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Abstract

Utilizing a radicalnucleophilic aromatic substitution reaction, a novel- bis
terpyridine compoundantaining a high degree of conjugatiams synthesized This
compound was then used along with a series of transition metal compounds t@ create
series of coordination polymers. The metals used in this series were iron, resulting in a
deep purple @npouwnd; nickel, resiting in a pale yellow compound;jnc, resulting in a
slightly pink, off white compoundgobalt, resultingn a vibrant turquoise compound,
copper, resulting in dark pastel green compourahd ruthenium, resulting in a dark red

compound.

The iron coordination polymer was characterized using NMR spectroscopy, and
was estimaig to possess a molecular weight just under 40@@tbl using viscometric
analysis. Conductivity measurements were performed on the iron polymer, the results of
which unfortunately showed no conductivity The thermal properties of the iron
coordination polymer were also examined, and using TGA it was found to undergo two
major decompositions at approximately 48D and 485°C losing 11.2% and 55.04%

mass respectivelylt was also observed to undergo a glass transitie8va86°C.

The full polymer series was examined using NMR spectroscopy, and several of
the compounds were also examined using EPR spectroscopy. Several of the polymers
were investigatedusing fluoescencespectroscopy, and the zinc polymer displayed an
unexpected fluorescence enhancement of nearly times over the uncoordinated
monomer. Quantum yield experiments determined that this polymer has a quantum yield

of 0.33%.
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17 Introduction

Materials chemistry is a constantly expanding field, and new compounds are
continuously being created for a vast range of applicatiod@se exciting branch of this
field is that of coordination polymers, with a myriad of potential applications in fields
ranging from biomedical to light capturé. While coordination polymers themselves
have a wide range of interesting properties and useful applications, the choice of
appropriate organic monomers allows for the addition of conducting properties, with the

coadination polymers now acting as molecular wires.

1.17 Coordination Polymers

1.1.17 History

The study of coordination polymers is a relatively rfesdd of chemistry, being
less than a century gldith the beginning of its rise in popularity not ocaeng until the
1950s. The earliest known synthetically produced coordination polymer is Prussian blue,
with its synthesis first being reported by Stahl in £73tthough its structure and identity
as a coordination polymer was hwiownuntil the advent bx-ray crystallography. This
compound has the molecular formufa[Fe(CNk]s - xH,O and exists in a three
dimensional lattice consisting of ferricyanide ions coordinating torfeal centres, as

can be seen inigure 1.
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Figure 1 7 Ferricyanide ion (left) and structure of Prussian blue including
potassium counterions (right) .

Two of the earliest intentionally synthesized coordination polymers were silver

cyanide, reported in 1935 by Wésand nickel rubeanate, reported 94 by Jenseh,

both of which can be seen inghkre 2. The first big boom in coordination polymer

research occurreduringWorld War 11, funded by th&S Air Forcewith the intention of

producing highly thermally stable polymers for use in aerospace cappfis

Unfortunately this result wasever achieved, with most of the polymers being less stable

than the mnomeric coordination compounfifaterest in coordination polymefsl| off
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Figure 27 Silver cyanide (left) and nickel rubeanate (right).



after this, largely due tthe difficulty in characterizing these compounds. However, the
preparation of ferroce by Kealy and Paulson in 19%¥ollowed by its structural
deermination by Wilkinson i 1952'° once again sparked interest in coordination

polymers, with research truly taking off in the 1970s.

Some of the earliest work in the design of coordination polymers actually belongs
to the related field of crystal engineering. The design of sugesmlar structures based
on the consideration of the geometry and topology of the component molecules was
pioneered by A.F. Wells in the 1930 Wells reduced supramolecular structures to a
system of points with specific and known geometries that werejtieed to a certain
number of other points with specific and known geometries. These connected points of
known geometries could then be used to mathematically cedculze overall

superstructuré-*?

Parallels between this approach to crystal engingeand the design of
coordination polymers can easily be dravibut it was nountil the 1998 that the idea
was exteded to this field by R. Robsdf. While Wells looked at the problem as a series
of inorganic points, Robson adapted the approach to iea¢helcombination of inorganic
Anodesd and organi c A s pasicferthe madern apgraach toa p p r ¢
coordination polymer design and led to an explosion of research in the field in the

following years.



1.1.21 Characteristics of Coordination Polymers

There is some disagreem&Hf over the exact details of such a definition, but a
coordination polymer camgenerally be defined asi acoordination compound with
repeating coordination entities extending in 1023 dimension®®® These firepeat
coordination entitieso can vary quite sidg
coordination polymers can be divided into several types based on these coordination
entities. These types are: (1) polymerized ligaatteady coordinated to metals, (2)
ligands already in a polymer chanordinated to metaland (3)coordination complexes
of ligands and metaforming the polymer backborté The work in this thesis focuses on
the third type of coordination polymer, tirepeating organic subunits coordinated to

metal centres forming the polymer backbone.

One important characteristic of coordination polymers is dimensionality, the
ability to exist in 1, 2, or 3 dimensions based upon the coordination number of the metal
centres and the denticity of the ligands. For example, the silver cyanide and nickel
rubeange polymers, as can be seen igufe 2, extend in one dimension whileuBsian
blue, as can be seen iigire 1, extends in three dimensions. The dimensionaility
coordination polymer determines the structure it will take. One dimensional coordination
polymers will form single chain polymers, two dimensional coordination polymers will
form molecular sheets similar in structure to graphene, and three diménsiona
coordination polymers will forrmetwork metal organidrameworks, as can be seen in

Figure 3.
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Figure 37 Dimensionality of coordination polymers.

Coordination polymers possess a number of desirable properties including
thermal stability, conductivity, luminescence, porosity, and-s@al shpeselective
catalytic ability*®° One of the most interesting properties of coordination polymers is
their high degree of tability, which allow for them tobe designed for speaf
applications. And because of their wide range of useful, tuneable properties,

coordination polymers have been adoptedafaride range of applications.



1.1.371 Applications of Coordination Polymers

Because of the vast arraf different nodes and spars that can besed, the
expansive range of coordination polymers that can be made is virtoaflyimited by
the imaginationand because of this wide range of possible structures and functionalities,
coordination polymers have potential applicatiomsa similarly wide range of fields.
These include applications in the biomedicabrageand catalytic fields, utilization for
their sensor and separation capabilities, creation of semiconducting materials, and
exploitation of their photophysical prapes for use in lumineent and light capture

devices?®%®

The creation and study of higher dimensional coordination polymers has a high
degree of overlap with the fieldf metal organic frameworks, and as such these
coordination polymers share maofythe same potential applications. Three dimensional
coordination polymers typically display highly porous behaviour, similar to zeolites, and
thereforemany of their applications focus on the utilization of these F8f@sThrough
the tuning of pore size and shape, coordination metynetworks can be designed to
store specific moleculesThis includes use in the field of gasorage, an application for
which three dimensional coordiien polymers has seen taemendous amount of
attention®*?® Inclusion of catalytic sites in these pores allows for size exclusitaytc
activity, with the size of the porefetermining the size or shape of compounds that are
able to approach the cagtit sites?’ Alternatively, molecules can be inserted into these
pores as aneansto protect them. Thiallows for applications such adrugdelivery of

unstablecompound<?



Three dimensional coordination polymemong with two dimensional sheet
coordination polymers with appropriate functionalizatiblave potential for selective
separation applications. The coordination polymers can be tuned to selectively sequester
the desired molecule, either in the pores of thdeeensional networks or via the
functionalizatim of lower dimensional polymefé. Furthermore, these polymers can
simultaneously act as sensors to indicate the successful sequestration of the desired
compound. This is due to the fact that coordinatialyrpers contain a metal
coordination site, often with chromophore properties. As a result, the successful
separation of the desired compound can affect a change in the chromophore properties
which will announce the presence of the desired compound, so@setn meanss

obviousasa colour changé®

The chromophore behaviour of the metal naotesrganic spaceiia coordination
polymersalso has otheinteresting photophysal applications. One of these is the
potentialuse in photovoltaic materiald-or example, a rhenium containing coordination
polymer designed by Chan has shown potential for use in light harv&stimilarly,
coordination polymers have a very high potential for the use in luminescent materials. In
the past few yearghere have beeseveral examples of these materials used for the

preparation of polynrdight emitting diodes (PLED}**!

1.1.47 Molecular Wires
As mentioned previously, coordimat polymers can exist i, 2, or 3

dimensions. Coordination polymers tlethibit condative properties anéxist in one



dimension, either by possessing a low coordination number or the use of ligands with

high denticity, are oftereferred to as molecular wirés.

Nanowires were first predied in 1959 by Richard FeynnTams a solution to
problem ofmi ni aturi zation of computing devices
research on these substances has been feas
range of materials including metallic or crystalline substances that exist ioregatdd,
wire-like structure with diameters in the nanometer regime. Molecular wiiss a&xa

subset of this class ofinostructures.

4
13

Figure 471 Carviologen used by Lehret a

Thete m fimol ecul ar wireo was first -used b
Marie Lehn to descr i betransmesmbursaen eo fmocl*ercwuil calrc
Molecular wires are a distinct lsgroup ofnanowires as they, as the name implies, are
wires of mokcular composition as opposed to the broader nmemategory which also
includescrystalline or metallic structur€s While shorter molecular wigesuch as the
above carviologen exist, the majority of molecular wires are polymeric in nature
consistingof chains of repeating subunits. As narand molecular wirgsoriginal
intended use ar@ smallscale electronics, one importdaature of such materials is that

they are conductive.



Perhaps the most attractive property of molecular wires is thaeésig to alter
thar properties The structure of specific molecular wires can be purpose designed and
their properties are highly tunable via simple main chain modibeoatior addition of side

chaing®¢38

Conductivity is a property that must be prdséor a polymer to be
considered a molecular wireWhile in nanowires this can be achieved simply by the
intrinsic metallic properties of metallic nanowires, conductivity is achieved in molecular

wires through the presence of extended conjugation. A&swtmolecular wires exist

primarily as polymers with a high degree of conjugation.

As nanowires wereoriginally envisaged as components used for the
miniaturization of computational devices, it shobklno surprise that one of their main
intended use in nanoscale electroniclong with the use in elémnics of individual
A wi r lkemolacular wiredehaves similarly to conducting polymers in general, and as

such has many of the same applications.

1.27 Conducting polymers

1.2.17 History of Conducting Polymers
Polymers are mostly thought of as insulators, argeimeral, mosare. However,
thereareseveral classes of polymdigtare able to conduct electricity, with the earliest

examples in usage nearly one hundred year§®ago.

The earliest ample of a polymer conducting electricity is the utilization of
conductively filled polymers to prevent corona dischargeA conductively filled
polymer is a nanocomposite comprised ofia r a d iirtsulatng @dlymerthat has

9



conducting materials added to the polymer matrix. The next form of conducting
polymess discovered were charge transfer (CT) polysneéiscovered by Akumata in
1954%° These compounds consist of interactions between electron acceptor and electron
donor species that facilitatdharge transfer between the two and typicakyst as very

brittle, mostly crystalline compounds.The third type of conducting polymers are
ionically conducting polymers and wefest reported by Wright in 1978 These
communds are polymers that have ionically charged groups chemically bouthe t

polymer chain, thus allowing falectrical conductivity?

While these three groups of compounds are indeed polymers and are able to
conduct electricity, it can be argued thagythmay not truly deserve to be considered a
Aconducting polymer. o The conductively fi
added to the polymer for electrical conductivity, and CT polymers can be argued to be

more similar to crystalline materials.

The first example of a polymer conducting electricity through the polymer
backbone, a truly intrinsic conductive polyme&ras the discovery of conductivity in
doped polyacetylene by MacDiarmiShirakawa, and Heeger in 19%7 Following this
discovery,several other stableonducting polymers were quickieported, including
polypyrrole, polyaniline, and polythiophefi&®® Since then the field of condting
polymers has expanded bynaassive degree, and because of the significance of the
discovery and he influence it has had on this new, expanding field, MacDiarmid,

Shirakawa, and Heeger were awarded the Nobel Prize in Chemistry in 2000.

10



1.2.27 Properties and Applications of Conducting Polymers

As the name implies, the most important property of adgoting polymer is
conductivity. Conductivity in polymers can be explained according to band theory, as
described by Harrison in 1979. According to band theory, the conductivity of these
polymers is a result of eldesot r camidc tshter uncotvue
electrons within these structures. These bands can be considered roughly analogous to
molecular orbitals in MO theory, with the highest occupied band being the valence band,

and the next, unoccupied band being the conductive b&hd.difference of energy, the

fdi stance, 0 between these two bands is the
E =
‘ D
El_:d- ------------------------

intrin. n-type

Metal Semimetal Semiconductor Insulator

Figure 57 Energy bands of various types of material§®

a material déds conductivity. Me dt thdy possesse hi g
partially filled energy bands. Semiconductors are materials that have a relatively small
band gap, allowing for the promotion of electrons into the conductive band, while the

band gap of insulators is large enough that this promotionpisssible®**’

11



While semiconductors have a band gegorow enough to facilitate some degree
of conductivity,this may be increased by dopitlge conducting polymers. Conductive
polymer dojng is the process by which a doping agent is added to either partially oxidize
or partiallyreduce the polymer. Oxidative doping, also known-agp doping, involves
the removal of electrons from the valence band and reductive doping, also known as n
type doping, involves the addition of electrons to the conduction band. Both of these
forms of doping result in a change to the

increasehe conductivity of the materidf’

One of the most attractive profies of conducting polymers is their tunability.
Functional groups can be added to conducting polymers either before or after
polymerization, and can be selectively added to alter the properties of the polymer. For
example, many polymers are insolublet the addition of alkyl groups to the polymer
can cause it to be soluble in Apalar solvents, while the addition of ionic groups can
result in solubility in polar solventsAs the variety of functional groups is incredibly

vast, the ability to alter thgroperties of a conducting polymer is similarly vast.

Conducting polymers are an incredibly diverse class of compounds, and as such
they have applications in a wide range of fields. Because the conductivity of conducting
polymers is a result of the dellization of electrons through an extended conjugation
system, many conducting polymers have interesting and useful optical properties. One
example of this is the use of conducting polymers in polymer light emitting diodes
(PLEDs). These materials wdvern from the discovgrof electroluminescent properties
in poly(p-phenylene vinkene) (PPV) by Frienet al. in 1990°° The addition of light

harvesting materials to conducting polymers also allows for their use as organic
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photovoltaic materials, with tHirst example bimg reported by Heeger in 1995.These
are just a couplef examples of the applications of condugtiolymers, and many more
exist, includingusage in electronic and sensing devices, as well agsoonr protection

materials>®

1.37 Terpyridine

1.3.17 Structure and History of Terpyridine

Terpyridine is a molecule that consists bifeie joined pyridine rings, anahile
there are many possible substitution patt
exclusively refers t@,27:6°,2 ~terpyridine the structure of which can be seerfigure
6. Consequentlywhenever used in this thesist er py r i dihseanpoursifore r s t
its derivatives As a result of the 2,27:6°,2"" substitution pattern, tadiye acts as a
tridentate chelating ligah almost like a moleculdiclawo, and forms stable coordination

complexes with many transition metals.

Figure 61 The structure of 2,2":6°,2" -terpyridine .
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Terpyridine was firssynthesized by Morgan and Burstall 1932, albeit entirely
by accident. Morgan and Burstall had been attempting, successfully, to produce large
quantities of 2,2bipyridine by direct dehydrogenation and is¢ethterpyridine as one of
20 byproducts. Although they did little more with the terpyridine than identify it, they
noted its potential usefulness as atig for coordination complexas. It was notuntil
several years later that a higher yield, synthetic approach to terpyridine preparation was
reported, utilizing &Kréhnke condensation reactioh. Interest in the use of terpyridine
for metal complexatiorsaw ahuge increase in the late "2@enturyas a result of the
strong, distorted octahedrabordination complexes it formkrgely championedy

Constablé*®” and Schubert?®

Also as a result of the strong coordination complexes terpyridine forms with
transition metals it has seen use in coordination polymers, with sarhyeexamples
dating to the early 1990%%2 A significant amount b t e r s yapplicdtiormine 6
coordination polymers has been to attach metal complexes pnidaatpolyner chain,
often as chromophor&3® It has however also been used as the ligands in backbone

metal coordination polymefS:®’

1.47 Characterization Technigues

1.4.17 Nuclear Magnetic Resonanceand Electron Paramagnetic Resonance

Spectroscopy

Nuclear magnetic resonance (NMR) sfpescopy is one of thenost useful
techniques in chemistry.While a great deal of information can be discovered using

NMR, the most commadwy obtainedis structural information about a compound. To
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providein depthbackground and operational details on this form of spectrossopid

beoutside the scope of this thesis, anédwief introduction will be presented.

NMR operates by exposing a compound to a strong magnetic field, which causes
the spin states of the nuclei to become f@myenerate, splitting into higher and lower
energy states. Whereas before there was an even population between these spin states,
there is @w an increased population in the lower energy spin state. As a result of the
now present energy gap between spin states, nuclei can now absorb electiomagnet
radiation, for NMR in the radio wavelength region, and become excited to the higher

energy spirstate, followed by a relaxation to the lower energy spin &tate.

The frequencyt whichnuclei will absorbvaries, and is a result of the electronic
environment of the nucleus. This shift in frequency is known as the chemical shift of the
nucleus and iseported in units of parts per million (ppm). Because this shift is caused
by the electronic environment of the nucleus, structural informatibmut the region of
the molecule that the nucleissin can be deduced. thi NMR, the integrated area under
the signabf a specific proton is dependeri the number of nuclei in identical electronic
environments. As a result, the integration of each signal in an NMR spectativerto

the other signalprovides structural information.

Another piece of struatal information that can be obtained via NMR
spectroscopy comes from the splitting patterns of signals caused bgpapiooupling
In this process, a nearbghemically bound nucleus will influence the frequency of

another nucleus, resulting in the &g of the signal into a multiplet. fH NMR, this
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splitting provides information due to the fact that the multiplicity of the signal is directly

related to the number of nearby proton nuté&y.

Electron paramagnetiesonance (EPR) spectroscopy is an analogous technique
that looks at electrons instead of nuclei. While it also involves the use of a magnetic field
and electromagnetic radiation, it is instead the magnetic field that is varied while the
radiation, in themicrowave region, is held constant. In EPR thise | e ¢ tmagmeti® s
moment (ng) that is split in energy. As a set of paired electrons will occupy both of these
energy levels, an electron must be unpaired in order to absorb electromagnetic radiation
and be promoted into the higher energy level. As a result of this, only molecules with
unpaired electrons, such as radicals or transition metal complexes with an uneven number

of d-electrons, cabeanaly®d using EPR°

While EPR may be less usefthan NMR for the structural elucidation of a
compound it can provide important electronic information ababé molecule. For
example,a n e | egefdactoraosnadresult of the applied magnetic field as well as the
magnetic fields caused by nuclei in the cannpd, and can provide information about the
atomic or molecular orbital occupied by the electron. EPR is also an extremely effective
technique to detect the presence of radicals, and as such is often used in many scientific

fields./>"?
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1.4.21 Thermal Analysis

When considering potentiapplications of a compound, information about the
compoundos ther mal properties is very wusef
very important for determining what applications it may be appropriate for, and can be
determined using thermogravimetric analysis (TGA). Differential scanning calorimetry
(DSC) is another technique for analyzing a compdasirtiermal properties and can

determine properties such as phase transitions.

TGA is a relatively straighorward tetinique, and involves heating a sample and
measuring its mass daog this process. Thikechnique is designed to be sensitive to
mi nute changes in a samplebds mass, and as
down to the microgram regime, is requirefihe TGA instrument will also consist of a
furnacethat has a high degree of control over heating rate. The thermograms produced
via TGA will contain a plot of weighpercentage as a function of temperatared losses

of mass will correspond to decomftizns of the sample being anadyts’®

While thermogravimetric analysis covers a wide range of temperatures extending
up from room temperature, differential scanning calorimetry covers a naiuge of
temperatures centred arourmbm temperatureBecausdhe temperature rangee DSC
can observe extend far below 0°C, the system must either contain a powerful
refrigeration unit or utilize a cryogenic fluid such as liquid nitrogen. DSC operates by
examining the heat capacity of a compound, and doe$yhiscording the amount of
heat required to increase the temperature of the compound as a function of temperature.

This rate will experience an abrupt change when the compound experiences a thermal
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event, which allows DSC to determine phase changes, sunkltisg or crystallization,

or other thermal properties such as the point of denaturation of proteins.

When examining a polymer, one of the most imgatrthermal properties thaan
be investigatd using DSCis the polymeds glass transition temperatureA glass
transition point is the temperature at which a polymer transitions from one state to
another. Below this temperature a polymer will exist as a brittle, glassy material, and
above it the polymer will be amorphous dimdbberyd Like thermal sthility, this is an
important property to consider when determining appropriate polymers for a specific

application”*
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1.4.31 Fluorescent Analysis
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Figure 7i The Jablonksi diagram.”

Photoluminescence occurs when a molecule in an excited eliecstate relaxes
to its ground stateFluorescencés one ofthe two methods through whichighrelaxation
can occur along with phosphorescenceTheseprocesses arbest described via the
Jablonski diagram, gsctured inFigure 7. The first step intis process ithe absorption
of a photon. This causes excitation of an electron from the singlet ground energy state
(So) to an excited energy level of trenglet excited energy state;}S From this excited
state there are sevemphthwaysthrough whit the moleculecan relax to the ground

electronicenergy level.

The first pathwayis through an internal conversioorossing back to a higher

vibrational level in the singlet groundstate, after wilwuh the molecule can relax
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vibrationally (R in Figure 7), for exampé through collisions with o#r molecules. The
secondpathwayis intersystem crossing from the singlet excitedrgy state to an excited
vibrational level of the excited trigt electronicstate. Themoleculethen undergoes
vibrational relaxation in this energy state before relaxing toSghground energy level
through the phosphorescent emission of a photom fRgure 7). Fluorescence is the
final method of relaxation and involves vibrational relaxationthe § excited state
followed by a relaationto the $ ground state through the fluorescent release of a photon

(Fin Figure 7.®

Fluorescencespectroscopy, or fluorimetry, is the spestopictechnique that
measuredluorescent emissiondn it, an eletron in a molecule is promoted to an excited
energy state through exposure to electromagnetic radiatiten) of the ultraviolet or
visible rangeof the spectrum. Tdamoleculeis then allowed to relax to the ground energy
level, and the energy of thendted photon is recorded. There are two main fluorescent
techniquesexcitationfluorimetry and emision fluorimetry. In excitatiofluorimetry, a
specific wavelength of fluescent light is monitored whihe molecule is exposed to a
range of light waelengths. Conversely, in emission fluorimetry the molecule is excited
by a constant wavelength of light while the fluorescent emission over a range of

wavelengths is recorded.

Fluorescencepectroscopy is powerful techniquen the field of chemistry It
can be used to quantiteely analye the presence of specific analyte in solution, and
fluorescent detectors are often used in high pressure liquid chromatography (HPLC).
Fluorescence spectroscopy is also a useful tool in the analysis of orgapowuls,

directly revealing information about the energy levels of compo(nds.
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1.4.47 Viscometry
One of the most defining properties of any polymeric material is the
molecular weight of the compound, often defined as the number average molecular
weight M) or the weight average molecular weight,)M This property is essentialty
measurement of the length of the polymer, dependent on the number of repeating
subunits it is comprised of. The ideal technique to determine this property is gel
permeation lsromatography (GPC), a form of size exclusion chromatography that

separates compounds based on their sizes.

Unfortunately, compounds that possess a low solubility or congdianic méal
moieties, both of which are present in the compounds desdrilta thesis, are either
impractical or impossible to analgsusing GPC. Compounds must be in solution for
GPC to be run, so low solubility makes this difficult, and the presence of cationic metals
in the polymer will damage the GPC column. And with GPC unavailable, other

avenues must be pursued in order to examine the molecular weight of the polymers.

One of these alternative techniques, and the one chosersé in this thesis, is
viscametry. Viscometry measures the viscosity of a solution, andcoynparing the
viscosity of an unknown compound with that of a model standard, the relative viscosity
can supply information about the unknown compound. Unlike GPC, viscometry cannot
supply highly precisequantitative results, but it can offer insight iritee nature of the
material, suggesting a relative molecular weight and providing evidence that a compound

exists as a polymer as opposed to a series of oligomers.
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Figure 81 Ostwald viscometer.

Several different types of viscometers exist, but theuseel in this thesis was an
Ostwald viscometer, pictured inigbre 8 This type of viscometer consists of a glass
tube with a dbend in it. One arm of the tube has a thin capillary running most of its
length, with a reservoat the bottonand a second servoir of specific volume at the top.

A solution of known concentration is placed in the lower reservoir through the arm
without the capillary, and is then drawn up through the capillary until the reservoir with a
specific volume is filled. The solutias then timed as it is allowed to flow through the
capillary, and the time taken to do so can be used to calculate the kinematic viscosity.
This viscosity is then compared with that of a model standard to infer information about
the compound. Perhaps mdsimportantly, this technique can be used to determine a
pol ymer6s intrinsic vi stamgproxigate thevpolymadr c an

molecular weight by applying tHdark-Houwink equatior®
- 0D (1)
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where ]] is the intrinsic viscosity, M is the molecular weight of the polymer, and K and
a arevariables related to the polymsolvent system and the polymar flexibility

respectively

1.4.51 XRD and IR

Powder XRay Diffraction (XRD) is a tdunique that uses a directed beam of x
rays and measures the intensity of the diffraction of the beam off a sample through a
range of angles. As the name implies, powder XRD requires that a sangptibé into
a fine powder to be analgd, and is prepadeby being pressed flat either into a recessed
sample holder or onto a piece of double sided tape on a glass slide. XRD is most useful
in analyzing either crystalline or layered materials. Every crystalline compound has a
uniqgue XRD diffractogram, and XR is commonly used in the analysis of
pharmaceutical compounds. With polymet&D is helpful in understanding the nature
of the polymer, whether it is amorphous or crystalline, and if it is crystatinehat

degree.

Infrared (IR) spectroscopy is aesgroscopic technique that examines either the
absorbance or transmittance of infrared radiation as it passes through a sample. The
energy of infrared radiation corresponds to frequencies that are resonant with the
vibrational modes of molecular bonds. s Anfrared light passes through a sample,
specific frequencies of radiation will be absorbed corresponding to the vibrational

energies of the bonds in that sample. As a result, infrared spectroscopy is a useful
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technique for examining the structure of ampound, as it will highlight specific

functional groups and bond types in that compatind.

1.57 Project Objectives

The purpose of this project is to develop a novel series of highly conjugated
coordination polymerswhich will ideally possess conductivityThis will be done by
preparing a novel organimonomerthat both possesses a high degree of conjugation,
through the inclusion of aromatic groups and thioethers, and corttamnsstrongly
coordinating terpyridine ligands. This monomer will then be used @oardination
reaction with iron chloride in order to produce an iron coordination polymer. This iron
coordination polymer will be characterised using several techniques including NMR
spectroscopy and viscometry. Its thermal properties will also betigatesl using TGA

and DSC.

The terpyridine based monomer will then be reacted with several other transition
metals to form a coordination polymer series. This series will then be investigated using
NMR spectroscopy as well as EPR spectroscoiyie fluolescent properties of the

polymer series will also be examined.
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21 Synthesis and Characterization of Iron Coordination Polymer

2.11 Synthesis ofTerpyridine Based Monomer

N, / DMF
Let Stand 24h

Figure 9 T Synthesis of disubstituted thiolisbenzenethiotterpyridine
monomer by an aromatic &yl reaction. Compound 3 was prepared
according to literature methods>*

At first glance, the redion for the synthesis of the bisrpyridinesubstituted
monomer appearquite simple, but while the conditions eémty are, the reasoning

behind these conditions less so The synthesis was derived from previously reported
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methods,? and similar reactionshave been reporteid the literaturé®®?> However, the
actual nechanism of this reaction is rarely discussed in great detail, with most
publications briefly mentioning the tgpof reaction this isafpy aromatic 1) andthen
referencing earlier pap&f&° without discussing the most notable oddity of this reaction:
the absence of sting. This pattern contires back to the earliestrticle reporting the

aromatic @yl reactiorf®

This earliest publication of the aromatig\& reaction by Bunnétt discusss the
large range of apmations of the newly described reaction based on earlier work in his
lab as well as the investigations of aliphatic radical mediatel ®actions by
Kornblum?®’ As the name impés, this reaction is a nucleophilic substitution following a
radical chain mehanism with aromatic retants, one of which must ken aromatic
halide. While many aromatic systems undergoing this mechanism require initiation of
the radical chain reaction itherphotostimulation or the addition of solvated electrons
via alkali meals®*s ome syst ems, such as this reacti

will auto initiate

While these aspects are discussed in detail by Buffrte&explanation as to why
stirring is not only not requiredbut will actually disruptthe reaction is notliscussed
And while the exact reason is not known, it is likely that stirring will actually serve to
guench the radical chain reaction. Asthereanti pr ogr esses, Apockets
continually forming in which radicals are being formed and radical chain reactions are
occurring. Stirring serves to disrupt t h
thereby terminating the chain reactiprematurely. As a result, the absence of stirring

would be required for the reaction to go to completion in an appropriate length of time.
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2.2 NMR Analysis of Monomer

e L e e N e e s L e e e e e s s e L
8.9 87 85 83 81 7.9 77 75 73 71 69 67 65 6.3 6.1 5.9 57 55 5.3 5.1
f1 (ppm)

Figure 107 *H NMR spectrum of bis-terpyridine monomer.
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Figure 117 *H NMR spectrum of thiobisbenzenethiol.
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Figure 127 HSQC spectrum ofbis-terpyridine monomer.

29

r115

r120

r125

r130

r135

r140

r145

r150

f1 (ppm)



Proton Shift (ppm) | Multiplicity Integration
Ha/ Hg 8.668.75 m 8
Hp / Hg 7.55 m 8
Hc 8.12 dad 4
He 8.22 S 4
Hs¢ 7.72 d 4

Figure 131 *H NMR proton assignments for monomer.

The assignments of thBH NMR signals caused by.tthrough H are based upon
previots investigations of terpyridifitand do not differ significantly from those seen in
the garting material, 4chloro-2,2°:6°,2 -terpyridine. The four signals caused by, kb
Hq appear in the expected locations, and the signal causeddypiars as the expected
singlet with only a slight shift.The signals resulting from Hand H, howeverdo see a

significant change from the starting material. In thd NMR spectrum of
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thiobisbenzenethipthese two hydrogens appear as two doublets at 7.18 angpfr2@s

can be seen in Figure 11. Following the reaction with terpyridine, #igeals hae

shifted further downfield to 7.57 and 7.#4pm, with the distance between them
increasing as can be seen in Figure 10. This is due to the fact that the aromatic
terpyridine groups serve to further deshield the thiobisbenzenethiol protons. Even more
apparent is the disappearance of the thiol proton of the unreacted thiobisbenzenethiol as

can be seen in Figure 11 at 5.59 ppm.

The HSQC sectrum of this compoun(Figure 13 shows the presence of seven
hydrogens bonded to seven unique carbons as welheaspresence of five more
guaternary carbons.The HSQC spectrum also confirms the assignment of the two

multiplet signals as being caused by overlapping signals.
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2.31 Synthesis of Iron Coordination Polymer

1) FeCl, / DMF /N, / 3h

2) NH,PFy

Figure 141 Synthesis of iron polymer.

The formation of the iron coordination polymer takes place through the
coordination reaction of one equivalent oé thisterpyridinesubstituted moroer with
one equivalent of irgil) chloride. The monomeand the coordiated polymer both
suffer from very low solubility in most solventand as sughthe coordination reaction
occurs in a minimum volume of DMF as determined by adding solvent dropwise until all

reactants have dissolved. The ability for terpyridine to farooordination complex with
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iron is so great that upon the addition of the first drop of soleedark purple colour is
immediately present.The reaction solution is then stirred for 3 hours undertragen

atmosphere to ensure maximaoordination.

After the reaction is completan excess of ammonium hexafluorophosphate is
added to the now deep purple solution. This serves to replace’thm ¢ a | centreo
cownter ions with the strongly necoordinating PE anion. The product is then
precipitaed by dropwiseadditioninto diethyl ether and isolated via vacuum filtration as a

purple powder.
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2.41 Characterization of Iron Coordination Polymer

2.4.17 NMR Analysis of Polymer

o el

T T T T T T T T T T T T T T T T T T T T T T T T T T T
93 92 91 90 89 88 87 86 85 84 83 82 81 f (8.0 ) 79 78 77 76 75 74 73 72 71 7.0 69 68 67
ppm

Figure 157 *H NMR spectrum of iron coordination polymer.
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Figure 167 HSQC spectrum of ironcoordination polymer.

35

120

r125

r130

r135

r140

r 145

r150

r155

f1 (ppm)



W

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
9.7 9.6 95 94 93 92 9.1 9.0 89 88 87 86 85 84 83 S.Zf 8(.1 8).0 79 78 77 76 75 74 73 72 71 7.0 69 68 6.7 6.6 65
1 (ppm

Figure 177 *H NMR spectrum of iron coordination polymer obtained at
extremely low concentrations.

After the coordination reaction forming the polymer, th¢ NMR spectum
shows a broadening of all of thégsals as can be seen ingtre 15 It was first
suspected that this broadening was the result of the polymeric nature of the compound, as
large molecular weight compounds experience a reduction in the speed of guoiblin
the NMR timescale. However, the molecular weight was determined to be approximately
40,000 g/mol using viscometry(Section 2.4.2), and while this still means the
coordination species is a polymer, it is a relatively low molecular weight polymer and
thereforethis isnot likely to be the reason for the peak broadening. To investigate the

cause for the peak broadeningHaNMR spectrum of the iron coordination polymer was
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obtained at extremely low concentrations, as can be seen in Figure 16. pecipezsof
the concentration, the spectrum in Figure 1&swwbtained from 1024 scans, witte
signalsjust visible amongst the noisendayet, while the signals are modefined than
those in Figure 15they still exhibit peak broadening when compared the
uncoordinated monomer (Figure 10). This indicates that concentration effects are partly

responsible for the peak broadening, but not entirely.

A major cause of peak broadening in NMR is paramagnetic effects, but EPR
investigation of the iron cadination polymer (Figures 38 and 39) show that there is no
paramagnetic behaviour in the polymer, even at low temperat@@sie of the
broadeni ng ef f e cdtackingigteraotions between ¢hd polynger chains,
but because this is not evident in the spectrum of the pure monomer, it is likely that some

of the peak broadening is due to the compo
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Figure 18i Stacked'H NMR plot including monomer (top) and iron
coordination polymer (bottom).

The other significant change between the monomer and polymer spectra is the
change in chemical shift of all of the signalEhe five hydrogen atomshahe terpyridine
moiety are all part of the aromatic system coordinating to the metal centre and as such it
is reasonable that they experience a change in electronic environment and therefore
chemical shift. However, the two unique hydrogen atoms othtbbisbenzenethiol are
6 and 7 bonds removed from the central nitrogen atom coordinating to the metal centre,
and 3 and 4 bonds from the aromatic terpyridine mpietgpectively. Being so far
removed from the metal centre one would expect that the@decenvironment of these

hydrogen atoms would not change eglb to result in a significashift in signal, and had
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these aromatic hydrogens been attached to terpyridine with ether instead of thioether
linkages one would likely be correct. The fact ththese two hydrogens experience a
chemical shift suggests that the conjugation extends throughout the entire organic

monomer which is allowed due to the thioether linkages.

2.4.21 Viscometric Analysis

As the synthesized polymer was not a viable candiftat GPC aalysisdue to
both its limited solubility and the presence of cationic ,irascometry was utilizedh
order to obtain a rough estimate of the chain length of the coordination pdRiiér.
The Ostwald viscoeter was first calibrated with a solvent of known viscosRF.
Next, a qualitative measurement was performed by determining the relative viscosity for
concentrated solutions of the coordination polymer, the uncoordinated monomer, and a
polymer of knownmolecular weight. The times requiredor a precise volume afach
solution with equivalentmass concentrationo flow throughthe viscometer as well as
therr calculated relative viscositigbe) are collected in @ble 1 Polyethylene glycol
1000waschosen aghe polymerof known molecular weightand while it is certainly not
an ideal model for the coordination polymer, its main purpose is to beagsereference

for thequantitative measurements.
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Table 17 Flow time and relative viscosities r measured solutions.

Compound Flow Time (s) Relative Viscosity
DMF (pure solvent) 87 1
Monomer 95 1.09

Iron Coordination Polymer 179 2.06

PEG 1000 128 1.47

Relative viscosity is so named because the values are relative to that of the pure
solvent eing used® As such, pure DMF has a relative viscosity of 1 and the three
solutions have viscosities larger than that value. While these \aleiessmply annitial
gualitative investigationit is interesting to note that with lstions of nearly identical
mass concentration the coordination polymer has a relative viscosity nearly double that of

the monomer, and significantly larger than PEG 1000.

The more useful data derived from viscometry is a quantitative, albeit
approximatedetermination of the polymer molecular weight. In order to determine this
value, the intrinsic viscosity if[) must first be determined. It is important to note that
measurements performed with the intent to determine intrinsic viscosity must be
performed at relatively low concentrationd he flow times of a dilution series are used
to determine the relative viscosities of each solution, and the calibration constant of the

viscometer is further used to determine the specific viscasity for each. The values

40



of and — are detemined, as can be seen imble 2 and are then plotted as

functions of the concentration. These plots can be seen in Figures 19 and 20. The
intrinsic viscosity is then determined by extrigimg to the yintercept, or the point

where the concentration is zero.

Table 271 Plotted values to determine intrinsic viscosities.

Concentration (mg/mL) ﬂ;‘ ‘f;_rt__
T T
Iron Coordination Polymer
4 11.19 11.75
8 10.65 12.13
12 10.46 12.27
PEG 1000
4 5.67 6.103
8 5.593 6.232
12 5.421 6.486
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Viscosity
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Figure 197 Viscosity plotsof hgy/c (top) and In(e)/c (bottom) to determine
the intrinsic viscosity of the iron coordination polymer.
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Figure 207 Viscosity plotsof hgyc (top) and In(h.e)/c (bottom) to determine
the intrinsic viscosity of PEG 1000.

The two different viscosity plots in bothiures 19 and 2@re theoretically
redundant as the intercept for each series should be identical. Both are traditionally
plotted as a mans to check the precision of the experimental results, and as the results
differ slightly the average of the two intercepts was used as the intrinsic viscosity of each
polymer which can be seen irallle 3.The intrinsic viscosity is related to theolecuar

weight of a polymer through the Matouwink Relationshig®

— 0D 1)
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which can be rearranged to

o — )

where[h] is the intrinsic viscosityM is the molecular weight of the polymét s the
Mark-Houwink parameter related to the polyrseivent systemandais the Mak-

Houwink parameter that relates to the flexibility and shape of the polymer*®hain.

It is at this step wherthe calculatioriruly turns into arapproximation, a& and
a can only be obtained experimentadiydtherefore must be estimated for a polymer of
unknown molecular weightlt is also the step where the purpose ofRE&
measurement becomes apparent, as it is a known polymer used to give insight into the
precision of the procedure. As the two M&tkuwink parameters can only be obtained
experimentally, if they have not already been determined for the specific pdiyhien
is impossibldor a novel polymer wittanunknown molecular weight) and the specific
polymersolvent systenK anda cannot be known. Instead they must be approximated
using known parameter values fraimilar polymers angolymersolvent system’
Using these approximated values and equatjdineZmolecular weights of the iron

coordination polymer and PEG 1000 were gklted and can be seen iable 3
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Table 31 Calculated intrinsic viscosities and molecular weights.

Polymer Intrinsic Viscosity [h] | Molecular Weight (g/mol)
Iron coordination polymer 11.514 38390
PEG 1000 5.851 858.8

As can be seen inable 3 the molecular weight of PEG 1000 was determiioed
be 858.8 g/mol, which is an underestimatibuat within 15% of the correct itee. Using
the same method, the iron coordination polymer was determined to have a molecular
weight of nearly 40,000 g/mol. Using thialue aml the molecular weight of 1058.68
g/mol for the monomeric unit, it can be estimated that the polymer cr@osmprised

of, on average, 3subunits.
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2.4.31 Thermal Analysis of Polymer
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Figure 2117 Thermogram of iron polymerin air.

The thermogram of the iron coordination polyn{ieigure 23 was obtained using
high resolution TGA under amir atmosphere High resolution TGA is obtained by
heating the sample at a much higher rate than conventional TGA, but the rate is not
constant. In high resolution TGAthe heating rate is quite high, as much as 50°C per
minute, but when a mass loss is detected thdirfterate is decreased until the mass loss
event ends.As a result, high resolution TGA can be performed quicker, and as the name

implies yields a higher resolution thermogram than conventional TGA.

The iron coordination polymer experiences four decaippms, with the final

one occurring just below 500°C. The first decomposition up to 200°C is a result of the
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loss of moisture adsorbed onto the polymer as well the loss of any residual solvent. The
second gradual decomposition, from 200°C to 450°, twedthird decomposition, at
450°C, are a result of the loss of the first and then second hexafluorophosphate
counterions. This occurs in two steps due toirtiseeased attraction of the second, lone
anion to the cationic iron centre. Assuming that tihgt lecomposition is the loss of
solvent and moisture, the second and third decompositions account for a loss of 25.8% of
the mass of the actual polymer, which agrees well with the fact that the
hexafluorophosphate anions account for 27.4% of the masglofneonomeric unit of the

polymer.

The final mass loss is a result of the decomposition of organitefmgridine
monomeric unit of the polymer. This organic monomer accounts for 67.3% of the mass
of the polymer, and agrees reasonably well with this Mbk&ch is 61.0% of the polymer
mass loss when correcting for thest decomposition. The remaining mass is likely

caused by the presence of nmiatile iron oxides, which agrees with the percentage of

the polymerds mass t lhaaoms.s due to the coor
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Figure 2271 Differential scanning calorimetry plot of iron coordination
polymer, full heat-cookheat cycle.
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Figure 2371 Differential scanning calorimetry plot of iron coordination
polymer highlighting the glass transition point. Top two curves represent
heating cycle, bottom curve represents cooling cycle.

Differential scanning calorimetry is used to identify thermal events in the sample
material, and as such is often carried out in a-beakheatcycle, as can be seen in
Figure22. This doubling of the heating cycle is performed in ordeotdirm

reversibility of any detected thermal events.

It is practically impossible to identify thgdass transition point the full DSC

plot, Fgure 22 but when focused on the area otneist the event is vible. In order to
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obtain a better defined DSC plot featuring the glass transition point,-adwdtteat
experiment was run centred on this point freté °Cto -34 °C with a reduced heating
and cooling rateasshownin Figure 23 As a result, the glass transition point of the iron
coordination polymer was determined to-Bé.8 °C. Below this temperature the

polymer exists as a brittle, glallse material, and above the temperature it is amorphous.

2.4.47 Conductivity Analysis of Polymer

The iron coordination polymer is made up of terpyridimo® coordination
complexes as well as a backbone containing alternating sulphur and phenyl groups.
Organometallic terpyridine complexes are known to il@kh charge transfer

behaiour 4%

and the thiether linked phenyl groups in the backbone provided an
extended conjugation systemAs such, it was expected that the iron coordination
polymer would exhibit conductivity. Further support for this hypothesis is provided in
the'H NMR spectrum of the polymer, as even signals distant to the coordination site are
affected by the coordination of iron, implying that thesealong range change to the

electronic environment resulting from extended conjugation. Unfortunately, the

coordinaion polymer did not display conductive properties.

It is however possible that the polynwauldbecome conductive if an appropriate
method of doping were discovered. The irowordination centre, and therefore the
stability of the polymer, is sensitite oxidation and reduction. As a result, the doping
process was limited to more gentle doping methods, which may have been insufficient to

narrowtheband gap appropriately. The first method of doping attempted was the doping
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of the polymer in the solun phasewith low concentrations of irdhl) chloride. The
second method involved exposing the polymer in the solid phase to iodine vipours.
This method was carried out in an iodine chamber, with solid iodine allowed to sublime
to the gas phasé. The polymer was exposed to this iodine vapour both as a pressed
pellet in an attempt to surface dope the bulk material and as a powder that was later

turned into a pressed pellet with a hydraulic press.

Conductivity measurements the polymersing a pressepgelletwere performed
using both the Van der Pauw metharxad theco-linear four point probe method. Both
techniques showed no conductivity for the polymer, implying that the polymer is either
nonconductive or conductiveo a magnitudelower than the etection limit of the

instruments used.

As mentioned, the polymer could still be potentially conductive under appropriate
doping conditions. Future work should be done to determine a ggstlesffective
technique to dope the polymer. Converselysipossible that the monomer could be
oxidized or reduced using more aggressive techniques prior to polymerization, resulting

in an already doped polymer.
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2.4.51 Other Characterization Techniques

~WM~M
Figure 247 Diffractogram of iron coordination polymer.

One of the mst important propertiepowder XRD can determine is the
crystallinity of a sample, anith cases where it can be compared to library data, this can
be used to identify compounds. If a compound is only partially crystalline, powder XRD
canhelp to determine the extent of the compdsnatystallinity. In the case of the iron
coordination polymethis extent igminimal. This is not a problem, and in fact is similar
to the nature of many types of polymers. It is simply the casethibatoordination
polymer exists as an amorphous compound. This can be determined from the
diffractogram of the coordination [ymner, as can be seen ingkre 24 Crystalline
materials display sharp, highly intense signals in a diffractogram, while ho@p

materials lack these signals, and only display a broad, shalymalsiAs can be seen in
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Figure 24 the coordinatio polymer matches with th&econddescription, and it can be

concluded that it is an amorphous material.
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Figure 2571 IR spectrum of iron coordination polymer.
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Figure 2671 IR spectrum of bis-terpyridine monomer.

The IR spectrum of the iron coordination polyniErgure 25)displays a large
amount of detail about its structure. AromatieHCstretches caused by both the
terpyridire and phenyl hydrogens can be seen at 3385 The signals between 1599
cm'l and 1394 cm'® correspond to the stretching of the aromatic caitabon and
carbonnitrogen bonds in the pyridyl and phenyl groups of the mon@ubkunit of the
polymer Whencompared to the IR spectrum of the monomer, which can be seen in
Figure 26, the signals have gbd to higher energies, whigk whatoccursin iron(ll)
pyridine coordination complex&8. The medium intensity bands at 1099 and 16a0
in Figure 25correpond tothe characteristicl,4-disubstitutionpattern of mononuclear

aromatics, and are caused by the phenyl rings in the centre of the organic moiety. The
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strong intensity bands present at 829 and €85 in the spectrum of the iron
coordination polymeare a result of the stretching of the fluorigosphorous bonds in
the hexafluorophosphate counterion of the coordination polythend are not present in

the spectrum of the monomer.
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31 Synthesis and Characterization of Polymer Series

3.17 Synthesisof Polymer Series

HM Co (6) : M =Co(OAc), - 4H,0/X=3
DMF /N, Ni (7) : M=Ni(OAc), - 4 H,0 /X =12
80°C/Xh Zn (8) : M =Zn(OAc), / X=12

Cu(9) : M=Cu(OAc), - 1 H,0/X =12
2) NH,PF

Figure 271 Synthesis of polymer series.

The polymer series is prepared by a reaction similar to that of the iron polymer,
with the exception of the ruthenium polymer, and is redi from literature
procedure¥® as can be seen inigeire 27 One equivalent of the btsrpyridine

substituted monomer is reacted with one equivadéiihe appropriate metal acetate and
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stirred at 80°C under a nitrogen atmosphdrke coordination reaction doestrazcur as
readily with other transition metals as it does with iron, and fibrighis reasorthat the
reactions are heated and some occur over a longer period of time. As with the iron
polymer, ammonium hexafluorophosphate is then added to replace’ tbeu@lerions

with PR anions. The solutions are then precipitated dropwise into diethyl ether and

collected via vacuum filtration.
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RuCl; (2 eq.) / DMF / N,
80°C/4h

1) monomer (1 eq) / 4-ethylmorpholine (3 drops)
DMF /N, /80°C/4h

2) NH4PF¢ (excess)

Figure 281 Synthesis of the ruthenium polymer.

Preparation of the ruthenium polymer deviadgen further from that of the iron
polymer and is modifiedrom literatureprocedure¥" as can be seen irigaire 28 One
equivdent of the bigerpyridinesubstituted monomer is reacted with two equivalents of

RuClk at 80°C for 4 hours under a nitrogen asphere to afford a stable trichloro
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ruthenium coordination complex that does not readily undergo coordination of a second
terpyridine ligand. A second equivalent of the monomer is then added along with three
drops of 4ethylmorpholine to reduce the rutiiem, followed bythe coordination of the
second terpyridine ligand. The reaction solution is stifeedan additional4 hours at
80°C under a nitrogen atmosphere and the resulting red solution is treated with

ammonium hexafluorophosphate and the prodaltected by precipitation and filtration.
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3.21 Characterization of Polymer Series

3.2.11 NMR Analysis of Polymer Series
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Figure 291 *H NMR spectrum of nickel coordination polymer.
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Figure 307 *H NMR spectrum of zinc coordination polyme.
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Figure 311 *H NMR spectrum of ruthenium coordination polymer.
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Figure 321 *H NMR spectrum of cobalt coordination polymer

Figure 331 *H NMR spectrum of copper coordination polymer.
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