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ABSTRACT

During the past 20 years there has been a remarkable growth in the use of the
fluorescence technique in biological studies. Fluorescence and time-resolved
fluorescence spectroscopy are considered primary research tools in the field of
biochemistry. Currently, fluorescence spectroscopy is a dominant methodology and used
widely in biotechnology and medical diagnosis process. One impediment in using
fluorescent probes is the fluorescence of biological substrates and fluorescence of
diagnostic probes are significantly overlapped, and it decreases the detection sensitivity.
Also, commercially available probes require UV or near-UV light excitation, causing
severe degradation of biological substrates. Near-infrared emitting lanthanide complexes

can overcome this problem by enhancing the detection sensitivity.

BODIPY dyes have gained significant attention in application of fluorescence sensing
and imaging in recent years, because they possess many desirable properties such as high
extinction coefficient, narrow absorption and emission bands, high quantum yield and
low photobleaching effect. One strategy to overcome the low detection sensitivity of
fluorescent dyes is; shift the absorbance and emission of BODIPY precursor towards the
longer wavelength regions by increasing the m-conjugation of a sensitizer. BODIPY

molecules are especially responsive to this method.

Four BODIPY-based ligands and four Yb(III) lanthanide complexes have been
synthesized, which bear 5-ethynyl-5'-methyl-2,2'-N-bipyridine ligand-binding-group
(LBG) in the C2 position and either a hydrogen (PHI1), an iodine (PH2), an 4-

ethynylbenzoic acid (PH3) or an 1-ethynyl-4-isothiocyanatobenzene (PH4) groups in its

viii



C6 position. This study focused to test their ability to sensitize the luminescence of NIR
emission of Yb(II) ion. All ligands exhibited broader absorption with high molar
absorption coefficients. The PH3 ligand displays maximum absorption at (573 nm). The
typical metal centered luminescence is detected at 980 nm for Yb(III) upon excitation at
their maximal absorption position in the visible region. All complexes showed similar
lifetimes in the NIR region (10.9 — 11.1 ps), which corresponds to emission yield of
0.09%. This study demonstrates that the BODIPY-bipyridine ligands are adequate for
sensitizing the luminescence of NIR-emitting lanthanide ions, allowing excitation

wavelengths extending into the red region of the visible spectrum.
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Chapter 1

INTRODUCTION

1.0 General Overview

There has been an increasing demand for luminescence probes with a high sensitivity,
low toxicity, and low cost. However, biological substrates have numerous fluorescent
active groups.' The biological substrate fluorescence and diagnostic probes fluorescence
are significantly overlapped. Therefore, it decreases the detection sensitivity.> The test
sensitivity depends on the ratio of materials and background signals. Also, commercially
available probes cause some severe biological degradation due to the UV or near-UV
light excitation.’ Near-infrared emitting organic complexes have overcome this problem.
It also has the potential to enhance the detection sensitivity because biological substrates
do not exhibit NIR emission. The NIR light luminescent probes can be used in in-vivo
medical diagnosis process because of its deep tissue penetration capability.* Lanthanide
ions such as Nd(III), Yb(III), Er(III), Tm(III), Sm(III), Ho(III), and Pr(III) emit in NIR
region. NIR emission from lanthanide ions is difficult to obtain by direct excitation
because of its weak f-f transition absorption.’ To solve this problem, chromophores
(antenna) are usually attached to lanthanide ions to form coordinated complexes. After
absorption of UV light and intersystem crossing, the organic chromophore is excited
from its ground state to its excited state. Then the energy transfers to the lanthanide
excited state via an intramolecular energy transfer process. When lanthanide ion returns
to its ground state, produces a characteristic NIR emission. A large number of lanthanide

complexes have been studied. However, these complexes only emit under the UV or near



UV light illumination causing severe degradation and poor detection sensitivity.** In this
study, borondipyrromethene (BODIPY) was used as an organic chromophore to sensitize
the ytterbium (III) ion, because of its excellent biocompatibility and stability for medical
applications.’ This study focused on Yb(III) ion since it has only one excited state and
emits at 980 nm strongly. These complexes were found to be sensitized under long

wavelength region.

1.1 Phenomena of Fluorescence

Fluorescence phenomenon was reported by Sir John Frederick William Herschel. He
observed fluorescence from a quinine solution under the sunlight in 1845. The
development of the first spectrofluorometer appeared in 1950 with the rapid development
of fluorescence technology. Luminescence can be -categorized into two forms:
fluorescence and phosphorescence, which are determined by the nature of the excited
state of the compound.®’ The molecules which have fluorescent properties are known as
fluorophores, and typically they are aromatic compounds (pyrene, quinine, anthracene).
Fluorescence spectra are depended upon the chemical structure of the fluorophore and
dissolved solvent.!

The principles of the absorption and emission are usually illustrated by the Jablonski
diagram, which was introduced by Alexander Jablonski.! Jablonski is regarded as the
father of spectroscopy because of his many achievements in the fluorescence
spectroscopic field. The energy levels SO, S1, and S2, are depicted by singlet ground, first
and second electronic states, respectively. Several processes usually occur under the light
irradiation. The fluorophores are excited to higher vibrational levels, either S1 or S2.

Then the molecules rapidly relax to the lowest vibrational level of S1 (Figure 1.0). The
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process of internal conversion happens within 102 s or less that is smaller than the
fluorescence lifetimes 108 s.® So this internal conversion process usually completes prior
to the fluorescence. The fluorophores in the lowest vibrational state of S1 return to an
excited vibrational state at the level of the SO, releasing the energy through emission of
photons. This process is known as fluorescence. As a consequence of emission to an
excited vibrational state of SO, the emission spectrum acts as a mirror image of an
absorption spectrum of the SO to S1 transition. !° The fluorophores in the excited state of
S1 transfer to the triplet state T1 via intersystem crossing process between different spin
states. The transition process from the T1 to the SO state is known as phosphorescence,
and it has long wavelength emission relative to the fluorescence due to the lower energy
level of T1 relative to the S1 state. As a consequence of this, the emission rate of

phosphorescence is smaller than that of fluorescence.!”

\ Internal conversion
S2 y Y

S1 -\h:tersystem crossing
T1
Absorption
Fluorescence Phosphorescence
SO v v

Figure 1.0 One form of a Jablonski diagram: SO; ground state, S1, S2; excited state, T1; triplet

state



1.2 Characteristics of Fluorescence

1.2.1 Representation of fluorescence data

Fluorescence data is typically shown as an emission and excitation spectra. The plot is
shown as the fluorescence intensity vs wavelength (nm). The intensity and the shape of
the fluorescence spectrum depends on the chemical structure, solvent, excited states and
other factors.! The symmetric nature of this excitation and emission exhibits the same
transitions in both absorption and emission and also the similar vibrational energy levels

SO and S1.

1.2.2 Stokes shift

The Jablonski diagram explains that the energy of emission is always less than the
absorption. This reduction is because of the longer wavelength of emission than the
absorption (Figure 1.2). In 1852, Sir G. G. Stokes discovered wavelength shift known as
the “Stokes shift." The Stoke shift causes further loss of excitation energy by
thermalization of excess vibrational energy. The rapid decay to the lowest vibrational
level of S1 and decay to the lowest vibrational level of SO affect the energy loss process.
The typical fluorescence spectrum has a broad emission spectrum with mirror image
absorption spectrum of SO - S1 transitions. Fluorescence displays a smaller Stokes shift
than the phosphorescence because triplet energy level is lower than the singlet level

involved in fluorescence.!!!
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Figure 1.2 Stokes shift!?

1.3 Applications of Fluorescence

Fluorescence sensing and imaging technology have been growing in various fields of
modern science during the past 20 years. This technology has become a very powerful
and essential tool in the area of biotechnology, molecular biology, environmental science
and clinical diagnostic. This method is more important compared to the traditional
methods like electrochemical detection, chemo-absorptive detections, NMR and radio
tracing in chemical recognition events, especially for biological sensing and imaging
analysis. The biological sensors are an analytical device, used for the detection of an
analyte that combines a biological component with a physicochemical
detector. The sensitive biological elements like tissue, microorganisms, organelles, cell
receptors, enzymes, antibodies and nucleic acid are biologically derived material or

biomimetic component that interacts with the analyte under study."'?



1.3.1 Fluorescence sensing and fluorescence probes

Fluorescence sensing is an ideal technology for the biological diagnostic non-invasive
processes with ultra-high sensitivity and specificity. It does not consume or destruct
analytes surrounding objectives.!* Also, it has a rapid response time (10% s), and
fluorescence travel without a physical guide as a reference material, which extensively
simplifies this technique with low costs.! Fluorescence sensing technology has become
the most important technique for diagnosis and screening purposes in the medical field.!*
Fluorescent probe is a key component of fluorescence sensing technology because it has
some ability to convert chemical events to detectable fluorescent signals. It is also
correlated with sensitivity, specificity and response range.

The fluorescence sensing and imaging are dependent on the desired properties of
fluorescent probes. The designed fluorescent probes should have an ability to respond
selectively and specifically to the analyte of interest without any interference.® Brightness
of the fluorescence should be sharp as possible because it can obtain high quantum yield
and large extinction coefficient at the excitation wavelength. Also, the chemo stability
and the photostability of the fluorescent probes should be at a high level. Most of the
properties in fluorescent probes suffer from photobleaching due to the instability.'!
Application of the fluorescent probes inside of living cells or biological tissues is a much
more complicated process. Therefore, these probes should have some features to give a
proper outcome in the biological sensing and imaging diagnosis process. The size of the
fluorescent dyes should be suitable to allow its insertion into the biological system, and
the typical size range is from 0.5-2.0 nm. Molar absorptivity of these dyes is around 103-

105 M'em! and Stokes shift is short and typically ranges from 10-100 nm. The



maximum excitation wavelength depends on the chemical structure of the fluorescent
dyes and spectroscopic techniques being used. !>

The biological sensing and labeling molecular fluorescent dyes have unique absorption
and emission properties relative to the radioactive labeling and electrochemical sensing
absorbance based dyes. These chromophores are much more sensitive, non-invasive and
more informative compared to the other dyes. Nowadays, scientists have synthesized
different types of chromophores that absorb and emit in the visible to near infrared
regions. The most important chromophore families are rhodamines, cyanines, fluorescein

and BODIPY.!?

1.4 BODIPY dyes

BODIPY dyes have many advantages compared with the other three fluorescent
chromophores mention above. Boron dipyrromethene (BODIPY) dyes are good
candidates because of their excellent spectroscopic and chemical properties such as high
molar extinction coefficient, high fluorescence quantum yields, excellent photostability,
coupled with chemical versatility, color tunability, moderate redox potential, and
negligible sensitivity to solvent and temperature. In this research, BODIPY was used as

the main skeleton fluorophore to synthesize new BODIPY ligands.!>!617

In 1968, Triebs and Kreuzer first investigated the fluorescent active BODIPY dyes by
reacting pyrrole and acetic anhydride. [UPAC name of BODIPY is 4,4-Difluoro-4-bora-
3a,4a-diaza-s-indacene. The BODIPY core is formed by linking dipyrromethene ligand
through the N-B-N bridge. It delocalized the positive charge via resonance equilibrium.

According to the X-ray diffraction single crystal structure, BODIPY core has a fused



planar twelve member framework, and two fluorine atoms are bound to the boron atom
leading to a tetrahedral geometry.'® According to the IUPAC numbering system,
BODIPY core has eight functional positions and these also label as a-, B- and meso-
positions (Figure 1.3). The substituted BODIPY dyes are easier to synthesize than
unsubstituted dyes because of high stability. Particularly, the hydrogen atoms at the a-
positions of the pyrrole ring are substituted by two methyl groups to prevent further
electrophilic substitution. The BODIPY dyes can be functionalized using different types
of reactions like electrophilic substitution at 2, 6- positions, condensation reactions at 3,5
or 2,6 positions, or nucleophilic substitution at 3,5 or 4 or 8 positions.'* Researchers have
been modifying these m-conjugated molecules for biological sensing and imaging
applications. However, they are facing many challenges because of the undesirable
characteristics of BODIPY dyes like hydrophobicity, lack of efficient sensing for toxic
species and intracellular pH and transition metal ions. Additionally, the short wavelength
absorption and emission cause biological degradation to the tissues. To overcome the
problem of low sensitivity and biological degradation, researchers have synthesized NIR-
emissive BODIPY-lanthanide fluorescent probes for biological sensing and imaging

applications.?*
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Figure 1.3 Structure of BODIPY core and numbering system



1.4.1 Synthesis of BODIPY dyes

BODIPY dyes can be synthesized using a one pot method via the condensation reaction
of pyrrole and aldehyde, acid chloride or acid anhydride. The reaction produces two
intermediates: dipyrrolmethane and dipyrrin. DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone) is used as an oxidant to synthesize dipyrrin from dipyrrolmethane to
synthesize BODIPY using aldehydes (Figure 1.4). Then boron trifluoride diethyl etherate
(BF3Et;0) is added to the reaction mixture under basic conditions to synthesize a

fluorescent active BODIPY.!5-23. 24
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Figure 1.4 Synthetic route of BODIPY dyes using aromatic aldehyde

1.4.2 Modification of BODIPY core

The properties of the BODIPY dye can be altered by modifying the BODIPY core. There
are four main positions in the BODIPY core, 3, 2, 8 carbon centers, and 4 boron center.
These active positions can be modified by attaching different types of organic fragments

to its core structure.!’

1.4.2.1Functionalization at the 2,6-positions of BODIPY core

A simple examination of the structure (Figure 1.5) reveals that the least positive charge is
at the 2- and 6- positions if BODIPY core. This electron rich 2 and 6 positions facilitate

the electrophilic substitution reaction like halogenation, formylation, nitration and



sulfonation. The halogenation reaction can undergo iodination reaction by slowly adding
a iodine source (NIS) to the BODIPY reaction mixture (Figure 1.6).!° In this research,
iodination reaction was used for the purpose of further modification of BODIPY core.
The 7- conjugation between the iodine and BODIPY core increases the Aabs and Aem with

20-50 nm from initial BODIPY molecule absorption.

Figure 1.5 Resonance structures of BODIPY core
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Figure 1.6 Iodination of BODIPY dyes

Quantum yield of the dyes is decreased due to the intersystem crossing of electrons from
the excited state to the triplet state of the BODIPY dye because of the “heavy atom”

2021 Halogenated BODIPY dyes are good starting materials in the

effect from iodine atom.
synthesis of long conjugated systems through various carbon-carbon cross coupling

reactions, like Sonogashira, Heck or Suzuki procedures (Figure 1.7).!5-13
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Figure 1.7 Cross-coupling reactions of 2,6- position of BODIPY core

1.4.2.2 Sonogashira coupling reaction

The Sonogashira coupling reaction is one of the most useful cross-coupling methods to
form conjugated enynes or aryl alkynes using C-C and C-heteroatom bonds.?? The
reaction is based on a palladium compound used as a catalyst and Cul as a co-catalyst
(Figure 1.8). The active palladium catalyst reacts with a halogenated molecule in an
oxidative addition step to produce a Pd" intermediate, complex A. The formed complex
A undergoes a transmetallation step with the copper acetylide and form out complex B.
The Cul is allowed to form the conjugated enynes and aryl alkynes by pairing with a

palladium catalyst.?>?* Complex B is changed from trans to cis to produce complex C. In

11



the final step, complex C undergoes a reductive elimination process and generates the

target alkyne compound with regeneration of the palladium catalyst.
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Figure 1.8 Mechanism of Sonogashira cross-coupling reaction

1.5 Lanthanide Luminescence

Lanthanide metals are part of the fblock elements and have [Xe]4f'5s°5p° electronic
configuration. The lanthanide luminescence originates from f-f transitions in the 4/
shell.?> 26 There are some factors that limit the luminescence at the lanthanide ions. First,
the 4f electrons of lanthanide ions are properly shielded from S5s and S5p orbitals by
preventing the direct participation in chemical bonding. Absorption and emission spectra

show narrow and sharp bands with a low molar absorption coefficient due to the

12



shielding effect from 5s and 5p electrons?’ (Figure 1.9). Lanthanide compounds generate
weak luminescence because of the low extinction coefficient. Second, f-f transitions of
lanthanide ions are forbidden by spin and the Laporte rule, which affects the long excited
state lifetime from millisecond to the microsecond.?® Also it provides time-gated or time-
resolved in vivo medical applications. *The direct excitation of lanthanide ions is
inefficient because of the poor absorption capability of lanthanide ions. Therefore, a
strong light source such as laser light has to be used. To enhance the efficiency of the
lanthanide luminescence, researchers have introduced an organic molecules as ligands to
obtain highly efficient NIR emission.>**” In 1940, Weissman introduced sensitized

lanthanide luminescence complexes of terbium and samarium metals. >3

B
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Figure 1.9 Characteristic lanthanide emission peaks for Yb(III), Nd(III), Er(III).

Reproduced with permission from ref 30. Copyright 2010 American Chemical Society.

The principle behind the lanthanide probe is known as the antenna effect. The fragment
that absorbs the light is called an antenna, and the energy transfer process occurs from the

ligand to the lanthanide ions.3%3%38

First, the antenna ligand is excited to the singlet
excited state (S;) from the ground state (So) using absorbed energy, and secondly, the

excited state energy transfers to the triplet state (T) through intersystem crossing (ISC).
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If the lanthanide excited state is close enough to the T; state with lower energy, the triplet

state energy transfers to the excited state of a lanthanide ion (Figure 1.10).3!
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Figure 1.10 (A) Schematic diagram of lanthanide sensitization from organic chromophore.
(B)Proposed energy diagram for sensitization process in Ln(III) complexes: S0; ground state, S1;
excited state, T; triplet state, Ln*"; lanthanide excited state, FL; fluorescence, PL;

phosphorescence, ET; energy transfer

1.5.1 Lanthanide luminescence efficiency

The efficiency of the lanthanide luminescence process can be compromised by
fluorescence from a singlet excited state, phosphorescence from triplet state and non-
radiative energy loss in either state.’? If the energy level of the triplet state is lower than
the lanthanide excited state, the energy transfer from the triplet state to lanthanide excited

14



state cannot occur.’> The coordination of water molecules reduces the excited state
lifetime of lanthanide ions by non-radiative energy transfer to the high-frequency O-H
vibrational level. The Quantum yield of the lanthanide probes decrease with the number

of water molecules.®*

The selection of lanthanide metals depends on several factors like emission wavelength,
luminescence intensity and excited state lifetime of lanthanide ions. Among the
lanthanide metals, the Gd(III) ion has the most luminescence, though it emits around 310
nm. Therefore, Gd(III) lanthanide probes are not suitable for biological applications. The
most often used lanthanide ions in biological sensitization are Tb(III), Eu(IlI), Sm(III),
Dy(Ill) and Tm(III) (visible region) and Nd(III), Yb(IIl), Er(Ill) and Ho(IIl) (near
infrared region) because of the excited states that exist very close to the ligand triplet
state with lower energy. These ions can be excited using a wide variety of antenna
ligands.***? In this study, Yb(III) lanthanide metal ion was mainly focused as a metal
center of the synthesized ligands. Yb(III) ion emits around 980 nm which is related to

2Fs;, — 2F7p2 transition and has the highest emission intensity.

1.5.2 Lanthanide complexes

During the last few decades, researchers have been working with different types of

3435 36,37

chromophores including p-diketonates, porphyrins, terphenyl ligands, 8-

38.39 pyrazolones, 1,4,7,10-tetraazacyclododecane, ferrocene, transition

hydroxyquinoline,
metal complexes and BODIPY. These probes have variable NIR emission efficiencies

with different excitation wavelengths.!® The metal complexes that explained below have

short excitation wavelength when compare with the synthesized compounds in this study.
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However, these metal complexes have efficient NIR emission with the long conjugated

system.

1.5.2.1 Porphyrin based lanthanide complexes

Porphyrins are highly conjugated macrocyclic molecules which are chemically and
thermally stable. They are mostly used in photodynamic therapy treatments because of
the high absorption in the UV-Vis region. Porphyrins are easy to synthesize and can
coordinate to a wide range of metal ions, to obtain variable porphyrin derivatives for
different purposes. Porphyrin has a favorable triplet state energy level (15000 cm™) to
sensitize lanthanide metal ions. These features provide suitable electronic and optical
properties to porphyrin complexes. Lanthanide porphyrins are mostly used in laser
systems, sensing of biological substrates, molecular information storage, magnetic

resonance shift reagents and so on.?”4

The first lanthanide (III) monoporphyrinate complexes were reported in 1974.*! Since
then only a few studies have reported in the literature. In 2001, Wong and coworkers
have reported neutral 3d-4f bi-metallic porphyrinate complexes via the interaction of
cationic lanthanide (III) (Er(Ill) and Yb(III)) porphyrinate complexes with sodium
(cyclopentadienyl)-tris(diethylphosphito)cobaltate (Figure 1.11). They have observed
almost identical UV-Vis absorption (601 nm) and emission at 1531 nm for Er(III)
complex and 921 nm for Yb(III) complex. The authors concluded that cationic Ln(III)
porphyrinate complexes were good precursors for the preparation of neutral 3d-4f bi-
metallic porphyrinate complexes. Also, the porphyrinate ligand efficiently sensitized the

Ln(III) ions to produce near-infrared emission by absorbing visible light.*!
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Figure 1.11 (a) NIR luminescence spectra of complex 1 (_ ) and 5 ( ) in CHClsupon

excitation at 600 nm. (b) Room temperature absorption ( ) spectrum and excitation (_ )

spectrum (monitored at 921 nm) of complex S in CHCl;. Reproduced with permission from ref

41. Copyright 2001 Royal Society of Chemistry.

In 2003, Wong et al. prepared an unsymmetrical diethyl malonate appended porphyrin
ligand and its lanthanide complexes (Yb(III), Er(Ill), Nd(Ill)) (Figure 1.12). The
photophysical properties of compounds are summarized in Table 1.1. The absorption
bands at 422,552 and 589 nm and UV-Vis absorption of complexes were almost identical
to each other (650 nm). Quantum efficiency of the metalloporphyrin was much lower
than that of the appended porphyrin free base ligand (@em = 3.56x107%). The NIR
emission of Yb(III) and Er(III) peaks were centered at 980 nm and 1544 nm, respectively.

For Nd(III), the emission peak was centered at 853 nm and 890 nm (Figure 1.12). The
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authors concluded that the porphyrin ring transferred the absorbed light to the lanthanide
metal ions, to generate near-infrared emission of lanthanide ions. Also, they concluded
that better donating solvents (DMF) could enhance the luminescence efficiency by

replacing the coordinated water molecule (Figure 1.13).4?

Table 1.1 Photophysical data of compounds a, b and c*?

Compound  Absorption: Ama/nm  Excitation: Aey/nm  Emission: Aem/nm (I, @em x 10%)

(a) 422,552, 589 422 650 (5.1 ns,0.15), 980 (2.43 ps)
(b) 422,551, 589 422 650 (3.3 ns, 0.098), 1544
(c) 422,551, 594 422 650 (8.9 ns, 5.02), 853
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Figure 1.12 NIR luminescence spectrum (—) and excitation spectrum (- - -), monitored at 980
nm, of complex (a) in CHCIs. Reproduced with permission from ref 42. Copyright 2003 Royal

Society of Chemistry.
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Figure 1.13 Photoluminescence of complex (a) in different solvents at room temperature

Reproduced with permission from ref 42. Copyright 2003 Royal Society of Chemistry.

In 2009, He research group synthesized several seven and eight coordinated ytterbium
(III) tetraphenylporphyrinate complexes with diimines as ancillary ligands (Figure 1.14).
They observed a Soret band at about 430 nm, and Q bands centered on 550 nm and 600
nm for porphyrinate ytterbium (III) complexesd-h. These results also agreed with the
Gourterman’s four-orbital model. They observed significant lower quantum efficiency (O
= <0.005) for the Yb(III) complexes than the 5,10,15,20-tetraphenylporphyrin ligand (0@
= 0.11), indicating the efficiency of intersystem crossing energy transfer to its triplet
state. The NIR emission of seven-coordinate Yb(III) complexes (d and h) was around 975
nm with three shoulders at 950 nm, 1000 nm, and 1025 nm, and eight-coordinate
complexes (2-5) were emitted around 975 nm and 1005 nm with 946 nm shoulder peak

(Figure 1.14).43
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Figure 1.14 (a)Ytterbium (III) monoporphyrinate complexes (b)Visible (black) and NIR (red)
emission of ytterbium complex e in toluene solution at room temperature (Aex =375 nm).

Reproduced with permission from ref 43. Copyright 2003 Royal Society of Chemistry.

1.5.1.2 8-hydroxyquinoline based lanthanide complexes

8-Hydroxyquinoline (8-HOQ) and its halogenated derivatives can act as bidentate
ligands. These ligands form metal complexes with lanthanide metals because of their

excellent coordination properties. In 1936, Pirtea reported the first lanthanide
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hydroxyquinoline complex. The hydroxyquinoline based ligands are used in the
formation of metal complexes, not only because of their good coordination properties but
also due to their of its useful photophysical properties. The triplet excited state of 8-
hydroxyquinoline is located around 17100 cm™and increases the intramolecular energy
transfer efficiency in metal complexes. The luminescence characteristics were
investigated by H. Suzuki using different Er(IlI) hydroxyquinoline complexes.** They
have synthesized a wide variety of hydroxyquinoline lanthanide complexes by using
different binding chromophores. Antonio and co-workers have described the synthesis of
the hydroxyquinoline based macrocyclic ligand using 8-hydroxyquinoline residue with
Eu(Ill) and Er(Ill) lanthanide ions. The Eu(Ill) complex was exhibited an absorption
around 268 nm and the photoluminescence emission of europium was displayed between
590 -700 nm (Figure 1.15).The Er(Ill) complex showed an emission at 1530 nm arising
from *I132 —*1;5,2 transitions. Both complexes Eu(III) and Er(III) displayed high stability
with strong sensitization emission under UV radiation, even in aqueous solution or water-
containing solvents. Moreover, the authors correlated the energy transfer ability from the
sensitizer to the lanthanide ion with pH behavior of the antenna. This study revealed that
the good solubility and sensitized emission in different solvents like organic and water
are very important aspects of their technologic applications as NIR-emitting devices or

luminescent probes.**
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Figure 1.15 (a) 8-hydroxyquinoline Eu(IIl) complex, (b) Absorption (dashed line), excitation
Goerens ) and emission (—) spectra for Eu(Ill)complex. Reproduced with permission from ref 42.

Copyright 2009 Elsevier.

1.5.1.3p-Diketonate based lanthanide complexes

Among the lanthanide sensitization chromophores, p-diketonatesare the most popular and
the most investigated compounds since the 19" century. In 1897, Urbain synthesized the
first rare-earth B-diketonates by using lanthanum(III), Yttrium(III) and gadolinium(III)
metal ions.** B-Diketonate rare-earth coordination complexes are used for different
purposes, such as electroluminescence materials in organic light emitting diodes,
catalysts in organic reactions, volatile reagents for chemical vapor deposition and as
biological sensing materials. The substitute groups on p-diketonate can be substituted by
the tertbutyl group to increase the solubility in organic solvents, by aromatic substituents

to increase the light absorption and by perfluorinated alkyl groups to increase the Lewis

acidity.>*
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B-Diketonate rare-earth complexes can be categorized into three main types: ternary rare-
earth B-diketonates complexes, tris complexes, and tetrakis complexes. Ternary rare-earth
complexes contain Lewis base adducts besides the [B-diketonate ligand because it
facilitates the expanding of the coordination sphere and increases the coordination
number (typically eight or nine). The Lewis acidic lanthanide ions preferentially make
complexes with Lewis bases having oxygen-donor or nitrogen-donor groups. 1,10-
phonanthroline derivatives and 2.2'-bipyridine derivatives are mostly used as N-donor
ligands. These types of B-diketonate complexes exhibit strong luminescence because of

the better energy transfer in the rigid planar structure.?6:47:4

In 2008, Biinzli and coworkers synthesized lanthanide complexes using a 1,3-diketonato
ligand by incorporating both electron donor and acceptor groups into the ligand. The
maximum absorption for synthesized HL ligand was around 339 nm and 442 nm. The
lower energy band at 442 nm was assigned to an intra-ligand charge transfer. Also, they
observed a characteristic line-like infrared emission for Yb(III), Nd(III), and Er(III)
diketonate complexes due to f-f transition upon excitation in ligand absorption bands
(Figure 1.16). The main advantage of the ligand HL is its lowest-energy absorption
transition which extends into the visible range and allows excitation of lanthanide
luminescence with wavelengths up to 550 nm. The overall luminescence efficiency of the
Yb(III) complex, is 26 M~! cm™ at 428 nm (absorption maximum in the visible range),
52 M em™ at 500 nm, and 0.4 M~! cm™ at 550 nm. According to the observed results,
they concluded out that the push-pull 1,3-diketonato ligands are suitable for visible light
excitation of NIR emitting lanthanide ions. This study has obtained long excitation and

emission wavelengths with long conjugated system using p-diketonate ligand.*®
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Figure 1.16 (a) Structures of 1,3-diketone ligands and lanthanide complex with HL ligand. (b)
Absorption spectra of the ligand HL and the complex [Yb(HL)sphen] in DMSO solution.

Reproduced with permission from ref 48. Copyright 2008 John Wiley and Sons.

1.5.1.4 BODIPY based lanthanide complexes

The BODIPY dyes for the sensitization of lanthanide ions were only studied as antenna
groups recently. The BODIPY dyes are used as chromophore because they have a high
absorption coefficient, tunable spectral coverage, and chemical and photochemical
resistance. Studies related to the NIR emission of BODIPY-lanthanide complexes are
scarce because of the non-coordination ability of BODIPY core.?” In 2006, Bunzil and co-
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workers synthesized the first BODIPY lanthanide metal complex using terpyridine and
BODIPY. Terpyridine was used as a ligand binding group and synthesized BODIPY-
terpyridyl ligand and related complexes [Ln(L)-(NOs3)3](L=4,4-difluoro-8-(2":2";6":2"-
terpyridin-4"-yl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene

(Boditerpy) Ln = (Yb(III), Nd(III), Er(III), Gd(III), La(IIl)). They observed NIR bands in
the spectral range of 1298-1428 nm, and 1030-1086nm for [Nd(L)(NO3)3] lanthanide
complex. The NIR emission of Yb** complexes ([Yb(L)(NOs)s3]) exhibited several peaks
in the range 943 — 1075 cm™ which corresponds to the 2Fsp — 2F7p transition (Figure
1.17). The NIR emission efficiencies of Yb(III) and Nd(III) complexes were 0.31% and
0.016%, respectively. They also observed a very weak luminescence for the [Er(L)(NO3)3
complex under the same conditions. The authors reported that the quantum yield of the
ligand decreased from 79% to 15-19% with the lanthanide complex formation. Moreover,
authors revealed that the sensitization process is mainly achieved by perturbation of
excited states of BODIPY core by lanthanide coordination, and it leads efficient energy

transfer process to Ln(III) excited state from BODIPY triplet state.*
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Figure 1.17 Emission spectra of the [Yb(L)(NOs)s] complex at 10 and 295 K (Aex=19 455 cm-!);
solid line: powdered sample, dotted line: single crystals. Reproduced with permission from ref 49.

Copyright 2006 John Wiley and Sons.

In 2012, Bunzil and Ruy synthesized a benzoic acid functionalized BODIPY dye which
formed terpyridine coordinated two lanthanide complexes which bear either hydrogen or
bromine in the 2,6 positions (Figure 1.18).>! The emission intensity of the lanthanide
complex was decreased in the visible range due to the introduction of a Br atom to the
BODIPY ligand. The NIR emission of the Yb** complex was observed at 978 nm and
Er** complex at 1530 nm. They observed that the bromination enhanced the NIR
emission intensity compared with the unbrominated complex. After bromination, the
quantum yield of the ligands dropped from 31% to 21%. The authors’ concluded that the
BODIPY molecule could efficiently sensitize the lanthanide ions, under the long
wavelengths excitation with large molar absorption coefficients (loge ~ 5.0-5.2). They
also revealed the importance of conformation of the chromophores on the yield of

intersystem crossing.>°
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Figure 1.18 (a) [Ln(L)s(tpy)] lanthanide complex. (b) Metal-centered NIR emission of ErL; and
YbL; with the concentration of 1 x 10° M in THF at room temperature Aex = 583 nm: L=
hydrogen (L1) or bromine (L2) ligands. Reproduced with permission from ref 50. Copyright 2012

Royal Society of Chemistry.

In 2011, He and co-workers synthesized a BODIPY functionalized 8-hydroxyquinoline
ligand for sensitization of lanthanide ions (Yb(III), Er(III), Nd(III)).'® The ligand formed
stable lanthanide complexes with Ln(III) ions with 1:3 metal to ligand molar ratio. The
ligand exhibited a strong absorption at 506 nm and an emission at 510 nm in organic
solvents with 0.45 quantum yields in dichloromethane and 0.005 in DMF. The lanthanide
complexes Nd(III) and Er(Ill) have weak NIR emission at 1060 nm and 1382 nm,
respectively. They observed a high emission for Yb(III) complex at 976 and 1003 nm
(Figure 1.19). The authors also demonstrated that the BODIPY moieties are efficient

visible light sensitizers for lanthanide NIR emitters.'¢
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Figure 1.19 8-HOQ-BODIPY based lanthanide complex Emission spectra of the Yb**, Nd**and
Er** complexes in CH,Clo. The excitation wavelength was 522 nm. Reproduced with permission

from ref 16. Copyright 2011 Royal Society of Chemistry.

In 2011, He et al modified 8-HOQ-BODIPY ligand to 8-HOQ-BODIPY-3I ligand and
achieved efficient NIR emission with strong longer wavelength absorption.>? This ligand
sensitized the Yb(III) ion efficiently under excitation at 540 nm. This was the first Yb(III)
complex that emits NIR emission at a longer wavelength. Also, they observed that the
fluorescence quantum yield decreased to 0.00075 in DCM and to 0.0026 in ethanol due to
the efficient intersystem crossing of energy from singlet excited state to the triplet state.
The NIR emission of Yb(III) complex was observed at 975 nm and one broad peak
centered at 1000 nm corresponding to the 2Fsp —?Fiotransition (Figure 1.20). The
lifetime of the iodinated lanthanide complex (~95+17 us) was much longer than the non-

iodinated complex (19 ps) and the calculated emission efficiency was 4.75%.°!
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Figure 1.20 Emission of [Yb(8-HOQ-BODIPY-31);] in CH:Cl, at room temperature. The
excitation wavelength is 543 nm. The inset is the decay curve monitored at 975 nm under
excitation at 375 nm and its single exponential fitting. Reproduced with permission from ref 42.

Copyright 2011 Royal Society of Chemistry.
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1.6 Motivation

There has been an increasing demand for fluorescent materials because of their potential
application in material diagnostic tests such as immunoassays. Most of the commercially
available probes need UV or near-UV wavelength for excitation, which causes severe
photobleaching of bio-substrates. Besides, the significant overlap of biological
autofluorescence and the fluorescence from commercial optical probes dramatically
decreases the detection sensitivity. Therefore, it is imperative to investigate novel
fluorescent materials for visualization of biological substrates. The fluorescent dyes that
have been synthesized so far, emitted in the NIR region under UV excitation. However,
dyes with a m-conjugation should efficiently emit in the NIR region under long
wavelength excitation and therefore can be used in widespread applications in non-
invasive and in vivo fluorescence imaging. NIR probes will also eliminate background
signals and increase detection sensitivity, since biological substrates do not exhibit NIR
emission. In order to overcome these current problems, there is a need to design and
synthesize lanthanide complexes that can be sensitized using the red light with strong
emission in the NIR region. Following these previous studies, in this study, was focused
to synthesize a ligand series which are exhibiting strong absorption at the longer

wavelength with efficient NIR emission at 980 nm for ytterbium lanthanide complexes.
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1.7

Objectives

To synthesize ytterbium (III) complexes using BODIPY dyes with a large n-
conjugation system.

Modify the regular BODIPY dyes to enhance the absorption and emission
wavelengths up to the deep red and NIR regions through Sonogashira coupling
reaction at either 2 or 6 B positions of BODIPY dyes.

Employ the other B position of BODIPY-bipyridine ligand by binding iodine
group to enhance the ligand triplet state population.

Attach 4-ethynylbenzoic acid and 1-ethynyl-4-isothiocyanatobenzene anchors by
replacing the iodine group at B position to make a large conjugated system.
Synthesize a series of novel Yb(III) complexes that can be sensitized by the new
BODIPY ligands.

Characterize the intermediates and final products via 'H NMR spectroscopy.
Record the UV-Vis, excitation and emission spectra of the ligands and their
complexes.

Measure the fluorescence quantum yield of ligands.
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Chapter 2

EXPERIMENTAL
2.1 General

2.1.1 Materials

All reagents and solvents were obtained from commercial sources (Aldrich, Sigma, Acros
Organic, and Fisher Scientific) and were used without further purification unless
otherwise stated. Dichloromethane (DCM), chloroform, hexane, methanol and
triethylamine were purchased from Fisher Chemical Scientific. The 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) was supplied by BIOSYNTH chemistry & biology.
The N-iodosuccinamide (NIS), deuterated chloroform, tetrahydrofuran, copper (I) iodide,
bis(triphenylphosphine)palladium(II)chloride (Pd(PPh3)2Cl2), boron trifluoride diethyl
etherate (BF30Et,), 2,4-dimethylpyrrole, dry CH,Cl,, and K,CO3 were purchased from
ACROS Organics. The ytterbium (III) hexafluoroacetylacetonatedihydrate (99.9%) was
purchased from STREM Chemicals. The 5-bromo-5'-methyl-2,2'-N-bipyridine was
synthesized according to a published procedure.’? The 5-(trimethylsilyl)ethynyl-5'-
methyl-2,2'-N-bipyridine was synthesized in collaboration with Dr. Radu Semeniuc,
Eastern Illinois University. All, air and moisture sensitive reactions were conducted using
either Schlenk techniques or in a MBRAun dry box under an inert atmosphere of dry
nitrogen or argon. The nitrogen and argon gas were supplied by Geno Welding (Mattoon,
IL). The 70-230 mesh silica gel was purchased from SILICYCLE Inc. The column

chromatography was performed over 70-230 mesh silica gel.
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2.1.2 Instrumentation

NMR spectra were obtained on a Bruker Avance II-NMR 400 MHz spectrometer.
Chemical shifts (8) were reported as ppm using the internal standard CDCl3 99.8% D,
containing 0.03% (v/v) TMS. UV-VIS absorptions were measured on a Cary 100 Series
UV-VIS Dual Beam Spectrometer over a range of 200 - 800 nm. The fluorescence

spectra were collected on a spectrofluorometer FS5 from Edinburgh Instruments.
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2.2 Synthesis
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Figure 2.1 Synthetic overview of PH1, PH2, PH3, and PH4 ligand and four ytterbium metal

complexes.
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2.1.1 Synthesis of Ci1sH19BF2N2 (PS 001)

HN

Figure 2.2 Synthesis of PS001

To a distilled dichloromethane (200.0 mL) solution of benzaldehyde (0.45 mL, 4.41
mmol) was added 2,4-dimethyl pyrrole (0.97 mL, 9.42 mmol) under nitrogen. A drop of
BF3.Et;0 was added after 15 min and the reaction mixture was stirred magnetically at
room temperature for overnight. To this solution 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (0.912 g, 4.01 mmol) was added over ten minutes while keeping the flask
in an ice bath. The solution became dark purple immediately. After stirring for 2h,
triethylamine (4.0 mL, 28.00 mmol) was added slowly and the solution was stirred for
30min. Then BF3.Et20 (4.0 mL, 32.41 mmol) was added dropwise into the mixture and
the solution became fluorescent immediately under a UV lamp, indicating the formation
of the final product. The reaction mixture was magnetically stirred overnight,
concentrated under reduced pressure and purified using column chromatography (silica
gel, CH,Cla: Hexane = 1:1, v/v) to give PS001 as an orange powder. Yield: 0.421 g,
29.46%. '"H NMR (400 MHz, CDCl3) § 7.49 (m, J = 1.4 Hz, 2H, H°, H%), 7.29 (m, 2H,

H®), 5.98 (s, 2H, H?), 2.56 (s, 6H, H%), 1.37 (s, 6H, Hf).
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2.2.2 Synthesis of C19Hi1sBF2IN2 (PS002)

PS 001 PS 002

Figure 2.3 Synthesis of PS002

N-Iodosuccinimide (0.140 g, 0.62 mmol) in CH>Cl> (30.0 mL) was added dropwise to a
solution of PS001 (0.200 g, 0.62 mmol) in CH>Cl> (100.0 mL) within 1h at 10-15°C.
After the addition, the reaction mixture was magnetically stirred 5h at room temperature.
The reaction mixture was concentrated under reduced pressure and the crude product was
purified by column chromatography (silica gel, CH,Cl,: Hexane = 1:1, v/v) to give
PS002 as a dark orange color powder. Yield: 0.185 g, 66.3%. 'H NMR (400 MHz,
CDCls) § 7.53 (m, 3H, H¢, HY), 7.30 (m, 2H, H), 6.07 (s, 1H, H?), 2.66 (s, 3H, H®), 2.59

(s, 3H, HF), 1.40 (s, 6H, HF, HN).
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2.2.3 Synthesis of C13H10N2 (PS003)

First step

™~

{}Q"”H - ) )=

Figure 2.4 (a) Synthesis of PS003-step one

PdCl(PPh3),; (0.422 g, 0.60 mmol), Cul (0.190 g, 0.99 mmol), and 5-bromo-5'-methyl-
2.2'-bipyridine (1.000 g, 4.00 mmol) were dissolved in a dry THF (30.0 mL) and
triethylamine (10.0 mL, 71.60 mmol) mixture under a nitrogen atmosphere.
Ethynyltrimethylsylane (1.4 mL, 10.02 mmol) was added to the solution and the resulting
mixture was stirred overnight at room temperature. The reaction mixture was filtered and
the volatiles were removed under reduced pressure, to afford a black powder. The
product was purified by flash chromatography (silica gel, CH>Cl;). Then Soxhlet
extracted with hexane to give product as a pale brown color powder. Yield: 0.885 g,
82.8%.'"H NMR (400 MHz, CDCl;) & 8.72 (s, 1H), 8.48 (s, 1H), 8.32 (d, 2H), 7.85 (d,

1H), 7.78 (d, 1H), 2.48 (s, 9H).

Second step

—N — / =N ——
\ /7 \/ — N — = "/ \/
PS003

Figure 2.4 (b) Synthesis of PS003-step two
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5-(Trimethylsilyl)ethynyl-2,2’-bipyridine (0.264 g, 0.99 mmol) and K>COs3 (0.250 g, 1.80
mmol) were dissolved in methanol (50.0 mL) and stirred for one hour at room
temperature. The solution was decanted and the solvent was removed in vacuo to afford
pale yellow color powder as a PS003. Yield: 0.182 g, 95 %. 'H NMR (400 MHz, CDCls)
& 8.75 (s, 1H, H), 8.51 (s, 1H, H°), 8.36 (d, ] = 8.1 Hz, 1H, H"), 8.30 (d, ] = 8.1 Hz, 1H,
H?), 7.89 (d, ] = 8.3 Hz, 1H, H®), 7.87 (d, 8.3 Hz, 1H, HP), 3.28 (s, 1H, H®), 2.40 (s, 3H,

Hb).

2.2.4 Synthesis of C3:H27BF:N4 (ligand PH1)

’ ’ PS003 PH1

Figure 2.5 Synthesis of ligand PH1

Compound PS002 (0.107 g, 0.240 mmol), 5-ethynyl-5'-methyl-2,2'-N-bipyridine (0.046
g, 0.237 mmol), Cul (0.004 g, 0.024 mmol) and PdCl>(PPh3), (0.016 g, 0.024 mmol)
were dissolved in THF (30.0 mL) and Et3N (10.0 mL) in a pressure tube under argon.
The reaction mixture was stirred at 50°C for two days. Then the reaction mixture was
concentrated under reduced pressure and the crude product was purified using column
chromatography (silica gel, CH>Cl,:MeOH = 10:1,v/v) to give PH1 as a purple color
solid. Yield: 0.127 g, 51.6%. 'H NMR (400 MHz, CDCls) § 8.70 (s, 1H, H), 8.51 (s, 1H,

H®), 8.32 (d, 1H, Hg), 8.31 (d, 1H,H"), 7.84 (d, 1H, HY), 7.63 (d, J = 8.3 Hz, 1H, H),
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7.51 (m, 3H, H, HY), 7.30 (m, 2H, H?), 6.05 (s, 1H, H?), 2.72 (s, 3H, HY), 2.59 (s, 3H,

H°), 2.40 (s, 3H, H™), 1.52 (s, 3H, H"), 1.41 (s, 3H, H¥).

2.2.5 Synthesis of C32H26BF2IN4 (ligand PH2)

PH2

Figure 2.6 Synthesis of ligand PH2

Compound PHI1 (0.185 g, 0.35mmol) was dissolved in CH,Cl> (100.0 mL) and then N-
iodosuccinimide (0.078 g, 0.35 mmol) in CH2Cl; (40.0 mL) was added drop wise to the
reaction flask at 10-15°C within 30 min. The reaction mixture was magnetically stirred
over night at room temperature. Then the reaction mixture was concentrated under
reduced pressure and the crude product was purified using column chromatography
(silica gel, CHCI5) to give PH2 as a dark purple color powder. Yield: 0.186 g, 82.85%. 'H
NMR (400 MHz, CDCl3) & (ppm) 8.71(s, 1H, H'), 8.51(s, 1H, H®), 8.37(d, 1H, H®),
8.31(d, 1H, H"), 7.84(d, 1H, H), 7.63(d, 1H, HY), 7.54(m, 3H, H¢, H%), 7.30(m, 2H, H®),

2.73(s, 3H, HY), 2.67(s, 3H, H°), 2.40(s, 3H, H™), 1.52(s, 3H, H"), 1.42(s, 3H, H¥).
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2.2.6 Synthesis of C41H31BF2N40: (ligand PH3)

PH2 PH3

Figure 2.7 Synthesis of ligand PH3

4-Ethynylbenzoic acid (0.015 g, 0.1 mmol), compound PH2 (0.065g, 0.1 mmol), Cul
(0.002 g, 0.01 mmol), Pd2(PPh3)>Cl, (0.007 g, 0.01 mmol) were dissolved in THF (30.0
mL) and EtsN (10.0 mL) in a pressure tube under argon. Reaction was magnetically
stirred for 24 h at 50°C. Then the reaction mixture was concentrated under reduced
pressure and the crude product was purified using column chromatography (silica gel,
CHCl3: MeOH = 10:2) to give PH3 as a red color solid. Yield: 0.025 g, 37.87%. '"H NMR
(400 MHz, CDCls) & (ppm) 8.71 (s, 1H, H'), 8.51(s, 1H, H®), 8.36 (dd, 2H, H9), 7.84 (d,
1H, He), 7.72 (d, 1H, H"), 7.65 (d, 1H, H'), 7.54 (m, 5H, HS, HY, HP), 7.48 (d, 1H, Hf),
7.29 (m, 2H, H®), 2.73 (s, 3H, H'), 2.67 (s, 3H, H°), 2.40 (s, 3H, H™), 1.52 (s, 3H, H"),

1.42 (s, 3H, H¥).
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2.2.7 Synthesis of CoHsNS (PS004)

W

Figure 2.8 Synthesis of PS004

4-Ethynylbenzenamine (1.000 g, 8.53 mmol) and trimethylamine (5.0 mL, 35.82 mmol)
in CHCI3 (15.0 mL) were placed in a flask under an atmosphere of N». A solution of
thiophosgene (3.0 mL, 19.30 mmol) in 20.0 mL CHCl3 was added dropwise at room
temperature within one hour. The mixture was heated under reflux for 2h, and then
cooled to room temperature. The mixture was quenched by addition of 20.0 mL cold
water and extracted with 300.0 mL (3x100.0 mL) CHCls. The organic layer was washed
with H>O (3x50.0 mL), dried over anhydrous Na>SO4 and concentrated to give a yellow
residue. The crude product was purified using column chromatography (silica gel,
Hexane: DCM = 3:1) to give PS004 as a pale yellow color solid. Yield: 0.87 g, 64%. 'H

NMR (400 MHz, CDCl3) & (ppm), 7.47 (d, 2H, H®), 7.18 (d. 2H, H?), 3.16 (s, 1H, H?).

2.2.8 Synthesis of Ca1H30BF2NsS (ligand PH4)

PH4

Figure 2.9 Synthesis of ligand PH4
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1-Ethynyl-4-isothiocyanatobenzene (0.016 g, 0.100 mmol), ligand PH2 (0.064 g, 0.100
mmol), Cul (0.002 g, 0.010 mmol), Pd2(PPh3)2Cl> (0.007 g, 0.005 mmol) were dissolved
in THF (30 mL) and Et3N (10 mL)in a pressure tube under argon. The reaction mixture
was magnetically stirred for 24 h at 50°C. Then the reaction mixture was concentrated
under reduced pressure and the crude product was purified using column chromatography
(silica gel, CHCl3: MeOH = 10:2) to give PH4 as a purple color solid. Yield: 27 mg,
40%. '"H NMR (400 MHz, CDCl3) § 8.70 (s, 1H, H™), 8.50 (s, 1H, HY), 8.35 (dd, 2H, HY),
7.84 (d, 1H, H¥), 7.70 (d, 1H, H°), 7.63 (d, 1H, H"), 7.54 (m, 5H, H", H', H?),7.40 (d, 1H,
H'"), 7.30 (m, 2H, H#), 2.73 (s, 3H, HY), 2.67 (s, 3H, H®), 2.40 (s, 3H, H®), 1.52 (s, 3H, HY),

1.42 (s, 3H, HP).

2.2.9 Synthesis of C24H27BF2N2Si (PS005)

Si
Y4 Z N - o
/N\B/N / H
/\
F H
PS002

Figure 2.10 Synthesis of PS005

Compound PS002 (0.360g, 1.44 mmol), Cul (0.015 g, 0.08 mmol) and PdCIl,(PPhs)2
(0.056 g, 0.08mmol) were dissolved in THF (30 mL) and EtsN (10 mL).
Ethynyltrimethylsilane (0.22 mL, 1.60 mmol) was added under argon. The reaction

mixture was stirred at 50°C for 24 h. Then the reaction mixture was concentrated under
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reduced pressure and the crude product was purified using column chromatography
(silica gel, CH2Cly:hexane = 1:1,v/v) to give PS005 as a light orange color solid. Yield:
0.38 g, 65.3%. 'H NMR (400 MHz, CDCl3) § 7.50 (m, 3H, H', H"), 7.27 (m, 2H, H’), 6.02
(s, 1H, H®, 2.63 (s, 3H, H®), 2.57 (s, 3H, H), 1.43 (s, 3H, H®), 1.39 (s, 3H, H%), 0.20 (s,

9H, H¥).

2.2.10 Synthesis of C21H19BF2N2 (PS006)

B
/\_ PS006
F F

Figure 2.11 Synthesis of PS006

Compound PS005 (0.229 g, 0.56 mmol) and K2CO3 (0.133 g, 0.95 mmol) were combined
in methanol (50.0 mL) and stirred for one hour at room temperature. The reaction was
quenched by adding H>O (40.0 mL) and product was extracted with CH2Cl, (40.0 x 2
mL). The solvent was removed in vacuo and the crude product was purified using
column chromatography (silica gel, CH2Clx:hexane = 1:1) to give PS006 as an orange
color solid. Yield: 0.124 g, 63.58%.'H NMR (400 MHz, CDCls) § 7.51 (m, 3H, Hi, H"),
7.28 (m, 2H, H), 6.04 (s, 1H, H*),3.28 (s, 1H, H¥), 2.64 (s, 3H, H®), 2.58 (s, 3H, H?), 1.44

(s, 3H, H), 1.39 (s, 3H, HY).
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2.2.11 Synthesis of ytterbium complexes

Figure 2.12 Synthesis of ytterbium metal complexes

All four ytterbium complexes were synthesized using a similar method. A typical
procedure is described here using the ligand PH1. The PH1 ligand (0.052 g, 0.10 mmol)
was dissolved in CH2Cl, (50.0 mL), then [Yb(hthc)s-(H20)2] (0.079 g, 0.10 mmol) in
CH2Cl> (15.0 mL) was added to the ligand solution. The resulting mixture was
magnetically stirred for 1 h at room temperature,and then concentrated under reduced
pressure. The crude product was recrystallized using CH2Cl, and hexane. Yields: PH1-
YD, 0.120 g 94.5%; PH2-YD, 0.132 g 94.3%; PH3-Yb, 0.135 g 95.2%; PH4-Yb, 0.133 g

93%.

2.3 Measurements

2.3.1 UV-VIS Absorption Spectra in Solution

Electronic absorption spectra in the UV-Vis region were recorded on a Cary 100 Series
UV-VIS Dual Beam Spectrometer using 1.0 cm glass cells at room temperature. The
absorption spectra of ligands and complexes were obtained in CH>Cla. The stock solution
concentration of the samples was 2.0x10* M in CH2Clz, and 50 pL of each was added to
2.5 mL of CH,Clin a 1.0 cm glass cuvette. The spectra were recorded from 200-800 nm.

The final concentration of each dye was 3.9x10° M (Table 2.1).
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Table 2.1 Concentration of dye solutions used for UV-Vis absorbance measurement.

Compound Used mass Conc. of Vol. of Vol. of Conc. Of
for stock stock stock used diluted diluted
solution solution in cuvette solution solution

(mg) (mol/L) (nL) (CH2CDL) (mol/L)

used in
cuvette (mL)

PHI 212 o it 50 25 3.9x 107
PH2 2.62 2x 10 50 2.5 3.9x 10
PH3 2.64 2 50 2.5 394N
PH4 2.69 2x10* 50 2.3 3.9x 103
PHI-Yb 257 2x10* 50 245 3.9x107
PH2-Yb 2.81 2000 50 2.5 3.9x10°
PH3-Yb 253 2x10* 50 2 3.9x10°
PH4-Yb 2.86 2x 10 50 2.5 3.9x 107

2.3.1 Fluorescence measurements

Visible emission and excitation spectra of ligands and complexes were acquired using

steady-state excitation on a spectrofluorometer with a Xenon arc lamp as a light source.

The same stock solutions (Table 2.1) were used for the fluorescence measurements and
each of the solution was diluted in 2.5 mL of CH,Cl, to obtain 1.6 x 10°® M final

concentration. The samples were excited at 375nm on FS5 spectroflourometer to obtain

emission spectra of the ligands and complexes in UV-Vis region.
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2.3.1 Quantum measurements

Visible emission spectra were acquired using steady-state excitation and absorbance
spectra of the same samples were obtained us<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>