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Both Cd** and Zn"* are metal ions in group 12 elements with very different toxicities
but similar binding properties to most organic and biological ligands. In this work, a series of
quinoline derivatives were synthesized and studied with an aim for Cd** selective turn-on
fluorescent sensors. The structures of the compounds were designed to systematically
evaluate the effects of amino protons, number of N-coordinating atoms, quinoline/picoline
moieties and substituents on the sensing properties. The association constants of all
synthesized ligands were studied by UV-vis absorption titration in aqueous solution. The results
revealed that the ligands having 6- and 4- donor atoms and absent of amino proton gave
higher association constants for Cd*" and Zn®', respectively. L6, a ligand with 2 quinolines/2
picolines and 6 N atoms without amino proton, exhibited the highest Cd* sensitivity providing
118-fold of fluorescence enhancement (I/l,) at 480 nm and highest Cd*"/Zn"* selectivity giving
the Cd”*/Zn" association constant ratio of 32. L5, a tetradentate ligand containing 1
quinoline/2 picolines without amino protons showed highest association constant for Zn®*. The
greater number of the quinoline units led to lower binding affinity and lower I/1,. Fluorescence
guenching was even observed for ligands having solely 3 and 4 quinoline units (L12 and L13).
Electron withdrawing substituents gave higher I/l but lower association constants. L6 was thus
selected for further optimization as Cd** fluorescent sensor. The selectivity of Cd*" detection
by L6 was significantly improved by an addition of tripicolylamine (TPA), a non-fluorescent
tetradentate ligand, that provided the limit of detection Cd** of 69 nM. In the fluorescence cell

imaging, L6 could monitor Cd** in the concentration range of 0.1-10 M.
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CHAPTER 1
INTRODUCTION

1.1 Fluorescence

Fluorescence is the electromagnetic wave, usually belong to the ultraviolet,
visible, and near-infrared regions, emitted by a substance that has absorbed light or
other forms of energy. The fluorescence process may be simplified as illustrated by a
Jablonski diagram as shown in Figure 1.1 [1, 2]. The Sq and S, lines refer to the
electronic ground and exited states of a molecule, respectively. A molecule can
absorb a photon and is excited from its electronic ground state to one of the
electronic excited states e.g., S, or S;. According to the Franck-Condon principle, the
absorption process takes place so rapidly (= 10 s) that the molecule does not have
enough time to change its geometry. The geometry of the molecule adjusts
considerably slower (= 10%#-10"! s) to the lowest vibrational state of S; via internal
conversion (IC) and vibrational relaxation (VR). The internal conversion and vibrational
relaxation are the nonradioactive decay that the relaxation from a higher electronic
state to a lower electronic state does not emit photon. The fluorescence process
occurs when the molecule in this S; state releases the energy in form of light to
return to the ground state that takes place in 10°-10° s time scale. The excited
molecule may also return to the ground state via external conversion (EC) by a
collision or interaction with another molecule (e.g., polar solvent). The singlet excited
state S; may also undergo intersystem crossing (ISC) to triplet state T, which usually
live longer than singlet state resulting in quenching by quencher (e.g., oxygen) or
radiative relaxation to ground state by phosphorescence. Although the intersystem
crossing is in principle forbidden, the presence of heavy atoms (e.g., Br and Hg) in the
molecule increases the probability of intersystem crossing promoted by large spin-
orbit coupling [3]. The fluorescence is usually emitted at longer wavelength than its
absorption due to the energy loss by vibrational relaxation and geometrical
relaxation. The different in wavelength between maximum absorption and maximum
emission is called stroke shift (stroke shift = Aqpn-Aaps). Since the maximum absorption

and maximum emission depend on the geometry, flexible molecules, or molecules
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with high difference in geometry between ground state and excited state have large

stroke shift. In contrast, the stroke shift of rigid molecules is small.
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Figure 1.1 Jablonski diagram.

1.2 Fluorescence chemosensor

Chemosensor is a sensory compound which containing two main parts which
are recognition unit (receptor) and signaling unit. The chemosensor is used for
producing detectable signals when it interacts with an analyte. Fluorescence
chemosensor is a chemosensor having fluorophore as a signaling unit to emit
fluorescent signal [4]. Nowadays, fluorescence chemosensor plays an important role
in detection of chemical and biological substances because of their many advantages
over other methods[5-10]. It not only gives a high sensitivity and naked-eye detection
but also allow us to detect analytes in the sample that hard to directly detect such
as biological samples. There are three types of fluorescence signaling. i) turn-on
mode, fluorescence sensors give an enhanced fluorescence signal upon interaction
with an analyte. in contrast , ii) turn-off mode, the fluorescence signal of sensor is
quenched upon interaction with an analyte. iii) ratiometric mode, the fluorescence

signal of sensor is shifted to another wavelength upon binding with an analyte.
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1.3 Fluorescent sensing mechanism

Fluorescent sensing mechanism refers to any process that change the
fluorescence properties of the sensor upon binding with an analyte which include
photo-induced electron transfer (PET) [11-15], intramolecular charge transfer (ICT)
[16-21], excited-state intramolecular proton transfer (ESIPT) [16, 20, 22], Forster
resonance energy transfer (FRET) [23-25], aggregation-induced emission enhancement
(AIEE)/aggregation caused quenching (ACQ) [26-29], excimer/exciplex [30-32], and
isomerization [33]. The sensing compounds in this thesis were designed based on PET

and ICT.

1.3.1 Photo-induced electron transfer (PET).

PET process occurs when a receptor or an analyte has either its highest
occupied molecular orbital (HOMO) or the lowest unoccupied molecular orbital
(LUMO) level between HOMO and LUMO of the fluorophore. i) Acceptor fluorophore,
the excited fluorophore with half-filled HOMO accepts the electron from HOMO of
the receptor. The excited electron in LUMO of fluorophore is then transferred to the
HOMO of the receptor (Figure 1.2 left), i) Donor fluorophore, the exited electron in
LUMO of the fluorophore is transferred to the LUMO of the receptor followed by the
transfer of the electron back to the LUMO of the fluorophore (Figure 1.2 right). the
electron transfer process is non-radiative process with result in quenching of the
fluorescence. So, turn—on and turn—off mode fluorescent sensor can be design based

on promoting or inhibiting of the PET process.
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Figure 1.2 Simplified diagram for PET process.

1.3.1 Intramolecular charge transfer (ICT)

The ICT process can be simply illustrated by Figure 1.3. The locally excited
state (LE) is in the locally most stable excited state of S;. When the fluorophore has
an electron donating group (e.g., -NR,, —OR) conjugated to an electron withdrawing
group (e.g., >C=0, —CN), the different in dipole moment between S; and Sy will be
very high. Consequently, the relaxation process produces a new lower energy excited
state called intramolecular charge transfer (ICT) state having significantly different
geometry from the LE state. The smaller energy gap between Sy and S; not only
results in the red-shifted fluorescence but also promote the intramolecular
conversion process caused decreasing in fluorescent intensity. So, the fluorescent

sensor can be designed based on the degree of the ICT to be turn—off, turn-on, and

ratiometric mode.
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Figure 1.3 Simplified diagram for ICT process.

1.4 Cadmium

Cadmium (Cd) is a transition metal in the earth’s crust. It is usually found with
Zinc (Zn) in form of sulfide, sulfate, oxide, and chloride compounds. Cadmium was
mainly produced by obtaining the byproduct from Zn refining. For a long time,
Cadmium was used as pigments, Ni-Cd batteries, steel corrosion-resistant, plastic
stabilizer, and neutron absorber. Nowadays, although people try to use less
cadmium by replacing it with another element because of high toxicity, the global
production of cadmium has been slightly increasing for the last ten years (2010-2020)
[34]. The cadmium exposure is commonly by directly contact in industrial or
agricultural workplaces or via a food chain [35]. Once the cadmium was taken, it will
be absorbed by kidneys and accumulated there throughout the lifetime because of
the long biological half-life of cadmium in kidney (9-38 years) [36], high level of
accumulation of cadmium causes many diseases and symptoms such as respiratory

disease, cardiovascular disease, renal failure, bone disorders, Itai-Itai, osteoporosis,
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and cancer [37-39]. Therefore, the world health organization (WHO) sets the limit of
cadmium ion concentration in drinking water to be 0.003 mg/L or 44 nM [40]. Until
now, there are various techniques for cadmium ion detections available such as
inductively couple plasma mass spectrometry (ICP-MS), atomic absorption
spectrometry (ICP-AAS), atomic emission spectrometry (ICP-AES). However, these
methods are not easily applied for real-time monitoring of environment and
biological systems. In comparison, using the fluorescence chemosensor offer
advantages over the other methods: high sensitivity and selectivity, short detection
time, and cost-effective ness. Nevertheless, cadmium and zinc are in the same group
of the periodic table, so they have many properties in common such as the common
oxidation state of their ions. Consequently, the chemosensor that is likely to bind
with Cd*" also tend to bind with Zn?" [41-44]. Therefore, knowing structure
parameters affecting Cd?*/Zn?* binding ability is very important for design of

fluorescence chemosensor for either Cd** or Zn?* detection.

1.5 Cadmium sensor

In 2007, Lu et al. reported a sensor R1 containing dipicolylamine (DPA) group as
a receptor. In ethanol-water solution (1:9), R1 differently responded to Cd** and Zn**
(Figure 1.4) [45]. In the presence of Cd*, the emission maximum of R1 was slightly
enhanced and blue-shifted from 531 nm to 487 nm because the Cd*" chelation
reduced electron donating ability of amino groups to the carbonyl groups and,
consequently, prevent ICT. In contrast, the existence of Zn®" induced the
deprotonation of R1 resulting in more ICT process. The emission maximum is slightly
quenched and red-shifted to 558 nm. Although association constant of R1+Cd

complex is higher than Zn?* complex, the detection of Cd** was disturbed by Zn?*.
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Figure 1.4 Molecular structure of R1 and Fluorescence titration spectra with Cd** and

Zn2+

Other DPA containing sensors R2-R4 were reported by Xue et al. for Zn?
detection. These sensors were substituted at 8-hydroxy position by three different
groups (benzyl, 2-picolyl, and methyl carboxylic acid) [46]. The Zn*" binding affinities
(logK,) of R2-R4 are 8.86, 12.07, and 15.35, respectively. The result showed that the
substitution at 8-position play a significant role in Zn®* binding. However, the Zn®*
sensors developed in this work give low fluorescent enhancement (= 4-12 folds) due
to the high quantum yield of the free sensors (¢ = 2.9-9.0%). Moreover, the
detections were interfered by many transition metal ions especially Cd?*. According
to the fluorescent intensity of the Cd**+Zn?* solution that approach to the intensity
of Cd?* solution, it can imply that the binding affinities of these ligand toward Cd*
are higher than those for Zn?* (Figure 1.5).

a) b)

E:EiZ:EE; I]llll‘]l] IJJ JJI]]]

R3, R = 2-picolyl Friododpg i 13’4536'5& o+ v.\é‘«aﬂc\'&aﬂée
R4, R = n-C;H,COONa

Figure 1.5 (a) Molecular structure of R2-R4 and fluorescence enhancement ratio
(F/Fo) of (b) R2, (c) R3 and (d) R4, in the presence of various metal ions (grey bar) and

in the co-presence of Zn** and another metal ion tested for interference (black bar).
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In 2008, Tang et al. reported a turn-on sensor R5, based on 8-hydroxyquinoline,
for selective detection of Cd** (Figure 1.6) [47]. The high selectivity is caused by the
rigidity of R5, according to specific ionic radius and geometry of complex. The binding
ratio between R5 and Cd*" is 1:2 resulting in low fluorescence enhancement (= 3.5-

fold) and high limit of detection of 9 uM of Cd*".
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Figure 1.6 (a) Molecular structure of R5 and (b) fluorescence spectra of R5 in the

presence of various metal ions.

In 2009, Xue et al. published two DPA-substituted quinolone sensors R6 and R7
[48, 49]. Both sensors showed fluorescent changes upon addition of Cd** and Zn?*
(Figure 1.7). For penta-dentate ligand R6, both of Cd** and Zn?* equally enhance the
emission at 420 and 460 nm, respectively. On the other hand, the emission of
hexadentate ligand R7 was significantly enhanced at 422 nm upon the addition of
Cd?**. In the presence of Zn**, the deprotonation occurred at amide proton, resulting
in large red-shift and small enhancement. According to the 'H NMR results, the R7
was proposed to act as hexadentate and pentadentate licand in complexing with

Cd?** and Zn*, respectively (Figure 1.8).
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Figure 1.7 Molecular structure and fluorescence spectrum of (a) R6 and (b) R7 in the

presence of metal ions.
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Figure 1.8 Proposed structure of (a) R7-Cd and (b) R7-Zn.

In 2011, a highly planar polypyridyl ligand R8 was synthesized by Zhao et al.
[50]. It showed excellent selectivity because the cavity size in the planar
conformation perfectly matches the size of Cd*" (Figure 1.9). In dichloromethane-
acetonitrile (1:9), Cd** enhances an emission at 465 nm due to the increase of -
conjugation and molecular rigidity. In contrast, Zn?* bound with only three pyridyl
rings to form a non-planar complex and, consequently change the color form

colorless to dark brown without fluorescence signal observed.

Figure 1.9 Molecular structure of R8 and chelation enhanced fluorescence effect.

In 2012, Zhou et al. reported fluorescent sensor R9 containing hydroxy, and
amino, quinoline for distinguishing Cd?" and Zn?" ions [51]. In ethanol solution, Cd**
turned on the fluorescence of R9 at 410 nm based on PET inhibition mechanism. On
the other hand, R9 provided a ratiometric detection for Zn** due to the ICT
enhancement mechanism. Zn?* bound with both amino-, and hydroxyquinoline
moieties with coordination number of 5 while Cd* bound with R9 at only
2+

hydroxyquinoline part with coordination number of 6 (Figure 1.10). Moreover, Zn

complexation also resulted in a deprotonation of the amide N-H group of the ligand.
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a)

R9

Figure 1.10 Molecular structures of (a) R9, and X-ray crystal structure of (b) R9-Zn and
(c) R9-Cd complexes.

In 2016, Liu et al. synthesized a DPA sensor R10 for Cd*" detection in DMSO
[52]. Upon binding with Cd*", R10 underwent amide tautomerization resulting in a
fluorescence enhancement at 555 nm. This sensor showed excellent selectivity
toward Cd?* but several transition metal ions such as Co?*, Ni¢*, Cu** and Zn?" can

significantly interfere the fluorescence signal (Figure 1.11).
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Figure 1.11 (a) Molecular structure of R10 and (b) fluorescence enhancement ratio
(I/10) of R10 in the presence of various metal ions (white bar) and in the co-presence

of Cd?" and another metal ion tested for interference (black bar).

In 2017, Mikata et al, synthesis a series of quinoline-based turn-on fluorescent
sensors (R110, R11S and R11N) containing different coordinating atom (O, S, NH) [53].
The result showed that all sensors selectively enhanced the fluorescent at 418-428
nm toward Cd?* with high sensitivity (I/l, & 20-40 times) (Figure 1.12). the study found
that R11N gave highest association constant for Cd®*. The X-ray crystallography of
R110-Cd and R110-Zn revealed the difference in binding mode between Cd* and
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Zn?* (Figure 1.13). It showed that Cd*" bound with R110 with coordination number of

6 while Zn?" bound with R110 with coordination number of 4.
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Figure 1.12 (a) Molecular structure of R110, R11S and R11N (b) fluorescence
enhancement ratio (I/l) of R110 (red bar), R11S (blue bar) and R11N (green bar) in

the presence of various metal ions.

Figure 1.13

a)

Figure 1.14 X-ray crystal structure of (a) R110-Cd and (b) R110-Zn

In 2019, Song and Zhang reported a quinoline-based fluorescent sensor (R12)
for discriminative detection of Cd**and Zn?* [54]. The sensor has an amide functional
group as a receptor which can undergo tautomerization between amide and imidic

forms. In water-rich medium, R12 preferred binding with Zn®* with an increment of
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fluorescence emission at 498 nm (I/1,=16) (Figure 1.14). While in acetonitrile-rich
medium, R12 underwent tautomerization to imidic from and preferred binding with

Cd?* with an increment of fluorescence emission at 500 nm (I/1,=4).

3 -
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Figure 1.15 The proposed binding mode of R12 with Cd** and Zn**.

The structure and their important sensing properties of the Cd*" fluorescent
sensors described above are summarized in table 1.1. According to the literature
reports, quinoline derivatives are interesting ligands for metal cation binding that can
provide turn-on and ratiometric fluorescence signals. The selectivity depends on the
substituents especially on C2 and C8 position of quinoline. The ligands with highly
charged receptor (e.g., amide, phenol) bind with Zn?* stronger than Cd*". DPA is a
selective receptor for Zn** and Cd** but it is not effective enough to distinguish
between Cd** and Zn?'. Moreover, the medium also has an effect in binding
preference. In high polar medium, the ligands would rather bind with Zn®* than Cd**
and, vice versa. Ligands containing acidic protons seems to promote Zn?* binding.
However, increasing the number of coordinating atoms of the ligands seems to
improve the selectivity toward Cd*, the bigger cation. There are a few reports
concerning DPA modified quinoline at C2 [46, 48, 49] but there have not been
reports about DPA modified quinolines at C8 which will be the subject for this
proposed research. The numbers of 2-picolyl and 8-aminoquinoline moieties will be
varied in order to systematically compare their effects on sensitivity and selectivity in

detection of Cd** and Zn?*.
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Table 1.1 Summarization of some fluorescent for Cd** and Zn?* detection.

A /1,
Ligand medium Log(K,) | LOD | ref
(nm) (/1)
(r Cd*": [45]
500 ethanol/H,O 3 5.76 100
1:9 nM
NH HN 2
+,
>0 & 498 ethanol/H,0 | (2) 5.22
s
1:9
Zn**: [46]
Cﬁf /
455 water q 8.86
RZ, R = benzyl
R3, R = 2-picolyl R3
R, R = n-C;H,COONa
430 water 6 12.07
R4
438 water 12 15.35
G [47]
L o T o
L e ' 397 methanol/H,0 | 3.5 5.2 9 uM
1:9
N cd*: (48]
HyC N~
NH N 9 405 CH5CN/H,0 12 238
- % 11 LM
o z
HyC” CHy
Table 1.2 Summarization of some fluorescent for Cd** and Zn?* detection.

(continued)




31

Ligand " medium /lo | LogK,) | LOD | ref
(nm)
0 N Cd*: [49]
HCJI\NH N
3 \ 422 DMSO/water | 40 12.6
= N
= N\ 1:4
0 l/
H3C/[CH3
| S cd*: [50]
#
o~ PPN | 456 CH,CL/CHCN | 16 | 4.57,
|
> /"ij" 1:9 4.07,
= \N Z N
l AN N N 3.61
NF l #
“ |
N cd?*: [51]
OTNH " 410 | ethanol 14 |599
i N Zn2+:
| =
/ 486 ethanol 3 4.26
No, Cd*: [52]
/N\
. 567 water 65 10
nM
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Table 1.3 Summarization of some fluorescent for Cd** and Zn?* detection

(continued)

. }\em
Ligand medium /1o Log(K,) LOD ref
(nm)
Ccd*: [53]
E\ N — R110
/
"ﬁ% 428 | DMF/water |25 | 638 22 nM
{ 1:1
"S_{':JQ BISS
\—/N \_7/ 418 DMF/water |39 | 5.19
1:1
R110,E= O R11N
R11S, E= S
R11N, E = NH 420 DMF/water 20 6.70
1:1
N e [54]
lN/ 500 CH,CN/water | 4 4.57
HNT[) 73
HN 212+,
HcZ 498 | CH,CN/water | 16 | 4.15 63nM
37

1.6 Objective

The objectives of this work are to synthesize evaluate a series of picolyl
conjugated 8-aminoquinoline derivatives having different numbers of nitrogen
coordinating atoms with and without amino proton (N-H) as turn-on fluorescent

sensors for Cd?* (Figure 1.12-1.14). The variety of the N-coordinating atoms and the
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presence of amino proton(s) are incorporated to investigate the effects on Cd?/zn*
selectivity, and their fluorescent properties. The sensing study is aimed to optimize

the sensing applications in aqueous media, naked eye detection, and fluorescence
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Figure 1.16 Target molecules L1-L6.
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Figure 1.17 Target molecules L7-L9.



| A
N
HN
N
z
X
L10
AN
)
N | S
N
i i
P4
L12

X X
|/N I/N
N
N | A N |
| N\\ b= I N\\
Z Z
N r
L14 L15

Figure 1.19 Target molecules L14-L17

L11

L16

L17

34



35

CHAPTER 2
EXPERIMENT

2.1 Chemicals and materials

8-Hydroxyquinoline, diethylenetriamine, triethylenetetramine, 2-bromoaniline,
anhydrous sodium sulfate, potassium iodide, potassium carbonate and sulfuric acid
were  purchased from  Merck  (Germany).  8-Aminoquinoline and  2-
(chloromethylpyridine were purchased from TClI (Japan). Ethylenediamine, tris(2-
aminoethyl)amine, glycerol, copper(l) iodide and sodium metabisulfite were
purchased from Sigma-Aldrich. All other reagents were non-selectively purchased
from TCl, Merck, or Sigma-Aldrich. The solvents used for reactions were reagent grade
and used without further purification. The solvents used for extraction and
chromatography were commercial grade and distilled before using. Thin layer
chromatography (TLC) was performed on Merck aluminium oxide 60 F254 neutral or
Merck silica gel 60 F254 TLC plates. Column chromatography was performed on
aluminium oxide 90 active neutral (70-230 mesh) and silica gel 60 (70-230 mesh). All
aqueous experiments utilized deionized Milli-Q water (18.2 MQ-cm at 25 °C) prepared

via Merck MilliQ-water system.

2.2  Analytical instruments

'"H NMR and >C NMR were acquired from a sample solution in CDCls, CDsCN,
CD50D, (CD5),SO and (CD5),CO on Bruker AVANCE (400 MHz for 'H NMR, 100 MHz for
BC NMR) or JEOL (500 MHz for 'H NMR, 125 MHz for *C NMR) NMR spectrometers.
High resolution mass spectra were recorded on an electrospray ionization mass
spectrometer (MicroTOF, Bruker Daltonics). UV-visible absorption and emission
spectra were obtained on an Agilent 8453 UV-visible Spectroscopy System and
Agilent Cary Eclipse Fluorescence Spectrophotometer, respectively, in a quart cell
with 1 cm path length at 25 °C. X-ray diffraction data were collected using a Bruker
D8 QUEST CMOS PHOTON Il and operating at T = 298(2) K.
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2.3 Synthesis procedure

2.3.1 Synthesis of L1

In a round-bottomed flask, 2-(chloromethylpyridine hydrochloride (492 meg,
3.00 mmol), potassium carbonate (2.100 g, 15.19 mmol), potassium iodide (50 mg,
0.30 mmol) and 8-aminoquinoline (432 mg, 3.00 mmol) were dissolved in acetonitrile
(30 mL) and refluxed for 3 hours. After allowed to cool to room temperature, the
reaction mixture was dried by rotary evaporator. The crude product was added to
the saturated sodium carbonate solution (20 mL) and then extracted with
dichloromethane (3x15 mL). The organic extracts were combined and dried over
sodium sulfate and purified by column chromatography (silica gel, gradient of 0-1%
methanol in dichloromethane) to provide the desired product as a yellowish oil
(397.1 mg, 1.69 mmol). Yield: 56% ; "H NMR (400 MHz, CDCl;) § 8.74 (dd, J = 4.0, 1.4
Hz, 1H), 8.60 (d, J = 4.1 Hz, 1H), 8.01 (d, J = 8.3 Hz, 1H), 7.53 (ddd, J = 7.6, 5.7, 1.8 Hz,
1H), 7.40 - 7.24 (m, 3H), 7.17 - 7.08 (m, 1H), 7.04 (d, J = 8.0 Hz, 2H), 6.59 (d, J = 7.6
Hz, 1H), 4.68 (d, J = 5.9 Hz, 2H). **C NMR (101 MHz, CD5CN) & 149.99 (s), 148.11 (s),
145.39 (s), 139.09 (s), 137.52 (s), 136.81 (s), 129.57 (s), 128.62 (s), 123.03 (s), 122.56 (s),
122.35 (s), 118.18 (s), 114.92 (s), 105.93 (s), 49.08 (s). HRMS; m/z calculated for
[L1+Na]™: [CysHi3NsNal™ is 258.10072; found 258.1017.

2.3.2 Synthesis of L2

In a sealed tube, 8-hydroxyquinoline (3.000 ¢, 20.7 mmol), ethylenediamine
(0.75 ml, 11.2 mmol) and sodium metabisulfite (3.954 g, 20.7 mmol) were dissolved
in water (35 mL) and stirred at 115 °C for 7 days. After allowed to cool to room
temperature, the reaction mixture was made to strong base (pH>12) by sodium
hydroxide. The filtered solid collected by filtration was added to the saturated
sodium carbonate solution (20 mL) and extracted with dichloromethane (3x15mL).
The organic extracts were combined and dried over sodium sulfate and purified
recrystallization in methanol to provide the desired product as a yellowish solid
(1.724 g, 11.0 mmol). Yield: 53% ; 'H NMR (400 MHz, DMSO) & 8.72 (d, J = 3.0 Hz, 2H),
8.20 (d, J = 7.8 Hz, 2H), 7.49 (dd, J = 8.2, 4.2 Hz, 2H), 7.37 (t, J/ = 7.9 Hz, 2H), 7.06 (d, J
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= 8.0 Hz, 2H), 6.81 (t, J = 11.0 Hz, 4H), 3.63 (s, J = 2.2 Hz, 4H). HRMS; m/z calculated
for [L2+Na]": [CyoH1gNgNa]l™ is 337.14292; found 337.1429.

2.3.3 Synthesis of L3

In a sealed tube, 8-hydroxyquinoline (3.000 ¢, 20.7 mmol), diethylenetriamine
(1.20 ml, 11.4 mmol) and sodium metabisulfite (3.954 g, 20.7 mmol) were dissolved
in water (35 mL) and stirred at 115 °C for 9 days. After allowed to cool to room
temperature, the reaction mixture was made to strong base (pH>12) by sodium
hydroxide and extracted with dichloromethane (3x20mL). The organic extracts were
combined and dried over sodium sulfate and purified column chromatography
(alumina, dichloromethane) to provide the desired product as a yellowish solid
(1.484 g 4.15 mmol). Yield 40%; 'H NMR (400 MHz, CD5CN) & 8.75 — 8.50 (m, 1H), 8.11
(d, J=83Hz 1H), 7.40 (dd, J = 8.3, 4.2 Hz, 1H), 7.34 (t, / = 7.9 Hz, 1H), 7.04 (d, J = 8.1
Hz, 1H), 6.69 (d, J = 7.6 Hz, 1H), 6.48 (s, 1H), 3.38 (q, J = 5.8 Hz, 2H), 3.00 (t, J = 6.0 Hz,
2H). °C NMR (101 MHz, CD:CN) & 147.97 (s), 146.12 (s), 139.11 (s), 136.83 (s), 129.68
(s), 128.85 (s), 12255 (s), 114.44 (s), 105.44 (s), 49.11 (s), 43.84 (s). HRMS; m/z
calculated for [L3+Na]*: [C,,H,5NsNa]™ is 380.18512; found 380.1855.

2.3.4 Synthesis of L4

In a round-bottomed flask, 2-(chloromethylpyridine hydrochloride (222.1 mg,
1.35 mmol), potassium carbonate (850.6 mg, 6.15 mmol), potassium iodide (22.5 mg
0.14 mmol) and L3 (440 mg, 1.23 mmol) were dissolved in acetonitrile (20 mL) and
refluxed for 3 hours. After allowed to cool to room temperature, the reaction
mixture was dried by rotary evaporator. The crude product was added to the
saturated sodium carbonate solution (20 mL) and then extracted with
dichloromethane (3x15 mL). The organic extracts were combined and dried over
sodium sulfate and purified by column chromatography (alumina, dichloromethane)
to provide the desired product as a yellowish oil (462.0 mg, 1.03 mmol). Yield: 84% ;
'H NMR (400 MHz, Acetone) § 8.66 (d, 2H), 8.44 (d, J = 4.5 Hz, 1H), 8.10 (dd, J = 8.2,
1.1 Hz, 2H), 7.80 (d, J = 7.8 Hz, 1H), 7.48 (td, J = 7.7, 1.0 Hz, 1H), 7.39 (dd, J = 8.3, 4.2
Hz, 2H), 7.26 (t, J = 7.9 Hz, 2H), 7.11 - 7.05 (m, 1H), 7.00 (d, J = 8.1 Hz, 2H), 6.82 (d, J
= 14.0 Hz, 2H), 6.58 (d, J = 7.6 Hz, 2H), 3.94 (s, 2H), 3.45 (q, J/ = 5.9 Hz, 4H), 2.98 (t, J =
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6.2 Hz, 4H). *C NMR (101 MHz, Acetone) § 160.90 (s), 149.49 (s), 147.61 (s), 145.99 (s),
139.30 (s), 136.96 (s), 136.49 (s), 129.64 (s), 128.63 (s), 124.08 (s), 122.65 (s), 122.26 (s),
114.04 (s), 105.15 (s), 61.55 (s), 54.07 (s), 41.92 (s). HRMS; m/z calculated for [L4+Na]":
[CogHogNgNal™ is 471.22731; found 471.2267.

2.3.5 Synthesis of L5

In a round-bottomed flask, 2-(chloromethyl) pyridine hydrochloride (1.968 g,
12.0 mmol), potassium carbonate (2.211 g, 16.0 mmol), potassium iodide (50 mg, 0.30
mmol) and 8-aminoquinoline (432 mg, 3.00 mmol) were dissolved in acetonitrile (40
mL) and stirred at room temperature for 4 days. The reaction mixture was dried by
rotary evaporator. The crude product was added to the saturated sodium carbonate
solution (20 mL) and then extracted with dichloromethane (3x15 mL). The organic
extracts were combined and dried over sodium sulfate and purified by column
chromatography (alumina, 1:1 ethyl acetate/dichloromethane) to provide the desired
product as a yellowish solid (411 mg, 1.26 mmol). Yield: 42% ;'H NMR (400 MHz,
CDCls) 6 8.83 (dd, J = 4.1, 1.8 Hz, 1H), 8.48 (d, J = 5.0 Hz, 2H), 8.05 (dd, J = 8.3, 1.7 Hz,
1H), 7.56 — 7.42 (m, 4H), 7.33 (dd, J = 8.3, 4.1 Hz, 1H), 7.28 (dd, J = 7.3, 6.3 Hz, 1H),
7.22 (t, J = 7.8 Hz, 1H), 7.05 (ddd, J = 6.8, 5.0, 1.8 Hz, 2H), 6.99 (dd, J = 7.6, 1.1 Hz,
1H), 4.92 (s, 4H). "°C NMR (101 MHz, DMSO) & 148.73 (s), 147.54 (s), 146.11 (s), 141.96
(s), 136.48 (d, J = 13.5 Hz), 129.46 (s), 126.41 (s), 121.94 (d, J = 3.5 Hz), 121.14 (s),
120.12 (s), 117.12 (s), 58.71 (s), 54.85 (s). HRMS; m/z calculated for [L7+Na]":
[CpHigNaNal" is 349.14292; found 349.1427.

2.3.6 Synthesis of L6

In a round-bottomed flask, 2-(chloromethyl)pyridine hydrochloride (892.2 mg,
5.44 mmol), potassium carbonate (1.75 g, 12.692 mmol), potassium iodide (602.0 mg
3.63 mmol) and L2 (570.0mg, 1.81mmol) were dissolved in acetonitrile (40 mL) and
stired at room temperature for 4 days. The reaction mixture was dried by rotary
evaporator. The crude product was added to the saturated sodium carbonate
solution (20 mL) and then extracted with dichloromethane (3x15 mL). The organic
extracts were combined and dried over sodium sulfate and purified by column

chromatography (alumina, dichloromethane) to provide the desired product as a
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yellowish solid (608.4 mg, 1.22 mmol). Yield: 68% ; 'H NMR (400 MHz, DMSO) & 8.86
(s, 1H), 8.55(d, J = 4.9 Hz, 1H), 8.50 (d, J = 7.9 Hz, 1H), 7.82 (t, J = 7.9 Hz, 1H), 7.73 -
7.62 (m, 1H), 7.51 (t, J = 9.3 Hz, 2H), 7.42 (t, J = 7.9 Hz, 1H), 7.36 — 7.28 (m, 1H), 7.24
(d, J = 7.4 Hz, 1H), 4.45 (s, 2H), 3.71 (s, J = 17.0 Hz, 2H). *C NMR (101 MHz, DMSO) &
159.40 (s), 148.72 (s), 146.90 (s), 146.48 (s), 141.60 (s), 136.33 (d, J = 3.6 Hz), 129.42 (s),
126.45 (s), 121.84 (s), 121.60 (s), 120.96 (s), 119.06 (s), 115.52 (s), 58.44 (s), 51.55 (s).
HRMS; m/z calculated for [L6+Nal*: [C5,HgNgNa]l™ is 519.22731; found 519.2274.

2.3.7 Synthesis of L7

In a round-bottomed flask, 2-(chloromethyl)pyridine hydrochloride (667 mg,
4.06 mmol), potassium carbonate (1.123 g, 8.12 mmol), potassium iodide (23 mg 0.14
mmol) and L3 (440 mg, 1.23 mmol) were dissolved in acetonitrile (25 mL) and stirred
at room temperature for 4 days. The reaction mixture was dried by rotary evaporator.
The crude product was added to the saturated sodium carbonate solution (20 mL)
and then extracted with dichloromethane (3x15 mL). The organic extracts were
combined and dried over sodium sulfate and purified by column chromatography
(alumina, dichloromethane) to provide the desired product as a yellowish oil (108
mg, 0.17 mmol). Yield: 14% ; 'H NMR (400 MHz, CD5CN) & 8.65 (s, 2H), 8.43 (d, J = 4.4
Hz, 2H), 8.32 (s, 1H), 8.11 (d, J = 8.0 Hz, 2H), 7.51 (t, J = 7.1 Hz, 2H), 7.41 (t, J = 7.9 Hz,
1H), 7.36 — 7.26 (m, 6H), 7.22 (t, J = 7.8 Hz, 2H), 7.15 - 7.03 (m, 4H), 6.92 (d, J = 7.5
Hz, 2H), 4.71 (s, 3H), 3.69 - 3.55 (m, 6H), 2.79 (t, J = 7.0 Hz, 4H). °C NMR (101 MHz,
CDsCN) & 160.85 (s), 149.78 (s), 149.47 (s), 148.15 (s), 143.46 (s), 137.26 (s), 137.10 (s),
136.96 (s), 130.84 (s), 127.35 (s), 123.62 (s), 123.09 (s), 122.77 (s), 122.62 (s), 121.91 (),
120.63 (s), 117.65 (s), 61.98 (s), 60.12 (s), 53.52 (s), 52.86 (s). HRMS; m/z calculated for
[L7+H]*: [CaoHsoNgl" is 631.32977; found 631.34347.

2.3.8 Synthesis of L8
Preparation of QNNQ
In a sealed tube, 8-hydroxyquinoline (3.000 g, 20.7 mmol), triethylenetetramine
(1.70 mL, 11.4 mmol) and sodium metabisulfite (3.954 g, 20.7 mmol) were dissolved
in water (35 mL) and stirred at 115 °C for 9 days. After allowed to cool to room

temperature, the reaction mixture was made to strong base (pH>12) by sodium
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hydroxide and extracted with dichloromethane (3x20mL). The organic extracts were
combined and dried over sodium sulfate and purified column chromatography
(alumina, dichloromethane) to provide the desired product as a yellowish solid
(1.684 g 4.2 mmol). Yield 40% ; "H NMR (400 MHz, Acetone) & 8.70 (dd, J = 26.8, 4.1
Hz, 1H), 8.14 (t, J = 9.3 Hz, 1H), 7.45 (dd, J = 8.3, 4.1 Hz, 1H), 7.40 (dd, J = 8.3, 4.1 Hz,
1H), 7.36 (dd, J = 16.7, 8.3 Hz, 1H), 7.08 — 7.01 (m, 1H), 6.69 (dd, J = 10.8, 7.8 Hz, 1H),
6.65 (s, 1H), 3.38 (dt, J = 19.0, 5.6 Hz, 2H), 3.00 (t, J = 6.0 Hz, 1H), 2.97 (s, 1H), 2.92 (t, J
= 6.2 Hz, 1H), 2.81 (s, 2H). *C NMR (126 MHz, Actone) § 146.84 (s), 145.29 (s), 138.39
(s), 135.74 (s), 128.83 (s), 127.90 (s), 121.51 (s), 113.21 (d, J = 2.6 Hz), 104.27 (d, J = 3.2
Hz), 79.70 — 76.32 (m), 48.53 — 48.09 (m), 41.59 (d, J = 8.3 Hz). . HRMS; m/z calculated
for [QNNQ+H]": [CoqH,oNg]" is 401.24537; found 401.25480.

Preparation of L8

In a round-bottomed flask, 2-(chloromethylpyridine hydrochloride (902 meg,
5.50 mmol), potassium carbonate (1.106 g, 8.0 mmol), potassium iodide (166 mg 1.0
mmol) and QNNQ (400.0 mg, 1.0 mmol) were dissolved in acetonitrile (25 mL) and
stired at room temperature for 4 days. The reaction mixture was dried by rotary
evaporator. The crude product was added to the saturated sodium carbonate
solution (20 mL) and then extracted with dichloromethane (3x15 mL). The organic
extracts were combined and dried over sodium sulfate and purified by column
chromatography (alumina, gradient of 0-1% methanol in dichloromethane) to
provide the desired product as a yellowish oil (31 mg, 0.04 mmol). Yield: 14% ; 'H
NMR (400 MHz, Acetone) § 8.73 (dd, J = 4.0, 1.7 Hz, 2H), 8.46 (d, J = 4.8 Hz, 2H), 8.38
(d, J = 4.1 Hz, 2H), 8.15 (dd, J = 8.2, 1.1 Hz, 2H), 7.54 (ddd, J = 14.7, 7.4, 1.4 Hz, 2H),
7.53 (ddd, J = 15.0, 7.6, 1.5 Hz, 2H), 7.46 (d, J = 7.9 Hz, 1H), 7.37 (dd, J = 8.3, 4.1 Hz,
1H), 7.30 (dd, J = 12.0, 4.6 Hz, 2H), 7.28 - 7.21 (m, 1H), 7.11 (dd, J = 12.5, 7.5 Hz, 2H),
6.99 (d, J = 6.4 Hz, 1H), 4.79 (s, 2H), 3.76 — 3.70 (m, 2H), 3.69 (s, 1H), 2.60 (s, 2H).

2.3.9 Synthesis of L9
Preparation of 3QN
In a sealed tube, 8-hydroxyquinoline (3.000 ¢, 20.7 mmol), tris(2-
aminoethyl)amine (1.10 mL, 7.3 mmol) and sodium metabisulfite (3.928 ¢, 20.7
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mmol) were dissolved in water (35 mL) and stirred at 115 °C for 9 days. After allowed
to cool to room temperature, the reaction mixture was made to strong base (pH>12)
by sodium hydroxide and extracted with dichloromethane (3x20mL). The organic
extracts were combined and dried over sodium sulfate and purified column
chromatography (alumina, dichloromethane) to provide the desired product as a
yellowish solid (1.562 g, 2.96 mmol). Yield: 43% ; 'H NMR (400 MHz, Acetone) § 8.57
(d, J=3.8Hz 2H), 8.11 (d, J = 8.2 Hz, 2H), 7.37 (dd, J = 8.2, 4.1 Hz, 2H), 7.24 (t, J = 7.9
Hz, 2H), 7.01 (d, J = 8.1 Hz, 2H), 6.80 (s, 2H), 6.57 (d, J = 7.6 Hz, 2H), 3.46 (q, J = 6.1
Hz, 4H), 3.06 (t, J = 6.3 Hz, 4H). °C NMR (101 MHz, Acetone) & 147.63 (s), 145.94 (s),
139.28 (s), 136.44 (s), 129.63 (s), 128.59 (s), 122.22 (s), 114.04 (s), 105.12 (s), 54.81 (s),
42.48 (d, J = 7.7 Hz). HRMS; m/z calculated for [3QN-+Na]": [Cs3H33N,Na]™ is 550.26951;
found 550.2706.

Preparation of L9

In a round-bottomed flask, 2-(chloromethyl)pyridine hydrochloride (508.5 mg,
3.08 mmol), potassium carbonate (635.8 mg, 4.62 mmol), potassium iodide (22.5 mg
0.14 mmol) and 3QN (280.0 mg, 0.70 mmol) were dissolved in acetonitrile (15 mL)
and stirred at room temperature for 4 days. The reaction mixture was dried by rotary
evaporator. The crude product was added to the saturated sodium carbonate
solution (20 mL) and then extracted with dichloromethane (3x15 mL). The organic
extracts were combined and dried over sodium sulfate and purified by column
chromatography (alumina, gradient of 0-1% methanol in dichloromethane) to provide
the desired product as a yellowish oil (40 mg, 0.052 mmol). Yield: 7% ; 'H NMR (400
MHz, DMSO) & 8.56 (dd, J = 4.0, 1.6 Hz, 2H), 8.43 (d, J = 4.2 Hz, 2H), 8.17 (dd, J = 8.3,
1.5 Hz, 1H), 7.57 (td, J = 7.7, 1.6 Hz, 1H), 7.33 (dd, J = 8.3, 4.1 Hz, 1H), 7.29 (d, J = 8.5
Hz, 1H), 7.27 (d, J = 8.3 Hz, 1H), 7.22 (t, J = 7.8 Hz, 1H), 7.15 (dd, J = 6.8, 5.4 Hz, 1H),
6.87 (d, J = 7.6 Hz, 1H), 4.67 (s, 2H), 3.57 = 3.50 (m, 2H), 2.79 - 2.72 (m, 2H). C NMR
(101 MHz, DMSO) 6 159.38 (s), 148.63 (s), 146.89 (s), 146.60 (s), 141.68 (s), 136.22 (s),
129.39 (s), 126.32 (s), 121.78 (s), 121.59 (s), 120.83 (s), 119.12 (s), 115.84 (s), 58.52 (s),
52.77 (s), 52.10 (s). HRMS; m/z calculated for [L9+H]": [Cs;H4oNy0]" is 801.41416; found
801.42062.
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2.3.10 Synthesis of L10-L13
Preparation of 8-Bromoquinoline
The 8-Bromoquinoline can be prepared according to the literature [55]. In a
round-bottomed flask, 2-Bromoaniline (1.000 g, 5.81 mmol), glycerol (1.71 mL, 23.4
mmol), ferrous sulfate heptahydrate (242 mg, 0.87 mmol) and iodine (15 mg, 0.06

mmol) were dissolved in sulfuric acid (5mL) and refluxed for 4 hours.

After allowed to cool to room temperature, the reaction mixture was
neutralized with  10% sodium hydroxide solution and extracted with
dichloromethane (3x20 mL). The organic extracts were combined and dried over
sodium sulfate and purified by column chromatography (silica gel, 5% ethyl acetate
in hexane) to provide the desired product as a yellowish oil (725 mg, 3.48 mmol).
yield: 60%; "H NMR (400 MHz, CDCl;) & 8.85 (dd, J = 4.2, 1.5 Hz, 1H), 7.93 (dd, J = 8.3,
1.4 Hz, 1H), 7.83 (dt, J = 18.7, 9.3 Hz, 1H), 7.54 (t, J = 8.4 Hz, 1H), 7.29 — 7.21 (m, 1H),
717 (t, J = 7.8 Hz, 1H).

2.3.10.1 Synthesis of L10

8-hydroxyquinoline (500 mg, 3.44 mmol), 8-aminoquinoline (497 mg, 3.44
mmol) and sodium metabisulfite (655 mg, 3.44 mmol) were dissolved in water (10
mL) and stirred at 115 °C for 9 days. After allowed to cool to room temperature, the
reaction mixture was made to strong base (pH>12) by sodium hydroxide and
extracted with dichloromethane (3x20mL). The organic extracts were combined and
dried over sodium sulfate and purified column chromatography (alumina,
dichloromethane) to provide the desired product as a yellowish solid (249 mg, 0.92
mmol). Yield: 27%; 'H NMR (400 MHz, DMSQ) & 10.74 (d, J = 9.2 Hz, 1H), 8.99 (d, J =
4.0 Hz, 2H), 8.40 (d, J = 8.2 Hz, 2H), 7.95 (d, J = 7.7 Hz, 2H), 7.65 (dd, J = 8.2, 4.1 Hz,
2H), 7.60 (t, J = 7.9 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H). >"CNMR (126 MHz, DMSO) &
148.88 (s), 139.41 (s), 138.20 (s), 137.07 (s), 129.10 (s), 127.95 (s), 122.74 (s), 118.56 (s),
110.27 (s). HRMS; m/z calculated for [L10+H]": [CigH1aNs]™ is 272.11877; found
272.12117.
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2.3.10.2 Synthesis of L11

In a sealed tube, L1 (300 mg, 1.28 mmol), 8-Bromoquinoline (265 mg, 1.28
mmol), potassium carbonate (352 mg 2.55 mmol), copper (1) iodide (49 mg, 0.25
mmol) and L-proline (59 mg, 0.51 mmol) were dissolved in DMSO (7 mL) and stirred
at 160 °C for 3 days. After allowed to cool to room temperature, the reaction mixture
was added to the water (40 mL) and then extracted with ethyl acetate for several
times. The organic extracts were combined, washed with water (3x30 mL) and dried
over sodium sulfate and purified by column chromatography (alumina, ethyl acetate)
to provide the desired product as a yellowish solid (324 mg, 0.90 mmol). Yield: 70%;
'H NMR (400 MHz, DMSO) & 8.54 (d, J = 2.6 Hz, 2H), 8.46 (d, J = 4.4 Hz, 1H), 8.26 (d, J
= 7.4 Hz, 2H), 794 (d, J = 7.9 Hz, 1H), 7.58 (t, J = 6.7 Hz, 1H), 7.53 (d, J = 7.9 Hz, 2H),
7.44 — 737 (m, 2H), 7.34 (t, J = 7.9 Hz, 2H), 7.21 (d, J = 7.4 Hz, 2H), 7.18 - 7.11 (m,
1H), 5.60 (s, 2H). **C NMR (101 MHz, DMSO) & 159.96 (s), 148.32 (s), 147.96 (s), 146.90
(s), 142.36 (s), 136.20 (s), 136.12 (s), 129.34 (s), 126.43 (s), 122.05 (s), 121.90 (s), 121.72
(s), 121.28 (s), 120.95 (s), 59.63 (s). HRMS; m/z calculated for [L11+H]": [CigH14N5]" is
363.16097; found 363.16395.

2.3.10.3 Synthesis of L12

In a sealed tube, 8-Aminoquinoline (104 mg, 0.72 mmol), 8-Bromoquinoline
(300 mg, 1.44 mmol), potassium carbonate (433 mg 3.13 mmol), copper(l) iodide (28
mg, 0.15 mmol) and L-proline (33 mg, 0.27 mmol) were dissolved in DMSO (5 mL)
and stirred at 160 °C for 3 days. After allowed to cool to room temperature, the
reaction mixture was added to the water (40 mL) and then extracted with ethyl
acetate for several times. The organic extracts were combined, washed with water
(3x30 mL) and dried over sodium sulfate and purified by column chromatography
(alumina, ethyl acetate) to provide the desired product as a yellowish solid (120 mg,
0.30 mmol). Yield: 42%; 'H NMR (400 MHz, DMSO) & 8.38 (d, J = 2.7 Hz, 1H), 8.28 (d, J
= 8.2 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.43 — 7.27 (m, 2H), 7.01 (d, J = 7.5 Hz, 1H). **C
NMR (101 MHz, DMSO) 8 148.16 (s), 147.71 (s), 142.71 (s), 135.93 (s), 129.29 (s), 126.48
(s), 124.25 (s), 122.74 (s), 120.85 (s). HRMS; m/z calculated for [L12+H]": [CigH14N5]" is
399.16097; found 399.16802.
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2.3.10.1 Synthesis of L13

In a sealed tube L2 (300 mg, 0.95 mmol), 8-Bromoquinoline (400 mg, 1.92
mmol), potassium carbonate (530 mg 3.83 mmol), copper (I) iodide (40 mg, 0.21
mmol) and L-proline (44 mg, 0.38 mmol) were dissolved in DMSO (5 mL) and stirred
at 160 °C for 3 days. After allowed to cool to room temperature, the reaction mixture
was added to the water (40 mL) and then extracted with ethyl acetate for several
times. The organic extracts were combined, washed with water (3x30 mL) and dried
over sodium sulfate and purified by column chromatography (alumina, ethyl acetate)
to provide the desired product as a yellowish solid (54 mg, 0.10 mmol). Yield: 10%;
'H NMR (400 MHz, DMSO) & 8.47 (d, J = 2.6 Hz, 1H), 8.27 (d, J = 8.3 Hz, 1H), 7.50 (t, J =
21.2 Hz, 1H), 7.40 (dd, J = 8.2, 4.1 Hz, 1H), 7.35 (t, J = 7.8 Hz, 1H), 7.21 (d, J = 7.5 Hz,
1H), 4.70 (s, 1H). ">C NMR (101 MHz, DMSO) & 147.75 (s), 147.00 (s), 142.31 (s), 136.17
(s), 129.42 (s), 126.48 (s), 121.58 (s), 121.21 (s), 120.91 (s), 52.10 (s). HRMS; m/z
calculated for [L13+H]": [CigH14N5]" is 569.24537; found 569.24630.

2.4 Photophysical property study

2.4.1 Absorption

The stock solution of L1-17 (5 mM) in DMSO were prepared. The absorption
spectra of all ligands were recorded from 190 nm to 1100 nm at ambient
temperature. Molar Absorption Coefficients (g) of all fluorophores were estimated
from UV absorption spectra of analytical samples in Milli-Q water at various
concentration. The absorbance at absorption maximum wavelength (A.) were
plotted against the concentration (M). The line of best fit passing through the origin
were created according to the data plot. The Molar Absorption Coefficients were

obtained from the slopes of the line of best fit according to the following equation:
A =¢bC

where A is the absorbance,
b is the cell path length (cm),
C is the concentration (M), and

£ is the Molar Absorption Coefficient (M™*.cm™).
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2.4.2 Fluorescence

The stock solutions of analytical samples were diluted to 10 uM in 0.1%
DMSO/H20 (v/v). The emission spectra of fluorophores were recorded from 350 nm
to 650 nm at ambient temperature using an excitation wavelength at 300 nm to 350
nm. The fluorescence quantum yields of analytical samples were performed in 0.1%
DMSO/H20 (v/v). each sample used quinin sulfate (g = 0.54: Apa = 336 Nnm) in 0.10
M H,SOyq [56]. The UV-Vis absorption spectra of the analytical samples and reference
at varied concentrations were recorded. The maximum absorbance of all samples
should never exceed 0.1. The fluorescence emission spectra of the same solutions
using appropriate excitation wavelength (A,.) of each compound. Graphs of
integrated fluorescent emission intensities were plotted against the absorbance the
respective excitation wavelengths. The line of best fit passing through the origin were
created according to the data plot. The fluorescence quantum vyields (¢,) were
calculated from the slopes (m) of the lines of best fit according to the following

equation:

Where ¢, and @, are the fluorescence quantum yield of sample and standard
reference, respectively,
m, and mst are the slope of the line of best fit of sample and standard
reference, respectively, and
N, and nst are the refractive index of sample and standard reference,

respectively.

2.5 Fluorescent sensing study

2.5.1 Selectivity

The stock solution of various metal ions (Li*, Na*, K*, Ca?*, Ba**, M¢®*, Fe?*, Co?,
Ni**, Cu?*, Zn?*, Cd*, Ag', Hg*, Pb*", Fe®, Cr** and Al*") were prepared at 1.0 mM in
Milli-Q water from corresponding acetate, nitrate, or chlorate salts. The stock solution
of sensing compound in DMSO (5 mM, 20 uL) and the stock solution of metal ions in

water (10 mM, 1.0 pL) were diluted with 200 pL of 0.200 M Tris HCl buffer (pH = 7) in
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a 1-mL quartz cuvette. The final volume was adjusted to 1.000 mL by adding Milli-Q
water. The final concentration of each fluorophore is 10 uM in 0.2% DMSO/H,0 (v/v).
the emission spectra of all sensors were recorded from 350 nm to 650 nm using an

excitation wavelength at 300-350 nm.

2.5.2 Fluorescence titration

The stock solution of L6 in DMSO (5 mM, 2 ul) was diluted with Milli-Q water
(990 pL) in a 1-mL quartz cuvette. Designated volumes (1.0-10.0 uL) of the Cd**
stock solution (1.0 mM) in Milli-Q water was added into the sensor solution. The final
volumes were adjusted to 1.000 mL by adding Milli-Q water. The emission spectra of
all solutions were recorded from 350 nm to 650 nm at ambient temperature using

an excitation wavelength at 300 nm.

2.5.3 Masking reagent

The Stock solution of L6 in DMSO (5 mM, 2 pL) and designated amount of
various masking reagents (DPA, TPA, and EDTA) were diluted with 200 uL of 0.200 M
Tris HCL buffer (pH = 7) in a 1-mL quartz cuvette. The stock solution of metal ion
(Cd** or Zn**) in Milli-Q water (5 mM, 2 pL) was added to the solution. The final
volumes were adjusted to 1.000 mL by adding Milli-Q water. The emission spectra of
all solutions were recorded from 350 nm to 650 nm at ambient temperature using

an excitation wavelength at 300 nm.

2.5.4 Limit of detection (LOD)

In fluorescent sensing, limit of detection (LOD) is the lowest concentration of
analyte in a sample that is required to produce a signal greater than three times the
standard deviation of the blank sample. But the value is not necessarily quantitated
as an exact value. The limit of detection is obtained by plotting of fluorescent
intensity against concentration of Cd*" (M) at low concentration. The line of best fit
was created according to the data plot giving a slope (m) and y-intercept (c). The

limit of detection was calculated from following equation:

Ip +3SD—c¢
Lop= 2"~ ~
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Where LOD is the limit of detection (M),
o is the fluorescent intensity of blank,
SD is the standard deviation of fluorescent intensity of the sensor,
m is the slope of the line of best fit, and

C is the y-intercept of the line of best fit.

2.5.5 Cell culture and fluorescent imaging

The Hela cell line (JCRB No. JCRB9004) were purchased from JCRB cell bank
and cultured in Eagle’s Minimum Essential Medium (EMEM) supplemented with 10 %
heat-inactivated FBS, 100 units/mL of penicillin, and 100 pg/mL of streptomycin at 37
°C in a humidified atmosphere of 5% CO2/95 % air. After cells were cultured in 8-
well chambered slide for at least one day, the cells in 400 uL EMEM were treated
with 4 pL of 100 uM L6 in DMSQO (final concentration: 1 M L6, 1% DMSO in EMEM)
and incubated for 30 min at 37 °C. The treated cells were washed with 0.1 M PBS (3
x 200 plL) to remove remaining L6. Then, EMEM was added, followed by 2 pL of 2,
20, 200 and 2000 pM Cd(NOs), solution (final concentration: 0.01, 0.1, 1.0 and 10 puM)
and incubated for 30 min at 37 °C and then washed with 0.1 M PBS pH 7.4 (3 x 200
ul) to remove the extracellular Cd**. The samples were treated with 4%
paraformaldehyde solution for 10 min at 37 °C. The solutions were slowly removed
from the chambers. Then, the chamber’s wall was removed. contrast agent (moviol)
was carefully dropped on the slide (1-2 drops for each well). The slide was covered
with cover slide. The fluorescence images of the cells were taken by Olympus
FluoView FV1000 confocal microscope using the excitation wavelength at 350 nm

and detection wavelength at 465 nm.

The images were converted into TIF file by Olympus FluoroView Ver.4.2
software. Then the brightness of images was uniformly adjusted by Adobe Photoshop
and the gray scale was evaluated by Image) software. The brightness was obtained
from all pixels within the size of circle centered at the nucleus center of each cell.
The brightness values were averaged from the values in the range of 25-75

percentiles.
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2.6 Ligand and metal ion binding study
2.6.1 Job’s plot

Designated volume of sensing compound stock solution (5.0 mM, 0-6.0 pL )
and Cd** or Zn** stock solution (1.0 mM, 0-30 uL) were diluted with Milli-Q water in
1-mL Quartz cuvette. The mole ratio between sensing compound and metal ion are
0:1, 1:3, 1:2, 1:1, 221 3:1, and 1:0. The final volumes were adjusted to 1.000 mL by
adding Milli-Q water. The absorption spectra of the solution were recorded from 190
nm to 350 nm at ambient temperature. Graph of corrected absorbance at absorption
maximum (A,,) were plotted against mole fraction of the sensing compound and
metal ion. The maximum or minimum of absorbance corresponds to the

stoichiometric of the sensing compound and metal ion.

2.6.2 Association constant (K,)

The association constant or binding constant was obtained by UV-vis absorption
titration followed by curve-fitting. The stock solution of the sensing ligand in DMSO (5
mM, 6 plL) was diluted with Milli-Q water (994 pL) in a 1-mL quartz cuvette.
Designated volumes (1.0-20 plL) of the Cd*/Zn*" stock solution (1.0-5.0 mM) was
added to the solution until the absorbance reach saturation. The absorption spectra
of the solution were recorded from 190 nm to 350 nm at ambient temperature. For
curve fitting, the absorbance at 1-3 wavelengths were selected and plotted against
concentration of Cd*" or Zn?*. The curve of best fit was created according to the
data plot from following equation by Nelder-mead method with starting K, value of

100:

Where the absorbance of free metal ion is negligible, and [L] and [LM] are the
concentrations of the sensing ligand and its metal ion complex which obtained from

following equations:
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(f + Lol + IMo]) - J (o Lol + [Mo])2 — 4[Lo][Mo]

a

[LM] = >

Where [Lo] is the starting concentration of sensing compound (M),
[Mo] is the starting concentration of sensing compound-metal ion complex
(M),
k, is the association constant,
€, is the molar absorptivity of the sensing compound,
€ u is the molar absorptivity of the complex of sensing compound and metal
ion, and

A is the absorbance.

2.6.3 X-ray crystallography

A suitable good-quality single crystal of the complex (L1-Cd, L5-Cd, and L6-Cd)
was mounted to the end of a hollow glass fibre. Data were measured using w and ¢
scans and using Mo-Ka radiation (A =0.71073 A). The total number of runs and images
was based on the strategy calculation from the program APEX3 and unit cell indexing
was refined using SAINT [57]. Data reduction was performed using SAINT and SADABS
were used for absorption correction [57]. The structure was solved with the ShelXT
structure solution program using combined Patterson and dual-space recycling
methods [58]. The structure was refined by least squares using ShelXL [59]. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms of the organic
lisands were generated geometrically. For L1-Cd, the N-H hydrogen atom was in a
difference-Fourier map and refined freely. Positional disorder in the nitrate anion was
restrained through the PART, RIGU, and ISOR commands, and the structure was
refined as an inversion twin. Whole molecule disorder of the complex L5-Cd and the
dianionic [CA(NO3),]* species in L6-Cd was modeled via the PART, RIGU, and ISOR
commands where necessary. Attempts to locate and model the highly disordered
solvent molecules in these complexes were unsuccessful. Thus, the SQUEEZE
subroutine of the PLATON software suite was applied to remove the scattering from

the highly disordered solvent molecules, and solvent-free diffraction intensities were



50

produced [60]. Crystallographic data have been deposited with the Cambridge
Crystallography Data Centre with deposition numbers CCDC no. 1979176 (L1-Cd),
1979177 (L5-Cd) and 1979178 (L6-Cd).
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CHAPTER 3
RESULTS AND DISCUSSION

The results of the development of picolyl-quinoline conjugated ligands as
fluorescent sensors for metal ions are discussed in order of the 6 followings key
sections: synthesis, photophysical properties, fluorescence sensing properties,

association constants, Cd** detection, structures of Cd** complexes.

3.1 Synthesis

The synthesis and structure characterization by 'H NMR of all synthesized
licands (L1-L17) are presented and discussed in this section. The numeric
characterization data such as 'H NMR, "C NMR and HRMS are presented in the
experimental section and their spectra are provided in the appendices. The results
are presented and discussed in subsection of successive groups of ligands based on

their synthesis similarity and sequence.

3.1.1 Synthesis of L1 and L5

L1 and L5 were synthesized from 8-aminoquinoline as shown in Figure 3.1. The
synthesis was achieved by refluxing 8-aminoquinoline with 1.0 equivalent of picolyl
chloride in the presence of Kl as a catalyst for 3 hours. The reaction gave L1 as the
major product and L5 along with the unreacted starting 8-aminoquinoline. L1 was
isolated in 56% yield by column chromatography. For the synthesis of L5, the same
reaction was applied using 4.0 equivalents of picolyl chloride and the reaction was
performed at the room temperature for 4 days. This reaction condition afforded L5
as the major product along with L1 and the tripicolylamonium salt. The salt was
eliminated by aqueous extraction and L5 was isolated in 42% vyield by column

chromatography.
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Figure 3.1 Synthesis of L1 and L5.

The 'H NMR spectra of L1 and L5 in CDCl; are shown in Figure 3.2. The signals
could be assigned to all the protons in the corresponding structures. The of
methylene proton (H) signals of L1 and L5 appeared at 4.68 ppm and 4.92 ppm,
respectively. These peaks confirmed the successful picolylation to 8-aminoquinoline.
The integration ratio of the signal of the methylene protons to the signal of the
quinoline protons (e.g., H, or Hc) were 2:1 and 4:1 corresponding to the mono- and
dipicolylation in L1 and L5, respectively. Moreover, the absence of N-H (H,) proton

signal in the spectrum of L5 confirmed its tertiary amine structure.
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Figure 3.2 'H NMR spectra of 8-aminoquinoline, L1, and L5 in CDCl,.

3.1.2 Synthesis of L2 and L6

L2 was synthesized from a modified Bucherer reaction as shown in Figure 3.3.

The synthesis was achieved by heating of 8-hydroxyquinoline and 0.54 equivalent of

ethylenediamine in the presence of sodium metabisulfite at 115 °C for 7 days in a

sealed tube. The reaction gave L2 along with the unreacted starting 8-

hydroxyquinoline. An incomplete reaction come from the evaporation of the 8-

hydroxyquinoline. L2 was isolated in 53% by crystallization in methanol. For L6, the

synthesis was achieved by stirring the L2 with picolyl chloride in the presence of Kl

as a catalyst at room temperature for 4 days. The reaction gave L6 in 68% yield after

column chromatography.
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Figure 3.3 Synthesis of L2 and L6.

The 'H NMR spectra of L2 and L6 in (CD5),SO are shown in Figure 3.4. The
signals could be assigned to all protons in the corresponding structures. For the
spectrum of L2, the signals of quinoline protons (H, ) appeared at aromatic region
(6.5-9.0 ppm). The integration ratio of the signal of the methylene protons (H) to
the signal of the quinoline protons (e.g., H, or H.) were 2:1 confirming that 2 quinolyl
group was successfully attached at each end of the ethylene diamine. For L6, the
additional characteristic peak of the methylene protons (H,,) of the picolyl groups
appeared as a singlet peak at 4.45 ppm. The integration ratio of the signal of these
methylene protons (H,,) to the signal of the quinoline protons (e.g., H, or H) was 2:1

confirming the presence of two picolyl groups in the structure.
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Figure 3.4 'H NMR spectra of 8-hydroxyquinoline, L2 and L6 in (CDs),SO.

3.1.3 Synthesis of L3, L4 and L7

L3 was synthesized from a modified Bucherer reaction as shown in Figure 3.5.
The synthesis was achieved by heating 8-Hydroxyquinoline and diethylene triamine
in the presence of sodium metabisulfite at 115 °C for 9 days. The reaction gave L3 as
the major product with some unreacted starting 8-hydroxyquinoline. L3 was isolated
in 40% vyield by column chromatography. For synthesis of L4, the synthesis was
achieved by heating L3 and picolyl chloride in the presence of Kl at 80 °C for 3
hours. L4 was isolated in 84% yield by column chromatography. The high yield of L4

suggests that L3 is a reasonably good nucleophile.
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Figure 3.5 Synthesis of L3 and L4.

The 'H NMR spectra of L3 and L4 in (CD5),SO are shown in Figure 3.6. The
signals could be assigned to all protons in the corresponding structures. For the
spectrum of L3, the signals of quinoline protons (H,_,) appeared at aromatic region
(6.5-9.0 ppm). The integration ratio of the signal of the methylene protons (H,, or H)
to the signal of the quinoline protons (e.g., H, or H.) were 2:1 confirming that 2
quinolyl group was successfully attached at each end of the ethylene diamine. For
L4, the additional characteristic peak of the methylene protons (H,) of the picolyl
groups appeared as a singlet peak at 3.83 ppm. The integration ratio of the signal of
the methylene protons (H,,) to the signal of the quinoline protons (e.g., H, or H.) was
1:1. Moreover the spectrum of L4 showed only one set of quinoline protons
confirming the symmetrical structure derived from the monopicolylation at the

middle N atom of diethylenetriamine.
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Figure 3.6 "H NMR spectra of L3 in CD5CN, and L4 in (CD),CO.

L7 was synthesized form the same reaction used in the synthesis of L4 but
performed at room temperature using 4.0 equivalents of picolyl chloride (Figure 3.7).
The reaction gave L7 along with partial and over substituted products. L7 was thus

isolated in only 14% yield by column chromatography.

The 'H NMR spectra of L7 in CD5CN, are shown in Figure 3.7. All signals could
be assigned to all protons in the corresponding structure. In comparison with L4, the
spectrum of L7 showed one additional set of picolyl group in aromatic region (6.5-
9.0 ppm). The integration ratio of the signal of the picolyl protons (H,) to the signal
of the quinoline protons (e.g., H, or H.) was 1:1 confirming the presence of two

additional picolyl groups on the other 2 N atom:s.
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Figure 3.7 Synthesis of L7 and 'H NMR spectrum of L7 in CDsCN.

3.1.4 Synthesis of L8

L8 was synthesized from QNNQ which was obtained from a modified Bucherer
reaction between 8-hydroxyquinoline and triethylenetetramine as shown in Figure
3.8. The Bucherer reaction gave QNNQ along with the unreacted starting 8-
hydroxyquinoline. QNNQ was isolated in 40% yield by column chromatography. The
synthesis of L8 was then achieved by stirring QNNQ with picolyl chloride in the
presence of Kl at room temperature for 4 days. The reaction gave L8 along with
partial substitution, over substitution and some elimination products. L8 was thus

isolated in only 14% yield by column chromatography.
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Figure 3.8 Synthesis of L8.

The "H NMR spectra of QNNQ and L8 in (CD5),CO are shown in Figure 3.9. All
signals could be assigned to all protons in the corresponding structures. For the
spectrum of QNNQ, the signals of quinoline protons (H,s) appeared at aromatic
region (6.5-9.0 ppm). The integration ratio of the signal of the methylene protons (Hp)
to the signal of the quinoline protons (e.g., H, or H.) were 2:1 confirming that 2
quinolyl  groups were successfully attached at both ends of the
triethylenetetraamine. The characteristic 'H NMR peaks of picolyl protons in L8
appeared as 2 sets at 8.47 (H) and 8.37 ppm (Hg). The integration ratio of the signal
of both picolyl protons (H and H,) to the signal of the quinolyl protons (e.g., H, or H.)

was 2:1 confirming the presence of 4 picolyl groups in the structure.
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Figure 3.9 'H NMR spectra of QNNQ and L8 in (CD5),CO.

3.1.6 Synthesis of L9

L9 was synthesized from 3QN which was obtained from a modified Bucherer
reaction between 8-hydroxyquinoline, and tris(2-aminoethyl)amine as shown in Figure
3.10. The Bucherer reaction gave 3QN along with the unreacted starting 8-
hydroxyquinoline. 3QN was isolated in 43% vyield by crystallization in methanol. The
synthesis of L9 was then achieved by stirring 3QN with picolyl chloride in the
presence of Kl at room temperature for 4 days. The reaction gave L9 along with
partial substitution, over substitution and some elimination products. L9 was thus

isolated in only 7% yield by column chromatography.
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Figure 3.10 Synthesis of L9.

The 'H NMR spectra of 3QN in (CD5),CO, and L9 in (CD,),SO are shown in Figure
3.11. All signals could be assigned to all protons in the corresponding structures. For
the spectrum of 3QN, the signals of quinoline protons (H,) appeared at aromatic
region (6.5-9.0 ppm). The integration ratio of the signal of the methylene protons (H)
to the signal of the quinolyl protons (e.g., H, or H.) were 2:1 confirming that 3
quinolyl groups were successfully attached at each end of the tris(2-
aminoethyl)amine. For L9, the characteristic signals of picolyl protons appeared in 2
sets at 8.47 (H) and 8.37 ppm (H,). The methylene protons (H,) of the picolyl groups
appeared as a singlet peak at 4.67 ppm with the 1:1 integration ratio of H,:H, that

confirmed the successful substitution of all three picolyl groups.
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Figure 3.11 'H NMR spectra of 3QN in (CD5),CO, and L9 in (CD),SO.

3.1.7 Synthesis of L10

L10 was synthesized from a modified Bucherer reaction as shown in Figure 3.12.
The synthesis was achieved by heating 8-hydroxyquinoline and 1.0 equivalent of 8-
aminoquinoline in the presence of sodium metabisulfite at 115 °C for 9 days in
sealed tube. The reaction gave L10 as a major product with some unreacted starting
8-Hydroxyquinoline and 8-Aminoquinoline. L10 was isolated in 27% vyield by

crystallization in methanol.

The 'H NMR spectrum of L10 in (CD5),SO are shown in Figure 3.12. The signals
could be assigned to all protons in the corresponding structure. The signal of
quinoline proton (H,_p) appeared at aromatic region (7.0-9.0 ppm). The characteristic
signal is the N-H (H,) peak appeared in a very low field region at 11.75 ppm due to

the intramolecular H-bond between N-H and N atom in the quinoline groups.
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Figure 3.12 Synthesis of L10 and 'H NMR spectrum of L10 in (CD3),SO.

3.1.8 Synthesis of L11-113

L11-L13 were synthesized from an Ullmann-type aryl-amination as shown in
Figure 3.13. The synthesizes were achieved by heating 8-bromoquinoline and
corresponding amine in the presence of L-proline and Cul at 160 C for 3 days. The
reactions gave L11-L13 as a major product in 71%, 42% and 10% yield after column
chromatography. The  8-bromoquinoline precursor was synthesized from a
condensation as shown in Figure 3.13. The synthesis was achieved by refluxing 2-
bromoaniline and glycerol in concentrated sulfuric acid in the presence of ferrous
sulfate and iodine. The reaction gave 8-bromoquinoline in 43% yield after column

chromatography.
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Figure 3.13 Synthesis of 8-bromoquinoline and L11-L13.

The 'H NMR spectra of 8-brpomoquinoline in CDCl; and L11 and L12 in (CD5),SO
are shown in Figure 3.14. The signals could be assigned to all protons in the
corresponding structures. For the spectrum of 8-bromoquinoline, the signal of
quinoline proton (H,¢) appeared at aromatic region (7.0-9.0 ppm) that confirmed the
ring closure and aromatization of quinoline from 2-bromoaniline. For L11, the
spectrum showed the integration ratio of quinolyl proton (e.g., H, or H.) to picolyl

protons (e.g., Hy) of 2:1 assuring that the quinoline ring was successfully connected to
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L1. For L12, the amino protons (H,) disappeared indicating a formation of the tertiary
amine. For L13, the integration ratio of the signal of the methylene protons (H;,) to
the signal of the quinolyl protons (e.g., H, or HJ) were 1:1 confirming that two
quinolines were successfully incorporated into the ligand. Moreover, the

disappearance of N-H peak (Hy) confirmed a formation of the tertiary amine.
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Figure 3.14 "H NMR spectra of 8-bromogquinoline in CDCls; and L11, L12 and L12 in
(CD4),SO.



3.1.9 Synthesis of L14-L17
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L14-L17 were synthesized by Pawittra Chaibuth according to the Figure 3.15.

The 'H NMR spectra in Figure 3.16 confirm their structures and purities.

I A
/N /N
NS | LNBS CHC,
| NS N F o Nas0, O Na,s,0,, H,0 I
Z
L2
37%
® | \N
N e
N N
N N I, Pyridine J
N P} > — . N\ Z
| X CH,CL, |
2 Z
L2
L16
70%

| N
N |
0.1 eq. CuCN ?N
2.0 eq. NaCN
N N | N
DMF, N,, N~
120 °C, 72 h |

80%

\

\ /*

| - il
EH3
N

| PACU(PPh,), N A
N / + R —— .
| Na,C,0, NS Z
THF 60 °C, 12 O
60 C, H _

/ N,
HiC” “CH,

Figure 3.15 Synthesis of L14-L17.
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3.2 Photophysical properties

The photophysical properties of all ligands including UV-vis absorptions,
emissions and fluorescence quantum yields were studied in aqueous solutions of the
lisands. The fluorescence quantum yields were studied by the relative method using
quinin sulfate as the standard. The results are presented and discussed in the

following successive order of L1-L6, L7-L9, L10-L13 and L14-L17.

3.2.1 Photophysical properties of L1-L6

Figure 3.17 shows the molecular structures of L1-L6 with their maximum
absorption wavelengths  (A,,J, maximum emission wavelengths (A.,) and
fluorescence quantum efficiencies (¢) along with their absorption and emission

spectra.
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Figure 3.17 (a) Molecular structures of L1-L6 with their key photophysical properties
and (b) absorption (solid line) and emission (dash line) spectra excited at 300 nm. All
lisands were in aqueous solution with [L] = 30 uM for absorption and [L] = 10 uM for

emission.

In aqueous solution, each ligand showed two absorption bands with A,y
around 250 nm and 315-350 nm (Figure 1b). The longer wavelength absorption
corresponds to the m—m* transition of the amino quinoline moiety while the shorter
wavelength one corresponds to the m—m* transition of both amino quinoline and

picolyl moieties. Notably, L5 has absorption of the amino quinoline at a slightly
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shorter wavelength (315 nm) than the other ligands (350 nm). This may be due to a
highly twisted conformation adopted by the bulkiness around the N atom limiting
the electron delocalization from the lone pair electron on the amino N into the
quinoline Tt-system. For L6, the absorption spectrum contains both bands at 315 and
350 nm which suggests the co-existence of the twisted and non-twisted
conformations. The result may be due to that the ethylamino group in L6 is less
sterically crowded than the picolyl group in L5. For the emission spectra, most
ligands showed a single emission peak around 480-500 nm, corresponding to the
emission of quinoline rings, except L4 which also had an additional peak at 400 nm
which is likely to be the emission of the picolyl group. This result suggests that lower
efficiency of the energy transfer from the picolyl groups to the quinoline ring due to
the longer distance between picolyl and quinoline groups in L4. The fluorescence
quantum efficiencies of all ligands were lower than 0.2% attributed to the
nonradiative PET process from the nitrogen lone pair electrons to the quinoline rings

and some geometrical relaxation.

3.2.2 Photophysical properties of L7-L9

Figure 3.18 shows the molecular structures of L7-L9 with their maximum
absorption wavelengths  (A5,), maximum emission wavelengths (A.,,) and
fluorescence quantum efficiencies (¢) along with their absorption and emission

spectra.



71

a) é;\%\/\% )
(SERCIEN oo ¢4 e

)\mdx =315 nm I N
)\em =480 nm F | N\
b =05%
1 0 g
\N \N NZ L9
=315 nm
T W W S W N ;""" i
em nm
N | NS | NS d =03%
Z Z
)\"m =315 nm
A, =48 nm
¢ =03%
b)
c 1
O
2
5 os
i)
o
©
5 06
g
3
£ 04
o
@
N
g 0.2
S
z
0
250 300 350 400 450 500 550 600 650

Wavelength (nm)

Figure 3.18 (a) Molecular structures of L7-L9 with their key photophysical properties
and (b) absorption (solid line) and emission (dash line) spectra excited at 300 nm. All
lisands were in aqueous solution with [L] = 30 uM for absorption and [L] = 10 uM for

emission.

Since the structures of L7-L9 are homologous to L6, their Ay, Aem and ¢ are
similar to those of L6. The compounds have board absorption bands with two

maxima at 315 and 350 nm. For the emission, L7-L9 emitted the fluorescence with
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the maximum intensity at 480 nm with low fluorescence quantum efficiency of 0.3-

0.5% that signified the strong involvement of the PET and geometrical relaxation.

3.2.3 Photophysical properties of L10-L13
Figure 3.19 shows the molecular structures of L10-L13 with their maximum
absorption wavelengths  (A,,), mMaximum emission wavelengths (A.,) and

fluorescence quantum efficiencies (¢) along with their absorption and emission

spectra.
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Figure 3.19 (a) Molecular structures of L10-L13 with their key photophysical

properties and (b) absorption (solid line) and emission (dash line) spectra excited at
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300 nm. All ligands were in aqueous solution with [L] = 30 uM for absorption and [L]

= 10 pM for emission.

The structure of L10 is similar to L1 of which picolyl group is replaced with the
quinoline group. L10 has an absorption band with A, at 420 nm corresponding to
the m—mt* transition of the quinoline group. A large red-shift (= 65 nm) in comparison
with L1 was due the extended T-conjugation of the two quinoline rings with the lone
pair electrons of N. Compound L11 and L12 are tertiary amines similar to L5. They
have absorption bands with A, at 355 nm and 380 nm, respectively. The shorter
Amax Of L11 and L12 in comparison with L10 suggest that their quinoline rings are less
likely to be not in the same plane. The longer absorption wavelength of L12 in
comparison with L11 is also due to the replacement of the picolyl group with the
quinoline ring. L13 showed absorption band relatively similar to L12. For the
emission, the compounds showed the maximum fluorescence in the range of 480-
515 nm belonging to the emission of quinoline group with low fluorescence

quantum efficiency (0.3-1.8%) due to the PET and geometrical relaxation.

3.2.4 Photophysical properties of L14-L17

Figure 3.20 shows the molecular structures of L14-L17 with their maximum
absorption wavelengths  (A,,,), mMaximum emission wavelengths (A.,) and
fluorescence quantum efficiencies (¢) along with their absorption and emission

spectra.
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Figure 3.20 (a) Molecular structures of L14-L17 with their key photophysical
properties and (b) absorption (solid line) and emission (dash line) spectra excited at
300 nm. All ligands were in aqueous solution with [L] = 30 uM for absorption and [L]

= 10 UM for emission.

Compound L14-17 are derivatives of L5 with different substituents on the
quinoline ring at C5. They have similar absorption bands with the A, in the range
of 335-360 nm corresponding to the m—m™ transition of the quinoline group. L14 has
the longest A, due to the push-pull effect between C5-C=N and C8-NR, via the m-
conjugated system of the quinoline ring. Interestingly, L17 which has longer m-

conjugated extension exhibits shorter A, than that of L14 due to the non-planarity
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of the biphenyl moiety. The boarder absorption band of L17 may be caused by the
rotation of the dimethylaminophenyl group. For emission, all compounds gave
similarly low fluorescence quantum efficiency (0.3-0.4%), due to the PET and

geometrical relaxation, with broad emission band in the range of 400-700 nm.

3.3 Fluorescence sensing properties

The absorption spectra of all ligands (L1-L17) in the presence of Cd*" or Zn?*
were recorded in aqueous solution. Upon the addition to aqueous solutions of the
metal ions, a new absorption band at a shorter wavelength (300 nm) gradually
increased at the expense of the original absorption band of the ligand with the
increasing Cd** or Zn®* added (Figure A53-A56). The blue-shift generally occurred
when the donating lone pair electrons involving in the m-conjugation system of the
fluorophore bind to a positively charge metal ion due to the greater stabilization of
the HOMO than the LUMO. The fluorescence sensing and selectivity of all ligands
were screened with various metal ions ie., Li*, Na¥, K, Ca*", Ba*", Mg*, Fe*, Co*,
NiZ*, Cu®, Zn?", Cd?*, Ag', Hg?*, Pb?, Fe®*, Cr’" and Al** in aqueous solution. The
solutions were excited at their Cd-complex maximum absorption (around 300-390
nm). The results are presented and discussed in successive series of L1-L6, L7-L9,

L10-L13 and L14-L17 as follows.
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3.3.1 Fluorescence sensing properties of L1-L6
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Figure 3.21 Chemical structure of L1-L6.

The emission spectra of L1-L6 in the absence and presence of various metal
ions in Tris HCl buffer solution pH 7 are shown in Figure 3.22. The enhancement of
the emission at 480-520 nm by either Zn** or Cd*" confirmed the selective binding
of the ligands with these two metal ions. The observed chelation enhancement
fluorescence (CHEF) suggested that the complexation could reduce the nonradiative
PET and geometrical relaxation processes. The complexes of Zn?* of L1-L4 showed
red-shifted emission with slight increases in the relative fluorescence enhancement
(/1) (Figure 3.23). The binding of Zn* to these ligands generally increases the amino
proton acidity that in turn facilitates the deprotonation. The intermolecular excited
state proton transfer (ESPT) between the amino proton of the complexes to the
solvent (H,O) can somewhat modulate the fluorescence enhancement and cause
emission red shift in the Zn* complexes. On the other hand, red shift of the
emission was observed for the complex of Cd** with L2-L4 but not with L1. These
results suggest that the ESPT process in Cd complex requires the ligands with higher
denticity.
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Figure 3.22 Fluorescence spectra of L1-L6 (10 uM) tested with various metal ions (10
uM) in Tris HCl buffer solution pH 7.

L5 and L6, which have no amino proton, showed dramatically increase in I/l,
over up to 125 times upon binding with Cd** and Zn*" (Figure 3.23). The results
confirmed that ESPT played a significant role in modulating the fluorescence
enhancement of the complexes. Moreover, no red shift of the emission of Cd*" and
Zn** complexes was observed except for the L6-Zn complex. This complex gave an
emission peak at 520 nm with lower fluorescence quantum efficiency. It is important

to note that L6 has 6 coordinating atoms with rather rigid and preorganized structure
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for chelation. If all 6 coordinating atoms of L6 bind with the rather small Zn?* cation,
there will be no room for Zn** to coordinate with counterions. Consequently, the
complex will be positive charge that its excited state may undergo significant

relaxation via ligand/counterion exchange.
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Figure 3.23 Relative intensity of L1-L6 (10 uM) in the presence of various metal ion
(10 pM).

3.3.2 Fluorescence sensing properties of L7-L9
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Figure 3.24 Chemical structure of L7-L9.
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According to the results of L1-L6, it showed that the ligands without amino
proton showed high relative fluorescence enhancement upon addition of Cd*" and
Zn** because of the absence of ESPT process. Moreover, the higher number of N-
coordinating atoms show higher selectivity toward Cd?". Consequently, L7-L9 having
8-10 N-coordinating atoms without amino proton were synthesized to study the
fluorescence selectivity and sensitivity. The emission spectra of L7-L9 in the absence
and presence of various metal ions in Tris HCl buffer solution pH 7 are shown in
Figure 3.25. In aqueous solution, all ligands (L7-L9) showed selective fluorescence
enhancement at 480 nm upon addition of either Cd** or Zn®'. Again, the
enhancements are due to the restriction of PET and geometrical relaxation process.
Addition of Cd** to the solution of L7-L9 dramatically increase the fluorescence
emission intensity up to 59 times, while Zn?* gave lower I/l (2-19 times) (Figure
3.26). However, the selectivity and sensitivity of L7-L9 for Cd** detection are lower
than those of L6. These results suggest that not all of the N coordinating atoms of
L7-L9 bind to a single Cd** cation due to steric hindrance of these large ligands and

need of counterion binding for charge balance.
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Figure 3.25 Fluorescence spectra of L7-L9 (10 uM) tested with various metal ions (10
uM) in Tris HCL buffer solution pH 7.
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3.3.3 Fluorescence sensing properties of L10-L13
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Figure 3.27 Chemical structure of L10-L13.

Ligands L10-L13 are the results of replacing of picolyl groups in L1, L5 and L6
by quinoline groups to study the effect of quinoline groups on the fluorescence
sensitivity and selectivity. The emission spectra of L10-L13 in the absence and
presence of various metal ions in Tris HCl buffer solution pH 7 are shown in Figure
3.28. Addition of Cd** or Zn** into L10 solution increased the fluorescence emission
intensity at 600 nm. In comparison with L1, the red-shift emission came from the
high planarity of L10 in the complex structures as a result of the deprotonation of
the amino proton. This also caused higher I/l; than L1 (Figure 3.29). Unfortunately,
L11 and L12 did not show any improvement in the fluorescence enhancement ratio
in comparison to their predecessor L5. Upon addition of Cd** or Zn?*, L11 showed
lower I/ly than L5 probably due to energy transfer between the neighboring quinoline
groups in their octahedral complex structures. This effect is more pronounced for
L12, which contains more quinoline groups, that even showed fluorescence
quenching after binding with either Cd** or Zn**. The similar quenching result was

also observed in the case of L13.
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Figure 3.28 Fluorescence spectra of L10-L13 (10 pM) tested with various metal ions
(10 pM) in Tris HCl buffer solution pH 7.
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Figure 3.29 Relative intensity of L10-L13 (10 uM) in the presence of various metal ion

(10 uM).
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3.3.4 Fluorescence sensing properties of L14-L17
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Figure 3.30 Chemical structure of L14-L17.

The effects of substituents on selectivity and sensitivity were also investigated
by varying the substitution groups on the 5™ position of the quinoline moiety in L5.
The emission spectra of L14-L17 in the absence and presence of various metal ions
in Tris HCl buffer solution pH 7 are shown in Figure 3.31. In comparison with L5,
ligand L14 with nitrile group exhibited higher I/l, for Cd** possibly due to the
reduction of electron push-pull effect upon the complexation (Figure 3.32). For L15
and L16 containing bromine and iodine substituent, respectively, the I/, were
significantly lower than L5 due to the heavy atom effects. Moreover, L17 containing
an electron donating group (dimethylaminophenyl) showed very low I/l, because the
ligand itself has a high initial emission. Besides, the Cd** complexation may promote

the ICT relaxation of the excited L17-Cd complex.
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Figure 3.31 Fluorescence spectra of L14-L17 (10 pM) tested with various metal ions
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3.4 Association constants

To gain insight understanding of sensitivity and selectivity of the ligands, the
association constants (K,) of all ligands (L1-L17) were determined by nonlinear curve
fitting using the BindFit V0.5 program from the Open Access website
supramolecular.org. The K, values were determined by ligand-metal ion UV titration
using the 1:1 complexation curve fitting model. For example, the absorption spectra
obtained from the absorption titration of L1 with Cd** are shown in Figure 3.33a. The
curve fitting was performed by using the absorbance at three wavelengths i.e., 253,
300 and 350 nm in the presence of various concentration of Zn?* (Figure 3.33b). the
quality of the curve fitting for every selected wavelength was illustrated by residual
plot in Figure 3.33b. The obtained association constant, and the error of fitting are
summarized in the inset of Figure 3.33a. The details of the others are provided in
appendices. The association constants are presented and discussed in successive

series of L1-19, L10-L13 and L14-L17 as follows.
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Figure 3.33 a) UV titration between L1 and Cd** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd* at 253,

300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) the residual plots of the

corresponding fitting.



87

3.4.1 Association constant of L1-L9
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Figure 3.34 Chemical structure of L1-L9.

The association constants of L1-L9 presented in Table 3.1 showed that the
amino protons and number of N atoms in the ligands significantly affected the
binding ability of the ligands to Zn** and Cd?*". The ligand L1-L4 which have amino
proton (N-H) have higher K, value for Zn**. While the ligand L5-L9 which have no
amino proton have higher K, values than those of the lisands having amino protons
because the N atom of a tertiary amine generally has higher electron density than
that of a secondary amine. This effect is more pronounced for the softer cation
(Cd*) in comparison with the harder one (Zn**). Moreover, increasing the number N-

coordinating atoms increased the K, values for both Zn”" and Cd** up to 4 and 6



88

atoms, L5 and L6, respectively. Then the K, values started decreasing with the
increasing number of N-coordinating atoms. That is because of the preference
coordination number (CN) of Cd* complex is 7-8. The crystal structures of L6-Cd
shows that Cd?" binds with L6 with coordination number of 8, 6-coordinate from L6
and 2-coordinate from a nitrate group, leaving the other nitrate group outside the
complex. Even tetradentate ligand, L5, Cadmium ion binds with coordination number
of 7, d-coordiante from L1 and 3-coordinate from two nitrate groups. Furthermore,
the highest association constant for Zn** is L5 which has four N-coordinating atoms
because Zn** is likely to form a complex with coordination number of 5-6. The
results confirmed that the binding strength directly contributed to higher
fluorescence enhancement as well as the higher selectivity toward Cd** of the

lisands without amino proton.

Table 3.1 Association constant (K,) of L1-L9 with Cd** and Zn** in aqueous solution

Number of Log(K,)
Compound
N H Cd* zZn*t
L1 3 1 3.28 4.76
L2 a4 2 5.64° 6.17°
L3 5 3 4.76 4.98
L4 6 2 6.02 6.54
L5 a4 - 7.51 8.16
L6 6 - 8.60 7.09
L7 8 - 6.77 5.09
L8 10 - 4.88 6.24
L9 10 - 6.17 5.27

*Experiments were carried out in ethanol due to limited solubility of L2 in water.
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3.4.2 Association constant of L10-L13
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Figure 3.35 Chemical structure of L10-L13.

The association constants of L10-L13 are presented in table 3.2. The results
are consistence with the previous results that the ligand with 6 coordinating atoms
(L13) gave the highest K, values toward Cd?*, and the ligand with 4 coordinating
atoms (L11) gave the highest K, values toward Zn*". Moreover, in comparison with
their analogous structures (L1, L5 and L6), The results generally showed that
replacing the picolyl group with quinolyl group lowered the K, values in both Cd**
and Zn** because the complexes had higher angular strain caused by the more rigid
lisands. However, L10-Zn complex showed significantly higher K, than L1-Zn because
of the deprotonation is easier to occur for maintaining the T-conjugation between

two quinoline rings.



Table 3.2 Association constant (K,) of L10-L12 with Cd** and Zn?* in aqueous
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solution
Number of Log(K,)
Compound

N H Cd** Zn**
L10 3 1 3.31 6.41
L11 q - 5.83 7.43
L12 4 - 6.03 5.65
L13 6 - 6.50 7.23

3.4.3 Association constant of L14-L17

| X | X N | X

N N

N NS NS
s AE) s |/ NR |/ NS |/
|/ |/ l/ |/
CN Br O

L14 L15 L16 N
H,C” “CH,

Li7

Figure 3.36 Chemical structure of L14-L17.

The association constants of L14-L17 are presented in table 3.3. The results

showed that the electron withdrawing group slightly decreased K, values for both

Cd** and Zn*" for L14-L16 because of less electron density on the amino group.

Unfortunately, the Ka of L17 could not be obtained because neither the titrations

with Cd?* nor Zn** .gave significant change in the absorbance.
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Table 3.3 Association constant (K,) of L14-L17 with Cd** and Zn?* in aqueous

solution
Number of Log(Ka)
Compound

N H Cd2+ Zn2+
L14 a4 - 6.77 7.96
L15 4 - 7.54 6.73
L16 4 - 8.14 7.77
L17 a4 - n/a n/a

3.5 Condition optimization for Cd* detection

3.5.1 Effects of pH

To use L6 as a fluorescent sensor for Cd** detection, the effects of pH on the
Cd?** detection of L6 were studied by measurement of the emission intensity of L6
solutions in the absence and presence of Cd** or Zn?*. To our delight, the
fluorescent sensing system based on L6 showed very stable fluorescence responses
within a pH range of 4.0-9.0 (Figure 3.37). The results indicated that the
complexation between L6 and Cd** is more favorable than the protonation of the N
atoms in the ligand or the binding between the metal ions and hydroxide ion in this

pH range.
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Figure 3.37 pH-dependence of emission intensity at 480 nm of 10 uM L6 and L6 in
the absence, presence of 10 uM Cd**, or Zn** in NaOH/HCl-pH-adjusted Tris HCl

buffer solution.

3.5.2 Selectivity and interference study

The fluorescence sensing selectivity of L6 was studied against various common
metal ions (Li*, Na®, K*, Ca®*, Ba*', Mg*, Fe®*, Co™, Ni*", Cu*", Zn**, Cd*', Ag®, Hg*,
Pb?*, Fe’*, Cr’* and Al’*) at 1.0 equivalent (10 uM) in agqueous solution (0.2% DMSO in
0.20 M pH7 Tris HCl buffer solution). Only Cd** and Zn?*" induced the fluorescence
enhancement of L6 giving the enhancement ratio (/1) at 480 nm of 120 and 50
times, respectively (Figure 3.38). While the other metal ions did not significantly
affect the fluorescence of the ligand. To evaluate the possible interference from the
other metal ions in Cd** detection, the fluorescence ratio at 480 nm of L6-Cd
solution was also measured in the presence of another competitive ion. The alkali
and alkaline earth metal ions did not interfere the detection of Cd** by Lé. However,
some transition metal ions such as Zn%, Fe?*, Co®, Ni**, Cu®*, Hg?* and Pb?* partially
reduced the fluorescent intensity of L6-Cd presumably by the competitive binding of

these metal to L6.
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Figure 3.38. (a) Photograph of L6 (10 uM) in the present of metal ions (10 uM) in a

buffer solution (20 mM Tris HCL, pH = 7.4). (b) Fluorescence responses (I/lp) at 480 nm
of L6 (10 uM) to metal ions in a buffer solution (20 mM Tris HCL, pH = 7.4 at A, =300
nm. Red bar represents response to each metal ion. Gray bar represents response to

Cd?" in the presence of another competitive metal ion. All [M] = 10 pM.

3.5.3 Masking agent study

To reduce the interference of Zn®* and other metal ions, three masking agents
i.e., dipicolylamine (DPA), tripicolylamine (TPA), ethylenediamine tetraacetate (EDTA),
were investigated. First, the masking agents were tested for the L6 solutions
containing Cd** and Zn**. The results showed that DPA did not show any significant
effect on the fluorescence intensities of all solutions indicting that DPA, which has
only 3 N-coordinating atoms, could not compete with binding ability of L6 to both
metal ions (Figure 3.39). In contrast, EDTA sharply reduced the fluorescence
intensities of both L6+Cd and L6+Zn solutions due to the strong binding ability of
EDTA which is a hexadentate ligand containing negatively charged carboxylate
groups. It is important to note that the signal of L6+Cd+Zn solution was as high as
L6+Cd solution due to a limited amount of EDTA used in the experiment. Both DPA
and EDTA were thus not appropriate masking agents for the Cd** detection. TPA

showed the best characters of masking agents for that it reduced the fluorescence
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intensity of L6+Zn solution while minimally affected the fluorescence of L6+Cd
solution. This resulted in improved signal from L6+Cd+Zn solution to the level
closed to that of L6+Cd solution. Therefore, TPA is a masking agent of choice for

Cd?* detection with L6.
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Figure 3.39. Fluorescence intensity at 480 nm of L6 solutions in the absence and
presence of Cd** and Zn?* ions ([L6] = 10 uM, [M] = 10 uM) tested with various
masking agents (10 uM) in a buffer solution (20 mM Tris HCL, pH = 7.4).

The optimum concentration of TPA masking agent was studied in the range of
5.0 UM to 200 uM. The fluorescence intensity of L6+Zn solution decreased with the
increasing concentration of TPA. At 200 uM of TPA the fluorescence intensity of
L6+Zn solution became insignificant and the fluorescence intensity of L6+Cd+Zn
solution was as high as that of L6+Cd solution (Figure 3.40). These results indicated

that the optimum TPA concentration for masking the interference from Zn*" was 200

UM,
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Figure 3.40. Fluorescence intensity at 480 nm of L6, L6+Cd, L6+Zn and L6+Cd+Zn
solution ([L6] = 10 uM, [M] = 10 uM) in the presence of various concentration of TPA
(5-200 uM) in a buffer solution (20 mM Tris HCL, pH = 7.4).

The fluorescence sensing selectivity and interference of L6 (10 pM) were
evaluated again in the presence of 200 uM of TPA masking agents. The result shows
great improvement of selectivity and interference (Figure 3.41). Only Cd?*" showed
fluorescence enhancement of L6; however, the fluorescent enhancement ratio (/1)
was lower from 118-time to 25-time due to the emission background of TPA. For
competitive study, TPA reduced the interference not only from Zn** but also from
the interfering metal ions (Fe?", Co®", Ni?*, Cu®', Hg®*" and Pb®"). In case of 4" row
metal ions which are smaller than Cd?*", they prefer binding with the lower
coordination number ligand, TPA. Surprisingly, the interferences form 5" row metal
ions (Hg** and Pb®") were also reduced. It is possible that two molecules of TPA
cooperatively bind with the 5" row metal ions. These results suggested that L6
shows the highest association constant for Cd** that all interfering metal ions can be

masked by a single reagent.
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Figure 3.41. Fluorescence responses (I/ly) at 480 nm of L6 (10 uM) to metal ions in a
buffer solution (20 mM Tris HCL, pH = 7.4 at A., =300 nm in the presence of TPA (200
UM). Red bars represent responses to each metal ion. Gray bars represent responses
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3.5.4 Limit of detection

To determine the detection limit of L6, the emission intensities at 480 nm at
varied Cd?* concentrations were measured in aqueous solutions pH 7. At low
concentration, a good linear association was obtained in the range of 80-500 nM
Cd?** (R*=0.9983) giving the detection limit of 69 nM which is still slightly higher than
the regulations for cadmium allowed to be presence in drinking water (USEPA = 44

nM, WHO = 27 nM) (Figure 3.42).
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Figure 3.42. a) Fluorescence titration between 10 uM L6 and Cd*" in the presence of
20 equiv. TPA in Tris HCl buffered solution pH 7. b) Plot between emission intensity
at 480 nm and concentration of Cd**. (inset) Fluorescent titration calibration line at

low concentration for determination of LOD.

3.5.5 Detection of Cd?" in living cells

To demonstrate the application of L6 in fluorescence cell imaging, Hela cells
were used as a model. The cell samples were incubated with 1 pM of L6 followed
by incubation of Cd* with the concentration varied from 0.01 to 10 pM. The
fluorescence images were observed at 465 nm using the excitation wavelength of
350 nm. The images showed that L6 could detect Cd** permeating into the cell
cytoplasm. Furthermore, the fluorescence intensity increased with the concentration
of Cd?* added (Figure 3.43) that suggested possible applications of L6 for localization

and monitoring of Cd*" in cells or tissues.
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Figure 3.43. Fluorescence images of 1 UM L6 and Cd*" in Hela cells. (a) bright-filed
transmission images (b) merged images (c) fluorescence image. (d) Average brightness
((R+G+B)/3) of cells corresponding to the fluorescent images. (scalebar = 25uM and

image contrast and brightness were all adjusted equally).

3.6 Structures of Cd** Complexes

3.6.1 X-ray crystallography

X-ray crystallography was performed to determine the stoichiometry and the
coordination mode of the ligand in the complexes. Single crystals of complexes
L1-Cd, L5-Cd, and L6-Cd suitable for X-ray crystallographic analysis were obtained
through slow evaporation of their solutions in acetonitrile,
acetonitrile/methanol/diethyl ether, and diethyl ether/ethyl acetate, respectively.
Structural determination shows that L1, L5 and L6 serve as chelating ligands in these
complexes and coordinate to the central Cd** via N atoms in 1:1 Cd:L stoichiometry
as shown in Figure 3.44. L1-Cd was crystallized in the orthorhombic crystal system in
the chiral space group P212121 with the absolute structure parameters of 0.04(3).
Cd* is heptacoordinated with the tridentate L1, two monodentate nitrate anions in
the axial positions and one bidentate nitrate anion in the equatorial plane. The two
axial monodentate nitrate bridges to the nearby Cd** ions leading to the formation of
a 1D helical chain. The 21 screw axes of these helices are all parallel to the
crystallographic b-axis, and the pitch is 11.911(4) A (Figure 3.45). Complex L5-Cd was
crystallized in the monoclinic space group P2/c and possesses a mononuclear

discrete structure. The Cd?** ion in this complex is also heptacoordinated with ligation
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from four nitrogen atoms of the tetradentate L5 and three oxygen atoms from a
monodentate and a bidentate nitrate group. Whereas, complex L6-Cd was
crystallized in the triclinic space group P-1, consisting of two monocationic
[CA(L6)NO5)]* complexes and a dianionic [CA(NO3),]* complex per asymmetric unit.
In the cationic species, each Cd(ll) ion is octacoordinated and surrounded by six
nitrogen atoms from the hexadentate L6 and two oxygen atoms from a bidentate
nitrate group. While the Cd®* in the anionic species is also octacoordinated by eight
oxygen atoms from four different chelating nitrate groups. These results clearly
support that the coordination number of the Cd*" can go up to eight, which is
consistent with the greater association constant and sensing selectivity of L6 binding
to Cd** ion in comparison to Zn?*. Unfortunately, single crystals of Zn?* complexes
with these series of ligands could not be obtained after much effort. However, our
previous results with a similar amidoquinoline ligand indicated that Zn** preferred to

form a pentacoordinated complex.

Figure 3.44 The coordination environment of Cd(ll) ion and the ligand L in (a) L1-Cd,
(b) L5-Cd, and (c) L6-Cd. The ellipsoids drawn at the 30% probability level and all

hydrogen atoms are omitted for clarity.
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Figure 3.45. The coordination environment of Cd(ll) ion and the ligand L1. The

ellipsoids drawn at the 30% probability level and all hydrogen atoms are omitted for
clarity.

3.6.2 'H NMR titration

'H NMR titration spectra of L6-Cd or L6-Zn in (CD3),SO (Figure 3.46-3.47)
showed new set of signals with the increasing amount of Cd** or Zn** up to 1.0
equivalence which also confirmed the formation of 1:1 complex with the Cd*" or
Zn?*. The 'H NMR spectrum of L6 showed one signal of pyridine proton H; at 8.46
ppm and two signals of quinoline protons H, and H. at 8.62 and 8.20 ppm. Upon
addition of 0.50 equivalent of Zn** to the solution of L6, new three signals appeared
at 9.15, 8.67 and 8.55 ppm assigned to H., H. and H. The results suggested that Zn®*
was coordinated by all 3 N atoms of L6 forming a symmetric hexacoordinated
complex. While the 'H NMR spectrum of L6-Cd complex displayed two new sets of
signals at 9.03, 8.69, 8.50, 8.69, 8.61 and 8.38 ppm assigned to H,, H;, H,, Hy, H’ and
H, respectively. The results indicated that L6-Cd complex have asymmetric structure
which is consistent with the X-ray crystallography result. The difference in the
chemical shifts is the result of the different anisotropic effects of the pyridine ring to

the protons on the quinoline ring.
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CHAPTER 4
CONCLUSION

In conclusion, series of quinoline-based fluorescence ligands (L1-L17) were
successfully synthesized and studied. The effects of amino protons and denticity of
the ligands on Zn?* and Cd*" binding ability were demonstrated. The absence of
amino proton and the increase of N binding atoms in the ligands increased the ligand
biding constants to both Zn?" and Cd*" that the increase in Cd** binding was more
pronounced. The maximum binding to Zn?* was reached with the tetradentate ligand
without amino proton (L5) while the maximum binding to Cd** was observed with
the hexadentate ligand without amino proton (L6). The ligand showed strong
fluorescence enhancement to both metal ion with concentration dependence.
Modification of L5 by varying the substituents at 5" position on quinoline showed
that the presence of an electron withdrawing group such as nitrile (L14) gave higher
fluorescence enhancement but lower the metal ion association constant. Moreover,
replacing picolyl g¢roup with picolyl group (L10-L13) decreased not only the
fluorescence enhancement but also the association constants. L5 and L6 were thus
the optimum ligands as a “turn-on” fluorescent dye for monitoring Zn?* and Cd*
concentrations in aqueous media and cell or tissue samples. The selective binding of
L6 toward Cd** was dramatically improved by addition of TPA as a masking agent for
interfering metal ions such as Zn**, Hg”, Cu*", Pb”*" and Co”". Application of L6 for
detection and determination of Cd?* concentration was demonstrated in solution
and in cells. The effects of amino protons and denticity should be useful for ligand

design in metal ion fluorescence sensing applications.

For future research work, charge neutralization of metal-ligand complex should
be carefully considered in licand designing. For example, hepta- or octadentate
ligand which can produce 2 negative charges when binding with Cd?* may give higher

association constant and selectivity.
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Figure A 52 absorbance of L1-L6 (30 uM) in the presence of Cd** or Zn*" (30 uM) in

aqueous solution.
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Figure A 53 absorbance of L7-L9 (30 uM) in the presence of Cd*" or Zn®* (30 uM) in

aqueous solution.
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Figure A 54 absorbance of L10-L13 (30 uM) in the presence of Cd?* or Zn** (30 uM)

in agueous solution.
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Figure A 56 Job’s plots of L1 with Cd** (left) and Zn?* (right)
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Figure A 57 Job’s plots of L2 with Cd*" (left) and Zn*" (right)
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Figure A 58 Job’s plots of L3 with Cd?* (left) and Zn?* (right)
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Figure A 61 Job’s plots of L6 with Cd*" (left) and Zn*" (right)
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Figure A 62 a) UV titration between L1 and Cd** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd?" at 253,
300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) the residual plots of the

corresponding fitting.
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Figure A 63 a) UV titration between L1 and Zn** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn* at 253,

300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 64 a) UV titration between L2 and Cd** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd* at 254,
300 and 370 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) the residual plots of the

corresponding fitting.
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Figure A 65 UV titration between L2 and Zn?* (inset) summary table of the results of

the curve fitting, b) scatter plots between absorbance and amount of Zn?* at 254,

300 and 370 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 66 a) UV titration between L3 and Cd?** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd?* at 350
nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 67 a) UV titration between L3 and Zn** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Zn?* at 250
300 and 300 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 68 UV titration between L4 and Cd*" (inset) summary table of the results of
the curve fitting, b) scatter plots between absorbance and amount of Cd?* at 300 nm,
the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 69 UV titration between L4 and Zn?* (inset) summary table of the results of
the curve fitting, b) scatter plots between absorbance and amount of Zn*" at 350 nm,
the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 70 a) UV titration between L5 and Cd?** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd*" at 254,
300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 71 a) UV titration between L5 and Zn** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn** at 253,

300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. ¢) residual plots of the

corresponding fitting.
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Figure A 72 a) UV titration between L6 and Cd** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd* at 255,

300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 73 a) UV titration between L6 and Zn** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Zn*" at 253,
300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 74 a) UV titration between L7 and Cd** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd** at 300
and 350 nm, the lines show non-linear curve fitting of the absorbance values at both
wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 75 a) UV titration between L7 and Zn*" (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn** at 336

nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. ) residual plots of the corresponding fitting.
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Figure A 76 a) UV titration between L8 and Cd** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd* at 254,

300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 77 a) UV titration between L8 and Zn*" (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn** at 336

nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. ) residual plots of the corresponding fitting.
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Figure A 78 a) UV titration between L9 and Cd** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd?" at 300
and 350 nm, the lines show non-linear curve fitting of the absorbance values at both
wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 79 a) UV titration between L9 and Zn** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn?* at 300

nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 80 a) UV titration between L10 and Cd®* (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd** at 420

nm, the lines show non-linear curve fitting of the absorbance values used for

determination of K, value. ) residual plots of the corresponding fitting.
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Figure A 81 a) UV titration between L10 and Zn®* (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Zn®* at 420
nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 82 a) UV titration between L11 and Cd®* (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd*" at 300
and 370 nm, the lines show non-linear curve fitting of the absorbance values at both
wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 83 a) UV titration between L11 and Zn?* (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of 7n’* at 253,

300 and 350 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 84 a) UV titration between L12 and Cd®* (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd** at 320

nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 85 a) UV titration between L12 and Zn®" (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Zn®* at 320
nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. ) residual plots of the corresponding fitting.
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Figure A 86 a) UV titration between L13 and Cd®* (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd*" at 320

nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 87 a) UV titration between L13 and Zn** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn’* at 320

nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 88 a) UV titration between L14 and Cd** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd* at 260,
310 and 360 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 89 a) UV titration between L14 and Zn®* (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn’* at 259,

310 and 360 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 90 a) UV titration between L15 and Cd** (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Cd** at 260,
310 and 360 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 91 a) UV titration between L15 and Zn** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Zn** at 250

and 350 nm, the lines show non-linear curve fitting of the absorbance values at both

wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 92 a) UV titration between L16 and Cd** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd?" at 260,

310 and 360 nm, the lines show non-linear curve fitting of the absorbance values at

all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 93 a) UV titration between L16 and Zn®* (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Zn*" at 260,
310 and 360 nm, the lines show non-linear curve fitting of the absorbance values at
all three wavelengths used for determination of K, value. c) residual plots of the

corresponding fitting.
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Figure A 94 a) UV titration between L17 and Cd** (inset) summary table of the results

of the curve fitting, b) scatter plots between absorbance and amount of Cd* at 340

nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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Figure A 95 a) UV titration between L17 and Zn®* (inset) summary table of the results
of the curve fitting, b) scatter plots between absorbance and amount of Zn** at 340
nm, the line shows non-linear curve fitting of the absorbance values used for

determination of K, value. c) residual plots of the corresponding fitting.
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