational comparisons, the B3LYP frequesevere scaled by 0.96%%nd
the OLYP ones by 0.9782 As these complexes did not contain unique vibreti
modes, the mean average deviation (MAD) values wali@ilated using all assigned
vibrational modes (see Appendix F for all calcutatalues)* Both OLYP and B3LYP
produced similar MAD values of 4.08 — 4.52 tfior the [Fe(L}),]** and [Fe(),]**
complexes. However, for [Fe{lz]>* OLYP had a 5.36 cthvalue while B3LYP had
7.70 cmt. Although there was only a small improvement inrational accuracy the
significant increase in structural accuracy protret OLYP produced the most
accurate models of these systems.
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Figure 7.3.2Comparison of IR spectrum for [F&Jb](ClO.,), with the B3LYP and
OLYP predicted spectra for [Fe]*".

The time-dependent (TD) calculations were carrigidio an acetonitrile solvent field
using the PCM methot.
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7.4 Electrochemistry

Each of the iron complexes displayed the charattefré /F€" oxidation coupling and
reductions associated with the ligands. THe([Ee(LY),](ClO,), and [Fe(L).](PFs).)
and [* ([Fe(L?),](ClO4), and [Fe(P),](PFs),) based complexes did not display a
difference in oxidation potential with a change anions, suggesting no significant
interaction between the cationic complex and thierem However, by changing from
perchlorate for [Fe(),](ClO4), (0.575 V) to tetrafluoroborate for [Fel](BFa).
(0.550 V) the oxidation potential was anodicallyfteldl 25 mV, indicating a significant

interaction between the cationic complex and amasolution.

A comparison of iox of each of the complexes to their hydrogen sulistit analogues
show they are cathodically shifted, e.g. [F{(PFs), (0.854 V) and
[Fe(Terpy}](PFs), (0.77 V)* [Fe(L®),](ClO4), (0.575 V) and [Fe(bbp)(ClO4), (0.415
V);* and no published data is available to comparel[l8(ClO.),. This behaviour is
consistent with the ruthenium analogues (see Chafje and proves that the
phosphazene ether acts as an electron-withdrawimgpg [Fe(1?),](ClO4). (0.940 V)
displayed a difference theE,,x Vvalue is anodically shifted relative to
[Fe(PhTerpy](ClO4), (1.105)** This difference can be attributed to the phenyl
group to functions as a weak electron donor anégoc via resonance coupling to the
terpy ring systen!®> Attempts were made to calculate the cationic Hathperameter
but as with the ruthenium analogues, it was nosiptes to obtain a consistent value,
possibly due to conformation changes upon oxidation
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Table 7.4.1Electrochemical data in GBN at 293 K

Complex Biox (V) Esred (V) Essred (V)
[Fe(L)2(ClOs)2 0.854 (65) -1.234 (i)

[Fe(L)2(PFs)2  0.854 (68) -1.237 (irr)

[Fe(L?)21(ClO)2 0.940 (83) -1.259 (irr) -1.514 (irr)
[Fe(L)2l(PFe)2  0.940 (83) -1.259 (irr) -1.514 (irr)
[Fe(L)2](Cl04)2 0.575 (98) -0.930 (irr) -1.474 (irr)
[Fe(L))2l(BF4)2  0.550 (96) -0.912 (irr) -1.556 (irr)
[Fe(L)2l(ClOL)2 1.262 (75) -0.812 (irr) -1.179 (irr)

Reliable data could not be obtained for the polymire to the low conductivity of the
solution and the tendency of the polymer to forrsulative layers. Therefore, it can

only be assumed that the polymers have the sameragbemical behaviour.
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7.5 Electronic absorbance spectroscopy

As previously discussed electronic absorbance gmatipy provides insight into SCO
behaviour, but it also provides an indication obrbnation behaviour. By comparisons
between electronic spectra it can be determindideifsame metal-ligand configuration

has been formed.

7.5.1 Iron(ll) bis(2,2".6',2"-terpyridine) based complexes

Shown in Figure 7.5.1.1 are the electronic absardapectra of the 2,6-di(pyridine-2-
yl)pyridine-4(1H)-onate (OTerpy) based complexes ([Fl(CIO.),, [Fe(L))s](PFs)2
and [Fe(!");](ClO,),), and the 4-(2,2':6'2"-terpyrdine)-4"-yl-phenela(OPhTerpy)
based complexes ([Fe{k](ClO.)2, [Fe(L)2](PFs)2 and [Fe(EH),](ClOy),). In each case
an MLCT band consistent with the formation of a([Ferpy)]** species was observed
(see Figure 7.5.1.1).

35— 35— =
[Fe(L),](ClO,), [Fe(L™),)(CIO,),

304 |= = [Fe(L) )(PFy), P 300 [Fe(L™),I(CIO,),

"’8 el [Fe(L®),)(CIO,), '\ ’s

< —=Fel)IPF), | ga
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£ LA
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w
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400 ' 4&130 I 5C|)0 ' 5é0 I 6(l)0 ' GéO I 400 ' 4&I'>0 ' 5(|)0 ' SéO I 6C|)0 ' GéO '
Wavelength (nm) Wavelength (nm)

Figure 7.5.1.1Electronic absorption spectra. Left: [FéX;l].(CIO4)2, [Fe(Ll)z](PFe)z,
[Fe(L*)2](ClO4)2 and [Fe(E)2l(PFs)2. Right: [Fe(L)2](ClO), and [Fe(ER)2l(CIO,)..

The absorption spectra of [Féjt](ClO,), and [Fe(L),](PFs). are identical showing no
significant anion interaction in the solution phabe addition, the spectra are almost
identical to that of the unsubstituted terpy comp[&e(Terpy)](ClIQ).);*” however, the
Amax Of the MLCT (556 nm) is red shifted by 4 nm relatito it (552 nm) (see Table
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7.5.1.1). This behaviour is consistent with thetdlielectron-withdrawing effects of

phosphazene ether observed for the ruthenium amal@ge Chapter 6).

Based on time-dependent-DFT (TD-DFT) calculations tnajor contributor to the
MLCT is the transition from (HOMO, HOMO-2» (LUMO, LUMO+1) transition at
549 nm. These orbitals are localised to the [Feg(f)gF* centre with only small
contributions from the P-O bond (see Figure 7.5,1a&signments of the first 10

transitions are included in the Appendix F.

o
'C:f 39%

HOMO

40%

HOMO-2 LUMO+1

Figure 7.5.1.2Molecular orbitals associated with the 549 nm ftiteors

[Fe(L'),](Cl04), (555 nm) displays an identical MLCT band to [F84(ClO.), but is
only shifted by 1 nm (see Table 7.5.1.1), thistshithin the range of error but could be
accounted for by solvochromic effects. However,s tigrovides strong evidence
[Fe(L'"),](Cl0.), contains the same [Fe(Tergly) core as [Fe(}),](ClO)..

The electronic spectra of [Fe(b](ClO.),and [Fe(1%);](PFs). were also identical, once
again showing no anion interactions. As with thenptexes [Fe(L);](ClO4), and
[Fe(LY)](PFe)2 the Amax (568 nm) of the MLCT band was red shifted relatige
[Fe(PhTerpy](ClO4),,*® although only by 2 nm (see Table 7.5.1.1). Theucédn of
red shifting is due to the phenyl ring of lincreasing the distance between the
phosphazene ether bond and the [Fe(Telfyore. This is consistent with the TD-
DFT calculations; there is still a small contrilmutifrom the P-O bond in the relevant

orbitals, although this contribution is greatly uedd compared to the [FéejL]**
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complexes. In addition, no contributions from thieogphazene are observed (see

Appendix F).

Like [Fe(L*)2](ClO4), and [Fe(L)s](ClO.),, [Fe(l*)):](Cl04), (568 nm) display an
identical MLCT band with [Fe(f),](ClO.), except the extinction coefficient is slightly
lower for [Fe(l*"),](ClO4), which is likely due to the inherent inaccuracy thme
molecular formula of a polyphosphazene (see ChdpteHowever, this similarity of
MLCT bands is strong evidence that the [Fe(Tedpyore for [Fe(ED),](ClO.), is the
same as [Fe),](CIO,)..

Table 7.5.1.1Peak MLCT absorption wavelengths and extinctiorffcment.

Complex Amax/ NM (€ / 10° L mol™ cm'™)
[Fe(Terpy}](ClOg),? 552
[Fe(PhTerpyj](CIO,).° 566"
[Fe(LY))(ClO4),° 556 (12)
[Fe(LY))(PFe)2® 556 (12)
[Fe(L)2](ClO,),° 568 (29)
[Fe(L*)2](PFe)2* 568 (30)
[Fe(L'")2](ClO,)," 555 (12)
[Fe(L*)2](ClO,)," 568 (26)

2Recorded in acetonitril&,in chloroform.

Variable temperature measurements were performedagh of the small molecule
complexes from 243-343 K and 243-323 K for the payc analogues. None of the

complexes displayed a variation in spectra as etiium of temperature.
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7.5.2 Iron(ll) bis(2,6-di{1H-benzimidazol-2-yl)pyridine) based complexes

Both [Fe(L®),](Cl04), and [Fe(f),](BF4). complexes display an MLCT, typical of an
iron-bis(2,6-di{1H-benzimidazol-2-yl}pyridine) ([Fe(bbp)*") complex, with Amax Of
560 and 561 nm respectively. Only a 1 nm differewes seen between the complexes
but it was reproducible, which suggests that thera weak interaction between the
cationic complex and the anion. Thgax of each of the complexes are red shifted by 8—
9 nm relative to the hydrogen substituted comple(jbpl](ClO4)2 (Amax 552 nm in
acetonitrile)?® This is explained by the slight electron-withdrawieffects of the

phosphazene ether unit observed in the previous ges.
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Figure 7.5.2.IMLCT band absorbance as a function of temperature f
[Fe(L®),](ClO.,), (recorded in benzonitrile).

The extinction coefficient of the MLCT band decreésas the temperature was
increased. A notable difference was observed betwie tetrafluoroborate and
perchlorate analogues. Based on the ruthenium bbgplexes the anion hydrogen-
bonds with the imidazole proton altering the optead electrochemical properties of
the complex? It is possible that enough of an interaction isesked to affect the SCO
behaviour in solution (see Figure 7.5.2.2). Vaeal®@mperature measurements were
recorded in both acetonitrile and benzonitrile, didferences in behaviour were
observed between the solvents. Therefore, thewdasecollected in benzonitrile due to

its high boiling point. Due to the limitations dig equipment it was not possible to
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record the data to either higher or lower tempeegtupreventing the determination of

the thermodynamic parameters.
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] = [Fe(L’),l(BF,),

4.0—- LN ° [Fe(LB)z](CIOA)z

3.5
3.0
2.5+

2.0

e (L mol" ecm™ x10%

1.5+

1.0

T T T T T T T T T T T 1
260 280 300 320 340 360
Temperature (K)

Figure 7.5.2.2Extinction coefficient vs. temperature for [F&4](ClIO,), and
[Fe(L),](BF.)2 (recorded in benzonitrile).

The curve could also be very gradual because timplex breaks down as a result of an
equilibria formed with coordinating solvents (aggtdle or benzonitrile). Lineret al.*°
determined that in coordinating solvents the mamw bis-coordinated complexes form

an equilibria with the metal ion.
[Fely]?* = [FeL(solvent)]** + L = [Fe(solvenj]*" + 2L

Titrations of > with iron salts in acetonitrile (see Appendix )l display peaks that
could be attributed to the [FE)CHsCN)s]** species. However, no evidence of this
complex was observed in the recorded mass-spectaithpugh it could be a
contributing factor to the temperature dependentcéhe extinction coefficient in
addition to SCO.

The polymer analogue did not display an MLCT bamhdamy temperature; this is
inconclusive as it could be due to the polymer §emthe HS state or it could be that
the metal concentration is too low to be detecésdpccurred in the similar ruthenium

complexes.
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7.5.3 Iron(ll) bis(2,6-di{1H-pyrazol-1-yl}pyridine) based complexes

A significant difference is observed between comete [Fe(l*),](CIO4), and
[Fe(L*M),](Cl04).. [Fe(L*)5](ClO.), only displays absorbance between 300 and 200 nm,
associated withr - =* transitions, with no observable MLCT bands for adcessible
temperatures. Such an electronic spectrum is itidecaf an HS complex. However,
complex [Fe(£),](Cl04), shows a different behaviour. In addition to the> n*
transitions it also displays an MLCT band which giets of two peak transitions at 524
nm (1550 L mol cm?) and 491 nm (1316 L mdlcm™) (see Figure 7.5.3.1). This is
significantly shifted compared to that of [Fe(bf(BF,). with Anax Of 418 and 380
nm?>! but it is consistent with that of the TD-DFT cdhtipns, which show the
excitations are localised to the [Fe(bg)p)core, due to the phenyl spacer preventing the
phosphazene from contributing. With the possibiifySCO occurring it is impossible
to determine if the same metal-ligand configuratitas been formed for both the

polymer and SMA.

The variable temperature measurements show th @I band of [Fe(£),](ClO.),

decreased as the temperature was increased, ermtaciof SCO (see Figure 7.5.3.1).
However, the polymer was only soluble in chlorofoifirthe temperature range was
limited. As neither a pure HS nor LS solution coblg obtained, the thermodynamic

parameters could not be determined.
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Figure 7.5.3.1Left: Absorbance spectra of [Fé{)s](ClO.), collected at a range of
temperatures. Right: the extinction coefficienfred(L*"),](ClO4), at 524 nm as a

function of temperature.
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7.6 Vibrational spectroscopy

FT-IR spectroscopy was initially used to study thiérational behaviour of the
complexes; however, all the spectra were dominbyeithe aromatic vibrational modes,
thereby showing little difference between each demSolution rR was also attempted.
While the small molecule complexes produced a hsjgnal-to-noise ratio, the
polymers did not, due to the cross-linked polynfersning precipitates that scattered
the light. Therefore, solid-state rR was employathwing the vibrational modes of the
iron-ligand centre to be observed, which affordegtesater range of temperatures to be
measured than in the solution phase (data collesye®. Horvath and K. Gordon,

University of Otago).

7.6.1 Iron(ll) bis(2,2".6',2"-terpyridine) based complexes

RR data was collected usingac of 568, 514 and 457 nm (exciting the MLCT).
Excitations at 568 nm displayed the greatest sigprabise ratio due to it being closest
to the peak absorbance; however, 514 nm and 45digptayed similar results. By
comparison to DFT models the enhanced vibratioraden primarily consisted of the
terpy ring distortions and iron-nitrogen bond sihétg (see Appendix F for
assignments). It was noted that [F8§]°* complexes displayed contributions from the
phosphazene ring for the low energy delocalisedratitmal modes; however,
[Fe(L?),)** displayed little, providing further evidence thhe addition of a phenyl
spacer, specifically one that is not in-plane witle chromophore, prevents any

contributions from the phosphazene ring.
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Figure 7.6.1.1Solid-stateR spectra recorded using 568 nm excitation. Left:
[Fe(LY)2](Cl04), and [Fe(tD),](Cl04).. Right: [Fe(1?),](Cl04), and [Fe(2),](ClO.,),.

[Fe(L?M),](ClO.), displayed an almost identical rR spectra to [ER[(CIO4), with
differences in Raman shift less than 2 csee Figure 7.6.1.1). Confirming that the
same [Fe(Terpy)** core has been formed in the polymer and SMA. [E&{(ClO.),
displays a similar correlation between the poly@ed SMA with the exception of two
peaks. The peaks (1358 and 1488'are shifted by 4-5 cirelative to the polymer.
These vibrational modes correspond to the OTerpg deformations (see Figure
7.6.1.2). As with each of the other vibrational resdhe same [Fe(Terp}j" cores are
formed in the polymer and SMA; the shifting of the peaks are due to matrix effects.
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1
‘fs

1488 cm™

Figure 7.6.1.2Two different vibrational modes of [Felik]?*, Red arrows indicate
displacement vectors.

256



The spectra were recorded at 79, 298 and 362 kchsdages in vibrational modes were

observed, suggesting the absence of SCO.
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7.6.2 Iron(ll) bis(2,6-di{1H-benzimidazol-2-yl}pyridine) based complexes

As for the OTerpy and OPhTerpy based complexes @R eollected at 514, 568 and
457 nm. Both 568 and 514 nm produced a suitableakip-noise ratio. As such the
spectra were collected at a range of temperatigeS68 nm is shown in Figure 7.6.2.1

andiex 514 nm is included in Supplementary S7.

Intensity

600 800 1000 1200 1400 1600
. -1
Raman Shift (cm™)

Figure 7.6.2.1Solid-state rR collected for [Fei)g](BF4)2. hex 568 nm.

Assignments of the vibrational modes were agairedbasn DFT calculations, in this
case they were only based on the low temperatuteisguaranteed they were of the
LS species. The IR data was collected at room testyoe; these were not used for the
initial assignment. The vibrational modes enhanbgdrR corresponded to those
localised to the [Fe(bbglf* core with contributions from the phosphazene fer fow

energy delocalised vibrations.

As the temperature was increased, significant iiffees were observed, e.g. additional
peaks were observed at 1556 btfwee Figure 7.6.2.2). By comparison to the HS DFT

model, it can be tentatively assigned as the HSispe
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Figure 7.6.2.2Vibrational mode assigned to 1556 tior HS-[Fe(L®),]**, red arrows
indicate displacement vectors (exaggerated foitg)ar

The rR of the polymeric analogue ([F&{)2](CIO4),) was recorded under the same
conditions as the SMA; however, as with the simiathenium polymers the metal

concentration was too low to give suitable data.
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7.6.3 Iron(ll) bis(2,6-di{1H-pyrazol-1-yl}pyridine) based complexes

It was not possible to obtain rR data for [F84(ClO.), due to the absence of strong
absorbance associated with the metal centre. Atspreviously observed with the other
compounds, the IR spectra were dominated by arommatg distortions, making it
unsuitable for studying the metal centre. Desplie MLCT band observed for
[Fe(L*"),](Cl0,), it was also too fluorescent to obtain high quatlydata. Therefore,

this result is inconclusive for both complexes.
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7.7 Magnetic moments

As a definite means of determining the SCO behawadihe complexes a SQUID was
used to measure the magnetic moments of the cosgplex a function of temperature
(data collected by B. Moubaraki and K. Murray, MsindJniversity). It is important to

note that for safety reasons the perchlorate corepleould not be heated.

7.7.1 Iron(ll) bis(2,2":6',2"-terpyridine) based complexes

Shown in Figure 7.7.1.1 are the magnetic momenfBe(l'),](ClO4),, [Fe(LY)](PFe)-,
[Fe(L?),](ClO,), and [Fe(),](PFs).. Although [Fe(L),](PFs). has a higher magnetic
moment (1.351g) than [Fe(L}),](Cl04), (0.83 us), at low temperature both are within
the typical range of values for LS octahedral iocmmplexes, consistent with the other
data collected for these complexes.

[Fe(L?),](ClO,), and [Fe(),](PFs). display a difference in behaviour. [FE4l(PFs).
remains LS (0.58;5) below 294 K; however, once heated beyond this teatpe the
magnetic moment begins to increase. [ER{(CIO,), remained LS (1.09w) for all
available temperatures, while its magnetic momenhained higher than that of
[Fe(L?),](PFs)> (see Figure 7.7.1.1), which could be due to tresgmce of a minute
amount of paramagnetic impurity or simply the difigce in anion has slightly altered
the magnetic behaviour, which has been shown tourodn many literature

examples>°%°3

The change in magnetic moment for [F8f](PFs). could have also been caused by the
loss of solvent on heating; but such behaviour @dwdve been observed in all of the
complexes as they each contain acetonitrile. Thegett is likely that this complex
displays the start of SCO. The reason [BR{(PFs). displays the start of SCO and
[Fe(LY),](PFs), does not is due to the phenyl spacer friricreasing the length of the
complex, thereby increasing the strain on the neeatre (see Chapter 3 for the crystal
structure). The increase is similar to that obs®rwe the banana-shaped terpy
complexes of Hayami et af',but to a far lesser extent. Unfortunately, the nesig

moment could not be collected beyond 340 K duééditnitations of the equipment.

261



| —n— [Fe(L1)2](CIOA)2 L] [Fe(Lz)z](CIOA)2
5 A [Fe(L))PF), | 5- A [Fe(L),)(PFy),
44 4
"o
=
= 31 34
@
1 4
2 24
1 A,a,%a, 4444
1 . ‘A-:>:>:':’:":'ﬁ’:’t_._t._‘_‘_‘ 14 m NN N NN
7 iggmanmEEEEE ."‘— A
] AA‘AAAAAAAAAAAAAAAAAA
0 T T ™ T ™ T ™ T T T T T T 1 0 T T T T T T 1
0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350
Temperature (K) Temperature (K)

Figure 7.7.1.1Variable temperature magnetic moments. Left: [Eg[(ClO.), and
[Fe(L")2](PFs)2. Right: [Fe(1)2](PFe)2.

Optical excitations were also attempted for thesenmlexes, but displayed no

transitions to the HS state.

Magnetic moment data was collected for each of tha@lymer analogues
([Fe(L*™),](ClOL), and [Fe(),])(ClO.),); these displayed the presence of a
paramagnetic impurity. This impurity could havegamated from excess Fe(G)R
remaining in the polymer matrix, an iron speciesrdmating to the polymer backbone
or residual OPf" reacting with the iron to form an iron(lll) spesieThe impurity
occurred in significant enough amounts to invabkdhe data for the polymers.
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7.7.2 Iron(ll) bis(2,6-di{1H-benzimidazol-2-yl}pyridine) based complexes

Shown in Figure 7.7.2.1 are the magnetic momentgewsperature for [Fef)s](ClO4),

and [Fe(l),](BF4).. Each of the complexes displayed an increase gnet& moment
as the temperature was increased. Due to the dageeating a perchlorate salt,
[Fe(L3),](ClO4), could only be heated to 317 K. Therefore, onlyitiigal SCO curve
was observed. For [Fell](BFa),, the complex was safe to heat to 400 K. In this
temperature range an almost full SCO curve wasreedavith a T, at 336 K (& run).
After heating, solvent was lost from the latticeealy altering the behaviour of the
complex. Once the solvent was lost the complexcowlt be cooled low enough to

form the LS species {2run). Successive heating resulted in a furthes hfssolvent,

further altering the magnetic behaviour, trappinig the mid-spin state Brun).
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Figure 7.7.2.1Magnetic moment vs. temperature. Left: [F8§(ClO.),. Right:

[Fe(L®):](BF4)=.

Magnetic data was not collected for [F&L](CIO,), as the metal concentration is too
low to detect in the diamagnetic polymer matrix. il&Imany physical properties can be
assumed to be the same between polymers and ShdAassumption may not hold true

for SCO because it tends to be environmentally oidget.
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7.7.3 Iron(ll) bis(2,6-di{1H-pyrazol-1-yl}pyridine) based complexes

Shown in Figure 7.7.3.1 is the magnetic momentFe([*),](ClO4), recorded over a
temperature range of 4 to 300 K. Between 50-30h& domplex displayed Curie-
Weiss behaviour with a magnetic moment of pg2 a typical value for an octahedral
HS iron complex. Below 50 K there is a reductionmagnetic moment down to a value
of 3.75ug at 4 K. This behaviour is associated with zerddfigplitting of the spin
quintet state. The complex being in the HS stateoissistent with the absence of an

MLCT band in the UV/Vis absorbance spectra anditability to obtain rR and NMR
data.

As was observed for the OPhTerpy based complex@sadiition of a phosphazene
provides enough strain on the metal centre to iI@d8€O behaviour. However,
[Fe(bpp}]** systems already display SCO, and increased diranto the bulk of the
attached phosphazene results in the HS specieg l@minant. It is possible that

substituent effects (i.e. electron donation) alsotgbute, but it is impossible to say to
what degree.

5.5+

.#

504

Bk

4.0

3.5

T T T T T T T T T T T
0 50 100 150 200 250 300
Temperature (K)

Figure 7.7.3.1Magnetic moment of [Fe()2](ClO.)2.

The magnetic moments of [FéM](CIOL), were not recorded because both
[Fe(L*™),](Cl04), and [Fe(?),](ClO.), displayed the presence of a paramagnetic
impurity, therefore it is likely the same would acdor this polymer.

264



7.8 Mossbauer spectroscopy

Mdssbauer spectroscopy was used to complementadatie previous techniques. It
was used to identify the coordination behaviouth&f polymers and compare it to the
SMA; in addition, the spin states of all of the qexes were investigated. While the
small molecule complexes have sufficient naturahito give a suitable signal, the
polymer complexes required iron-57 enrichment (detdlected by G. Jameson,
University of Otago). Only two Mdossbauer studiesvénabeen performed on

polyphosphazenes and on the cyclotriphosphaZefibe polymer studies focused on
how iron(lll) protoporphyrin coordinated to an iraizble substitute®®’ These studies

had the advantage of being able to purify a stablespecies before reacting it with the

polymer; this provides a significant differencelie polymers in this investigation.

7.8.1 Iron(ll) bis(2,2":6',2"-terpyridine) based complexes

Shown in Figure 7.8.1.1 are the Mossbauer specfra[Fe(L);](ClOs), and
[Fe(L*™),](Cl04), collected at 4 K. [Fe),](ClO.), displays a doublet withis, (0.27
mm s') andAEg (0.96 mm 8), and [Fe(Lt)),](ClO4), shows the presence of a doublet
with diso (0.30 mm 8 ) andAEg (1.15 mm 8). The slight difference could be attributed
to matrix effects but both sets of values are wittie range of an LS [Fe(Terp}y'

complex.

In addition to the doublet, [Fetf),](ClO.), also displayed a septuplet signal, this
corresponds to an unknown slow relaxing paramagiapurity which was detected in
the magnetic measurements. This impurity is noentes! in [Fe(£),](ClO.),, although
this may be due to it being purified by crystallisa. Polymers are a distribution of
products rather than one pure species, it is plessetiber iron species are present, e.g.
coordinating to non-specific sites or residinghe polymer matrix. It was observed that
by reducing the amount of iron added that the ratitnis impurity was reduced but not

eliminated.
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Figure 7.8.1.1M6ssbauer spectra of [FEjL](ClO4). and [Fe(t9),](ClO.,) collected at
4 K. [Fe(L*P),](ClO,), enriched with iron-57.

Mossbauer data was collected at 4-298 K (the imstnt limits), no significant
differences were observed. This behaviour is ctergisvith the magnetic data collected
for [Fe(LY),](ClO.),. Therefore, it can be confirmed within the tempa® range that
both the SMA and the polymer remain LS.

Shown in Figure 7.8.1.2 are the Mossbauer specfra[Fe(L?),](ClO4), and
[Fe(L?),](Cl04), collected at 4 K. [Fe()](ClO4). displays a doublet signal wit,
(0.24 mm 8) and AE, (0.98 mm 8), consistent with an LS [Fe(Terp}j" complex.
[Fe(L?M),](Cl04), may display a doublet consistent with an LS [Fe§yp]*" species
being present; however, an overlap of the parammgepecies previously discussed
prevents a definite identification. When recorded288 K the paramagnetic peaks
shifted independent of the doublet, showing thatgjbecies were not linked.

The doublet of [Fe(f);](ClO4), and the suspected doublet of [F&[L](ClO.), remain
relatively unchanged when heated. This data cosfitrat within this temperature range
[Fe(L?),](ClO4), remains LS consistent with the magnetic data. Basethe previous
[Fe(L*),](Cl0,)- it is likely that [Fe(127),](ClO4), is also LS but cannot be confirmed
with the paramagnetic species overlapping. Howetver,presence of this species fits

the electronic and rR data collected.
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Figure 7.8.1.2M6ssbauer spectra of [Fé[L](Cl04), and [Fe(?7),](ClO.,), collected at
4 K ([Fe(L*),](ClO4), enriched with iron-57).
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7.8.2 Iron(ll) bis(2,6-di{1H-benzimidzol-2-yl}pyridine) based complexes

Each of the Obbp based complexes ([Bp{X., X = BF, or ClOy) displayed the
characteristic doublet withis, (0.35 mm &) and AEq (0.47 mm &) consistent with an
LS [Fe(bbp)]** complex>® Neither complex displayed a significant differerase the
temperature was increased, although 294 K (theaitigntemperature of the equipment)
was below the temperature at which the SCO begandoar (see Figure 7.8.2.1).
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Figure 7.8.2.1Mdssbauer spectra of [F€[k](ClO4), recorded at 4.2 K, 200 K and 294
K.

Even with the use of 99% iron-57 the signal-to-aoratio was too low to obtain

suitable results, therefore no data was collected the polymeric analogue
[Fe(L™)2](ClO4):.
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7.8.3 Iron(ll) bis(2,6-di{1H-pyrazol-1-yl}pyridine) based complexes

The OPhbpp based complexes displayed a strikindgerdifice. At 5.6 K,
[Fe(L%),](ClOy), displayed a doublet signal wisky, (1.38 mm &) andAEq (3.16 mm s

1), confirming that the complex is HS, consistenthvthe magnetic data and absence of
MLCT. However, [Fe(),](ClO,), displayed a doublet withs, (0.55 mm &) andAEq
(0.50 mm &) from 4.6-293 K consistent with an LS complexadtition to a low level

of the paramagnetic impurity (see Figure 7.8.3This again was consistent with the

presence of the MLCT.

A different complex being formed on the polymer megcount for this difference;
however, unless the polymer is substituted witlcteb®-donating groups of substituents
to direct coordination, the polymer backbone willt moordinate. As no coordinating
solvents were used during the synthesis, solveatdamation was not possible. This
means the only likely coordination species is the(Bpp)f* complex formed in the
SMA; the only explanation is that the same comglese is in different spin states. This
may occur because the rigid cyclotriphosphazengrefL?),](ClO.), strains the core
complex. The polymer backbone in [F&)](CIO.), is far more flexible, reducing the

strain on the core complex.

Absorption (%)

[Fe(L*),](CIO,),

T T T T T

4 2 0 2 4
Velocity (mm s™)

Figure 7.8.3.1Mdssbauer spectra of [Féljk](Cl04), and [Fe(l*"),](ClO,), collected at
5.6 K and 4.6 K respectively ([Fetl),](ClO.), enriched with iron-57).
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7.9 Conclusion

The electrochemical, electronic, vibrational andgnetic behaviours of the iron(ll)
metallo-polymers and their SMA were used to assiesscoordination behaviour and

physical properties of the complexes.

As with the ruthenium analogues, the oxidation ptig¢ of the SMA showed that the
phosphazene ether groups act as electron-withdgagrioups causing the red shift of
the MLCT maximum and cathodic shift of the"Heg" oxidation. Also, as with the

ruthenium analogues, a consistent Hammett parammetdd not be determined.

The vibrational and electronic spectra confirmedat tHFe(L*),](ClO.), and
[Fe(L?),](Cl04), formed the same complex core as their SMA. Howewith only 5%
substitution it was not possible to obtain qualityta from [Fe(EM),](ClO4),, and
[Fe(L*?),](Cl04), displayed an MLCT band but the SMA did not. Thiéedence did not

necessarily preclude the existence of the same leammather SCO could play a role.

Using variable temperature magnetometry, rR and didiiser spectroscopy, it was
determined that [Fef),](ClO4),, [Fe(L))-](PFs). and [Fe(L"),](ClO4), were LS for all
obtainable temperatures. [FEJ(PF), displayed the start of SCO beyond 294 K,
while [Fe(L?),](ClO4), remained LS, and it is suspected that [E®¢(CIO4), remains

LS but this is difficult to confirm due to the pese of a paramagnetic impurity.

[Fe(L®),](BF.), displayed an almost complete SCO curve betweenk2@éd 400 K.
Through the course of the measurement, solventlegistrapping the complex in the
mid spin-state. [Fe(),](ClO.), also displayed the start of SCO at 200 K but due t
safety concerns could not be heated beyond 317 Kwi#h the other measurements,
[Fe(L*"),](Cl04), did not contain enough iron to record either méigner Méssbauer

data.

[Fe(L%,](ClO4), and [Fe(*"),](ClO4), provided a striking difference in behaviour
compared to the OTerpy and OPhTerpy based compl@ked”),](ClO4), remained
HS for all temperatures, accounting for the abseosfcan MLCT band. However,
[Fe(L*),](Cl0.), remained LS for all measureable temperatures. difference is

possibly due to reduced strain on the complex dwerore flexible polymer backbone
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rather than a rigid ring. This proves that whilenp@hysical properties of polymers can

be modelled with SMA, SCO is not always one of them
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Conclusion and final remarks
This investigation had two main objectives:

) to determine the feasibility of a spin crossoveL @8 grafted polymer, and
i) to use ruthenium(ll) complexes to attach other gsaiw a polyphosphazene
backbone.

To this end, four different tridentate ligands ¢8jGyridine-2-yl)pyridine-4(H)-onate
(OTerpy); 4-(2,6-di{pyridin-2-yl}-pyridine-4-yl)pheolate (OPhTerpy); 2,6-di-
benzoimidazol-2-yl)pyridine-4¢1)-onate (Obbp); and 4-(2,6-diftpyrazol-1-
yl}pyridine-4-yl)phenolate (OPhbpp)) were attachedoth the polyphosphazene and
cyclotri- and polyphosphazene ligands to act adlsim@ecule analogues (SMA).

The synthesis of the ligands*dL’and **~L*") demonstrated that for the substituents
OTerpy and Obbp, the enone tautomer was favoure@ esult, only one ligand would
attach per phosphorus atom and the reactions weieally slow. However, for the
substituents containing a phenyl spacer (OPhTeandyGPhbpp) the phenol tautomer
was favoured, leading to rapid and complete reastiBach of the polymers contained
unreacted P-ClI units; this is predominately dustésic hindrance around the reactive
site. In future projects, this could be improvedusyng either phenol or 4-methylphenol

in place of 4-tert-butlyphenol.

When the ligands (=L’ and *"-L*") were reacted with iron(ll) salts, homoleptic
iron(Il)-bis-ligand complexes were formed. For gadymers, this initially caused intra-
chain linking possibly forming loops, but after @rpassed or solvent was removed
inter-chain cross-linking occurred. This resultednisoluble materials being formed.
Through the use of electronic absorbance, resorRas®n (rR), magnetometry and
Mossbauer spectroscopies it was determined thatdlyeners [Fe(£),](ClO.), and
[Fe(L?),](Cl04), had the same complex core as their SMA ([Bg](ClO.), and
[Fe(L?),](ClO.),). With the exception of [Fefl.](PFs). each of the OTerpy and
OPhTerpy based iron complexes was determined lovibepin (LS) for all
measureable temperatures. [F3(PF), displayed the start of SCO beyond 294 K,
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but a full SCO curve could not be obtained witlia instrument temperature range (4 —
400 K).

The low ratio of iron complex for [FefD),](ClO.), prevented the acquisition of high
quality data. Its SMA ([Fe(),](Cl04),) displayed the start of SCO but due to safety
concerns it could not be heated further, but [Be[(BF.)., being safer to heat,
displayed an almost complete SCO curve betweerk2@d 400 K. Once heated the

solvent was also lost, trapping the complex inntfeglium-spin state.

The iron-OPhbpp based complexes ([F&J(CIO.), and [Fe(*"),](Cl0,),) displayed a
difference compared to that of the OPhTerpy andr@fbased complexes. It is
assumed that the polymer forms the same homoleptiil)-bis-ligand complex core
that the SMA does. However, the polymer remaineddc&ll measureable
temperatures, but the SMA remained high spin (le&afl temperatures. This
difference is possible due to the flexible polyrhackbone reducing the strain on the

complex core that may have occurred with the rfidsphazene rings of the SMA.

While this investigation may not have produceddeal SCO grafted polymer, the
difficulties encountered and fundamental behavieguired for such a system to work
have been determined. Ideally, when using a polgphazene backbone, a coordinating
substituent should be chosen to have: i) a phgrades between the coordination centre
and the attaching nucleophile (e.g. phenol) torabigfast and complete reaction, ii)
SCO of the groups should be relatively independéris environment and tolerant to
some strain induced by attaching a phosphazenésitnithe Obbp based complexes.
Additionally, to prevent cross-linking, thereby inping solubility of the
metallopolymer, higher dentate ligands could belwesethe substituent, i.e.
macrocycles or by attaching to each phosphorous &doming a pseudo-tetradentate

ligand.

The OTerpy (£ and *F) and OPhTerpy (Land *") based ligands proved to be an
effective basis for attaching groups to a polyphegene backbone via ruthenium
complexes. Due to ruthenium (Il) kinetic inertnabsg, complexes could be formed in a
stepwise fashion in relatively mild conditions. dhgh the use of electronic absorbance
and rR spectroscopy it was possible to determiatethie polymers

(IRu(L™)(Terpy)ICk, ([Ru(L™)(PhTerpy)]Ch, [Ru(L*)(Terpy)]Ck and
([Ru(L*)(PhTerpy)]C}) had the same core complex as the SMA
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(IRu(L)(Terpy)l(PR)z, ([Ru(L)(PhTerpy)l(PB2: [Ru(L*)(Terpy)](PF)2 and
([Ru(L®(PhTerpy)](PE)-). Although rR determined that the enhanced vibreti
modes of the metal-to-ligand charge transfer (ML6dnd were predominantly
independent of the phosphazene ring, the oxidgientials of the complexes were
cathodically shifted and the MLCT band was bathoofically shifted relative to the
hydrogen-substituted analogues. This confirmedttitephosphazene ether bond was

acting as an electron-withdrawing group.

As with the iron complexes, both [Rufl(Terpy)]CL and [Ru())(PhTerpy)]C} had a
low complex ratio; this meant quality data could be obtained. As previously
discussed, the addition of a phenyl spacer fordhisstituent would make it possible to
improve the ratio. The SMA ([Rufl(Terpy)](PR)2, [Ru(L®)(PhTerpy)](Pk)2,
[Ru(LY)(bbp)](PR). and [Ru(L})(bbp)](PK)) displayed a dependence solution basicity;
as it increased, the imidazole protons were remdeeching an equilibrium between

the mono-protonated and deprotonated complexes.chainge in protonation caused a
bathochromic shift of the MLCT bands, vibrationabaes and oxidation potentials,
similar to the behaviour of [Fe(2,6-difitbenzoimidazol-2-yl}pyridine)(2,2":6',2"-
terpyridine)](CIQ).

The small molecule complexes based on the Ru-2]6tepyrazol-1-yl)pyridine-
2,2".6',2"-terpyridine moiety demonstrated a new whsynthesising this class of
complex using relatively mild conditions. Howevite electronic absorption and rR
spectra of their polymer analogues ([Rtj(Terpy)]ChL and [Ru(l*?)(PhTerpy)]Ch)
determined that they did not contain the same neeiadination centre; rather it was
suggestive, but not conclusive, that one of theralid atoms remained coordinated to
the ruthenium atom. This behaviour made it unstetédr attaching groups to the

polymer backbone but may warrant further invesiigeator other purposes.

For the purpose of attaching groups to a polyphazghe backbone via metal
coordination, the OTerpy and OPhTerpy substituentsdinated to ruthenium(ll) were
effective, although OPhTerpy has the advantagenodie rapid and complete synthesis
of the polymer ligand. With these substituentstdsthed as the most suitable in future
research, the ratio of coordination centres coeldgdried to assess the effect and longer

alkyl groups attached to the co-substituents taaw solubility without increasing the
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steric hindrance of branched alkyl groups. Withgheundwork established, more

complex groups other than phenyl will no doubt Bdea in future investigations.
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Appendix A: Chapter 2 Supplementary

A.l Ligand Synthesis

A.1.1 General Experimental

Analytical grades of solvents were used, excepaligtrofuran (THF), which was dried
over an alumina column. 2,2,3,3-bis(2@phenoxy)-1,1-bischlorocyclotriphosphazéne
(PsN3(Biphen)Cly), 1,2,2,3,3-pentakis(phenoxy)-1-chlorocyclotripploazeng
(PsN3(OPh)CI)  2,6-Bis(2-pyridyl)-4(H)-pyridone (HOTerpy) 4-(2,6-di{pyridin-2-
yl}-pyridine-4-yl)phenol (HOPhTerpy) 2,6-di(1H-benzoimidazol-2-yl)pyridine-4¢)-
one (HObbp), 4-phenol-2,6-bis(1-pyrazolyl)pyridine (HOPhbfp)4-methoxy-2,6-
di(1H-pyrazol-1-yl)pyridiné were synthesised by literature methodsC®&;, NaH
(60% dispersed in mineral oil), phenol, 2Rphenol (Biphen), tetrabutylammonium
bromide (TBAB), quinolin-8-amine, 2,5-dihydroxybeidehyde and 1,1,2,2,3,3,4,4,4-
nonafluorobutane-1-sulfonyl fluoride (NfF) were a#lourced from Aldrich. All
manipulations were carried out under an argon ghimare, using standard Schlenk
techniques. Microanalysis was performed at the Geathplicro-analytical Laboratory,
University of Otago after samples were dried ungsctuum at 50°C for at least 24
hours. Phosphorus and fluorine NMR data was recoate a Bruker Avance A400
spectrometer, and proton NMR data was recorded oBruker Avance A500
spectrometer. Proton data was internally referenimedetramethyl silane (TMS),
phosphorus data were referenced to an externallsashB0% ortho phosphoric acid
and fluorine data were referenced to an exterriefeace of trifluoroethanol. NMR data
were assigned using 2D NMR and Density Functionlaéofy (DFT) simulations.
ESMS were obtained from an acetonitrile solutionaomicromass ZMD spectrometer
run in the positive ion mode. Listed peaks corresptm the most abundant isotope.
Assignments were made by comparison of observedraeabured spectra. All values

stated in this section were recorded at room teatpes.
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A.1.2 Experimental Details
Al21 NsP3(OPh)s(OTerpy) Lh

N3P3(OPh}CI (100 mg, 0.16 mmol) was added to a solution @ioiig HOTerpy (40
mg, 0.16 mmol) and NaH (9 mg, 0.22 mmol) in THF (BQ). After stirring at reflux
for three days the solvent was removed under retdpcessure, leaving a white oil
which was washed with G&l,/water and dried over MgSOThe oil was purified by
column chromatography on silica gel with &Hy/hexane (1:1) as the eluent, producing
a colourless viscous oil. Yield: 73 mg (54%).

ESMS: m/z 849 [NP;(OPh)(OTerpy)H] . **P{*H} NMR (CDCls): 5 8.9 ppm (s, 3P).

'H NMR (CDCh): & 8.68 ppm (d (5 Hz), 2H), 8.62 (d (8), 2H), 8.382H!), 7.85 (t (8),
2H), 7.32 (t (8), 2H), 7.28 (t (8), 2H), 7.20 (9,(&0H), 7.16 (t (8), 8H), 7.05 (d (8), 5
H). Anal. Calc. for GsH3sNeOsP3.CH,Cl2.2CsH14: C, 62.93; H, 6.01; N, 7.59%. Found:
C, 63.34; H, 5.95; N, 7.30%.

Al1.2.2 NsP5(OPh)s(OPhTerpy) (L

N3P3(OPh}Cl (100 mg, 0.16 mmol) was added to a solution a&@oing
HOPhTerpy-3HCI (75 mg, 0.17 mmol) and NaH (34 mg§50nmol) in THF (30 mL).
After stirring at reflux overnight the solvent wasmoved under reduced pressure,
leaving a white oil which was washed with @Hp/water and dried over MgSOThe
oil was purified by column chromatography on silgeal with CHCl,:hexane (1:1) as
the eluent, producing a colourless viscous oill&i@30 mg (88 %).

ESMS: m/z 926 [NP3(OPh)}(OPhTerpy)H]. *P{*H} NMR (CDCl3): § 9.50 ppm:H
NMR (CDCL): 6 8.76 ppm (d (6 Hz), 2H), 8.72 (s, 2H), 8.70(d @&)t), 7.89 (t (8), 2H),
7.69 (d (8), 2H), 7.36 (t (8), 2H), 7.27-7.20 (rOH), 7.17-7.16 (m, 5H), 7.08 (d (8),
2H), 7.04-6.97 (m, 10H). Anal. Calc. forsfElsoNeOePs-%/sCeH14: C, 67.25; H, 4.96; N,
8.56 %. Found: C, 67.16; H, 4.98; N, 8.23 %.
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A.1.2.3 N;P3(OPh)s(Obbp) (S)

N3P3(OPh}CI (195 mg, 0.31 mmol) was added to a solution&oimg HObbp (100 mg,
0.31 mmol) and KCOs; (45 mg, 0.33 mmol) in acetone (50 mL). After &tigrat reflux
for five days the solvent was removed under redycedsure, leaving a pink solid that
was washed with CH@glvater and dried over MgSOA minimal amount of hexane
was added to the solution to form a white precipitdhe precipitate was filtered and
dried under vacuum. Colourless crystals were grawena slow evaporation of an
acetone solution. Yield: 140 mg (51%).

ESMS: m/z 927 [NP3(OPh)(Obbp)H], 965[NsPs(OPh)(Obbp)K]'. *'P{*H} NMR
(CDCl): 8 9.6 ppm (s, 3P}H NMR (CDCh): & 8.02 ppm (s, 2H), 7.40 (s, 2H), 7.05-
7.00 (m, 10H), 6.95 (d (8 Hz), 10H), 6.81 (t (8))86.77 (d (8), 5H). Anal. Calc. for
CaoH37NgO6Ps. /sCHCls: C, 59.28; H, 3.77; N, 11.13%. Found: C, 59.183H6; N,
11.06%.

A.1.2.4 NsP3(OPh)s(OPhbpp) (LY

The same procedure as OPhTerpy-1 was used excephbbpp (51 mg, 0.17 mmol)
was used in place of HOPhTerpy- 3HCI, producinglawtess viscous oil. Yield: 100
mg (70 %).

ESMS: m/z 904 [NP3(OPh)}(OPhbpp)H]. **P{*H} NMR (CDCls): § 9.32 ppm*H

NMR (CDCk): 6 8.51 ppm(d (3 Hz), 2H), 8.34 (s, 2H), 7.76 (s, 2H), 7.6 &}, 2H),
7.35-7.32 (m, 4H), 7.29 (s, 2H), 7.25 (t (8), 2A).6 (d (8), 6H), 7.13 (t (3), 4H), 6.94
(d (8), 6H),6.86 (d (8), 2H), 6.49 (d (8), 2H). Anal. Calc. for

Ca7H3NgO6Ps- 2GH14-/sCHCls: C, 63.94; H, 5.91; N, 10.05 %. Found: C, 63.95; H
5.67; N, 9.79 %.
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A.1.2.5 NsP3(Biphen),(OPh)(OTerpy) (L)

N3P3(Biphen}Cl, (200 mg, 0.35 mmol) was added to a solution camgi HOTerpy
(86 mg, 0.35 mmol) and NaH (28 mg, 0.70 mmol) inFTE0 mL). After refluxing for
three days, phenol (32 mg, 0.35 mmol) was addedfludeg was continued for an
additional day before the solvent was removed unelduced pressure, leaving a white
solid. The white solid was washed with &Hb/water and dried over MgSOA
minimal amount of hexane was added to form a wbieipitate, which was filtered
and dried under vacuum. Colourless crystals weosvigrvia a slow evaporation of a
CH.Cl,/hexane solution. Yield: 200 mg (66%).

ESMS: m/z 845 [NPy(Biphenk(OPh)(OTerpy)HI. **P{*H} NMR (CDCls): 5 9.4 ppm

(t (92 Hz), 1P), 25.3 (d (92), 2PH NMR (CDCk): & 8.74 ppm (d (5 Hz), 2H), 8.66 (d
(8), 2H), 8.58 (s, 2H), 7.86 (t (8), 2H), 7.49 {@,(4H), 7.43 (t (8), 2H), 7.36 (t (8), 4H),
7.28 (m, 9H), 7.21 (t (8), 2H), 7.15 (d (8), 2Hna&. Calc for GsH3:NsO6Ps- 2¥2H0: C,
60.75; H, 4.08; N, 9.45%. Found: C, 60.69; H, 4M99.42%.

A.1.2.6 NsP3(Biphen),(OPh)(OPhTerpy) (L%

N3Ps3(Biphen}Cl, (100 mg, 0.17 mmol) was added to a solution cairtgi
HOPhTerpy-3HCI (75 mg, 0.17 mmol) and NaH (35 mg§50nmol) in THF (30 mL).
After refluxing for a day phenol (32 mg, 0.35 mmalas added. Refluxing was
continued for an additional day before the solweas removed under reduced pressure,
leaving a white solid. The white solid was washathwCH,Cl,/water and dried over
MgSQ,. A minimal amount of hexane was added to form #embrecipitate, which was
filtered and dried under vacuuniield: 126 mg (81 %).

ESMS: m/z 921 [NPs(Biphen}(OPh)(OPhTerpy)H] *P{*H} NMR (CDCls): 5 10.25
ppm (t (90 Hz), 1P), 26.26 (d (90), 2B} NMR (CDCLk): 5 8.75 ppm (d (6 Hz), 2H),
8.73 (s, 2H), 8.69 (d (8), 2H), 7.90 (t (8), 4HBZ (d (8), 2H), 7.45-7.33 (m, 13H),
7.32 (t (8), 4H), 7.28 (t (8), 2H), 7.07 (d (8), 2H.05 (d (8), 2H). Anal. Calc. for
Cs1H35NgOsPs-*/4H-0: C, 64.63; H, 4.04; N, 8.87 %. Found: C, 64.974134; N,

8.50%.
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A.1.2.7 N;P3(Biphen),(OPh)(Obbp) (L)

N3Ps(Biphen}Cl, (175 mg, 0.30 mmol) was added to a solution camtgiHObbp (100
mg, 0.31 mmol) and ¥COs; (45 mg, 0.33 mmol) in acetone (50 mL). After rafhg for
five days, sodium phenoxide (40 mg, 0.33 mmol) added. Refluxing was continued
for an additional day before the solvent was rerdaweder reduced pressure, leaving a
pink solid. The solid was washed with g/water and dried over MgSOA minimal
amount of hexane added to form a white precipitateich was filtered and dried.
Colourless crystals were grown by the slow evajpmmadf an acetone solution. Yield:
150 mg (54%).

ESMS: m/z 923 [EN3(Biphen)(OPh)(Obbp)H], 961 [RNz(Biphenk(OPh)(Obbp)K].
31p{'H} NMR (CDCl3): 8 9.4 ppm (t (95 Hz), 1P), 25.1 (d (95), 2BJ.NMR (CDCh):

6 8.24 ppm (s, 2H), 7.59 (s, 2H), 7.51 (d (8 Hz))4H23 (t (8), 8H), 7.12-7.35 (m,
13H), 6.90 (d (8), 4H). Anal. Calc. fory§33NsOsPs.3H,0: C, 60.25; H, 4.02; N,
11.47%. Found: C, 59.66; H, 4.07; N, 11.38%.

A.1.2.8 2-((quinolin-8-ylimino)methyl)benzene-1,4Hol (HOQSal)

To a solution of quinolin-8-amine (500 mg, 4.33 ntmim ethanol (50 mL) 2,5-
dihydroxybenzaldehyde (597 mg, 4.33 mmol). The temiuwas refluxed for five days,
before the solvent was removed under vacuum, pmogue red solid. The solid was
dissolved in acetone and filtered. The filtrate wiai®d under vacuum leaving a pure
product. Yield: 1g (90%).

ESMS: m/z 265 [HOQSalF]*H NMR (CDCh): & 8.97 ppm (s, 1H), 8.96 (d (5 Hz),
1H), 8.42 (d (8), 1H), 7.90 (d (8), 1H), 7.69 (n)27.61 (d (8), 1H), 7.07 (s, 1H), 6.91
(d (8), 1H), 6.84 (d (8), 1H), 3.36 (s, 2HJC NMR (CDCE): 5 164.76 ppm, 154.24,
150.97, 149.94, 145.88, 142.28, 136.66, 129.19,2827126.82, 122.54, 121.81, 119.86,
118.77, 117.82, 117.45. Anal. Calc. foigld:2N.0,- HO: C, 68.08; H, 5.00; N, 9.92 %.
Found: C, 68.79; H, 4.62; N, 10.08 %.
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A.1.2.9 2,6-di(H-benzoimidazol-2-yl)pyridin-4-yl (NfObbp)
1,1,2,2,3,3,4,4,4-nonfluorobutane-1-sulfonate
HODbbp (500mg, 1.53 mmol) was dispersed in THF (2. NfF (465 mg, 1.54 mmol)
and NaH (65 mg, 1.60 mmol) were added, the solutiar stirred for 8 hours before
being filtered; the filtrate solvent was removedl@enreduced pressure. The solid was
dissolved in dichloromethane and washed with waker;organic layer was dried with
magnesium sulphate before the solvent was remowveédrwacuum leaving a pink solid,
that was washed with diethyl ether and left to dfield: 744 mg (80 %).
ESMS: m/z 610 [NfObbpH] **F{*H} NMR (C4DgO): 5 -82.3 ppm (s, 3F), -109.2 (s,
2F), -115.9 (s, 2F), -122.1 (s, 2F), -126.8 (s, 3F)NMR (C4Dg0): & 7.81 ppm (s, 2H),
7.68 (d (J = 8 Hz), 4H), 7.29 (t (8), 4H), 4.6%{mad, 2H)*C NMR (CDgO): & 172.9
ppm (s), 150.5 (s), 146.2 (s), 119.9 (s), 119(3 & 27 Hz)), 117.2 (t (3% 114.4 (t
(34)), 112.3 (t (39, 111.3 (s), 108.9 (pent (34)), 107.9 (pent (3Apal. Calc. for
Ca3H12FoNs05S- 30GH;s- ¥2H:,0: C, 50.00; H, 5.15; N, 8.33 %. Found: C, 49.924162;
N, 7.78 %.

A.1.2.10 4-(2,6-di(H-benzoimidazol-2-yl)pyridin- (HOPhbbp)
4-yl)phenol

NfObbp (400mg, 0.66 mmol), 4-hydroxyphenylboron@da(91 mg, 0.66 mmol) and
Pd(0)(PPB)4 (10 mol %) were suspended in argon-flushed sodveftmethanol and
toluene (1:1, 100 mL) and 2M NaO; (8 mL). The mixture was heated to 70°C for two
days under an argon atmosphere. The reaction raixivas dried under reduced
pressure, leaving a white solid. Water (100 mL) wadsled to the remaining solid,
forming a suspension; this was filtered and th&sehs washed with dichloromethane
leaving a white solid. Yield: 188 mg (71 %).

ESMS: m/z 404 [HOPhbbpH]
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A.2 Selected bond lengths
Table A.2.1Selected bond lengths (A) of-BH,0- GHeO, L>-2CHCI, and

L’ GHeO- H,O.

L3 3H,0-CsHgO

L > 2CH,Cl,

L’ . C3HgO-H,O

P(1) - N(1) 1.584 (4)
P(1) - N(3) 1.582 (4)
P(2) - N(1) 1.589 (4)
P(2) - N(2) 1.572 (4)
P(3) - N(2) 1.585 (5)
P(3) - N(3) 1.581 (4)

P(1) - N(1) 1.587 (3)
P(1) — N(3) 1.582 (3)
P(2) — N(1) 1.580 (3)
P(2) = N(2) 1.577 (3)
P(3) - N(2) 1.582 (3)
P(3) - N(3) 1.579 (3)

P(1) - N(1) 1.623 (3)
P(1) - N(3) 1.581 (3)
P(2) — N(1) 1.529 (3)
P(2) - N(2) 1.586 (3)
P(3) - N(2) 1.625 (3)
P(3) - N(3) 1.510 (3)
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Appendix B: Chapter 3 Supplementary

B.1 Iron(ll) Complex Synthesis

B.1.1 General Experimental

Analytical grades of solvents were used, each otlwtvas bubbled with argon prior to
use. Ag(CHCN),PR' and Ag(CHCN)BF,* were synthesised by literature methods.
Fe(ClQ).- 4H0, Fe(BR),:6H,0 and FeCGlt4H,O were all sourced from Aldrich. All
manipulations were carried out under an argon ghimare, using standard Schlenk
techniques. Microanalysis was performed at the Gethplicroanalytical Laboratory,
University of Otago after samples were dried ungscuum at 50°C for at least 24
hours. Phosphorus nuclear magnetic resonance (N¥fR)were recorded on a Bruker
Avance A400 spectrometer, and proton NMR data wecerded on a Bruker Avance
A500 spectrometer. Proton data were internallyresfeed to TMS, phosphorus data
were referenced to an external sample of 80% qsttasphoric acid. NMR data were
assigned using 2D NMR and density function the@¥T) simulations. Electrospray
mass spectra were obtained from an acetonitrileitisol on a micromass ZMD
spectrometer run in the positive ion mode. Listezhks correspond to the most
abundant isotopmer. Assignments were made by casopaof observed and measured

spectra. All values stated in this section weremded at room temperature.

Caution! Perchlorate salts with organic ligands are potépntexplosive and should be

handled with the necessary precautions
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B.1.2 Experimental Details
B.1.2.1a [Fe(})-](CIO 1),

To a stirred solution of L (100 mg, 0.11 mmol) in MeOH:CHEI(1:1, 8 mL)
Fe(ClQy),-6H0O (4.0 mg, 0.066 mmol) was added, immediately tgnihe solution
purple. Stirring was continued for 30 minutes beftine solvent was removed under
reduced pressure. The solid was dissolved in GH@H filtered through celite. The
filtrate was dried under reduced pressure, leagimqrple solid. Crystals were grown
by dissolving the solid in acetonitrile and vapaiiffusion of diethyl ether, producing
thin needles. Yield: 78 mg (68 %).

ESMS: m/z 876 [Fe(}),]*". **P{*H} NMR (CDsCN): & 11.1 ppm (m, 6P}H NMR
(CDsCN): & 8.70 ppm (s, 4H), 8.18 (d (8 Hz), 4H), 7.68 (t, @)), 7.42 (t (8), 4H),
7.36-7.15 (m, 42H), 7.04 (t (8), 4H), 6.98 (d @), 6.93 (d (8), 4H). Anal. Calc. for
CooH70ClaFeN 2020Ps: 2¥4GH1¢0- 2H0: C, 55.16; H, 4.77; N, 7.72 %. Found: C, 55.31;
H, 4.60; N, 7.68 %.

B.1.2.1b [Fe(L))2](PFe)2

To a stirred solution of 1 (100 mg, 0.11 mmol) in MeOH:CHEI(1:1, 8 mL),
FeCb-4H,0 (22 mg, 0.11 mmol) was added immediately turrtimg solution purple.
Stirring was continued for 30 minutes before thivesat was removed under reduced
pressure, leaving a purple solid. The solid wasalved in CHCJ and filtered through
celite. The filtrate was dried under reduced pres$eaving a purple solid. This solid
was dissolved in C#CN (5 mL) and Ag(CHCN)4(PF;) (85 mg, 0.33 mmol) was added,
immediately forming a white precipitate. The sadatwas stirred for 30 minutes before
the solvent was removed under reduced pressuresdiitewas dissolved in CHgand
filtered through celite. The filtrate was dried endeduced pressure leaving a purple
solid. The purple solid was dissolved in CHGInd precipitated with hexane for
analysis. Crystals were grown by dissolving the pound in CHCN and precipitated

by vapour diffusion of diethyl ether, to producentheedles. Yield: 76 mg (64 %).

ESMS: m/z 876 [Fe(),]*". **P{*H} NMR (CDsCN): & 10.6 ppm (m, 6P), -143.1 (sep
(792 Hz), 2P)*H NMR (CDsCN):  8.70 ppm (s, 4H), 8.17 (d (8 Hz), 4H), 7.78 (t (8)
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4H), 7.39 (t (8), 4H), 7.32-7.12 (m, 42 H), 7.048}, 4H), 7.02 (d (6), 4H), 6.93 (d (8),
4H). Anal. Calc. for GoH7oF12FeN;,01,Ps- 3Y,CHCls: C, 46.07; H, 3.04: N, 6.91 %.
Found: C, 46.09; H, 3.09; N, 6.96.

B.1.2.1c [Fe(Y),](BF4),

The same procedure as for [FBE(PFs), was used, except Ag(GBN),BF, was used
in place of AQ(CHCN)4PF; producing a purple solid. The purple solid wasaliged in
CHCI; and precipitated with hexane for analysis. Yi&ld:mg (66 %).

ESMS: m/z 876 [Fe(),]*. **P{*H} NMR (CDsCN): & 10.35 ppm (m, 6PJH NMR
(CDsCN): & 8.70 ppm (s, 4H), 8.17 (d (8 Hz), 4H), 7.78 (d @), 7.39 (t (8, 4 H),
7.32-7.12 (m, 42H), 7.04 (t (8), 4H), 7.02 (d @), 6.93 (d (8), 4H). Anal. Calc.
CooH70B2FsFeN;:01Ps: 3%2GH14: C, 59.83; H, 5.38; N, 7.54 %. Found: C, 59.84; H,
4.97: N, 7.26 %.

B.1.2.2a [Fe(1%),](ClO ),

The procedure as for [FE(L](ClO.), was used; however?lwas used in place of'L
forming a purple solid. Non-diffractable purple stgls were formed by vapour
diffusion of diethyl ether into acetonitrile. Thelisl was dissolved in chloroform and

precipitated with hexane for analysis. Yield: 60 (6§8%).

ESMS: m/z 953 [Fe(),]*". *'P{*H} NMR (CDsCN): 5 10.3 ppm (s, 6PjH NMR
(CDsCN): 9.14 ppm (s, 4H), 8.65 (d (8 Hz), 4H), 8.25&) 4H), 7.59 (t (8), 4H), 7.42-
7.29 (m, 26H), 7.24 (d (8), 4H), 7.13 (t (8), 12M)04 (d (8), 4H), 6.98 (d (8), 8H).

Anal. Calc. for GoH7sClFeN;,0,0Ps-/>,CHCls. C, 56.89; H, 3.66; N, 7.77 %. Found: C,
56.76; H, 3.41; N, 7.76 %.
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B.1.2.2b [Fe(l)2](PFe)2

The procedure as for [Fe{k](PFs), was used; however,’lwas used in place of'L
The purple solid was dissolved in CHGInd precipitated with hexane for analysis.
Purple crystals were grown via vapour diffusioretdO into a CHCN solution. Yield:
72 mg (59 %).

ESMS: m/z 953 [Fe),]*". **P{*H} NMR (CDsCN): & 10.3 ppm (s, 6P), -143.2 (sep
(708 Hz), 2P)*H NMR (CDsCN): 9.14 ppm (s, 4H), 8.65 (d (8 Hz), 4H), 8.25%)
4H), 7.59 (t (8), 4H), 7.42-7.29 (m, 26H), 7.24®&), 4H), 7.13 (t (8), 12H), 7.04 (d (8),
4H), 6.98 (d (8), 8H). Anal. Calc. for:165H7gF12FeN; 201,Ps- 1Y2CHCY: C, 52.33; H,
3.37; N, 7.07 %. Found: C, 52.26, H, 3.63; N, 4.8

B.1.2.3a [Fe(L®)-](CIO 1),

The same procedure as for [F&¢l(ClO.), was used, exceptlwas used in place of‘L
Non-diffractable purple crystals were grown fronsatilving in acetone, and vapour
diffusion of tert-butyl methyl ethekield: 72 mg (62 %).

ESMS: m/z 955 [Fe(),]*". **P{*H} NMR (CD3CN): §11.28 ppm (d (93 Hz), 4P), -
44.09 (t (93), 2P)H NMR (CD:;CN): § 14.48 ppm (4H), 9.00 (4H), 8.06 (4H), 7.85
(20H), 7.67 (10H), 7.57 (20H), 6.73 (4H), 6.32 (4BI)L7 (4H)? Anal. Calc.
CogH74CloFeNigO20Ps: GH120- 2H,0: C, 55.41, H, 4.06; N, 10.04. Found: C, 55.26; H,
4.01; N, 10.01 %.

2NMR proton coupling data unavailable for [F&¢(CIO.,), due to the complex being slightly
paramagnetic.
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B.1.2.3b [Fe(L®),](BF )2

The same procedure as for [FBEI(CIO,4), was used, exceptlwas used in place of'L
and Fe(BE).- 6H,O. Purple crystals were grown from dissolving irtace by vapour
diffusion of tert-butyl methyl ether. Yield: 70 n{§3 %).

ESMS: m/z 955 [Fe(),]*". **P{*H} NMR (CDsCN): 611.6 ppm (d (93 Hz), 4P), -41.9
(t (93), 2P)*H NMR (CDsCN): & 14.60 ppm (4H), 8.94 (4H), 8.04 (4H), 7.84 (20H),
7.61 (10H), 7.57 (20H), 6.84 (4H), 6.64 (4H), 6(2H).” Anal. Calc.
CogH74CloFeNigO20Ps-*/4CsH10- H:0: C, 56.39; H, 3.95; N, 10.34 %. Found: C, 56.34;
H, 4.02: N, 10.39 %.

B.1.2.4a [Fe(%),](ClO ),

L% (100 mg, 0.12 mmol) was dissolved in 30 mL ofs<CN. Fe(ClQ),.6H,O (22 mg,
0.06 mmol) was added to this solution immediatayming a yellow colour. The
solution was stirred for a further 30 minutes befdiethyl ether was allowed to diffuse
into the solution producing crystals of excess iqperchlorate, the solution was
decanted and the process was repeated until no inoorg@erchlorate crystals formed.
Non-diffractable yellow crystals were formed by wap diffusing diethyl ether into an
acetonitrile solution. Yield: 86 mg (70%).

Anal. Calc. for: GsH74CloFeNi6020Ps.3H0: C, 53.40; H, 3.81; N, 10.60. Found: C,
53.16; H, 4.08; N, 10.50 %. m/z 931 [F&d**.

® NMR proton coupling data unavailable for [F&(BF.), due to the complex being slightly
paramagnetic.
° NMR proton coupling data unavailable for [F&¢l(CIO.,), due to the complex being paramagnetic.
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B.1.2.5a [Fe(l)-](CIO 4),

The procedure as for [Feik](ClO.), was used; however’lwas used in place of'L
producing a purple solid. The purple solid wasaligsd in CHC} and precipitated with
hexane for analysis. Yield: 53 mg (49%).

ESMS: m/z 872 [Fe),]*. **P{*H} NMR (CDsCN): & 10.8 ppm (t (95 Hz), 2P), 25.3
(d (95), 4P)'H NMR (CDsCN): 8 9.00 ppm (s, 4H), 8.42 (d (8 Hz), 4H), 7.80 (t (8)
4H), 7.69 (d (8), 8H), 7.65 (t (8), 8H), 7.57 (),(8H), 7.50 (d (8), 2H), 7.38 (t (8), 8H),
7.21 (d (8), 8H), 7.16 (d (6), 4H), 6.95 (d (8),)48.94 (t (8), 4H). Anal. Calc. for
CagHsoClo2FeN 2020Ps: 3CHCE: C, 48.02; H, 2.79 N, 7.38%. Found: C, 48.35; H43N,
7.52%.

B.1.2.5b [Fe(L°),](PFe)2

The same procedure as for [FB¢l(PFs). above was used, except was used in place
of L', producing a purple solidThe purple solid was dissolved in CHCand
precipitated with hexane for analysis. Yield: 74 (6§ %).

ESMS: m/z 872 [Fe),]*. **P{*H} NMR (CDsCN): & 12.3 ppm (t (93 Hz), 2P), 26.9

(d (93), 4P), -143.2 (sep (696), 2B). NMR (CDsCN): § 9.00 ppm (s, 4H), 8.41 (d (8
Hz), 4H), 7.79 (t (8), 4H), 7.68 (d (8), 8H), 7.648), 8H), 7.57 (t (8), 4H), 7.49 (d (8),
2H), 7.38 (t (8), 8H), 7.22 (d (8), 8H), 7.15 (d,(8H), 6.93 (d (8), 4H), 6.91 (t (8), 4H).
Anal. Calc. GoHeoF1oFeNx01,Pg- 3GH14: C, 56.55; H, 4.57, N, 7.33% Found: C, 56.60;
H, 4.96; N, 7.43 %
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B.1.2.5¢C [Fe(l®),](BF 4)2

The same procedure as for [FR¢l(PFs), was used, except Ag(GBN),BF, was used
in place of AQ(CHCN)4PFs;, producing a purple solid. The purple solid wassdived in
CHCI; and precipitated with hexane for analysis. Yiéld:mg (56 %).

ESMS: m/z 872 [Fe®)]*". *'P{*H} NMR (CDsCN): 5 12.1 ppm (t (91 Hz), 2P), 26.2
(d (91), 4P)*H NMR (CDsCN): 8 9.00 ppm (s, 4H), 8.42 (d (8 Hz), 4H), 7.80 (t (8)
4H), 7.70 (d (8), 8H), 7.64 (t (8), 8 H), 7.56 @),(2H), 7.50 (d (8), 4H), 7.38 (t (8), 8H),
7.21 (d (8), 8H), 7.15 (d (6), 4H), 6.95 (d (8),)4H.92 (t (8), 4H). Anal. Calc.
CooHe2B2FsFeN101.Ps: C, 56.33; H, 3.26; N, 8.76 %. Found: C, 55.99311; N, 8.74
%.

B.1.2.6a [Fe(1%),](ClO ),

The same procedure as for [FBEl(CIO.), above was used, except Was used in
place of %, producing a purple amorphous powder. The purpleder was dissolved in

CHCI; and precipitated with hexane for analysis. Yi€élé:mg (59 %).

ESMS:m/z 949 [Fe(P),]*". *'P{*H} NMR (CDsCN): 5 12.2 ppm (t (89 Hz), 2P), 27.2
(d (89), 4P)'H NMR (CDsCN): 5 9.22 ppm (s, 4H), 8.62 (d (8 Hz), 4H), 8.50 (d (8)
4H), 7.92 (t (6), 4H), 7.85 (d (8), 4H), 7.68 (n)87.62-7.54 (m, 12H), 7.51-7.44 (m,
14H), 7.32 (d (8), 4H), 7.21 (d (8), 4H), 7.16 &),(4H), 7.11 (d (8), 4H). Anal. Calc.
for CroH70ClFeN; 20205 2¥4CHCA: C, 52.14; H, 3.05; N, 7.0%. Found: C, 52.01; H,
3.28; N, 7.30%.
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B.1.2.6b [Fe(L°),](PFe)2

The same procedure as for [F&¢l(PFs), above was used, except was used in place
of L? producing a purple solid. The purple solid wassdived in CHG and
precipitated with hexane for analysis. Yield 72 (6@ %).

ESMS: m/z 949 [Fe®),]*. **P{*H} NMR (CDsCN): & 11.8 ppm (t (89 Hz), 2P), 26.7
(d (89), 4P), -143.2 (sep (708), 2B).NMR (CDsCN): § 9.21 ppm (s, 4H), 8.61 (d (8
Hz), 4H), 8.48 (d (8), 4H), 7.92 (t (8), 4H), 7.8B(8), 4H), 7.69-7.67 (m, 8H), 7.63-
7.52 (m, 12H), 7.50-7.43 (m, 14H), 7.31 (d (8), 4HP1 (d (8), 4H), 7.15 (d (8), 4H),
7.10 (t (8), 4H)Anal. Calc. for GoH7oF1.FeN;01,Ps.%CeH1a: C, 56.54; H, 3.48; N,
7.54 %. Found: C, 56.48; H, 4.53; N, 7.76 %.

B.1.2.7a [Fe(L)5](ClO 4),

The same procedure as for [F&¢l(CIO4), was used, except was used in place orPL
producing a purple amorphous powder. The purpledeowvas dissolved in CHEand
precipitated with hexane for analysis. Yield: 64 (84 %).

ESMS: m/z 950 [Fe(f),]*". **P{*H} NMR (CDsCN): & 26.8 ppm (d (96 Hz), 4P),

triplet not observed'H NMR (CDsCN): 5 13.60 ppm (4H), 9.13 (4H), 8.71 (4H), 7.95-
7.48 (42H), 6.80 (4H), 6.54 (4H), 6.17 (4Hnal. Calc.
CogHeeCloFeNiO20Ps: 3CHCE- 4H,0: C, 47.94; H, 3.07; N, 8.86 %. Found: C, 47.89; H
3.28; N, 8.46 %.

4 NMR proton coupling data unavailable for [F&l(CIO,), due to the complex being slightly
paramagnetic.
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B.1.2.7b [Fe(L)2](BF )2

The same procedure as for [FOEI(CIO.), was used, except Fe(BKEH»0)s was used
in place of Fe(Cl@)2(H2O)e, producing a purple amorphous powder. The purpleder
was dissolved in acetone and precipitated with-tetyl methyl ether for analysis.
Yield: 66 mg (56 %).

ESMS: m/z 950 [Fe(D),]?". *P{*H} NMR (CDsCN): *'P{*H} NMR (CDsCN): § 26.8
ppm (d (96 Hz), 4P), -59.25 (broad, 2P NMR (CDsCN): 5 14.0 ppm (4H), 8.94
(4H), 8.11 (4H), 7.86-7.12 (42H), 6.95 (4H), 6.481}, 6.34 (4H): Anal. Calc.
CogHeeB2FsN16012Ps 2%0GH12: C, 59.35; H, 4.41; N, 9.91 %. Found: C, 59.74; H,
4.33: N, 9.49 %,.

® NMR proton coupling data unavailable for [F&¢l(BF.), due to the complex being slightly
paramagnetic.
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B.2 Selected Bond Lengths
Table B.2.1Selected bond lengths for [Féjt](PFs)2: CHCN

Bond Bond length (A) Bond Bond length (A)

Fe(1)- N(1A) 1.883 (2) Fe(1) N(1B) 1.882 (2)
Fe(1)-N(2A) 1.992 (2) Fe(1) N(2B) 1.976 (2)
Fe(1)-N(3A) 1.983 (2) Fe(1) N(3B) 1.975 (2)

P(1A) - N(4A) 1.579 (2) P(1B}N(4B) 1585 (2)
P(1A)-N(5A) 1.578 (2) P(1B}N(5B) 1582 (2)
P(2A) - N(4A) 1.592 (2) P(2B)}N(4B)  1.594 (2)
P(2A) - N(6A) 1.591 (2) P(2B}-N(6B) 1578 (2)
P(3A)-N(5A) 1.595 (2) P(3B}N(5B) 1593 (2)
P(3A) - N(6A) 1.578 (2) P(3B)}-N(6B)  1.581 (2)

Table A3.2.2Selected bond lengths for [Fé£](ClO4),- CHCN

Bond Bond length (A) Bond Bond length (A)
Fe(1)-N(1A) 1887 (3)  Fe(LrN(1B) 1.890 (3)
Fe(1)-N(2A) 1.954 (4) Fe(1) N(2B) 1.962 (4)
Fe(1)-N(3A) 1.972 (4) Fe(1) N(3B) 1.974 (4)

P(1A) - N(4A) 1.565 (4) P(1B}N(4B) 1575 (4)
P(1A)-N(5A) 1.567 (3) P(1B}N(5B)  1.584 (4)
P(2A)-N(5A) 1.590 (4) P(2B}N(5B)  1.585 (4)
P(2A) - N(6A) 1.578 (4) P(2B)}-N(6B) 1591 (4)
P(3A) - N(4A) 1.599 (4) P(3B)}N(4B)  1.585 (4)
P(3A)—N(6A) 1.570 (3) P(3B)}-N(6B)  1.559 (4)
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Table A3.2.3Selected bond lengths for [FéJE](PFs),- CHCN

Bond Bond length (A) Bond Bond length (A)
Fe(1)-N(1A) 1888 (3)  Fe(LrN(1B) 1.878 (3)
Fe(1)- N(2A) 1.985(3)  Fe(1)}N(2B) 1.976 (3)
Fe(1)-N(3A) 1.994 (3) Fe(1) N(3B) 1.976 (4)

P(1A) - N(4A) 1.569 (3) P(1B)}N(4B) 1582 (3)
P(1A)-N(6A) 1.572 (3) P(1B}N(6B) 1575 (3)
P(2A) - N(4A) 1.571 (4) P(2B}N(4B)  1.588 (3)
P(2A)-N(5A) 1.579 (4) P(2B}N(5B) 1575 (3)
P(3A)—N(5A) 1.573 (4) P(3B}N(5B)  1.582 (3)
P(3A)—N(6A) 1.577 (3) P(3B}N(6B)  1.589 (3)

Table A3.2.4Selected bond lengths for [FEEl(BF4),- CsHsO- GH1.0
Bond Bond length (A) Bond Bond length (A)

Fe(1)-N(1A) 1.910 (5) Fe(1) N(1B) 1.908 (6)
Fe(1)-N(2A) 1.987 (5) Fe(1) N(2B) 1.990 (5)
Fe(1)-N(3A) 1.993 (5) Fe(1) N(3B) 1.996 (5)

P(1A)—N(6A) 1.559 (7) P(1B}N(6B)  1.575 (6)
P(1A)-N(8A) 1.570 (7) P(1B}N(8B)  1.557 (6)
P(2A)- N(6A) 1.582 (7) P(2B)}-N(6B) 1577 (6)
P(2A)-N(7A) 1.586 (9) P(2B}-N(7B) 1571 (6)
P(3A)-N(7A) 1.605 (9) P(3B}N(7B)  1.580 (6)
P(3A)-N(8A) 1.601 (8) P(3B)}-N(8B)  1.583 (6)

B.3 References

1. Akermark, B.; Vitagliano, AOrganometallics 1985 4, 1275-1283.
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Appendix C: Chapter 4 Supplementary

C.1 Ruthenium(ll) Complex Synthesis
C.1.1 General Experimental

Analytical grades of solvents were used withoutHer purification. Ru(Terpy)Gtand
Ru(PhTerpy)Gf were synthesised by literature methods. RBELO and NHPFR;
were all sourced from Aldrich. All manipulations mgecarried out under an argon
atmosphere, using standard Schlenk techniques.obhatysis was performed at the
Campbell Microanalytical Laboratory, University @Qftago after samples were dried
under vacuum at 50°C for at least 24 hours. Phasghouclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance A4p8ctrometer, and proton
NMR data was recorded on a Bruker Avance A500 spetter. Proton data were
internally referenced to TMS, phosphorus data weferenced to an external sample of
80% ortho phosphoric acid. NMR data were assigngdgu2D NMR and density
function theory (DFT) simulations. Electrospray siapectra were obtained from an
acetonitrile solution on a micromass ZMD spectra@anetin in the positive ion mode.
Listed peaks correspond to the most abundant isotep Assignments were made by
comparison of observed and measured spectra. Alesastated in this section were

recorded at room temperature.
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C.1.2 Experimental Details
Cc.1.2.1 [Ru(LY),](PFe)2

To a stirred solution of 1(250 mg, 0.29 mmol) in MeOH (25 mL), RuG3H,O (37 mg,
0.15 mmol) and 5 drops of N-methylmorpholine wettdead. The solution was heated to
reflux for 12 hours before being cooled and filterBlH,PF; (98 mg, 0.60 mmol) was
added to the filtrate immediately forming an orargecipitate. The precipitate was
filtered, washed with MeOH and diethyl ether, lesyvan orange powder. Crystals were
grown by dissolving the solid in acetonitrile aniffusing in diethyl ether, producing
orange blocks. Yield: 266 mg (88 %).

ESMS: m/z 900 [Ru(})2]?*. *P{*H} NMR (CD3CN): § 10.28 ppm (s, 6P), -143.19
(sept (710 Hz), 2P¥H NMR (CDsCN): § 8.91 ppm (s, 4H), 8.61 (d (8 Hz), 4H), 8.07 (d
(8), 4H), 7.94 (t (8), 4H), 7.42 (d (6), 4H), 7.35L6 (m, 30H), 7.06 (d (8), 8H), 6.97 (d
(8), 4H), 6.91 (d (8), 8H). Anal. Calc. forglzoF12N12012PsRU- YGH100: C, 52.01; H,
3.51; N, 7.91 %. Found: C, 52.17; H, 3.42; N, 806

C.1.2.2 [Ru(LY)Cl4]

To a stirred solution of 1(250 mg, 0.29 mmol) in MeOH (25 mL), RuG3H,O (75 mg,
0.29 mmol) was added. The solution was refluxedioee hours before being cooled
forming a brown precipitate. The precipitate wdteffed, washed successively with
diethyl ether and hexane. Yield: 242 mg (79 %).

ESMS: m/z 1021 [Ru@)Cl,]*. Anal. Calc. for GsHasClsNgOsPsRuU- %H0: C, 50.53; H,
3.44; N, 7.86 %. Found: C, 50.53; H, 3.41; N, 268

C.1.2.3A [Ru(LY(Terpy)](PFe)2 Method A

The same procedure as for [RY(PFs), was used, except Ru(Terpyi®as used in
place of RuG 3HO, producing an orange powder. Yield: mg 335 (75 %)
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C.1.2.3B [Ru(LY)(Terpy)](PFe). Method B

To a stirred suspension of [RAJCI5] (250 mg, 0.23 mmoljn MeOH (25 mL), terpy
(53 mg, 0.23 mmol) was added. The reaction wasixefl for 12 hours before the
solution was cooled, filtered and MPF; (145 mg, 0.92 mmol) was added forming and
orange precipitate. Crystals were grown by vapoiffiusion of diethyl ether into

acetonitrile, producing orange blocks. Yield: mg Z35 %).

ESMS: m/z 592 [Ru)(Terpy)F". *'P{*H} NMR (CD3CN): § 11.48-8.59 ppm (m, 3P),
-143.19 (sept (710 Hz), 2PH NMR (CDsCN): § 8.71 ppm (d (8 Hz), 2H), 8.49 (s, 2H),
8.47 (d (8), 2H), 8.39 (t (8), 1H), 8.16 (d (8),)2M.89 (t (8), 2H), 7.78 (t (8), 2H), 7.36
(t (8), 2H), 7.31-7.07 (m, 25H), 7.04 (t (8), 218)88 (d (8), 2H). Anal. Calc. for
CeoHasF12NsOsPsRU- CHCN: C, 49.18: H, 3.26; N, 9.25 %. Found: C, 49M483.20; N,
9.15 %.

C.1.2.4A [Ru(LY)(PhTerpy)](PFe)2 Method A

The same procedure as for [RU(Terpy)](PF). was used, except Ru(PhTerpy)Gias
used in place of Ru(Terpy)§ Iproducing and orange powder. Yield: 320 mg (90 %)

C.1.2.4B [Ru(LY(PhTerpy)](PFe)- Method B

The same procedure as for [RY(Terpy)](PR). method B was used, except PhTerpy
was used in place of terpy. Crystals were grownvagour diffusion of diisopropyl

ether into an acetonitrile solution, producing @auplatelets. Yield: 302 mg (85 %).

ESMS: m/z 630 [Ru)(PhTerpy)f*. **P{*H} NMR (CD3sCN): § 10.95-9.25 ppm (m,

3P), -143.19 (sept (710 Hz), 2PH NMR (CDsCN): & 8.97 ppm (s, 2H), 8.61 (d (8 Hz),
2H), 8.51 (s, 2H), 8.17 (d (8), 4H), 7.91 (t (8))27.79-7.73 (m, 4H), 7.66 (t (8), 1H),
7.38-7.34 (m, 4H), 7.30-7.11 (m, 21H), 7.07 (d @), 7.02 (t (8), 2H), 6.86 (d (8),

4H). Anal. Calc. for GgHsoF12NgOsPsRuU: C, 51.17; H, 3.25: N, 8.14 %. Found: C, 51.28;
H, 3.19; N, 8.32 %.
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C.1.2.5 [Ru(LY)(bbp)](PFe)2

[Ru(LY)Cl3] (284 mg, 0.27 mmol) was added to a stirred sofutf bbp (84 mg, 0.27

mmol) and 1 drop of N-methylmorpholine. The solatiwas heated to reflux for 12

hours before being cooled and filtered. /R (90 mg, 0.55 mmol) was added, the
solution was cooled forming a dark red precipitathe precipitate was filtered and
washed with diethyl ether, leaving a dark red paw@eystals were formed by vapour
diffusion of diethyl ether into an acetonitrile stibn, forming red blocks. Yield: 263

mg (63 %).

ESMS: m/z 631 [Ru®)(bbp)F*. **P{*H} NMR (CD3CN): § 11.96-9.13 ppm (m, 3P), -
143.29 (sept (710 Hz), 2PH NMR (CDsCN): & 8.58 ppm (d (8 Hz), 2H), 8.56 (s, 2H),
8.46 (t (8), 1H), 7.99 (d (8), 2H), 7.63 (t (8), RH.53 (d (8), 2H), 7.37-7.20 (m, 14H),
7.12-6.97 (m, 12H), 6.87 (d (8), 2HAnal. Calc. for G4HagF12N1106PsRU- 242HO: C,
48.16; H, 3.35; N, 9.65 %. Found: C, 48.08; H, 3N710.05 %.

C.1.2.6 [Ru(LY)(bpp)](PFe)2

The same procedure as for [RY(bbp)](PR). was used, except bpp was used in place
of bbp, producing and orange powder. Crystals vggoavn by vapour diffusion of
diethyl ether into an acetonitrile solution, prothgcorange platelets. Yield: 219 mg (56
%).

ESMS: m/z 581 [Ru®)(bpp)F*. **P{*H} NMR (CD3CN): § 11.65-9.28 ppm (m, 3P), -
143.19 (sept (710 Hz), 2PH NMR (CDsCN):  8.74 ppm (d (4 Hz), 2H), 8.50 (t (8),
1H), 8.24 (s, 2H), 8.20 (d (8), 2H), 8.15 (d (8))27.80 (t (8), 2H), 7.34 (d (8), 4H),
7.28-7.13 (m, 17H), 7.02 (d,d (8), 4H), 6.85 (&) 6H), 6.47 (t (4), 2H). Anal. Calc.
for CsegHaaF12N1106PsRU- CHCN: C, 46.69; H, 3.18; N, 11.27 %. Found: C, 4619];
3.22; N, 11.32 %.
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C.1.2.7 [Ru(L?)5](PFe)2

The same procedure as for [RUH(PFs), was used, except’lwas used in place of
L!.Crystals were grown by dissolving the solid intaoérile and diffusing in diethyl

ether, producing thin needles. Yield: 278 mg (90 %)

ESMS: m/z 976 [Ru(®)2]?*. **P{*H} NMR (CD3sCN): § 10.29 ppm (s, 6P), -143.19
(sept (710 Hz), 2P¥H NMR (CDsCN): & 8.91 ppm (s, 4H), 8.62 (d (8 Hz), 4H), 8.08 (d
(8), 4H), 7.94 (t (8), 4H), 7.42 (d (6), 4H), 7.35L6 (m, 38H), 7.06 (d (8), 8H), 6.98 (d
(8), 4H), 6.92 (d (8), 8H). Anal. Calc. forgH7gF12N1201,PsRU- ¥%H0: C, 54.35; H,
3.55; N, 7.46 %. Found: C, 54.34; H, 3.67; N, 783

C.1.2.8 [Ru(L®)Cl3]

The same procedure as for [RE(CIs] was used, except’lwas used in place of'L
producing a brown powder. Yield: 270 mg (89 %).

ESMS: m/z 1097 [Ru@)Cl,]*. Anal. Calc. for GiHssClsNgOsPsRu- 1/,H,0: C, 53.05;
H, 3.62; N, 7.28 %. Found: C, 53.19; H, 3.66; N26%.

C.1.2.9A [Ru(L?)(Terpy)](PFe)- Method A

The same procedure as for [Re)Terpy)](PR). method A was used, except Was
used in place of L Yield: 314 mg (73 %).

309



C.1.2.9B [Ru(L®)(Terpy)](PFe). Method B

The same procedure as for [RE(Terpy)](Pk). method B was used, except was
used in place of L Non-diffractable crystals were grown by dissotyithe solid in

acetonitrile and diffusing in diethyl ether. Yiel801 mg (70 %).

ESMS: m/z 630 [Ru(®)(Terpy)F". *P{*H} NMR (CDsCN): & 10.29 ppm (s, 3P), -
143.19 (sept (710 Hz), 2PH NMR (CDsCN):  8.89 ppm (s, 2H), 8.74 (d (8 Hz), 2H),
8.60 (d (8), 2H), 8.48 (d (8), 2H), 8.40 (t (8),)118.07 (d (8), 2H), 7.93-7.90 (m, 4H),
7.40 (d (6), 2H), 7.35-7.14 (m, 26H), 7.05 (d @), 6.97 (d (8), 2H), 6.92 (d (8), 4H).
Anal. Calc. for GgHsoF12NgOgPsRuU-34H0: C, 50.73; H, 3.32; N, 8.07 %. Found: C,
50.63; H, 3.27; N, 8.26 %.

C.1.2.10A  [Ru(lY)(PhTerpy)](PFe). Method A

The same procedure as for [R&(PhTerpy)](Pk). method A was used, except Was
used in place of L Yield: 391 mg (89 %).

C.1.2.10B  [Ru(Y)(PhTerpy)](PFe)- Method B

The same procedure as for [RE(PhTerpy)](Pk). method B was used, except was
used in place of1, producing an orange powder. Yield: 386 mg (88 %).

ESMS: m/z 668 [Ru®)(PhTerpy)f*. *'P{*H} NMR (CD3CN): § 10.29 ppm (s, 3P), -
143.19 (sept (710 Hz), 2PH NMR (CDsCN): § 9.00 ppm (s, 2H), 8.90 (s, 2H), 8.62
(d,d (8 Hz), 4H), 8.19 (d (8), 2H), 8.07 (d (8),)2M.94 (t,d (8), 4H), 7.75 (t (8), 2H),
7.67 (t (8), 1H), 7.42 (t (8), 4H), 7.40-7.20 (n®H), 7.17 (t (8), 4H), 7.05 (d (8), 4H),
6.97 (d (8), 2H), 6.91 (d (8), 4H). Anal. Calc. forHs4F12NgOsPsRuU- YACHCN: C,
53.28; H, 3.40; N, 8.09 %. Found: C, 53.53; H, 3408.04 %.
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C.1.2.11 [Ru(L?)(bbp)](PFe)-

The same procedure as for [RE)(bbp)](PR).was used, except [RW{ICl5] was used
in place of [Ru()Cls]. Non-diffractable crystals were grown by vapoiiffussion of

diethyl ether into an acetonitrile solution. YieR¥7 mg (63 %).

ESMS: m/z 669 [Ru(®)(bbp)F*. **P{*H} NMR (CD3CN): § 11.1-9.55 ppm (m, 3P), -
143.19 (sept (710 Hz), 2PH NMR (CDsCN): 5 8.98 ppm (s, 2H), 8.60 (d (8 Hz), 2H),
8.54 (d (8), 2H), 8.49 (t (8), 1H), 8.19 (d (8),)2M.82 (t (8), 2H), 7.55 (d (8), 2H),
7.39-7.20(m, 21H), 7.11 (t (8), 2H), 7.07 (d (8), 4H), 6.98), 4H), 6.94 (d (8), 4H),
6.18 (d (8), 2H)Anal. Calc. for GoHssF12N1:06PsRu- 2/4H,0: C, 50.41; H, 3.41; N,
9.24 %. Found: C, 50.45; H, 3.54; N, 9.32 %.

C.1.2.12 [Ru(L?)(bpp)](PFe)-

The same procedure as for [RU(bpp)](PK). was used, except [RW{ICls] was used
in place of [Ru(t)Cls], producing an orange powder. Non-diffractablestajs were
grown by dissolving the solid in acetonitrile aniffusing in diethyl ether. Yield: 239
mg (58 %).

ESMS: m/z 619 [Ru®)(bpp)F*. **P{*H} NMR (CD3sCN): § 10.29 ppm (s, 3P), -143.19
(sept (710 Hz), 2P¥H NMR (CDsCN): & 8.82 ppm (s, 2H), 8.78 (d (4 Hz), 8.58 (d (8),
2H), 8.53 (t (8), 1H), 8.24 (d (8), 2H), 8.04 (d,(8H), 7.96 (t (8), 2H), 7.42 (d (8),
7.49-7.19 (m, 19H), 7.06 (d,d (8), 6H), 6.96 (d @), 6.91 (d (8), 4H), 6.51 (t (3),

2H). Anal. Calc. for GHagF1o2N11:06PsRu-Y/4H,0: C, 48.62; H, 3.19; N, 10.06 %. Found:
C, 48.62; H, 3.20; N, 10.20 %.

C.1.2.13 [Ru(L*)Cl4]

The same procedure as for [RE(CI5] was used, except®lwas used in place of’L
producing a brown powder. Yield: 223 mg (73 %).

ESMS: m/z 1099 [RU@.)C|2]+ Anal. Calc. for QgH37C|3N806P3RU'C2HGOZ C, 51.90;
H, 3.67; N, 9.49 %. Found: C, 51.52; H, 3.48; NL9%9%%.
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C.1.2.14 [Ru(L)(Terpy)](PFe)2

The same procedure as for [R€)(Terpy)](PR). method A was used, except was

used in place of and 5 drops of N-ethylmorpholine was used in plaicé. Crystals
were grown by dissolving the solid in acetonitrd@d diffusing in diethyl ether,
producing red blocks. Yield: 259 mg (62 %).

ESMS: m/z 631[Ru(®)(Terpy)F*. **P{*H} NMR (CDsCN): § 10.91-8.59 ppm (m, 3P),
-143.19 (sept (710 Hz), 2PH NMR (CD:CN): & 8.71 ppm (d (8 Hz), 2H), 8.49 (s, 2H),
8.46 (d (8), 2H), 8.38 (t (8), 1H), 8.15 (d (8),)2M.88 (t (8), 2H), 7.76 (t (8), 2H), 7.34
(d (8), 2H), 7.29-7.01 (m, 29H), 6.86 (d (8), 4Apal. Calc. for

CosHasF12N1106PsRU- £/,CH3CN: C, 49.85; H, 3.26; N, 10.71 %. Found: C, 49H2;
3.27; N, 10.76 %.

C.1.2.15 [Ru(®)(PhTerpy)](PFe)-

The same procedure as for [RE(PhTerpy)](Pk), was used, except’lwas used in
place of I2. Crystals were grown by vapour diffusion of didtagher into an acetonitrile

solution, producing red blocks. Yield: 306 mg (69. %

ESMS: m/z 669 [Ru()(PhTerpy)f*. **P{*H} NMR (CD3sCN): § 10.55-10.09 ppm (m,
3P), -143.19 (sept (710 Hz), 2B NMR (CDsCN): 5 13.11 ppm (s, 2H), 9.10 (s, 2H),
8.57 (d (8 Hz), 2H), 8.42 (s, 2H), 8.34 (d (8), 208 (t (8), 1H)7.17-7.65 (m, 4H),
7.70 (t (8), 2H), 7.57 (d (8), 2HJ.41-7.08 (m, 25H)7.01 (t (8), 2H)6.89 (d (8), 4H),
6.15 (d(8), 2H)Anal. Calc. for GoHsaF12N11 OsPsRU- 4H0: C, 51.39; H, 3.26; N, 9.42
%. Found: C, 51.42; H, 3.30; N, 9.39 %.

C.1.2.16 [Ru(LHCl4]

The same procedure as for [R8(CIs] was used, exceptlwas used in place of.and
precipitation from a CKCl, solution using hexane to produce a brown powdezldY
156 mg (51 %).

ESMS: m/z 1075 [Ru®)Cl,]*. Anal. Calc. for G/H37ClsNgOsPsRu- 1%CHCl.: C,
46.51; H, 3.24; N, 8.90 %. Found: C, 46.40; H, 3M98.50 %.
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C.1.2.17 [Ru(L*)(Terpy)](PFe)2

The same procedure as for [RE(Terpy)](PF). method A was used, except was
used in place ofi, producing a red powder. Yield: 237 mg (56 %).

ESMS: m/z 619 [Ru®)(Terpy)F". **P{*H} NMR (CD3CN): § 10.33-10.03 ppm (m,

3P), -143.19 (sept (710 Hz), 2P NMR (CDsCN): & 9.06 ppm (d (4 Hz), 2H), 8.83 (d
(4), 2H), 8.51 (d (8), 2H), 8.41 (d (8), 2H), 8.a@8), 2H), 8.06 (s, 2H), 7.92 (t (4), 2H),
7.76 (d (8), 2H), 7.71 (t (8), 1H), 7.55 (d (8),)2M.38 (t (8), 2H), 7.28-7.19 (m, 14H),
7.12 (t, 2H), 7.03 (d (8), 2H), 6.94-6.89 (m, 9Ahal. Calc. for
CeoHagF12N1106PsRU- GH100: C, 49.51; H, 3.65: N, 9.62 %. Found: C, 49.513H47;

N, 9.52 %.

C.1.2.18 [Ru(LY)(PhTerpy)](PFe)2

The same procedure as for [RE(PhTerpy)](Pk). method A was used, except was
used in place of Land the complex was precipitated from a dichlortraee solution
using hexane, producing a red powder. Yield: 26249%).

ESMS: m/z 657 [Ru)(PhTerpy)f*. **P{*H} NMR (CD3CN): § 10.19 ppm (s, 3P), -
143.19 (sept (710 Hz), 2PH NMR (CDsCN): 5 9.11 ppm (d (4 Hz), 2H), 8.92 (d(4),
2H), 8.74 (s, 2H)8.67 (t(8), 2H), 8.56 (d (8), 2H), 8.52 (s, 2H)1B(d(8), 2H), 7.98 (d
(8), 2H), 7.92 (d (8), 2H), 7.80 (t (8), 1H),70 (t (4), 2H), 7.64 (d (8), 2H), 7.37-7.21
(m, 14H), 7.13 (d (8), 2H), 7.05 (d (8), 2H), 6:8489 (m, 9H). Anal. Calc. for
CesHs2F12N1106PsRU- 2%4CHCl,: C,46.27; H, 3.16; N, 8.39 %. Found: C, 46.332t95;
N, 7.99 %.
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C.2 Selected bond lengths
Table C.2.1Selected Bond Lengths (A) for [Ru{k](PFs), and
[Ru(L)2](PFe)2 CHCN

[Ru(L H)2](PFe)2
.CHsCN
Ru(l) - N(1A) 1.980(3) Ru(l)-N(1A) 1.975(4)
Ru(l) - N(2A) 2.060 (3) Ru(l)—N(2A) 2.066 (4)
Ru(l) - N(3A) 2.074 (3) Ru(l)—N(3A) 2.068 (5)
Ru(l) —N(1B) 1.978 (3) Ru(l)—N(1B) 1.974 (4)
Ru(l) = N(2B) 2.071(3) Ru(l)-N(2B) 2.072 (4)
Ru(l) —N(3B) 2.053 (3) Ru(l)—N(3B) 2.083(4)

[Ru(L *)2](PFe)2

P(1A) — N(4A) 1.578 (4) P(1A) - N(4A) 1.578 (5)
P(1A) - N(6A) 1.573(3) P(1A)— N(6A) 1.578 (4)
P(2A) — N(4A) 1.592 (4) P(2A) - N(4A) 1.593 (4)
P(2A) —N(5A) 1.579 (3) P(2A) - N(5A) 1.585 (4)
P(3A) - N(5A) 1.585(4) P(3A) - N(5A) 1.579 (4)
P(3A) - N(6A) 1.591 (4) P(3A)— N(6A) 1.587 (4)

P(1B) — N(4B) 1.574(4) P(1B)-N(4B) 1.573(5)
P(1B) — N(6B) 1.583(3) P(1B)-N(6B) 1.590 (5)
P(2B) —N(4B) 1.582(3) P(2B)-N(4B) 1.571 (5)
P(2B) - N(5B) 1.578 (4) P(2B)-N(5B) 1.579 (5)
P(3B) — N(5B) 1.565(4) P(3B)-N(5B) 1.585 (6)
P(3B) —N(6B) 1.579 (3) P(3B)-N(6B) 1.579 (5)
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Table C.2.2Selected Bond Lengths (A) for [RUlTerpy)](PF)2- CHsCNand
[Ru(LY)(PhTerpy)l(PF):

1

it ?g::zﬁ](PFG)Z [Ru(L)(PhTerpy))(PF),

Ru(1) - N(1) 1.982 3) Ru(l)—N(1) 1.980 ()
Ru(l) = N(2) 2.079 (3) Ru(l)—N(2) 2.091 (6)
Ru(1) - N(3) 2.072(3) Ru(l)—N(3) 2.055 (6)
Ru(1) - N(4) 1.980 (3) Ru(l)—N(4) 1.965 (4)
Ru(1) = N(5) 2.080 (3) Ru(l)=N() 2.072 (5)
Ru(1) - N(6) 2.095(3) Ru(l)—N(6) 2.066 (5)

P(1)-N(7) 1575(2) P(1)-N(7) 1574 (6)
P(1)—N(9) 1.584(3) P(1)-N@©) 1565 (5)
P(2)—N(7) 1579(3) P@2)-N(7) 1593 (6)
P(2)—N(8) 1.577(3) P(@2)-N@B)  1.558(6)
P(3)—N(8) 1.585(3) P(3)-N@B)  1.583(6)
P(3)—N(9) 1.588(2) P(3)-N@©) 1585 (5)
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Table C.2.3Selected Bond Lengths (A) for [Ruibpp)](PR)2- CHsCNand
[Ru(L)(bbp)](PF)2: CaHsO

[Ru(L *)(bpp)1(PFe)2 [Ru(L *)(bbp)1(PFe):
.CH5CN .CaH:0
Ru(1)— N(1) 1.971 (3) Ru(l)- N(1) 1.968 (4)
Ru(1) - N(2) 2.071(3) Ru(l)-N(2) 2.062 (4)
Ru(1) - N(3) 2.069 (3) Ru(l) - N(3) 2.074 (4)
Ru(1) - N(4) 1.997 (3) Ru(l) - N(4) 2.006 (4)
Ru(1) — N(6) 2.060 (3) Ru(l)—N(5) 2.069 (4)
Ru(1) - N(7) 2.071 (3) Ru(l) - N(7) 2.066 (4)

P(1)—N(9 1.583(3) P(1)-N(@©) 1.578(5)
P(1) - N(11) 1.580(3) P(1)-N(11) 1.571(5)
P(2)—N(©) 1579(3) P(@2)-N@©) 1577 (5)
P(2) = N(10) 1567 (3) P(2)-N(10) 1.575 (6)
P(3) = N(10) 1577 (4) P(3)-N(10) 1.586 (5)
P(3)—N(11) 1.582(3) P(3)-N(11) 1.583(5)
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Table C.2.4Selected Bond Lengths (A) for [RulTerpy)](PF)2- CHCN and
[Ru(L%)(PhTerpy)](Pk)2- CHCN

[Ru(L°)(Terpy)l(PFe)2  [Ru(L°)(PhTerpy)l(PFe):
-CH3;CN -CH3CN

Ru(1l) —N(1) 2.000 (5) Ru(1)-N(1) 1.985 (6)
Ru(1) - N(2) 2.062 (4) Ru(l)-N(2) 2.059 (5)
Ru(l) —N(4) 2.072(4) Ru(l)-N(4) 2.067 (5)
Ru(l) —N(6) 1.979(5) Ru(1)-N(6) 1.939 (5)
Ru(1) = N(7) 2.071(4) Ru(1)-N(7) 2.064 (5)
Ru(1l) —N(8) 2.063 (4) Ru(1)-N(8) 2.075(5)

P(1)-N@©) 1.590(4) P(1)—N(@©)  1.574(6)
P(1)-N(11) 1.575(5) P(1)—N(11) 1.582(7)
P(2) - N(10) 1.584 (5) P(2)—N(10) 1.567 (6)
P(2)-N(11) 1591 (5) P(2)—N(11) 1.607 (6)
P(3)—N(9) 1.588(5) P(3)-N@©) 1577 (6)
P(3) - N(10) 1577 (5) P(3)—N(10) 1.577 (6)

C.3 References

1. Sullivan, B. P.; Calvert, J. M.; Meyer, T.ldorganic Chemistry 198Q 19, 1404-1407.
2. Murphy, F. A.; Suarez, S.; Figgemeier, E.; SeHdf E. R.; Draper, S. MChemistry-
a European Journal 2009 15, 5740-5748.
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Appendix D: Chapter 5 Supplementary

D.1 Metal-free polyphosphazene synthesis

D.1.1 General Experimental

All manipulations were carried out under argon gsstandard Schlenk techniques.
Tetrahydrofuran (THF) and toluene were dried onmaha columns under argon. Other
analytical grade solvents were purchased from sr@hadhemical suppliers without
further purification. The chloropolyphosphazene wasthesised according to Allcocks
ROP method.4-tert-butylphenol (HOPH'), K,COs, NaH (60% dispersed in mineral oil)
and tetrabutyl-ammonium bromide (TBAB) were pur@dthsrom Sigma-Aldrich.
Substituents  2,6-Bis(2-pyridyl)-4€)-pyridone (HOTerpy) 4-(2,6-di{pyridin-2-yl}-
pyridine-4-yl)phenol (HOPhTerpy) 2,6-di(1H-benzimidazol-2-yl)pyridine-4¢)-one
(HObbpY, 4-phenol-2,6-bis(1-pyrazolyl)pyridine (HOPhbppyere synthesised via

known literature methods.

Microanalyses were performed by Campbell Microatiedy Laboratory, University of
Otago.3lP NMR spectra were recorded on a Bruker Avance M6z spectrometer
using an external reference of ortho-phosphorid,aki NMR spectra were recorded on
a Bruker Avance 500 MHz spectrometer using anmatereference of tetramethylsilane.

DSC measurements were performed by Mark Hindenam@g Perkin-Elmer DSC-7
unit controlled by a PE7500 computer at the resegroup of Prof. H. R. Allcock at the
Pennsylvania State University, USA. Each sample avagaled twice, 22°C to 80°C
and -100°C to 100°C, then -100°C to 150°C.

Molecular weights were performed by Mark Hindenlaggmples were recorded in
THF(+0.1% tetrabutyl-ammonium nitrate salt) at 1mldute on a Hewlett-Packard HP
1090 GPC with an HP-1047A refractive index deteatth AM gel 10pum and AM gel
10* A column at the research group of Prof. H. R. édk at the Pennsylvania State
University, USA.
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D.1.2 Experimental Details

D.1.21 [{NP(OPh™)(OTerpy)}o2o{ NP(OPh'™)z}0so{ NP(OPh™™)Cl}o.20]n

L")
[NPCL], (1 g, 8.77 mmol) was dissolved in THF (50 mL)thé a solution containing
HOPH®" (526 mg, 3.51 mmol), HOTerpy (436 mg, 1.76 mmaty &laH (158 mg, 3.95
mmol) in THF (30 mL) was added. The solution watured for two hours before an
additional solution of HOPH' (526 mg, 3.51 mmol), NaH (140 mg, 3.51 mmol) and
TBAB (10 mol%) in THF (30 mL) were added. This dan was refluxed overnight
before an additional solution of HOPh(2.63 g, 17.54 mmol) in THF (30 mL) and
toluene (30 mL) was added. This solution was reftufor an additional two days. The
solvent was removed on a rotary evaporator. Thiel sehs redissolved in a minimal
amount of THF; this viscous oil was slowly pouratbislightly acid water forming thin
white strings. The white strings of polymer werdlaxtied and dissolved in GBI,
then reduced in volume to form the viscous oil agahis was slowly poured into
methanol forming white strings of polymer. This gges was repeated one more time
before being dried under a high vacuum. Yield: JZa0 %).
31p{*H} NMR (CDCls):  -15.38 ppm (1P), -18.43 (4PH NMR (CDCH): & 8.52 ppm
(4H), 7.76 (2H), 6.99 (66H), 1.16 (72H). Anal. Céalar CysH11MNgOoPsCl- 1Y/5NaCl: C,
64.10; H, 6.45; N, 6.29; Cl, 4.65 %. Found: C, @41, 6.57; N, 6.40; Cl, 4.63 %.

D.1.2.2 [{NP(OPh'™®")(OPhTer py)}o2o{ NP(OPh'™®"),} 0 74{ NP(OPh'™*)Cl}0.06]
(L)
[INPCL], (1 g, 8.77 mmol) was dissolved in THF (50 mL)th¢s a solution containing
HOPH®" (526 mg, 3.51 mmol), HOPhTerpy (572 mg, 1.76 mmafxl NaH (158 mg,
3.95 mmol) in THF (30 mL) was added. The soluticaswefluxed for two hours before
an additional solution of HOBY (526 mg, 3.51 mmol), NaH (140 mg, 3.51 mmol) and
TBAB (10 mol%) in THF (30 mL) were added. This dada was refluxed overnight
before an additional solution of HOPh(2.63 g, 17.54 mmol) in THF (30 mL) and
toluene (30 mL) was added. This solution was reftufor an additional two days. The
solvent was removed on a rotary evaporator. Thiel sehs redissolved in a minimal
amount of THF; this viscous oil was slowly pouratbislightly acid water forming thin
white strings. The white strings of polymer werdlextied and dissolved in GBI,

then reduced in volume to form the viscous oil agahis was slowly poured into
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methanol forming white strings of polymer. This gges was repeated one more time
before being dried under a high vacuum. Yield: @.@D %)

31p{!H} NMR (CDCl3): & -15.38 ppm (0.3P), -18.58 (4.7B NMR (CDCk): & 8.67

ppm (4H), 7.87 (2H), 7.33 (2H), 6.98 (40.8H), 1(Z8.3H). Anal. Calc. for:
CiogH127.1NgOo PsClo.z 1/3NaCl: C, 67.00; H, 6.62; N, 5.79; Cl, 2.99 %. Fou@d

63.44; H, 7.06; N, 4.89; ClI, 3.06 %.

D.1.2.3 [{NP(OPh™)(Obbp)}ocs{NP(OPh'™)2}0. 7o{ NP(OPh'™)Cl}o.25]n

(B
[NPCL]n (1 g, 8.77 mmol) was dissolved in THF (50 mL)thés a solution containing
HOPH® (526 mg, 3.51 mmol) and NaH (158 mg, 3.95 mmol)THF (30 mL) was
added. The solution was refluxed for two hours e solution of HObbp (143 mg,
0.44 mmol), kCO; (60 mg, 0.44 mmol) and TBAB (10 mol%) in acetoB@ (L) was
added to the reaction, the solution was refluxedfturther two hours before a solution
containing HOPH" (526 mg, 3.51 mmol) and NaH (158 mg, 3.95 mmolJi#F (30
mL) was added. The reaction was refluxed for antiaél 3 days before an additional
solution of HOP (2.63 g, 17.54 mmol) in THF (30 mL) and toluen® (8L). This
solution was refluxed for an additional two daybeTsolvent was removed on a rotary
evaporator. The solid was redissolved in a miniamabunt of THF; this viscous oil was
slowly poured into slightly acid water forming thivhite strings. The white strings of
polymer were collected and dissolved in L, then reduced in volume to form the
viscous oil again; this was slowly poured into nagibl forming white strings of
polymer. This process was repeated one more tif@dodeing dried under a high
vacuum. Yield: 1.78 g (62 %).
31p{'H} NMR (CDCl3): & -15.37 ppm (5P), -18.45 (15PH NMR (CDCk): & 6.98 ppm
(148H) 1.29 (306H)Anal. Calc. for: GsgHasaN2503:ClsP2o 2/sNaCl: C, 65.21; H, 6.92;
N, 5.30; Cl, 3.93%. Found: C, 62.76; H, 6.78; NN%.ClI, 3.92%.

D.1.2.4 [{NP(OPh'™®")(OPhbpp)}o.20{ NP(OPh™")} 0 ss5{ NP(OPh™®")Cl1}0.25]

L)
The same procedure was used as fOr kexcept HOPhbpp was used in place of
HOPhTerpy. Yield: 1.80 g (59 %).
31p{'H} NMR (CDCl3): & -15.33 ppm (1.25P), -18.37 (3.758). NMR (CDCL): § 8.61
ppm (2H), 7.75 (2H), 7.50 (2H), 6.98 (37H), 1.29.{®). Anal. Calc. for
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C94.5(H112.75N;|_008_75P5C|1.25' .NaCl: C,64.60; H, 6.47; N, 7.97; C|, 3.53 %. IF@'LC,
63.78; H, 7.28; N, 9.55; Cl, 3.79 %.

D.2 Synthesisof iron(l1) polyphosphazene complexes

D.2.1 General Experimental

All manipulations were carried out under argon gsstandard Schlenk techniques. All
solvents were analytical grade purchased from sr@ahadhemical suppliers without
further purification. The Fe(CIg».6H,O was purchased from Aldrich.

Microanalyses were performed by Campbell Microatiedy Laboratory, University of
Otago.®*'P NMR were recorded on a Bruker Avance 400 MHz spetter using an
external reference of ortho-phosphoric acid.

DSC measurements were performed by Mark Hindenam@g Perkin-Elmer DSC-7
unit controlled by a PE7500 computer at the resegroup of Prof. H. R. Allcock at the
Pennsylvania State University, USA. Each sample arasealed twice, 22°C to 80°C
and -100°C to 100°C, then -100°C to 150°C.

Caution! Perchlorate salts with organic ligands are potédntplosive and should be
handled with the necessary precautions
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D.2.2 Experimental Details

D.2.2.1 [Fe(L'P)2](Cl0.),

L*P (300 mg, 0.17 mmol) was dissolved in Ch@E0 mL), once dissolved GBN (0.5
mL) was added. Fe(Clp.6H,O (32 mg, 0.088 mmol) was added to the solution,
forming a purple solution over an hour. All chamigations in the solution phase were
recorded using this solution. The volume of solvests reduced to 25 mL under
vacuum; methanol was gradually added until a prede formed. The supernatant
liquid was decanted, before additional methanol added, then the solid was sonicated,
before the supernatant liquid was decanted agdia.rémaining solid was dried under
vacuum, producing a purple solid. Yield: 138 mg {42

3p {'H} NMR: 5 -14.95 ppm (2P), -18.20 (8P). Anal. Calc. for

C190H228ClaFeNi 6026P10- 2CHCE: C, 61.52; H, 6.19; N, 6.03; Cl, 5.24 %. Found: C,
57.63; H, 6.44; N, 6.13; Cl, 5.28 %.

D.2.2.2 [Fe(L?"),](Cl0.)2

The same method was used for [FER(CIO.), except 2P

was used in place of'f,
forming a purple solid. Yield: 172 mg (54 %).

31p {*'H} NMR: 5 -14.95 ppm (0.6P), -18.20 (9.4P). Anal. Calc. for
Co1H252. Ll 6FEN6O27. P10 2% CHCE: C, 61.13; H, 6.00; N, 5.21; CI, 8.95 %. Found: C,
58.07; H, 6.26; N, 5.74; Cl, 9.22 %.

D.2.2.3 [Fe(L>P),](Cl0.),

The same method was used for [F&](ClO.), except B was used in place of'f,
forming a purple solid.Yield: 177 mg (58%).

3p {’'H} NMR: 5 -15.01 ppm (10P), -18.07 (30P). Anal. Calc. for:
Cr18Ho0sCl1oFeNsgO7ePao- 1/4CHCls: C, 64.68; H, 6.86; N, 5.24; Cl, 4.18 %. Found: C
60.24; H, 6.93; N, 5.94; Cl, 4.20 %.
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D.2.2.4 [Fe(L*M),](Cl0.,),

The same method was used for [FE[](ClO.), except I!” was used in place of'f,
forming a yellow solid. Yield: 164 mg (51 %).

3p {H} NMR: & -12.61 ppm (2.5P), -15.68 (7.5P). Anal. Calc. for

CigaH225 £Cla sFeNogOs2s Pro- 14CHCls: C, 60.77; H, 6.08; N, 7.49; Cl, 4.98 %. Found: C,
62.83; H, 7.32; N, 6.56; Cl, 4.75 %.

D.3 Synthesis of ruthenium(l1) polyphosphazene complexes

D.3.1 General Experimental

All manipulations were carried out under argon gsstandard Schlenk techniques. All
solvents were analytical grade purchased from sr@hadhemical suppliers without
further purification. The RuG!3H,0 was purchased from Aldrich. Ru(TerpyyCTand

Ru(PhTerpy)G)’ were synthesised according to literature methods.

Microanalyses were performed by Campbell Microatiedy Laboratory, University of
Otago.>*'P NMR spectra were recorded on a Bruker Avance M6z spectrometer
using an external reference of ortho-phosphorid,aei NMR spectra were recorded on

a Bruker Avance 500 MHz spectrometer using an matereference of tetramethylsilane.

DSC measurements were performed by Mark Hindentang Perkin-Elmer DSC-7
unit controlled by a PE7500 computer at the resegroup of Prof. H. R. Allcock at the
Pennsylvania State University, USA. Each sample arasealed twice, 22°C to 80°C
and -100°C to 100°C, then -100°C to 150°C.
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D.3.2 Experimental Details

D.3.2.1a [Ru(L*™)(Terpy)]Cl,

L'" (300 mg, 0.17 mmol) was dissolved in THF (20 mhe solution was heated to
70°C before methanol (15 mL) was slowly added. Otiee methanol was fully
dispersed Ru(Terpy)€(78 mg, 0.17 mmol) and 5 drops of ethylmorpholivees added.
The solution was refluxed for 12 hours before baogled and filtered. The filtrate was
reduced in volume to 10 mL before methanol was lsloadded until the polymer
precipitated. Thesupernatanliquid was decanted; additional methanol was adateti
decanted again. The remaining solid was redissalvelithloromethane; methanol was
added to precipitate the polymer again.Yield: 2QB(B5 %).

3p {'H} NMR: 5 -15.37 ppm (1P), -18.58 (4PH NMR: & 6.96 ppm (53 H), 1.13
(72H). Anal. Calc. for @ dH125ClsN110sPsRu-Y/,CHCLs: C, 61.95; H, 5.91; N, 7.21; ClI,
6.22 %. Found: C, 58.16; H, 6.12; N, 7.76; Cl, 342

D.3.2.1b [Ru(L*")(PhTerpy)]Cl,

The same method was used for [Riij{Terpy)]Ch except Ru(PhTerpy)givas used in
place of Ru(Terpy)Gl Yield: 191 mg (50 %).

31p {*'H} NMR: 5 -15.40 ppm (1P), -18.47 (4PH NMR: § 6.96 ppm (70H), 1.13
(72H). Anal. Calc. for §gH14:ClsN1:0PsRu- 2/5CH40: C, 62.57; H, 6.71; N, 6.78; Cl,
4.68 %. Found: C, 63.15; H, 7.40; N, 5.59; CI, 348

D.3.2.2a [Ru(L?)(Terpy)]Cl,
The same method was used for [Rif(Terpy)]Ch except
Yield: 383 mg (63 %).

2P was used in place of'L.

3p {'H} NMR: 5 -15.67 ppm (0.3 P), -18.47 (4.7 BBl NMR: & 6.96 ppm (59.8 H),
1.13 (783 H) Anal. Calc. fOI’1@3"'138,1N1109.7P50|2_3RU'l/ZCHCé: C, 63.86; H, 6.01; N,
6.63; Cl, 5.80 %. Found: C, 59.44; H, 5.88; N, 7@B 3.58 %.
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D.3.2.2b [Ru(L?)(PhTerpy)]Cl.

The same method was used for [RUf(Terpy)]Ch except Ru(PhTerpy)€ivas used in
place of Ru(Terpy)Gl Yield: 365 mg (58 %).

3p {*H} NMR: & -15.67 ppm (0.3 P), -19.20 (4.7 BHL NMR: & 6.96 ppm (63.8 H),
1.13 (783 H) Anal. Calc. fOI’1@9"'142,1N1109_7P5C|2.3RU: C, 66.23; H, 6.12; N, 6.59; C|,
3.49 %. Found: C, 71.21; H, 10.15; N, 3.21; Cl24%0.

D.3.2.3a [Ru(L>")(Terpy)]Cl,

The same method was used for [R{f{Terpy)]Ch except
Yield: 263 mg (83 %).

3p {*'H} NMR: & -15.42 ppm (5 P), -18.62 (15 PH NMR: 5 6.96 ppm (159 H), 1.13
(306 H). Anal. Calc. for €4HaesN26035Cl-PooRU- Y4CHCly: C, 64.96; H, 6.78; N, 5.66;
Cl, 4.10 %. Found: C, 59.60; H, 6.76; N, 4.86;%99 %.

P was used in place of'L

D.3.2.3b [Ru(L>F)(PhTerpy)]Cl,

The same method was used for [RU)(Terpy)]Ch except Ru(PhTerpy)€as used in
place of Ru(Terpy)Gl Yield: 261 mg (81 %).

3p {'H} NMR: & -15.42 ppm (5 P), -18.61 (15 P} NMR: § 6.96 ppm (163 H), 1.13
(306 H). Anal. Calc. for ggoH469N28035Cl-Po0RU-%2CHClI,: C, 65.29; H, 6,77; N, 5.60;
Cl, 4.05%. Found: C, 63.18; H, 7.08; N 5.24; Cl, 4.12%.

D.3.2.4a [Ru(L*)(Terpy)]Cl,

The same method was used for [R{f{Terpy)]Ch except
Yield: 226 mg (61 %).

31p {'H} NMR: & -15.67 ppm (1.25 P), -18.60 (3.75 B).NMR: § 6.96 ppm (54 H),
1.13 (69.75 H). Anal. Calc. forigs H123.79N1305 7975Cl3 2sRu- 4CHO: C, 60.28; H,
6.23; N, 8.05; Cl, 5.10 %. Found: C, 60.88; H, 61836.45; Cl, 4.68 %.

P was used in place of'L

326



D.3.2.4b [Ru(L*)(PhTerpy)]Cl,

The same method was used for [RUi}(Terpy)]Ch except Ru(PhTerpy)€lvas used in
place of Ru(Terpy)Gl Yield: 210 mg (55 %).

3p {'H} NMR: 5 -15.63 ppm (1.25 P), -18.60 (3.75 B).NMR: § 6.96 ppm (58 H),
1.13 (69.75 H). Anal. Calc. for: 1@ dH127.74N1308 78P5Cls 2Ru- £/3CH,0: C, 61.19; H,
6.26; N, 7.72; Cl, 4.89 %. Found: C, 61.72; H, 619%5.24; Cl, 4.92 %.
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