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Abstract

This thesis describes the synthesis and complexation characteristics of a series of
fluorescent sensors of the photoinduced electron transter (PET) based Fluorophore-Spacer-
Receptor design. The ligands synthesised consist of a 9,10-disubstituted anthracene, an
alkyl spacer (methyl, ethyl or propyl) and a receptor (morpholine and analogues or
monoaza-15-crown-5), Upon metal ion complexation (or protonation) the fluorescence
emission of the synthesised ligands is significantly incrcased (up to 30-fold) due to the

suppression of the fluorescence quenching PET process.

The acid dissociation constants were determined in 1,4-dioxane-water (40:60; v/v) solution
(I = 0.05 mol dm3) for the soluble ligands, although no metal ion complexation was
observed. The protonation of only one (of the two) nitrogen amines in close proximity to
the anthracene was found not to restore the fluorescence emission in 1,4-dioxane-water. In
addition, it was necessary to use buffered solutions to prevent protons liberated from metal

ion hydrolysis causing increased fluorescence.

The alkali and alkaline earth metal ion complexation characteristics of the ligands were
studied in anhydrous acetonitrile and a series of spectrofluorimetric titrations were
performed to determine the stability constants (K| and K3) of the complexes that formed.
Minimal changes in the absorption spectra were observed. Increasing the spacer length
(methyl to propyl) increased the quantum yield of the unbound ligand and the stability of
the complexes formed (350-fold increase for Mg2+). Little cooperative binding between

the two receptors was observed and K| was always larger than K;. The general stability

series observed for the six-membered ring receptors was Mg2+ > Ca?+ > Sr2+ < Ba2+.

Utilising the larger azacrown receptor, the stability constants in acetonitrile could not
accurately be determined for the alkaline earths as K| and K5 > 107 dm? mol-!. Biphasic
binding curves were observed due to the low fluorescence of the (metal)+(ligand) complex
and high fluorescence of the (metal);*(ligand) complex. This receptor also displayed
increased fluorescence emission with alkali metal ions, although of lower stability. The

magnitude of the stability constants and quantum yield changes was chiefly controlled by

the charge density of the bound metal ion.

This work furthers understanding of the requircments for PET based fluorescent sensors to

detect metal ions.
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Chapter 1 Introduction

Numerous metal ions are ubiquitous in living organisms and the environment at large. A
multitude of basic functions could not be achieved without them. The transmission of
nerve impulses, muscle contractions and the regulation of cell activity are dependent upon
the action of Nat, K+, Mg2+ and, amongst others.! In addition, many proteins (the so-
called metalloenzymes) are regulated by metal ions such as carbonic anhydrase which
contains Zn2* at the active site. Metal ions such as Mg2+ and Mn2+ have a central role in
photosynthesis, from light harvesting by chlorophylls containing a magnesium porphyrin-
based system to oxidation of water for oxygen production.” From the environmental
viewpoint, Hg+, Cd2+ and Pb2+ are all major pollutants. For instance, Pb2* toxicity has
been implicated in anaemia and the impairment of childhood development, particularly

intellectual performance.’

Due to the widespread importance of metal ions there is a general need to detect and
monitor the presence, absence or levels of metal ions in a variety of areas, whether it be
measuring environmental pollution or determining the role of metal ions in individual cells

or tissues in biomedical research.*

1.1 Metal Ion Detection

Numerous analytical methods are currently available for the detection of metal ions.
Techniques such as atomic absorption spectrometry, ion selective electrodes, electron
microprobe analysis, etc., are all extremely useful.’ However, they are often expensive,
may require sample pre-treatment, separation or concentration, and they do not allow for
real-time monitoring. Fluorescence usually occurs in the visible spectral region and can be
determined in real time, in solution or at interfaces, without excessively sophisticated and

6

expensive instrumentation.” The sensitivity of fluorescence can even enter the single

molecule domain, under appropriate conditions.”®

Accordingly, fluorescence based sensors can have distinct advantages. There are many
ways in which a fluorescent signal can be modulated, including an increase or decrease at a
single wavelength, simultaneous intensity increase at one wavelength and a decrease at

another (ratiometry) or even fluorescent lifetime changes.” Moreover, for biochemical
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applications local observation is possible with the use of fluorescent imaging

spectroscopy. '’

A fluorescent sensor can generally also be used under UV-visible absorbance conditions
since fluorescence is intimately related to the process of absorption (see Section 3.1).
However, UV-visible absorbance sensors can be less desirable for a range of reasons. For
biological applications, exposure to significant levels of UV radiation can cause cell and
tissue damage. Fluorescence sensors are more sensitive than those based on absorption
due to the lower sensor concentrations involved and the easy detection of fluorescence

against a dark background (as emission occurs at a differcnt wavelength to excitation).

1.2 Design Principles of a Fluorescent Sensor

Sensors in general are devices that signal the presence of an analyte reversibly and in real-
time. Like catalysts, sensors are not consumed by the act of sensing. In supramolecular
chemistry, defined as "chemistry beyond the molecule”,'" a sensor is a two component
system in which an intended substrate receptor is connccted to a subunit capable of

signalling the occurrence of the receptor-substrate interaction. '

Arising from the two different processes occurring during analyte detection, molecular
recognition and signal transduction, a modular approach to rational sensor design is
generally employed.”” Therefore, a fluorescent sensor for metal ion recognition may

consist of three different components.

The first requirement is a recognition element (receptor) capable of the complexation of a
single species from amongst a mixture of other possible analytes. Secondly, & responsive
signalling unit (fluorophore) is required that produces a distinct signal altcration
immediately upon a complexation event occurs. The final requirement is a spacer (real or
virtual) that covalently links the fluorophore and receptor moieties so as to allow their
interaction. In principle, a fluorescent sensor for any kind of analyte can be built following

the Fluorophore-Spacer-Receptor approach.'*

Most crucially, an intramolecular mechanism must exist that associates substrate binding
and emission activity of the fluorophore. The recognition event can be signalled through a
range of fluorescence properties (vide supra). Fortunately, many opportunities exist for
modulating the photophysical properties of a fluorophore, such as the introduction of

proton-, energy- and electron-transfer processes, the presence of heavy-atom effects,
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changes of electronic density, and the destabilisation of a non-emissive nm* excited state.’”
As a result, there are a wide range of possibilities for the design of efficient fluorescence

SENSOIS.

Many fluorescent sensors that selectively respond to biologically important ions. including
H+, Nat, K+, Mg2+, Ca?t and Zn2+ already exist, some of which are commercially

15,16

available. Despite this, the list of fluorescent sensors remains short and requires

: . e 46,17
increased diversification.

Furthermore, targeting metal ions also gives insights into
some of the desired characteristics that would allow the sensing of molecular analytes
(glutamate, acetylcholine, carbohydrates, etc.), a topic of great interest in biological

studies.'®

1.3 Photoinduced Electron Transfer (PET) Based

Fluorescent Sensors

1.3.1 Principles

Fluorescent sensors can incorporate photoinduced electron transfer (PET) as the
mechanism of relating the complexation event at the receptor to the signalling fluorophore
group. In these Fluorophore-Spacer-Receptor modular designs, the spacer moiety holds
the fluorophore and receptor close Lo, but separate from, each other.' A scheme
describing the utilisation of a PET process for fluorescent signalling is shown in Figure

1.1

Upon excitation of the fluorophore, an electron of the highest occupied molecular orbital
(HOMQ) is promoted to the lowest unoccupied molecular orbital (LUMO). This cnables
PET from the HOMO of the donor (belonging to the metal ion free receptor) to that of the
fluorophore. The resultant charge scparated state has no fluorescent decay pathway
available and the cxcited state energy is eventually lost in a non-radiative manner through
back electron transfer that destroys the biradical state.”” The net result is the fluorescence

of the fluorophore i1s quenched when the receptor is unbound via a PET process.
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Figure 1.1.  Schematic representation of a photoinduced electron transfer (PET)

processes in a Fluorophore-Spacer-Receptor signalling system.

Metal ion complexation induces an increase in the ionisation/oxidation potential of the
donor (receptor) such that the relevant HOMO becomes lower in energy than that of the
fluorophore. Consequently, PET slows down (or no longer occurs) and fluorescence
quenching is suppressed which thereby restores fluorescence as the dominant decay
pathway of the photo-excited fluorophore. In other words, the fluorescence intensity is
enhanced upon metal ion binding.?' Alternative directions for PET are also exploitable and
other ways of inhibiting electron transfer are available (e.g. conformational changes or

hydrogen bonding), as will be shown below.

Direct experimental evidence for the mechanism of PET mediated fluorescence quenching
was recently acquired by time-resolved fluorescence spectra with a femtosecond laser
using phenylimidazoanthraquinone (fluorophore) appended, via a methylene spacer, with

monoaza- I 5-crown-5 (receptor) (4, see Section 1.3.2).22

In the absence of metal ions, the excited singlet of 4 decayed with a lifetime of 5.8 ps,
whereas in the presence of a metal ion the excited singlet fluorophore decayed with a
lifetime of 200 ps. This increase in lifetime is due to the considerable retardation of the
electron transfer process upon metal ion complexation and effectively describes the
fluorescence switching mechanism. That is, upon metal ion complexation the PET
reactions were considerably inhibited. It was found that when the receptor was metal ion
bound, the PET process remained operative though only to a limited extent.”
Furthermore, the phenylimidazoanthraquinone anion radical was observed which is direct

evidence of PET mechanism.
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A distinct advantage of PET based fluorescent sensors is the very large change in
fluorescence intensity usually observed upon metal ion binding, such that the expression
OFF/ON fluorescent sensors is often employed.6 Large complexation-induced fluoresc-
ence enhancement is a highly desirable characteristic for a fluorescent sensor as it allows
for the appearance of a signal from a dark background (low detection limits) and high
signal-to-noise ratios.” One drawback of fluorescence OFF/ON switching of this type is
the absence of any shilt in the fluorescence emission (or absorption) spectra which

precludes the possibility of intensity-ratio (ratiometric) measurements at two wavelengths.

The following examples of PET sensors illustrate some of the multitudinous combinations
of both receptor and fluorophore that have been used in the development of fluorescent
sensors. Most are directed towards mctal ion sensing although some cxamples of other

analytes are included to show the versatility of PET fluorescent sensors.

1.3.2 Crown Containing PET Sensors

The most commonly utilised design to date for PET fluorescent sensors combines an amine
containing receptor with a simple aryl fluorophore with a methylene spacer which allows

for the mutual interaction between the nitrogen lone pairs and the aromatic 1 cloud.

O 0] NH

L &
N~ LN N
: O/\

) Cas
9 E
LA AT T o)

3

An early example of the modular Fluorophore-Spacer-Receptor PET based design system
is 1 utilising monoaza-18-crown-6 as the receptor and anthracene as the fluorophore.”*

Sensor 1 was found to complex Na* and K* (K = 2.5 x 104 dm3 mol-!) although not Li* in
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methanol. The increase in quantum yield (@) from 0.003 to 0.14 upon binding K*

exemplifies the OFF/ON switching of this sensor design.

Czarnik and co-workers™ have studied a series of polyazamacrocyles appended to an
anthracene fluorophore in the 9-position (2). The 1,4,7,10-tetraazacyclododecanc (cyclen)
macrocycle containing sensor displayed a 14-fold fluorescence enhancement in the
presence of Zn?* in pH 10.0 buffered aqueous solution and a smaller 9-fold enhancement
was observed for Cd2+. Unfortunately, the series of compounds (2) were not stable in
acidic solutions when exposed to UV light. No binding with Zn?+ and Cd2+ (or Al*+, Ph2+
and Cu2+) was observed when cyclen was replaced with piperazine. A further aspect of
compound 2 are the basic nitrogen sites. a common feature in PET based sensors.
Protonation of the benzylic amine nitrogen was found to give the largest increase in
fluorescence (20-fold for the cyclen receptor) as a proton interacts most efficiently the

amine nitrogen lone pair, suppressing PET.>*

Using the same anthracene fluorophore with different substitution shows a marked
influence. Compound 3 was designed to be soluble in water yet no metal ion complexation
could be observed in an aqueous environment.>’ However, it was found that quenching by
a benzylic amine in the 2-position of anthracene was not as efficicnt as in the 9-position as
only a 3.6-fold increase in fluorescence was observed upon protonation of 3.7 This
compound is also an example of the modular design concept, as the receptor was used
since it had a known propensity for a particular metal ion (Pb2+) in an attempt to achieve
:sr;:lectivity.28

Other fluorophores have also been exploited for PET based sensors, such as the
phenylimidazoanthraquinone compound 4 (@ 0.00021).%° Utilising monoaza-15-crown-5
as the receptor, a maximum stability constant of 3.24 x 10® dm3 mol-! is obtained with
Ca2+ in acetonitrile (Li*, Nat, Mg2+, Ca2+ and BaZ+ were also studied).” Only a 7.7-fold

increase in fluorescence when complexed with CaZt was observed and the low guantum

yield values probably preclude the use of 4 as a fluorescent sensor.
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The fluorophore used can even be transition metal based as shown by 5% Complexation
of Pb2* (K = 2.5 x 104 dm3 mol"! for deprotonated 5) in aqueous solution restores the
metal-to-ligand charge transfer (MLCT) based fluorescence emission although the

fluorescence increase is small.

1.3.3 Cryptand Based PET Sensors

Cryptands have been used in an attempt to increase the selectivity of a sensor for a
particular metal ion as they show strong complexation due to the cryptate effect.’’ Also,
the cavity is somewhat shielded from outside interference. A simple anthraceno-cryptand
6 could complex K+ with a 7.5-fold increase in the quantum yield with little change in the

2 The lack of any significant changes in absorption is

UV-visible absorbance spectrum.
expected for a PET based fluorescent sensor since the quenching mechanism only affects

the excited state.®

St P,
Sty

<

A similar design is shown by the trifluoromethylcoumarino cryptand 7 which can
selectively bind Na* over K+, as expected due to the known selectivity of the cryptand
receptor.” This ligand has been further studied and it was found that protonation of both

nitrogens was necessary to restore the maximum fluorescence emission (@ 0.60) as singly

protonated 7 (P 0.07) was only slightly more fluorescent than the fully deprotonated
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ligand (Pf 0.04).** As will be discussed later, this result shows that the participation of a

single amine nitrogen in the PET mechanism is sufficient to quench the fluorescence of 7.

Compound 8 utilises a cryptand as an effective means of insulating the fluorophore
(anthracene in this case) from direct interaction with the metal ion.* This design was
chosen to afford fluorescence enhancement in the presence of metal ions know to exert a
‘heavy atom’ effect.’®*’ For example, Pb2+ (180-fold) and Fe3+ (226-fold) displayed

significant fluorescence enhancement in tetrahydrofuran.”

1.34 Simple Podand Based PET Sensors

H,N

In contrast to the elaborately designed cryptands, a structurally very simple sensor for
transition metal ions is exemplified by 9.>® For efficient fluorescent sensing, the metal ion-
fluorophore communication should be much less than the metal ion-receptor interaction
and so using an electron deficient fluorophore minimises the redox interaction between the
fluorophore and the metal ion.”® This enhances PET quenching in the unbound state and
can negate the inherent quenching ability of some metal ions. The concept was successful
as 9 showed fluorescence enhancement with transition metal ions such as Cu2* (41-fold)

and Ni2+ (37-fold) in acetonitrile.*®

The substituted pyrene 10 is among the simplest PET fluorescent sensors yet designed.™ It
utilises reversible covalent binding of carbon dioxide in N, N-dimethylformamide solution

to retard the nitrogen-to-pyrene PET quenching mechanism by carbamate formation.
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Subsequent bubbling of nitrogen through the CO, rich solution containing 10 caused the
fluorescence emission to return to basal levels. Again, as is usual for the PET mechanism,

no change in the UV-visible absorbance spectrum was observed.”

1.3.5 PET Sensors with Rigid Spacers

Utilising a short, rigid spacer can allow the conformational separation of the receptor and
fluorophore that can be advantageous for the detection of inherently quenching metal ions.
Substituted 1,3,5-triaryl-A2—pyrazoline 11 affords isolation of the N-phenylazacrown
receptor from the 1,3-diarylpyrazoline fluorophore in terms of their n-electron systems via

the pseudo-spiro conformation of the N-phenylazacrown receptor.*’

- D

The best fluorescent response for 11 in the presence of metal ions was a 44-fold increase in
the quantum yield upon the complexation of CaZ+ (K = 7.76 x 104 dm3 mol-!) in
acetonitrile, with a concomitant increase in the fluorescence lifetime (0.03 to 3.99 ns).‘“
When complexed, 11 displayed a large decrease in the rate of non-radiative decay of the
excited state with little change in the rate of fluorescence decay, compared with the
unbound state. That is, the fluorescence decay rate remains almost constant but the rate of
non-radiative decay is altered upon complexation. Consequently, upon metal ion
complexation, fluorescence can compete more effectively to become the preferred excited
state decay pathway and so the fluorescence emission increases. This result is a further

elucidation of the PET quenching mechanism.

1.3.6 Other Sensor Designs that Harness PET

The compounds described thus far all utilise an amine nitrogen-to-fluorophore PET
pathway. However, a PET based fluorescent sensor can exploit other pathways for
photoinduced electron transfer, as illustrated by 12. Employing the open-chain counterpart
of dioxocyclam as the receptor, 12 displays fluorescence emission quenching when
complexing Cu2+ or Ni2* in acetonitrile-water (4:1) solution. The quenching is derived

from a photoinduced electron transfer mechanism. Quenching was shown not to be a
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Dexter type energy-transfer mechanism (simultaneous double electron exchange)42 by
studies in frozen glass solution as the fluorescence emission was restored upon cooling a
solution of 12 and Cu2* to 77 K.** This is because the PET pathway mechanism generates
charge separation that requires a drastic rearrangement of the solvation sphere, a process
prevented by immobilising the solvent in a frozen glass. Consequently, upon cooling, PET
becomes inoperative and fluorescence emission is restored.” In a related compound
containing only amine groups, quenching solely by an energy transfer mechanism was
observed.* Without the amide groups the oxidation potentials had changed such that the
Cu3t state could not be attained, precluding the occurrence of PET from metal-to-

fluorophore.*?

12

An example of excited state fluorophore-to-receptor quenching (oxidative PET) is the
boradiazaindacene (BODIPY, BDP) fluorophore appended bipyridyl receptor compound
13.* When 13 is complexed by Zn2+ (K = 1.1 x 107 dm3 mol-!) in acetonitrile the
fluorescence emission is significantly quenched, with a decrease in the quantum yield from
0.39 to 0.002 in the complex.* Similar quenching was also observed for Cd2+, Cu2+, Hg*

and K+, although to a lesser extent as these metal ions were complexed less strongly.

Another method of controlling a PET process for fluorescent sensing is through
manipulating the proximity of a donor and acceptor. Shinkai and co-workers have
achieved this by employing nitrobenzene as the electron acceptor and pyrene as the
electron donor on a calixarene scaffold.*” Addition of Na* (K = 2.0 x 104 dm? mol-!) to
diethyl ether-acetonitrile (97:3) solutions of 14 caused the intensity of fluorescence
emission to increase 6-fold although the quantum yield remained low (@g 0.016). The
emission of pyrene is quenched in the free ligand as a consequence of PET from excited

state pyrene to the nitrobenzene acceptor. Complexation of Na* causes the arms of the
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calixarene to be conformationally restricted such that the nitrobenzene acceptor group is
far removed from the electronically excited pyrene. Accordingly, PET is diminished and

. . 4
fluorescence is revived.*

1.3.7 Dual PET input sensors

Compounds with two distinct PET pathways have been used for the study of logic
operations at the molecular scale.*® Selectivity of two different metal ions depending on
the acidity of the medium has been achieved.””* A molecule with a third PET pathway

has also been studied.*®

An example of the general concept is 15, a 9,10-disubstitued anthracene that contains a

1 .
1 As expected, the fluorescence emission of

benzo-15-crown-5 ring and morpholine ring.
15 is quenched by the tertiary amine at high pH. Upon protonation, the fluorescence is not
restored since the protonated amine moiety acts as an electron withdrawing group on the
anthracene leading to a second PET pathway from the benzo-crown to the excited
fluorophore. Accordingly, only when this second PET pathway is disrupted by the
addition of Na* is a 92-fold fluorescence enhancement observed (compared with non-

protonated 15).”'

S \ -
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In a similar manner, dual fluorescence switching has also been utilised in 16 which
incorporates two independent PET switches (the tertiary amine and the pyridyl group).””
The fluorescence of 16 is quenched by the non-protonated aliphatic tertiary amine at high
pH and at low pH by the protonated pyridinium group (PET process from excited
fluorophore to pyridinium group). Consequently, fluorescence is only observed within a
narrow pH window (pH 4-8) in which the aliphatic tertiary amine is protonated and the
pyridyl moiety is non-protonated.’> This idea as been further extended to allow for

modulation of the pH-window response by a metal ion.”

1.3.8 PET Sensors for Anions or Molecular Analytes

H,N.__O
\g/HN IEJI +
17 S =NH,
H,N” N I‘i% H
~ OH

The PET based fluorescent sensor design is not limited to detecting metal ions as
exemplified by 1 (Section 1.3.2) which, in addition to metal ions, binds the molecular
target saxitoxin 17.>* Saxitoxin is a marine toxin produced by dinoflagellates and several
blue-green algae species that can contaminate shellfish. As human death (from respiratory
paralysis), arising from the consumption of contaminated shellfish, is caused by the

ingestion of less than 0.5 mg of saxitoxin, its sensitive detection is of some importance.

Upon binding of saxitoxin by 1 in ethanol (K = 3.8 x 103 dm3 mol!), hydrogen-bond
formation to the benzylic nitrogen retards the normal PET process and so fluorescence
enhancement (up to 20-fold) is attained.>® It was established that it was not simple
protonation of 1 causing the fluorescence enhancement.>® Attempts have also been made
to utilise 1 as a fibre optical fluorescence sensor via the use of a thin film such as a self-

assembled-monolayer, although self-quenching and other issues remain to be resolved.>

HO,
B

" HO
N
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A fluorescent sensor (18) for glucose consisting of two boronic acids with adjacent tertiary
nitrogens arranged to form a cleft like structure has been studied.”® The Lewis acidity of
boronic acids is enhanced when they interact with a saccharide (via the diol moiety).”’ As
a result, the boron-nitrogen interaction in 18 is strengthened upon the saccharide binding
event, suppressing the usual PET process, thereby restoring fluorescence.” The dual
receptor design of 18 was chosen to give two binding sites directed to the 1.2- and 4,6-
hydroxy groups of D-glucose so that selectivity over other monosaccharides might be
achieved. A stability constant of 4.0 x 103 dm3 mol-! with D-glucose is obtained at pH

7.77 in methanol-water (1:2) solution.’ §

This sensor also further illustrates the necessity that both nitrogens be involved in
complexation for the PET quenching mechanism to be arrested as the non-cyclic
(glucose)*(18) complex is not fluorescent (sugar occupies only one receptor). Conversely,
the cyclic (glucose}*(18) complex (structure confirmed by !'H NMR) and the
{glucose),*(18) complex restored the fluorescence signal. Additional evidence for the
cooperative binding with 18 is that the stability of the (glucose)*(18) complex is much

higher than a related sensor containing only one boronic acid receptor.™

“L““@
Cl,
w7 1)

Finally, PET based anion fluorescence detection has also been achieved. Compound 19
binds acetate (K = 2.24 x 103 dm3 mol-1) in dimethyl sulphoxide solution with a resultant
quenching of fluorescence.® Binding acetate allows PET to occur from the thiourea-
acetate complex to the excited state, causing the quenching. The work was extended by
the formation of a 9,10-disubstituted anthracenc using the same receptor that displayed

quenching with bis-anions (such as malonate).®'
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1.3.9 Ternary PET Sensors

Broadening the design of fluorescent PET sensors may be achieved through the control and
modulation of PET processes through the complexation of guest molecules, which
intercalate between the donor and acceptor groups. Complexation of Zn?* with 20
displays the usual fluorescence enhancement due to suppression of PET. However, adding

imidazole to a solution containing (Zn2t),+(20) results in the deprotonated imidazole

binding between the two metal ions. This causes tluorescence quenching as PET occurs

from the anion to the excited state anthracene.®?

A similar design strategy has also been used to bind aromatic carboxylatcs“and to detect a

phosphorylated pf:ptide.64

1.4 Photoinduced Charge Transfer (PCT) Based

Fluorescent Sensors

1.4.1 Principles

If the spacer between the fluorophore and receptor is removed completely, a fluorescent
sensor is obtained where the fluorophore and receptor share the same n—system and arc in
direct electronic conjugation. These intrinsic sensors are usually designed as substituted
m-systems with electron-donating (D) and electron-accepting {A) fragments, and their
excited state behaviour is governed by a photoinduced intramolecular charge transfer
(PCT) process. Upon excitation by light, PCT from donor to acceptor occurs that results in
a change in the dipole moment. Thus, a metal ion that interacts closely with the donor or
acceptor will induce changes in the photophysical properties of the fluorophore since the

metal ion influences the efficiency ot the PCT process (Figure 1.2).
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Figure 1.2.  Schematic representation for the photophysical processes occurring in an
intrinsic Donor(D)-Acceptor(A) fluorescent sensor upon metal ion complexation. In the
absence of M*, electronic excitation reverses the dipole and increases its magnitude. In
the ground state complexation of M+ by D decreases the dipole in A, electronic excitation
reverses and strengthens the dipole in A. 6- and 6+ represent dipole moment (0+ < o++,

800- < §- < 5--).

In most PCT fluorescent sensors the metal ion receptor (containing an amino group) is
located in the donor part of the m—system and so metal ion complexation reduces the

2185 The resulting reduction of m—conjugation

electron-donating character of the donor.
causes a blue shift of the absorption spectrum and a decrease in the molar extinction
coefficient (a metal ion interacting with the acceptor group enhances the eclectron-
withdrawing character of the acceptor, the absorption spectrum is red-shifted and the molar
absorption coefficient is increased). Accordingly, the fluorescence emission spectra are in

principle shifted in the same direction as that of the absorption spectra.®*!®

The photophysical changes upon metal ion complexation can also be described in terms of
charge dipole interaction. When a metal ion interacts with the donor group, the excited
state is more strongly destabilised by the metal ion than the ground state, and a blue shift of
the absorption and emission spectra is observed. Conversely, when the metal ion interacts
with the acceptor group, the excited state is more stabilised by the metal ion than the

ground state, and this leads to a red shift of the absorption and emission spectra.”"

The shift in the fluorescence emission spectrum is generally less than that observed in the
absorption spectrum. The PCT process reduces the electron density on the nitrogen atom
of the donor, and so this nitrogen atom becomes a non-coordinating atom due to it is

positive polarisation. Therefore, excitation destabilises the interaction between the
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positively charged metal ion and the nitrogen atom of the donor so the metal ion moves
away from the nitrogen in the excited state.°® The result is that fluorescence emission is
only slightly affected because the majority of the emission observed is emitted from
species in which the interaction between the metal ion and the fluorophore is significantly
weaker (or non-existent) than observed for the absorption spectrum.”’ Photo-gjection of
the metal ion does not necessarily occur as a solvent-separated metal ion-sensor pair may
form.”” Furthermore, twisted intramolecular charge transfer (TICT) processes could also

be involved 5%

PCT based fluorescent sensors often lead to pronounced spectral shifts in both absorption
and emission but only small changes in fluorescence intensity and lifetime are normally
found. Consequently, they are generally used as wavelength-ratiometric sensors (contrast

PET based sensors which are more focussed on ON-OFF switching).

1.4.2 Examples of PCT Based Fluorescent Sensors

Many fluorescent sensors have been designed utilising the PCT principle whereby a metal
ion receptor containing a nitrogen is an integral part of a fluorescent group that contains an
appropriate electron withdrawing group. A typical example is 21 where an azacrown has

been appended to a merocyanine fluorophore.”
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Complexation of 21 (®g 0.73) with alkali and alkaline earth metal ions in acetonitrile
results in fluorescence quenching and a slight hypsochromic shift of the emission spectra,
the extent of which was strongly dependent on the nature of the metal ion.”” For example,
the presence of Lit (K = 3.16 x 102 dm3 mol-!) gave slight quenching with a quantum
yield of 0.57 and further quenching for Ca2+ (K = 5.25 x 103 dm? mol-!) was observed (g
0.27).”° This is due to the ability of the metal ion to hinder the charge transfer, destroying
the usual fluorescence decay pathway, and so the quantum yield decreases. As expected
for a PCT fluorescent sensor (vide supra), the absorbance spectra in the presence of metal

ions showed a large hypsochromic shift (from 464 to 398 nm with Ca2+) with a decrease in
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molar absorbance. This effect is indicative of removal of the lone electron pair of the

nitrogen atom of the receptor from the conjugated n-system.

A slightly different design incorporates a second donor group into the simple donor-
acceptor model. Thus, 22 contains a dimethylamino moiety in addition to the nmitrogen
donor that is part of the receptor and so is referred to as a donor,-acceptor-donor,(reccptor)
type sensor. This design allows a switch between the modcrately fluorescent D(-A-D-

constitution of the free iligand to the Dj-A-A; constitution of thc complex, provided that

the subunits are well matched.”"’

The fluorescence emission of 22 undergoes a bathochromic shift in acetonitrile upon metal
ion complexation with an increase in emission intensity (32-fold for Ca2+, K = 3.31 x 104
dm3 mol-1).”" This supports the idea that complexation converts D5 into an acceptor (A,)
so PCT occurs only from the dimethylamino moiety resulting in an extension of the
emissive m-system. Such a large fluorescence enhancement is rare for a PCT based
fluorescent sensor and reflects the careful design.” Only a small 12 nm hypsochromic

shift in the UV-visible absorbance with Ca2+ was observed.

Many of the fluorescent sensors in current medical and biological usage are based on the

PCT design such as 23 (SBFI) and 24 (Indo-1) which are commercially available, 13

CO,
Ny —-CO
H,CO- 7 \‘/ Ny / . 2
= "'0
N
0
[ 9
0 J =
N >
Y™ o T
H;CO N V/ \ L ) Y
4 TC0, CO,
23,SBFI  CO, 24, Indo-1

An improvement in metal ion selectivity can be achieved through the usc of lariat binding.
In 23, comprised of benzofuranyl fluorophores linked to a crown ether, the oxygen atom of
the methoxy substituent on the fluorophore is involved in complexation such that the
stability and selectivity of 23 is greater than observed for the diazacrown alonc.” The

cavity size of the crown ether confers selectivity for Na*t over K*. When Nat binds to 23



Chapter 1 18
(K = 1.4 x 102 dm3 mol-!l) its fluorescence quantum yield increases two-fold and the
emission maximum shifts to shorter wavelengths. A shift of absorbance to shorter
wavelengths also occurs and this is consistent with a mechanism in which metal ion
binding causes a major loss of conjugation between the amino groups and the rest of the

chromophore, at least partly by twisting the nitrogen-aryl bond.”

A sensor that employs a chelator as the receptor group is 24 (Indo-1)."* The emission

maximum of 24 shifts from 485 nm (@ 0.38) when unbound, to 410 nm (@ 0.56) when

in the presence of CaZ*, whereas the absorption spectrum only undergoes an 18 nm
hypsochromic shift.” The absorption shift is expected as the Ca2+ monopolises the lone
pair of electrons on the amine nitrogen, possibly by twisting the bond between the nitrogen
and the ring, thereby disrupting the conjugation between the lone pair and the rest of the
chromophore.”® The large shift in emission wavelength is surprising as generally little
change is expected (Section 1.4.1). It has been suggested thalt the PCT process in 24
produces a less polar charge-transfer state than is generally associated with PCT sensors
and so it is insufficient to break the nitrogen-Ca2+ bond in the excited state. This results in

a large hypsochromic shift in the emission spectrum.”’

The above examples of PCT based fluorescent sensors involved the receptor group as an
integral part of the receptor. Alternatively, the complexed metal ion can interact with the
acceptor of the fluorophore. Sensor 25 appears to be a spaced PET based sensor, yet it is
metal ion-acceptor type interactions that dominate and cause the photophysical changes.
Complexation of Ca?t with 25 (K = 6.3 x 107 dm? mol-!) in acetonitrile induces a
bathochromic shift (30 nm) in the absorbance spectrum due to the interaction of the
complexed metal ion with the carbonyl group increasing its electron withdrawing
character.”” The dipole moment of the aminocoumarin in the excited state s larger than in
the ground state due to the PCT process occurring from the nitrogen atom of the juloidyl
ring to the carbonyl group. Thus, the meltal ion acts to stabilise the excited state more than
the ground state and so a red-shift of the fluorescence emission also results (contrast the

blue shift for the sensors described above).'
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The bathochromic shift of the fluorescence emission of 25 correlates directly with the
increased charge density of the metal ion for alkali and alkaline earth metal ions.” The
free ligand has a low quantum yield due to self-quenching since the flexibility of the
diazacrown allows the two coumarin moieties into close contact. In complexes with K+
and Ba2+ (6-fold increase in quantum yield), the carbonyl groups of the coumarins are
preferentially on the opposite sides with respect to the metal ion and hence quenching is
largely suppressed. However, with metal ions that are a poor match for the size of the
macrocycle the preferred conformation contains two carbonyls on the same side of the

metal ion and so the close proximity of the coumarin moieties causes quenching."”

1.5 Other Fluorescent Sensor Design Strategies

PET and PCT based fluorescent sensors are by no means the only strategies employed for
fluorescent sensors. The modular design and utility for metal ions ensures that these
sensors have been well studied. The design strategies shown below may be for a particular
analyte (cationic, anionic or molecular) or are more universal in utilising generic aspects of

the analyte concerned. A small sample is described below.

1.5.1 Excimer Based Fluorescent Sensors

Excimer fluorescence (excited dimer) results from an interaction of an excited molecule
with a ground state molecule of the same chemical identity. Likewise, an exciplex (excited
complex) arises from an interaction with a ground state molecule of different chemical
identity. Excimer formation is characterised by decreased normal fluorescence emission
with the concomitant appearance of a new broad, structureless emission at longer
wavelengths.® The excimer is stabilised with respect to a single excited state molecule
and so the emission occurs at longer wavelengths. The structureless nature of the emission

is proof the ground state is dissociative (i.e. it does not exist) resulting from repulsion of
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the ground state molecules.” An cxample of a simulated emission spectrum depicting

: o - 65
excimer formation is shown in Figure 1.3.

wavelength /nm

Figure 1.3.  Simulation of analyte induced changes upon complexation to an ‘ideal’

excimer based sensor displaying a structured monomer emission and a broad excimer

o 65
emission at longer wavelength.

A distinct advantage of excimer based fluorescent sensors 1s that it allows ratiometric
detection which is of particular bencfit for in vive imaging. Rauometry is a technique to
reduce artifacts in measurement by minimising the influence of extraneous tactors on the
fluorescence of a sensor, such as variability due to differences in instrument efficiency and
content of effective scnsor. Ratiometric measurement can provide precise data, and some

sensors allow quantitative detection, for examplc 24.
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The bisanthraceno-crown ether 26 exhibits a fluorescence spectrum composed of
characteristic monomer and excimer bands.’ Complexation of Na* in a cooperative
manner to form a (Na*),*(26) complex (Na* in each ether pocket) brings the two
anthracene units into close proximity which favours excimer formation and an increase in
excimer emission is observed. The complexation of the first Na* probably induces the

preorganisation of the second binding site favourable to the binding of an additional Na*+."®
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Contrastingly, the larger K* only formed a (K+)*(26) complex as a second K* was unable
to fit within the cavity formed. Only low overall stability for the complexes in methanol

was observed (Nat, £ = 1.18 x 102 dm® mol-2).

1.5.2 Fluorescence Sensors Based on Geometrical Conformation

Another design strategy for fluorescent sensing involves the geometric reorientation of

various groups within the molecule to signal complexation.

27
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Incorporating excimer formation with a physical reorganisation is 27 which involves a

SN

triple ring flip of the perhydroanthracene spacer upon Zn?* complexation by the two 2.2’-
bipyridine groups.”’ The conformational rearrangement causes the pyrene groups to

assume axial positions and this large movement precludes excimer formation (A, 480

nm) and so only monomer emission (A, 380 nm) is observed for the Zn2+ bound

compound in acetonitrile-chloroform (1:1) solution.”
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Glass and co-workers have recently investigated the conformational rotation of a

78-80

‘pinwheel’ design for fluorescent sensing. Compound 28 consists of a bis-trityl

butadiyne core that allows free rotation of the trityl groups with respect to each other.
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Each trityl group is appended with two receptor groups (l,2-diaminoethane) and one
fluorophore (napthyl sulfonanilide).” The receptor elements are spatially convergent such
that a pair can bind an analyte across the butadiyne axis. Upon coordination of an analyte,
the trityl groups are conformationally locked which allows the fluorophores to interact.
Thus, the fluorescence spectra in acetonitrile show a substantial increase in the excimer

emission (A5 450 nm) with a smaller monomer increase (Ay,, 335 nm) upon cooperative
complexation of Ag* (8, = 1.3 x 101! dm® mol-2). The increased excimer emission upon

complexation is due to the close proximity of the two fluorophores when Ag* is bound.
The slight increase in monomer emission arises from suppression of PET processes

between the nitrogen receptors and the fluorophore.

A related design strategy involves the conformational restriction of biaryl fluorophores by

metal ion complexation to induce fluorescence.®'
O—
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Finally, conformational reorganisation may simply involve restriction of rotation within
the extended m—system of a fluorophore to allow fluorescence emission. A sensor
developed within our group is 29 (Zinquin-A) which displays a large increase in
fluorescence upon Zn2+ coordination.** Coordination of Zn2+ to 29 increases the rigidity
of the ligand due to restriction of both vibration in the quinoline ring and cessation of
rotation about the sulphonamide to ring bond. This enhances the n-orbital overlap and so a
bathochromic shift in the absorption spectrum results. The fluorescence emission increases
upon complexation as a more rigid molecule results in fewer non-radiative decay pathways

for the excited singlet exist and so fluorescence becomes the preferred relaxation pathway.
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1.53 Peptide Based Fluorescent Sensors

s

High selectivity for a metal ion can be achieved when a peptide is used as the receptor. A
water soluble, peptide based, ratiometric fluorescent sensor 30 for Pb2+ was developed
utilising the dansyl fluorophore which is extremely sensitive to the local environment.**
Coordination of Pb2* to the tetrapeptide fragment results in a shift of the fluorescence
emission from 557 nm to 510 nm with a concomitant increase in emission intensity. The
blue shift in the emission spectrum most likely results from the dansyl fluorophore moving
to a less polar environment upon metal binding. The sensor showed good specificity for
Pb2+ (over Ca2+ and Zn?*) although an effective concentration of 120 UM (for Pb2+) to
give 50% of the maximal response is orders of magnitude greater than that biologically

significant.®

1.54 Fluorescent Sensors Based on w,n-Stacking Interactions

Fluorescent sensor 31 consists of a large azacrown appended with an acridine group. At
pH 4, four of the six amine groups of the macrocycle are protonated and so the cyclic
receptor offers two distinct, doubly positively charged, compartments.85 This geometric
array is suitable for establishing electrostatic interactions with the triphosphate fragment of
adenosine triphosphate (ATP4). Furthermore, a m,m-stacking interaction between the
acridine subunit and the adenine fragment is established which is responsible for the large
increase of the acridine blue emission (at 452 nm).* No change in fluorescence emission
was observed with triphosphate alone which supports the mzm-stacking interaction as
necessary for fluorescence. A similar n,n-stacking interaction with ATP4- was utilised in a

napthalene walled molecular cavity suitable for inclusion of planar organic species.®
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1.5.5 Isomerisable Fluorescent Sensors

Photoisomerisable fluorescent sensors, such as sensor 32, utilising quinolinospiropyran-

indoline have been designed.87 These systems operate by either photochemically- or
chemically-induced reversible formation of merocyanine-oxyquinoline metal ion (Mg2*+,

Ca2+ and Zn2+) complexes.
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Photoisomerisation has also been utilised for molecular logic devices with multiple

88.89

inputs and for the photoswitching of metal ion complexation with dithienylethene

derivatives.”

1.5.6 Fluorescent Sensor Ensembles for Indirect Signalling

The fluorophore group of a fluorescent sensor does not necessarily need to be covalently
linked to the receptor. Inspired by antibody based biosensors in immunoassays, the basic
concept involves displacement of a fluorescent reporter group from a receptor by an
analyte which alters the photophysical properties of the fluorophore. The result is
fluorescent recognition of a binding event. Several examples exist in the literature’’
including a carbonate sensor utilising an association between coumarin-343 and a Cu2+

containing cryptand receptor in water.”>

For such analyte sensing to be achieved, various requirements must be fulfilled. For
instance, the receptor/fluorophore interaction must be of sufficient strength to allow
displacement and the fluorophore must show significantly different photophysical
properties when bound to the receptor and when dispersed in solution. An example is

shown in Figure 1.4 of an ensemble for the detection of citrate in beverages.”
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Figure 1.4. Binding ensemble displaying the displacement of 5-carboxyfluorescein

(33b) from 33 upon complexation of citrate.

Receptor 33 consists of three guanidinium groups for hydrogen bonding and charge pairing
with citrate. The alternating ethyl groups on 33 ensures that the guanidinium moieties are
preorganised on the same face of the benzene ring which yields several hydrogen bonds
and three sets of ionic interactions in the (citrate)*(33) complex. The stability constant of
this complex is 2.9 X 105 dm3 mol-! in 25% aqueous methanol at pH 7.4. The fluorophore
group utilised was 5-carboxyfluorescein (33b) which contains only two carboxylate groups
for binding to the receptor (K = 4.7 x 103 dm3 mol-!1). Consequently, the greater stability
of the citrate complex allows it to displace 33b. Displacement of 33b raises the acidity of
the phenol moiety due to the lack of the positively charged microenvironment presented by
33. Therefore, fluorophore 33b is less protonated when free of the receptor which
decreases its fluorescence emission, signalling the complexation of citrate by 33. The
receptor displayed high selectivity for the 3- charge of citrate at neutral pH and so common
contaminants present in beverages (e.g. malate, ascorbate, lactate, benzoate, phosphate and

sugars) did not effect the sensing assay.

1.6 Work Described in this Thesis

Few studies exist that allow direct comparisons between a wide range of fluorescent
sensors with various structural modifications. A series of coronand appended 9,10-
disubstitued anthracene compounds were chosen for this study, and details of their
syntheses are presented in Chapter 2. The photophysical properties of these fluorescent
sensors were characterised with UV-visible spectrometry and spectrofluorimetry to
establish the photophysical behaviour of the compounds upon protonation, and in the

presence and absence of metal ions.
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The prevailing interest in this thesis is to further develop the current understanding of the
influence spacer length, receptor number and donor atom constitution of the receptor, have
on PET based fluorescent sensors. Therefore, a systematic study of the metal ion
complexation of alkali and alkaline earth metal ions with a synthesised range of sensors is

discussed in Chapter 4.

A key issue in the development of fluorescent sensors is a thorough understanding of the
relevant sensing mechanisms. That is, the chemical and physical reasons for change in
quantum yield or emission wavelength is necessary in order to design a good sensor. Thus,
a study of these proposed systems should result in increased understanding of PET based
fluorescent sensors and possibly further the development of a sensor that displays high

stability, specificity and fluorescence enhancement within an aqueous environment.
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Chapter 2  Synthesis and Physical Properties of

Functionalised Anthracene Ligands

2.1 Introduction

A diverse range of fluorescent sensors that utilise the mechanism of photoinduced electron
transfer (PET) as the means of ON/OFF signalling have been reported.1’6’1(’)’21‘65’94’96
However, many of the factors controlling the PET process are inadequately understood.
The preparation of a series of disubstituted anthracene derivatives presents a unique
opportunity to examine, in a systematic way, the factors affecting the signalling process as
it pertains to the recognition and reporting of the presence (or absence) of metal ions in
solution. The desired outcome is the fluorescent response of a ligand to a specific metal

ion.

A disubstituted anthracene is an appropriate choice as the fluorophore of a fluorescent
sensor as it has good photochemical stability”’” and a very high fluorescence quantum yield

(D). For example, 9,10-dimethylanthracene has a quantum yield of 0.93 in heptane.” In

addition, the chemistry of anthracene has been well studied and it is a useful chemical
scaffold that can allow structural variation of the fluorescent sensor.”> A further advantage
of anthracene based fluorescent sensors is that they are not susceptible to microbial attack
as they are not based on biochemical systems. As a result, they are potentially useful in

biological environments as sensors since they are unlikely to be biochemically degraded.

To carry out such a systematic survey a variety of substituted anthracene ligands were
prepared. The influence of spacer length between the fluorophore and receptor units has
been insufficiently investigated for PET fluorescent sensors. To determine the effect of
different spacers on various photophysical properties, a series of different length alkyl
chains were synthesised with the same receptor, hence direct comparisons are possible, In
regards to metal binding specificity, different donor atoms were used in a simple model
ligand to explore metal complexation as it relates to the Hard and Soft Acids and Bases
(HSAB) principle.'”*'! Metal complexation was further examined by altering the number

of receptors present or changing the chelate ring size. The consequence of these alterations
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on the fluorescent signalling ability should increase the basic understanding of anthracene

based fluorescent sensors utilising PET.

The desired ligands were characterised using potentiometric titrations.'>'? Such titrations
allow the protonation constants to be determined which are important in view of the fact
the protons are an efficient switch for this type of fluorescent sensor. A further advantage
of this technique is that following the protonation constant determination, metal

complexation of the ligands, where applicable, can also be determined.'®*

2.2 Synthesis

2.2.1 Synthesis of 9,10-Bis(morpholinoethyl)anthracene (36)

The synthesis of 9,10-disubstituted anthracene began with the addition of the alkyl arms to
the aromatic core. Therefore, the initial synthetic target was the disubstituted anthracene
34 (Scheme 2.1) which was formed, using a slightly modified literature'” procedure,

through nucleophilic attack of the anthracene carbanion on ethylene oxide.

Br CH2(,H)OH CH,CH,O'Ts

Tosyl 3

1. nBuLi, 0°C “/:\I chloride “/\\/(JY{W

—_

2 D = /J\// Pyrldme o \f ~
Lo 0°C, 24 h ‘
B]' CH2CH20H CHZCH201 S

34, 38% 35,95%
Scheme 2.1

The ethylene oxide was added by direct condensation of the gas (using a dry-ice/acetone
condenser) into the solution containing the lithiated anthracene until the yellow colour of
the solution was permanent. This technique obviated the need for the difficult handling of
the toxic alkylating reagent in chilled glassware due to its extreme volatility (bp 10°C).
The spectral data for diol 34 was identical to that reported in the literature.'” Tosylation
of diol 34 in pyridine to give compound 35 with a far more desirable leaving group was
subsequently achieved in good yield. The structure of the ditosylate 35 was confirmed by
the mass spectrum with a molecular ion at m/z 574 and another at m/z 402 due to the loss

of a tosylate group from the molecular ion, as well as by IH NMR data.

With ditosylate 35 in hand, nucleophilic substitution reactions with the amine of choice

were used to provide the required ligands. Morpholine was selected as the initial amine to
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employ, due to both its tow cost and role as a useful model system for the synthesis of
future ligands with more complex metal receptor units. Ligand 36 was synthesised from
morpholine and ditosylate 35 in N, N-dimethylformamide at 80°C with sodium hydrogen-
carbonate as the inorganic base. Following recrystallisation of the precipitate that formed
after cooling the reaction, compound 36 was obtained in a yield of 67% as pale yellow
crystals (Scheme 2.2). The structure of 36 was confirmed by 'H and !3C NMR

spectroscopy, mass spectrometry and microanalytical data.

CH ZCI‘IQOTS /—\

JLLT

/

DMF, NaHCO4
80°C, 24 h
CH,CH,0Ts

Scheme 2.2

2.2.2 Synthesis of 9,10-Bis(morpholinomethyl)anthracene (38)

To test role that carbon spacer length plays in PET based fluorescent signalling, a series of
ligands must first be synthesised. The synthesis of a sensor with a one carbon spacer
began with the formation of bis(chloromethyl)anthracenc 37 from anthracene using a
literature procedure (Scheme 2.3)."® The method involved refluxing a hydrogen chloride
saturated water/dioxane solution containing anthracene and paraformaldchyde to afford 37
as a bright yellow powder. The next step involved refluxing bis(chloromethyl)anthracene
37 and morpholine in benzene, to give the desired bis(morpholinomethyl) ligand 38 in poor

yield with physical data identical to that reported previously.107

N 8]
el CH,CI \ —/
: HN O
(CH,0), oy =y N/ S N N
T —_— [l 38 31%
Dioxane, A A2 Benzene, A . An A
CH,CI \
37 51% il 0

Scheme 2.3
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2.2.3 Synthesis of 9,10-Bis(morpholinopropyl)anthracene (42)

The next synthetic target was a fluorescent sensor with a three carbon spacer. It was
envisaged that the synthetic route employed would generate both the desired propyl amine
ligand 42 and also a precursor amide compound 41 with the nitrogen present as part of an
amide. Precursor 41 could possibly have interesting photophysical properties itself and
could be a simple way of contrasting the difference between an amide and amine moiety at

the spacer-receptor junction.

The initial synthetic route is shown in Scheme 2.4. This synthesis was desirable in that it
would give the required three carbon skeleton before introduction of the receptor unit.

This would allow greater future synthetic flexibility if required.

CO, Lt
Et02C’J /COsH

1. Hydrolysis NN TN
---------------- E
2. Decarboxylation I:}\_}, R /L\__, “
EtO,C 40 MescosH
CO,Et

CH,Cl
RS RS NaCH(C()zEt)Z

P, Toluene, A

CH,CI
37

Scheme 2.4

This synthetic route involved the nucleophilic attack of sodium diethyl malonate on halide
37 in a modified literature procedure.108 Recrystallisation of the crude product afforded 39
as yellow crystals in moderate yield. A molecular ion at m/z 522 in the mass spectrum
confirmed the identity of the product. The next step involved ester hydrolysis in basic
ethanol which gave the desired tetra-acid as a very insoluble pale yellow powder which
was not purified.'® Decarboxylation of the tetra-acid in 1,4-dioxane with sulphuric acid (6
mol dm-3) as a catalyst at 100°C for 4 hours seemed to give some of the more soluble bis-
acid 40 as an extremely fine precipitate. However, there were also some decomposition
products as determined by TLC analysis. At this point it appeared that this synthetic route
was not as attractive as originally thought and so an alternative, more concise route was
investigated. The key step for this route was based upon the reaction of the carbanion of a
propyl amide with benzyl iodide to obtain a carbon-alkylated product in good yield
(Scheme 2.5).'"°
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Thus, 4-acetyl morpholine was added to a solution of lithium diisopropylamide in
tetrahydrofuran to form the enolate anion to which bis(chloromethyl)anthracene 37 was
added at 0°C. After quenching the reaction with water and recrystallising the crude
product thus obtained from ethanol, the diamide 41 was obtained in reasonable yield.

Formation of the product was indicated by the spectra obtained from NMR spectroscopy.

The 13C NMR spectrum of 41 contained two peaks arising from carbons adjacent to
oxygen at 6 66.19 and 66.69 ppm and also two resonances for carbons adjacent to nitrogen
at & 42.00 and 45.82 ppm. The 'H NMR spectrum exhibited a similar lack of symmetry
for the morpholine ring. These spectral featurcs arise from the amide carbon-nitrogen
bond having a high proportion of double bond character, which results in slow rotation

""" Therefore, the two methylene chains of morpholine are in

about the amide bond.
different magnetic environments and so have different resonance values, as observed.
Mass spectrometry and microanalytical data were also consistent with the formation of

diamide 41.

Formation of the propyl morpholine ligand 42 was achieved by reduction of the amide
moieties of compound 41 (Scheme 2.5). Borane-tctrahydrofuran complex was used to
reduce the amides as a mild method suitable for compounds containing anthracene, as has

2.0 Thus, diamide 41 was reduced by

been used previously for similar sensitive systems.
diborane in tetrahydrofuran under reflux for two hours. Treatment of the crude borane-
amine adduct thus obtained with hydrochloric acid gave the diamine 42 in good yield after
recrystallisation. The formation of the diamine was confirmed by 13C NMR spectroscopy
with the disappearance of the amide carbonyl signal at 3 170.96 ppm and the presence of
three peaks for carbons adjacent to a heteroatom at 6 53.84, 58.68 and 67.09 ppm. Mass

spectrometry and microanalytical data also supported the formation of amine 42.
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A further synthetic alternative which was considered involved formation of the three

carbon spacer by a palladium and copper catalysed cross coupling'" with 9,10-

16 Due to the low yield of

diiodoanthracene'" and propargyl alcohol (Scheme 2.6).
bis(hydroxypropyne) 43 obtained and the need to determine appropriate conditions for the

subsequent triple-bond reduction, this route was not pursued further.

2.2.4 Synthesis of 9,10-Bis[(1,4,7,10-tetraoxa-13-azacyclopentadecyl)-
ethyl]lanthracene (45)

In order to study the influence of the receptor ring size on metal ion complexation a larger
azacrown ring was appended to the ethyl anthracene core. Monoaza-15-crown-5 was
selected as it is the least expensive of the monoazacrown systems commercially available.
As it is known to complex a large range of metal ions this crown was ideal for use as part

29.41,117

of a prototypical sensor system. Furthermore, since only one nitrogen is present in

the receptor, there is no need for nitrogen protection in the synthesis.

The synthesis of ligand 45 was modelled on that of the corresponding bis(morpholinoethyl)
system 36, as shown in Scheme 2.7. Thus, a mixture of ditosylate 35 and monoaza-15-
crown-5 were heated under reflux for two days. After standard acid-base separation
techniques the product was isolated as the yellow hydrochloride salt since the free amine
was an unworkable gum. The hydrochloride salt had a base peak in the electrospray mass
spectrum at m/z 335 for the doubly protonated ligand and also a peak at m/z 669 for the
singly protonated ligand. 'H and 13C NMR, and microanalytical data further supported the
identity of ligand 45.
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In an attempt to improve the yield the known diiodide 44 was synthesised as described in
the literature.'” However, changing iodine for tosylate as the leaving group in the reaction
generally gave the same yield (Scheme 2.7), as has been similarly observed,''® although

purification was simplified.

2.2.5 Synthesis of 9-Ethyl-10-[(1,4,7,10-tetraoxa-13-azacyclopenta-
decyl)ethyl]Janthracene (51)

To investigate the influence that the number of receptor units has on the fluorescent
sensing ability, a ligand with only one appended crown was synthesised. For direct
comparison to the other ligands synthesised it was necessary to keep the central carbon
skeleton identical so that the fluorescent properties of anthracene itself were not altered.

To this end the mono crown ligand 51 was the desired target.

The synthesis began with the formation of 9-ethylanthracene 47 to satisfy the requirement
that the mono-substituted system remained a 9,10-dialkylsubstituted anthracene (Scheme
2.8). Anthrone was added to a solution of ethyl magnesium bromide in diethyl ether and
after acidic workup, 9-ethyl-9-hydroxy-9,10-dihydroanthracene 46 was obtained. The
crude product 46 was then dehydrated in toluene with a catalytic amount of
p-toluenesulphonic acid using a Dean-Stark apparatus to afford the desired 9-ethyl-

anthracene 47.!°

O o :
2 1. EtMgBr HO, _
./% S EtZO N - H+ X --.\ e
PP P Erad [ ] )
= 2. H;0 = - Toluene, A NN
46 47, 42%

Scheme 2.8
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The bromine derivative 48 was then formed by refluxing compound 47 with copper(II)
bromide in benzene until the evolution of hydrogen bromide ceased (Scheme 2.9), as
described in the literature."”® The melting point of 103-105°C (lit."*! 105°C) and the mass
spectrum which contained a molecular ion at m/z 285 with a characteristic bromine

distribution pattern confirmed the identity of the product 48.

CuBr, Xy, [L.nBulLi, Et,O SN N
47 — -
Benzene P DO PN
Br
H

48, 48% 49, 41%

0O

Scheme 2.9

The formation of compound 49 (Scheme 2.9) was performed in the same manner as for the
analogous disubstituted diol 34 using an excess of ethylene oxide and the mono-lithiated
anthracene. After recrystallisation from ethanol, 9-ethyl-10-hydroxyethylanthracene 49
was obtained in moderate yield as fluorescent yellow needles. Mass spectrometry, 'H and

I13C NMR spectra, and microanalytical data were consistent with the formation of 49.

Conversion of the primary alcohol in compound 49 to an iodide was achieved using the
iodinating reagent methyltriphenoxyphosphonium iodide (Scheme 2.10). The product 50
formed as a precipitate in N, N-dimethylformamide that was recrystallised from benzene as
yellow needles in good yield. It was differentiated from the precursor by the
microanalytical data and the 13C NMR resonance at 8 3.19 ppm arising from the carbon

adjacent to iodine.

N

Monoaza-
49 CH;3P(OCgH;);l [// Z ™7 ") 15-crown-S N j
: —_—
O
DMF NP Toluene, A K_. 0 \)
I,
I 50, 77% 51.HCl, 49%
Scheme 2.10

The final step in the sequence was the formation of mono(azacrown) ligand 51, as shown
in Scheme 2.10. The initial synthetic attempt involved refluxing iodide 50 and monoaza-

15-crown-5 in acetonitrile with potassium carbonate as the inorganic base. This was
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unsuccessful as it resulted in significant amounts of an elimination product arising from the
removal of an acidic benzylic hydrogen and the facile leaving group. Therefore, 2.2
equivalents of monoaza-15-crown-5 and iodide 50 were refluxed in toluene for two days.
After filtration and acidification compound 51 was obtained, although as cxpected, a
significant amount of unreacted monoaza-15-crown-5 was also observed in the 13C NMR
spectrum. Repeated aqueous base washing of a dichloromethane solution of the crude
product and subsequent reacidification with hydrogen chloride in methanol yielded
mono{azacrown) ligand 51 as a yellow powder. Mass spectrometry showed a molccular
ion at m/z 453 for the singly protonated ligand and a base peak at m/z 233 corresponding to
loss of the azacrown moiety from the molecular ion. 'H and !3C NMR spectra, and

microanalytical data supported the structure of ligand 51.

2.2.6 Svnthesis of 9,10-Bis(thiomorpholinoethyl)anthracene (52) and
9,10-Bis(piperazinoethyl)anthracene (53)

Finally, to investigate the effect of different donor atoms on metal complexation and
consequently fluorescent sensing ability, two ligands directly related to the
bis(morpholinoethyl) ligand 36 were synthesised. Therefore, it was necessary to change
the ether oxygen in morpholine for either a sulphur atom (using thiomorpholine) or a

nitrogen atom (using piperazine).

As shown in Scheme 2.11, bis(thiomorpholine) 52 and bis(piperazine) 53 ligands wcre
prepared by Dr. N. J. Head'* in an analogous manner to that used for the bis(azacrown)
ligand 45. Thiomorpholine could be added directly to the iodide 44 in order to synthesise
ligand 52.
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Piperazine contains two reactive centres which necessitated its mono-protection as the N-
benzylpiperazine before its addition to iodide 44. Subsequent deprotection afforded the

bis(piperazine) ligand 53 as required (Scheme 2.11).

2.3 Acid Dissociation Constants

Acid dissociation constants were determined in a 1,4-dioxane-water solvent mixture
(40:60, v/v) and I = 0.05 mol dm-3 (NEt4C104) by potentiometric titration, as described in

Section 6.3. A partially aqueous solvent system was used to attain a balance between
sufficient water to ensure that the pH electrode could function correctly and sufficient 1,4-
dioxane to dissolve the ligands. However, the bis(thiomorpholine) ligand 52 and the
bis(morpholinomethyl) ligand 38 were still insufficiently soluble in this solvent system to

allow their pK, values to be determined.

In the initial acidic solution, the basic nitrogen donor groups of each ligand are fully
protonated and are gradually deprotonated during titration with tetraethylammonium
hydroxide. The equilibria amongst the deprotonated species may be represented as

follows;

+ Ka) +
[LH]Y ==—=> H'+L

(2.1)
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K
2+ a2 + +
[LH,] H™ +[LH] (2.2)
K
34+ a3 + 2+
[LH;] H" + [LH,] (2.3)
K
4 ad + 3+
[LH, ™ H" + [LH;] (2.4)
YL
al™  [LH"] (2.5)
[(H')J[LH"]
A2 [LH22+] (26)
_ [HLH,™]
T L 27
o I
ad = [LH44+] (2_8)

Where K1, K7, K,3 and K, are the step-wise equilibrium constants (or acid dissociation
constants) and L is the ligand under study. The pK, of each nitrogen donor was
determined from the negative logarithm of the equilibrium constant, K, as defined in

equations 2.9- 2.12.

pKa) = -logK,| (2.9)

pKy = -logKy,, (2.10)
PKy3 = -logKy3 (2.11)
pK,q = -logK 4 (2.12)

The protonation constants (pK,s) for the bis(piperazine) 53, bis(morpholinoethyl) 36,

bis(morpholinopropyl) 42, bis(azacrown) 45 and mono(azacrown) 51 ligands are shown in

Table 2.1.
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Table 2.1. pK, values for the ligands at 298.2 K in 0.05 mol dm3 NEt,ClO, 14-

dioxane-water (40:60, v/v) solution.

Ligand PKai PKqa PKa3 PKa4
Bis(piperazine) 53 9.02+0.01 8.06x0.03 432+0.02 2.96+0.06
Bis(morpholinoethyl) 36 6.38+0.04 5.62+0.04

Bis(morpholinopropyl) 42 7.00+£0.04 6.25+0.03

Bis(azacrown) 45 8.08+0.04 7.12+0.02

Mono(azacrown) 51 7.73 £0.02 -

The pK, values obtained for bis(piperazine) 53 (Table 2.1) decrease from pK,; to pK.
The reasons for this are two-fold. The first is a statistical effect, as before any nitrogen on
the ligand has been protonated, there are four sites for a H* from solution to bind. Once a
proton has bound to a nitrogen donor of the ligand, there are now only three sites available
for a H* from solution to bind and so there exists a lower probability that this will occur,

causing a decrease in pK,. Likewise, for any further pK, value.

The second, and more significant, reason for decreasing pK,s i1s a result of the increasing

net charge. Protonation of one nitrogen gives the ligand an overall single positive charge.

Protonation of a second nitrogen then gives the ligand an overall 2+ charge and
concomitant electrostatic repulsion between the two Hts results in a lower pK,,. This
effect is most apparent for pK,3 and pK,, since the third (and fourth) protonation must
occur on an already protonated piperazine ring where the electrostatic repulsion is greater
due to the proximity of charges. Also, any intramolecular hydrogen bonding is destroyed.

Thus, pK,3 and pK,4 are significantly lower than pK,; and pK,,.

The titration profile of bis(morpholinoethyl) 36 and bis(morpholinopropyl) 42 ligands is
shown in Figure 2.1. The effect of an increase in the length of the aliphatic arm on the
protonation constant can be seen between the ethyl and propyl linked morpholine systems,

36 and 42, respectively. Both pK,; and pK,, increase on going from the ethyl to propyl
system which is a direct result of the inductive effect of the methylene groups.'”’ The pK,

for morpholine is 8.55 (I = 0.5 mol dm-3, 298.2 K) in water'** which is significantly higher
than that for either morpholine containing ligand. This is due to the increased steric
hindrance resulting from the anthracene core which consequently hinders solvation of the

ammonium ion formed (through hydrogen bonding to the solvent).'*
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Figure 2.1.  Typical titration curves of bis(morpholinoethyl) 36 (—) and
bis(morpholinopropyl) 42 (- — —) against NEtyOH at 298.2 K. [Ligand] = 9.0 x 10 mol
dm3, [HCIO4] = 5.0 x 10-3 mol dm™3, [NEt,OH] = 0.093 mol dm>3, [ = 0.05 mol dm™3
(NEt,ClO,). )

Of course, a decrease in pK, value might be expected in a partially aqueous solution when
compared to an aqueous solution since the protonated ligand may be more poorly solvated
than in water, shifting the equilibria in equations 2.1-2.4 to the right. This would result in

an increased K, and thus a decrease in pKjj,.

The effect of oxygen substitution for nitrogen can be observed in the difference in pK,; of
bis(morpholinoethyl) 36 and bis(piperazine) 53. Oxygen is less solvated in aqueous
solution and has a lower tendency to form hydrogen bonds than nitrogen which leads to a
weakening of the cooperative binding of the bound proton by the exchanged donor atom.'*°
Furthermore, oxygen has a higher electron-withdrawing effect compared to nitrogen.

These combined properties cause a lower pK,; to be observed for bis(morpholinoethyl)

ligand 36.

The bis(azacrown) 45 system has a significantly higher pK, than the electronically similar

bis(morpholinoethyl) ligand 36. This difference is the result of increased stabilisation of

the hydronium ion by hydrogen bonding with some of the crown ether oxygen atoms.



Chapter 2 40

Essentially, the ammonivm ion is solvated intramolecularly which gives a more stable

complex, resulting in a higher pKa.127

The pK, difference between mono(azacrown) 51 and bis(azacrown) 45 of 0.35 log units

arises simply from the statistical effect of the availability of one or two protonatable

nitrogens, as previously described. The pK, for a related C|; alkyl substituted monoaza-

128

15-crown-5 is 8.7 in methanol-water (9:1; v/v). This comparative value again shows

ic hi i 125
that the steric hindrance resulting from the anthracene core causes decreased pK, values, —

solvent contributions aside.

24 Metal Complex Formation

The complexation of a metal ion by a ligand may be expressed as;

n+ n+
M7 +L [ML] (2.13)
where the stability constant, X, is given by
[MLIH']
(M"[L] (2.14)

Potentiometric (pH-metric) titrations can be used to determine metal-ligand complexation
constants provided that the protonation constants have been determined.'” The technique
relies on the metal ion competing with acid to bind to the ligand of interest and
consequently altering the solution pH. Thus, differences in the pH titration profile in the
presence of a metal ion can indicate the existence of a metal-ligand complex. The

technique is best suited to higher stability constants (K > 100 dm3 mol-1).'%*

To determine the stability constants of Na*, Ca?+ and Pb2+ with the ligands described in
Table 2.1, two equivalents of the metal ion were added to the acidic titration solution
before the titration was commenced (see Section 6.3). The basicity or pH ot a solution of
these ligands will be altered by complexation of a metal ion. Thus, by comparison and
analysis of the potentiometric titration curves of a ligand in the presence and absence of an
ion, the apparent stability constant (K) for the complex can be determined. Typical
titration curves of bis(azacrown) 45 alone and in the presence Na* and Ca2* are shown in

Figure 2.2.
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Figure 2.2.  Typical titration curves of bis(azacrown) 45 (a) alone, (b) in the presence of

Na* and (c) in the presence of Ca?* against NEt,OH at 298.2 K. [45] = 8.0 X 10-4 mol
dm-3, [NaClO4] = 0.0016 mol dm-3, [Ca(ClOy),] = 0.0016 mol dm3, [HCIO4] = 0.0068
mol dm3, [NEt,OH] = 0.098 mol dm3, I = 0.05 mol dm=3 (NEt,ClO,).

As can be observed in Figure 2.2, there is no discernible affect of the metal ion on the
basicity of the solution of ligand 45. Titrations in the presence of Ca2* were stopped

around pH 11 due to the precipitation of metal hydroxide species (eg. Ca(OH)z).]29

Similarly, titrations with Pb2+ were halted at pH 7 as hydrolysis of Pb2+ at that pH has

been previously observed for a 50% water-dioxane solvent mixture.'

Consequently, since the basicity of the solutions was unaltered by the addition of metal
salts, metal hydrolysis aside, it can be concluded that under the conditions used the ligands
studied do not complex Na+, Ca2+ and Pb2+ (or K < 100 dm3 mol-1).'"™ However, as will

be seen in Chapter 4, metal ion complexation does occur in acetonitrile.

2.5 Summary

A series of 9,10-disubstituted anthracene ligands were synthesised in moderate yields. The
general synthetic route was addition of the amine receptor to the relevant anthracene core
containing the appropriate leaving groups. This route allowed an array of sensors to be

formed relatively easily. It also afforded the opportunity to change various aspects such as
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the receptor unit, as required when pursuing a systematic study, at will. Thus, anthracene
acted as an effective scaffold for construction of the sensors. However, a degree of
simplicity arose from the fact that only the bis(piperazine) ligand 53 required any

protection/deprotection steps.

The pK, values were determined by potentiometric titration for the ligands that are
sufficiently soluble in 1,4-dioxane-water to be studied. The values obtained are consistent
with those determined for similar receptor units in other studies. Furthermore, no metal

ion (Na*, Ca2+ and Pb2+) complexation was observed for any ligand studied in 1.4-

dioxane-water solution using this titration technique.

As these ligands are designed to be fluorescent sensors it is obviously necessary to

ascertain their photophysical properties, which is the subject of the next chapter.
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Chapter 3 Photophysical Properties of
Anthracene Ligands in Partially

Aqueous Solution

3.1 Introduction

Electromagnetic radiation consists of an enormous range of wavelengths from radio to
radioactivity waves. A photon is a quantum of electromagnetic radiation and photons of
different energies are classified into different spectral regions. The photons in all of these
regions have the same electromagnetic nature, but because of their very different energies,
they interact with matter very differently. The energy of one photon depends on its

frequency or wavelength as defined in Equation 3.1;
E = hv = hc/h 3.1
Where h is Planck’s constant (6.626 x 10-34 J s)
v is the frequency of the radiation (s-1)
c is the velocity of light in a vacuum (3 x 1083 m s-1)
A is the wavelength of the radiation (m)

If an electron belonging to a molecule in its ground electronic state absorbs
electromagnetic radiation, it is promoted to an unoccupied orbital of higher energy (an
excited state) and its energy increases by an amount equal to the energy of the absorbed
photon. However, since the energy levels of matter are quantised, only light of an energy
that can cause an electronic transition from the ground state to a particular excited state
will be absorbed. This process is called electronic excitation and the region of interest for
this discussion is light of wavelengths within the range 200-800 nm, the ultraviolet-visible

region.

Ultraviolet-visible spectroscopy is a sensitive technique that produces electronic absorption
spectra for most organic compounds and many inorganic ions and complexes. The

electronic absorption spectra of a molecule is the graphical representation of the intensity
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of light absorbed in producing electronic transitions in a molecule, as a function of the

wavelength of the light.

The relationship of the absorption spectra of organic compounds to their structure has been

d.>"! Quantitative experimental mcasurements of UV-visible

extensively studie
absorption are based on the Beer-Lambert laws which concern the relationship between the
intensities of the radiation incident on, and transmitted by, a layer of an absorbing

substance.

Lambert’s law states that the proportion of light absorbed by a transparent medium is
independent of the intensity of the incident light and that each successive layer of the
medium absorbs an equal fraction of the incident light. Beer’s law states that the amount
of light absorbed is proportional to the number of absorbing molecules through which the
light passes. Therefore, if the absorbing substance is dissolved in a non-absorbing
medium, the absorbance of the solution will be proportional to its concentration.'"

Consequently, combination of the two laws gives the Beer-Lambert law, as shown in

Equation 3.2;
A =log(ly/l) =eCl (3.2)
Where A is the absorbance of the sample

1y is the light intensity incident on the sample

[ is the light intensity transmitted by the sample

¢ is the molar extinction coefficient of the molecule (dm? mol-! cm-!)
C is the concentration of absorbing molecules in solution (mol dm3)
[ is the path length of light through the solution (cm)

Absorbance 1s the quantity measured with a standard spectrophotometer. The Beer-
Lambert law only rigorously applies for monochromatic (homogeneous) light. Other
factors that may make the law inapplicable, such as chemical changes or dichroism, can be

mitigated with careful experimental design.

Thus, UV-visible absorption spectroscopy is concerned with the process by which light is
absorbed by a molecule. Contrastingly, fluorescence (or phosphorescence) spectroscopy is
concerned with the processes by which light is re-emitted by molecules after they have

been excited by the absorption of light. For this reason, fluorescence is observed in a



Chapter 3 45

direction perpendicular to the incident light, in order to avoid interference from it. A
schematic energy level diagram depicting the various electronic transitions that can occur

following the absorption of radiation is shown in Figure 3.1.
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Figure 3.1.  Schematic energy level diagram of the electronic states of a model
chromophore illustrating the numerous electronic transitions that can occur: S represents
a singlet state, T represents a triplet state, and V represents the various vibrational

sublevels. Wavy lines correspond to non-radiative energy transitions.

Although the absorption of light is an extremely rapid process (1015 s) the sequence of
events depicted in Figure 3.1 that return the excited molecule to its ground state are
considerably slower (10-14 to several seconds). The primary route of relaxation depends
on the relative rates of all the processes involved, which are dependent on the particular

molecule, the solvent and also the temperature.

Electronic states of organic molecules can be grouped into two broad categories called
singlet states (S) and triplet states (T). A singlet state is one in which all of the electrons in
the molecule have their spins paired. Triplet states are those in which one set of electron
spins have become unpaired, or all electrons in the molecule except two have paired spins.
Triplet states are lower in energy than their corresponding singlet states as a consequence

of Hund’s rule. In most organic molecules the ground state (Sg), the electronic state of

lowest energy, has an even number of electrons which are paired.

Electronic state multiplicities are important since the nature of the emission process

depends on them. Fluorescence is a radiative transition between states of the same
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multiplicity (i.e. S;— Sp). Phosphorescence is a radiative transition between statcs of

different multiplicities (i.e. T{— Sg).

Electronic states (ground or excited) have associated vibrational energy, stretching them
upward into bands overlapping those of higher electronic statcs. The vibrational levels
(numbered 1, 2, ..., n) arise since a molecule in a given clectronic state may absorb small
mcrements in energy corresponding to changes in vibrational modes, although retain the
same electronic configuration. Superimposed on the vibrational levels of each electronic
state are further rotational sublevels. The energy differences between rotational transitions
are too closely spaced to be resolved in liquids at room temperature. However, they
contribute to the broad nature of the vibrational-clectronic bands in absorbance and

fluorescence spectra.

Upon absorption of light, the electronically excited molecule may also be in a vibrationally
excited statc (with V >0). In solution, transfer of excess vibrational energy through
collisions with neighbouring molecules occurs rapidly (10-14-10-12 ), a process called
vibrational relaxation. Once a molecule has relaxed to the lowest vibrational level of an
excited state, it can only lose encrgy by moving to a lower electronic energy level. This
can be accomplished by internal conversion, fluorescence or intersystem crossing to a

triplet state.

Internal conversion involves crossover from a higher to a lower excited state, of the same
multiplicity, by a vibrational coupling mechanism. Essentially, if the higher vibrational
levels of a lower excited state overlap the lower vibrational levels of a higher excited state,
the two states will be in transient thermal equilibrium which will permit population of the
lower electronic state. Vibrational relaxation of the lower electronic state then follows as
before. This process is fast (10-12 s) for higher electronic states due to greater overlap of

vibrational levels. Intcrnal conversion can occur from S;— S;. However, it is less likely
than among the higher electronic states as they are much closer together in encrgy than S,
and S for aromatic molecules, such as the substituted anthracene ligands considered here.

Accordingly, the radiatively emitting electronic level of a given multiplicity is the lowest
excited level of that multiplicity regardless of the level to which it was initially excited.
One of the few exceptions to this are seven-membered ring containing aromatic

32
compounds such as azulene (S,— S fluorescence).'*
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As ap alternative to internal conversion, the excited molecule may fluoresce in order to
return to the ground state. The decay time of fluorescence is of the order of 10-% s,

corresponding to the lifetime of the thermally equilibrated Sy state. Thus, if fluorescence

is unperturbed by compcting proccsses, the lifetime of fluorescence is the intrinsic lifetime
of the excited singlet state. After emission, the fluorescing molecule can return to any
vibrationally excited level of the ground state. Subsequent vibrational relaxation returns

the molecule to its original state, before absorption.

Tt should be noted that energy of the photon emitted in fluorescence is generally lower than
the energy of the photon absorbed, due to vibrational relaxation after both absorption and
emission. This change in photon energy causes a shift of the fluorescence spectrum to

longer wavelengths, relative to the absorption spectrum, and is referred to as a Stokes shift.

The transition S;— T is the final pathway of molecular deactivation and is referred to as

intersystem crossing. It is an internal conversion process involving states of different
multiplicity. Since the process involves a change of spin state it is classically forbidden
yet, quantum mechanically it can occur although with a much lower (100-fold) probability
than the spin-allowed process. Therefore, the average lifctime of the spin-forbidden
vibrational transition is about 10#¥ s as opposed to 1014 s for spin-allowed vibrational
transitions (internal conversion and vibrational relaxation). Conscquently, intersystem

crossing can compete with fluorescence for deactivation of the S state.

Phosphorescence occurs from the lowest excited triplet state. The long radiative lifetime
of phosphorescent transitions (10-4-10 s) retlects the spin-forbidden nature of the triplet
state, as described above. Accordingly, collisional deactivation by solvent molecules and
energy transfer processes typically preclude the observation of phosphorescence in fluid
media. Therefore, phosphorescence is generally studied in the glassy state at liquid
nitrogen temperature to minimise collisional processes. Phosphorescence also occurs at

longer wavelengths relative to fluorescence since T is lower in energy than S .

Finally, absorption spectra reflect the vibrational states of the excited state and
fluorescence (or phosphorescence) spectra reflect the vibrational states present in the

ground state. Thus, if the Sy and S| states have the same vibrational structures, the

fluorescence and absorbance spectra will appear as mirror images. However, owing to

differences in the charge distributions in the ground and excited states, the vibrational
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structures are often diffcrent, so that at best an imperfect mirror image relationship

frequently results.'*?

When measuring luminescence phenomena there are two different types of spectrum that
can be discussed; the emission spectrum and the excitation spectrum. Fluorescence
emission spectra are obtained by measuring the cmission intensity as a function of
wavelength for excitation at a fixed wavelength. Conversely, excitation spcctra are
obtained by measuring the intensity of the emission at a fixed wavelength as the excitation
wavelength is altered. When the intensity of exciting light is kept constant, the excitation
spectrum generally coincides with the absorption spectrum of a compound. Only

fluorescence emission spectra will be discussed beyond this point.

The preceding discussion provides a brief summary of the absorptive and radiative
processes that can occur for some molecules. The inter-relationship of these different
pathways produces the various outcomes that occur. The way these processes can be
harnessed to signal chemical events will be discussed in this chapter in regard to

photoinduced electron transfer (PET) mediated fluorescent signalling.

3.2 Photophysical Properties in 1,4-Dioxane-Water Solution

As described in Sections 6.4 and 6.5, photophysical measurements were determined in a
1,4-dioxane-water solvent mixture (40:60, v/v) in the presence of 0.050 mol dm-3

tetracthylammonium perchlorate (NEt,ClO,4) to maintain constant ionic strength. Dioxane

is a polar, water miscible organic solvent in which the studied ligands were soluble. It also

134 T :
The water-dioxane ratio

has good UV transparency (>216 nm for 1 c¢cm path length).
remained the same as that used for the potentiometric titration study so that all results
obtained were directly comparable. However, unlike the potcntiometric titration study, all
the ligands are soluble up to the concentrations required for photophysical studies. This is
simply a result of UV-visible and fluorescence measurements requiring significantly lower

concentrations (ca. 10-3 and 10-6 mol dm-3, respectively) than potentiometric titrations (cq.

10-3 mol dm-3).

3.2.1 UV-Visible Absorbance Properties

UV-visible absorbance spectra were measured over the 300-450 nm range for all ligands

studied. The spectra were recorded for each ligand with a variety of metal ions (Na*+, K+,
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Mg2+, Ca2+, A3+, Zn2+, Cd2+, Pb2+ and HY) to determine their effect on the substituted
anthracene ligand absorption. The UV-visible spectra for bis(morpholinoethyl) ligand 36

alone and in the presence of perchloric acid are shown in Figure 3.2 as a typical example.
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Figure 3.2.  UV-visible absorbance spectra of bis(morpholinoethyl) ligand 36 alone
(—) and in the presence of H* (-----) measured in 1,4-dioxane-water (40:60; v/v). [36] =
6.6 x 10-3 mol dm=3, [HCIO4] = 5.0 x 10°3 mol dm™3, I = 0.050 mol dm™3 (NEt,ClOy), T =
2982 K.

The UV-visible absorbance spectra of the ligands are characteristic of 9,10-disubstituted
alkyl anthracenes.'” The absorption spectrum of the bis(morpholinoethyl) ligand 36
displays four absorption bands at 399.5, 378.0, 359.0, and 342.0 nm and a shoulder at ca.
328 nm. Upon the addition of metal ions to the ligand, little or no spectral changes are
observed (Table 3.1). The greatest spectral shift is observed in the presence of acid where
a small hypsochromic shift of 3.5 nm and a slight increase in molar absorptivity are
observed (Table 3.1). Only Al3* and Pb2* show similar, albeit slightly reduced,
hypsochromic shifts. This shift suggests that interaction with the lone pair of the amine
nitrogen slightly diminishes its electron donating character resulting in a small
hypsochromic shift as there is slightly less delocalisation of the & orbitals. As will be seen
later, the spectral change induced by Al3* and Pb2+ is largely due to protonation of 36

occurring as a consequence of the hydrolysis of these metal ions.
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Table 3.1, Longest wavelength absorption bands and molar absorbances (¢) observed for

bis(morpholinoethyl) 36 alone and in the presence of various metal ions in I.4-dioxane-

water (40:60; v/v). [36} = 6.6 X 10-5 mol dm-3, (MM (ClQy),] = 5.0 x 10-3 mol dm?3,

[HCLO4] = 5.0 X 10-3 mol dm-3, I = 0.050 mol dm-3 (NEt4ClO,), T=1298.2 K.

Complex Apax (nm) g x 103 (dm3 mol-! em™)
Free ligand, 36 399.5 10.6 |
Nat 399.5 10.8

K+ 399.5 10.8

Mg2+ 399.5 10.6

Ca2+ 399.0 10.6

Al3+ 396.0 1.8

Zn2+ 399.0 10.8

Cd2+ 399.0 11.1

Pb2+ 397.0 10.9

H* 396.0 11.5

The influence of chain length on the absorbance properties of the disubstituted alkyl
anthracenes was investigated with the bis(morpholinomethyl) 38 and bis(morpholino-
propyl) 42 ligands. They were studied under the same conditions as for
bis(morpholinoethyl) 36 and with the same metal ions. Similarly, the addition of metal
ions shows little to no effcct on the absorption spectra. As before, the largest spectral shift
observed is for H*, with Al3* and Pb2* the next largest. The effect observed upon the
addition of acid to the morpholine containing ligands is shown in Table 3.2 since this
analyle caused the greatest spectral change. Also included in Table 3.2 are the
corresponding absorbance values for bis(hydroxyethyl) 34 and bis(propylamide) 41 for

comparison.



Chapter 3 51
Table 3.2. Effect of acid on bis(hydroxyethyl) 34, bis(propylamide) 41, and morpholine
containing ligands with methyl 38, ethyl 36 and propyl 42 spacers in 1,4-dioxane-water
(40:60; v/v). [Ligand] = 6.6 X 10-5 mol dm3, [HCIO4] = 5.0 X 10-3 mol dm3, I = 0.050

mol dm3 (NEt,ClOy), T = 298.2 K.

Maximum wavelength (nm)
(e X 103 (dm3 mol-! cm1))

Ligand Free ligand Ligand + Acid
Bis(morpholinomethyl) 38 396.5 (8.3) 399.0 (9.3)
Bis(morpholinoethyl) 36 399.5 (10.6) 396.0 (11.5)
Bis(morpholinopropyl) 42 400.0 (11.1) 398.5 (11.5)
Bis(propylamide) 41 400.0 (10.7) a
Bis(hydroxyethyl) 34 398.5 (9.2) a

2 Unchanged by the addition of acid.

All three morpholine ligands, 38, 36 and 42, show a spectral response to the addition of
acid. Bis(morpholinopropyl) ligand 42 displays a 1.5 nm hypsochromic shift with acid,
slightly smaller than for the ethyl system. Bis(morpholinomethyl) 38 is distinct in showing
a bathochromic shift with acid. Both systems show a slight increase in molar absorptivity
in the presence of acid. Bis(hydroxyethyl) 34 and bis(propylamide) 41 ligands, without a
free amine, show no response to acid or any other metal ions. This suggests that binding of
an amine nitrogen is necessary in order to observe any absorbance response. The ethyl
spacer also appeared to afford the largest response. The UV-visible responses observed for
the morpholine series are typical of the other ligands studied containing an ethyl spacer
with different receptors (Table 3.3). UV-visible absorbance spectra (for 52, 53 and 45)
again display little response to the addition of the analytes studied. Yet again, the largest

hypsochromic spectral shift observed is for H+, with Al3+ and Pb2+ the next largest.

Thus, UV-visible absorption spectra generally display little or no spectral change upon the
addition of the various analytes tested. However, the ligands were designed as PET based

fluorescent sensors so these results are not unexpected or necessarily undesirable.
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Table 3.3.  Effect of acid on ligands with an ethyl spacer in |,4-dioxane-watcr (40:60;
v/v). [Ligand] = 6.6 x 10-3 mol dm-3, [HCIO,4] = 5.0 x 10-3 mol dm-3, [ = 0.050 mo! dm™3

(NEt,Cl0O,), T = 298.2 K.

Maximum wavelength (nm) a
(e X 10-3 (dm3 mol-! cm-1))

Ligand Free ligand Ligand + Acid
Bis(thiomorpholine) 522 400.0 (8.9) 396.0 (11.2)
Bis(piperazine) 53 400.0 (10.6) 396.5 (11.8)
Bis(azacrown) 45 399.5 (9.1 3965 (10.0)

4 At 3.3 x 109 mol dm-3.

3.2.2 Fluorescence Properties

Two options exist when selecting an excitation wavelength. The wavelength at which the
species of interest has maximum molar absorbance or, a wavelength where the species
present have the same (an isosbestic point) or comparable molar absorbances is used. The
latter option has the advantage in that any difference in fluorescence observed [or species
sharing similar molar absorbances is real, and not due to different numbers of photons
being absorbed. For these studies, the excitation wavelength was chosen at a point with
comparable molar absorbances for the various species present in the UV-visible
absorbance spectra. Generally the excitation wavelength was selected from within the
second longest wavelength band in the UV-visible absorption spectra (centred around 378
nm), in part to assist in obtaining the full fluorescence spectrum of the substituted

anthracene ligands.

Typical emission spectra for bis(morpholinoethyl) ligand 36 alone and in the presence of
various metal ions (Nat, K+, Mg2+, CaZ+, Al3+ Zn2+, Cd2+, Pb2+ and H*) are shown in
Figure 3.3. The emission spectra of the ligands are characteristic of 9,10-disubstituted
alkyl anthracenes.”® The fluorescence emission spectrum for bis(morpholinoethyl) ligand
36 alone shows two bands at 405.0 and 428.5 nm and a small shoulder at ca. 453 nm.
However, in the presence of acid the emission spectrum consists of three intense bands at
401.0, 424.0 and 449.5 nm, and a small shoulder at ca. 475 nm. Apart from a small shift to
lower wavelength, the appearance of the emission curves remains the same. Noticeably,
the ligand shows a far greater spectral response under tluorescence conditions rather than

for UV-visible absorption conditions.
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Figure 3.3.  Fluorescence emission spectra of bis(morpholinoethyl) 36 alone (a) and in
the presence of (a) Na*t, K+ and Mg?+ ;(bj Cd?* ;(c) Zn?* ;(d) Ca?* ;(e) PB?+ :(f} AP+
and H* measured in 1,4-dioxane-water (40:60; v/v). [36] = 3.0 x 100 mol dm3,
{M"H(CLO ), ] = 5.0 x 10°3 mol dm™3, [HCIO4] = 5.0 x 10°3 mol dm>3, I = 0.050 mol dm™?
(NEt,ClOy, T = 2982 K A, = 377.0 nm.

Fluorescent responses are observed for Zn2+, Ca?+, Cd2+, Pb2+, Al3+ and H* as shown in
Figurc 3.3. Reflecting the UV-visible results, Pb2+, AI3+ and H* ions all display the
largest fluorescence enhancement. Furthermore, Zn?t, Ca2t and Cd2?* show moderate
fluorescence enhancement when compared to the free ligand. The maximum intensity
values for bis(morpholinoethyl) 36 in the presence of metal ions are shown in the Table
3.4. The emission curves display virtually unchanged spectral band characteristics. Apart
from the intensity changes, a hypsochromic shift (4 nm) with acid is the only discernible
feawure. This indicates that there is little alteration in the nature of the fluorophore, simply
an ON/OFF fluorcscence switch is occurring. The fluorescence enhancement observed for
the addition of acid equates to an approximate 8.5-fold increase by comparison with the

free ligand 36.
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Table 3.4. Maximum intensity emission bands observed for bis(morpholinoethyl) 36
alone and in the presence of various metal ions in |,4-dioxane-water (40:60; v/v). [36] =

3.0 X 106 mol dm-3, [M+(Cl10y),] = 5.0 X 10-3 mol dm-3, [HC1O4] = 5.0 X 10-3 mol dm™,
1=0.050 (NEt4ClOy), T=298.2 K, Aey = 377.0 nm.

Complex Amax (Mm)  Fluorescence intensity
Free ligand, 362 405.0 24
Ca?~ 401.5 85
Al3+ 401.0 200
Zn2+ 402.0 66
Cd2+ 402.5 45
Pb2+ 401.0 196
H 401.0 202

a Unchanged by the addition of Na*, K+ or Mg2+.

The influence of spacer chain length on the fluorescence properties of the disubstituted
alkyl anthracenes was investigated, as for the UV-visible study, with bis(morpholino-
methyl) 38 and bis(morpholinopropyl) 42 ligands. The results obtained for
bis(morpholinomethyl) 38 arc shown in Table 3.5. With only a one carbon linker the
fluorescence of the free ligand 38 is negligible under the measurement conditions. This
result directly reflects the efficiency of the PET process such that, with a methyl rather
than ethyl spacer, PET quenching is more efficient. The increased proximity of the amine
nitrogen to the anthracene core causes the quenching process to be far more cffective. A
similar trend has been previously observed with phenylalkylamines and acid."®  Only
CaZt, Pb2+, A3+ and H+ show any increase in fluorescence (Table 3.5) with the relative

order identical to that observed for the bis(morpholinoethyl) 36 system.

A similar trend was observed for the propyl spacer, bis(morpholinopropyl) ligand 42,
where the largest fluorescence increase was in the presence of Ht. Again, Al3+, Pb2+ and
CaZt followed and there was also a fluorescent response to Zn2*+ and Cd2*. This
fluorescent trend was further mirrored in the other ligands studied, bis(thiomorpholine) 52,
bis(piperazine) 53, bis(azacrown) 45, and mono(azacrown) 51. Bis(hydroxyethyl) 34 and
bis(propylamide) 41 however, show no alteration in fluorescence intensity regardless of
analyte added. The significance of this is that a PET sensor requires a lone pair of

electrons of the appropriate oxidation potential (as from an amine) for fluorescence
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switching to occur. This resuit is a good proof of principle of the PET quenching

mechanism.

Table 3.5. Maximum intensity emission bands observed for bis(morpholinomethyl) 38
alone and in the presence of various metal ions in 1,4-dioxane-water (40:00; v/v). [38] =

3.0 x 10-6 mol dm™3, [M™*+(C10,),,] = 5.0 X 10-3 mol dm™3, [HCIO,] = 5.0 x 103 mol dm 3,

1=0.050 mol dm-3 (NEt4C10y4), T=298.2 K, A., = 373.0 nm.

Complex Amax (NmM) Fluorescence intensity
Free ligand 382 403.0 i
CaZ+ 405.5 28
A3+ 405.5 119
Pb2+ 405.0 51
H~ 405.0 157

2 Unchanged by the addition of Nat, K+, Mg2+, Zn2+ and Cd?t,

Considering the range of different receptors used, the common fluorescence response to
the same metal ions (Al3+, Pb2*+ and CaZ*) appears somewhat coincidental, particularly
since Pb2+ is generally viewed as a fluorescence quenching metal ion due to the “heavy

3637 All the ligands studied show the maximum spectral response to acid,

atom” effect.
which supports the PET mechanism of action, as protonation should be the best analyte at
involving the lone pair of nitrogen, thereby arresting PET quenching. In view of the
sensitivity of the ligands to acid, the fluorescence response could well be due to protons

liberated as a direct result of metal ion hydrolysis in aqueous solution.

3.3 Metal Hydroxide Formation

Aquo-cations, especially those of 4+, 3+, and small 2+ ions tend to act as acids in solution
(Equation 3.3).'*® This behaviour can be ascribed to the influence of the positive charge on
the metal ion facilitating the loss of a coordinated water proton. Thesc metal ions can

produce highly acidic hydrated species in aqueous media.

[M(H,0),["" <——==[M(H,0), ,OH]" " +II* (3.3)

Frieser and co-workers'* studied the hydrolysis of various metal ions via potentiometric

titration in 50% aqueous dioxane at 298.2 K. The order of metal ion acidity they found
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was A3+ > Pb2+ > Zn2+ > Cd2* (Ca2+ not studied). This order appears to correlate with

the order of the fluorescent responses found above for the ligands studied.

Potentiometric titrations undertaken with these ligands (Section 2.4) suggested that no
metal complexation occurred (or K < 100 dm3 mol!). Therefore, the fluorescence
observed in the presence of metal ions is most probably a consequence of metal ion
hydrolysis. A means to determine the plausibility, or otherwise, of this scenario is to
redetermine the photophysical studies described above in the presence of a buffer, so as to

exclude the possibility of H* mediated fluorescence.

3.4 Photophysical Properties in Buffered 1,4-Dioxane-

Water Solution

It was decided to study the affect of pH on the UV-visible absorbance and fluorescence
properties of the ligands at two different pH values. This was undertaken in accordance

with the pK, values previously determined (Section 2.3). It was thought that pH values

could be chosen at which the metal ions were still soluble and the result of mono-
protonation and complete deprotonation on the fluorescence of the free ligands could also

be studied.

Thus, HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid) buffer system (see
Section 6.1) was used to maintain a pH of 7.36 in 1,4-dioxane-water (40:60, v/v).
Likewise, a boric acid/borate buffer system was used to maintain a pH of 10.00. HEPES
has been previously shown to bind negligibly to the metal ions under consideration in this
study."*"*® Therefore, any affect of the buffer on the fluorescence of the solution is not a

consequence of sequestration of the added metal ion.

Another possible problem with metal ions and buffers is that as the buffer removes acid
from solution, the equilibrium shown in Equation 3.3 is shifted to the right, resulting in
further production of metal hydroxide species. These metal hydroxides are often insoluble
and so may precipitate from solution, an undesirable situation for photophysical
measurements. Consequently, lower concentrations of metal ions were used than thc non-
buffered studies above to avoid the formation of any metal hydroxide precipitates. The

alternative is to filter any prepared solution containing precipitate before measurement,
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however this is undesirable since the concentrations of the species in solution become

unknown.

34.1 UV-Visible Absorbance Propertics

Several ligands were studied in both pH 7.36 and 10.00 buffered solutions under the same
general conditions as used above. No alteration in the UV-visible absorbance spectra is
observed for any ligand upon addition of any of the metal ions (Nat, K+, Mg?+, Ca’*,
A3+, Zn2+ Cd2+ and Pb2+ at 5.0 x 104 mol dm-3) studied. In Table 3.6 are collated some

UV-visible absorbance spectral data showing the values obtained in buffered solution.

Table 3.6. UV-visible molar absorbance (g) values at pH 7.36 and 10.00 in 1,4-dioxane-
water (40:60; v/v). [Ligand] = 6.6 X 10-> mol dm-3, [Buffer] = 0.050 mol dm-?, / = 0.050
mol dm-3 (NEt,ClOy), T = 298.2 K.

Maximum wavelength (nm)
(e X 10-3 (dm? mol'! cm-1))

Ligand pH 7.4 (HEPES) pH 10.0 (borate)
Bis(morpholinoethyl) 36 399.0 (10.7) 399.0 (10.7)
Bis(piperazine) 53 399.0 (10.5) 399.5 (10.6)
Bis(azacrown) 45 397.0 (9.1 400.5 (8.3)
Mono(azacrown) 51 399.0 (9.5 400.5 (8.3)
Bis(hydroxyethyl) 34 3985 (9.2) 398.5 (9.2)

As can be seen in Table 3.6, a small bathochromic shift occurs upon measurement in
higher pH solution. These changes were only observed when the ligand was capable of
further deprotonation, that is, the fully non-protonated ligand is not completely present at
pH 7.36 for bis(piperazine) 53 and the two azacrown containing systems, 45 and 51.
Similarly, when no further deprotonation can occur (eg. bis(morpholinoethyl) 36 and
bis(hydroxyethyl) 34), there is no spectral change in higher pH buffer (vide infra). Since
no UV-visible spectral changes are observed for any ligand with any added analyte this

suggests that the ligands are not complexing the metal ions.

3.4.2 Fluorescence Properties

The fluorescence properties of the ligands previously studied were subsequently

redetermined in both pH 7.36 and 10.00 buffered solutions under the same general
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conditions previously used, to ascertain whether fluorescence was due to metal ion
hydrolysis induced protonation. Table 3.7 contains the fluorescence emission valucs for all

of the ligands studied in the two buffers.

Table 3.7. Fluorescence values of ligands at pH 7.36 and 10.00 in 1,4-dioxane-water
(40:60; v/v). [Ligand] = 3.0 X 10-¢ mol dm-3, {Buffer] = 0.050 mol dm3, I = 0.050 mol
dm-3 (NEt4ClOy), T=298.2 K.

Fluorescence intensity (A,  (nm))

Ligand pH 7.4 (HEPES) pH 10.0 (boratc)
Bis(morpholinomethyl) 382 1 (403.0) 1 (403.0)
Bis(morpholinoethyl) 36b 25 (405.0) 25 (405.0)
Bis(morpholinpropyl) 420 129 (4006.5) 129 (406.3)
Bis(thiomorpholine) 52¢ 21 (406.5) 21 (406.5)
Bis(piperazine) 53¢ 160 (405.5) 27 (406.0)
Bis(azacrown) 45¢ 89 (401.5) 3 (406.0)
Mono(azacrown) 51¢ 146 (404.5) 11 (406.0)
Bis(propylamide) 41¢ 220 (405.5) 220 (405.5)
Bis(hydroxyethyl) 34b 183 (405.0) 183 (405.0)

2, =373.0 nm. P, =377.0 nm. ¢ X, = 378.0 nm.

The emission intensity values for the ligands above are shown in the absence of any
analyte as no alteration in fluorescence is observed upon the addition of any metal ion
(Nat+, K+, Mg2+, Ca2*, A3+, Zn2+, Cd2+ and Pb2+ at 5.0 x 104 mol dm3). As there is no
metal ion induced fluorescent response when the solutions were measured under constant,
buffered pH conditions, this suggests that, as indicated with the UV-visible absorbance
spectra, the fluorescence observed in the unbuffered solutions is a result of metal ion

hydrolysis. Evidently, the relevant metal ions (Ca?*, A1+, Zn2+, Cd2* and Pb2*) undergo

varying degrecs of hydrolysis,"*’

thus liberating acid that protonates the ligands, thereby
causing a fluorescence response. This would also explain why the maximum fluorescence
intensity of the metal ions often mirrored that observed for the addition of acid in the non-

buffered study.

The problem of fluorescence arising from protonation being erroneously attributed to
analyte complexation has also been discussed by James and co-workers."* The

compound, N-(9-anthrylmethyl)diethanolamine, was designed to be utilised as a sensor for

boronic and boric acids. When James ef al. repeated some work of Wang et al.'* they
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discovered a discrepancy in the fluorescence results. That is, when phenylboronic acid was
added to the sensor in non-buffered methanol that had not been rigorously dried, a
fluorescence response was observed. However, minimal fluorescence response was noted
in buffered methanolic aqueous solution. It was suggested that water molecules present in
the methanol coordinated with the boron Lewis acid thereby becoming more acidic,

3% The lack of significant binding of phenylboronic

consequently protonating the sensor.
acid to the sensor was further confirmed by NMR studies."”® Hence, the previously
reported boronic acid sensor'*® was in fact only a proton sensor.'* Clearly it is prudent
(and necessary) to perform photophysical measurements involving PET fluorescent sensors
under buffered conditions for accurate and meaningful results. Another alternative is to

use a rigorously anhydrous organic solvent (see Chapter 4).

The role protonation plays in fluorescence can be seen in Figure 3.4, where representative
emission spectra for bis(azacrown) 45, mono(azacrown) 51 and bis(piperazine) 53 in the
two different buffered systems are shown. The pH of the solution can significantly
influence the magnitude of fluorescence emission for these ligands in the absence of any

metal ions.
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Figure 3.4.  Fluorescence emission spectra of ligands in pH 7.36 buffered solution, (a)
bis(azacrown) 45; (b) mono(azacrown) 51; (c) bis(piperazine) 53 and in pH 10.00 buffered
solution, (d) bis(azacrown) 45; (e) mono(azacrown) 51; (f) bis(piperazine) 53 measured in

1,4-dioxane-water (40:60; v/v). [Ligand] = 3.0 x 106 mol dm-3, [Buffer] = 0.050 mol
dm3, I = 0.050 mol dm3 (NEt,ClOp), T = 298.2 K, Aoy = 378.0 nm.
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Only bis(azacrown) 45, mono(azacrown) 31, and bis(piperazine) 53 ligands are shown
above as they alone (of the ligands studied) show this effect at the two pH values studied.
Clearly, these ligands are undergoing changes in protonation, at these pH values, that

directly impinge upon their fluorescence, unlike the other ligands in Table 3.7.

24,52,53,112,141-143 . .
CrSRR e and is a direct

Protonation induced fluorescence has been observed before
consequence of the mechanism for this type of PET mediated fluorescent signalling. The
cause is that the lone pair of an amine nitrogen transfers an electron to the photo-produced
vacancy in the HOMO of the fluorophore, which quenches the fluorescence. When this
nitrogen is protonated these electron transfer paths to the photo-excited state of anthracene
are no longer operative and so fluorescence is restored.”>  Further support for this

mechanism is the insensitivity of bis(propylamide) 41 to acid which has no free amine

since the nitrogen is part of an amide moiety.

The different levels of fluorescence observed for bis(azacrown) 45, mono(azacrown) 51,
and bis(piperazine) 53 ligands at pH 7.36 are the outcome of their differing degrees of
protonation. The speciation diagrams for bis(azacrown) 45 and bis(piperazine) 53 ligands

are shown in Figures 3.5 and 3.6, respectively.
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Species L LH* LH,2+
% at pH 7.36 10.9 56.7 324
% at pH 10.00 98.8 1.2 0.0

Figure 3.5.  Species distribution diagram of bis(azacrown) 45 as a function of pH. A
dashed (- - - -) curve indicates a fluorescent species and % concentration is shown relative

to the total concentration of ligand.
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Species L LH+ LH,2+ LH43+ LH44+
% at pH 7.36 04 16.6 82.9 0.1 0.0
% at pH 10.00 90.4 9.5 0.1 0.0 0.0

Figure 3.6.  Species distribution diagram of bis(piperazine) 53 as a function of pH. A
dashed (- - - -) curve indicates a fluorescent species and % concentration is shown relative

fo the total concentration of ligand.

Bis(piperazine) 45 is fluorescent despite two of its nitrogen existing as free amines. This is
a result firstly of electrostatic repulsion causing each piperazine ring to accept a single
proton. Secondly, even though nitrogen basicity would suggest that the protons are located
on the secondary nitrogens,'? this proton must be significantly ‘shared’ between the two
nitrogens within each six-membered ring to halt the PET process. Support for this idea is
found in a gas phase study utilising mass spectrometry which found clear evidence of
intramolecular hydrogen bonding between the two heteroatoms in morpholine.'*
Consequently, the fluorescence of bis(piperazine) 53 only begins to diminish as the
presence of this doubly protonated species also diminishes. Contrastingly, a 9-
piperazinomethyl anthracene compound (2, Section 1.3.2) showed a quenching of
fluorescence after one nitrogen was deprotonated.”>'*> The methylene spacer is obviously
significant for this example, possibly sterically hindering the intramolecular hydrogen

bonding.

The morpholine containing ligands with one, two and three carbon spacers (38, 36 and 42,

respectively) show no change in the magnitude of fluorescence at either buffer pH (Table
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3.7). At pH 7.36 there is an insignificant amount of the doubly protonated species present
for both bis(morpholinoethyl) 36 and bis(morpholinopropyl) 42 ligands (0% and 2%,
respectively). Therefore, no further fluorescently important deprotonation occurs and there

18 no alteration in fluorcscence.

The basis for this is that when a single amine nitrogen adjacent to the anthracenc is
deprotonated it is then able to quench the fluorescence by the mechanism described above.
Consequently, a singly protonated diamine ligand is not fluorescent as although one amine
is protonated there is a free amine nitrogen that can cfficiently quench the fluorcscence.
The net result of this is that the two amine sites involved in PET quenching necd to be
protonated in order to switch on fluorescence, as has been previously observed for similar

2
systems.lm'M‘

A compound series utilising the 4-amino-1,8-naphthalimide fluorophore with two separate
and independently operating PET pathways has further delineated this requircment.146 The
two PET pathways present were, from a pH-dependent donor to the fluorophore (PET
input path), and from the fluorophore to an acceptor (PET output path). The input path
was deactivated by protonation and the output path was deactivated by structural
modification. It was found that if either pathway was operative (i.e. PET was ON),

fluorescence was quenched.'*® See Sections 1.3.3 and 1.3.7 for further examples.

The magnitude of the basal fluorescence of the ligands at pH 10.00 also varies. This is
significant as it is essentially a direct reflection of the efficiency of the PET process for

each ligand.

Bis(azacrown) ligand 45 is less fluorescent (or more efficiently quenched) than the
mono(azacrown) ligand 51 as the presencc of two proximal amines allows more efficient
quenching than a single amine. More successful electron transfer paths are available for
quenching when two nitrogens are present'*’ although as indicated above, one amine is

sufficient for PET as the difference between the two is only small.

The variation in receptor also changes the fluorescence, such as between the azacrown
receptor and morpholine receptor. All the six-membered ring containing receptor ligands
have a similar level of fluorescence which is greater than that of the bis(azacrown) system
45. This is due to the various oxidation potentials of the different receptor unils and so
their corresponding quenching efficiency.'*® Therefore, an amine receptor with a greatcr

oxidation potential than those used in this study would have a higher baselinc fluorcscence.
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The effect of spacer length on fluorescence efficiency is illustrated by the methyl 38, ethyl
36, and propyl 42 morpholine series of ligands. The fluorescence of bis(morpholino-
methyl) 38 is negligible yet that of bis(morpholinopropyl) 42 is almost as large as that for
the fully protonated methyl system 38. The more distant the amine quencher 18 from the
anthracene core, the less efficient the resulting PET quenching process.141 Generally PET
is considered to be a through bond process and the results described above are in
accordance with this."*"*" A series of structurally rigid, difunctional molecules of fixed

distance and orientation have also been used to demonstrate this principle.'’ )

Taken as a whole, these results show the universality of the Fluorophore-Spacer-Receptor
design strategy where it is possible to alter components for varying targets and
environments. Thus, some of the acidity rclated problems presented above can be
ameliorated by using amine donors with different basicitics affording the free amine as
desircd. For instance, de Silva and co-workers used an aniline-type nitrogen thereby
negating protonic effects above pH 6."°' Likewise, a substituted benzyl amine has also
been utilised® or the nitrogen can even be removed completely.'>® The fluorophore sub-
unit can also be altered (although not in this study) with coumnarin'® and squaraine'™? dyes,
just two of many examples used (see Section 1.3). The spacer has been little altered in the
literature®' as generally only a methylene group 1s used. However, each subunit alteration

can not be undertaken in isolation as each change influences other aspects of the molecule.

3.5 Summary and Conclusions

Photophysical measurements were performed in non-buffered 1,4-dioxane-water which
initially appeared to afford some promising results. UV-visible absorbance spectra
generally show only slight spectral changes for all ligands studied. The fluorescence
response observed for the same ligands is much larger, with acid always producing the
greatest effect of the analytes studied (Nat, K+, Mg2+, Ca2*, AI3+, Zn2+, Cd2+, Pb2+ and
H+). This indicates that PET is indeed the quenching mechanism involved as desired by

the molecular design.

The possibility of metal ion hydrolysis producing acid and thereby inducing fluorescence
through protonation of the ligands was investigated by measurements in buffercd solution.

These studies show that none of the analytes added cause any observable change in the
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fluorescence output. Therefore, the hypothesis of undesired acid production producing the

fluorescence response was verified.

The obvious lesson to learn from this study is that this generic type of ligand is extremely
sensitive to acid, ignoring this aspect is at the investigator’s peril. Consequently, any
solution used must be buffered to prevent the occurrence of erroneous, false positive,
results. Indeed, the possibility of protonation must always be conclusively excluded before
continuing with any study on this type of fluorescent scnsor. An alternative method is to
rigorously excluded water and hence negate the possibility of acid interfering with any

measurements.

Clearly the basicity of these types of sensors is an important consideration when they are to
be used in an aqueous environment, whether it is a buffered environment or not. This
consideration arises because, as observed in the buffercd study, the basal fluorescence level
of a ligand is largely dependent upon the basicity of its amines. Thus, a more basic ligand
would have a higher baseline fluorescence (at a larger range of pH values) thus reducing
the degree lo which the signal can be enhanced. Furthermore, the length of the spacer was
found to also be a major factor responsible for the baseline level of fluorescence. When
the spacer reaches the length of three carbons (propyl spacer) the significance of PET
quenching is severely reduced. No meaningful comments can be made regarding the
significance of the azacrown systems (i.e. one or two receptor units) since no metal ion

complexation was invalved for either system.

Since no (or negligible) metal ion complexation is observed in 1,4-dioxane-water solvent
mixture it would be useful to attempt the same photophysical measurements in acetonitrile,
a much less strongly coordinating solvent. In such a solvent mectal ion complexation is
morc favourable and therefore it may be possible to further ascertain some properties of
these fluorescent sensors. The following chapter will describe photophysical invest-

igations towards this end.
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Chapter 4 Fluorescence Sensing of Metal Ions by
Anthracene Ligands in Acetonitrile

Solution

4.1 Introduction

The solvent can have a very large influence on the stability and selectivity of metal ion
complexation. This complexation involves substitution of several solvent molecules from
the inner coordination sphere of the metal ion and may be regarded as a competition

between the solvent and the ligand for coordination of the metal ion.

The stability constant of a complex generally increases as the solvating power of the
solvent towards metal ions decreases.">'*® For instance, two studies which obtained a
series of stability constants for Nat with several crown systems in a range of water-
methanol solvent mixtures found that as the proportion of methanol increascd the complex
stability also increased."”””'** Frensdorft has similarly studied a range of univalent metal
ions with a series of crown ether compounds in both water and methanol and found that the
stability constants were generally at least two orders of magnitude greater in methanol.”™
Consequently, using acetonitrile in this investigation as the solvent for the photophysical

studies should favour metal ion complexation, as compared to the studies described in the

previous chapters using a 1,4-dioxane-water solvent mixture.

The majority of the ligands used in this study contain the hard ether oxygen donor group
which generally shows a preference for binding with hard acid metal ions.'"'*" A useful
series of metal ions to study are therefore the alkali (Group 1A) metal ions Lit, Nat, Kt,
Rb* and Cs*, and the alkaline earth (Group ITA) metal ions Mg2+, Ca2+, Sr2+ and Ba2+

. 2
which are known to complex azacrowns.”> !’

Due to their closed shell, inert gas
electronic structure, alkali and alkaline earth metal ions are not expected to show strong
stereochemical requircments in complex formation (as do the transition metal ions) and so
it is possible to observe complexation characteristics without being too concerned with any

coordination directionality, other than that exerted by the multidentate ligand. Metal ion
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size is an important consideration in complexation and so the ionic radii for these metal

ions are collected in Table 4.1.

Table 4.1. Ionic radii of alkali and alkaline earth metal ions for various coordination
60

numbers.
Tonic radii (A) for coordination numbers 6-11
Metal ion 6 7 8 9 10 1
Li* 076 0.92
Na+ 1.02 1.12 1.18 1.24
K+ 1.38 1.46 1.51 1.55 1.59
Rb+ 1.52 1.56 1.61 1.63 1.66 1.69
Cs* 1.67 1.74 1.78 1.81 1.85
Mg2+ 0.72 0.89
Ca2+ 1.00 1.06 1.12 1.18 1.23
Sr2+ 1.18 1.21 1.26 1.31 1.36
Ba2+ 1.35 1.38 1.42 1.47 1.52 1.57

Therefore, to further investigate the photophysical properties of the previously discussed
ligands they were studied in acetonitrile solution with a range of alkali and alkaline earth
metal ions. Where possible, complexation constants were determined for metal ion
complexation by these ligands. These constants allow various design aspects of the
ligands, such as the number of receptors and the nature of the complexing atoms, to be
evaluated with respect to their likely influence on fluorescent signalling ability. Thus,
these studies are intended to enhance the understanding of the underlying design principles

required for PET based fluorescent sensors.

4.2 UV-Visible Absorbance Properties in the Presence of
Metal Ions

Acetonitrile is a polar aprotic organic solvent with good UV transparency (> 213 nm for

1.0 cm path length)'**

in which all of the studied ligands are soluble. UV-visible
absorbance spectra were measured over the 300-450 nm range for all of the ligands studied

in the presence of 0.050 mol dm™ tetraethylammonium perchlorate (NEt,ClOy,) to

maintain a constant ionic strength. The spectra were recorded for each ligand with a
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variety of metal ions (Li*, Nat, K+, Rb*, Cs*, Mg2+, Ca2*, Sr2* and BaZ?*) to determine
their influence on the substituted anthracene ligand absorption. The absorbance spectra of

bis(azacrown) 45 alone and in the presence of Mg2+ is shown in Figure 4.1 as a typical

example.
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Figured4.1.  UV-visible absorbance spectra of bis(azacrown) ligand 45 alone (—) and
in the presence of Mg+ (- — —) measured in acetonitrile. [45] = 6.6 x 10> mol dm™3,

[Mg(CIO4)5] = 6.0 X 104 mol dm™3, I = 0.050 mol dm™3 (NE1,ClOy), T = 298.2 K.

The UV-visible absorbance spectra of the ligands are characteristic of 9,10-disubstituted

35

alkyl anthracenes.' The absorption spectra of the bis(morpholinoethyl) ligand 36
rp P

displays four absorption bands with Ay, at 399.0, 378.0, 359.0 and 342.5 nm, and a
shoulder at ca. 328 nm, essentially unchanged from those observed in 1,4-dioxane-water.
Since the absorbance spectra undergo only small shifts with changing solvent polarity, this
indicates that only a small difference between the dipole moments of the ground and
excited states exists. Upon the addition of metal ions to the bis(morpholinoethyl) ligand
36, little or no spectral changes are observed. The greatest spectral shift is observed in the
presence of Mg2+ where a small hypsochromic shift of 4 nm and a slight increase in molar

absorptivity are observed (Table 4.2).
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Table 4.2, UV-visible molar absorbance (g) values for the longest wavelength peak of
various ligands alone and in the presence of Mg2+ in acetonitrile. [Ligand] = 6.6 x 10

mol dm-3, [Mg(ClO,),] = 6.0 x 104 mol dm3, I = 0.050 mol dm=2 (NEt,ClOy), T =

298.2 K.

Maximum wavelength (nm)

(e X 10-3 (dm3 mol! cm 1))
Ligand Free ligand Mg2+ Complex
Bis(morpholinomethyl) 38 394.0 (11.6) 397.0 (10.5)
Bis(morpholinoethyl) 36 399.0 (9.D 3950 (11.6)
Bis(morpholinopropyl) 42 400.0 (11.8) 397.0 (12.8)
Bis(thiomorpholine) 522 400.0 (8.0) 395.0 (1L.5)
Bis(piperazine) 534 399.5 (11.0) 398.0 (11.6)
Bis(azacrown) 45 401.5 (8.2) 400.5 (1L.D)
Mono(azacrown) 51 3995  (7.8) 3995 (9.3
Bis(propylamide) 41 399.0 (10.0) b
Bis(hydroxyethyl) 34 398.0 (7.3) b

2 At 3.3 X 10-3 mol dm3. b Absorbance unchanged by the addition of Mg2+.

The absorbance values for all the ligands studied, alone and in the presence of Mg+, are
also shown in Table 4.2. The values in the presence Mg2+ are chosen as they display the
largest spectral change of all the metal ions studied. The UV-visible absorption spectra
generally show only small spectral changes, if any, upon the addition of the metal ions in
acetonitrile. Typically a molar absorbance increase, of varying degree, is the major change
observed (excluding 38). Thus, the absorbance spectra of the ligands are only slightly
perturbed by the presence of these metal ions in acetonitrile, as was similarly observed in

1,4-dioxane-water (Section 3.2.1).

4.3 Determination of Stability Constants from Fluorescence

The complexation of a metal ion (MP+) by a ligand (L) may be expressed as;

K
Mn++L ) S [ML]D+

(4.1)

and if a second metal ion is then complexed;
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K2
M™ 4+ [ML]" <—=——== [M,LI"™

(4.2)
where the stepwise stability constants, K| and K, are given by

lMLl]+J
K[ R —

MT]L] (4.3)

IM')L]ZIH

K= ey n+

IM™IML] (4.4)

Furthermore, an overall stability constant, f},, which is the product of the stepwise

formation constants above, can be defined as;

n+ 2n+
2ZMT7 + L [M,L] (4.5)
[M L]2n+
Bz~ =Kk
(MT]7[L] (4.6)

A variety of methods can be utilised to study such complexation phenomena, for instance
potentiometric titrations (Section 2.4), NMR spectroscopy and UV-visible or fluorescence

161,162 . i
77 As fluorescence spectroscopy is often a very sensitive

spectroscopy, amongst others.
technique, it is ideal for studying low concentrations as in this study, and accordingly was
the method chosen. Fluorescence spectroscopy can be used to study complexation
phenomena provided that significant spectral differences exist between the ligand and any

complex that may form.'®" The determination of values for K 1 and K, quantifies the ability

of a ligand to complex a metal ion and also allows its specificity to be established.

For the quantitative determination of stability constants a common method used, and that
employed for this work, is the mole ratio method whercby the ligand concentration is kept
constant and the metal ion concentration is varied."®"'™ The metal ion concentrations
usually vary in increments up to and including a concentration at which no further spectrai
change occurs such that formation of the complex is at, or approaches, completion. The
data acquired from these solutions, containing a ligand with varying metal ion
concentrations, were fitted to a particular algorithm using non-linear least-squares
regression through the Matlab computer programme DATAFIT/SPECFIT'™ (see Section

6.6). Values obtained from non-linear regression methods are generally more reliable than
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those obtained by linear fitting methods such as double reciprocal plots that place more

weight on lower concentration values than on the higher ones.'®

The SPECFIT programme allows different complexation stoichiometries to be
investigated. Consequently, either an algorithm arising from the equilibrium shown in
Equation 4.1 (i.c. formation of a (metal)+(ligand) complex alone) or an algorithm arising
from the equilibria shown in Equations 4.1 and 4.2 (i.e. formation of both (metal)+(ligand}

and (metal),+(ligand) complcxes) were fitted. The two different models described will

hereafter be referred to as the 1:1 binding model or the 2:1 binding model, respectively.
The 2:1 binding model involves simultaneous fitting for both a (metal)*(ligand) complex

and a (metal);*(ligand) complex as the formation of the latter species is necessarily

preceded by (metal)s(ligand) complex formation. Also, SPECFIT displays the calculated

emission spectrum for each of the species included in a particular binding model.

Finally, the use of matrices permitted simultaneous fitting of the data obtained at 0.5 nm
intervals over the wavelength range 390-550 nm, in which a significant change in
fluorescence intensity was observed. Therefore, the derived stability constants are based
on between 3,220 and 8,000 data points (dependent upon the number of solutions used).
The sum of the squared deviation (SSD) of each fit is [or the best fit curve to all of the data

points.

Due to the errors involved in spectral measurement and solution preparation, the actual
crrors on the derived stability constants are greater than the non-weighted standard
deviations quoted (but they are unlikely exceed the non-weighted standard deviation by a

factor of two in these systems).

4.4 Fluorescence Properties in the Presence of Metal Ions

Fluorescence emission spectra were measured over the 390-550 nm range for all ligands
studied in the presence of 0.050 mol dm3 tetraethylammonium perchlorate (NE(4ClOy4) to
maintain a constant ionic strength. The ligand concentration was constant at 3.0 X 10-¢ mol
dm3. The spectra were recorded for each ligand with a variety of metal perchlorate salts
(Li*, Na*, K*, Rb*, Cs*, Mg2+, Ca?+, Sr2+ and BaZ*) to determine their effect, if any, on
the substituted anthracene ligands fluorescence. The perchlorate salts were used since the

perchlorate ion does not significantly complex to metal ions in solution. Where the
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fluorescence change was spectrally significant a spectrofluorimetric titration was under-

taken for that metal ion, as described in Section 4.3.

4.4.1 Metal Ion Complexation by Bis(morpholinomethyl) 38

Typical emission spectra for bis(morpholinomethyl) ligand 38 alone and in the presence of
increasing concentrations of Mg2+ are shown in Figure 4.2. The emission specira of the
ligands are characteristic of 9,10-disubstituted alkyl anthracenes.” The fluorescence
emission spectrum for bis(morpholinomethyl) ligand 38 alone is ncgligible under the
measurement conditions with a quantum yield (@g) of 0.001. However, upon the addition
of Mg2+ an emission spectrum consisting of two intense bands at 405.5 and 429.0 nm, and

a shoulder at ca. 451 nm is observed, the intensity of which increases with [Mg2+].
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Figure 4.2,  Emission spectra of bis(morpholinomethyl) 38 alone (3.0 x 10-¢ mol dm3)
and in the presence of increasing concentrations of Mg+ (ranging from 1.0 x 10-5 t0 5.0 x
10-3 mol dm-3) in acetonitrile (I = 0.050 mol dm3) at 298.2 K, when excited at 374.0 nm.

The emission of 38 alone is coincident with the baseline.

The general appearance of the emission spectra in the presence of Mg2+ remain the same
apart from the alteration in intensity. The ligand shows a far greater spectral response for
fluorescence than that witnessed for the UV-visible absorbance. The fluorescence

enhancement observed for the addition of Mg2+ (@ 0.31) is relatively large in comparison
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with the free ligand 38. This large increase is a direct result of the very low fluorescence

of the free ligand.

The variation in ligand 38 fluorescence upon the addition of Mg2* (ranging from 1.0 x 103
to 5.0 X 10-3 mol dm3) (Figure 4.2) was readily fitted to a 1:1 binding model (i.e. Equation
4.1). The binding curve for the complexation of Mg2+ by bis(morpholinomethyl) 38 at

405.0 nm displayed a reasonable visual [it as shown in Figure 4.3.
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Figure 4.3.  Fluorescence variation of bis(morpholinomethyl) 38 (3.0 x 106 mol dm3)
at 405.0 nm in the presence of increasing concentrations of Mg?+ (ranging from 1.0 x 10-3
to 5.0 x 103 mol dm=3) in acetonitrile (I = 0.050 mol dm3) at 298.2 K, when excited at
374.0 nm. The circles represent experimentally obtained data points and the solid line

represents the best fit of the data to a 1.1 binding model.

Similarly, a fluorescence titration with ligand 38 and increasing concentrations of CaZ+
(ranging from 1.0 x 104 to 6.0 X 10-} mol dm-3) was performed {Appendix, Figure A.3).
The resulting data could be fitted to a 1:1 binding model (Appendix, Figure A.4) to give a

derived stability constant K;. This value and the @y of the complex is listed in Table 4.3.
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Table 4.3.  Stability constants (fitted to a 1:1 binding model) and quantum vields for the

complexes of bis(morpholinomethyl) ligand 38 with metal ions in acetonitrile at 298.2 K.

Metal ion K| (dm3 mol-1) SSDha Db
None 0.001¢
Mg+ (1.10 £0.01) x 103 1.8 x 104 0.31
Ca+ (4.18 £0.06) x 102 55x102 0.16
Sr2+ d d
Ba+ d d

a Sum of the squared deviation. b Relative quantum yicld determined from the calculated
spectrum of the complex. ¢ Experimentally determined value. d Spectral change too small
to be determined.

The fluorescence response of the ligand in the presence of Sr2*+ and Ba2* is too small to
allow the determination of any stability constants. Neither Mg2+ or Ca2+ data sets could
be fitted to a 2:1 binding model. The bis{(morpholinomethyl) ligand 38 displays no
alteration in fluorescence emission in the presence of the alkali metal ions studied (LiT,

Na*, K+, Rb* and Cs*),

4.4.2 Metal lon Complexation by Bis(morpholinoethyl) 36

The fluorescence emission spectrum for bis(morpholinoethyl) ligand 36 alone shows two
bands at 409.0 and 431.0 nm of low intensity when excited at 378.0 nm. Upon the addition
of alkaline earth metal ions the emission intensity increascs although the addition of alkali
metal ions elicits no such response. The variation in ligand 36 fluorescence upon the
addition of Ca2* (ranging from 1.0 X 105 to 5.0 x 10-3 mol dm-3) when excited at 365.0
nm is shown in Figure 4.4. For the metal ions that show a fluorescent response, the values
obtained from fitting to a {:1 binding model or to a 2:1 binding model are shown in Tables

4.4 and 4.5, respectively.
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Table 4.4. Stability constants (fitted to a 1:1 binding model) and quantum yields for the

complexes of bis(morpholinoethyl) ligand 36 with metal ions in acetonitrile at 298.2 K.

Metal ion K (dm3 mol-!) SSDha Db
None 0.03¢
Mg2+ (3.87 £0.03) x 10 3.9x 104 076
Ca2+ (1.65 = 0.01) X 103 1.7 x 104 0.75
Sr2+ (8.8 £0.1) x 102 3.6 x 103 0.15
Ba2+ (4.96 +0.07) x 102 1.8 x 103 0.11

a Sum of the squared deviation. P Relative quantum yield determined from the calculated
spectrum of the complex. ¢ Experimentally determined value.
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Figure 4.4.  Emission spectra of bis(morpholinoethyl) 36 alone (3.0 x 106 mol dm=)
and in the presence of increasing concentrations of Ca?* (ranging from 1.0 x 103 to 5.0 x

103 mol dm-3) in acetonitrile (I = 0.050 mol dm3) at 298.2 K, when excited at 365.0 nm.

The emission of 36 alone is the lowest intensity curve in the montage.
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Table 4.5. Stability constants (fitted to a 2:1 binding model) for the complexes of
bis(morpholinoethyl) ligand 36 with metal ions in acetonitrile at 298.2 K.

Metalion K (dm3 mol-1) Op2 K5 (dm3 mol-1) Opb SSDC

Mg2+ (9.19+0.07)x 104 058  (1.19+0.01)x 103 092 9.9x 103
Ca2+ (3.30+0.08)x 104 0.19  (6.03+0.07)x 102 088 2.6x 103
Sr2+ (1.57 £0.04) x 104 0.06 (1.17£0.03) x 102 026  4.5x 102
Ba2+ (1.8+0.1)x 105 003  (2.36+0.03)x102 0.14 39x102

a Relative quantum yield determined from the calculated spectrum of the (metal)e(ligand)
complex. P Relative quantum yield determined from the calculated spectrum of the
(metal),*(ligand) complex. ¢ Sum of the squared deviation.

The spectra in Figure 4.4 could be fitted to a 1:1 binding model to yield K| = (1.65 £ 0.01)

X 103 dm3 mol-! (Figure 4.5a). Since some of the experimentally determined points do not
coincide with the theoretical line, the spectra were also fitted to a 2:1 binding model which
yielded K; = (3.30 £ 0.08) x 104 dm3 mol-! and K, = (6.03 £ 0.07) x 102 dm3 mol-!
(Figure 4.5b). The errors for both fits are of similar magnitude indicating reliability in
both calculations. The sum of the squared deviations (SSD) for this fit was 2.6 x 103,
which is substantially less than the value of 1.7 x 104 for the 1:1 binding model. Although
a decrease in the sum of the squared deviations is expected when the number of fitting
parameters is increased, the magnitude of the change and the improved visual fit suggest

that the 2:1 binding model is the most appropriate.
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Figure 4.5.  Fluorescence variation of bis(morpholinoethyl) 36 (3.0 x 10-6 mol dm=3) at
400.0 nm in the presence of increasing concentrations of Ca?* (ranging from 1.0 x 10~ to
5.0 x 103 mol dm=3) in acetonitrile (I = 0.050 mol dm=3) at 298.2 K, when excited at 365.0
nm. Graph (a) is the fit for a 1:1 binding model and (b) is the fit for a 2:1 binding model.
The circles represent experimentally obtained data points and the solid line represents the

best fit of the data.

Likewise, the variation in ligand 36 fluorescence upon the addition of Sr2+ (ranging from
1.0 x 10-5 to 6.0 x 10-3 mol dm-3) in acetonitrile when excited at 378.0 nm is shown in

Figure 4.6. The emission intensity of Sr2* (®p 0.26) is significantly lower than that

observed for Ca2+ (g 0.88).
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Figure 4.6.  Emission spectra of bis(morpholinoethyl) 36 alone (3.0 x 100 mol dm-3)
and in the presence of increasing concentrations of Sr?* (ranging from 1.0 x 10-3 to 6.0 x
1073 mol dm=3) in acetonitrile (I = 0.050 mol dm=3) at 298.2 K, when excited at 378.0 nm.

The emission of 36 alone is the lowest intensity curve in the montage.

The data could be fitted to a 1:1 binding model to yield K| = (8.8 £ 0.1) x 102 dm3 mol-!

(Figure 4.7a). Although the emission spectra were successfully fitted to a 1:1 binding
model they could also be fitted to 2:1 binding model which yielded K; = (1.57 + 0.04) x

104 dm3 mol-! and K, = (1.17 £ 0.03) x 102 dm3 mol-! (Figure 4.7b). This fit had smaller

errors than those observed when fitting for the (metal)*(ligand) complex alone. Also, two
phases are now distinctly recognisable in the binding curve, corresponding to the formation

of both (metal)s(ligand) and (metal),*(ligand) complexes. This, and the significantly

improved visual fit, suggest that the 2:1 binding model is the most appropriate for Sr2+.
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Figure 4.7.  Fluorescence variation of bis(morpholinoethyl) 36 (3.0 x 106 mol dm>) at
402.0 nm in the presence of increasing concentrations of Sr’+ (ranging from 1.0 x 10-5 to
6.0 x 10-3 mol dm=3) in acetonitrile (I = 0.050 mol dm=3) at 298.2 K, when excited at 378.0
nm. Graph (a) is the fit for a 1:1 binding model and (b) is the fit for a 2:1 binding model.
The circles represent experimentally obtained data points and the solid line represents the

best fit of the data.

The emission spectra for the variation in ligand 36 fluorescence upon the addition of Mg2+
(ranging from 5.0 X 106 to 5.0 X 10-3 mol dm-3) and in the presence of Ba2+* (ranging from
1.0 x 107 to 6.0 x 10-3 mol dm-3) are shown in the Appendix, Figures A.5 and A.11,

respectively.

The Mg2+ experimental data could be successfully fitted to both a 1:1 binding model and
to a 2:1 binding model (Appendix, Figure A.6), the sum of the squared deviations for each
fit was 3.9 x 104 and 9.9 x 103, respectively (Tables 4.4 and 4.5). This decrease in SSD is
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slightly more than can be attributed simply to the introduction of an additional fitling
pararnctcr.166 The errors for each model are of similar magnitude indicating rcliability in
both calculations yet the 2:1 binding model appears to give a better visual fit, particularly
at higher Mg2+ concentrations. Therefore, the 2:1 complexation would again appear more

likely.

The binding curve for Ba2+ (Appendix, Figure A.12} is similar to that observed for Sr2t in
displaying two distinct phases. Accordingly, the fit corresponding to the formation ot both
(metal)=(ligand) and (metal),+(ligand) complexes appeared superior, both visually and
from the lower SSD value, when compared with a fit for the (metal)*(ligand) complex
alone. The error in K significantly increased when K, was also incorporated. This largely
arises from the very small fluorescence increase over the region in which the
(metal)e(ligand) complex forms which compounds the error for any value determined from

it. Furthermore, the error in K| may be larger than that quoted (Table 4.5) due to the

physical constraints of measuring small fluorescence increases.

The stability series for the 2:1 binding model with bis(morpholinoethyl) ligand 36 is Mg+
> Cal* > Sr2+ < Ba?*. Ligand 36 complexes Mg2*t most strongly as depicted by its
binding curve (Appendix, Figure A.6) which shows maximum fluorescence from [Mg2+]
ca. 1 X 103 mol dm-3 whereas the other metal ions studied do not reach a limiting
fluorescence at the concentrations used. The @g values (Table 4.5) generally follow the
stability trend. Both Mg2* and Ca?* complexes are significantly more fluorescent than the

Sr2+ and Ba2+ complexes.

4.4.3 Metal Ion Complexation by Bis(morpholinopropyl) 42

The fluorescence emission spectrum for bis(morpholinopropyl) ligand 42 alone is
significantly greater in size than those for either the one or two carbon spacer systems, 38
and 36, respectively. This is reflected in the quantum yield of bis(morpholinopropyl)
ligand 42 (& 0.15) which is 5-fold larger than for the ethyl system 36 (Table 4.6). Upon
the addition of alkaline earth metal ions the emission intensity of ligand 42 increases,
although the addition of alkali metal ions elicits no such response. For example, (he
variation in emission of ligand 42 upon the addition of Mg2* (ranging from 1.0 x 10-¢ 1o

8.0 x 10-3> mol dm3) when excited at 377.0 nm is shown in Figure 4.8.
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Figure 4.8.  Emission spectra of bis(morpholinopropyl) 42 alone (3.0 x 106 mol dm™)
and in the presence of increasing concentrations of Mg2+ (ranging from 1.0 X 106 to 8.0 x

1075 mol dm=3) in acetonitrile (I = 0.050 mol dm=3) at 298.2 K, when excited at 377.0 nm.

The emission of 42 alone is the lowest intensity curve in the montage.

The Mg?+ spectral data could be fitted to a 1:1 binding model to yield K| = (3.89 + 0.04) x

105 dm3 mol-! (Figure 4.9a) although with a poor visual fit. The same data could also be
fitted to the formation of both (metal)s(ligand) and (metal),*(ligand) complexes (Figure
4.9b) to yield K| = (1.2 £ 0.2) X 107 dm3 mol-! and K, = (5.7 + 0.3) X 106 dm3 mol-!
(Table 4.7). There was a small decrease in the sum of the squared deviations when a
(metal),*(ligand) complex was incorporated into the fitting yet the error in the values of K
and K, increase. As K = 107 dm3 mol-! is the upper limit that is quantifiable using this

method (vide infra), the observed error increase is expected. The visual fit suggested
however, that the 2:1 binding model is more likely with both complexes having high

stability.
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Figure 4.9.  Fluorescence variation of bis(morpholinopropyl) 42 (3.0 x 106 mol dm3)
at 403.0 nm in the presence of increasing concentrations of Mg2+ (ranging from 1.0 x 106
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