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Abstract

In this research, three series of polymeric materials containing tetrazole
functionalities were synthesised by reversible addition-fragmentation chain transfer
(RAFT) polymerisation and, following post-polymerisation modification, employed
as macromolecular ligands for the complexation of luminescent metals. The
photophysical properties of the luminescent materials containing Re(I) tricarbonyl
diimine metal complexes or cyclometalated Ir(III) complexes were investigated.

A series of novel rhenium-tetrazolato functional copolymers based on a
polystyrenic backbone were synthesised. RAFT polymerisation was employed for the
synthesis of two statistical and two block copolymers comprised of styrene and 4-
cyanostyrene. The parent copolymers were subsequently modified via reaction of the
cyano appended groups with NaN3, yielding the corresponding tetrazole functionalised
copolymers. The obtained materials were employed as macromolecular ligands for the
complexation of a Re(I) tricarbonyl diimine metal complex via coordination through
the newly introduced tetrazole functional groups. The photophysical properties of the
novel copolymer-Re(I) hybrid luminescent materials have been evaluated.
Coordination between the tetrazole functionality and the Re(I) complex was confirmed
from the absorption and emission profiles of the hybrid materials.

Given the high temperature required for tetrazole formation on the cyano-
styrenic polymeric backbone, a subsequent series of well-defined random copolymers
containing tetrazole functional groups were prepared by a combination of the RAFT
radical homopolymerisation of pentafluorophenyl acrylate (PFPA), end-group
modification and post-polymerisation modification of the activated ester side-groups
with primary amines. The pendent PFP ester groups were modified in a sequential

manner with different molar ratios of n-butylamine and 5-aminotetrazole, yielding four

i



random polymeric amide species. The introduction of the tetrazole functionalities was
performed at room temperature, leading to milder reaction conditions compared to the
polystyrenic copolymers. Four rhenium-polymer hybrids were obtained by reacting
the polymeric materials with a Re(I) tricarbonyl diimine metal complex with
attachment via the tetrazole functional groups. The photophysical properties of the
materials were investigated, confirming that the polymeric backbone does not interfere
with the luminescent properties of the luminescent Re(I) complexes. The four
luminescent materials were employed as luminescent probes for the staining of rodent
brain tissues, with the results suggesting non-specific binding.

Two of the above materials were then reacted with the iridium precursor
[Ir2(ppy)a(u-Cl)2], to introduce the luminescent cationic [Ir(ppy).]" fragment via
coordination to two polymer-bound pendent tetrazole functional groups, yielding
negatively charged luminescent materials containing iridium. The photophysical
properties of the Ir-functionalised materials were investigated, confirming the
attachment of the iridium fragments to the materials and the formation of a negatively
charged, polymer-bound iridium luminescent species. Furthermore, one of the iridium
functionalised materials was further modified with a second luminescent metal
species, Re(CO)3(phen)Br, to yield three hybrid metal Ir/Re copolymers with different
compositions. The photophysical properties of the luminescent functionalised
materials containing both iridium and rhenium were investigated, confirming the
attachment of rhenium fragments. The photophysical results of the materials
containing both metal fragments indicated energy transfer phenomena occurring from
iridium to rhenium metal centres. The Ir and Ir/Re luminescent materials were

employed as luminescent probes for the staining of rodent brain tissues.
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To increase the biological compatibility of the luminescent polymeric
materials, the synthesis of a new series of seven polymeric materials containing
tetrazole-Re(I) metal fragments was performed. Well-defined block copolymers of
poly(ethylene glycol (PEG) (meth)acrylate) and PFPA were prepared. PEG acrylate
and PEG methacrylate homopolymers were synthesised by RAFT polymerisation and
employed as macro chain transfer agents (CTA) for block copolymerisation with
PFPA, followed by end-group modification and post-polymerisation modification of
the activated ester side-groups with appropriate primary amines. The final rhenium-
polymer hybrid materials were obtained by complexation reaction with Re(I)
tricarbonyl diimine complexes via coordination through the tetrazole functional
groups. Detailed photophysical studies were performed showing that the different
compositions in the rhenium-polymer hybrid materials did not affect their
photophysical properties, as confirmed by lifetime and quantum yield analysis. The
PEG acrylate luminescent materials have been employed as luminescent probes for the

staining of rodent brain tissues, suggesting non-specific binding into tissues.
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Chapter 1

Introduction

Part of the contents of this Chapter were published in 2021:
RAFT polymerisation: Methods, Synthesis, and Applications, Moad G.; Rizzardo, E.

Eds.; John Wiley and Sons, 2021.

1.1 Radical polymerisation

Today, radical polymerisation (RP) processes account for more than 45% of
the total production of commercial polymers (nearly 100 million tons in 2008) and
40% of synthetic rubber (nearly 4.6 million tons in 2008) worldwide.! The story of
polymers starts in 1832, when a Swedish chemist named Berzelius acknowledged the
existence of molecules with the same composition but different molecular weights.!
He named those molecules “polymers”, which comes from the Greek word
“rmoAdvuepr” which means “consisting of many parts”.! It was only almost 100 years
later, between the 1920s and 1930s, that the first polymerisation employing a radical
initiator took place.?? Finally, in the 1950s, upon systematic investigation of reactions
employing azo compounds as radical initiators, more knowledge on RP processes
became available and the fragmentation of peroxides was theorised together with the
report of the primary steps of radical polymerisation.*>

Radical polymerisation is a chain growth process that proceeds via a radical
active centre. The primary radicals can be generated by one of various methods
including for example thermally, UV irradiation or redox initiator. RP is described by
three elementary reactions: initiation, propagation and termination (Scheme 1-1). The

active species in a RP is a radical. Under steady-state conditions, the rate of initiation



and the rate of termination are considered to be the same (~1000 times slower than the
propagation rate).® The inconvenience of the slow initiation rate can be overcome by
using a radical initiator with a longer lifetime. Termination rates in RP are very fast
and in order to avoid bimodal radical coupling and termination by disproportionation,
the termination rate must be slower than the propagation rate. This can be achieved by
employing low concentrations of radical sources, in the range of ppm or ppb.6
Nevertheless, since the average lifetime of propagating chains is very short (~1s), it is
virtually impossible to manipulate the polymers by end-functionalisation or addition
of a second monomer to form block copolymers.® Therefore, it is not possible to
control molecular weight (MW), molecular weight distribution (MWD) and the overall
architecture of the synthesised polymers. Reversible deactivation radical

polymerisation (RDRP) offers a possibility over the control of these factors.

Initiation

Ky
I —* 2R-

Propagation

k.
R- + M _1> Ml-

. k .
M+ M — M,

Termination

: . ky
M, + M, —»= M, + M,

¢ . ktc »
Mn + Mm Mn+m

Scheme 1-1 Initiation, propagation, and termination reactions in radical

polymerisation.



1.2 Reversible deactivation radical polymerisation (RDRP) techniques

RDRP enables the synthesis of polymers with predetermined molecular
weights, narrow molecular weight distributions, low dispersity and tailored
architectures such as block, graft, branched and star copolymers. This is possible
because RDRP suppresses the occurrence of undesirable chain termination/transfer.

The first example of a living polymerisation was reported by Szwarc, who
pioneered living anionic polymerisation and is considered the founder of modern
controlled polymer synthesis.”® Since its discovery, RDRP has garnered enormous
interest. Currently, there are a number of established RDRP techniques including
stable free-radical polymerisation (SFRP), atom transfer radical polymerisation
(ATRP), tellurium-mediated radical polymerisation (TERP), and reversible addition-
fragmentation chain transfer polymerisation (RAFT). Common features of these
techniques will be covered, but only RAFT will be discussed in detail.

Fundamental to RDRP is that the contribution of chain breaking reactions, such
as termination and chain transfer reactions, is minimised so that the polymer chains
can undergo effectively simultaneous growth with near complete initiation prior to any
significant propagation.® This results in the apparent simultaneous growth of all
polymeric chains and the formation of “monodisperse” polymers. A key and central
feature common to all RDRP systems is the establishment of a dynamic equilibrium
between active propagating radical species and dormant chains.®

To be considered “living” a polymerisation process must obey the following
criteria:

- The number average molecular weight (M,) must be a linear function of
monomer conversion;

- The molecular weight can be controlled by the stoichiometry of the reaction;



- The molecular weight distribution of the final polymer is narrow;
- The final polymer is able to further increase in molecular weight upon addition

of monomer.

1.3 RAFT polymerisation

Reversible addition-fragmentation chain transfer (RAFT) polymerisation is a
type of RDRP process performed in the presence of certain thiocarbonylthio

compounds.®-!?

RAFT polymerisation was firstly reported in 1998 by a team of
researchers at the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) in Melbourne, Australia.!> Around the same time, a similar process was
patented in France, and termed MADIX (macromolecular design via interchange of
xanthates), which employed xanthates as chain transfer agents and proceeds via the
same mechanism as the RAFT process.'* Since its disclosure, RAFT polymerisation
has been widely studied and employed because of its advantages compared to other
RDRP techniques.

The key features of this technique are: the ability to prepare (co)polymers with
predetermined molecular weights and narrow molecular weight distributions, its ease
of execution, high tolerance towards a wide range of functional groups and
experimental conditions and the ease of polymer end-group modification.!* The RAFT
process is today recognised as one of the most versatile methods to provide radically-
prepared (co)polymers with characteristics typical of traditional anionic living

polymerisation.!>!6

In practice, RAFT polymerisation can be considered a
conventional radical polymerisation performed in the presence of an added

thiocarbonylthio compound.



1.3.1 Mechanism of RAFT polymerisation

The generally accepted mechanism of RAFT polymerisation is illustrated in 5
steps, as shown in Scheme 1-2, in which the RAFT agent, also known as CTA (chain
transfer agent), is shown with the general formula ZC(=S)SR. The mechanism
involves the same initiation, propagation and termination steps typical of traditional
radical polymerisation, but with the addition of degenerative chain transfer steps
involving radicals and the CTA. Multiple reversible addition-fragmentation steps are
involved in the RAFT process. Initiation occurs in the same way as in traditional
radical polymerisation and typically involves the thermal decomposition of an
appropriate initiator generating primary radicals (I'). During the so-called “pre-
equilibrium”, the radical generated from the decomposition of the initiator adds to a
few monomers to form the propagating radical Py, which reacts with the chain-transfer

agent (CTA) 1, forming the intermediate carbon-centred adduct 2, as shown in step

().
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Scheme 1-2 Mechanism of RAFT polymerisation showing the steps of initiation (I),

pre-equilibrium (II), re-initiation (II1), main equilibrium (IV) and termination (V).

During the pre-equilibrium (or “reversible chain transfer”) step (I), radical 2
forms a new radical R* and the polymeric thiocarbonylthio compound 3. At the “re-
initiation” stage (II), the new radical R- is able to re-initiate polymerisation by adding
to a monomer molecule, forming Py, a new propagating radical. During the “chain
equilibrium” step (IV), an equilibrium is established between the two propagating
radicals P and Py and the dormant polymeric thiocarbonylthio compounds 3 and 5.
This step, involving addition-fragmentation between the aforementioned species, is
also known as the “main equilibrium”; it provides to all chains the same probability to
grow, thus ensuring narrow molecular weight distributions and low dispersity.!” An

essential feature of the RAFT process is that the product of chain transfer 3 is also a



CTA agent and has a similar or greater activity to re-initiate polymerisation than the
precursor 1, ensuring that the process is “degenerative chain transfer” in nature.'® It is
important to note that the two radical intermediate species 2 and 4 should not be able
to re-initiate polymerisation due to steric hindrance. The final step is the “termination”
process, which occurs in the same fashion as normal radical polymerisation, via

combination and/or disproportionation processes. '

1.3.2 Kinetics of RAFT polymerisation
Based on the steady-state assumption and as in a conventional radical

polymerisation, the rate of a RAFT polymerisation is expressed by Equation 1-1:

ky[R][M] Equation 1-1

where R, is the rate of polymerisation; [M] is the concentration of the monomer; £ is
the rate coefficient; [R‘] is the radical concentration.

As the concentration of the radical [R'] can be considered constant, k, [R'] can
be replaced by kapp, which is defined as the apparent rate constant. Equation 1-1 can

be re-written as Equation 1-2:

M] Equation 1-2

According to the proposed RAFT mechanism, and the principle of
degenerative addition-fragmentation chain transfer, for each radical consumed by
addition to the C=S bond, a new radical is generated through fragmentation. Thus, if

the addition-fragmentation process is fast enough, the effect of the degenerative chain



transfer process should be negligible on the overall polymerisation rate. In theory, the
kinetics of the RAFT process should be the same as in conventional radical
polymerisation and not dependent on the concentration of CTA. Nevertheless,
predictions are different from what is observed experimentally and the rate of RAFT
polymerisation is often slower than the corresponding conventional radical
polymerisation for a given monomer. Moreover, an increase in the concentration of
CTA causes a decrease in the polymerisation rate.'6

From the mechanism of RAFT polymerisation, one can observe that all
polymer chains are initiated either by the primary radical I or by R". The concentration
of I' can be considered negligible with respect to the concentration of R:, therefore the

theoretical M, can be expressed by Equation 1-3:

M = [M]o " MWmonomer *X/[CTA]o + MWcta Equation 1-3

where MWmonomer 1S the molecular weight of the monomer, x is the fractional
conversion of monomer, [CTA]o is the initial concentration of CTA and MWcra is the

molecular weight of the CTA.

1.3.3 RAFT agents

Key to successful RAFT polymerisation is the choice of an appropriate chain-
transfer agent. Typically, the thiocarbonylthio species employed belongs to one of the
following group of compounds: dithioesters, xanthates, dithiocarbamates or
trithiocarbonates. Figure 1-1 illustrates the general structure of a chain-transfer agent
and the most common examples of the RAFT agent families: dithioesters (typically

dithiobenzoates), trithiocarbonates, dithiocarbamates and xanthates.
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Figure 1-1 General chemical structures of the different RAFT agent families.

The relevant features of CTAs are the so-called R and Z groups, Figure 1-1,
and both play a crucial role in determining the outcome of a polymerisation. These
groups control the rate of addition and fragmentation, the efficiency of chain transfer

and the possibility of retardation or inhibition.!?

1.3.4 The Z group

The Z substituent is chosen to control the bulk reactivity of the CTA towards
monomers and will also directly impact the stability of the carbon-centred radical
intermediates.!” Generally, the Z group should have a strong stabilising influence
towards the formation of the intermediate radicals 2 and 4 to favour the reactivity of
the C=S bond to radical addition (high kadd). At the same time, the intermediate radicals
2 and 4 need to be able to fragment into species 3 and 5, therefore the stability needs
to be finely tuned to ensure the fragmentation rate is sufficiently fast (kg).!” It has been
observed that the phenyl group is considered to be the most ideal activating group due

to its ability to balance the stability and the reactivity towards fragmentation of the



intermediate radical.!” Benzyl and alkyl Z groups have a lower stabilising effect on the
intermediate radical leading to a faster fragmentation rate, but slower addition rates.'”
Moreover, dithioesters and trithiocarbonates, where the atom adjacent to the
thiocarbonylthio group is a carbon or a sulfur atom, are the most versatile in respect to
the range of suitable monomers.!” To understand this, we need to consider RAFT
agents with a lone pair of electrons on a nitrogen or oxygen adjacent to the

thiocarbonyl group, in which the reactivity towards radical addition is dramatically

lower.
©
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Figure 1-2 Canonical forms of xanthates and dithiocarbamates.

The interaction between a lone pair of electrons on N or O and the C=S bond,
reduces its susceptibility to undergo radical addition, hence reducing its reactivity in
the addition step in the RAFT process (Figure 1-2). This happens, for example, for
RAFT agents such as O-alkyl xanthates, N,N-dialkyldithiocarbamates and N-alkyl-N-
aryldithiocarbamates.??! Interestingly, dithiocarbamates where the lone pair is part of
an aromatic ring or where a carbonyl group is a to the nitrogen lone pair, show a
similar reactivity as dithioesters and trithiocarbonates.?!*? Figure 1-3 illustrates the

general guidelines for the selection of the Z group of RAFT CTAs.
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Figure 1-3 Guidelines for the selection of the Z group of RAFT CTAs. From left to

right: addition rates decrease and fragmentation rates increase.

The polymerisation of styrene and methacrylates employing CTAs with
stabilising groups, such as for example the phenyl group as the Z group, results in more
efficient polymerisation, while the polymerisation of vinyl esters is inhibited.®
Nevertheless, vinyl esters can be polymerised by using CTAs bearing weakly

stabilising groups such as -NR; in dithiocarbamates or -OR groups in xanthates.®

In conclusion, the most versatile and widely employed families of RAFT
agents are dithioesters and trithiocarbonates, while the use of xanthates and
dithiocarbamates is generally limited to specific classes of monomers such as vinyl

esters and vinyl amides."

1.3.5 The R group

On the other hand, the R group needs to be chosen to be a good homolytic
leaving group in respect to Pn to favour the formation of the polymeric
thiocarbonylthio compound 3 (Scheme 1-2). At the same time, the expelled radical R-

needs to be able to reinitiate the polymerisation process during step III, otherwise
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retardation will be likely to happen.?® The leaving ability of the R groups is strongly
influenced by both steric and electronic effects (Figure 1-4).2 Generally, a tertiary R
group has a better leaving ability than a secondary R group, which is better than a
primary. Electron-withdrawing and electron donating substituents on R can also affect
the leaving ability of the R group, as electron-donating groups tend to stabilise the

newly formed radical.?

CH, CH, CH, CH,
}7CN ~ ’—@ }—@ }7002& >> }—CHT‘—CH3
CH, CH,
CH,

Erob-to

Figure 1-4 Guidelines for the selection of the R group of RAFT CTAs. From left to

right: fragmentation rates decrease.

The final (co)polymer products of a RAFT polymerisation will contain specific
functionality at the o.- and ®-termini, the nature of which will be determined by the
choice of RAFT agent employed for the polymerisation process. Typically, and
assuming that the R group in the CTA initiates the vast majority of the polymer chains,
the final polymer will contain the R functionality at the a-chain end (Scheme 1-3). If
the primary radicals formed from the initiator possess the same structure as R, for
example when azobisisobutyronitrile (AIBN) is used in conjunction with a CTA such
as 2-cyano-2-propyl benzodithioate, then all polymer chains will have identical

initiating R groups.
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Scheme 1-3 RAFT polymerisation highlighting the presence of functionality at the a-

and o-termini.

If we assume that there are no side reactions, all polymer chains will have a Z
thiocarbonylthio functionality at the m-chain end. In practice, under ideal conditions,
at the end of the polymer synthesis, the product can be considered as a macromolecular
CTA, with a certain amount of monomers inserted between the C-S bond.

As shown in the previous section, a wide number of species can be chosen as
the R and Z groups for RAFT CTAs. By combining them, a large number of CTAs
with different structures and functionalities become available. Some examples of CTA
agents are shown in Table 1-1. Aromatic dithioesters such as 2-cyano-2-propyl
benzodithioate (Table 1-1, 7) and cyanobenzyl dithiobenzoate (Table 1-1, 8) are
among the most versatile CTAs and are efficient in the RAFT polymerisation of more-
activated monomers (MAMs) such as styrene, (meth)acrylates and
(meth)acrylamides.?* The downside is that they are prone to degradation over time and
are less efficient for less-activated monomers (LAM) such as vinyl acetates, vinyl
chloride and alkenes.?* Trithiocarbonates can be obtained by simple synthetic
procedures and are the most popular CTAs for the polymerisation of MAMs.?
Commercially available cyanopropyldodecyl trithiocarbonate (Table 1-1, 9) is a very

versatile trithiocarbonate CTA and one of the most widely used.?*
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carbonylthio)thio)-2-phenylacetate
9 10 1

Table 1-1 Examples of CTAs for RAFT polymerisation.

Methyl 2-(((methylthio)carbonylthio)thio)-2-phenylacetate (Table 1-1, 10) is
a less known CTA but very versatile trithiocarbonate.?* Among the family of
xanthates, Rhoxidan A1, (Table 1-1, 11) is a very versatile CTA for LAMs such as

vinyl esters.?>2

1.3.6 Photoinduced electron transfer RAFT process

The photoinduced electron/energy transfer (PET-RAFT) process was first
reported in 2014 by Boyer’s group as a greener and more sustainable alternative to the
RAFT process.?’” In early examples of this new photoinduced radical polymerisation
technique, iridium and ruthenium transition-metal complexes were employed as
photoredox catalysts.?’

The mechanism of PET-RAFT exploits the photoredox properties of the
catalyst and the ability of the thiocarbonyl compound to accept electrons (Scheme 1-
4). Upon excitation of the catalyst fac-[Ir(ppy)3] under visible light, the excited species

Ir(II)* is formed, which can reduce the thiocarbonylthio moiety of the CTA via
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electron transfer. The result is the production of radicals Py, which are able to initiate
the polymerisation of the monomeric species via the RAFT process. The radical
species Py could also undergo deactivation by reacting with Ir(IV) to generate the
initial species Ir(IIl) and the CTA, resulting in a catalytic cycle. This process has been
employed for the controlled polymerisation of a wide variety of monomers such as
methacrylates, acrylates, styrene, acrylamides, methacrylamides, vinyl esters, vinyl
phosphonate and N-vinyl pyrrolidinone.?” Moreover, this process has been proven to
be efficient with various classes of CTA such as trithiocarbonates, dithiocarbamates

and xanthates.?’

Ir(1ID)"
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Scheme 1-4 Proposed mechanism of a photoinduced controlled polymerisation using

the Ir(III) complex the fac-[Ir(ppy)s] as a photoredox catalyst.
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It is important to note that the radicals are generated directly from the CTA and
thus no external source of radical initiator is necessary. Other advantages of the PET-
RAFT process are the fact that polymerisations can be carried out at room temperature,
the recyclability of the photocatalysts, its selectivity, and oxygen tolerance. In fact, no
prior deoxygenation step is necessary when performing PET-RAFT.?” Further
developments of PET-RAFT led to the investigation of alternatives to transition metal
species as catalysts, such as chlorophyll, zinc metalloporhyrin and inorganic semi-

conductor metal oxides such as TiO> and ZnO.%?®

1.4 Thiocarbonylthio End-Group Removal and Transformation

As mentioned previously, a characteristic of RAFT polymerisation is that the
RAFT agent species is retained in the final polymeric structure as the a- and w-chain
end functional groups. This feature is a consequence of the mechanism of the RAFT
polymerisation process, and it ensures the suitability of the polymeric product for the
synthesis of block copolymers or well-defined end-functional polymers. Nevertheless,
in some cases, it is desirable, or even necessary, to remove the thiocarbonylthio end
group in RAFT-prepared (co)polymers. In fact, the presence of the thiocarbonylthio
end group results in the polymers produced by RAFT being coloured. The colour may
range from violet through red/pink to pale yellow, depending on the absorption
characteristic of the specific thiocarbonylthio compound.?” Moreover, the presence of
the thiocarbonylthio group, in some cases, can be accompanied by the elimination of
possible sulfur-based degradation products which can result in the release of toxic or
malodorous sulfur-containing compounds. The presence of such compounds and the
inherent high reactivity of thiocarbonylthio groups can be considered disadvantageous

for some applications.
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Several different approaches are available for the removal or chemical
modification of thiocarbonylthio end-groups in RAFT polymers (Figure 1-5). Since
the chemistry of thiocarbonylthio species is well known from small molecule
chemistry, this knowledge has been applied to the modification of thiocarbonylthio
compounds associated with RAFT synthesised polymers. Two general approaches for

modification of RAFT thiocarbonylthio end-groups are:

1. Complete desulfurisation. This approach facilitates complete removal of the
thiocarbonylthio group via one of several available pathways, and typically
involves radical-based modification;

2. Chemical modification of the thiocarbonylthio group. This approach involves
the end-group being chemically converted into a macromolecular thiol or other
S-based species. The versatility of this approach is highlighted by the
possibility of yielding different types of newly functionalised end-functional

materials.

For the scope of this thesis, only reactions leading to the complete

desulfurisation of the CTA will be discussed in the next section.
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Figure 1-5 Overview of general reactions for the complete desulfurisation of RAFT

thiocarbonylthio end-groups.

1.4.1 Desulfurisation of RAFT (Co)Polymers
1.4.1.1 Thermolysis

The total removal of S-containing species from RAFT polymers can be
accomplished by several radical-based routes, Figure 1-5. From a practical point of
view, thermolysis is the easiest method because it simply involves heating the
(co)polymer.’® However, the extent, purity of the product, and mechanism by which
end-group removal occurs under such conditions are dependent on the monomer and
the nature of the thiocarbonylthio species. This was evident even in the earliest reports
from Postma ef al. in their studies on trithiocarbonate and xanthate end-group removal

in polymers prepared with phthalimidomethyl R-group functional CTAs.3!*2
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Researchers from the same group have studied the thermolysis of RAFT-prepared
poly(methyl methacrylate) (PMMA), observing that the products obtained were highly
dependent on the RAFT agent employed in polymer synthesis.>* For PMMA prepared
with a trithiocarbonate CTA (2-cyanoprop-2-yl methyl trithiocarbonate), end group
removal was proposed to occur via homolytic cleavage of the PMMA-S bond followed

by depolymerisation; a process that continued until radical annihilation, Scheme 1-5.

S SCH; ) S
(W] \‘( - . )J\ — CS, +
CO,Me CO,Me S COMe COMe > oCth CH;,S -

COzMC
depolymerization W
R: e \(

radical annilhilation CO,Me
CO,Me by disproportionation

Scheme 1-5 Desulfurisation pathways in poly(methyl methacrylate) prepared with a

trithiocarbonate CTA.

For PMMA prepared with a dithiobenzoate CTA, elimination was proposed to
proceed by a concerted intramolecular process analogous to the Chugaev reaction,

Scheme 1-6.3*

CO,Me CO,Me A CO,Me CO,Me S
R —_—
W Ph Chugaev-type M + HS)J\Ph
g electrocyclic
S elimination

Scheme 1-6 Desulfurisation pathways in poly(methyl methacrylate) prepared with a

dithioester CTA.
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In general, thermolysis on dithiobenzoate-prepared (co)polymers is cleaner
and yields macromonomer products whose molecular weight and molecular weight
distribution are comparable to the parent polymer whereas degradation products are

also observed with PMMA prepared with a trithiocarbonate.

1.4.1.2 Radical-Mediated Reduction

Complete desulfurisation of RAFT terminated polymers can be achieved by
radical-mediated reduction. Inspired by the Barton-McCombie reaction for the
deoxygenation of secondary alcohols, such radical-mediated reduction has been
applied to other thiocarbonylthio species including RAFT agents.*>¢ Not surprisingly,
the general approach has also been successfully applied to the complete removal of
thiocarbonylthio end-groups in RAFT-prepared (co)polymers.*78

The general process is based on the fundamental RAFT addition-fragmentation
mechanism, Scheme 1-7. The reaction involves the addition of a radical (X') to the
thiocarbonyl group of the RAFT-prepared (co)polymer (5) generating an intermediate
(12) which fragments to provide a new thiocarbonylthio compound (13) and the
propagating radical (14). The reaction of the propagating radical (14) with an H atom

donor gives the final product, Py,-H, in which the thiocarbonylthio group is replaced

with hydrogen.

S S—P, X—S_ . _S—P, X—S S H-X
X + Y . Y . \K + Pn' —— P,—H + X
Z Z

5 12 13 14
Scheme 1-7 General mechanism for the radical-mediated reduction of a RAFT

thiocarbonylthio end-group.

20



However, various side reactions can occur, including “normal” termination
reactions. For example, the intermediate (12) and the propagating radical (14) can react
with other radical species such as initiator-derived radicals, transfer agent-derived
radicals and propagating radicals.

Tributylstannane, Bu3SnH, has been employed extensively as the H-donor
source in radical-mediated reductions on RAFT-prepared (co)polymers.’*** However,
due to the toxicity of stannanes and stannane-derived byproducts, alternative H-donors
have also been investigated. Silanes are one alternative as H-donors in radical-
mediated reduction reactions.*! Chong et al. evaluated a range of potential H-donors
for the radical-mediated reduction of well-defined polystyrene terminated with
dodecyltrithiocarbonate chain ends.*® They reported, for example, that a bimodal
molecular weight distribution was observed when tris(trimethylsilyl)silane was
employed as an H-donor.*® They concluded that for RAFT end-groups, radical-
mediated reduction is more effective with more active hydrogen-donor species, with
the most effective being tributylstannane, followed by N-ethylpiperidine
hypophosphite (EPHP) and tris(trimethylsilyl)silanes, followed by 2-propanol, with
the least effective being toluene.*®

While not as effective as BusSnH, hypophosphite salts, such as EPHP, do serve
as convenient alternatives to both stannanes and silanes given their reduced toxicity
and aqueous solubility that can aid significantly in work-up. In fact, EPHP has been
shown to be effective for the removal of dithioester, trithiocarbonate and
dithiocarbamate end-groups on different RAFT-prepared (co)polymers.*>*> A further
indication of the advantages of using EPHP is the fact that it is commonly employed

to reduce end-groups in polymers specifically targeted for bioapplications.*6-43
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More recently, there has been interest in photo-induced RAFT end-group
reduction.*>>° For example, Carmean and co-workers described the efficient, catalyst-
free, UV-mediated removal of thiocarbonylthio groups of all four major RAFT agent
families from a range of polymers including poly(N,N-dimethylacrylamide),
poly(methyl methacrylate), poly(N-vinylpyrrolidone), polystyrene, and poly(methyl
acrylate).’! The general approach, with poly(N, N-dimethylacrylamide) highlighted, is
shown in Scheme 1-8. Simple UV irradiation of the parent RAFT polymer results in
homolytic cleavage of the terminal C-S bond liberating what is in essence a
propagating poly(V,N-dimethylacrylamide) radical. This immediately abstracts H
from the donor source, EPHP in this instance, yielding the H-terminated polymer. The
use of EPHP was efficient for all the above noted polymers with the exception of
polystyrene. In this instance incomplete end-group conversion was observed with
EPHP; however, switching the H-donor source to BusSnH did yield full H-terminated
polystyrene without any evidence of undesirable coupled products.

DN S 70 mWien? N7

N 0O
| | (EPHP) | I

Scheme 1-8 UV-initiated photolysis followed by H abstraction from EPHP as a facile

route to H-terminated poly(N, N-dimethylacrylamide).

1.4.1.3 Addition-Fragmentation Coupling

In a related process, the reaction of thiocarbonylthio end-terminated
(co)polymers with an excess (typically > 20:1 molar ratio of azo compound to end
groups) of an added azo species can be employed to substitute RAFT end-groups with
radical fragments originating from the thermal decomposition of the added azo

compound.>® The general process, highlighting the use of AIBN is shown in Scheme
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Scheme 1-9 Desulfurisation of RAFT-prepared polymer via the reaction with an

excess of AIBN.

AIBN decomposes under thermal conditions to form two cyanoisopropyl
radicals, which react at the C=S bond of the thiocarbonylthio group, forming the
intermediate carbon-centred radical, just as expected in a typical RAFT reaction. This
intermediate can either fragment back into the original attacking radical or fragment
the polymeric leaving group. Assuming fragmentation occurs in the direction
liberating the polymeric radical, Py, then this species is formed in the absence of
monomer but in the presence of a potentially high concentration of cyanoisopropyl
radicals. This species can, of course, self-terminate, but under the right conditions, Py
will react with a cyanoisopropyl radical yielding the target end-capped polymer.
Perrier et al. were the first to describe such addition-fragmentation coupling reactions,
highlighting not just the ability to use this chemistry as a means for end-group
modification, but also as a potential route for recovering chain transfer agent.’> The
authors have successfully applied this approach to a wvariety of
dithiobenzoate/thiocarbonylthio end-group methacrylic, acrylic, acrylamido and

styrenic polymers with various azo initiators.>3 Chen et al. also examined the removal
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of thiocarbonylthio end-groups in RAFT-prepared polymers with AIBN.>* These
authors found that while end-group transformation was successful with methacrylic
polymers it was less effective with acrylic and styrenic polymers.>* In contrast, the use
of lauryl peroxide did result in the complete removal of end-groups in acrylic and
styrenic polymers, but it was not a clean process and yielded a significant amount of
polymer-polymer coupled products.®* Interestingly, the amount of polymer-polymer
coupled species could be minimised if a combination of lauryl peroxide (2 equivalents)

with AIBN (20 equivalents) was employed.

1.4.1.4 Radical-Induced Oxidation

End-group modification of RAFT-synthesised (co)polymers can occur upon
reaction with oxidising species. Cleavage of the thiocarbonylthio end-group and
substitution with a hydroxide group can be achieved through radical-induced
oxidation. It has, for example, been observed that the storage of RAFT CTAs and
RAFT-prepared polymers in cyclic ethers such as tetrahydrofuran (THF) and 1,4-
dioxane, can lead to the formation of hydroperoxide end-groups through a radical
autoxidation process with molecular oxygen.> It is possible to control the reaction by
heating a RAFT-synthesised (co)polymer at 60°C with an azo initiator (typically
AIBN) in ambient air. The first step produces hydroperoxide end-terminated
(co)polymers, and subsequent reduction to hydroxyl functional (co)polymers is

achieved by using triphenylphosphine, Scheme 1-10.567
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Scheme 1-10 Formation of hydroxy-terminated poly(methyl methacrylate).
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The mechanism involves a radical oxidation cycle with an intermediate chain
transfer step, analogous to the radical autoxidation of ethers.>®

Li and co-workers studied the kinetics of radical-induced oxidation of RAFT
agents with respect to the effect of molecular structure.’® They found that, according
to chain-transfer ability, the stability of thiocarbonylthio compounds towards
oxidation depends on both Z and R groups: electron deficient Z-groups or bulky R-
substituents lead to decreased stability, while electron-donating groups in the Z-
substituents increase stability. As such, trithiocarbonates and xanthates were found to

have higher stability than dithioesters towards oxidation.

1.5 Post-polymerisation modification

The history of post-polymerisation modification reactions is as old as polymer
science. During the middle of the 19" century some processes, that we now classify as
post-polymerisation reactions, were discovered: the transformation of natural rubber
into a more solid material through sulfurisation, the formation of nitrocellulose by
reacting cellulose with nitric acid and lastly, the preparation of cellulose acetate by
heating cellulose with acetic anhydride.®*? Those processes have been widely used
during the past two centuries, but non-quantitative reactions of functional groups, poor
reaction efficiency and the necessity of harsh reaction conditions caused potential
defects in the polymeric structure of the final product and greatly increased polymer
heterogeneity. During the 1950s, after the concept of “macromolecules” was widely
accepted by the scientific community, post-polymerisation chemistry saw further
developments. During those years, processes such as functionalisation of butadiene
polymers with aliphatic thiols, chlorination of polystyrene and divinylbenzene, the

development of solid-state peptide synthesis, just to name a few, were discovered and
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studied.®3-%° It was only in the early 1990s, with the discovery of RDRP techniques
such as atom-transfer radical polymerisation (ATRP), reversible addition-
fragmentation chain transfer (RAFT) and nitroxide-mediated polymerisation (NMP),
and the concomitant emergence of coupling reactions known as “click chemistry”, that
a wider range of chemical reactions became available and accessible for post-
polymerisation modifications.!3-:66:67

RDRP techniques brought improved functional group tolerance compared to
traditional “living” polymerisation techniques, enabling the synthesis of well-defined
polymers bearing a plethora of functional groups, many of which could be
quantitatively and selectively modified under mild conditions and without side
reactions.®® This, fortuitously coincided with the report of several chemoselective
coupling reactions known as “click chemistry”, such as the copper(I)-catalysed alkyne-
azide cycloaddition (CuAAC) and 1,3-dipolar cycloaddition reaction.®7

The advantages of functionalisation of a reactive polymer, over direct
polymerisation, are numerous: the possibility to synthesise a library of functional
polymers from the same parent precursor, ensuring that all polymeric derivatives will
have the same degree of polymerisation, tacticity and molecular weight distribution.”!
Moreover, the direct polymerisation of functionalised monomers can have the
disadvantage of limited functional group tolerance under the polymerisation
conditions. For example, the functional group attached to the monomer could undergo
side reactions which could lead to uncontrolled polymerisation or suppression of the
polymerisation process by reacting with the initiator/catalyst or the monomer.
Functional groups could also be incompatible with the reaction solvent or reaction
conditions, which can lead to retardation in chain growth.”> Post-polymerisation

modification allows chemical modifications to be routinely conducted under mild
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conditions avoiding the occurrence of all the aforementioned potential issues. Among
the many different chemical reactions available to modify a polymer for
functionalisation, activated ester amine exchange has some advantages over other

synthetic approaches, which will be examined in the next section.

1.5.1 Activated esters

In the 1970s Ringsdorf and Ferruti demonstrated the reactivity and utilisation
of active ester functionalities, pioneering the synthesis and post-polymerisation
modification of active ester polymers.”>’* Since these reports, scientists have
developed a wide variety of active ester polymers utilising the entire spectrum of
available polymerisation techniques. Among the many different chemical approaches
to undertake post-polymerisation functionalisation, the advantages of activated ester-
amine exchange over other reactions, have led to the growth in the field and the
development of a variety of monomers bearing active esters. This type of reaction
provides ready access to polyacrylamide and polymethacrylamide derivatives which
cannot necessarily be prepared via traditional polymerisation of the corresponding

functionalised monomer (Scheme 1-11).
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Scheme 1-11 Post polymerisation modification using activated ester-amine chemistry.
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Activated esters are a useful tool for the covalent binding of functional amines
through the formation of a stable amide bond, which is the basis of many biological
systems. In fact, activated esters have been studied and utilised in synthetic peptide
chemistry.”” From the synthetic viewpoint, activated ester chemistry is convenient
owing to the abundant availability of many functional amines from natural or
commercial sources, compared to other chemicals which could be employed in post-

polymerisation modification reactions.

1.5.2 Selection of activated ester-containing monomers

The growth in the field has led to the development of a variety of monomers
bearing active esters. A selection of the various types of monomers featuring different
activated ester moieties that have been utilised as the reactive site for post-

polymerisation modifications is shown in Table 1-2.
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Table 1-2 Structures of selected activated ester-containing monomers.’?

The most utilised activated esters monomers are N-hydroxysuccinimide (NHS)

ester-containing monomers (Table 1-2, 19). N-Hydroxysuccinimide (NHS) and N-

hydroxysuccinimide acrylate (NHSA)/methacrylate (NHSMA) were used for the first

time in radical polymerisation reactions with AIBN in the 1970s (Scheme 1-12

)_73,74
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Scheme 1-12 Radical homopolymerisation of NHSA/NHSMA.

Polymers containing NHS-ester reactive moieties are fairly resistant to
hydrolysis, but readily undergo nucleophilic acyl substitution with primary and
secondary amines under mild conditions generating functionalised polyacrylamide
derivatives.’ It was reported that under the exact same conditions, polyNHSA was
more reactive than polyNHSMA and this was attributed to a steric effect.”
Nevertheless, the major drawback of polyNHSA and polyNHSMA is the fact that,
while they are soluble in dimethylformamide (DMF) and dimethyl sulfoxide (DMSO),
they are poorly soluble in most other organic solvents. Therefore, NHSA and NHSMA
are commonly copolymerised with other monomers to increase the overall copolymer
solubility in a wider range of organic solvents.”>”” Limitations in the use of NHS-ester

based monomers are possible side reactions, as described below.
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Scheme 1-13 Possible side reactions during aminolysis of polyNHSA/polyNHSMA.

During the acyl substitution step, N-substituted glutarimides can be formed by
the attack of adjacent activated esters via the formation of an imide bond (Scheme 1-
13). This issue can be mitigated by performing the reaction at a high temperature or
by employing an excess of amine or other proton scavenging agents such as
triethylamine.”

Given the possible drawbacks in the use of this type of functional monomer
and its poor solubility in common organic solvents, other monomer-containing active-
ester functionalities have been explored by synthetic chemists. Very common and
versatile are pentafluorophenyl (PFP) ester-based monomers (Table 1-2, 15, 16, 18,
21). After NHS-esters, pentafluorophenyl (PFP) ester-based acrylates (PFPA)
methacrylates (PFPMA, Table 1-2, 15) and vinylbenzoates (PFP4VP, Table 1-2, 21)
are the second most examined species of active-esters for post-polymerisation
modification reactions.”” One example of a monomer containing a sulfonium triflate
functionality is shown, 4-acryloxyphenyl-dimethylsulfonium triflate (DMSPA, Table
1-2, 22).°® The synthesis and use of PFPA as a monomer was first reported by

Blazejewski and co-workers.®
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Scheme 1-14 Pendant amide formation using polyPFPA activated ester chemistry.

In contrast to NHS-ester based polymers, polyPFPA and polyPFPMA are
soluble in most organic solvents and are considered easier to handle in a laboratory
setting. Comparative reactivity studies between NHS-ester based polymers and PFP-
based polymers have been carried out with various primary, secondary and aromatic
amines and alcohols (Scheme 1-14). It was reported that PFP-ester polymers were in
general more reactive than NHS-ester based polymers, with pentafluorophenyl
acrylates showing higher reactivity than the methacylates.” Moreover, the reactivity
of PFP-ester polymers towards primary and secondary amines was much higher than
aromatic amines and alcohols.” The PFP moiety as an active ester has been
incorporated in different types of monomers. As an example, 4-vinyl benzoate
monomers containing PFP active esters have been studied and functionalised with
various amines by Nilles and Theato.?! The most reactive was pentafluorophenyl 4-
vinyl benzoate (PFP4VB) monomer (Table 1-2, 21), whose reactivity was even higher
than the polymethacrylic and polyacrylic analogues, resulting in the successful
substitution by traditionally less reactive amines such as aniline.®! Interestingly, the
reaction of polyPFP4VB with aliphatic amines occurred at 0°C in only 5 minutes.3! A
more recent example of functionalised active ester monomer bearing PFP modified

structure is the 4-azido PFPA monomer (ABMA), (Table 1-2, 18) which has been
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synthesised and studied by Roth’s group.®? This novel monomer has been employed
in RAFT homopolymerisation and modified post-polymerisation with phosphines to
give iminophosphoranes (Scheme 1-15, A) with near quantitative conversions and
with phenylacetaldehyde, morpholine and piperidine to give the corresponding

amidine derivatives (Scheme 1-15, B).%?
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Scheme 1-15 Reaction scheme of phosphines to give iminophosphoranes (A) and

azide-aldehyde-amine reaction involving phenylacetaldehyde and piperidine (B).

There are fewer examples of polymers containing other activated ester
functionalities. One alternative example is p-nitro phenyl methacrylate (PNPMA),
Table 1-2, 17. This monomer has been copolymerised with N-(2-hydroxypropyl)-

methacrylate via radical polymerisation.’84
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Another interesting functionalised monomer that has attracted attention from
synthetic chemists is 2-vinyl-4,4-dimethyl-5-azlactone (VDMA).*> Azlactone
containing polymers have been utilised for post-polymerisation modification due to
the ability of the azlactone ring to undergo ring-opening upon reaction with a wide
selection of nucleophiles, including amines and thiols (Scheme 1-16).3¢ PolyVDMA
has shown its ability to react quantitatively with amines to form amide bonds

producing novel bis-amine functionalised polymers.3”-#8
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Scheme 1-16 Reaction of the azlactone group with primary amines.

Interestingly, this reaction can successfully proceed in aqueous solutions, with
minimum hydrolysis.?* For instance, polyVDMA-protein conjugates have been

synthesised using this chemistry for applications in drug delivery.*°

1.6 RAFT-metal hybrids

The idea of including metals into (co)polymers prepared by RAFT
polymerisation has been explored in the past two decades. Three general approaches

for the synthesis of RAFT polymer-metal hybrids are as follows:

- Click chemistry: RAFT polymers and metal complexes are grafted together

through azide-alkyne reactions;

34



- Functionalised monomer: the monomer is functionalised with either a ligand
or a metal complex prior to polymerisation;
- Functionalised CTA: the RAFT agent is functionalised with either a ligand or

a metal complex prior to polymerisation.

Click chemistry has been employed for the synthesis of polypyridine
ruthenium(II) chromophores on polystyrenic polymers, employed as light-harvesting

antenna.’!

In this case, poly(4-vinylbenzyl chloride) was made by RAFT and
subsequently functionalised with azide, followed by a “click” reaction with a Ru(II)
polypyridine complex (Figure 1-6) with an alkyne functionality on one of the
ligands.”! Both photophysical and electrochemical properties of the materials were

investigated.

NC SH

Figure 1-6 Polypyridine ruthenium(Il) complex on a polystyrenic polymer. Adapted

from ref. 91.
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The functionalisation of monomers has also been explored as a method to make
RAFT-metal hybrids. Schubert et al. reported the synthesis of a PMMA Ru(Il)
polypyridine complex made by RAFT.*? Firstly, a methacrylate monomer containing
a Ru(II) heteroleptic complex was made, followed by its RAFT copolymerisation with
methyl methacrylate. The authors employed a similar approach for the incorporation
of Os(II) bis-terpyridine complex into a RAFT PMMA polymer, by synthesising an
Os(Il) bis-terpyridine functionalised monomer, followed by RAFT polymerisation

with MMA (Figure 1-7).%

S
NC” L {In L | Im
S
|H
(0]

Figure 1-7 Os(II) bis-terpyridine complex into a RAFT PMMA polymer. Adapted

from ref. 93.

Moreover, the same research group synthesised a methacrylate-based

copolymer bearing ligands sites for the coordination of iridium complexes and

investigated its photophysical properties.”*
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The idea of incorporating either a ligand or a metal complex into the RAFT
agent itself has also been explored. Zhou ef al. reported the synthesis of a terpyridine-
functionalised dithioester CTA used for the polymerisation of styrene, followed by a
complexation reaction with Ru(Il) complexes.”> Interestingly, the ruthenium complex
coordinates to two terpyridine-functionalised polystyrenic polymers, giving rise to a
metal complex containing two polymeric chains. The same research group synthesised
a ruthenium tris-pyridine complex by following the same methodology.”® In this case,
a bipyridine-functionalised dithioester was made and employed for polymerisation of
styrene, followed by a complexation reaction with a Ru precursor.”® Interestingly, each
metal centre was coordinated to three bipyridine ligands, forming tri-functionalised

star copolymers.

Figure 1-8 Dithiobenzoate CTA containing tris(-diketonate) europium(IIl) complex.

Adapted from ref. 97.

Other than incorporating a ligand into the CTA prior to RAFT polymerisation,

it is possible to synthesise a CTA containing a metal complex. This approach has been

reported with the synthesis of a dithiobenzoate CTA containing tris(-diketonate)
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europium(I1l) complex (Figure 1-8).°7 The lanthanide-containing CTA has then been

employed in the polymerisation of MMA.

1.7 Photophysical properties of metal complexes

1.7.1 Fundamental concepts
Light can interact with matter: upon irradiation with electromagnetic radiation,
materials can emit light and luminesce.”® The Beer-Lambert law describes the

absorption of light in a dilute solution (Equation 1-4):

I, =110%¢ Equation 1-4

where [ is the radiation transmitted intensity and /y is the incident radiation at
a given wavelength, b is the path length of the radiation, c is the concentration and &
is the molar absorptivity coefficient which is a constant proportional to the ability of
the molecule to absorb light at given wavelengths.

When a molecule absorbs a photon, electrons can be excited to a higher energy
level, producing electronically-excited states. This happens because ions and
molecules have quantised electronic levels, which have a separation that is of the same
order as the energy of visible and ultraviolet light.”® Thus, absorption and emission of
light are phenomena that occur due to the excitation of electrons, which have dual
wavelike and particle-like properties. So is the lowest vibrational state of the electronic
ground state and, according to the Boltzmann distribution, at room temperature, almost
all molecules will be in this state.”® Therefore, when absorption occurs, it always takes
place from this electric ground state (So) to an excited state S, (where n > 0). The

Franck-Condon principle states that electronic transitions are fast enough for the nuclei
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movement to be considered negligible.”” As a consequence, electronic transitions
between states S, are referred to as vertical transitions and can be represented as
vertical arrows in potential energy diagrams. The Jablonski diagram in Figure 1-9

illustrates what can happen after the excitation of a molecule.”®
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Figure 1-9 Simplified representation of a Jablonski diagram illustrating fluorescence

and phosphorescence.

Once a molecule is in the so-called ‘“electronically-excited state” (Si),
vibrational relaxation (VR) and internal conversion (IC) processes can occur. Each S,
level is divided into vibrational sublevels and during vibrational relaxation, energy is
dissipated between vibrational levels of the same excited state. Internal conversion is
the transition between excited energy levels with the same spin multiplicity and it

occurs between the excited levels to Si as a result of the strong overlap between many
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states of nearly equal energy.” According to Kasha’s rule, photon emission can only
occur from the lowest electronically excited state, therefore, as a consequence of this
rule, the emission wavelength is independent of the excitation wavelength. Both VR
and IC are very rapid processes that occur in the order of 10713/10"1* seconds.”
Intersystem crossing (ISC) is the transition between excited states of different
multiplicity and, despite violating the selection rules which will be discussed below, it
can occur in the presence of heavy atoms which favour spin-orbit coupling making the
transition partially allowed. The coupling between the electron spin angular
momentum and the orbital angular momentum, is responsible for the occurrence of
intersystem crossing, despite being formally forbidden. ISC is characterised by Kisc, a

I and is correlated to the

rate constant that is usually in the order of 10%/10° s
dimension of the nucleus, which explains why heavier atoms can partially allow this
transition.”

Decay to the ground state can happen via radiative and non-radiative processes.
Non-radiative decays are governed by the energy gap law (Equation 1-5), which

describes the relationship between the dissipation of energy throughout overlap of

vibrational levels and the non-radiative decay constant ki,

k. = Ae™*E Equation 1-5

where ki is the non-radiative decay constant, 4 is the pre-exponential coefficient, « is
a proportionality constant and AE is the energy gap between the excited and the ground

state. From Equation 1-5 it is possible to observe how low rates of non-radiative decay

are a consequence of high energy gaps between the excited and the ground state.!®
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Aside from non-radiative decays, dissipation of energy can occur through
radiative processes, i.e. via the emission of light. Radiative emissions consist of the
spontaneous emission of light (#v) during a transition to the ground state. This
phenomenon is known as luminescence. Two types of luminescence phenomena exist,
depending on the nature of the excited state. Fluorescence is the spin-allowed
transition that occurs when the excited state and the ground state have the same
multiplicity (S1 — So + hv). Phosphorescence, on the other hand, is formally spin-
forbidden and occurs between states of different multiplicity (T1 — So + hv). The
timeframe of fluorescence is between 10° and 107 seconds, while for
phosphorescence it is between 104/10°! seconds. Phosphorescence is associated with
slower decay rates, as a consequence of the change in spin multiplicity required for the
decay from the triplet excited state Ti to the ground state So.*

The probability that a given transition will occur is governed by the so-called
“selection rules” which are related to the symmetry and the multiplicity of the ground
and excited states. According to the spin conservation rule, only transitions between
states of the same multiplicity (or same spin quantum number) will be allowed. For
instance, singlet to singlet transitions are allowed, whereas singlet to triplet transitions
are forbidden. The Laporte selection rule is related to centrosymmetric systems, and it
states that for a transition to occur, the change in the orbital angular momentum
quantum number for the individual electron must be Al +1, and for the entire multi-
electronic system AL = 0 %1, thus allowed transitions must involve a change in parity:
g—u or u—g are allowed, where g states for gerade and u for ungerade. The Laporte
rule can be relaxed when phenomena called “vibronic coupling” occur, which are
processes arising from the interaction between a vibrational transition and an

electronic transition, during which the asymmetric vibration of the latter temporarily
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removes the inversion centre of the molecule.”” In this case, the overall symmetry of
the system decreases, making forbidden transitions possible, such as d — d transitions
in metal complexes. Due to the loss of absorbed energy throughout non-radiative
processes after excitation, emission spectra are typically red-shifted to lower energies
compared to absorption spectra; this phenomenon was observed for the first time in
1852 by Sir G. G. Stokes and today is known as the “Stokes shift”.*%10!

In order to investigate luminescence phenomena and evaluate the competition
between radiative and non-radiative decay pathways, it is essential to define some
essential parameters. Luminescence lifetime (1) is defined as the time after which the
population of an excited state has decayed by 1/e or 36.8%. Lifetime is expressed as a

function of a radiative and non-radiative rate constant (Equation 1-6).”

TS R Equation 1-6

The quantum yield is expressed as the ratio between the number of emitted

photons and the number of absorbed photons and is defined by Equation 1-7:

b, = Equation 1-7

kr+ ZKkpr

1.7.2 Molecular oxygen

The emission arising from the triplet state of a metal complex can be quenched
by molecular oxygen. Molecular oxygen has a very small size and can diffuse quickly
into solutions. Since molecular oxygen has a triplet ground configuration, it can

quench the excited states of metal complexes through intermolecular collisions. This
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can happen because, as previously mentioned, the emission from the triplet state of
metal complexes is spin forbidden and therefore long lived.!92-104
The process is illustrated in Figure 1-10: molecular oxygen in its ground triplet
state can collide with metal complex excited states through triplet-triplet energy
transfer (ET). Exchange of electrons occurs causing both states to become singlet
states: oxygen in its excited state !O> and the metal complex in its ground state So.
The emission arising from the lowest excited state of oxygen ('Ag) occurs at a

characteristic band at 1270 nm and can be easily detected with a NIR detector.!%
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Figure 1-10 Simplified Jablonski diagram showing how molecular oxygen can quench

the triplet state emission of metal complexes.

When studying and designing probes for biological imaging, it is essential to
be aware of this phenomenon, because the production of singlet oxygen can lead to
cytotoxicity in biological systems. Singlet oxygen can react with proteins, DNA and
lipids via redox processes. For this reason, when designing biological probes, the
generation of singlet oxygen should be kept very low if not completely avoided, to

ensure no damage is caused to cells or biological tissues. Nevertheless, molecular
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oxygen toxicity and its ability to undergo apoptosis and programmed cell death can be
exploited for pathology treatments, for example, cancer, employing photodynamic

therapy.'06:107

1.7.3 Drawbacks of fluorescent probes

An organic molecule that possesses high molar extinction coefficients and high
quantum yields can absorb and emit sufficient light to be used as a fluorophore.!®
Nevertheless, organic fluorophores can suffer from some issues which will reduce the
quality of the images and the resolution, limiting the fluorophores from being
employed. Usually, fluorescent organic molecules possess relatively short Stokes
shifts, which cause the absorption and emission profiles to overlap, causing self-
quenching of adjacent molecules due to the re-absorption of emitted photons.”® Self-
quenching can drastically reduce the intensity of the signal arising from the probe used.
Moreover, organic fluorophores can emit signals which overlap with background
autofluorescence in biological systems, therefore the signal arising from organic
fluorophores may be difficult to distinguish from autofluorescence. Autofluorescence
is a phenomenon that originates from endogenous fluorophores present in biological
systems such as aromatic amino acids able to absorb light (tryptophan, tyrosine and
phenylalanine) or some enzymes cofactors (nicotinamide adenine dinucleotide,
NADH or flavin adenine nucleotide, FAD).!” Usually, those endogenous molecules
exhibit small Stokes shifts and short luminescence lifetimes (< 10 ns), which can cause
an overlap between autofluorescence and the signal arising from organic fluorophores.
Given the intrinsic issues of organic fluorophores, extensive research efforts have been
focused on the synthesis of probes with advanced features. Because of the forbidden

nature of the triplet emission of transition metal complexes, they exhibit longer
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lifetimes and higher Stokes shifts when compared to organic fluorophores and can
therefore be excellent alternatives in optical imaging.!'® In the next section, the

photophysical properties of d° transition metal complexes will be highlighted.

1.8 Photophysics of d® Metal Complexes

1.8.1 Molecular Orbital of model d® metal complexes

In the molecular orbital model, covalent interactions between the metal centre
and the ligands are considered.!'! According to molecular orbital theory (MOT), the
orbitals of the coordinating ligands are linearly combined to form a set of composite
orbitals called “ligand group orbitals” (LGO). Successively, the molecular orbital
(MO) diagram can be constructed by combining the LGOs with the metal orbitals,
according to symmetry rules. By combining the metal and ligand orbitals of o
symmetry (aiq, eg ), six bonding molecular orbitals are obtained (Figure 1-11).
Furthermore, by combining ligand orbitals of symmetry 2, corresponding with the
empty 7* system, and residual #;, of d orbitals, a system of bonding and anti-bonding

molecular orbitals is generated. This is valid for systems with octahedral symmetry.
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Figure 1-11 Simplified MO diagram for a low spin d° third-row transition metal
complex, coordinated to six equivalent 7 accepting ligands. Dashed lines indicate the
formation of the relevant molecular orbitals. The HOMO and LUMO orbitals are
highlighted in red, whereas MC, LC, LMCT, and MLCT transitions are highlighted in

blue.

Moreover, the molecular orbital (MO) diagram in Figure 1-11 shows the
electronic structure and the possible electronic transitions which can occur in a d®
transition metal complex. In this section, only d° transition metal complexes will be
considered as they are the focus of this research.

When constructing molecular orbital diagrams, each ligand surrounding the
metal centre is considered equivalent and only the z* ligand orbitals of 7, symmetry

forming molecular orbitals with the metal are shown. Moreover, in Figure 1-11 a
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stable, low spin third-row d® metal complex molecular orbital in shown; this can be
noted by the fact that the molecular orbital has completely filled bonding orbitals and
empty anti-bonding orbitals. If the symmetry of the complex is approximated to
octahedral symmetry, the orbitals of a third-row metal centre contributing to the bond
are 5d, 6d and 6p orbitals, which are classified according to their point group
symmetry. ¢2; and eg represent the 5d orbital (with ¢, corresponding to d,, d,-, dy-while
eg corresponds to dy’.,° and d.?), aiq represents the 6s orbitals while 77, represents the
6p orbitals. The e, and a;, orbitals are involved exclusively in ¢ bonding interaction,
124 orbitals are involved exclusively in 7 bonding interaction; whereas ¢;, orbitals can
give rise to both ¢ and 7 bonding interactions. The presence of 7 accepting ligands
usually stabilises the 7, orbitals, while the diffuse nature of the five d orbitals for third-
row metals, usually destabilises the e,* molecular orbitals, causing the MLCT excited
state to be lower in energy than MC, which is a condition of luminescence.

The highest occupied molecular orbital (HOMO) is represented by the #2¢
whereas the lowest unoccupied molecular orbital (LUMO) is represented by the #2¢*
orbitals. The HOMO-LUMO gap is the separation between those two levels and
strictly depends on the 7 donating/accepting ability of the ligands coordinated to the
metal.!'? Upon absorption of photons, different types of transitions can occur,
according to the main character of the orbitals involved in the process. The most
common transitions are highlighted in the Jablonski diagram of an octahedral metal
complex shown in Figure 1-12.

Metal centred transitions (MC) occur from the 7, orbitals and the e,* anti-
bonding orbitals; because of the formally spin-forbidden nature of those transitions,
they are generally associated with small absorptivity. Ligand centred (LC) transitions

take place between the ligand orbitals that are not involved in the coordination to the

47



metal. LC transitions occur from the m bonding to the z* anti-bonding system of the
ligands. Charge transfer (CT) transitions can be of different types: ligand to metal
charge transfer (LMCT) for transitions from the 7 system of the ligands to the o* (e,)
anti-bonding orbital of the metal; metal to ligand charge transfer (MLCT) when
starting either from o (#2¢) non-bonding or o* (e,) orbital of the metal to the 7* system
of the ligands and finally ligand to ligand charge transfer (LLCT), when CT transitions

happen between inequivalent ligands.
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Figure 1-12 Simplified Jablonski diagram for octahedral d° transition metal
complexes with lowest MLCT excited state. VR and LLCT transitions are not included
for simplicity. In this diagram, we consider third-row transition metals, where the MC

state is above the MLCT state.

The simplified Jablonski diagram for octahedral ¢ transition metal complexes

is shown in Figure 1-12. It is important to note that because of the forbidden nature of
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the phosphorescent *MLCT relaxation to the ground state, this type of transition is

associated with longer lifetimes compared to fluorescent organic fluorophores.

1.9 Tetrazoles

Tetrazoles are heterocyclic compounds consisting of four nitrogen atoms and
one carbon atom. Tetrazoles are considered isosteres of carboxylic acids because they
have a pK, (pKa ~ 5) which is very similar to the pK, of carboxylic acids.!!*!'* This
feature, combined with their low toxicity, greater metabolic stability and lipophilicity
when compared to the carboxylic acid analogues, prompted their use in medicinal
chemistry as carboxylic acid alternatives for the synthesis of biologically active
compounds. In fact, tetrazoles and their derivatives have been used in various

applications including as antibacterial and anticancer agents.!!>-!16

H
N/N HN/N\
| ) )=
N1 N2

Scheme 1-17 The N1 and N2 tautomers of a 5-substituted tetrazole.

Protonated tetrazoles can exist in two tautomeric forms since the tetrazolic
proton can be either on N1 or N2, as shown in Scheme 1-17. Besides application in
medicinal chemistry, tetrazoles can be employed in coordination chemistry as ligands,
because of the ability of the diimine-type nitrogens to coordinate transition metals and
lanthanides. In the past decade, tetrazoles have been employed as ligands for metal

complexation of transition metals such as Fe(II), Ru(Il), Ir(IIl), and Re(I).!!7-120
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Rhenium(I) and iridium (III) tetrazoalto complexes will be discussed in the following

sections.

1.10 Rhenium tricarbonyl complexes and rhenium tetrazolato complexes

Re(I)-tricarbonyl diimine complexes (shown in Figure 1-13) have been
extensively studied since the early ’70s when the luminescent properties of the
rhenium complex fac-[Re(phen)(CO)3Cl] (Figure 1-13, 23) and its ability to display
phosphorescent emission upon the population of an emissive MLCT excited state
were discovered.!?! The facile synthesis of Re(I)-tricarbonyl diimine complexes,
together with the possibility to finely tune the photophysical properties of the complex
by changing the ligands, are the reason why this type of complexes have been used for
a variety of applications. Rhenium tricarbonyl complexes have been employed in
material science for the synthesis of organic light emitting diodes (OLED) (Figure 1-
13, 24), in life sciences as chemical and biological sensors (Figure 1-13, 25) and as

luminescent probes in biological imaging (Figure 1-13, 26).12125
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Figure 1-13 Examples of Re(I)-tricarbonyl complexes.

Rhenium (I) complexes 25 and 26 in Figure 1-13 containing tetrazole ligands
have been synthesised and studied by Massi and collaborators.!?* The emission
properties of these Re-tetrazolate complexes appeared to be strongly influenced by the
nature of the tetrazolate ligand, which showed a major contribution in the
determination of the HOMO level.!?° It has been reported that the coordination of Re(I)
to a tetrazolate ring leads to a blue shift of the emission profile of the Re(I) complex
and a concomitant improvement of the emission performances, as evidenced by the
substantial increase of the quantum yield values and the elongation of the

phosphorescence lifetimes. 2
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Along with reactivity studies, Re() tetrazole complexes were also investigated
in a biological context. For instance, the neutral Re(I) tetrazolate complex 26 (Figure
1-13) displayed an affinity for lipid droplets.'?” Most recently, Re(I) complexes with
different tetrazolato ligands found application in the targeting of metal cations, in the
luminescent staining of proteins and for studies of interaction with bovine serum

albumin (BSA).!24:128.129

1.11 Iridium cyclometalated complexes and iridium tetrazolato complexes

In the past 15 years, bis-cyclometalated Ir(Ill) complexes have gained
increasing popularity in the field of luminescent materials because of their outstanding
photophysical properties. In particular, Ir(IlI) complexes of the form [Ir(C N)(L~L)]**
(where C"N represents a cyclometalating ligand and L"L a chelating ligand), have
been widely investigated because of the characteristic intense phosphorescent
emissions deriving from MLCT or LLCT (or both) excited states.

The photophysical properties of Ir(IIl) cyclometalated complexes can be
modulated by chemical modification of the coordinated ligands. In fact, by
coordinating to the appropriate ligands, the emission properties of Ir(II)
cyclometalated complexes can be significantly tuned to obtain emissions across the
entire range of the visible spectrum. Moreover, Ir(IIl) cyclometalated complexes offer
the possibility to obtain neutral, cationic or anionic complexes, making them great

candidates for applications in lightning devices such as organic light-emitting diodes

(Figure 1-14, 27).1%°
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Figure 1-14 Examples of Ir(IlI) cyclometalated complexes.

It has been demonstrated that functionalisation of the coordinated ligands can
confer upon these complexes’ selectivity features to achieve localisation towards
specific organelles. Therefore, upon appropriate design and choice of the coordinated
ligands, luminescent Ir(III) metal complexes can be excellent candidates as versatile
probes for the luminescent bioimaging of live cells.!*! For example, Ir(III) complexes
possessing selectivity towards lysosome have been reported in the literature. 32

Recently, Ir(IIl) tetrazolate complexes have been investigated leading to

interesting results in the fields of material and life sciences. By changing the ligands
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coordinating the iridium centre, it is possible to obtain charged luminescent
complexes. For instance, a cationic Ir(II]) tetrazolate complex has shown antimicrobial
activity in Deinococcus radiodurans (Figure 1-14, 28).!3 More recently, the non-
methylated neutral form of the aforementioned Ir(II) complex has found application
in the luminescent bio-imaging of living bacteria.!** Examples of luminescent anionic

Ir(TIT)-tetrazolate complexes have been reported (Figure 1-14, 29 and 30).!3%13
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1.12 Research Objectives

In the Introductory Chapter, we have highlighted the advantages of
adopting RAFT polymerisation for the design and synthesis of new materials,
including its broad versatility and impressive functional group (FG) tolerance.
Today, there are only a few FGs that have not been incorporated into RAFT-
prepared (co)polymers. However, one particularly important FG that has
received little attention, especially in chain growth polymerisation processes, is
the tetrazole species.

We have also highlighted the application of tetrazoles as ligands in the
synthesis of interesting luminescent transition metal complexes. Tetrazolato-
metal luminescent complexes have been prepared and employed in many
applications including as cellular labels. This has been motivated primarily due
to their outstanding photophysical properties. In this thesis, the synthesis and
evaluation of photophysical properties of a range of new tetrazole functional
(co)polymers that are able to serve as macromolecular ligands for the attachment
of luminescent metal complexes, will be illustrated. The objectives of this

research may be summarised as follows:

- Toutilise RAFT radical polymerisation to prepare reactive, well-defined,
parent (co)polymers that are amenable to facile post-polymerisation
modification;

- To synthesise, isolate and characterise well-defined (co)polymers
containing tetrazole functional groups employing post-polymerisation

modification protocols;
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To examine the ability to employ tetrazole functional (co)polymers as
macromolecular ligands for the covalent attachment of luminescent metal
species based on Re(I) and/or Ir(111);

To study the photophysical properties of the novel polymer-hybrid
luminescent materials;

To evaluate the ability of the materials to act as probes in the staining of

rodent brain tissues.
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Chapter 2

Synthesis and photophysical investigation of styrenic-based

rhenium(I)-tetrazolato functional luminescent polymers

The contents of this Chapter were published in 2020:
E. Dallerba, M. Massi and A. B. Lowe “Rhenium(I)-Tetrazolato Functional
Luminescent Polymers: Organic-Inorganic Hybrids via RAFT and Post-

Polymerization Modification” European Polymer Journal, 2020, 126, 109559.

2.1 Abstract

A series of novel rhenium-tetrazolato functional (co)polymers based on a
polystyrenic backbone are presented. The polymerisation, structural and photophysical
investigations are reported. The copolymers containing tetrazole functionality are able
to serve as macromolecular ligands for the coordination of a luminescent Re(I)
complex. Reversible addition-fragmentation chain transfer (RAFT) polymerisation
has been employed for the synthesis of two statistical and two block copolymers of
styrene and 4-cyanostyrene as monomers. The parent copolymers have been modified
via post polymerisation modification of the cyano appended groups in a reaction with
NaN3 to yield the corresponding tetrazole functionalised copolymers. The tetrazole
modified copolymers have shown the ability to serve as macromolecular ligands for
the coordination of a metal complex. In this Chapter, a precursor complex has been
attached to the polymeric scaffold by coordination through the tetrazole functional

groups. The formation of the tetrazole functional group and subsequent metal
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coordination have been confirmed by inverse-gated proton decoupled '*C NMR and
infrared spectroscopies. The photophysical properties of the novel copolymer-Re(I)
hybrid luminescent materials have been studied. Coordination between the tetrazole
functionality and the Re(I) complex was confirmed from the absorption and emission
profiles of the hybrid materials. Lifetime measurements and quantum yields confirmed
that the luminescent properties of the Re(I) complex were not affected by the

coordination to the polymeric scaffolds.

2.2 Introduction

Reversible addition-fragmentation chain transfer (RAFT) radical
polymerisation is an example of a reversible deactivation radical polymerisation
(RDRP) technique mediated by certain thiocarbonylthio compounds and operates on
the principle of degenerative chain transfer.!* Particularly salient features of RAFT
include its ease of execution, broad applicability under a range of experimental
conditions and its high functional group tolerance. Indeed, there are few “common”
functional groups that have not been incorporated into (co)polymers by the direct
(co)polymerisation of an appropriate functional monomer or introduced by one of the
many available post-polymerisation modification approaches and especially utilising
“click” chemistries.

One functional group, however, that has attracted comparatively little attention
in synthetic polymer chemistry, and especially with respect to chain-growth
polymerisation processes, is the tetrazole species. Such aromatic heterocycles,
containing four nitrogen atoms (3 pyridine-like and 1 pyrrole-like) and one carbon
atom, are well-known (although are not naturally occurring) and have been previously

investigated as highly energetic materials, biologically active species (as antivirals,
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anticancer, antibacterials and antifungals) and as a key functionality in some medicines
(specific hypotensive and antihistamines).* The latter feature is particularly important
with tetrazoles serving as carboxylic acid bioisosteres, a feature with potential beyond
biomedical applications.

5-(Methacrylamido)tetrazole (co)polymers have been prepared under
conventional radical polymerisation conditions while poly(5-vinyltetrazole)-based
materials are accessible via the reaction of polyacrylonitrile (co)polymers with NaN3
including in well-defined (co)polymers prepared by atom transfer radical
polymerisation (ATRP).>"1? Indeed, the reaction of nitriles, -C=N, with NaN3, or other
suitable co-reagent, is one of the more common routes for preparing tetrazoles.!!-!3
Poly(3-((1H-tetrazol-5-yl)amino)-2-hydroxypropyl methacrylate) (Figure 2-1, A) has
been reported and its proton conductivity properties evaluated. In this instance,
poly(glycidyl methacrylate) was homopolymerised under radical conditions and the
pendent epoxy rings subsequently ring-opened with 5-aminotetrazole.'® There are
reports in which tetrazole-containing monomers have been polymerised directly by
RAFT, although they are few in number. For example, Xue et al. reported the multi-
step synthesis of  (E)-2-((4-((4-(5-chlorotetrazol-1-yl)phenyl)diazenyl)phenyl)
(methyl)amino) ethyl methacrylate (Figure 2-1, B) and its subsequent RAFT
homopolymerisation and block copolymerisation (with a poly(methyl methacrylate)
macro-CTA) to yield well-defined (co)polymers; the photoiosomerisation behaviour,

associated with the pendent azo functional groups, of these materials was examined.!’
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Figure 2-1 Poly(3-((1H-tetrazol-5-yl)amino)-2-hydroxypropyl methacrylate) (A) and
(E)-2-((4-((4-(5-chlorotetrazol-1-yl)phenyl)diazenyl)phenyl)(methyl)amino)  ethyl

methacrylate (B).

Luminescent transition metal complexes such as those of rhenium(I),
ruthenium(Il), iridium(III) and platinum(II) have drawn significant attention due to the
potential use of their photophysical properties in a variety of fields. In recent years,
the investigation of rhenium complexes as alternatives to commonly used organic
fluorophores has expanded. High photostability, long emission lifetimes, large Stokes
shifts and fine tunability of the emission profiles have enabled such complexes to be
employed in a range of applications including biomolecular luminescent probes, light
emitting devices and photocatalysis.!3-?* In particular, rhenium(I) tricarbonyl diimine
complexes, fac-[Re(CO)3(diim)(L)]”", where diim represents a diimine-type chelating
ligand such as 1,10-phenantroline (phen) or 2,2’-bipyridine (bipy) and L represents a
monodentate ancillary ligand, have been widely studied for their photophysical

properties.?! These complexes show intense and long-lived phosphorescent emission
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arising from a metal-to-ligand charge transfer excited state, "MLCT, which confers
upon them the unique photophysical properties.?? It has been widely demonstrated,
that upon chemical modification of the diimine-type ligand and L ligands it is possible
to tune the photophysical properties of the metal complexes. For example, Massi’s
group has shown how tetrazolato ligands can be exploited to prepare luminescent Re(I)
complexes whose emission can be tuned by direct reaction with electrophilic
reagents.?? These properties have been beneficial for cell and tissue staining; they
have, in fact, demonstrated that these probes have low cytotoxicity and often display
specificity for organelles and/or classes of biomolecules.?*?> However, desirable
improvements of these complexes, and their subsequent use in imaging could be
obtained by appropriately tuning their solubility and biocompatibility and preventing
the generation of singlet oxygen from excited states of triplet multiplicity. The
biocompatibility and bioavailability of small molecules can often be enhanced by
conjugation to polymeric chains, most commonly with poly(ethylene oxide) (so-called
PEGylation), and metal-containing polymers are widely studied for their potential in
applications such as polymeric metallodrugs, drug delivery and as bioimaging
agents.26-28

Inspired by the use of tetrazoles as a coordinating ligand for metal fragments,
and the significant dearth of tetrazole-functional (co)polymers, the work described in
this Chapter, will detail the synthesis of a series of four model styrenic-based
(co)polymers (two statistical and two block copolymers) containing pendent tetrazole
functional groups via a combination of RAFT polymerisation and post-polymerisation
modification. The tetrazole-functional copolymers are able to serve as macromolecular
ligands capable of complexing [Re(CO)s(phen)]” as evidenced by the

absorption/emission profiles of the modified copolymers. These modified materials
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are the first examples of such polymer-tetrazole-metal hybrids. Model targeted

materials are shown in Figure 2-2.

Co.
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N, ] RN
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OC/ I \CO
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Figure 2-2 Structure of model targeted rhenium-tetrazolato functional polymers

described in this Chapter.

2.3 Experimental

2.3.1 Materials

All reagents were purchased from the Sigma-Aldrich Chemical
Company, or Alfa Aesar, at the highest available purity and used as received
unless noted otherwise. Re(CO)3(phen)Br and [Re(CO)3(phen)(NCCH3)][BF4]
were synthesised accordingly to published procedures.?*3? 2,2°-Azobis(2-
methylpropionitrile) (AIBN) was purchased as a 12 wt% solution in acetone.
The solvent was removed on a rotary evaporator and the remaining solid

dissolved in methanol from which AIBN recrystallised.

2.3.2 Size Exclusion Chromatography (SEC)
SEC was performed on a Shimadzu modular system consisting of a 4.0 mm x

3.0 mm Phenomenex Security Guard™ Cartridge guard column and two linear
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phenogel columns (10% and 10* A pore size) in tetrahydrofuran (THF) operating at a
flow rate of 1.0 mL/min and 40 °C using a RID-20A refractive index detector, a SPD-
M20A prominence diode array detector and a miniDAWN TREOS multiangle static
light scattering (MALLS) detector. The system was calibrated with a series of narrow
molecular weight distribution polystyrene standards with molecular weights ranging
from 0.27 to 66 kg mol!. Chromatograms were analysed by Lab Solutions SEC

software.

2.3.3 NMR Measurements

'"H NMR and '*C NMR spectra were recorded at 298 K on a Bruker Avance
400 spectrometer. The data were processed with Bruker’s TopSpin 3.1 Software. '3C
NMR spectra were recorded at 298 K with inverse-gated proton decoupling using 30°

pulse angle, relaxation delay of 2.0 s and 25,700 scans.

2.3.4 FTIR Analysis
Infrared spectra (IR) were recorded on solid-state samples using an attenuated
total reflectance Perkin Elmer Spectrum Two and Spectrum 100 FT-IR. The spectra

were recorded from 4000 to 650 cm™'.

2.3.5 Photophysical Measurements

Absorption spectra were recorded at room temperature using a Perkin Elmer
Lambda 35 UV/Vis spectrometer. Uncorrected steady-state emission spectra were
recorded using an Edinburgh FLSP980-stm spectrometer equipped with a 450 W
xenon arc lamp and emission monochromators, a Peltier cooled Hamamatsu R928P

photomultiplier (185-850 nm) and a Hamamatsu R5509-42 photomultiplier for
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detection of NIR radiation (800-1400 nm). Emission and excitation spectra were
corrected for source intensity (lamp and grating) and emission spectral response
(detector and grating) by a calibration curve supplied with the instrument.
Luminescent quantum yields were measured according to the procedure described by
Demas and Crosby in optically dilute solutions (O.D < 0.1 at excitation wavelength)
obtained from absorption spectra on a wavelength scale (nm) and compared to the

reference emitter by Equation 2-1:

2
n D
—Z =2 Equation 2-1
n?2
T

D,

o, =P,

where A4 is the absorbance at the excitation wavelength A, 7 is the intensity of
the excitation light at the excitation wavelength, # is the refractive index of the solvent,
D is the integrated intensity of the luminescence and @ is the quantum yield. The
subscripts 7 and x refer to the reference and the sample. The quantum yields of
complexes were measured against quinine sulphate solution in 0.5 M H>SO4 (@, =
0.55).2! Excited-state decays (1) were recorded on the same Edinburgh FLSP980-stm
spectrometer using pulsed picosecond LEDs (EPLED/EPL 375nm, FHWM < 800 ps).
The goodness of fit was assessed by minimising the reduced y? function and by visual
inspection of the weighted residuals. All solvent used in the preparation of the

solutions for the photophysical investigations were of spectrometric grade.
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2.4 Synthesis

2.4.1 Synthesis of Random 1

CN

polystyrene:4-cyanopolystyrene 95:5

Figure 2-3 Structure of random copolymer Random 1.

Styrene (10.00 g, 96.00 mmol), 4-cyanostyrene (0.65 g, 5.05 mmol), 4-cyano-
4-[(dodecylsulfanylthiocarbonyl)sulfanyl|pentanoic acid (0.21 g, 0.53 mmol) and
AIBN (0.02 g, 0.13 mmol) were combined in a round-bottomed flask equipped with a
magnetic stir bar. The flask was sealed with a rubber septum and the solution was
purged with nitrogen for 30 min before being placed in a preheated oil bath set at 75°C.
The copolymerisation was allowed to proceed for 5 h. and was halted by exposure to
air and immersion in an ice bath. The reaction mixture was diluted with THF and the
product precipitated into a large excess of n-hexane. The product copolymer Random
1 (3.63 g) was isolated as a yellow powder by re-precipitation in n-hexane followed

by drying in vacuo overnight at 50°C.
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2.4.2 Synthesis of Random 2

CN
polystyrene:4-cyanopolystyrene 90:10

Figure 2-4 Structure of random copolymer Random 2.

Random 2 was prepared as Random 1 with styrene (5.00 g, 48.00 mmol), 4-
cyanostyrene (0.65 g, 5.05 mmol), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)
sulfanyl]pentanoic acid (0.11 g, 0.28 mmol), and AIBN (0.01 g, 0.07 mmol). The

product Random 2 (2.22 g) was isolated as a yellow solid.

2.4.3 Synthesis of PS homo

S

O
)J\S/CHz(CH2)10CH3

=)

HO
NC

Figure 2-5 Structure of homo-polymer PS homo.

Styrene (5.00 g, 48.00 mmol, 4-cyano-4-[(dodecylsulfanylthiocarbonyl)
sulfanyl] pentanoic acid (0.10 g, 0.25 mmol) and AIBN (0.01 g, 0.06 mmol) were
combined in a round-bottomed flask equipped with a magnetic stir bar. The flask was

sealed with a rubber septum and the solution was purged with nitrogen for 30 min
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before being placed in a preheated oil bath set at 75°C. The copolymerisation was
allowed to proceed for 7 h. and was halted by exposure to air and immersion in an ice
bath. The reaction mixture was diluted with THF and the product precipitated into a
large excess of n-hexane. The product polymer PS homo (1.73 g) was isolated as a

yellow powder and dried in vacuo overnight at 50°C.

2.4.4 Synthesis of Block 1

S
m

CN
polystyrene:4-cyanopolystyrene 85:15

Figure 2-6 Structure of block copolymer Block 1.

PS homo (0.50 g), 4-cyanostyrene (0.09 g, 0.72 mmol) and traces of AIBN
were dissolved in 2 mL of toluene and combined in a round-bottomed flask equipped
with a magnetic stir bar. The flask was sealed with a rubber septum and the solution
was purged with nitrogen for 30 min before being placed in a preheated oil bath set at
65°C. The copolymerisation was allowed to proceed for 6 h. and was halted by
exposure to air and immersion in an ice bath. The reaction mixture was diluted with
THF and the product precipitated into a large excess of n-hexane. The product
copolymer Block 1 (0.47 g) was isolated as a yellow powder and dried in vacuo

overnight at 50°C.
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2.4.5 Synthesis of Block 2

S
m
CN

polystyrene:4-cyanopolystyrene 70:30

Figure 2-7 Structure of block copolymer Block 2.

PS homo (0.20 g), 4-cyanostyrene (0.07 g, 0.54 mmol) and traces of AIBN
were dissolved in 1 mL of toluene and combined in a round-bottomed flask equipped
with a magnetic stir bar. The flask was sealed with a rubber septum and the solution
was purged with nitrogen for 30 min before being placed in a preheated oil bath set at
65°C. The copolymerisation was allowed to proceed for 6 h. and was halted by
exposure to air and immersion in an ice bath. The reaction mixture was diluted with
THF and the product precipitated into a large excess of n-hexane. The product
copolymer Block 2 (0.13 g) was isolated as a yellow powder and dried in vacuo

overnight at 50°C.
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2.4.6 Synthesis of Random 1-tz

i
R co s7 >z
n
HN™ N
\ /
N=N

polystyrene:4-tetrazolepolystyrene 95:5

Figure 2-8 Structure of tetrazole functionalised copolymer Random 1-tz.

Triethylamine (2.50 mL, 18.00 mmol) and HCI (1.50 mL 37% v/v, 18.0 mmol)
were dissolved in 10.00 mL of toluene at 0 °C, resulting in the formation of
triethylammonium chloride. The mixture was subsequently allowed to warm to room
temperature. The 95:5 styrene/4-cyanostyrene copolymer (Random 1) (3.50 g) was
dissolved in 10.00 mL of toluene and then added to the solution. Sodium azide (1.00
g, 15.40 mmol) was then added and the mixture was stirred under reflux for 24 h.
Subsequently, the solvent was removed under reduced pressure and the crude product
was washed with distilled water to remove excess sodium azide and triethylammonium
chloride. The product Random 1-tz (3.50 g) was obtained after drying in vacuo

overnight at 50 °C.
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2.4.7 Synthesis of Random 2-tz

R co NN/
n
HY' N
N=N

polystyrene:4-tetrazolepolystyrene 90:10

Figure 2-9 Structure of tetrazole functionalised copolymer Random 2-tz.

Triethylamine (2.50 mL, 18.00 mmol) and HCI (1.50 mL 37% v/v, 18.00
mmol) were dissolved in 10.00 mL of toluene at 0 °C, resulting in the formation of
triethylammonium chloride. The mixture was subsequently allowed to warm to room
temperature. The 90:10 styrene/4-cyanostyrene copolymer (Random 2) (2.00 g, 0.21
mmol) was dissolved in 10.00 mL of toluene and then added to the solution. Sodium
azide (1.00 g, 15.40 mmol) was then added and the mixture was stirred under reflux
for 24 h. Subsequently, the solvent was removed under reduced pressure and the crude
product was washed with distilled water to remove excess sodium azide and
triethylammonium chloride. The product Random 2-tz (2.00 g) was obtained after

drying in vacuo overnight at 50 °C.
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2.4.8 Synthesis of Block 1-tz

Y
R S Z
n m
HNN
N=N

polystyrene:4-tetrazolepolystyrene 85:15

Figure 2-10 Structure of tetrazole functionalised copolymer Block 1-tz.

Triethylamine (1.70 mL, 13.00 mmol) and HCI (1.10 mL 37% v/v, 13.00
mmol) were dissolved in 10.00 mL of toluene at 0 °C, resulting in the formation of
triethylammonium chloride. The mixture was subsequently allowed to warm to room
temperature. The 85:15 styrene/4-cyanostyrene block copolymer (Block 1) (0.40 g,
0.05 mmol) was dissolved in 10 mL of toluene and then added to the solution. Sodium
azide (0.40 g, 6.20 mmol) was then added and the mixture was stirred under reflux for
24 h. Subsequently, the solvent was removed under reduced pressure and the crude
product was washed with distilled water to remove excess sodium azide and
triethylammonium chloride. The product Block 1-tz (0.30 g) was obtained after drying

in vacuo overnight at 50 °C.
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2.4.9 Synthesis of Block 2-tz
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polystyrene:4-tetrazolepolystyrene 70:30

Figure 2-11 Structure of tetrazole functionalised copolymer Block 2-tz.

Triethylamine (1.00 mL, 7.60 mmol) and HCI (0.60 mL 37% v/v, 7.90 mmol)
were dissolved in 10.00 mL of toluene at 0 °C, resulting in the formation of
triethylammonium chloride. The mixture was subsequently allowed to warm to room
temperature. The 85:15 styrene/4-cyanostyrene block copolymer (Block 2) (0.10 g,
0.01 mmol) was dissolved in 10 mL of toluene and then added to the solution. Sodium
azide (0.20 g, 3.10 mmol) was then added and the mixture was stirred under reflux for
24 h. Subsequently, the solvent was removed under reduced pressure and the crude
product was washed with distilled water to remove excess sodium azide and
triethylammonium chloride. The product Block 2-tz (0.07 g) was obtained after drying

in vacuo overnight at 50 °C.
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2.4.10 Synthesis of Random 1-tz-[Re]

Random copolymer:Rhenium(I) complex 95:5

Figure 2-12 Structure of rthenium functionalised copolymer Random 1-tz-[Re].

To a round-bottomed flask equipped with a magnetic stir bar was added
Re(CO)s3(phen)Br (0.05 g, 0.09 mmol) and ethanol (7.50 mL). To a separate flask was
added Random 1-tz (0.20 g, 0.02 mmol), water (2.50 mL) and triethylamine (1.00
mL). The solution containing Re(CO)3(phen)Br was then added dropwise to the
polymer solution and subsequently heated under refluxing conditions for 24 h.
Solvents were removed under reduced pressure and the crude product was washed with
deionised water. The crude product was subsequently dissolved in dichloromethane
and precipitated in cold n-pentane. The product Random 1-tz-[Re] (0.10 g) was

obtained after drying in vacuo overnight at 50 °C.
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2.4.11 Synthesis of Random 2-tz-[Re]

Random copolymer:Rhenium(I) complex 90:10

Figure 2-13 Structure of rhenium functionalised copolymer Random 2-tz-[Re].

To a round-bottomed flask equipped with a magnetic stir bar was added
Re(CO)3(phen)Br (0.05 g, 0.09 mmol) and ethanol (7.50 mL). To a separate flask was
added Random 2-tz (0.10 g, 0.01 mmol), water (2.50 mL) and triethylamine (1.0 mL).
The solution containing Re(CO)3(phen)Br was then added dropwise to the polymer
solution and subsequently heated under refluxing conditions for 24 h. Solvents were
removed under reduced pressure and the crude product was washed with deionised
water. The crude product was subsequently dissolved in dichloromethane and
precipitated in cold n-pentane. The product Random 2-tz-[Re] (0.09 g) was obtained

after drying in vacuo overnight at 50 °C.
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2.4.12 Synthesis of Block 1-tz-[Re]
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Block copolymer:Rhenium(I) complex 85:15

Figure 2-14 Structure of rhenium functionalised copolymer Block 1-tz-[Re].

To a round-bottomed flask equipped with a magnetic stir bar was added
Re(CO)s3(phen)Br (0.02 g, 0.05 mmol) and ethanol (3.50 mL). To a separate flask was
added Block 1-tz (0.03 g, 0.01 mmol), water (1.50 mL) and triethylamine (0.50 mL).
The solution containing Re(CO)3(phen)Br was then added dropwise to the polymer
solution and subsequently heated under refluxing conditions for 24 h. Solvents were
removed under reduced pressure and the crude product was washed with deionised
water. The crude product was subsequently dissolved in dichloromethane and
precipitated in cold n-pentane. The product Block 1-tz-[Re] (0.03 g) was obtained

after drying in vacuo overnight at 50 °C.
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2.4.13 Synthesis of Block 2-tz-|Re]
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Block copolymer:Rhenium(I) complex 70:30

Figure 2-15 Structure of rhenium functionalised copolymer Block 2-tz-[Re].

To a round-bottomed flask equipped with a magnetic stir bar was added
Re(CO)3(phen)Br (0.02 g, 0.04 mmol) and ethanol (3.50 mL). To a separate flask was
added Block 2-tz (0.01 g, 0.01 mmol), water (1.50 mL) and triethylamine (0.50 mL).
The solution containing Re(CO)3(phen)Br was then added dropwise to the polymer
solution and subsequently heated under refluxing conditions for 24 h. Solvents were
removed under reduced pressure and the crude product was washed with deionised
water. The crude product was subsequently dissolved in dichloromethane and
precipitated in cold n-pentane. The product Block 2-tz-[Re] (0.01 g) was obtained

after drying in vacuo overnight at 50 °C.
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2.4.14 Synthesis of Re(CO)3(phen)(L)
Re(CO)s(phen)(L) L=5-phenyltetrazolate was prepared according to

previously published procedure.

2.5 Results and Discussion

2.5.1 Statistical RAFT copolymerisation of styrene with 4-cyanostyrene

Two statistical copolymeric precursors of styrene (STY) with 4-cyanostyrene
(CNSTY) were prepared by RAFT copolymerisation employing the trithiocarbonate
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (Figure 2-16) as
the CTA and AIBN as the source of primary radicals. This trithiocarbonate CTA was
chosen for the polymerisation of the styrenic monomers based on previously reported

synthesis.

S CN

H3C(H2C)10H2C\S)]\S OH

O

Figure 2-16 RAFT trithiocarbonate chain transfer agent 4-cyano-4-
[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid employed in copolymer

synthesis.
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The two STY-CNSTY statistical copolymers were synthesised with two
different molar ratios of CNSTY and STY (Scheme 2-1). The first precursor, Random
1, contains 5 mol % CNSTY repeating units and 95 mol % STY, while for the
polymerisation of Random 2 10 mol % CNSTY monomer and 90 mol % STY were
used. Both polymerisations were performed under the same conditions: bulk

polymerisation at 75 °C for 5 hours, as shown in Scheme 2-1.

AIBN
bulk
75 °C

STY CNSTY

Scheme 2-1 Outline for the synthesis of precursor statistical copolymers Random 1

and Random 2 via RAFT copolymerisation.

SEC traces of Random 1 and Random 2 are shown in Figure 2-16 and Figure
2-17. In both cases the theoretical M, of the target copolymers was 20,000. SEC
analysis (Figure 2-17 and Figure 2-18) of Random 1 and Random 2 indicate a
conversion of about 50% with a measured M, of 10,200 for Random 1 and 9,500 for
Random 2, relative to narrow molecular weight distribution polySTY standards. The
monomer conversion was intentionally kept low (about 50%) to avoid the occurrence

of side reactions, including bimodal radical coupling.
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Figure 2-17 A: full SEC trace of Random 1 from 0 to 20 min; B: SEC trace of

Random 1 from 14 to 17.5 min.

Random 2

1 1
14 15 16 17
Elution time (min)

Figure 2-18 SEC trace of Random 2.
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A summary of the polymerisation conditions and SEC-measured of the number
average molecular weight, M,, the weight average molecular weight, My, and the
dispersity, P (ratio M/M,) values of the product parent (co)polymers are given in

Table 2-1.

Table 2-1 Summary of the RAFT-prepared (co)polymers, polymerisation conditions
and molecular weights and dispersity as measured by size exclusion chromatography,

for Random 1 and Random 2.

Polym.  Polym.

: 13
Polymer® STY: CNMR Temp.  Time  Solvent  M° M PP
CNSTY comp. o
[°C] [h]
Random 1 95:5 94:6 75 5 Bulk 10,200 11,200 1.10
Random 2 90:10 88:12 75 5 Bulk 9,500 10,400 1.09

2 Theoretical M, at 100% conversion was 20,000; ® As determined by size exclusion chromatography

in THF by using RI detector.

FTIR analysis of the two random copolymers was performed after
copolymerisation. FTIR spectroscopy showed the presence of cyano groups in the
parent copolymers (Figure 2-19) with the characteristic -C=N stretch visible at ca.

2229 cm'l.
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Figure 2-19 FTIR spectra, plotted between 4000 and 1800 cm!, for Random 1 (top)

and Random 2 (bottom).

2.5.2 RAFT block copolymerisation of styrene with 4-cyanostyrene

Two poly(styrene-b-4-cyanostyrene) copolymers were prepared by RAFT
copolymerisation employing the trithiocarbonate 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (Figure 2-16) as the CTA and
AIBN as the source of primary radicals, consistent with the synthesis of the analogue
statistical copolymers.

Block copolymerisation was performed as follows. A polystyrene
homopolymer (target M, = 20,000) was synthesised under bulk conditions for 7 hours
with the RAFT CTA noted above. Following purification, the polystyrene
homopolymer was employed as macro RAFT agent for the subsequent block
copolymerisation of CNSTY, Scheme 2-2. Two STY-CNSTY block copolymers were
synthesised with two different molar ratios of CNSTY and STY. The first precursor,

Block 1, contained 15 mol % CNSTY and 85 mol % STY, while the second
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copolymer, Block 2, was comprised of 30 mol % CNSTY monomer and 70 mol %
STY. Both reactions were carried out under the same conditions in bulk at 65°C for 6

hours, as illustrated in Scheme 2-2.

AIBN AIBN
n m
toluene
bulk 65°C
75°C
CN

Scheme 2-2 Outline for the synthesis of precursor STY-CNSTY block copolymers

Block 1 and Block 2.

SEC traces of both block copolymers (Figure 2-20 and Figure 2-21) show a
shift in the molecular weight distribution to shorter elution time after the addition of

4-cyanostyrene, confirming successful copolymerisation.

— PolySTY homo M,, = 9,200, b = 1.09
— Block1 M, =9,700, © =1.09

1 1 1 1
14 15 16 17

Elution time (min)

Figure 2-20 SEC traces of the PolySTY and the corresponding poly(styrene-b-4-

cyanostyrene) copolymer Block 1.
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— PolySTY M, =9,200, b =1.09
— Block 2 M,, = 10,500, b =1.09

1 1 1 1
14 15 16 17

Elution time (min)

Figure 2-21 SEC traces of the PolySTY and the corresponding poly(styrene-b-4-

cyanostyrene) copolymer Block 2.

A summary of the polymerisation conditions and SEC-measured M,, M,, and
dispersity (D = M/ M) values of the polystyrene homopolymer and the STY-CNSTY

block (co)polymers are given in Table 2-2.

Table 2-2 Summary of the RAFT-prepared (co)polymers, polymerisation conditions

and molecular weights and dispersity as measured by size exclusion chromatography.

Polym.

Polymer® STY:CNSTY  temperature Polym. Solvent M° M® b
°C] time [hr]
PS homo 100 75 7 Bulk 9,200 10,700  1.09
Block 1 85:15 65 12 Toluene 9,700 10,500  1.09
Block 2 70:30 65 12 Toluene 10,500 11,400  1.09

2 Theoretical M, at 100% conversion was 20,000; ® As determined by size exclusion chromatography

in THF.
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The presence of cyano groups in the block copolymers was confirmed by FTIR

spectroscopy (Figure 2-22), with the characteristic -C=N stretch visible at ca. 2229

cml.

: Block 1
2229 cm™|

C=N |
Block 2

M T T T : 1
4000 3500 3000 2500 2000

Wavenumber (cm'1)

Figure 2-22 FTIR spectra, plotted between 4000 and 2000 cm, for Block 1 (top) and

Block 2 (bottom).

2.5.3 Conversion of cyano functional groups to the corresponding tetrazole
species

With the cyano-functional (co)polymers in hand, the pendent nitrile groups
were then converted to the corresponding 1H-tetrazole species via reaction of the
precursor copolymers with NaN3/NEtCl in refluxing toluene, based on the method of

Koguro et al **
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co NaN;, Et;N co
n HCI n
— >
toluene
reflux
CN
Y N
N=N

Scheme 2-3 Synthesis of 1 H-tetrazole functionalised styrenic copolymers from cyano

functional precursor.

Following the reaction, the excess NaN3 was removed by washing with water
and the final polymeric materials containing tetrazole were obtained. The conversion
of the nitrile functionalities to tetrazole rings was confirmed by FTIR and '3C NMR
spectroscopies. As noted above, in the precursor copolymers there is a clear band in
the FTIR spectra at 2229 cm™! associated with the -C=N stretch; this band is absent in
all copolymers after reaction with NaN3, Figure 2-23, indicating (near) quantitative
conversion of the cyano groups to the corresponding tetrazole species. Additionally,
we observe the appearance of a weak, broad signal centred around 3387 cm! which is
typical of the N-H stretch in the newly formed tetrazole ring (Figure 2-23, blue dotted

line). 3536
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Figure 2-23 FTIR spectra of tetrazole functionalised copolymers Random 1-tz,

Random 2-tz, Block 1-tz and Block 2-tz.

Attempted SEC analysis on the modified copolymers proved unsuccessful with
no signal being observed. This is likely due to absorption of the tetrazole functional
copolymer on the guard column packing material and (or) removal of the copolymer
during pre-filtration due to limited solubility; this is a common feature of tetrazoles in
non- and low polarity solvents.’” One potential drawback in using NaN3 to affect
tetrazole formation with RAFT-prepared copolymers is nucleophilic cleavage of the
thiocarbonylthio end-groups to give the corresponding macromolecular thiols; a
reaction that has been reported to proceed rapidly.*® This can, in principle, be negated
by modification of the thiocarbonylthio end-group prior to tetrazole formation,
although we did not adopt this route in this report since the presence of any resulting
disulfide coupled material was not anticipated to impact the photophysical properties
of the final hybrid materials.’* UV-Vis spectroscopic analysis of Random 1, Random
2, Block 1 and Block 2 before and after reaction with NaN3 suggests that (quantitative)

cleavage of the thiocarbonylthio end-groups had occurred based on the significant
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reduction/absence of the broad band spanning the range ~ 280-350 nm associated with

the 7-7* transition of the C=S bond, Figure 2-24 to Figure 2-27.%

A 1 0_
— Random 1
§ — Random 1-tz
3
5 0.5
[72]
0
<
0.0

I I I 1
250 300 350 400
Wavelength (nm)

Figure 2-24 UV-Vis spectra of Random 1 before and after reaction with NaNs.

B 1.0
— Random 2

§ — Random 2-tz
3
3 0.5
]
o
<
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I I I 1
250 300 350 400
Wavelength (nm)

Figure 2-25 UV-Vis spectra of Random 2 before and after reaction with NaNs.
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Figure 2-26 UV-Vis spectra of Block 1 before and after reaction with NaNj.
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Figure 2-27 UV-Vis spectra of Block 2 before and after reaction with NaNj.

The tetrazole functional (co)polymers were utilised to determine the
copolymer compositions via inverse-gated proton decoupled '3C NMR spectroscopy.*!
Figure 2-28 and Figure 2-29 show the *C NMR spectrum of Random 1-tz and

Random 2-tz, recorded in CDCl3, with the key signals highlighted.
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Random 1-tz

T T T
150 125 100
Chemical shift (5, ppm)
Figure 2-28 Inverse-gated proton decoupled '*C NMR spectra of Random 1-tz,

recorded in CDCl3, highlighting the polymer aromatic region and the tetrazole ring

carbon.

(
Random 2-tz co
2 2| B
2
1
3 HIN \!N
N=N
1 | |
M VW S S
| | [
150 125 100

Chemical shift (&, ppm)

Figure 2-29 Inverse-gated proton decoupled '*C NMR spectra of Random 2-tz
recorded in CDCl3, highlighting the polymer aromatic region and the tetrazole ring

carbon.
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Inverse-gated proton decoupled '*C NMR spectroscopy is a technique that
allows quantitative analysis of '*C NMR spectra, through proton decoupling between
the relaxation delay and acquisition period. With inverse-gated proton decoupled '*C
NMR spectroscopy, it is possible to obtain spectra consisting of singlets whose
intensities correspond to the number of '3C nuclei they represent.*!

The signal corresponding to the C in the tetrazole ring has been previously
reported.*?> The signal centred around & = 160 ppm, labelled 1, is attributed to the
quaternary tetrazolic carbon. This chemical shift value is consistent with values
reported for small molecule complexes such as the N-methylated Re(I) tetrazole
species reported by Werrett et al.?® The signal labelled 2 at & ~ 146 ppm is assigned to
the ipso quaternary C atom of the aromatic rings of the polystyrene main chain while
the remaining aromatic carbons, 3, appear over the range & = 124-131 ppm. These
chemical shifts are consistent with literature values such as those reported by Ziaee
and Khoshkhoo in their *C NMR spectroscopic study of the effect of temperature on
tacticity in the thermal polymerisation of para-methylstyrene.*> Copolymer
compositions were determined by calculating the ratio of C1 and C2 integrated signals.
The calculated compositions agree extremely well with the target values with, for
example, the targeted 90:10 STY-CNSTY random copolymer having a calculated
composition of 88:12. Analysis of the tetrazole functionalised block copolymers
proved inconclusive with no tetrazole-associated resonances detected. This is most
likely due to self-assembly (or very minimal solvation) in CDCl; and is consistent with

the limited solubility of tetrazoles in organic media, vide supra.
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2.5.4 Synthesis of hybrid polymeric-rhenium(I) luminescent complexes
The synthesis of the hybrid polymer-rhenium species was achieved by adapting
a previously reported method.** Commercially available [Re(CO)s(Br)] was heated at

reflux with 1,10-phenantroline (phen) in toluene to give fac-[Re(CO)3(phen)(Br)],

Scheme 2-4.
Co 4 N\ X co i
0C,, | wBr - = -
Re, > LN ’ Br
OC/ I \CO toluene Z My, | W
flux €
OC e
oc” l o HN” SN
oC \ /
N=N
CO.
n
NEt,
EtOH:H,0 > N=
t .
fl ? /N//,, \\\\\N‘N’/N
re1rlux 'Re“
oc?” I o
oC

Scheme 2-4 General approach for the preparation of polymer-rhenium hybrid

materials.

The coordination of the polymer-bound tetrazole groups to the rhenium species
was subsequently achieved by reaction of fac-[Re(CO)s3(phen)(Br)] in ethanol/water
3:1 (v/v) with the tetrazole functional statistical and block copolymers dissolved in
triethylamine. After heating at reflux overnight, the desired polymer-metal hybrid
material was obtained by precipitation in cold n-pentane. The success of the reaction

was confirmed by FTIR spectroscopy and by photophysical investigations. Figure 2-
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30 to Figure 2-33 show FTIR spectra, plotted between 4000 and 1800 cm™!, for parent
copolymers containing cyano functionalities (top), the same block copolymer after
treatment with NaN3 (middle) highlighting the presence, and absence, of the -C=N
stretching band before and after modification and the final target Re-complexed
products (bottom), with the disappearance of the N-H stretch and appearance of two
bands associated with the -C=0 ligands on [Re] ([Re]: Re(CO)3(phen), phen = 1,10-

phenanthroline) highlighted in light blue.

Random 1

-C=N .
stretch

Random 1-tz

weak N-H

stretch
Random 1-tz-[Re]
V=0
. i stretch
| T |
4000 3000 2000

Wavenumbers (cm'1)

Figure 2-30 FTIR spectra of Block 2, Block 2-tz and Block 2-tz-[Re].
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Figure 2-31 FTIR spectra of Random 2, Random 2-tz and Random 2-tz-[Re].
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Block 1-tz

Block 1-tz-[Re]
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Figure 2-32 FTIR spectra of Block 1, Block 1-tz and Block 1-tz-[Re].

Random 1-tz-[Re]
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Figure 2-33 FTIR spectra of Block 2, Block 2-tz and Block 2-tz-[Re].

2.5.5 Photophysical studies of polystyrenic-rhenium complexes hybrid materials
Photophysical studies of the final Re-copolymer hybrid materials were
performed in dilute dichloromethane. The polymer-metal hybrid solutions were
prepared by dissolving 1 mg of material in 10 mL of dichloromethane.
A summary of the absorption and emission properties of the rhenium-polymer

hybrid materials in dichloromethane, is given in Table 2-3.
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Table 2-3 Summary of the photophysical data for all polymer-Re hybrid materials in

dichloromethane.
Poymer MR epg g e ebe K for
[nm] [nm] [10°s']  [10°s]
259
Random 1- 293 602 205 602 0.017 0.040 0.066 1.60
tz-[Re]
375
259
Random 2- 293
tz-[Re] 375 600 232 648 0.029 0.054 0.083 1.46
266
Block 1- 293
tz-[Re] 375 602 192 532 0.022 0.052 0.098 1.86
Block ggg
2-tz- 600 215 540 0.020 0.034 0.063 1.80
[Re] 375

@ Measured from air-equilibrated solutions. ® Measured from degassed solutions. Where 1 = lifetime;

@ = luminescent quantum yield; k.= radiative constant; kn= non-radiative constant.

The absorption spectra of the air-equilibrated solutions were measured in
dichloromethane at a concentration of 0.10 mg/mL. All four copolymeric hybrid
materials exhibited similar absorption profiles (Figure 2-34). All profiles displayed
intense broad bands in the UV region at wavelengths shorter than 300 nm and broad
bands of lower intensity at wavelengths longer than 375 nm. The high energy bands
can be attributed to z-7* transitions occurring on the polymer backbone overlaid on 7t-
7* ligand centred (LC) transitions occurring on the diimine systems bound to the Re
centres, in agreement with similar previously reported rhenium complexes.’? The
broad bands of lower intensity are visible at wavelengths longer than 350 nm, and are
associated with metal-to-ligand charge transfer (MLCT) transitions that are typical of

Re diimine tetrazolato complexes.?
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Figure 2-34 Normalised absorption profiles of Random 1-tz-[Re] (red trace),
Random 2-tz-[Re] (blue trace), Block 1-tz-|Re] (orange trace) and Block 2-tz-[Re]

(green trace) in dilute dichloromethane, air-equilibrated samples.

Upon excitation to the MLCT state, all polymer-Re hybrid materials exhibit
very similar broad emission bands centred around 600 nm (Figure 2-35) in air-
equilibrated dichloromethane solutions.’>*> Based on previously reported structurally
similar complexes, these broad bands are associated with emission from *MCLT
excited states. The triplet spin multiplicity is in agreement with the relatively long
excited-state lifetime decays which were measured to be within the range 192-232 ns.
These values are increased to 532-648 ns upon degassing due to the sensitivity of the
SMLCT excited states to the presence of *0,. To confirm that the emission profiles
were originating from Re diimine tetrazolato complexes formed by attachment of the
precursor Re(phen)(CO)3Br to the tetrazole functional copolymers, the emission
profiles were directly compared with the emission bands of Re(phen)(CO);Br,
Re(phen)(CO)sL (L = 5-phenyltetrazolate), and the cationic acetonitrile solvated

complex [Re(phen)(CO)3(NCCH3)]" (Figure 2-36). In agreement with previously
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published analogous complexes, the emission bands of the polymeric materials
overlapped nicely with the mononuclear complex Re(phen)(CO);L. Their maxima
appear blue shifted with respect to Re(phen)(CO);Br due to the more © acidic nature
of the tetrazolato ligand compared to the bromo ligand. The neutral charge of the Re
complexes appended to the polymeric backbone is further confirmed by the fact that
their emission bands are red-shifted when compared to the emission of the cationic
complex [Re(phen)(CO)3(NCCH3)]*, a feature that is explained by the increase in
electron density for the Re centre with consequent destabilisation of the 5d orbitals of
the Re and lowering of the energy gap between the ground and MLCT states. The
similarities between the emission profiles of the polymeric materials and
Re(phen)(CO)sL (L = 5-phenyltetrazolate), in Figure 2-36 confirm that the polymeric
styrenic backbone does not affect the emission features of the Re(I) complexes. Similar
observations have been made by Ulbricht et al. in RAFT-prepared methacrylic

copolymers containing a pendent Ir(IIT) species.*

—_
]

— Random 1-tz-[Re]
— Random 2-tz-[Re]
Block 1-tz-[Re]

— Block 2-tz-[Re]

Normalised Intensity

T T T T T T |
500 550 600 650 700 750 800

Wavelength (nm)

Figure 2-35 Normalised emission profiles of final rhenium-polymeric hybrid

materials in dichloromethane, air-equilibrated solutions.
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— Re(phen)(CO);Br

Re(phen)(CO);L
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Normalised
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Figure 2-36 Normalised emission profiles of Random 2-tz-[Re] (blue trace),
Re(phen)(CO)sBr  (purple trace), Re(phen)(CO);L  (light blue trace),

[Re(phen)(CO)3;(NCCH3)]* (black trace) in dilute dichloromethane, air-equilibrated

samples.
1_
2 — Random 1-tz-[Re]
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= Block 1-tz-[Re]
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©
£
o
Z
0 1 1 1 1 1 |
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Figure 2-37 Normalised excitation profiles of Random 1-tz-[Re] (red trace),
Random 2-tz-[Re] (blue trace), Block 1-tz-[Re] (orange trace) and Block 2-tz-[Re]

(green trace) in dilute dichloromethane, air-equilibrated samples.
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From the normalised excitation profiles shown in Figure 2-37, of all hybrid
polymer-rhenium final materials it can be seen that the range of excitation profiles
match absorption profiles, as expected.

— Random 1-tz-[Re]
— Random 2-tz-[Re]
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© 1 — Block 1-tz-[Re]
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o ]
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T T
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Figure 2-38 Normalised TCSPC decay of *MLCT emission of air equilibrated

solutions under excitation at 375 nm.
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Figure 2-39 Normalised TCSPC decay of *MLCT emission of degassed solutions

under excitation at 375 nm.
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Lifetime values were found to be within the typical range for this type of
rhenium-tetrazolato luminescent complexes. Lifetime plots shown in Figure 2-38 and
Figure 2-39 confirm monoexponential decay of all Re-polymer hybrid species. The
lifetime value range is between 192 ns and 232 ns for air-equilibrated samples and
between 532 ns and 648 ns for degassed solutions. From the obtained values of
quantum yields and lifetime, the radiative [k, = ®-t!] and non-radiative decay constant
[knr = (1-®@)-1'] were determined (Table 2-4). The values of k; and ki are consistent
for all samples suggesting that the distribution, and amount, of coordinated Re(I)
species, has no effect on the photophysical properties of the luminescent metal

complex. 22,32,46,47

2.6 Conclusions

In this Chapter, we have described the first examples of well-defined, styrenic-
based copolymers containing pendent tetrazole functional groups and demonstrated
the ability of such materials to serve as macromolecular ligands capable of complexing
a Re(]) tricarbonyl diimine precursor via tetrazole coordination to the metal centre. A
series of four new materials containing various percentages of tetrazole moieties were
synthesised and modified: two statistical and two block copolymers. The novel
tetrazole appended materials were further reacted with a rhenium(I) luminescent
precursor to yield four new polymeric luminescent materials. The new hybrid
polymeric-inorganic materials exhibit photophysical properties demonstrating that the
polymeric moiety does not interfere with the luminescent properties of the final
luminescent material. Coordination between tetrazole appended groups and Re(I)
complex has been confirmed by absorption and emission measurements. Lifetime

measurements and quantum yields confirmed that the polymeric backbone does not
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modify the luminescent properties of the attached Re(I) tricarbonyl diimine complex.
Significantly, these studies open the route to the development of a new class of

transition metal tetrazolato functional luminescent polymers.
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Chapter 3

Synthesis and photophysical investigation of poly(pentafluorophenyl
acrylate) based rhenium(I)-tetrazolato functional luminescent

polymers

The content of this Chapter has been published in:
E. Dallerba, M. Massi and A. B. Lowe “Tetrazole Functional Copolymers: Facile
access to Well-defined Rhenium(I)-Polymeric Luminescent Materials”. Polymer,

2020, 198, 122522.

3.1 Abstract

Well-defined random copolymers containing tetrazole functional groups were
prepared by a combination of reversible addition-fragmentation chain transfer (RAFT)
radical homopolymerisation of pentafluorophenyl acrylate (PFPA), end-group
modification and post-polymerisation modification of the activated ester side-groups
with primary amines. PolyPFPA with a size exclusion chromatography (SEC)
measured M, of 10,800 and dispersity, D, of 1.05 was prepared with 2-cyano-2-propyl
benzodithioate as the RAFT chain transfer agent (CTA) and azobisisobutyronitrile
(AIBN) as the source of primary radicals in 1,4-dioxane. Prior to modification of the
pentafluorophenyl (PFP) ester side-groups the thiocarbonylthio end-group was
removed via radical-mediated desulfurisation employing two equivalents of AIBN.
Complete removal of the end-group was successful as judged by UV-vis spectroscopy

with no effect on the molecular weight distribution of the parent homopolymer based
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on SEC analysis. The pendent PFP ester groups were subsequently modified in a
sequential manner with n-butylamine and 5-aminotetrazole yielding the corresponding
random amide species quantitatively, as judged by 'F NMR and FTIR spectroscopies,
and of varying molar composition as determined by 'H NMR spectroscopy. The
reaction of the tetrazole functional copolymers with Re(CO)s3(phen)Br (phen = 1,10-
phenanthroline) yielded the corresponding rhenium-polymer hybrids via coordination
through the pendent tetrazole functional groups. Successful, and quantitative,
coordination was confirmed by FTIR spectroscopy and detailed photophysical studies
in dimethyl sulfoxide (DMSO). In the case of the latter, the absorption profiles of all
hybrid materials possessed broad bands centred around ca. 370 nm associated with
metal-to-ligand charge transfer (MLCT) transitions; excitation as this wavelength
resulted in a broad emission centred at 606 nm for all hybrid species and is due to
emission from the triplet MLCT excited states. Lifetime and quantum yield analysis
confirmed that the different compositions in the rhenium-polymer hybrid materials did

not affect their photophysical properties.

3.2 Introduction

Reversible addition-fragmentation chain transfer (RAFT) radical
polymerisation is an example of a reversible deactivation radical polymerisation
(RDRP) process that operates on the principle of degenerative chain transfer.!
Key to RAFT is the use of certain thiocarbonylthio compounds (most commonly
dithioesters or trithiocarbonates) that act as the mediating chain transfer agents
(CTAs).>!¢ Since its literature disclosure in late 1998, RAFT has evolved into,
arguably, the most widely applicable and versatile of the common RDRP

processes.!” One particularly important characteristic of RAFT is its impressive
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functional group (FG) tolerance; today there are few FGs that cannot be
incorporated into RAFT-prepared (co)polymers directly (by polymerisation of
the corresponding functional monomer) or by chemical modification of an
appropriate reactive precursor. However, one FG that has garnered
comparatively little attention, especially in chain growth processes, is tetrazole.

Tetrazoles are five-membered heterocycles containing three pyridine-
like and one pyrrole-like nitrogen atom. Although the structure is not found in
naturally occurring compounds, tetrazoles have been widely studied in organic
chemistry, and examples are known to have broad biological activity including
antifungals, anti-cancer agents, antidiabetics, antibacterials and antioxidants.!®
20 Tetrazole functional (co)polymers are known although there are
comparatively few examples of such materials. The synthesis and conventional
radical polymerisation of 5-(methacrylamido) tetrazole, an acidic water-soluble
material, was reported by Taden, Tait and Kraft while Sinirlioglu, Muftuoglu
and Bozkurt reported the synthesis of copolymers of 5-
(methacrylamido)tetrazole with vinyl tetrazole and evaluated their effectiveness
as proton conducting membranes.?!*> The same team has also prepared
copolymers of 5-(methacrylamido)tetrazole with 2-acrylamido-2-methyl-1-
propanesulfonic acid and vinyl phosphonic acid and evaluated the resulting
membrane materials in the same application.?*2* Celik and Bozkurt reported the
synthesis and proton-conducting properties of poly(3-((1H-tetrazol-5-
yl)amino)-2-hydroxypropyl methacrylate) (Figure 2-1, A) prepared from
poly(glycidyl methacrylate) via reaction of the pendant epoxy groups with 5-
aminotetrazole.?> There are reports in which tetrazole-containing monomers
have been polymerised directly in a controlled fashion by RAFT. For example,

Xue et al. reported the preparation of (E)-2-((4-((4-(5-chlorotetrazol-1-
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yDphenyl)diazenyl)phenyl)(methyl)amino)ethyl methacrylate (Figure 2-1, B)
and its RAFT homopolymerisation and block copolymerisation with a
poly(methyl methacrylate) macro-CTA to yield well-defined (co)polymers; the
photoisomerisation behaviour associated with the pendant azo functional groups
of these materials was examined.?®

During the preceding two decades there have been significant efforts
dedicated to the preparation and study of luminescent transition metal
complexes including those based on Re(I), Ru(Il) and Ir(III); the interest in such
species has been driven primarily by their impressive photophysical
properties.?”-?® This class of metal complex exhibits properties which are
conferred by the emitting triplet metal-to-ligand charge transfer states CMLCT),
making them excellent alternatives to organic fluorophores. In particular, Re(I)
tricarbonyl diimine complexes, fac-[Re(CO)3(diim)(L)]*" (diim is a diimine-
type chelating ligand and L is a monodentate ancillary ligand) exhibit high
photostability, long luminescent lifetimes, large Stokes shifts and high quantum
yields and have been examined extensively.??? One important feature of these
complexes is that the phosphorescence emission is promoted by spin-orbit
coupling at the metal centre which favours intersystem crossing between singlet
("MLCT) and triplet CMLCT) excited states. Indeed, it has been shown that it
is possible to tune the photophysical properties of such complexes by modifying
the diimine or the monodentate ligands.?!32 For example, the use of tetrazolato
ligands has been exploited for tailoring the luminescent properties of Re(I)
complexes with fine tunability.3?

Massi and co-workers have previously examined Re(I) tetrazolato
complexes as potential bioimaging agents and have demonstrated that they can

serve as cellular labels, exhibit low cytotoxicity and specificity for organelles
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and can be employed as luminescent protein staining agents.3%34-3¢ Nevertheless,
while effective, further improvements to enhance biocompatibility,
biodistribution, solubility and reduce/prevent singlet oxygen formation from
excited states of triplet multiplicity are key for the future evaluation and
application of such luminescent complexes in bioapplications. One approach to
help address the above features involves the covalent attachment of the active
Re species to a polymeric scaffold. Indeed, this is a common approach with ca.
30 metal elements, many of them transition metals, having been coordinated to
polymeric scaffolds for bioapplications including drug delivery, metal-
containing drugs including antivirals, antimicrobials, anticancer drugs and
radiotherapy agents, as biosensors and as bioimaging agents.!'819-37

In the previous Chapter, we detailed the RAFT synthesis of new styrenic
copolymers based on styrene and 4-cyanostyrene in which the pendent cyano
groups were converted to tetrazole functional groups by reaction with sodium
azide. Subsequently, we demonstrated that these tetrazole functional
copolymers were able to efficiently coordinate a luminescent Re(I) species as
confirmed by spectroscopic characterisation and detailed photophysical studies.
While a valid approach to novel rhenium-polymer hybrid materials, this
particular route suffers from two disadvantages — the high cost of the 4-
cyanostyrene monomer and the comparatively harsh conditions required for
tetrazole formation.

In this Chapter, we report an improved synthetic route to well-defined
luminescent Re(I)-polymer hybrid materials via RAFT polymerisation of
pentafluorophenyl acrylate followed by end-group modification and reaction of
the pendent activated esters, sequentially, with n-butylamine and 5-

aminotetrazole. This approach circumvents the above-noted drawbacks
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associated with the styrenic-based copolymers and facilitates ready access to
tetrazole functional copolymers of tuneable composition that can serve as

macromolecular ligands for a rhenium(I) complex with luminescent properties.

3.3 Experimental

3.3.1 Materials

All reagents were purchased from the Sigma-Aldrich Chemical
Company, or Alfa Aesar, at the highest available purity and used as received
unless noted otherwise. Re(CO)s3(phen)Br, and pentafluorophenyl acrylate
(PFPA) were prepared according to previously published procedures.?83% 2,2°-
azobis(2-methylpropionitrile) (AIBN) was purchased as a 12 wt% solution in
acetone. The solvent was removed on a rotary evaporator and the remaining

solid dissolved in methanol from which AIBN recrystallised.

3.3.2 Size exclusion chromatography (SEC)

SEC was performed on a Shimadzu modular system consisting of a 4.0
mm % 3.0 mm Phenomenex Security Guard™ cartridge guard column and two
linear phenogel columns (103 and 10* A pore size) in tetrahydrofuran (THF)
operating at a flow rate of 1.0 mL/min. The system was equipped with a RID-
20A refractive index and SPD-M20A prominence diode array detector. The
system was calibrated with a series of narrow molecular weight distribution
polystyrene standards with molecular weights ranging from 0.27 to 66 kg mol”

I. Data were analysed with Lab Solutions SEC software.
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3.3.3 NMR Measurements

'H (400 MHz) and 'F (376 MHz) NMR spectra were recorded at 298 K
on a Bruker Avance 400 spectrometer. Chemical shifts were referenced against
residual non-deuterated solvent. Data were processed with Bruker’s TopSpin

3.1 software.

3.3.4 FTIR Analysis
Infrared spectra (4000-650 cm™) were recorded on solid-state samples
using attenuated total reflectance on a Perkin Elmer Spectrum Two and

Spectrum 100 FT-IR.

3.3.5 Photophysical Measurements

Absorption spectra were recorded at room temperature using a Perkin
Elmer Lambda 35 UV/Vis spectrometer. Uncorrected steady-state emission
spectra were recorded using an Edinburgh FLSP980-stm spectrometer equipped
with a 450 W xenon arc lamp and emission monochromators, a Peltier cooled
Hamamatsu R928P photomultiplier (180-850 nm) and a Hamamatsu R5509-42
photomultiplier for detection of NIR radiation (800-1400 nm). Emission and
excitation spectra were corrected for source intensity (amp and grating) and
emission spectral response (detector and grating) by a calibration curve supplied
with the instrument. Luminescent quantum yields were measured from
absorption spectra on a wavelength scale (nm) and compared to the reference

emitter by Equation 3-1:

b, =P, (Ar) “Z1== Equation 3-1
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where 4 is the absorbance at the excitation wavelength 4, / is the intensity of the
excitation light at the excitation wavelength, n is the refractive index of the
solvent, D is the integrated intensity of the luminescence and @ is the quantum
yield. The subscripts r and x refer to the reference and the sample. The quantum
yields of complexes were measured against quinine sulphate solution in 0.5 M
H>S04.%° Excited-state decays (t) were recorded on the same Edinburgh
FLSP980-stm spectrometer using pulsed picosecond light emitting diodes
(LEDs) (EPLED/EPL 375 nm, FHWM < 800 ps). The goodness of fit was
assessed by minimising the reduced %2 function and by visual inspection of the
weighted residuals. The solvent used (dimethyl sulfoxide) in the preparation of

the solutions for the photophysical investigations was of spectrometric grade.

3.3.6 Tissue Preparation and Staining

Tissue preparation and tissue staining was conducted by David Hartnell.
Rodent brain tissue was generated from excess sham operated (10 - 12 weeks
old) male Sprague Dawley rats from previously published traumatic brain injury
study.*! Animal tissue was generated with approval from Monash University
Standing Committee on Ethics in Animal Experimentation. Coronal brain tissue
sections (10 um thick) containing cerebellum, were cut on a cryo-microtome (-
18 °C) and transferred to glass slides, allowed to air dry and then stored at room
temperature.

Tissue sections were then fixed in paraformaldehyde (4% in phosphate
buffered saline (PBS)) for 10 minutes. The slides were then washed for 10
minutes with PBS. Slides were then stained with the polymeric probe containing
solution (100 pg/mL in DMSO, 200 pL per tissue section) and incubated for 30

minutes at room temperature. The probe containing solution was then washed
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off the slides with deionised water and then washed in PBS for 10 minutes.
Slides were then further rinsed with deionised water and allowed to dry at room

temperature and imaged.

3.3.7 Imaging

Fluorescence microscopy was conducted on a Nikon Ti2-U inverted
microscope with a DS-Qi2 camera, pE-300"" LED fluorescence lamp and NIS
Elements standard software. Images were gathered at an exposure time of 500

ms and an analog gain of 7.6%. Images were processed in Imagel.
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3.4 Synthesis

3.4.1 Synthesis of pentafluophenyl acrylate (PFPA)

A

O
F F
F F
F
PFPA

Figure 3-1 Chemical structure of pentafluorophenyl acrylate (PFPA).

Pentafluorophenyl acrylate (PFPA) was prepared according to a
previously published procedure.3®

Pentafluorophenol (18.40 g, 100.00 mmol), triethylamine (14.6 mL, 105
mmol), and dichloromethane (500.00 mL) were mixed and cooled at 0 °C.
Acryloyl chloride (8.94 mL, 110.00 mmol) was added dropwise, and the mixture
was stirred and left to warm to room temperature overnight. 18.90 g of the
product was obtained after washing the organic phase with water (5 x 400.00
mL), followed by silica chromatography column in petroleum spirit and drying
under vacuum. '’F NMR (CDCls) é/ppm = -152.7 (m, F, ortho), -158.1 (t, 1 F,

para), -162.5 (m, 2 F, meta).
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3.4.2 RAFT polymerisation of PFPA (P1)
S Ph
0~ "0
F F
F F
F

P1

Figure 3-2 Poly(pentafluorophenyl acrylate) homopolymer (polyPFPA) made

by RAFT polymerisation (P1).

PFPA (20.00 g, 84.00 mmol), 2-cyano-2-propyl benzodithioate (CPBD,
0.22 g, 1.00 mmol) and AIBN (0.03 g, 0.20 mmol) were added to anhydrous
1,4-dioxane (20.00 mL) in a round-bottomed flask equipped with a magnetic stir
bar. The flask was sealed with a rubber septum and the solution was purged with
nitrogen for 30 min before being placed in a preheated oil bath set at 70°C. The
homopolymerisation was allowed to proceed for 7 h and was halted by exposure
to air and immersion of the reaction vessel in an ice bath. An aliquot was
withdrawn, diluted with CDCls and analysed by '"F NMR spectroscopy;
monomer conversion was determined to be 50% based on a comparison of the
signal at & = -157.1 ppm with the signal at & = -158.1 ppm, associated with the
signal arising from the F in para position of the homopolymer and the monomer,
respectively. PolyPFPA was isolated as a pink powder by precipitation into a
large excess of methanol and a second re-precipitation from a THF solution into

an excess of methanol. The product (5.00 g) was dried under vacuum overnight
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at 50 °C. F NMR (CDCls) é/ppm = -153.2 (m, F, ortho), -157.1 (t, 1 F, para),

-162.4 (m, 2 F, meta).

3.4.3 End-group modification of polyPFPA (P2)
Radical-induced removal of the thiocarbonylthio end-group was

accomplished following a previously published procedure.*?

CN
NC n
o) (@)
F F
F F
F
P2

Figure 3-3 Structure of end-group modified polyPFPA (P2).

P1 (1.00 g, 0.09 mmol) and AIBN (0.03 g, 0.18 mmol) were dissolved in
anhydrous 1,4-dioxane (1.00 mL) in a round-bottomed flask equipped with a
magnetic stir bar. The flask was sealed with a rubber septum and the solution
was purged with nitrogen for 30 min before being placed in a preheated oil bath
set at 80 °C. After 6 h the clear solution was allowed to cool to room temperature
and the solvent was removed by rotary evaporation. The crude product was
dissolved in 1.0 mL of dichloromethane and the product was isolated by

precipitation into cold n-pentane. 0.85 g of product P2 was obtained.
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3.4.4 Procedure for the sequential modification of polyPFPA with primary

88 mol % 12 mol %

amines (P2-12%)

|| \>—%5‘<

P2-12%

Figure 3-4 Post-functionalised structure of polyPFPA with primary amines (P2-

12%).

To a round-bottomed flask equipped with a magnetic stir bar was added
P2 (0.88 g, 0.08 mmol), n-butylamine (0.24 g, 3.33 mmol) and
dimethylformamide (DMF) (15.0 mL). The reaction mixture was left stirring
overnight at room temperature. Subsequently, an excess of 5-aminotetrazole
(0.11 g, 1.08 mmol) was added to the reaction mixture and the solution was left
stirring overnight at room temperature. The solution was subsequently dialysed
against methanol for 36 h. Methanol from the polymer solution was removed
using a rotary evaporator and the product P2-12% was obtained as a powder
(0.36 g) after drying under vacuum overnight at 50 °C. The other functionalised
polymers P2-24%, P2-35% and P2-45% were synthesised by following the
same procedure, with different ratios of amines. In the case of P2-24%, P2 (1.00
g, 0.09 mmol), n-butylamine (0.24 g, 3.33 mmol) and 5-aminotetrazole (0.17 g,

1.66 mmol) were employed and 0.30 g of product P2-24% was obtained. In the

131



case of P2-35%, P2 (1.00 g, 0.09 mmol), n-butylamine (0.21 g, 2.92 mmol) and
S5-aminotetrazole (0.27 g, 2.20 mmol) were employed and 0.25 g of product P2-
35% was obtained. In the case of P2-45%, P2 (0.90 g, 0.08 mmol) and n-
butylamine (0.16 g, 2.21 mmol) and 5-aminotetrazole (0.38 g, 3.70 mmol) were

employed and 0.35 g of product P2-45% was obtained.

3.4.5 Complexation of Re(CO)3;(phen)Br to a tetrazole functional copolymer

\z
z’ \

70_
o,

oc’ \ \co
CO

88 mol % 12 mol %

Figure 3-5 Structure of P2-12% reacted with rhenium precursor

Re(CO)s3(phen)Br to synthesise (P2-12%-[Re]).

To a round-bottomed flask equipped with a magnetic stir bar was added
Re(CO)s(phen)Br (0.05 g, 0.09 mmol) and ethanol (10.00 mL). To a separate flask
was added P2-12% (0.12 g, 0.02 mmol), water (3.50 mL) and triethylamine (2.00 mL).
The solution containing Re(CO)3(phen)Br was then added dropwise to the polymer
solution and subsequently heated under refluxing conditions for 24 h. Solvents were
removed under reduced pressure and the crude product was washed with deionised

water. The crude product was subsequently dissolved in dichloromethane and
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precipitated in cold n-pentane. The product P2-12%-[Re] was obtained (0.10 g) as a
yellow solid and dried under vacuum overnight at 50 °C.

The other rhenium-functionalised polymers P2-24%-[Re], P2-35%-|Re] and
P2-45%-[Re] were synthesised following the same procedure, with different amounts
of polymer and Re precursor. In the case of P2-24%-[Re] Re(CO)3(phen)Br (0.03 g,
0.06 mmol) and P2-24% (0.03 g, 5.66 umol) were employed and 0.02 g of product
was obtained. For the synthesis of P2-35%-[Re] Re(CO)3(phen)Br (0.05 g, 0.09
mmol) and P2-35% (0.04 g, 6.93 umol) were employed and 0.04 g of product was
obtained. For the synthesis of P2-45%-[Re] Re(CO)3(phen)Br (0.05 g, 0.09 mmol)

and P2-45% (0.03 g, 5.66 pmol) were employed and 0.02 g of product was obtained.

3.5 Results and Discussion

3.5.1 Polymerisation of pentafluorophenyl acrylate
The parent PFPA homopolymer (polyPFPA, target M, of 20,000) was
prepared by RAFT polymerisation employing 2-cyano-2-propyl benzodithioate

(CPBD) as the RAFT CTA (Figure 3-6).

S

N
S

Figure 3-6 RAFT dithioester chain transfer agent 2-cyano-2-propyl

benzodithioate (CPBD).
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AIBN was employed as the source of primary radicals, with the
homopolymerisation performed in 1,4-dioxane. The dithioester CTA was
chosen for the polymerisation of pentafluorophenyl acrylate based on a

previously reported synthesis.*?

e N
" 0?0 AIBN NC n
0

S
F F CTA O
—_—
1,4-dioxane F F
F F 70 °C

F F F

F

PFPA
P1

Scheme 3-1 Homopolymerisation of pentafluorophenyl acrylate.

After polymerisation for 7 h at 70 °C, PFPA homopolymer P1 was
isolated with 50 % monomer conversion as determined by F NMR
spectroscopy with the isolated polymer having a SEC-measured M, of 10,800

and dispersity (P = M/ M) of 1.05.

3.5.2 Dithioester end-group removal of polyPFPA (P1)

Before chemical modification of the pendent pentafluorophenyl (PFP)
ester groups with primary amines, and to avoid any potential complicating side
reactions associated with RAFT end-groups, the dithioester end-group of the P1
polyPFPA homopolymer was removed via a radical-mediated desulfurisation

reaction employing two equivalents of AIBN (Scheme 3-2).%3
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Scheme 3-2 End-group cleavage by addition-fragmentation coupling of

polyPFPA to achieve complete desulfurisation, yielding P2.

This reaction was monitored by UV-Vis spectroscopy. Figure 3-7 shows
the UV absorption spectra of the polyPFPA homopolymer before (P1) and after
(P2) treatment with AIBN. The UV absorption spectrum of P1 is typical of
RAFT-prepared (co)polymers with intact end-groups. The key feature is the

broad absorption band associated with the 7z~ 7* transition of the C=S bond seen

covering ca. 280-340 nm.**
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Figure 3-7 UV-Vis spectra of polyPFPA homopolymer P1 (black) before end-
group modification and the same homopolymer, P2 after reaction with two

equivalents of AIBN (red).

Following reaction with AIBN this key absorption is absent, indicating
the successful end-group modification. The SEC traces of both homopolymers
were also evaluated. Importantly, no effect was observed of the radical
modification reaction on the molecular weight distribution, Figure 3-8. The
SEC trace of the end-group modified polyPFPA homopolymer, P2, has a
slightly higher elution time, as expected, with SEC measured M, of 9,200 and

D of 1.08.
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Figure 3-8 SEC traces of P1 (black) before end-group modification and the

same homopolymer, P2 after reaction and end-group removal with AIBN (red).

3.5.3 Post-functionalisation procedure for the modification of polyPFPA with
primary amines

Following end-group removal, P2 was modified by the sequential
addition of two primary amines (Scheme 3-3) and specifically with n-butyl
amine (BuNH2) followed by 5-aminotetrazole (TetNH2) for a final target of four
different copolymers with compositions of 10:90, 20:80, 30:70 and 40:60

TetNH2:BuNH-s.
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Scheme 3-3 Post-functionalisation procedure for the sequential modification of

polyPFPA, P2 with primary amines.

One advantage of employing polyPFPA as a reactive scaffold is that the key
nucleophilic acyl substitution reaction of primary amines with the PFP ester groups is
readily monitored by ’F NMR spectroscopy. As a representative example, Figure 3-
9 shows a series of 1F NMR spectra obtained before, during and after reaction with

BuNH:> and TetNHo for a final target composition of 40:60.
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Figure 3-9 "F NMR spectra, recorded in de-DMSO, of the sequential, post-
polymerisation modification of P2 to P2-45% via reaction with n-butylamine and 5-

aminotetrazole.

Prior to chemical modification, P2 (green spectrum) shows the three
characteristic signals at & (ppm) = -152.7 (2 F, ortho), -158.1 (1 F, para) and -
162.5 (2 F, meta) consistent with previously reported '°F chemical shifts for
polyPFPA.3® Following treatment with BuNH> (blue spectrum) these signals
decrease in intensity with the concomitant appearance of three sharp resonances
associated with pentafluorophenol — the small molecule by-product. The three
characteristic signals of pentafluorophenol at 6 (ppm) = -162.1 (2 F, ortho), -
165.5 (2 F, meta) and -172.0 (1 F, para) can be seen in Figure 3-9, blue and red
spectra. After subsequent reaction with TetNH> (red spectrum), we observed the
total disappearance of the signals attributed to polymer associated pendent PFP
functional groups with only those of pentafluorophenol being detected; this
confirms successful and quantitative conversion of the pendent PFP groups to

the corresponding amide species. Finally, after purification by dialysis (black

139



spectrum), we observed no detectable signals indicating the successful removal
of pentafluorophenol from the modified polymer.

Successful modification of P2 can also be qualitatively monitored by
FTIR spectroscopy. Figures 3-10, 3-11, 3-12 and 3-13 show the FTIR spectra
of the polyPFPA precursor P2 (top), the modified polymers P2-x% at the
bottom of the figures. The FTIR results are consistent for all the materials with
different compositions. The spectrum of the parent P2 polyPFPA homopolymer
shows the characteristic C=0O stretch associated with an activated ester at 1780
cm! (red dotted line), confirming the presence of the PFP moieties in the parent
homopolymer. Following sequential modification with BuNH> and TetNH> (P2-
x%) the distinguishing ester band completely disappears while simultaneously
we observed the appearance of a new C=0 stretch at 1640 cm™' (green line)
associated with the carbonyl of an amide species as well as a broad peak at 3300
cm! associated with N-H stretching, collectively confirming successful, and

quantitative, side-chain modification.

140
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Wavenumber (cm'1)

Figure 3-10 FTIR spectra of the polyPFPA precursor P2 (top), the modified
polymer, P2-12% (middle), containing 86 mol% butyl acrylamide and 12 mol%

N-(1H-tetrazol-5-yl)acrylamide repeat units.

P2-24%

T — T
4000 3000 2000 1000

Wavenumber (cm'1)

Figure 3-11 FTIR spectra of the polyPFPA precursor P2 (top), the modified
polymer, P2-24% (middle), containing 24 mol% butyl acrylamide and 76 mol%

N-(1H-tetrazol-5-yl)acrylamide repeat units.
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Figure 3-12 FTIR spectra of the polyPFPA precursor P2 (top), the modified
polymer, P2-35% (middle), containing 65 mol% butyl acrylamide and 35 mol%

N-(1H-tetrazol-5-yl)acrylamide repeat units.
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| I | | — |
4000 3000 2000 1000
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Figure 3-13 FTIR spectra of the polyPFPA precursor P2 (top), the modified
polymer, P2-45% (middle), containing 55 mol% butyl acrylamide and 45 mol%

N-(1H-tetrazol-5-yl)acrylamide repeat units.
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Further confirmation of successful side-group modification, and
copolymer composition, was achieved by '"H NMR spectroscopy (Figure 3-14).
The final copolymer compositions of the four random copolymers were
determined by a comparison of the integrals of signal ¢ originating from the
methyl group of the butylamide side chains and signal b+b "’ associated with the
methine backbone species. In all instances, the calculated copolymer
compositions were consistent with the targeted values; theory (BuNH»:TetNH>):
10:90, 20:80, 30:70, 40:60 and found: 12:88 (P2-12%), 24:76 (P2-24%), 35:65

(P2-35%) and 45:55 (P2-45%).
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Figure 3-14 '"H NMR spectra, recorded in de-DMSO, of the P2-x% copolymers (x =

12, 24, 35, 45) with peak assignments.
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3.5.4 Synthesis of hybrid polymeric-rhenium(I) luminescent materials
Following successful modification of the parent P2 homopolymer to give
a series of four amide-based random copolymers containing butyl and tetrazole
functional side groups, each copolymer was further modified by reaction with
Re(CO)s3(phen)Br (Scheme 3-4); such reactions yielded the target polymer-
Re(I) hybrids via coordination through the tetrazole functional groups. The
complexation reaction was conducted in ethanol/water 3:1 (v/v). After heating
at reflux overnight, the desired polymer-metal hybrid material was obtained by

precipitation in cold n-pentane, yielding a yellow powder.

X

N7 co

| )
y n /N///, ‘\\\\Bl
NH (Re' O
x 0T L eo
/ oC

»
N=N EtOH: H,0O
reflux

Scheme 3-4 Complexation reaction of P2-x% with rhenium precursor
Re(CO)s3(phen)Br to synthesise P2-x%-[Re]. Coordination to nitrogen atom N2

on the tetrazole is shown for convenience.

Successful coordination was confirmed by FTIR spectroscopy (Figure
3-15). For all modified materials P2-x%-[Re] we observed the appearance of
two new bands at around 2025 and 1915 cm™! associated with the stretch of the
carbonyl ligands on the coordinated Re complex (light blue area). Compared to
the Re(CO)3(phen)Br precursor (Figure 3-16) these bands are shifted as a result

of the decrease in the electron density at the Re(I) metal centre upon exchange
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between the bromo and tetrazolato ancillary ligand.?® This observation further
confirms the successful coordination of the luminescent Re species to the

polymeric scaffold.
W — P2-12%-[Re]
T T v P2-24%-[Re]

— P2-35%-[Re]

W — P2-45%-[Re]

I T T T
4000 3000 2000 1000

Wavenumber (cm'1)

Figure 3-15 FTIR spectra of four polymeric-Re(I) species.

I

2015 CV
A 1935 cm’”

-C=0 stretch 1888 cm™

I T T T
4000 3000 2000 1000

Wavenumber (cm'1)

Figure 3-16 FTIR spectrum of precursor Re(CO)3(phen)Br.
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3.5.5 Photophysical studies of hybrid polymeric-rhenium(I) luminescent
materials

Having synthesised the target Re(I)-copolymer hybrid materials, we
subsequently performed detailed photophysical studies, Table 3-1. The samples for
photophysical studies were prepared by dissolving 1 mg of polymeric-rhenium
material in 10 mL of spectroscopic grade dimethyl sulfoxide (DMSO). The absorption
profiles of all four Re(I)-polymer hybrid materials were essentially identical,
exhibiting a UV region dominated by intense broad bands at Aaps < 300 nm arising from
m—r* transitions associated with the main polymer scaffold and overlapping with n—m*
ligand-centred (LC) transitions of the phenanthroline ligands bound to the Re metal

centres, Figure 3-17.

Table 3-1 Summary of photophysical data for polymer-rhenium materials, P2-x%-

[Re] in dilute DMSO.

)\.abs }\-em a b aro b ro krb knrb
Polymer [hm] [hm] T [ns] 7° [ns] D?[%] D° [%] [1065] [1055]
- o, -
Pz[llli]A) ggg 606 167 266 0.017 0.026 0.10 3.66
P2-24%- 268
[Re] 370 606 165 289 0.016 0.020 0.08 3.38
P2-35%- 268
[Re] 370 606 167 270 0.022 0.032 0.12 3.58
P2-45%- 268
[Re] 606 160 259 0.019 0.031 0.12 3.74

370

@ Measured from air-equilibrated solutions. ® Measured from degassed solutions. Where 1 = lifetime; @

= luminescent quantum yield; k.= radiative constant; kar = non-radiative constant.
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The UV region at wavelengths longer than 350 nm is dominated by broad
bands of lower intensity attributed to metal-to-ligand charge transfer transitions
typical of Re diimine tetrazolato complexes.

Upon excitation at 370 nm, near-identical broad emission bands centred
at ca. 606 nm were observed for all four hybrid materials, Figure 3-18. These
bands arise from emission from MLCT excited states and are consistent with

previously reported tetrazolato-Re(I) complexes.™?

1_
o 3 P2-12%-[Re]
2 s P2-24%-[Re]
£ g — P2-35%-[Re]
O
r — P2-45%-[Re]
—_
0 ———

I I I — |
300 350 400 450 500
Wavelength (nm)

Figure 3-17 Normalised absorption profiles of the P2-x% copolymers (x = 12, 24, 35,
45) measured in DMSO by dissolving 1 mg of Re-hybrid material in 10 ml of the

solvent.

The triplet spin multiplicity is in agreement with the relatively long excited-
state lifetime decays measured to be within the range 160-167 ns. These values
increased to 259-289 ns upon degassing. For all four Re(I)-hybrid species the excited

state lifetime (1) and quantum yield (®) increased from air-equilibrated to degassed
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solutions. This behaviour is due to the phosphorescent nature of the emission from the

SMLCT state and its sensitivity to quenching due to the presence of 30,.4°

. Ly P2-12%-[Re]
-‘é P2-24%-[Re]
g — P2-35%-[Re]
= — P2-45%-[Re]
&
=
£
(o)
4
0 T T T T T T |

450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3-18 Normalised emission profiles of the four polymeric-Re(I) hybrid

materials in air-equilibrated, dilute DMSO.

From the values of ® (which are within the range typical of this kind of
neutral Re complex) the radiative [k = ®-t"'] and non-radiative [kn: = (1-®)-17"!]
decay constants were determined, Table 3-1. The values of k; and ky, are
consistent for all samples. Significantly, the consistency of k; and knr, combined
with the identical emission profiles of all four species, suggest that the
distribution and quantity of coordinated Re(I) species has no effect on the
photophysical properties of the luminescent metal complex. From the excitation
spectra (Figure 3-19) we observed that the range of excitation profiles matches

the absorption profiles, as expected.
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Figure 3-19 Normalised excitation profiles of P2-12%-[Re], P2-24%-[Re], P2-

35%-[Re] and P2-45%-[Re] in dilute DMSQO, air-equilibrated samples.
The emission profiles of the polymeric Re(I) hybrid materials were

directly compared with the emission bands of the small molecule

Re(phen)(CO)3Br precursor species, Figure 3-20.
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Figure 3-20 Normalised emission profiles of P2-12%-[Re] (blue) and

Re(phen)(CO)3Br (red) in dilute DMSO, air-equilibrated solutions.

In the case of P2-12%-[Re] (shown as a representative example in
Figure 3-20) the emission profile confirms that it originates from a rhenium
diimine tetrazolato species and also confirms the successful coordination of the
Re(I) species to the polymer. The more 7 acidic nature of the tetrazolato ligand
versus Br manifests as a slight blue shift of the emission maximum compared to
the precursor bromo complex.3% 34 46 Lifetime plots are shown in Figure 3-21
and Figure 3-21 to confirm monoexponential decay of all Re-polymer hybrid

species.
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Figure 3-21 Normalised TCSPS decay of MLCT emission of air equilibrated
solutions of P2-12%-[Re], P2-24%-[Re], P2-35%-[Re] and P2-45%-[Re] in dilute

DMSO under excitation at 375 nm.
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Figure 3-22 Normalised TCSPS decay of *MLCT emission of solutions of P2-12%-
[Re], P2-24%-[Re], P2-35%-[Re] and P2-45%-[Re] in dilute DMSO (top) and

degassed solutions under excitation at 375 nm.
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3.5.6 Rodent brain tissues staining

Finally, we wanted to evaluate the ability of the materials to act as probes
in the staining of biological tissues. The desired goal was to assess whether the
materials described in this Chapter would be suitable probes for the staining of
tissues, in particular of lipidic rich tissues. Lipids play an essential role in a wide
range of biological functions, such as modulating cell membranes structure and
regulating inflammatory signalling roles.*’*8 An organ that is known to be
lipidic rich is the brain.** The limited understanding of the role of lipids and
their metabolism and functions is the driving force for the development of new
probes, which has resulted in a research effort from Massi’s and Hackett’s
groups. While polymeric materials with metal complexes have been employed
in biological applications, for example polymers containing Gd** used in
Magnetic Resonance Imaging (MRI) or poly(ethylene glycol) (PEG) appended
transition metals used as cellular reagents for imaging and sensing, the novelty
of our approach is in the use of luminescent polymers containing metal
complexes for the targeting of brain lipids, which, to the best of our knowledge,
has never been investigated before.>%3!

In collaboration with Hackett’s group, we herein report the preliminary
assessment of the luminescent rhenium materials described in this Chapter in
lipidic rich tissues. In particular, the four final Re-hybrid materials were utilised
as probes for the staining of rodent brain tissues (Figure 3-23 and Figure 3-24).
The images suggested uptake of the probes into brain tissues and non-specific
binding of the Re(I) polymeric luminescent probes in the staining of the tissues
was observed. From the preliminary results, it was demonstrated that the
polymeric luminescent materials are capable to act as probes for imaging

biological tissues and their ability to stain brain tissues.
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P2-12%-[Re] P2-24%-[Re]

Figure 3-23 Images of rodent brain tissues by employing the P2-12%-[Re] and P2-

24%-[Re] materials containing Re(I) as luminescent probes.
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P2-35%-[Re] P2-45%-[Re]

Figure 3-24 Images of rodent brain tissues by employing the materials P2-35%-[Re]

and P2-45%-|[Re] containing Re(I) as luminescent probes.

3.6 Conclusions

In this Chapter, the RAFT synthesis of well-defined, acrylamido-based
copolymers containing tetrazolato functional groups was detailed. It was
demonstrated that such materials can serve as efficient macromolecular ligands
for rhenium(l) tricarbonyl diimine luminescent complexes via direct
coordination to the pendent tetrazolato species. The synthetic approach to such
materials, exploiting the facile reaction between pentafluorophenyl esters and
primary amines, is significantly more facile than the conventional approach for

introducing tetrazole functionality involving the 1,3-dipolar cycloaddition
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reaction between nitrile functional groups and an azide source, as detailed in
Chapter 2. Coordination of the four materials with a luminescent rhenium(I)
species was successfully accomplished by the reaction of the tetrazole-
functional copolymers with Re(CO)s(phen)Br, and confirmed by FTIR
spectroscopy. The absorption and emission profiles of the rhenium-polymer
hybrid materials supported successful metal coordination and the luminescent
properties of the rhenium species were not affected by direct coordination to a
polymeric scaffold. The final Re-hybrid materials have been employed as
probes for the staining of rodent brain tissues. The results suggest probe uptake
into tissues with non-specific binding of the polymeric probes in the staining of

tissues.
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Chapter 4

Synthesis and photophysical investigation of PEG-PFP block

copolymers functionalised with luminescent rhenium(I) species

4.1 Abstract

Well-defined block copolymers of poly(ethylene glycol (PEG) methyl ether
(meth)acrylate) and pentafluorophenyl acrylate (PFPA) were prepared by reversible
addition-fragmentation chain transfer (RAFT) polymerisation. The target materials
were synthesised by homopolymerisation of the PEG (meth)acrylate followed by
block copolymerisation with PFPA, end-group modification and post-polymerisation
modification of the activated ester side-groups with appropriate primary amines. Two
families of block copolymers were synthesised. The parent block copolymers
containing PEG methacrylate and PFPA repeating units, had a size exclusion
chromatography (SEC) measured M, of 35,500 and dispersity, D, of 1.33, while the
PEG acrylates and PFPA precursor block copolymers had a SEC measured M, of
12,000 and dispersity, D, of 1.31. Both parent block copolymers were prepared with
2-cyano-2-propyl benzodithioate as the RAFT chain transfer agent and
azobisisobutyronitrile (AIBN) as the source of primary radicals in 1,4-dioxane. The
thiocarbonylthio end-group in the parent block copolymers was removed via radical-
mediated desulfurisation employing an excess of AIBN prior to modification of the
pentafluorophenyl (PFP) ester side-groups. Complete removal of the thiocarbonylthio
end-group was confirmed by UV-vis spectroscopy with minimal effect on the

molecular weight distribution of the parent block copolymers based on SEC analysis.
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The pendent PFP ester groups were subsequently modified in a sequential manner with
5-aminotetrazole and a range of primary amines of variable hydrophobicity, yielding
the corresponding random acrylamido species quantitatively as judged by '°F NMR
and FTIR spectroscopies. The tetrazole functional copolymers were subsequently
reacted with Re(CO)3(phen)Br (phen = 1,10-phenanthroline) yielding the
corresponding rhenium-polymer hybrids via coordination through the pendent
tetrazole functional group. Coordination of the tetrazole functional groups to the
rhenium precursor was confirmed by FTIR spectroscopy. Detailed photophysical
studies in dimethyl sulfoxide (DMSQO) were performed. The absorption profiles of all
hybrid materials exhibited broad bands centred around ca. 400 nm associated with
metal-to-ligand charge transfer (MLCT) transitions; excitation at this wavelength
resulted in a broad emission due to emission from the triplet MLCT excited states
centred at around 590 nm for all hybrid species. The different compositions in the
rhenium-polymer hybrid materials did not affect their photophysical properties, as

confirmed by lifetime and quantum yield analysis.

4.2 Introduction

Biocompatibility, low cytotoxicity, and specific targeting in biological systems
are of pivotal importance for the design of polymeric materials for biological and
pharmaceutical applications. In Chapter 1, we highlighted the outstanding
photophysical properties of d° transition metal complexes such as long Stokes shifts,
high quantum yield and their applicability as luminescent probes for biological
imaging. Nevertheless, they suffer from some issues which can limit their use as
luminescent sensors for imaging. However, desirable improvements in these

complexes, and their subsequent use in imaging, could be obtained by appropriately
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tuning their solubility and biocompatibility and preventing the generation of singlet
oxygen from excited states of triplet multiplicity. One approach is to incorporate
poly(ethylene glycol) (PEG) into the metal probe’s structure. This has been done, for
example, by employing a general approach referred to as “PEGylation” which consists
of the covalent or non-covalent attachment of PEG into another molecule (or
macromolecule).

Because PEG is non-toxic, non-immunogenic, non-antigenic, highly soluble in
water and is FDA (Food and Drugs Administration) approved, it plays an important
role in drug delivery and today forms the basis of a multimillion-dollar industry.! The
first FDA approved PEGylated drugs commercialised in the 1990s were Oncaspar®
(used for the treatment of leukaemia) and Adagen® (employed for the treatment of
immunodeficiency diseases) and consisted of PEGylated enzymes.? Another example
of the use of PEG to enhance drug delivery is the incorporation of PEG chains into
cisplatin, increasing its blood circulation time before reaching the target site.?

Because of the concomitant decrease in toxicity of molecules attached to PEG
and the retention of their biological or therapeutic properties, the interest in attaching
PEG chains to transition metal complexes for biological applications is not limited to
cisplatin. Lo’s group have investigated the use of PEG to functionalise luminescent
transition metal complexes. For instance, iridium(IIl) polypyridine PEG complexes
have been reported and were shown to serve as potential photosensitisers for
photodynamic therapy and localisation in mitochondria.* Moreover, it has been
observed that PEG chains, in iridium PEGylated complexes, are able to prevent
molecular oxygen from approaching the excited complexes.’ The same group has also
attached PEG to rhenium(I) polypyridine complexes, which exhibited cytoplasmatic

localisation and overall attenuation of cytotoxicity.

164



The copolymerisation of PFP (meth)acrylate and hydrophilic monomers has
not been widely studied. The strength of this approach is that it offers the possibility
to make a library of copolymers that could be readily modified to yield a plethora of
functionalised and biocompatible materials. Boyer et al. have synthesised various
PEG/PFP random copolymers for potential applications in the delivery of therapeutic
agents.%’

In this Chapter, we detail the RAFT synthesis of a small library of seven block
copolymers comprised of poly(ethylene glycol) acrylate and methacrylates
(PEGA/PEGMA) with pentafluorophenyl acrylate (PFPA). The resulting PEG/PFP
functional block copolymers were used as macromolecular ligands for the metal

complexation of Re(I) luminescent species.

4.3 Experimental

4.3.1 Materials

All reagents were purchased from the Sigma-Aldrich Chemical
Company, or Alfa Aesar, at the highest available purity and used as received
unless noted otherwise.

Poly(ethylene glycol) methyl ether methacrylate (molecular weight of
300 g mol!) and poly(ethylene glycol) methyl ether acrylate (molecular weight
of 480 g mol!) were purchased from Sigma-Aldrich and purified by passage
over a column of basic aluminium oxide to remove inhibitor. Re(CO)s3(phen)Br
and pentafluorophenyl acrylate (PFPA) were prepared according to previously
published procedures.® 2,2’-Azobis(2-methylpropionitrile) (AIBN) was
purchased as a 12 wt% solution in acetone. Acetone was removed on a rotary
evaporator and the remaining solid dissolved in methanol from which AIBN

recrystallised.
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4.3.2 Size exclusion chromatography (SEC)

SEC was performed on a Shimadzu modular system consisting of a 4.0
mm X% 3.0 mm Phenomenex Security Guard™ cartridge guard column and two
linear phenogel columns (103 and 10* A pore size) in dimethylacetamide
(DMACc) with 0.03% w/v LiBr operating at a flow rate of 0.7 mL/min. The
system was equipped with a RID-20A refractive index and SPD-M20A
prominence diode array detector. The system was calibrated with a series of
narrow molecular weight distribution polystyrene standards with molecular
weights ranging from 0.27 to 66 kg mol!'. Data were analysed with Lab

Solutions SEC software.

4.3.3 NMR Measurements

'H (400 MHz) and 'F (376 MHz) NMR spectra were recorded at 298 K
on a Bruker Avance 400 spectrometer. Chemical shifts were referenced against
residual non-deuterated solvent. Data were processed with Bruker’s TopSpin

3.1 software.

4.3.4 FTIR Analysis
Infrared spectra (4000-650 cm™) were recorded on solid-state samples

using attenuated total reflectance on a Perkin Elmer Spectrum Two and

Spectrum 100 FT-IR.

4.3.5 Photophysical Measurements
Absorption spectra were recorded at room temperature using a Perkin
Elmer Lambda 35 UV/Vis spectrometer. Uncorrected steady-state emission

spectra were recorded using an Edinburgh FLSP980-stm spectrometer equipped

166



with a 450 W xenon arc lamp and emission monochromators, a Peltier cooled
Hamamatsu R928P photomultiplier (180-850 nm) and a Hamamatsu R5509-42
photomultiplier for detection of NIR radiation (800-1400 nm). Emission and
excitation spectra were corrected for source intensity (amp and grating) and
emission spectral response (detector and grating) by a calibration curve supplied
with the instrument. Luminescent quantum yields were measured from
absorption spectra on a wavelength scale (nm) and compared to the reference

emitter by Equation 4-1:

2
b, =P, Ar(Ar) 1 (M) Mz & Equation 4-1

A,00) | | LOw | | 72| | D,

where 4 is the absorbance at the excitation wavelength 4, / is the intensity
of the excitation light at the excitation wavelength, » is the refractive index of
the solvent, D is the integrated intensity of the luminescence and @ is the
quantum yield. The subscripts » and x refer to the reference and the sample. The
quantum yields of complexes were measured against quinine sulphate solution
in 0.5 M H2S04.!'9 Excited-state decays (t) were recorded on the same Edinburgh
FLSP980-stm spectrometer using pulsed picosecond light emitting diodes
(LEDs) (EPLED/EPL 375 nm, FHWM < 800 ps). The goodness of fit was
assessed by minimising the reduced %2 function and by visual inspection of the
weighted residuals. The solvent used (DMSO) in the preparation of the solutions

for the photophysical investigations was of spectrometric grade.
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4.3.6 Tissue Preparation and Staining

Tissue preparation and tissue staining were performed by David Hartnell.
Rodent brain tissue was generated from excess sham operated (10 - 12 weeks
old) male Sprague Dawley rats from a previously published traumatic brain
injury study.!! Animal tissue was generated with approval from Monash
University Standing Committee on Ethics in Animal Experimentation. Coronal
brain tissue sections (10 um thick) containing cerebellum, were cut on a cryo-
microtome (-18 °C) and transferred to glass slides, allowed to air dry and then
stored at room temperature.

Tissue sections were then fixed in paraformaldehyde (4% in phosphate
buffered saline (PBS)) for 10 minutes. The slides were then washed for 10
minutes with PBS. Slides were then stained with the polymeric probe containing
solution (100 pg/mL in DMSO, 200 pL per tissue section) and incubated for 30
minutes at room temperature. The probe containing solution was then washed
off the slides with deionised water and then washed in PBS for 10 minutes.
Slides were then further rinsed with deionised water and allowed to dry at room

temperature and imaged.

4.3.7 Imaging

Imaging was conducted by David Hartnell. Fluorescence microscopy
was conducted on a Nikon Ti2-U inverted microscope with a DS-Qi2 camera,
pE-300%""i® LED fluorescence lamp and NIS Elements standard software.
Images were gathered at an exposure time of 500 ms and an analog gain of 7.6%.

Images were processed in Imagel.
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4.4 Synthesis

4.4.1 RAFT polymerisation of poly(ethylene glycol) methacrylate (PEGMA)

NC n\[sl/

Figure 4-1 Structure of polyPEGMA (M1).

Poly(ethylene glycol) methyl ether methacrylate (300 g mol!) (68.25 g, 0.23
mol), 2-cyano-2-propyl benzodithioate (CPBD, 0.30 g, 1.36 mmol) and AIBN (0.04
g, 0.27 mmol) were added to anhydrous 1,4-dioxane (250.00 mL) in a round-bottomed
flask equipped with a magnetic stir bar. The flask was sealed with a rubber septum and
the solution was purged with nitrogen for 60 min before being placed in a preheated
oil bath set at 65 °C. The homopolymerisation was allowed to proceed for 18 h and
was halted by exposure to air and immersion of the reaction vessel in an ice bath. The
product homopolymer was purified by three precipitations in n-hexane followed by
drying under vacuum. The product polyPEGMA M1 was obtained (34.61 g). SEC

analysis: M, = 32,900; My, = 37,700; b = 1.14.
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4.4.2 RAFT polymerisation of poly(ethylene glycol) acrylate (PEGA)

NC n\n/

Figure 4-2 Structure of polyPEGA (A1).

Poly(ethylene glycol) methyl ether acrylate (480 g mol!) (21.8 g, 0.045 mol),
2-cyano-2-propyl benzodithioate (CPBD, 0.19 g, 0.86 mmol) and AIBN (0.025 g, 0.15
mmol) were added to acetonitrile (80.0 mL) in a round-bottomed flask equipped with
a magnetic stir bar. The flask was sealed with a rubber septum and the solution was
purged with nitrogen for 60 min before being placed in a preheated oil bath set at 65
°C. The homopolymerisation was allowed to proceed for 19 h and was halted by
exposure to air and immersion of the reaction vessel in an ice bath. The product,
polyPEGA (A1), was purified by four precipitations in n-hexane followed by drying
under vacuum. The product polyPEGA A1 was obtained (13.60 g). SEC analysis: M,

=9,900; My =11,300; b =1.14.
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4.4.3 Block copolymerisation of poly(PEGMA-b-PFPA) (M2)
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Figure 4-3 General structure of a block copolymer comprised of PEGMA and

PFPA (M2).

PEGMA homopolymer M1 (10.00 g), pentafluorophenyl acrylate (PFPA)
(7.95 g, 0.03 mol), and traces of AIBN were added to anhydrous 1,4-dioxane (50.0
mL) in a round-bottomed flask equipped with a magnetic stir bar. The flask was sealed
with a rubber septum and the solution was purged with nitrogen for 30 min before
being placed in a preheated oil bath set at 60 °C. The block copolymerisation was
allowed to proceed for 7 h and was halted by exposure to air and immersion of the
reaction vessel in an ice bath. The product AB diblock copolymer was purified by
three precipitations in cold n-hexane followed by drying under vacuum. The product
M2 was obtained (6.00 g) as a solid. SEC analysis: M, = 35,500; M,, = 47,300; b =

1.33.
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4.4.4 Block copolymerisation of poly(PEGA-b-PFPA) (A2)
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Figure 4-4 General structure of a block copolymer of polyPEGA and PFPA

NC

(A2).

PEGA homopolymer Al (12.22 g), pentafluorophenyl acrylate (PFPA) (6.06
g, 0.02 mol) and traces of AIBN were added to anhydrous acetonitrile (50.0 mL) in a
round-bottomed flask equipped with a magnetic stir bar. The flask was sealed with a
rubber septum and the solution was purged with nitrogen for 30 min before being
placed in a preheated oil bath set at 70 °C. The block copolymerisation was allowed
to proceed for 4 h and was halted by exposure to air and immersion of the reaction
vessel in an ice bath. The product was purified by three precipitations in cold n-hexane
followed by drying under vacuum. The product A2 was obtained (11.00 g) as a solid.

SEC analysis: M, = 12,000; My = 15,800; D =1.31.
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4.4.5 End-group modification of poly(PEGMA-b-PFPA) (M3)
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Figure 4-5 General structure of end-group modified block copolymer

NC

poly(PEGMA-5-PFPA) (M3).

Poly(PEGMA-b-PFPA)M2 (1.00 g, 0.03 mmol) and AIBN (0.02 g, 0.12
mmol) were dissolved in anhydrous 1,4-dioxane (8.0 mL) in a round-bottomed
flask equipped with a magnetic stir bar. The flask was sealed with a rubber
septum and the solution was purged with nitrogen for 30 min before being
placed in a preheated oil bath set at 80 °C. After 6 h the clear solution was
allowed to cool to room temperature. The product (0.85 g) was isolated by
precipitation into cold n-pentane. SEC analysis: M, = 35,600; My = 44,300; P

=1.45.
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4.4.6 End-group modification of poly(PEGA-b-PFPA) (A3)
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Figure 4-6 General structure of end-group modified block copolymer of

NC

poly(PEGA-b-PFPA) (A3).

Poly(PEGMA-b-PFPA) A2 (1.00 g, 0.08 mmol) and AIBN (0.05 g, 0.30
mmol) were dissolved in anhydrous 1,4-dioxane (8.0 mL) in a round-bottomed
flask equipped with a magnetic stir bar. The flask was sealed with a rubber
septum and the solution was purged with nitrogen for 30 min before being
placed in a preheated oil bath set at 80 °C. After 6 h the clear solution was
allowed to cool to room temperature. The product (0.82 g) was isolated by
precipitation into cold n-pentane. SEC analysis: M, 12,500; My = 16,000; P =

1.27.
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4.4.7 Procedure for the sequential modification of the poly(PEGMA-b-PFPA)

block copolymer with primary amines

4.4.7.1 Synthesis of M3-40%tet-60%oct

Figure 4-7 Post-functionalised structure of the poly(PEGMA-b-PFPA) block
copolymer (M3) with 5-aminotetrazole and n-octylamine (M3-40%tet-

60%oct).

To a round-bottomed flask equipped with a magnetic stir bar was added
M3 (1.00 g, 0.03 mmol), n-octylamine (0.05 g, 0.41 mmol) and
dimethylformamide (DMF) (4.0 mL). The reaction mixture was left stirring
overnight at room temperature. Subsequently, an excess of 5-aminotetrazole
(0.03 g, 0.02 mmol) was added to the reaction mixture and the solution was left
stirring overnight at 40 °C. The solution was subsequently dialysed against
methanol for 36 h. Methanol from the polymer solution was removed using
rotary evaporator and the product was dried in vacuo overnight at 50 °C. 0.67 g
of the product M3-40%tet-60% oct was obtained. SEC analysis: M, 39,200; My

=53,200; D =1.35.
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4.4.7.2 Synthesis of M3-10%tet-90%oct

Figure 4-8 Post-functionalised structure of the poly(PEGMA-b-PFPA) block
copolymer (M3) with 5-aminotetrazole and n-octylamine (M3-10%tet-

90%oct).

To a round-bottomed flask equipped with a magnetic stir bar was added
M3 (0.77 g, 0.02 mmol), 5-aminotetrazole (0.003 g, 0.025 mmol) and DMF
(4.00 mL). The reaction mixture was left stirring overnight at room temperature.
Subsequently, an excess of n-octylamine (0.05 g, 0.36 mmol) was added to the
reaction mixture and the solution was left stirring overnight at 40 °C. The
solution was subsequently dialysed against methanol for 36 h. Methanol from
the polymer solution was removed using a rotary evaporator and the product
was dried in vacuo overnight at 50 °C. 0.63 g of the product M3-10%tet-

90%oct was obtained. SEC analysis: M, 35,000; My, = 44,100; P = 1.26.
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4.4.7.3 Synthesis of M3-40%tet-60%hexadec

Figure 4-9 Post-functionalised structure of the poly(PEGMA-H-PFPA) block
copolymer (M3) with 5-aminotetrazole and n-hexadecylamine (M3-40%tet-

60% hexadec).

To a round-bottomed flask equipped with a magnetic stir bar was added
M3 (0.70 g, 0.02 mmol), 5S-aminotetrazole (0.01 g, 0.12 mmol) and DMF (4.00
mL). The reaction mixture was left stirring overnight at room temperature.
Subsequently, an excess of n-hexadecylamine (0.05 g, 0.23 mmol) was added to
the reaction mixture and the solution was left stirring overnight at 40 °C. The
solution was subsequently dialysed against methanol for 36 h. Methanol from
the polymer solution was removed using rotary evaporator and the product was
dried in vacuo overnight at 50 °C. 0.60 g of the product M3-40%tet-

60% hexadec was obtained. SEC analysis: M, 40,400; My = 50,200 b = 1.24.
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4.4.8 Procedure for the sequential modification of the poly(PEGA-b-PFPA)

block copolymer with primary amines

4.4.8.1 Synthesis of A3-65%tet-35%dec

Figure 4-10 Post-functionalised structure of the poly(PEGA-b-PFPA) block
copolymer (A3) with 5-aminotetrazole and n-decylamine (A3-65%tet-

35%dec).

To a round-bottomed flask equipped with a magnetic stir bar was added
A3 (0.82 g, 0.01 mmol), n-decylamine (0.02 g, 0.10 mmol) and tetrahydrofuran
(THF) (3.00 mL). The reaction mixture was left stirring overnight at room
temperature. Subsequently, an excess of 5-aminotetrazole (0.01 g, 0.01 mmol)
and traces of triethylamine were added to the reaction mixture and the solution
was left stirring overnight at room temperature. The solution was subsequently
dialysed against methanol for 36 h. Methanol was removed from the polymer
solution using a rotary evaporator and the product was dried in vacuo overnight
at 50 °C. 0.48 g of A3-65%tet-35%dec was obtained. SEC analysis: M, 14,500;

My =18,900; D =1.29.

178



4.4.8.2 Synthesis of A3-50%tet-50%dec

Figure 4-11 Post-functionalised structure of the poly(PEGA-b-PFPA) block
copolymer (A3) with 5-aminotetrazole and n-decylamine (A3-50%tet-

50%dec).

To a round-bottomed flask equipped with a magnetic stir bar was added
A3 (0.80 g, 0.01 mmol), n-decylamine (0.02 g, 0.15 mmol) and tetrahydrofuran
(THF) (3.00 mL). The reaction mixture was left stirring overnight at room
temperature. Subsequently, an excess of 5-aminotetrazole (0.01 g, 0.01 mmol)
and traces of triethylamine were added to the reaction mixture and the solution
was left stirring overnight at room temperature. The solution was subsequently
dialysed against methanol for 36 h. Methanol was removed from the polymer
solution using a rotary evaporator and the product was dried in vacuo overnight
at 50 °C. 0.75 g of A3-50%tet-50% dec was obtained. SEC analysis: M, 14,000;

My =18,200; D =1.29.
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4.4.8.3 Synthesis of A3-90%tet-10%hexadec
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Figure 4-12 Post-functionalised structure of the poly(PEGA-b-PFPA) block
copolymer (A3) with 5-aminotetrazole and n-hexadecylamine (A3-90%tet-

10%hexadec).

To a round-bottomed flask equipped with a magnetic stir bar was added
A3 (0.80 g, 0.01 mmol), n-hexadecylamine (0.01 g, 0.03 mmol) and
tetrahydrofuran (THF) (3.00 mL). The reaction mixture was left stirring
overnight at room temperature. Subsequently, an excess of 5-aminotetrazole
(0.02 g, 0.02 mmol) and traces of triethylamine were added to the reaction
mixture and the solution was left stirring overnight at room temperature. The
solution was subsequently dialysed against methanol for 36 h. Methanol was

removed from the polymer solution using a rotary evaporator and the product
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was dried in vacuo overnight at 50 °C. 0.60 g of A3-90%tet-10%hexadec was

obtained. SEC analysis: M, 14,700; My = 21,200; & = 1.44.

4.4.8.4 Synthesis of A3-75%tet-25%hexadec

Figure 4-13 Post-functionalised structure of the poly(PEGA-b-PFPA) block
copolymer (A3) with 5-aminotetrazole and n-hexadecylamine (A3-75%tet-

25%hexadec).

To a round-bottomed flask equipped with a magnetic stir bar was added
A3 (0.80 g, 0.01 mmol), n-hexadecylamine (0.01 g, 0.02 mmol) and
tetrahydrofuran (THF) (3.00 mL). The reaction mixture was left stirring
overnight at room temperature. Subsequently, an excess of 5-aminotetrazole
(0.01 g, 0.01 mmol) and traces of triethylamine were added to the reaction
mixture and the solution left stirring overnight at room temperature. The

solution was subsequently dialysed against methanol for 36 h. Methanol was
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removed from the polymer solution using a rotary evaporator and the product
was dried in vacuo overnight at 50 °C. 0.60 g of A3-75%tet-25% hexadec was

obtained. SEC analysis: M, 15,600; My = 20,900; & = 1.34.

4.4.9 Complexation of Re(CO)3(phen)Br to a PEGMA/PFPA tetrazole

functional copolymer (M3-40%tet-60%oct-[Re])

Figure 4-14 Structure of M3-40%tet-60%oct after reaction with the rhenium
precursor Re(CO)3(phen)Br to synthesise (M3-40%tet-60%oct-[Re]).

Attachment to the N2 atom of the tetrazole ring is shown for convenience.

To a round-bottomed flask equipped with a magnetic stir bar was added
Re(CO)s(phen)Br (0.011 g, 0.021 mmol) and M3-40%tet-60%oct (0.150 g,
0.004 mmol) in DMSO (4.00 mL). The solution was heated under refluxing
conditions for 24 h. The solution was subsequently dialysed against methanol
for 36 h. Methanol from the polymer solution was removed using a rotary
evaporator and the product M3-40%tet-60%oct-[Re] (0.150 g) was dried in

vacuo overnight at 50 °C.
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The remaining rhenium-functionalised copolymers M3-10%tet-90%oct-[Re]
and M3-40%tet-60%hexadec-|Re] were synthesised following the same procedure,
but with differing amounts of polymer and Re precursor. In the case of M3-10%tet-
90%oct-[Re], Re(CO)3(phen)Br (0.003 g, 0.006 mmol) and M3-10%tet-90%oct
(0.150 g, 0.004 mmol) were employed and 0.130 g of product was obtained. In the
case of M3-40%tet-60%hexadec-[Re], Re(CO)3(phen)Br (0.014 g, 0.028 mmol) and
M3-40%tet-60%oct (0.200 g, 0.005 mmol) were employed and 0.190 g of product

was obtained.

4.4.10 Complexation of Re(CO)3(phen)Br to a PEGA/PFPA tetrazole functional

copolymer (A3-65%tet-35%dec-[Re])

Figure 4-15 Structure of A3-65%tet-35%dec after reaction with the rhenium
precursor Re(CO)s3(phen)Br to synthesise (A3-65%tet-35%dec-[Re]).

Attachment to the N2 atom of the tetrazole ring is shown for convenience.

To a round-bottomed flask equipped with a magnetic stir bar was added

Re(CO)s3(phen)Br (0.01 g, 0.01 mmol) and A3-65%tet-35%dec (0.20 g, 0.01
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mmol) in a mixture of ethanol (10.00 mL) and water (3.50 mL). The solution
was heated under refluxing conditions for 24 h. The solution was subsequently
dialysed against methanol for 36 h. Methanol from the polymer solution was
removed using a rotary evaporator and the product A3-65%tet-35%dec-[Re]
(0.19 g) was obtained after drying in vacuo overnight at 50 °C.

The remaining rhenium-functionalised polymers A3-50%tet-50%dec-
[Re], A3-10%tet-90% hexadec-|Re] and A3-25%tet-75% hexadec-[Re] were
synthesised following the same procedure, but with differing amounts of
polymer and Re precursor. In the case of A3-50%tet-50%dec-[Re],
Re(CO)s3(phen)Br (0.01 g, 0.01 mmol) and A3-50%tet-50%dec (0.2 g, 0.01
mmol) were employed and 0.42 g of product was obtained. For A3-10%tet-
90%hexadec-[Re], Re(CO)3(phen)Br (0.01 g, 0.02 mmol) and A3-10%tet-
90%hexadec (0.28 g, 0.02 mmol) and 0.18 g of product was obtained. For A3-
75%tet-25%hexadec-[Re], Re(CO)3(phen)Br (0.01 g, 0.02 mmol) and A3-
75%tet-25%hexadec (0.28 g, 0.02 mmol) were employed and 0.20 g of product

was obtained.

4.5 Results and Discussion

4.5.1 RAFT homopolymerisation of poly(ethylene glycol) methyl ether
methacrylate (M1)

With the aim to synthesise block copolymers, we initially synthesised a
PEGMA homopolymer (Scheme 4-1) which was subsequently employed as a
macro chain transfer agent (macro CTA) for the synthesis of the target block
copolymer.

The parent PEGMA homopolymer (polyPEGMA, target M, of 50,000)

was prepared by RAFT polymerisation employing 2-cyano-2-propyl
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benzodithioate (CPBD) as the RAFT CTA. AIBN was employed as the source

of primary radicals in 1,4-dioxane.
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1,4-dioxane >§(r)n

S Ph
Ph S O 0)
» 2\

M1

Scheme 4-1 RAFT homopolymerisation of poly(ethylene glycol) methyl ether

methacrylate.

After polymerisation for 18 h at 65 °C, polyPEGMA homopolymer M1
was isolated with ca. 50 % monomer conversion (as determined by 'H NMR
spectroscopy). Conversion was calculated by end-group analysis of the 'H
NMR, by comparing aromatic signals from the RAFT agent with the signal
labelled “f” arising from the polymer M1 (Figure 4-16). It is important to note
that NMR is considered the “absolute” method to determine conversion and
“absolute” molecular weight of polymers. Nevertheless, for polymers with a
high molecular weight like M1, the signal to noise ratio interferes with the
accuracy of this method. On the other hand, SEC analysis of molecular weights
is considered a “relative” method because the hydrodynamic volume of the
material analysed is compared to a series of standards, in this case polystyrene
standards. For M1, SEC measured an M, of 32,900 and dispersity (P = Mw/M.)
of 1.14. The degree of polymerisation of the PEGMA homopolymer was

calculated from the SEC data acquired in dimethylacetamide (DMAc) and
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determined to be = 110. Figure 4-16 shows the 'H NMR spectrum of M1,

recorded in deuterated DMSO.
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Figure 4-16 'H NMR spectrum of M1, with key peak assignment, recorded in

DMSO-dé6.
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4.5.2 RAFT homopolymerisation of poly(ethylene glycol) methyl ether acrylate
(A1)

The parent PEGA homopolymer (polyPEGA, target M, of 25,000) was
prepared by RAFT polymerisation employing CPBD as the RAFT CTA. AIBN

was employed as the source of primary radicals in 1,4-dioxane.
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Scheme 4-2 RAFT homopolymerisation of poly(ethylene glycol) methyl ether

acrylate.

After polymerisation for 19 h at 65 °C, polyPEGA homopolymer Al was
isolated with ca. 50 % monomer conversion as determined by 'H NMR spectroscopy.
Conversion was calculated by end-group analysis via '"H NMR spectroscopy, by
comparing aromatic signals from the RAFT agent with the signal labelled “f” arising
from the polymer A1 (Figure 4-17). SEC measured an M, of 9,900 and dispersity (P
= M/ M) of 1.14. The degree of polymerisation of the PEGA homopolymer was
calculated from the SEC data acquired in DMAc and determined to be = 21.

Moreover, the absolute M, was calculated from 'H NMR by analysing signal f
and aromatic signal arising from the CTA at 7.7 ppm (not visible in Figure 4-17). M,

= 15,400. Repeating units = 32. Figure 4-17 shows the 'H NMR spectrum of Al.
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Figure 4-17 'H NMR spectrum of A1, with key peak assignment, recorded in

CDCls.
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4.5.3 Block copolymerisation of polyPEGMA with PFPA (M2)

The PEGMA and PEGA homopolymers were subsequently employed as
macro CTAs in the block copolymerisation of pentafluorophenyl acrylate. In the
case of poly(PEGMA-H-PFPA) (M2), pentafluorophenyl acrylate was

polymerised with polyPEGMA M1 as macro CTA (Scheme 4-3).

S Ph S Ph
F F
Nﬂ@n \Isl/ b hig
07 >0 NC X YIn S
+ F F 0~ 07 0
F (\4\ F F
>£ AIBN !
m 1,4-dioxane Sﬁm F F
F
M1
M2

Scheme 4-3 Block copolymerisation of polyPEGMA M1 with

pentafluorophenyl acrylate to yield poly(PEGMA-b-PFPA) M2.
After copolymerisation for 7 h at 60° C, the block copolymer M2 was

isolated by precipitation in n-hexane. SEC analysis in DMAc indicated a M, of

35,500 and P of 1.33.

189



I J J J
10 15 20 25

Elution time (min)

Figure 4-18 SEC traces of M1 and M2. For M1 M, = 32,900; My, = 37,700;

D =1.14. For M2 M, = 35,500; Mw =47,300; D = 1.33.

The SEC traces in Figure 4-18 show a lower retention time for M2,
which confirms an increase in molecular weight and successful block copolymer
formation, as expected. Moreover, there is clearly some polymer-polymer
coupled products in M2, not present in M1, as evidenced by the “shoulder” at
low elution time on the M2 traces. Polymer-polymer coupled product is the
result of two polymeric chains coupling via S-S bond. S-S formation occurs
between two different chains after the thiocarbonylthio end-group have been
converted to thiols. This is not an uncommon observation in RAFT block
copolymerisations and the presence of coupled material was not anticipated to
adversely affect the material itself and the subsequent modification reactions.

Figure 4-19 shows the 'H NMR spectrum of M2.
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Figure 4-19 'H NMR spectrum of M2, with key peak assignment, recorded in

CDCls.
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4.5.4 Block copolymerisation of polyPEGA with PFPA (A2)

AIBN
<
1,4-dioxane
Al

NC X YIn S
0 0 O O

;l\ F F

3O F F
m F

A2

Scheme 4-4 Block copolymerisation of polyPEGA A1l with pentafluorophenyl

acrylate to yield poly(PEGA-b-PFPA) A2.

After copolymerisation for 4 h at 70 °C, the block copolymer A2 was

isolated by precipitation in n-hexane. Characterisation of the block copolymer

by SEC indicated a M, of 12,000 and D of 1.31, Figure 4-20.
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Figure 4-20 SEC traces of A1 and A2. For A1 M, =9,900; M, = 11,300;

D =1.14. For A2 M, = 12,000; My, = 15,800; D = 1.31.

The SEC traces in Figure 4-20 show a lower retention time for A2, which
confirms an increase in molecular weight, as expected. Moreover, one can see
the clear presence of some coupled product in A2, not present in Al. The
formation of undesirable coupled product is more pronounced than in
poly(PEGMA-b-PFPA) block copolymer, although the measured values are still
acceptable. Figure 4-21 shows the 'H NMR spectrum of A2, with relative peak

assignments.
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Figure 4-21 'H NMR spectrum of A2, with key peak assignment recorded in

CDCls.
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4.5.5 Dithioester end-group removal in the poly(PEGMA-b-PFPA) (M3)

S. _Ph CN
b e
X y| S b
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—_— F F
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Km F I F O P P
F
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m

M2 M3

Scheme 4-5 End-group cleavage by addition-fragmentation coupling of
poly(PEGMA-b-PFPA) to achieve complete desulfurisation of the block

copolymer M2 to obtain M3.

Before side-group modification of the poly(PEGMA/PEGA-b-PFPA)
block copolymers, thiocarbonylthio end-group removal was performed to avoid
any potential complicating side reactions with RAFT-end groups in the
subsequent nucleophilic acyl substitution modification step. Complete end-
group desulfurisation was accomplished following the same procedure for both
block copolymer. Only the reaction of PEGMA-PFPA M2 to M3 is shown for
simplicity (Scheme 4-5).

The desulfurisation reactions were monitored by UV-Vis spectroscopy.
Figure 4-22 shows the UV absorption spectra of the poly(PEGMA-b-PFPA)
copolymer before (M2) and after (M3) treatment with AIBN. The UV
absorption spectrum of M2 is typical of RAFT-prepared (co)polymers with
intact end-groups. The key feature is the broad absorption band associated with

the m-rt* transition of the C=S bond seen covering ca. 280-340 nm.!?
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Figure 4-22 UV-Vis spectra of M2 before end-group modification and the same

copolymer, M3 after reaction with an excess of AIBN.

Following reaction with AIBN this absorption is absent indicating
successful end-group modification. A comparison of the SEC traces of both
block copolymers M2 and M3, Figure 4-23, indicated that the AIBN
desulfurisation had no significant impact on the shape of the molecular weight

distribution although a small increase in the D from 1.33 to 1.35 was observed.
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Figure 4-23 SEC traces of M2 before end-group modification and the same
block copolymer, M3 after reaction with AIBN. For M3 M, = 39,200; M, =

53,200; D = 1.35.

The end-group cleavage reaction was performed on the poly(PEGA-b-
PFPA) block copolymer (A2), under the same conditions. The UV absorption
spectra of the poly(PEGA-b-PFPA) copolymer before (A2) and after (A3)

treatment with AIBN is shown in Figure 4-24.
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Figure 4-24 UV-Vis spectra of A2 (black) before end-group modification and

the same homopolymer, A3 after reaction with an excess of AIBN (green).

Following reaction with AIBN the band associated with the 7z-7*
transition of the C=S bond seen covering ca. 280-340 nm absorption is absent,
indicating successful end-group modification. SEC traces of both block co-
polymers A2 and A3 were analysed. Consistent with the poly(PEGMA-b-PFPA)
end group modification, we observed no significant impact on the molecular
weight distribution of the poly(PEGA-b-PFPA) copolymer after end-group

removal, Figure 4-25.
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Figure 4-25 SEC traces of A2 before end-group modification and the same
block copolymer, A3 after reaction with AIBN. For A3 M, = 12,500; M, =

16,000; D = 1.27.

4.5.6 Post-functionalisation procedure for the modification of PEGMA/PEGA-
PFPA block copolymers with primary amines

Following end-group removal, M3 and A3 were modified by the
sequential addition of two primary amines (Scheme 4-6) and specifically with
S5-aminotetrazole (TetNH>) and linear amines with different molecular weights,
to synthesise a library of materials with different hydrophilicities.

Specifically, modifications were performed with S5-aminotetrazole
(TetNH2) and three primary amines: n-octylamine (OctNH2), n-decylamine
(DecNH>) and n-hexadecylamine (HexadecNH>), yielding seven new modified
materials containing tetrazole moieties for the complexation of luminescent
metal complexes (Table 4-1). The amines were introduced in a sequential
manner. Typically, the linear amines were introduced first and 5-aminotetrazole

second, with the exceptions of M3-10%tet-90%oct and the materials
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containing n-hexadecylamine. In the case of M3-10%tet-90%oct, TetNH> was
added first because of the low targeted mol % of 5-aminotetrazole in the target
material; in the case of the materials containing n-hexadecylamine, TetNH> was
added first because of the steric hindrance of the n-hexadecylamine longer
chain. The calculated compositions of the materials were found by analysis of

19F NMR signals after the addition of the first amine, as described in Chapter 3.

Table 4-1 Target composition of modified block-copolymers.

Target Calculated
col[))?)l;;llilter Linear amine comF;os ]l tion com})(;)s]ition Material
TetNH,/RNH; TetNH,/RNH,
M3 n-octylamine 40/60 44/66 Mz;)‘f,g:ﬁtt“‘
M3 n-octylamine 10/90 10/90 Mgblog:ﬁtt“‘
M3 hexadeg/lamine 40/60 40/60 2;)[ "3/:1'12:{“:1?;
A3 n-decylamine 65/35 63/37 AT Somet:
A3 n-decylamine 50/50 50/50 A set:
A3 hexadeg/lamine 90710 89/11 ?(? "-/2?1:/3(0:16;
A3 hexadeg/lamine 75725 75725 ?53 "-/lelz/xofleetc-

The acyl substitution reactions were carried out at 40 °C. Scheme 4-6
shows the general scheme for the acyl substitution of block copolymers M3 and
A3 with primary amines. All methacrylic copolymers were modified in DMF,
while all acrylic copolymers were modified in THF. THF was chosen for

convenience, given its lower boiling point. No difference in substitution
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efficiency was observed between the two solvents. However, and as expected,
the longer amines, such as n-hexadecylamine, reacted more slowly due to

increasing steric hindrance.
\y . T /éﬁj
b N-N
2 M»—NH X
NC x YIn ) Il'I\N>_ ’
H

Scheme 4-6 General scheme for the sequential post-functionalisation of block

copolymers M3 and A3 with primary amines.

As noted previously, the advantage of employing PFPA as a reactive
scaffold is that the key nucleophilic acyl substitution reaction between primary
amines and the PFP ester groups can be readily monitored by F NMR
spectroscopy. For example, Figure 4-26 shows a series of !’F NMR spectra for
the modification of M3 with n-octylamine (60 mol % target) and 5-
aminotetrazole (40 mol % target) to yield M3-40%tet-60%oct. Figure 4-27
shows a series of !’F NMR spectra for the modification of A3 with n-decylamine
(50 mol % target) and 5-aminotetrazole (50 mol % target) to yield A3-50%tet-
50%dec. Small traces of impurities are present after modification reaction of
A3 with Tet-NH: (red spectrum, Figure 4-27) due to the presence of
triethylamine. The small peaks present in Figure 4-27, red trace, are arising
from small molecule impurities that we assigned to a mixture of
pentafluorophenol and phenolate molecules. Significantly, after dialysis, the

small signals disappear, confirming the purification of the materials.
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Figure 4-26 '"F NMR spectra, recorded in CDCl3, for the sequential, post-
polymerisation modification of M3 to M3-40%tet-60%oct via reaction with n-

octylamine and 5-aminotetrazole.

— before substitution

T ~ew —— after DecNH,

‘,]",,,:r“l:wt“ b ‘Wﬂ‘“‘va; b ——  after TetNH2

— — after dialysis
150 -155 160 -165 170 -175
19F Chemical shift (5, ppm)

it et .o et e s 8

Figure 4-27 '”F NMR spectra, recorded in CDCl3, for the sequential, post-
polymerisation modification of A3 to A3-50%tet-50%dec via reaction with n-

decylamine and 5-aminotetrazole.
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Prior to chemical modification, M3 (pink spectrum, Figure 4-26) shows
the three characteristic signals at & (ppm) = -152.7 (2 F, ortho), -158.1 (1 F,
para) and -162.5 (2 F, meta) consistent with previously reported '°F chemical
shifts for polyPFPA.? Following reaction with OctNH> (green spectrum, Figure
4-26) these signals decrease in intensity with the concomitant appearance of
three sharp resonances associated with pentafluorophenol - small molecule by-
product. After subsequent reaction with TetNH> (red spectrum, Figure 4-26),
we observed the total disappearance of the signals attributed to polymer-
associated pendent PFP functional groups with only those of pentafluorophenol
being detected; this confirms successful and quantitative conversion of the
pendent PFP groups to the corresponding amide species. Finally, after
purification by dialysis (black spectrum, Figure 4-26), we observed no
detectable signals indicating successful removal of pentafluorophenol from the
modified polymer.

Successful modification of the block copolymers M3 and A3 was also
qualitatively confirmed by FTIR spectroscopy. For example, Figure 4-28 shows
the FTIR spectra of the homopolymer polyPEGA precursor Al (top), the block
copolymer poly(PEGA-b-PFPA) A2 (middle) and the modified polymer
containing 35 mol% decyl acrylamide and 65 mol% N-(1H-tetrazol-5-
yDacrylamide repeat units A3-65%tet-45%dec.

The FTIR results are consistent for all the materials with different
compositions. The spectrum of the parent PEG homopolymer A1l shows the
characteristic C=0 stretch associated with PEG chains at 1725 cm™! (red dotted
line). After copolymerisation with PFPA monomer (A2), we can observe the
appearance of the characteristic C=0 stretch associated with an activated ester

at 1785 cm™! (blue dotted line), and the appearance of a band at 1500 cm™! (green
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dotted line) associated with C-O ester stretching, both confirming the presence
of the PFP moieties in the parent homopolymer. Following sequential
modification with DecNH> and TetNH. (A3-65%tet-35%dec) both the
distinguishing ester band associated with PFP moieties, and the band associated
with C-O stretching completely disappears, confirming successful, and

quantitative, side-chain modification.

— A

— A2

— A3-65%tet-35%dec

I T — T
4000 3000 2000 1000

Wavenumber (cm™)

Figure 4-28 FTIR spectra of the homopolymer polyPEGA precursor Al (top),
the block copolymer poly(PEGA-b-PFPA), A2 (middle), the modified polymer
A3-65%tet-35%dec, containing 35 mol% decyl acrylamide and 65 mol% N-

(1 H-tetrazol-5-yl) acrylamide repeat units.

4.5.7 Synthesis of hybrid polymeric-rhenium(I) luminescent materials
Following successful modification of the parent PEGMA/PEGA-PFPA
block copolymers M3 and A3 to give a series of seven amide-based block
copolymers containing tetrazole and different length functional side groups,
each copolymer was further modified by reaction with Re(CO)z(phen)Br; such

reactions yielded the target polymer-Re(I) hybrids via coordination through the
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tetrazole functional groups. The complexation reaction was conducted in DMSO
for the methacrylate derivatives and in ethanol/water 3:1 (v/v) for the acrylate
copolymers. The solvent was changed for simplicity and no difference in
solubility of the materials or reaction rate was observed. After heating at reflux
overnight, the desired polymer-metal hybrid materials were obtained by dialysis

in methanol for 36 hours, yielding the final rhenium modified materials.

PO WS
R
N7 NH NN [
5@ N=N EtOH: H,0 5@ N- N/,,// N |
m or DMSO m R| s
(&
fl

reflux OC( ‘ \CO

Scheme 4-7 Complexation reaction of M3 and A3 modified copolymers with

rhenium precursor Re(CO)3(phen)Br to yield M3/A3-x%-[Re].

In Scheme 4-7, the coordination of the Re(I) metal centre to nitrogen
atom N2 on the tetrazole is shown for convenience. Successful coordination was
confirmed by FTIR spectroscopy, Figure 4-29 and Figure 4-30. For all
modified materials A3/M3-x%-[Re] we observed the appearance of two new
bands at around 2025 and 1915 cm™! associated with the stretch of the carbonyl
ligands on the coordinated Re complex (light blue area). Compared to the
Re(CO)s3(phen)Br precursor (Figure 3-16, Chapter 3) these bands are shifted as
a result of the decrease in the electron density at the Re(I) metal centre upon

exchange between the bromo and tetrazolato ligand.!® This observation further
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confirms successful coordination of the luminescent Re species to the polymeric

scaffold.
M3-40%tet-60%oct-[Re]
— M3-10%tet-90%oct-[Re]
— M3-40%tet-60%hexadec-[Re]
1 1 1 1
4000 3000 2000 1000

Wavenumber (cm™)

Figure 4-29 FTIR spectra of methacrylate polymeric-Re(I) species. Highlighted in
light blue are bands at around 2025 and 1915 cm! associated with the stretch of the

carbonyl ligands on the coordinated Re complex.
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A3-65%tet-35%dec-[Re]
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Figure 4-30 FTIR spectra of acrylate polymeric-Re(I) species. Highlighted in light
blue are bands at around 2025 and 1915 cm™ associated with the stretch of the carbonyl

ligands on the coordinated Re complex.

4.5.8 Photophysical studies of PEG/PFPA copolymer containing luminescent
rhenium complexes

Having synthesised the target Re(I) block copolymer hybrid materials, we
subsequently performed detailed photophysical studies, Table 4-2. The samples for
photophysical studies were prepared by dissolving 1 mg of polymeric-rhenium

material in 10 mL of spectroscopic grade DMSO.
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Table 4-2 Summary of photophysical data for polymer-rhenium materials, M3/A3-

x%-[Re] in dilute DMSO.

Material Absorption Emission
7\.em a b a b krb knrb
Aabs[nm] [hm] T [ns] T° [ns] () () [105s1] [105s7]
M3-40%tet- 375, 285 595 172.54 319.36 1.56 2.42 0.076 3.05
60%oct-[Re]
M3-10%tet- 375, 285 595 211.49 340.20 0.86 1.15 0.034 2.90
90%oct-[Re]
M3-40%tet- 375, 285 580 272.16 398.17 1.23 1.62 0.054 3.30
60%hexadec-
[Re]
A3-65%tet- 375,278 592 243.00 360.00 1.26 1.58 0.044 2.73
35%dec-[Re]
A3-50%tet- 375,278 592 304.26 472.34 1.53 2.28 0.048 2.07
50%dec-[Re]
A3-90%tet- 375,278 592 297.96 456.96 1.41 2.03 0.044 2.14
10%hexdec-
[Re]
A3-75%tet- 375,278 592 285.18 441.24 1.45 2.23 0.050 2.21
25%hexdec-
[Re]

 Measured from an air-equilibrated solution. ® Measured from a degassed solution. All solutions
contain approximately 1.0 mg of Re(I)-polymers into 10 mL of DMSO. Excitation wavelength =

400 nm for emission measurements. Excitation wavelength = 375 for lifetime measurements.
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Figure 4-31 Normalised absorption profiles of the M3/A3-x%-[Re] copolymers

measured in DMSO by dissolving 1 mg of Re-hybrid material in 10 ml of the solvent.

The absorption profiles of all seven Re(I)-polymer hybrid materials were
essentially identical, exhibiting a UV region dominated by intense broad bands
at Aabs < 300 nm arising from z—z* ligand-centred (LC) transitions of the
phenanthroline ligands bound to the Re metal centres, Figure 4-31. The UV
region at wavelengths longer than 350 nm is dominated by broad bands of lower
intensity attributed to metal-to-ligand charge transfer transitions typical of Re

diimine tetrazolato complexes.
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Figure 4-32 Normalised emission profiles of the M3/A3-x%-[Re] copolymers

measured in DMSO, air-equilibrated samples.

Upon excitation at 400 nm, similar broad emission bands centred
between 580 and 595 nm are observed for all hybrid materials, Figure 4-32.
These bands arise from emission from SMLCT excited states and are consistent
with previously reported tetrazolato-Re(I) complexes.!?

The triplet spin multiplicity is in agreement with the relatively long
excited-state lifetime decays measured to be within the range 172 - 304 ns. In
general, we observed shorter lifetimes for methacrylate polymers. For example
the lifetime values for M3-40%tet-60%oct-[Re] are 172.54 ns and 319.36 ns
for air-equilibrated and degassed samples respectively, while the same values
for A3-50%tet-50%dec-|Re] are 304.26 ns and 472.34 ns.

For all seven Re(I)-hybrid materials the excited state lifetime (t) and
quantum yield (®) increase from air-equilibrated to degassed solutions. This
behaviour is due to the phosphorescent nature of the emission from the SMLCT

state and its sensitivity to quenching due to the presence of *0».!*
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The values of @ are within the range typical of this kind of neutral Re
complexes. The radiative [k; = ®-1''] and non-radiative [knr = (1-®)-1!] decay
constants, measured in degassed solutions, are reported in Table 4-2. In general,
we observed slightly longer non-radiative constants for methacrylate hybrid
materials. Nevertheless, the values of k; and knr can be considered similar for
all samples. Significantly, the consistency of k: and knr, combined with the
similar emission profiles of all seven species, suggested that the distribution and
quantity of coordinated Re(I) species has no major effect on the photophysical

properties of the polymer-bound luminescent metal species.

M3-40%tet-60%oct-[Re]
M3-10%tet-90%oct-[Re]
M3-40%tet-60%hexadec-[Re]
A3-65%tet-35%dec-[Re]
A3-50%tet-50%dec-[Re]
A3-90%tet-10%hexadec-[Re]
A3-75%tet-25%hexadec-[Re]

Normalised
Intensity

0 T T T T T
250 300 350 400 450 500

Wavelength (nm)

Figure 4-33 Normalised excitation profiles of the M3/A3-x%-[Re] copolymers

measured in DMSO, air-equilibrated samples.

From the excitation spectra (Figure 4-33) we observed that the range of

excitation profiles matches the absorption profiles, as expected.
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4.5.9 Rodent brain tissues staining

The four acrylate Re-hybrid materials derived from the poly(PEGA-b-PFPA)
parent copolymer, were examined as probes for the staining of rodent brain tissues
(Figure 4-34 and Figure 4-35). The images suggested uptake of the probes into brain
tissues and non-specific binding of the Re(I) polymeric luminescent probes in the

staining of the tissues was observed.

A3-65%tet-35%dec-[Re] A3-50%tet-50%dec-[Re]

Figure 4-34 Images of rodent brain tissues by employing the materials A3-65%tet-

35%dec-[Re] and A3-50%tet-50%dec-[Re] as luminescent probes.
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A3-90%tet-10%hexdec-[Re] A3-50%tet-50%hexdec-[Re]

Figure 4-35 Images of rodent brain tissues by employing the materials A3-90%tet-

10%hexadec-[Re] and A3-50%tet-50%hexadec-[Re] as luminescent probes.

4.6 Conclusions

In this Chapter, the RAFT synthesis of well-defined, block copolymers based
on PEG/PFP structural motifs containing tetrazolato functional groups was detailed.
A total of seven new materials bearing tetrazole functionalities were prepared. The
new materials were synthesised by RAFT homopolymerisation of poly(ethylene

glycol) methyl ether acrylate or poly(ethylene glycol) methyl ether methacrylate. The
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two parent homopolymers were subsequently employed as macro chain transfer agents
(CTA) for the block copolymerisation of pentafluorophenyl acrylate. Following block
copolymer end-group desulfurisation, the pentafluorophenyl esters in the copolymer
backbones were subsequently reacted with 5-aminotetrazole and n-octylamine, n-
decylamine or n-hexadecylamine, yielding amide functionalised block copolymers.
The synthetic approach to such materials, exploiting the facile reaction between
pentafluorophenyl esters and primary amines, was monitored by a combination of '°F
NMR and FTIR spectroscopies. The incorporation of poly(ethylene glycol)
functionalities yielded materials that are soluble in water, making them excellent
candidates for biological application (such as their use as probes for staining of
tissues).

Coordination of the seven materials with a luminescent rhenium(I) species was
successfully accomplished by the reaction of the tetrazole-functional copolymers with
Re(CO)s3(phen)Br, and confirmed by FTIR spectroscopy. The absorption and emission
profiles of the rhenium-polymer hybrid materials supported successful metal
coordination and the luminescent properties of the rhenium species were not affected
by direct coordination to a polymeric scaffold. The acrylate Re-hybrid materials have
been employed as probes for the staining of rodent brain tissues. The results suggest

non-specific binding of the polymeric probes in the staining of tissues.
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Chapter 5

Functional copolymers containing iridium and/or rhenium
luminescent pendent species: synthesis, properties and application in

bioimaging

5.1 Abstract

The well-defined poly(n-butyl acrylamide-co-N-(1H-tetrazol-5-yl)
acrylamide) copolymers containing tetrazole functionalities described in
Chapter 3 were reacted with 12.5 mol% [Ir2(ppy)s+(n-Cl)2], where ppy = 2-
phenylpyridine, based on tetrazole residues. This resulted in the introduction of
the luminescent [Ir(ppy)2]* fragment via coordination to two polymer-bound
pendent tetrazole functional groups. Two additional samples containing 50
mol% Ir species were also prepared, for a total of three Ir functionalised
materials with different compositions. Successful coordination of the [Ir(ppy)2]"
fragment to the polymeric backbone was quantitatively assessed from a
calibration curve established from the small molecule analogue
[Ir(ppy)2(PhTz)2][NEts] (Where Ph'Tz = 5-phenyltetrazolate). The photophysical
properties of the Ir-functionalised materials were investigated, confirming the
attachment of the iridium fragments to the materials and the formation of a
negatively charged, polymer-bound iridium luminescent species. Finally, the
functionalised polymer with 12.5 mol% Ir species was further modified with a
second luminescent metal species, Re(CO)3(phen)Br, to yield hybrid metal Ir/Re

copolymers with 6.25, 12.5 and 25 mol% Re fragments for a fixed Ir content.
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The photophysical properties of the luminescent functionalised materials
containing both iridium and rhenium were investigated and confirmed the
attachment of both metal fragments. Interestingly, the photophysical results of
the materials containing Ir and Re species indicated energy transfer phenomena

occurring from Ir to Re metal centres.

5.2 Introduction

Octahedral d° metal complexes, such as cyclometalated Ir(IIT) derivatives and
Re(I) tricarbonyl diimine complexes, have been studied extensively due to their
outstanding photophysical properties in a wide variety of applications in the fields of
material and life sciences.! The luminescent properties of these metal complexes
arise from triplet metal-to-ligand charge transfer CMLCT). The phosphorescent nature
of this type of emission confers exceptional properties to this class of metal complexes
compared to organic fluorophores, such as large Stokes shifts and longer excited state
lifetimes (t). Fine-tuning of the chemical and photophysical properties is achievable
upon variation of coordinated ligands. In particular, Massi’s group has studied Re(I)
tricarbonyl diimine complexes with different tetrazolate ligands which have shown
promising results for applications in biology given their affinity for lipid droplets, in
the targeting of metal cations, in the luminescent staining of proteins and for studies
of interaction with bovine serum albumin (BSA).*’

Cyclometalated Ir(III) complexes containing tetrazolate ligands have shown
their ability for localisation towards specific organelles by functionalisation of the
coordinated ligands. For instance, cationic Ir(Ill) tetrazolato complexes have been

reported to localise in mitochondria and the endoplasmatic reticulum.® More recently,
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examples of cationic and neutral Ir(III) tetrazolato complexes have found application
as antimicrobial agents and in the luminescent bio-imaging of living bacteria.” 1°
Expanding on our previous work on tetrazole-functional polymers
containing luminescent Re fragments described in Chapters 2, 3 and 4, we
extended our investigation to the synthesis and photophysical properties of
acrylamido-based tetrazole (co)polymers containing luminescent Ir(III) metal

species and hybrid (co)polymers containing both Re(I) and Ir(I1T).

5.3 Experimental

5.3.1 Materials

All reagents were purchased from the Sigma-Aldrich Chemical Company, or
Alfa Aesar, at the highest available purity and used as received unless noted otherwise.
Re(CO)3(phen)Br and [Ir2(ppy)s(n-Cl)2] were prepared according to previously

published procedures.!!:!2

5.3.2 FTIR Analysis
Infrared spectra (4000-650 cm™) were recorded on solid-state samples
using attenuated total reflectance on a Perkin Elmer Spectrum Two and

Spectrum 100 FT-IR.

5.3.3 Photophysical Measurements

Absorption spectra were recorded at room temperature using a Perkin
Elmer Lambda 35 UV/Vis spectrometer. Uncorrected steady-state emission
spectra were recorded using an Edinburgh FLSP980-stm spectrometer equipped
with a 450 W xenon arc lamp and emission monochromators, a Peltier cooled

Hamamatsu R928P photomultiplier (180-850 nm) and a Hamamatsu R5509-42
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photomultiplier for detection of NIR radiation (800-1400 nm). Emission and
excitation spectra were corrected for source intensity (amp and grating) and
emission spectral response (detector and grating) by a calibration curve supplied
with the instrument. Luminescent quantum yields were measured from
absorption spectra on a wavelength scale (nm) and compared to the reference

emitter by Equation 5-1:

S
8

2
n; .
— | | = Equation 5-1
n2

p

S

where 4 is the absorbance at the excitation wavelength 4, 7 is the intensity
of the excitation light at the excitation wavelength, n is the refractive index of
the solvent, D is the integrated intensity of the luminescence and @ is the
quantum yield. The subscripts » and x refer to the reference and the sample. The
quantum yields of complexes were measured against quinine sulphate solution
in 0.5 M H2SO4.!3 Excited-state decays (t) were recorded on the same Edinburgh
FLSP980-stm spectrometer using pulsed picosecond light emitting diodes
(LEDs) (EPLED/EPL 375 nm, FHWM < 800 ps). The goodness of fit was
assessed by minimising the reduced %2 function and by visual inspection of the
weighted residuals. The solvent used (DMSO) in the preparation of the solutions

for the photophysical investigations was of spectrometric grade.
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5.3.4 Tissue Preparation and Staining

Rodent brain tissue was generated from excess sham operated (10 - 12
weeks old) male Sprague Dawley rats from a previously published traumatic
brain injury study.'* Animal tissue was generated with approval from Monash
University Standing Committee on Ethics in Animal Experimentation. Coronal
brain tissue sections (10 um thick) containing cerebellum, were cut on a cryo-
microtome (-18 °C) and transferred to glass slides, allowed to air dry and then
stored at room temperature.

Tissue sections were then fixed in paraformaldehyde (4% in phosphate
buffered saline (PBS)) for 10 minutes. The slides were then washed for 10
minutes with PBS. Slides were then stained with the polymeric probe containing
solution (100 pg/mL in DMSO, 200 uL per tissue section) and incubated for 30
minutes at room temperature. The probe containing solution was then washed
from the slides with deionised water and then washed in PBS for 10 minutes.
Slides were then further rinsed with deionised water and allowed to dry at room

temperature and imaged.

5.3.5 Imaging

Fluorescence microscopy was conducted on a Nikon Ti2-U inverted
microscope with a DS-Qi2 camera, pE-300"" LED fluorescence lamp and NIS
Elements standard software. Images were gathered at an exposure time of 500

ms and an analog gain of 7.6%. Images were processed in ImageJ.
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5.4 Synthesis

[Ir(ppy)2(PhTz)2][NEts] (where PhTz = 5-phenyltetrazolate) was synthesised
by following a published procedure.!? The targeted anionic Ir(IIl) polymeric materials

have been synthesised by adapting the same procedure.

5.4.1 Complexation of [Ir2(ppy)+(u-Cl):] to a tetrazole functional copolymer

5.4.1.1 Synthesis of P2-45%-Ir12%

Figure 5-1 Structure of iridium functionalised P2-45%-Ir12%.

To a round-bottomed flask equipped with a magnetic stir bar was added
copolymer containing 55 mol% n-butyl acrylamide and 45 % N-(1H-tetrazol-5-
ylacrylamide (P2-45%) repeat units (0.050 g) to a solution containing 6.00 mL of
dichloromethane and 2.0 mL of ethanol. Dichlorobridged iridium dimer [Ir2(ppy)4(p-
CI)2], (0.005 g) and 2 equivalents of triethylamine, with respect to the % of tetrazole
functionalities present on the polymer (0.01 mL) were then added to the solution. The

resulting mixture was stirred at reflux for 24 hours. Subsequently, the solvents were
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removed on a rotary evaporator and the resulting solids were re-dissolved in
dichloromethane. The modified copolymer was obtained by precipitation in cold n-
pentane. The product was collected as a bright yellow solid by Buchner filtration (0.04
g

The iridium-functionalised polymers P2-45%-Ir50% and P2-24%-Ir50%
were synthesised following the same procedure, but with differing amounts of
polymeric materials and Ir precursor. In the case of P2-45%-Ir50%, polymeric
material containing 55 mol% n-butyl acrylamide and 45 % N-(1H-tetrazol-5-
yl)acrylamide (P2-45%) repeat units (0.016 g) dichlorobridged iridium dimer
[Ir2(ppy)4(p-Cl)2] (0.006 g) were employed and 0.018 g of P2-24%-Ir50% was
obtained. For the synthesis of P2-24%-Ir50%, polymeric material containing 76
mol% n-butyl acrylamide and 24 % N-(1H-tetrazol-5-yl)acrylamide (P2-24%) repeat
units (0.032 g) and dichlorobridged iridium dimer [Ir2(ppy)s(n-Cl)2] (0.006 g) were

employed and 0.025 g of P2-24%-Ir50% was obtained.
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5.4.2 Complexation of Re(CQO)3(phen)Br to a tetrazole functional copolymer

containing Ir(I1I)

5.4.2.1 Synthesis of P2-45%-Ir12%-Re12%.

Figure 5-2 Structure of iridium and rhenium functionalised P2-45%-Ir12%-Re12%.

P2-45%-Ir12% (0.030 g) was added to a solution containing 6.00 mL of
dichloromethane and 2.00 mL of ethanol. Re(CO)s(phen)Br (0.006 g) and 2
equivalents of triethylamine, with respect to the % of tetrazole functionalities present
on the polymer (0.01 mL), were then added to the solution. The resulting mixture was
stirred at reflux for 24 hours. The solvents were subsequently removed by rotary
evaporation and the solids were re-dissolved in dichloromethane. The targeted material
was obtained by precipitation in cold n-pentane. The product P2-45%-Ir12%-Re12%

was collected as a bright yellow solid by Buchner filtration (0.021 g).

224



The iridium- and rhenium-functionalised polymers P2-45%-Ir12%-Re25%
and P2-45%-Ir12%-Re6% were synthesised following the same procedure, but with
different amounts of Ir-containing polymer and Re precursor. In the case of P2-45%-
Ir12%-Re25%, P2-45%-Ir12% (0.025 g) was reacted with Re(CO)3(phen)Br (0.010
g) and 0.019 g of P2-45%-Ir12%-Re25% was obtained. In the case of P2-45%-
Ir12%-Re6%, P2-45%-Ir12% (0.025 g) was reacted with Re(CO)3(phen)Br (0.002

g) and 0.012 g of P2-45%-Ir12%-Re6% was obtained.

5.5 Results and Discussion

5.5.1 Complexation of [Ir2(ppy)+(u-Cl):] to a tetrazole functional copolymer

The synthesis of the polymeric materials was detailed in Chapter 3. Two
tetrazole-functionalised copolymers described in Chapter 3 were employed as
macromolecular ligands for the complexation with an iridium species. Specifically,
polymeric material containing 76 mol% n-butyl acrylamide and 24% N-(1H-tetrazol-
5-yl)acrylamide (P2-24%) repeat units and copolymer containing 55 mol% n-butyl
acrylamide and 45% N-(1H-tetrazol-5-yl)acrylamide (P2-45%) repeat units were
employed for complexation with the dichlorobridged iridium dimer [Ir2(ppy)4(p-Cl)2].

The tetrazole functional copolymers were used as macromolecular
bidentate ligands capable of binding complex fragments of iridium, resulting in
the synthesis of negatively charged polymer-Ir hybrid materials. Unlike the Re
modified copolymers described in Chapters 2-4, the Ir fragment is attached by
complexation to two polymer-bond tetrazole groups. The complexation reaction
(Scheme 5-1) was conducted in ethanol/DCM 1:3 (v/v) with EtsN. After heating
at reflux overnight, the desired polymer-metal hybrid materials were obtained
by precipitation in cold n-pentane. Three hybrid materials with different

tetrazole compositions and iridium content were synthesised. P2-45% was used
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for the complexation of two materials targeting 50 mol% and 12.5 mol%
[Ir2(ppy)4(n-Cl)2], yielding P2-45%-1r50% and P2-45%-1r12%. P2-24% was
employed for the complexation of two materials targeting 50 mol% [Ir2(ppy)4(p-

Cl)2], yielding P2-24%-Ir50%.

N NH
\ Et;N
N=N
DCM:EtOH
reflux

Scheme 5-1 Complexation reaction of P2-x% with the iridium dichlorobridged
precursor [Ir2(ppy)4(n-Cl)2] yielding P2-x%-Irx%. Coordination to the N2

nitrogen atom on the tetrazole ring is shown for convenience.

The amount of attached iridium was assessed with a calibration curve obtained

by preparing five samples of known concentration of the small molecule
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[Ir(ppy)2(PhTz)2][NEts] and measuring their absorbance at 400 nm (Figure 5-3).
Samples of the hybrid copolymers containing the iridium fragments were prepared by
dissolving 1 mg of copolymer in DMSO and the absorbance measured at 400 nm.
From the calibration curve, we found the concentration of iridium in the materials. The
values are reported in Table 5-1. The resulting concentration contents of iridium in

the polymeric materials were consistent with the targeted amount.

0.00015
0.00010-

0.00005-

Concentration mol/L

0.00000- T T T 1
0.0 0.1 0.2 0.3 0.4

Absorbance of
Ir(ppy)2(PhTz), at 400 nm

Figure 5-3 Calibration curve of concentration of [Ir(ppy)2(PhTz):][NEts] vs

absorbance measured at 400 nm.
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Table 5-1. Concentration values of the iridium containing materials, as determined

by the above calibration curve.

Polymer Concentration (10> M)
P2-45%-Ir50% 3.2
P2-24%-Ir50% 2.6
P2-45%-Ir12% 1.4

Successful coordination of the iridium fragments to the tetrazole functional

groups of the copolymeric materials was assessed from the emission profile of the

luminescent hybrid materials. Detailed photophysical studies of the materials will be

described in Section 5.5.3. While the iridium dimer precursor is not luminescent, we

observed emission arising from the copolymers containing iridium species (Figure 5-

4). Using the emission profile of the small molecule [Ir(ppy)2(PhTz):][NEt4] as a

reference, we observed nearly identical emission profiles from the hybrid copolymers,

with maxima at 495 and 522 nm for all three iridium-containing materials as well as

the reference compound.
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Figure 5-4 Normalised emission profiles of the iridium-containing copolymers P2-
45%-Ir50%, P2-24%-Ir50%, P2-45%-Ir12% and the small molecule reference
compound [Ir(ppy)2(PhTz):][NEt] in air-equilibrated, dilute DMSO. The emission

spectra were recorded upon excitation at 400 nm.

The emission profiles of the Ir-modified copolymers are entirely consistent
with the literature value for the emission profile of [Ir(ppy)2(PhTz):][NEt4],
confirming the coordination of iridium fragments into the tetrazole functionalised
polymers, where the iridium complex appears to be negatively charged, as expected.!?
The emission band appears to be structured, with two emission maxima associated
with the two types of emissive excited states. The structured nature of the emission is
representative for the interplay *LC/AMLCT type emissive excited state which has been

previously observed for this type of Ir(IIT) complexes.!?
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5.5.2 Complexation of Re(CQO)3(phen)Br to a tetrazole functional copolymer
containing Ir(I1I)

The functionalised polymer P2-45%-Ir12% with 12.5 mol% Ir species
was further modified with a second Iuminescent metal species,
Re(CO)s3(phen)Br, to yield three new hybrid Ir/Re copolymers with 6.25, 12.5
and 25 mol% Re fragments for a fixed Ir content.

The complexation reaction (Scheme 5-2) was conducted in
ethanol/DCM 1:3 (v/v) in the presence of Et;N. After heating at reflux
overnight, the desired polymer-metal hybrid materials were obtained by

precipitation in cold n-pentane.

230



\\\\\\ Br

(]
oc” | o
oC

=Ny,

Et;N

EtOH:DCM
reflux

Scheme 5-2 Complexation reaction of P2-45%-Ir12% with rhenium precursor
Re(CO)s(phen)Br to give P2-45%-Ir12%-Rex%. Coordination to the N2

nitrogen atom on the tetrazole ring is shown for convenience.

Qualitative confirmation of successful metal attachment can be seen
visually by irradiating the polymer hybrids with long wavelength UV light. For
example, Figure 5-5 shows digital pictures of three polymer samples under
irradiation at 365 nm. On the right is a poly(n-butyl acrylamide-co-N-(1H-
tetrazol-5-yl) acrylamide) copolymer P2-45%-Ir50% containing 45 mol%
tetrazole repeat units with a targeted 50 mol% of coordinated [Ir(ppy)2]*

fragment, and appears bright green.
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Figure 5-5 Digital images of materials containing Re, Ir and Re/Ir metals. From

left to right: P2-45%-[Re], P2-45%-Ir12%-Re12% and P2-45%-1r50%.

The middle picture is P2-45%-Ir12%-Re12%, containing both metal
species. For comparative purposes, we have included a picture of the poly(n-
butyl acrylamide-co-N-(1H-tetrazol-5-yl) acrylamide) copolymer P2-45%-
[Re], containing 45 mol% tetrazole repeat units coordinated to Re(CO)3(phen)*
(left), to highlight its distinctive yellow colour under irradiation.

Due to the overlap of the absorbance of the rhenium fragments with the
absorbance of the iridium fragments, it was not possible to evaluate the rhenium
content attached to the materials as we did for the materials containing iridium only.
Nevertheless, we could assess the presence of luminescent rhenium metal complex on
the polymers by the appearance of a broad band in the emission profile of the hybrid

materials containing both metals (discussed in Section 5.5.4).

5.5.3 Photophysical studies of copolymers containing iridium

In all syntheses, the cationic fragment [Ir(ppy)2]" was introduced onto the
polymeric scaffold prior to the attachment of the Re(CO)s3(phen)” species. To
confirm that chelation to the polymeric scaffold did not impact the

photophysical properties of the metal species, we first examined the
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photophysics of the copolymers containing only the bound [Ir(ppy)2]* fragment
and compared them to the model small molecule complex
[Ir(ppy)2(PhTz)2][NEts].The photophysical data for the materials containing
iridium complexes P2-45%-Ir50%, P2-24%-1r50%, P2-45%-Ir12%, are
listed in Table 5-2. All solutions for photophysical measurements were prepared
by dissolving 1 mg of material in 10 mL of DMSO.

At room temperature, the anionic Ir(IlI)-hybrid polymeric materials exhibit
similar absorption profiles (Figure 5-6), with intense ligand centre (LC) transitions up
to 300 nm and bands arising from metal-to-ligand charge transfer (MLCT) above 350

nm.

3 1 — P2-45%-Ir50%
§ P2-24%-1r50%
g — P2-45%-Ir12%
< — [Ir(ppy)2(PhTz),]INEt]
°

@0

=

£

)

4

0 T T T T T 1

300 350 400 450 500 550
Wavelength (nm)

Figure 5-6 Normalised absorption profiles of iridium-containing materials P2-45%-
Ir50%, P2-24%-1r50%, P2-45%-Ir12% and [Ir(ppy)2(PhTz):][NEts] in air-
equilibrated, dilute DMSO. The emission spectra were recorded upon excitation at 400

nm.
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Comparison with the small molecule complex [Ir(ppy)2(PhTz):][NEt4]
indicates that the hybrid copolymers have similar absorption profiles. Upon excitation
at 400 nm, the anionic Ir(III)-hybrid materials gave rise to strongly structured blue
emission profiles with maxima at 495 and 522 nm, and are ascribed to an admixture
of *LC/AMLCT emissive excited states (Figure 5-4). Comparison of emission profile
between the three iridium-hybrid materials P2-45%-Ir50%, P2-24%-Ir50%, P2-
45%-Ir12% and the small molecule analogue [Ir(ppy)2(PhTz):][NEts] suggests
coordination of the materials to two tetrazole moieties on the polymeric chain, giving

rise to a new class of luminescent anionic iridium materials.!?13

Table 5-2. Summary of the photophysical data for hybrid polymer-iridium materials.

Polymer Mabs - Dem o oms] s 0% S fe®

[nm]  [nm] [10°s'] [10°s']
P245%- 265, 495, 22310  802.83 430 937 012 113
r50% 302, 522

394
P224%- 265, 495, 23403 119830 485 1560 013 0.0
r50% 302, 522

394
P245%- 265, 495, 28310 155220  6.03 2689 017 047
r12% 302, 522

394

*Measured from air-equilibrated solutions.
b Measured from degassed solutions.
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The triplet character of the measured emission was supported by the relatively
long excited-state lifetime decays which were measured between 223 and 283 ns and
by the oxygen sensitivity of both quantum yield (®) and lifetime (t) values (Table 5-
2), which increase from air-equilibrated to degassed solutions. It is interesting to note
that an inversely proportional trend between photophysical properties and the amount
of Ir(Ill) in the materials is observed, where the material with the lower content of
iridium P2-45%-Ir12%, showing the higher quantum yield and lifetime values in both
air-equilibrated and degassed samples. This could be due to a phenomenon called

“concentration quenching”.!®

5.5.4 Photophysical studies of hybrid materials containing iridium and rhenium
luminescent metal species

Photophysical studies were subsequently conducted for copolymers containing
both iridium and rhenium metal complexes. The photophysical data for complexes P2-
45%-Ir12%-Re6%, P2-45%-Ir12%-Rel2% and P2-45%-Ir12%-Re24% are

listed in Table 5-3.

Table 5-3 Summary of experimentally determined photophysical data for copolymers

containing both iridium and rhenium metal species.

Polymer Aabs [nm] Aem[nm] 7 [ns] D*[%]  ker[10°s7']
P2-45%-Ir12%-Re6% 265, 380 494, 524 189.65 1.79 1.74
P2-45%-1Ir12%-Rel2% 265, 380 494, 524, 600 173.06 2.05 2.16
P2-45%-Ir12%-Re25% 265, 380 494, 524, 600 182.06 1.68 1.96

*Measured from air-equilibrated solutions.
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The materials containing both iridium and rhenium metal fragments exhibit
similar absorption profiles (Figure 5-7), with intense ligand centre (LC) transitions up
to 300 nm and bands arising from metal-to-ligand charge transfer (MLCT) above 350

nm, arising from both Re(I) and Ir(III).
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Figure 5-7 Normalised absorption of materials containing both iridium and rhenium
P2-45%-1Ir12%-Re6%, P2-45%-Ir12%-Rel2% and P2-45%-Ir12%-Re24% in
air-equilibrated, dilute DMSO. The emission spectra were recorded upon excitation at

400 nm.

Upon excitation at 400 nm, the emission profiles of P2-45%-Ir12%-Re6%,
P2-45%-Ir12%-Rel12% and P2-45%-Ir12%-Re24% show the presence of the
iridium emission with maxima at 495 nm and 505 nm and the appearance of the
emission profiles arising from the rhenium complexes at 600 nm, with the intensity

increasing with increasing Re(I) content (Figure 5-8). The broad emission band at 600
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nm arises from the SMLCT excited state of Re(I) species and is consistent with
previously reported Re(I) diimine tetrazolato complexes including the polymer-Re

hybrid materials described in this thesis.!”

19 — P2-45%-1r12%-Re6%
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Figure 5-8 Normalised emission of materials containing both iridium and rhenium P2-
45%-Ir12%-Re6%, P2-45%-Ir12%-Rel2% and P2-45%-Ir12%-Re24% in air-
equilibrated, dilute DMSO. The emission spectra were recorded upon excitation at 400

nm.

Emission lifetime values for materials P2-45%-Ir12%-Re6%, P2-45%-
Ir12%-Rel12% and P2-45%-Ir12%-Re24% reported in Table 5-3 for air-
equilibrated solutions ranged between 173 and 189 ns, while quantum yield values
were determined to be between 1.74 % and 2.16 %. It is important to note that quantum
yield values for air-equilibrated samples decrease from 6.03 % for material P2-45%-
12%]r containing 12 mol % iridium metal to values between 1.74 % and 2.16 % for
the materials containing both iridium and rhenium metals. Moreover, the same trend

is observed for lifetime values, with a decrease from 283 ns for air-equilibrated hybrid-
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material P2-45%-12%]Ir containing iridium only, to a range between 173 ns and 189
ns for materials P2-45%-12%Ir-6%Re, P2-45%-12%Ir-12%Re and P2-45%-
12%]Ir-24%Re. The decrease in lifetime of the Ir(III) metal complex in the hybrid
copolymers containing both iridium and rhenium metal fragments, suggests that
energy transfer (ET) is occurring from the iridium metal centres to the rhenium metal
species on the polymeric backbone.

The rate constant for the energy-transfer process ker can be obtained by the
following equation:

ker=1"' - 10" Equation 5-2

where 1i = 1T value of Ir complex in the presence of Re(Ill) complex as acceptor (P2-
45%-Ir12%-Re6%, P2-45%-Ir12%-Rel12% and P2-45%-Ir12%-Re24%); 10 =1
value of Ir(IIT) complex not in the presence of Re(IIl) complex as acceptor (P2-45%-
12%).

The calculated rates for the energy-transfer processes are reported in Table 5-

3, with the calculated rates being similar for the three Ir/Re hybrid materials.

238



Normalised Emission

Intensity

Wi — P2-45%-Ir50%
P2-24%-Ir50%
— P2-45%-1r12%

T T T T T 1
250 300 350 400 450 500

Wavelength (nm)

Figure 5-9 Normalised excitation profiles of P2-45%-Ir50%, P2-24%-Ir50%, P2-

45%-1Ir12%, in dilute DMSO, air-equilibrated samples.
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Figure 5-10 Normalised excitation profiles of P2-45%-Ir12%-Re6%, P2-45%-

Ir12%-Re12% and P2-45%-Ir12%-Re24% in dilute DMSO, air-equilibrated

samples.
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From the excitation spectra (Figure 5-9 and Figure 5-10) we observed

that the range of excitation profiles matches the absorption profiles, as expected.

5.6 Rodent brain tissues staining

Finally, the six luminescent materials were evaluated as luminescent probes
for the staining of rodent brain tissues (Figure 5-11 and Figure 5-12).

Among the three materials containing iridium (P2-45%-Ir12%, P2-24%-
Ir50% and P2-45%-Ir12%), P2-24%-50%]Ir appeared to possess the best binding
to the lipidic rich regions in the brain white matter. This may be due to changes in the
increased hydrophobicity, where a higher content of n-butylamine could lead to

changes in the overall affinity of the probe to brain tissues.

Max.

P2-45%-Ir12% P2-45%-1r50% P2-24%-Ir50%

Min

Max

Min

Figure 5-11 Images of rodent brain tissues by employing the materials containing Ir

as probes for the tissues.
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The fluorescence images of the materials containing both iridium and rhenium
are shown in Figure 5-12. P2-45%-Ir12%-Re6% appears to have the best binding to
the lipidic rich regions in the brain white matter. Moreover, fluorescent intensity
appears to have an inverse relationship with the content of rhenium in the polymeric
materials, this could be related to the Ir/Re ET. Nevertheless, the preliminary studies
of the polymeric materials as luminescent probes for the imaging of tissues are still

under investigation.

Max

P2-45%-Ir12%-Re6% P2-45%-Ir12%-Re12% P2-45%-Ir12%-Re24%

Min

Max.

Min

Figure 5-12 Images of rodent brain tissues by employing the materials containing both

Ir and Re as probe for the tissues.

5.7 Conclusions

In conclusion, in this Chapter we have detailed the modification of acrylamide-

based copolymers containing tetrazolato functionalities, poly(n-butyl acrylamide-co-
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N-(1H-tetrazol-5-yl) acrylamide) with [Ir2(ppy)4(p-Cl)2] yielding new iridium
functionalised luminescent copolymers via the direct coordination of the Ir species to
the polymer, giving access to negatively charged luminescent iridium functionalised
materials. A series of three new materials with different iridium contents were
prepared. Successful attachment of the metal fragments was assessed by UV-Vis
spectroscopy and photophysical investigation of the resulting materials. The
absorption and emission profiles of the iridium-polymer hybrid materials supported
successful metal coordination and indicated that the metal attachment to the tetrazole
functionalised polymers did not fundamentally impact the photophysical properties of
the iridium species.

Furthermore, the functionalised polymer with 12.5 mol% Ir species was
modified with a second luminescent metal species, Re(CO)s3(phen)Br, to yield hybrid
metal Ir/Re copolymers with 6.25, 12.5 and 25 mol% Re fragments for a fixed Ir
content. Full photophysical investigation of the luminescent functionalised materials
containing both iridium and rhenium was conducted, confirming the attachment of
rhenium fragments. Interestingly, lifetime and quantum yield analysis of materials
containing both metal fragments suggest energy transfer (ET) phenomena occurring
from the iridium to the rhenium metal centre on the polymeric backbone. Moreover,
the materials have been employed for the staining of rodent brain tissues. From
preliminary results, it can be observed that between the three materials containing
iridium, the one with the higher content of n-butylamine on the polymeric chains, P2-
24%-50%Ir, appears to show the best binding to the lipidic rich regions in the brain
white matter. Among the materials with both iridium and rhenium, the one with the
lower content of Re(I) luminescent complex shows the best binding to the lipidic rich

regions in rodent brain tissues.
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Chapter 6

Conclusions and future work

The work presented in this thesis investigated the design and synthesis of new,
well-defined copolymers prepared by reversible addition-fragmentation chain transfer
(RAFT) containing tetrazole functional groups. We synthesised three new families of
copolymers with pendent tetrazole functionalities: the first series was based on
modified polystyrenic copolymers, the second on acrylamido-based copolymers
containing tetrazole functional groups obtained from modified polyPFPA (poly
pentafluorophenyl acrylate), and the last series was based on block copolymers made
of PEG (polyethylene glycol) and modified PFPA (pentafluorophenyl acrylate). We
demonstrated that such materials as capable of serving as macromolecular ligands for
the coordination of luminescent metal species based on Re(I) and Ir(III) via the direct
coordination of the polymer-bound tetrazolato groups species, yielding new
luminescent materials which can be employed as probes for imaging of biological
tissues.

The work detailed in this thesis was motivated by the dearth of literature reports
detailing the incorporation of tetrazole functionality in well-defined polymers and
specifically with the aim of such functional polymers being able to serve as
macromolecular ligands for transition metal species. We developed a research program
focused on the synthesis and evaluation of the photophysical properties of new metal
tetrazolato functionalised copolymers and on the evaluation of the luminescent

materials as potential probes for tissue staining imaging.
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In Chapter 2, we reported the first examples of well-defined, styrenic-based
copolymers containing pendent tetrazole functional groups and demonstrated the
ability of such materials to serve as macromolecular ligands capable of complexing a

Re(I) tricarbonyl diimine precursor via tetrazole coordination to the metal centre.
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Figure 6-1 Structure of model targeted rhenium-tetrazolato functional material based

on polystyrenic copolymers.

A series of four new copolymers, two statistical and two block copolymers,
were synthesised by RAFT random copolymerisation of styrene and 4-cyanostyrene.
The resulting random copolymers were then reacted with NaN3, yielding materials
containing various molar content of tetrazole moieties. The new tetrazole
functionalised copolymers were subsequently reacted with a Re(I) tricarbonyl diimine
precursor, to yield four new polymeric luminescent materials (Figure 6-1). The
photophysical properties of the new hybrid polymeric-inorganic materials were
investigated, demonstrating that the polymeric scaffold does not impact the
luminescent properties of the final hybrid materials. Absorption and emission

measurements were employed to confirm coordination between tetrazole appended
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groups and the Re(I) complex. Significantly, these studies opened the route to the
development of a new class of transition metal tetrazolato functional luminescent
polymers.

In Chapter 3, the RAFT synthesis of well-defined, acrylamido-
based copolymers containing tetrazole functional groups was described and it
was demonstrated that such copolymers can serve as macromolecular ligands
for rhenium(l) tricarbonyl diimine luminescent complexes via direct
coordination to the tetrazolato species (Figure 6-2). To synthesise the polymers
containing tetrazole species, we adopted a different approach compared to the
one described in Chapter 2. In Chapter 3 we prepared homopolymers of
polyPFPA, followed by modification at room temperature with 5-
aminotetrazole and n-butylamine, yielding four materials with different
compositions. The advantages of using PFPA over the synthesis of the styrenic-
based copolymers, are the lower cost of PFPA monomers over 4-cyanostyrene
monomers and the comparatively milder conditions required for the insertion of

tetrazole functionalities into the polymers.
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Figure 6-2 Structure of model targeted rhenium-tetrazolato functional hybrid species

based on acrylamide copolymers.
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The synthetic approach to obtain such materials, exploiting the facile
reaction between pentafluorophenyl esters and primary amines, was
significantly more facile than the conventional approach for introducing
tetrazole functionality involving the reaction between nitrile functional groups
and an azide source, as detailed and utilised in Chapter 2. Coordination of the
four materials with Re(CO)s3(phen)” was successfully accomplished by the
reaction of the tetrazole-functional copolymers with Re(CO)s(phen)Br (Figure
6-2) and confirmed by FTIR spectroscopy. The absorption and emission profiles
of the rhenium-polymer hybrid materials supported successful metal
coordination and the luminescent properties of the rhenium species were not
affected by direct coordination to a copolymeric scaffold. The final Re-hybrid
materials were employed as probes for the staining of rodent brain tissues. The
imaging results suggested probe uptake in the tissues with non-specific binding
of the Re(I) polymeric luminescent in rodent brain tissues.

In Chapter 4, we described the RAFT synthesis of well-defined, block
copolymers based on PEG/PFP structural motifs containing tetrazolato functional
groups. A total of seven new materials bearing tetrazole functionalities were prepared.
The first step in the synthesis of the new materials was the RAFT homopolymerisation
of poly(ethylene glycol) methyl ether acrylate (PEGA) or poly(ethylene glycol) methyl
ether methacrylate (PEGMA). The two parent homopolymers were then used as macro
chain transfer agents (CTA) for the block copolymerisation of pentafluorophenyl
acrylate. The pentafluorophenyl esters in the copolymer backbones were subsequently
reacted with 5S-aminotetrazole and either n-octylamine, n-decylamine or n-
hexadecylamine, yielding amide functionalised block copolymers of varying
composition and amphiphilicity. The synthetic approach to such materials, exploiting

the facile reaction between pentafluorophenyl esters and primary amines, was
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monitored by a combination of ’F NMR and FTIR spectroscopies. The incorporation
of poly(ethylene glycol) functionalities yielded materials that were completely soluble

in water (Figure 6-3), making them excellent candidates in bio-related applications.

Figure 6-3 Structure of model targeted rhenium-tetrazolato functional material based

on PEG/PFPA block copolymers.

Attachment of a luminescent rhenium(I) species to the PEG-based copolymers,
was successfully accomplished by the reaction of the tetrazole-functional copolymers
with Re(CO)3(phen)Br with complexation confirmed by FTIR spectroscopy. The
absorption and emission profiles of the rhenium-polymer hybrid materials supported
successful metal coordination and the luminescent properties of the rhenium species
were not affected by direct coordination to a polymeric scaffold. The final Re-hybrid
materials based on PEG acrylate copolymers were employed as probes for the staining
of rodent brain tissues, showing the ability of the materials to act as probes for non-
specific binding of biological tissues.

In Chapter 5, two of the acrylamido based random copolymers described in

Chapter 3, containing butyl and tetrazole functional side groups, were reacted with
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[Ir2(ppy)4(p-Cl)2] (where ppy = phenylpyridine) yielding iridium functionalised
luminescent copolymers via direct coordination of the Ir species on the tetrazole
ligands, giving access to new negatively charged polymer-Ir hybrid materials.
Iridium fragments were attached into the polymeric scaffold to exploit the enhanced
photophysical properties of iridium(III) luminescent complexes compared to
rhenium(I) fragments for application of the materials as probes for the staining of
biological tissues.

A small series of three new materials with different iridium compositions were
prepared. Confirmation of attachment of the metal fragments was assessed by UV-Vis
spectroscopy and via the photophysical investigation of the resulting luminescent
materials. The absorption and emission profiles of the iridium-polymer hybrid
materials supported successful metal coordination and indicated that the photophysical
properties of the iridium species were not adversely impacted by metal attachment to

the tetrazole functionalised polymers.
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Figure 6-4 Structure of model targeted tetrazolato functional material containing both

iridium and rhenium.

Furthermore, one of the iridium-functionalised copolymers was further
modified with a second luminescent metal species, Re(CO)s3(phen)Br, to yield three
hybrid metal Ir/Re copolymers containing different amounts of Re fragments for a
fixed Ir content. Full photophysical investigation of the luminescent functionalised
materials containing both iridium and rhenium confirmed attachment of the rhenium
fragments. Interestingly, lifetime and quantum yield analysis of the materials
containing both metal fragments suggested energy transfer (ET) phenomena occurring
from the iridium to the rhenium metal centre. The final hybrid materials have been
employed as luminescent probes for the biological imaging of rodent brain tissues,
showing affinity for the lipidic rich regions in the brain white matter of brain tissues.
Interestingly, the probe containing both metal centres with a low quantity of rhenium
appeared to have a higher affinity for white matter in brain tissues.

In summary, this thesis details the synthesis and application of new, well-

defined styrenic and acrylamide copolymers containing tetrazole functional groups.
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The materials have been successfully employed as macromolecular ligands for the
complexation of rhenium(I) tricarbonyl diimine and iridium(IIl) phenylpyridine metal
complexes, yielding new luminescent materials. Importantly, we showed that the
polymeric backbones do not impact the photophysical properties of the final materials.
Preliminary investigation into the use of the materials as probes for the imaging of
biological tissues has demonstrated the potential of such materials, with the iridium-
hybrid material showing to be the most effective probes in the imaging of biological
tissues.

Finally, further studies to assess whether the architecture of the polymers has
an impact on the photophysical properties could be conducted. For instance, the
synthesis of copolymers with different architectures such as graft, star or branched
structures, containing tetrazole functionalities able to serve as macromolecular
ligands, could be evaluated. Other ligand fragments (such as pyridine derivatives or
triazole derivatives) could also be investigated as potential chelating species and
incorporated into the polymeric structures and examined as macromolecular ligands
for the complexation of luminescent metal fragments.

Moreover, it would be interesting to synthesise monomers containing
tetrazolato metal complexes to facilitate the direct RAFT synthesis of different
(co)polymers, of varying architecture and topology. Monomer-containing metal
complexes could enable access to block copolymeric structures as opposed to a
random distribution achieved for the PFPA-based materials described in this thesis. In
fact, with the controlled sequence of different monomers containing luminescent
tetrazolato complexes, it would be possible to obtain polymeric materials containing
blocks with different metals and defined compositions. The role of the polymeric chain

in the energy transfer process described in Chapter 5 could be investigated by, for
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example, synthesising block copolymers where the first block is made of rhenium and
the second block based on iridium.

Lastly, the staining ability of the materials could be further developed by
performing the tissue staining in aqueous media or in biological buffers in the future,
to gain a better understanding of the interaction of the materials in biological media.
The materials could be optimised with the focus of implementing the study of the
luminescent materials to be employed as effective probes for the imaging of biological

tissues.
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Appendix

Figure A-1 '"H NMR spectrum of M3, recorded in CDCls.

N

Figure A-2 'H NMR spectrum of A3, recorded in CDCls.
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Figure A-3 'H NMR spectrum of M3-40%tet-60%oct, recorded in CDCls.
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Figure A-4 '"H NMR spectrum of M3-10%tet-90%oct, recorded in CDCls.
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Figure A-5 'H NMR spectrum of M3-40%tet-60%hexadec, recorded in CDCls.
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Figure A-6 'H NMR spectrum of A3-65%tet-35%dec, recorded in CDCl3,
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Figure A-7 'H NMR spectrum of A3-50%tet-50%dec, recorded in CDCl3,

Figure A-8 'H NMR spectrum of A3-90%tet-10%hexdec, recorded in CDCls.
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Figure A-9 'H NMR spectrum of A3-75%tet-25%hexdec, recorded in CDCls.
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Figure A-10 SEC traces of M3-40%tet-60%oct. M, = 39,200; M, = 53,100.
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Figure A-11 SEC traces of M3-10%tet-90%oct. M, = 35,100; M, = 44,100.
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Figure A-12 SEC traces of M3-40%tet-60% hexadec. M, = 40,400; M, =

50,200.
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Figure A-13 SEC traces of A3-65%tet-35%dec. M, = 14,500; M, = 18,900.
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Figure A-14 SEC traces of A3-50%tet-50%dec. M, = 14,000; M, = 18,200.
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Figure A-15 SEC traces of A3-90%tet-10%hexadec. M, = 14,700; My, = 21,200.
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Figure A-16 SEC traces of A3-75%tet-25%hexadec. M, = 15,600; My, = 21,000.
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Figure A-17 FTIR spectra of the homopolymer polyPEGMA precursor M1

(top), the block copolymer poly(PEGMA-b-PFPA), M2 (bottom).

\\[ﬁ — M3-40%tet-60%oct

— M3-10%tet-90%oct

— M3-40%tet-60%hexadec

I T T T
4000 3000 2000 1000

Wavenumber (cm'1)

Figure A-18 FTIR spectra of the modified methacrylate species.
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Figure A-19 FTIR spectra of the modified acrylate species.
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Figure A-20 TCSPS decay of MLCT emission of air equilibrated solutions of M3-
40%tet-60%oct-[Re] in dilute DMSO, air-equilibrated solutions, under excitation at

375 nm.

265



-
o
(=
o

— M3-40%tet-60%oct-[Re]

Emission Intensity
—-—
o
o

10

T T
500 1000 1500

Time (ns)

Figure A-21 TCSPS decay of MLCT emission of air equilibrated solutions of M3-
40%tet-60%oct-[Re] in dilute DMSO, degassed solutions, under excitation at 375

nm.
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Figure A-22 TCSPS decay of MLCT emission of air equilibrated solutions of M3-
10%tet-90%oct-[Re] in dilute DMSO, air-equilibrated solutions, under excitation at

375 nm.
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Figure A-23 TCSPS decay of MLCT emission of air equilibrated solutions of M3-
10%tet-90%oct-[Re] in dilute DMSO, degassed solutions, under excitation at 375

nm.
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Figure A-24 TCSPS decay of MLCT emission of air equilibrated solutions of M3-
40%tet-60%hexadec-[Re] in dilute DMSO, air-equilibrated solutions, under

excitation at 375 nm.
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Figure A-25 TCSPS decay of *MLCT emission of air equilibrated solutions of M3-
40%tet-60%hexadec-[Re] in dilute DMSO, degassed solutions, under excitation at

375 nm.
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Figure A-26 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
65%tet-35%dec-[Re] in dilute DMSO, air-equilibrated solutions, under excitation at

375 nm.
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Figure A-27 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
65%tet-35%dec-[Re] in dilute DMSO, degassed solutions, under excitation at 375

nm.
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Figure A-28 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
50%tet-50%dec-[Re] in dilute DMSO, air-equilibrated solutions, under excitation at

375 nm.
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Figure A-29 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
50%tet-50%dec-[Re] in dilute DMSO, degassed solutions, under excitation at 375

nm.
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Figure A-30 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
90%tet-10%hexadec-[Re] in dilute DMSO, air-equilibrated solutions, under

excitation at 375 nm.
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Figure A-31 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
90%tet-10%hexadec-[Re] in dilute DMSO, degassed solutions, under excitation at

375 nm.
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Figure A-32 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
75%tet-25%hexadec-[Re] in dilute DMSO, air-equilibrated solutions, under

excitation at 375 nm.
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Figure A-33 TCSPS decay of *MLCT emission of air equilibrated solutions of A3-
75%tet-25%hexadec-[Re] in dilute DMSO, degassed solutions, under excitation at

375 nm.
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Figure A-34 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

45%-Ir50% in dilute DMSO, air-equilibrated solutions, under excitation at 375 nm.
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Figure A-35 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

45%-Ir50% in dilute DMSO, degassed solutions, under excitation at 375 nm.
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Figure A-36 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

24%-Ir50% in dilute DMSO, air-equilibrated solutions, under excitation at 375 nm.
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Figure A-37 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

24%-Ir50% in dilute DMSO, degassed solutions, under excitation at 375 nm.
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Figure A-38 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

45%-Ir12% in dilute DMSO, air-equilibrated solutions, under excitation at 375 nm.
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Figure A-39 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

45%-Ir12% in dilute DMSO, degassed solutions, under excitation at 375 nm.
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Figure A-40 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-
45%-Ir12%-Re6% in dilute DMSO, air-equilibrated solutions, under excitation at

375 nm.
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Figure A-41 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

45%-Ir12%-Re6% in dilute DMSO, degassed solutions, under excitation at 375 nm.
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Figure A-42 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-
45%-Ir12%-Rel12% in dilute DMSO, air-equilibrated solutions, under excitation at

375 nm.
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Figure A-43 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

45%-Ir12%-Re12% in dilute DMSO, degassed solutions, under excitation at 375 nm.
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Figure A-44 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-
45%-Ir12%-Re24% in dilute DMSO, air-equilibrated solutions, under excitation at

375 nm.
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Figure A-45 TCSPS decay of *MLCT emission of air equilibrated solutions of P2-

45%-Ir12%-Re24% in dilute DMSO, degassed solutions, under excitation at 375 nm.
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