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CHAPTER I

INTRODUCTION

1.1 Fluorescence

Fluorescence spectroscopy has been widely used in analytical chemistry,
biochemistry and medical research [1-2] since the detection of emission signals have
been estimated to be 10° times more sensitive than the detection of absorption signals [3-
4]. Fluorescent activity can be schematically illustrated with the classical Jablonski
diagram (Figure 1.1). When a fluorophore absorbs stimulation energy in a form of light
(A), it is usually excited to a higher electronic excited state before rapidly relaxing to the
lowest electronic excited state (S;) which is known an internal conversion (IC) process.
Eventually, the molecule will return to ground state (Sy) and release an amount of light
energy which is termed fluorescence (F). If the spin state of the initial and final energy
levels are different (e.g. T; =>So), the emission or the loss of energy is called
phosphorescence. In the diagram this is depicted by a longer wavelength (lower energy)
and therefore shorter length red line (P). Since fluorescent is statistically much more
likely than phosphorescence for most molecules, the lifetimes of fluorescent states are
very short (10~ to 10™ seconds) and phosphorescence somewhat longer (longer than 10™

seconds).

Sn A= ?hoton absorption
e, F = Muorescence (emission)
P = phosphorescence
e g 5 = singlel state
82 r'y T = triplet state _
— IC = internal conversion
———X_"IC | |5C - inlersystem crossing

L J L
electronic ground state

0

Figure 1.1 Jablonski diagram



In addition, two other non-radiative processes could also happen to the excited
fluorophore: intersystem crossing (ISC) and geometrical relaxation (not shown in Figure
1.1). Intersystem crossing is a transition between two different spin states whereas
geometrical relaxation is the most common radiationless process for most molecules. It
occurs very quickly (<10™'? seconds) and is enhanced by physical contact of an excited
molecule with other particles with which energy, in the form of vibrations and rotations,
can be transferred through collisions. Therefore, the decrease of degree of freedom by

increasing the molecular rigidity would therefore diminish the geometrical relaxation.

1.2 Structure Fluorescent Compounds

As defined by their structures, there are two groups of fluorescent substances
which as 1) small-molecule fluorophores and 2) polymeric fluorophores or conjugated
polymers (CPs). Some examples of small-molecule fluorophores are shown in Figure 1.2.
The emitting colors of each fluorophores depend on their structures and substituents; for
instance blue emission for POPOP and green emission of fluorescein. Small-molecule
fluorophores have been extensively studied as part of fluorescent sensors in the past

several decades [5-8].

N
POPOP
(Aem= 410 nm) (Aem = 450 nm) (Aem = 512 nm)
~N
LA -
N 0 N
O UL
I
Pyridine 1
(Aem= 520 nm) (Aem= 525 nm) (Aem= 600 nm)

Figure 1.2 Small-molecule fluorescent compounds.



Conjugated polymers (CPs) also constitute a major group of polymeric
fluorophores. They have become an important class of materials in a wide variety of
applications, including organic light emitting diodes (OLEDs) [9-10], light-emitting
electrochemical cells (LECs) [11], field-effect transistors (FETs) [12-14], photovoltaics
[15-18], actuators [19], batteries [20-22], plastic lasers [23], and solar cells [24].
Recently, there has been the use of CPs in chemical or biological sensor applications [25,
26]. In particular, the chemical structures of CPs offer several advantages in sensor
applications, especially increased sensitivity. In conjugated polymers, each carbon atom
along the backbone has sp or sp® hybridization. The remaining p orbitals, with one
unpaired © electrons each is placed side by side to from m bonds. Since the orbitals of
successive carbon atom along the backbone overlap, the @ electrons are delocalized along
the polymer backbone contributing to the increased sensitivity [27-29]. As shown in
Figure 1.3, CPs can be constructed from a variety of structural moieties, including
poly(para-phenylene) (PPP) [30], poly(para-phenylene vinylene) (PPV) [4], poly(para-
phenylene ethynylene) (PPE) [31], polythiophene (PT) [32], polypyrrole (PPy) [33],
polyaniline (PANI) [34] and polyfluorene (PF) [35,36].

Hx@%x‘@ﬂ%@—}
M@%@)

PANi

Figure 1.3 Molecular structures of typical CPs.

Conjugated polymers have several advantages over small-molecules for sensing
applications due to signal enhancements associated with electronic communication
between fluorophores along the polymer backbone. As the shown in Figure 1.4 [29],

when a polymeric sensor detects a specific analyte, the fluorescent signal of the whole



polymeric system will be affected. On the other hand, the use of small-molecule sensor

will result in fluorescent signal changes only on fluorophore-analyst complex.

Polymer sensor Small molecule sensor
l O Amlyte O l Analyte
7\
A A A
Partly quenched

Completely quenched

Figure 1.4 This schematic representation demonstrates sensory signal using the

conjugated polymer (left) and small-molecule fluorophore (right)

1.3 Fluorescence sensor
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Figure 1.5 Schematic illustration of a chemical sensor.

In general, a sensor generally contains three fundamental components: a receptor
a signal transducer and a read-out system (Figure 1.5) [29]. The receptor should have the
ability to discriminate and bind a specific target substance known as the analyte. A

successful and selective receptor-analyte complex formation depends on the size, shape



and binding energy of the receptor and analyte. Signal transduction is the process through
which an interaction of receptor with analyte yields a measurable from of energy change
and is converted to a signal change that can be read and quantified. The read-out domain
is the part responsible for reporting the binding event. Some parameters that define a
sensor’s performance are selectivity, sensitivity, stability, reproducibility and cost. For a
fluorescence sensor, the signal transducers could be fluorophores which are capable of

turning chemical or physical changes into fluorescent signals.

1.4 Fluorescent quenching

Fluorescent quenching is important process which affects the fluorescent intensity
and/or lifetime of fluorescent signals. At a molecular level, the quenching mechanism can

be divided into two modes - dynamic and static quenching mechanisms.

(a) Dynamic Quenching (b) Static Quenching
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Figure 1.6 Schematic illustrations of fluorescent quenching [8].

Dynamic quenching, also called collisional quenching, depends on the diffusion
of the quencher. As shown in Figure 1.6 (a), dynamic quenching occurs when excited
fluorophore (F*) is deactivated upon a diffusive encounter via quencher (Q) and relaxes
to Sy without emission of a photon (dash line). Figure 1.6 (b) illustrates static quenching
which occurs as a result of formation of a stable non-fluorescent complex between
fluorophore and quencher in the ground state (F-Q). When this complex absorbs light, it

immediately returns to the ground state without fluorescent emission. Since complex



formation occurs in the ground state, the efficiency of static quenching is related to the

association constant (K,) for the formation of F-Q.

The modes of quenching (dynamic or static) can be distinguished in several ways
[4]. The first is fluorescence lifetime dependence on quencher concentration. In dynamic
quenching, the presence of an additional deactivation pathway shortens the observed
fluorescence lifetime. In contrast, in static quenching, the fluorescence lifetime is
independent of the quencher concentration since complexation takes place in the ground
state. Uncomplexed fluorophore can be excited and exhibits normal fluorescence

behavior with the same lifetime.

Secondly, temperature effects on the quenching efficiency can be carefully
examined to distinguish between the two mechanisms. The dynamic quenching efficiency
is expected to increase with increasing temperature due to larger diffusion coefficient at
higher temperature (Figure 1.7 (a)), while static quenching decreases at higher

temperature due to dissociation of weakly bound complexes formed in the quenching

process (Figure 1.7 (b)).
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Figure 1.7 Effect of temperature on Dynamic and static quenching.



Thus, a change in the absorption spectra in the presence of quencher can be
indicative of a static quenching mechanism. However, it is important to note that both

dynamic and static quenching processes operate concurrently in many systems.

1.5 Stern-Volmer equation

The Stern—Volmer (SV) equation which is written in equation 1 is often using to
evaluate quenching efficiency of both dynamic and static quenching modes. In this
equation, Iy and I are the fluorescence intensities observed in the absence and presence of
quencher, respectively, whereas [Q] is the quencher concentration, and Kgy is the SV

quenching constant [5].

I
Tﬂ =1+ Ky{0] 8

A plot of Iy/I versus [Q] is known as a Stern—Volmer plot, which ideally yields a
straight line with a slope equal to Kgy for both pure dynamic and static quenching.
However, in many instances, the SV plot displays a non-liner, upward curvature, which
indicates the fluorophore is quenched by both collision (dynamic) and complex formation
(static) with the same quencher. In such circumstances, a modification of original SV

equation (equation 2) should be carried out.

I I
— = T“ =1+ k0] = 1 + Kp[Q] @)

This form of the SV equation is second-order in [(] and it combines the effects of
dynamic and static quenching on the fluorescence intensity. The dynamic portion of the

observed quenching can be determined by lifetime quenching (zy and 7).



1.6 Literature review on fluorescent sensors
Examples of literatures related to rigidity effect on quantum yield are as follow:

In 2008, Nijegorodov and coworkers [37] studied the effect of molecular rigidity
on the optical properties of several polyaromatic hydrocarbons and found that the

molecules with more rigidity would exhibit higher quantum yields (®f).

Or=0.17 Or=0.50 Or=0.72
-0 /OG0 Q0
Op=0.80 Op=0.83 Or=0.86

®r=0.12 ®r=0.28

Figure 1.8 The structures of polyaromatic hydrocarbon.

In addition, Brunel, et. al. [38] and a group of Chinese researchers [39] reported
the quantum yields of fluorophore | (29%) and Il (91%). These could represent
additional examples of the enhancement of quantum efficiency by increasing of

molecular rigidity.



®r =0.29 Pr=0.91

Figure 1.9 The structures of fluorophores are peripheral of triphenylamine (I) and

truxene (I1).

In 2009, Wang and coworkers [40] synthesized derivatives of quinoxaline with
carbazole (l11) and triphenylamine (1) peripheries using a one-step synthetic method.
Importantly, they found that the compound with carbazole peripheries (I1l) showed
greater quantum yield (60%) than the compound with triphenylamine groups (I1V). Itis a
convincing evidence that supports the idea of quantum yield enhancement by increasing

the molecular rigidity.
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Figure 1.10 The structures derivatives of quinoxaline are peripheral of carbazole (I11)
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Examples of literatures related to fluorescent sensors are as follow:

In 2006, Kim and Bunz [41] studied the use of poly(phenyleneethynylene) (V)
and a number of proteins on the detection of metal ions. They found that the combination
of V and papain resulted in a highly sensitive fluorescent sensor for Hg*". Addition of
Hg”" ion to V in the absence of papain, caused a fluorescent quenching with a Stern-
Volmer constant (Ksy) of 1.3 x 10* M™". In contrast, the quenching efficiency increased to
5.6 x 10° M in the presence of papain. This signal amplification resulted from the Hg**-

induced agglutination of V/papain complex.

Cd Hg Pb Fe Ni Co Cu Ca Mg PPE
+Pdac

+Histone

+BSA

+Papain

Figure 1.11 The structure of PPE (V) (left) and addition of metal ions to PPE (V) in the

absence and the presence of cofactors (right).

In 2008, Li and coworker [42] developed a sensitive and selective chemosensor
for copper (Cu®"). In this study, various metal cations such as Mn”>", Fe**, Cd*", Cr'",
Pb*", Ag', Zn**, Fe’*, Ni*", and Co”" did not significantly alter the fluorescent signal of
the imidazole-functionalized polyfluorene (P1). However, the fluorescence of P1 could
be selectively and completely quenched by Cu?" ions. The complete and efficient

quenching resulted in the detection limit of 0.2 ppm.
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Figure 1.12 Fluorescence emission response profiles and structure of P1 by Cu®" with

and without other metal ions.

In 2009, Kim and coworker [43] synthesized dichlorofluorescein derivatives with
two aza-crown ether binding units using Mannich reaction (Figure 1.13). The
chemosensing behaviors toward transition metal ions were investigated as well. They
reported that the 18-crown-6 ether derivative (1) exhibited prominent Cu2+—selectivity in
abundant metal ions. The compound also displayed 1:1 complex formation with Cu®" ion,
with a detection limit of 2.9 x 10"® M in DMSO and HEPES buffer solution (20 mM, pH
7). The 15-Crown-5 ether (2) analogue also revealed selective Cu”” signaling, although

with somewhat inferior signaling selectivity.
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Figure 1.13 Fluorescence spectra of 1 in the presence of 7 metal ions and structure of

dichlorofluorescein derivatives.
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In 2010, Xu and coworker [44] studied the use of two 4,5-disubstituted-1,8-
naphthalimide derivatives 1 and 2 as sensors for Cu’" on the basis of ICT and
deprotonation mechanisms. Compound 1 could serve as a ratiometric fluorescent sensor
for Cu®* which strongly emitted fluorescent signal at a shorter wavelength upon addition
of Cu®". On the other hand, compound 2 could behave as a naked-eye colorimetric sensor
with high selectivity toward the same metal ion. The detection limits for the use of 1 and

2 were estimated to be 1.0 x 10®* M and 1.0 x 10” M, respectively.

Figure 1.14 Visible emissions and color changes observed from fluorophore of 1 and 2

with the addition of Cu>".

In 2009, Niamnont and coworker [45] presented the synthesis and sensing
properties of water-soluble fluorescent dendritic compound VI composed of phenylene-
ethynylene repeating units and anionic carboxylate peripheral groups. It was found that
the first generation dendrimer VI had a low fluorescent quantum yield, but the addition of
surfactant (Triton X-100) would improve the quantum yield as well as the selectivity for
the detection of Hg”" ions as the Stern-Volmer constant (Ksy) was increased from 5,800

to 33,700 M! .
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Figure 1.15 Dendritic fluorophore V1 and its selectivity toward Hg*" ion before (a) and
after (b) the addition of surfactant.

In 2012, Sirilaksanapong and coworker [46] demonstrated the synthesis of three
water-soluble fluorophores containing a 1,3,5-triphenylbenzene moiety and one of them
showed a selective quenching by Cu®" ion. A comparison of the K, at different
temperatures indicated a static mode of quenching and the detection limit could be
improved from 6.49 ppb to 0.19 ppb by the addition of Triton X-100, which is a

comparable sensitivity compared to the electrochemical analysis.
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Figure 1.16 Top: Fluorescence spectra of 3 in the presence of various metal ions and
structure of three water-soluble fluorophores containing a 1,3,5-triphenylbenzene moiety.

Bottom: Stern-Volmer plots for the fluorescence quenching of 3 by Cu**at 30 and 50 °C.
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1.7 Objective of this research

This research involves a synthesis of new water-soluble fluorophores derived
from 9-phenyl-9H-carbazole. All compounds contain phenyleneethynylene repeating
units and anionic carboxylate, anionic salicylate or cationic ammonium peripheral groups
(Figure 1.17). In addition, structurally related compounds (5 and 6) are also synthesized
in order to gain additional information on sensing properties of 2.

For the assessment of rigidity effect on fluorescent efficiency, the study of
photophysical properties of these compounds and comparison their quantum yields with
those of their structurally related analogs containing triphenylamine core are conducted.
The application of these compounds (1-3) for metal sensor in aqueous media is also

investigated.
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Figure 1.17 The target molecules were synthesized.



CHAPTER Il

EXPERIMENTAL

2.1 Chemicals and materials

1,4-Diiodobenzene, carbazole, potassium carbonate, potassium hydroxide,
potassium iodide, potassium iodate, sodium thiosulfate, sodium sulfate, copper powder,
copper(l)iodide, bis(triphenylphosphine)palladium(Il)dichloride (PdCl,(PPhs),), 18-
crown-6, iodine, methyl 2-hydroxy-5-iodobenzoate, 1,8-diazabicyclo [5.4.0] undec-7-ene
(DBU), methyl iodide, acetic acid and sulfuric acid were purchased from Sigma-Aldrich
(USA), Fluka® (Switzerland) and Merck® (Germany). For general reactions, solvents
such as dichloromethane (CH,Cl,) and acetonitrile (MeCN) were reagent grade. In
anhydrous reactions, solvents such as toluene (PhMe), tetrahydrofuran (THF) and
dimethylformamine (DMF) were dried and distilled before use according to the standard
procedures. All column chromatography were operated using silica gel 60 (70-230 mesh)
purchased from Merck®. The stationary phase, thin layer chromatography (TLC) was
performed on silica gel plates (Merck Fass). Solvents used for extraction and column
chromatography such as CH,Cl,, hexane, ethyl acetate (EtOAc) and methanol (MeOH)
were commercial grade and distilled before use. Diethyl ether (Et,O) and chloroform
(CHCIs,) used for extraction were reagent grade. Deionized water and Milli-Q water were
used in all experiments unless specified otherwise. The most reactions were carried out

under positive pressure of Ny filled in rubber balloons.

2.2 Analytical instruments

All products were characterized by 'H NMR and *C NMR spectra were recorded
on Varian Mercury NMR spectrometer (Varian, USA) and Bruker Mercury NMR
spectrometer (Bruker, Germany), which executed at 400 MHz and 100 MHz,
respectively. NMR spectrometer was acquired from solution in CDCls;, CD;0D, DMSO-
d6 and acetone-d®. Mass spectra were performed on a Microflex MALDI-TOF mass
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spectrometer (Bruker Daltonics) using doubly recrytallizeda-cyano-4-hydroxy cinnamic
acid (CCA) as a matrix. The UV-Visible absorption spectra were recorded on a Varian
Cary 50 UV-Vis spectrophotometer (Varian, USA) and fluorescence emission spectra
were obtained from a Varian Cary Eclipse spectrofluorometer (Varian, USA) and Perkin
Elmer precisely LS 45 Luminescence Spectrometer (Perkin Elmer, UK). The melting
points operated on a melting point apparatus (Electrothermal 9100), Fisher Scientific

(USA).

2.3 Synthesis procedures
2.3.1 Preparation of 3,6-diiodo-9H-carbazole (7)

KI, KIO, I I

acetic acid

reflux 20 min
H H
95%

To a stirred solution of carbazole (3.0 g, 17.9 mmol) in acetic acid (30 mL) was
added potassium iodide (3.9 g 23.8 mmol), potassium iodate (5.6 g, 26.9 mmol). The
reaction mixture was refluxed for 20 minute. The reaction mixture was diluted with water
(50 mL) and extracted with EtOAc (2 x 50 mL). The combined organic phase was dried
over anhydrous Na,SOs, filtered, and concentrated under reduced pressure. The crude
product was recrystallized in methanol and water to afford 7 as light brown crystalline
solid (7.2 g, 95% yield). '"H NMR (400 MHz, DMSO-d6): & (ppm) 7.33 (d, 2H, J = 8.4
Hz), 7.64 (d, 2H, J = 8.4 Hz), 8.55 (s, 2H), 11.54 (s, 1H); *C NMR (100 MHz, DMSO-
d6): 6 (ppm) 138.7, 134.0, 129.1, 123.8, 113.5, 81.8.
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2.3.2 Preparation of 9-(4-iodophenyl)-9H-carbazole (8)

+ Cu, K,COs, 18-crown-6 N
h
H

I
DMF, reflux, overnight
I
2eq I
62%
To a solution of carbazole (2.0 g, 11.96 mmol) and 1,4-diiodobenzene (4.0 g,
23.92 mmol) in DMF (60 mL) were added Cu bronze (0.81 g, 12.76 mmol), K,CO5 (1.98
g, 14.35 mmol) and 18-crown-6 (0.085 g, 0.32 mmol). The reaction mixture was refluxed
for overnight. The reaction mixture was diluted with water (30 mL) and extracted with
CH,CI, (2 x 50 mL). The combined organic phase was dried over anhydrous Na,;SOy,
filtered, and concentrated under reduced pressure. The crude product was purified by
column chromatography starting from pure hexane to hexane/CH,Cl, (4/1) as the eluent
to afford 8 as white crystalline solid (2.74 g, 62% yield). "H NMR (400 MHz, CDCLs): &
(ppm) 7.29-7.35 (m, 4H) 7.38-7.45 (m, 4H), 7.93 (d, 2H, J= 8.4 Hz), 8.15 (d, 2H, J=7.6
Hz); >C NMR (100 MHz, CDCl3): & (ppm) 92.1, 109.6, 120.3, 120.4, 123.6, 126.1,
129.0, 137.6, 139.1, 140.6.

2.3.3 Preparation of 3,6-diiodo-9-(4-iodophenyl)-9H-carbazole (9)

I I
2.2 eq. KI, 2.4 eq. KIO;

N

acetic acid, reflux 2 h

I I
92%

Iodo compound 8 (1.0 g, 2.71 mmol) was dissolved in acetic acid (20 mL) and KI
(0.99 g, 596 mmol) along with KIO; (1.39 g, 6.5mmol) were added. The reaction

mixture was refluxed for 2 hour and poured into 100 mL of cooled water. Precipitates
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were collected by filtration and re-dissolved in hot CHCl;. The insoluble residue was
filtered off and the volatile solvent was evaporated. The crude product was recrystallized
in CH,Cl, to afford 9 as white crystalline solid (1.55 g, 92% yield). '"H NMR (400 MHz,
CDCl): & (ppm) 7.12 (d, 2H, J = 8.8 Hz), 7.24 (d, 2H, J = 8.4 Hz), 7.67 (d, 2H, J = 8.4
Hz), 7.93 (d, 2H, J = 8.4 Hz), 8.38 (s, 2H); *C NMR (100 MHz, CDCl5): & (ppm) 83.2,
93.0, 111.7, 124.6, 128.7, 129.5, 135.1, 136.5, 139.4, 139.8.

2.3.4 Preparation of methyl 4-iodobenzoate
MeOH, H2$O4

reflux, overnight

98%

Methyl 4-iodobenzoic acid (10.0 g, 40.32 mmol) was dissolved in MeOH (50 mL)
and were added concentration sulfuric acid (2 mL) slowly. The reaction mixture was
allowed to reflux overnight. The solvent was evaporated, and the residue was diluted with
water (30 mL) and extracted with and CH,Cl, (3 x 50 mL) and was then dried anhydrous
NaySO4. The combined filtrate was evaporated as an eluted to afford methyl 4-
iodobenzoate as a white crystal (10.35 g, 98%). 'H NMR (400 MHz, CDCl;): & (ppm)
3.90 (s, 3H), 7.73 (d, 2H, J = 8.4 Hz), 7.79 (d, 2H, J = 8.4 Hz); °C NMR (100 MHz,
CDCl): 6 (ppm) 52.3, 100.5, 129.5, 131.0, 137.7, 166.5.

2.3.5 Preparation of methyl 4-((trimethylsilyl)ethynyl)benzoate

2.2 eq. MesSt———H
IO—COZMe Me3s1~:——©~C02Me
Pdclz(PPh3)2, CuI, DBU

tolulene, rt, 4 h

80%

Methyl 4-iodobezoate (4.0 g, 15.27 mmol), Cul (87.6 mg, 0.46 mmol),
PdCI,(PPh3); (322.9 mg, 0.46 mmol) and trimethylsilylacetylene (4.7 mL, 33.6 mmol) in
toluene (20 mL) were added DBU (2.5 mL) slowly and the mixture was stirred at room
temperature for 4 hour. The reaction mixture was diluted with water (30 mL) and

extracted with CH,Cl, (3 * 50 mL). The combined organic phase was dried over
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anhydrous Na,SQOy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/CH,Cl,
(2/1) as the eluent to afford methyl 4-((trimethylsilyl)ethynyl)benzoate as a white solid
(2.83 g, 80% yield). '"H NMR (400 MHz, CDCls): & (ppm) 0.23 (s, 9H), 3.91 (s, 3H), 7.52
(d, 2H, J= 8.0 Hz), 7.97 (d, 2H, J = 8.0 Hz); *C NMR (100 MHz, CDCls): & (ppm) -0.2,
52.0,97.5,104.0, 127.5,129.2, 129.5, 131.6, 166.3.

2.3.6 Preparation of methyl 4-ethynylbenzoate

Meﬁi%@-CQMe H— CO,Me
rt, overnight

87%

Methyl 4-((trimethylsilyl)ethynyl)benzoate (2.0 g, 8.62mmol) and K,CO; (0.2 g,
1.47 mmol) in CH,Cl, (30 mL) and MeOH (30 mL) was stirred at room temperature for
overnight. The reaction mixture was diluted with water (30 mL) and extracted with
CH,CI, (2 x 50 mL). The combined organic phase was dried over anhydrous Na;SOy,
filtered, and concentrated under reduced pressure. The crude product was purified by
column chromatography starting from pure hexane to hexane/CH,Cl, (1/1) as the eluent
to afford Methyl 4-ethynylbenzoate as a white solid (1.2 g, 87% yield).lH NMR (400
MHz, CDCls): & (ppm) 3.22 (s, 1H), 3.91 (s, 3H), 7.54 (d, 2H, J= 8.4 Hz), 7.98 (d, 2H, J
= 8.4 Hz); >C NMR (100 MHz, CDCl;): & (ppm) 52.2, 80.0, 82.7, 126.7, 129.4, 130.1,
132.0, 166.3.

2.3.7 Preparation of 4-iodo-N,N-dimethylaniline

y 4eq. 1, /
N I N
\ Pyridine, dioxane \

85%

N,N-dimethylaniline (2.0 g, 16.5 mmol) was dissolved in Pyridine (50 mL) and
Dioxane (50 mL) was stirred in ice-bath and was added with I, (8.0 g, 32 mmol) after 1
hour, removed the ice-bath, then stirred 1 hour at room temperature. The mixture was

extracted with CH,Cl, (2 x 50 mL) and the combined organic layer was washed with
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Na,S,0s and dried anhydrous Na,;SO4. The combined filtrate was evaporated and purified
by crystallization with MeOH and water 4-iodo-N, N-dimethylaniline was obtained as a
white crystal (3.49 g, 85% yield). '"H NMR (400 MHz, CDCl;): & (ppm) 2.92 (s, 6H),
6.49 (d, 2H, J = 8.8 Hz), 7.46 (d, 2H, J = 9.2); *C NMR (100 MHz, CDCl3): & (ppm)
40.5,114.7, 137.5.

2.3.8 Preparation of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline

,  22eq.Me;Sr———H . /
I N >  MeySi—— N
\  PdCl,(PPhs),, Cul, DBU \

tolulene, rt, 4 h 83%

4-iodo-N, N-dimethylaniline (2.0 g, 8.1 mmol) Cul (46.3 mg, 0.243 mmol),
PdCI,(PPhs), (170.6 mg, 0.243 mmol) and trimethylsilylacetylene (2.5 mL, 17.82 mmol)
in toluene (10 mL) were added DBU (1.5 mL) slowly and the mixture was stirred at room
temperature for 4 hour. The reaction mixture was diluted with water (30 mL) and
extracted with CH,Cl, (2 x 50 mL). The combined organic phase was dried over
anhydrous Na,SOy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/EtOAc
(4/1) as the eluent to afford N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline as a yellow
solid (1.46 g, 83% yield). '"H NMR (400 MHz, CDCls): & (ppm) 0.24 (s, 9H), 2.97 (s,
6H), 6.59 (d, 2H, J = 8.8 Hz), 7.35 (d, 2H, J = 9.2 Hz); °C NMR (100 MHz, CDCls): &
(ppm) 0.01, 40.0, 91.0, 106.5, 109.6, 111.4, 133.0, 150.0.

2.3.9 Preparation of 4-ethynyl-N,N-dimethylaniline

/ K2C03, CH2C12/MeOH — /
Me3Si%—©‘N - H—= QN
\ rt, overnight \

90%

N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline (1.0 g, 4.61 mmol) and K,CO;
(0.11 g, 0.78 mmol) in CH,CI, (15 mL) and MeOH (15 mL) was stirred at room
temperature overnight. The reaction mixture was diluted with water (30 mL) and

extracted with CH,Cl, (2 x 30 mL). The combined organic phase was dried over
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anhydrous Na,SQy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/EtOAc
(4/1) as the eluent to afford 4-ethynyl-N, N-dimethylaniline as a yellow solid (0.6 g, 90%
yield)."H NMR (400 MHz, CDCl3): § (ppm) 2.98 (s, 7H), 6.62 (d, 2H, J = 8.8 Hz), 7.37
(d, 2H, J = 8.8 Hz); *C NMR (100 MHz, CDCl5): & (ppm) 40.0, 75.0, 85.0, 108.6, 111.7,
133.2, 150.4.

2.3.10 Preparation of methyl 2-hydroxy-4-((trimethylsilyl)ethynyl)benzoate

2.2 eq. Me;S—=—=—H
IQcone S Me3Si%Q>C02Me

OH tolulene, rt, 4 h OH

85%

Methyl 2-hydroxy-4-iodobenzoate (1.0 g, 3.6 mmol), Cul (20.6 mg, 0.108 mmol),
PdCl,(PPhs), (75.8 mg, 0.108 mmol) and trimethylsilylacetylene (1.1 mL, 7.92 mmol) in
toluene (10 mL) were added DBU (0.6 mL) slowly and the mixture was stirred at room
temperature for 4 hour. The reaction mixture was diluted with water (30 mL) and
extracted with CH,Cl, (2 x 30 mL). The combined organic phase was dried over
anhydrous Na,SQOy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/EtOAc
(4/1) as the eluent to afford methyl 2-hydroxy-4-((trimethylsilyl)ethynyl)benzoate as a
yellow solid (0.75 g, 85% yield). '"H NMR (400 MHz, CDCls): & (ppm) 0.24 (s, 9H), 3.92
(s, 3H), 6.93 (d, 1H, J = 8.0 Hz), 7.05 (s, 1H), 7.73 (d, 1H, J = 8.0 Hz) 10.71 (s, 1H); °C
NMR (100 MHz, CDCls): 6 (ppm) 0.07, 52.6, 98.1, 103.8, 112.4, 120.9, 122.8, 129.8,
130.4, 161.2, 170.2.
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2.3.11 Preparation of methyl 4-ethynyl-2-hydroxybenzoate

Me3Si%Qco2Me K,COj5, CH,Cl,/MeOH H%Qcone
rt, overnight

OH OH

89%

Methyl 2-hydroxy-4-((trimethylsilyl)ethynyl)benzoate (0.8 g, 3.22 mmol) and
K,COs5 (0.076 g, 0.55 mmol) in CH,Cl, (10 mL) and MeOH (10 mL) was stirred at room
temperature overnight. The reaction mixture was diluted with water (30 mL) and
extracted with CH,Cl, (2 x 30 mL). The combined organic phase was dried over
anhydrous Na,SOy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/EtOAc
(4/1) as the eluent to afford methyl 4-ethynyl-2-hydroxybenzoate as a yellow solid (0.50
g, 89% yield). 'H NMR (400 MHz, CDCl5): & (ppm) 3.21 (s, 1H), 3.95 (s, 3H), 6.99 (d,
1H, J = 8.0 Hz), 7.10 (s, 1H), 7.78 (d, 1H, J = 8.4 Hz), 10.76 (s, 1H); C NMR (100
MHz, CDCls): § (ppm) 52.4, 80.1, 82.5, 112.7, 121.1, 122.8, 129.3, 129.8, 161.2, 170.0.

2.3.12 Preparation of 10
MeO,C CO,Me

A\ 4
! } DaV,
4 eq. H%@—COzMe N
PACl,(PPhs),, Cul, DBU O
© tolulene, rt, overnight

COZMe

73%
To a mixture of 9 (0.4 g, 0.64 mmol), Cul (12.3 mg, 0.1lmmol), PdCl,(PPhs),
(45.2 mg, 0.lmmol) and methyl 4-ethynylbenzoate (0.52 g, 3.22mmol) in toluene (5.0
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mL) were added DBU (0.5 mL) slowly and the mixture was stirred at room temperature
overnight. The reaction mixture was diluted with water (30 mL) and extracted with
CH,CI, (2 x 30 mL). The combined organic phase was dried over anhydrous Na;SOy,
filtered, and concentrated under reduced pressure. The crude product was purified by
column chromatography starting from pure hexane to hexane/EtOAc (4/1) as the eluent to
afford 10 as a yellow solid (0.335 g, 73% yield). '"H NMR (400 MHz, CDCl3): & (ppm)
3.94 (s, 9H), 7.41 (d, 2H, J = 8.4 Hz), 7.58-7.66 (m, 10H), 7.81 (d, 2H.J = 8.0 Hz), 8.04-
8.08 (m, 6H), 8.35 (s, 2H); >°C NMR (100 MHz, CDCl3): § (ppm) 52.2, 52.3, 87.8, 90.0,
91.2,93.3, 110.2, 115.0, 122.7, 123.2, 124.4, 126.9, 127.5, 128.4, 129.3, 129.57, 129.6,
129.9, 130.3, 131.4, 131.6, 133.5, 136.9, 140.8, 166.5, 166.6. MALDI-TOF m/z calcd for
717.215 found: 717.912.

2.3.13 Preparation of 11

MeOZCH cone
OH
N\ 4
I I 4 eq. H%Qcone O O
OH N

PdC1,(PPh;),, Cul, DBU O
tolulene, rt, overnight
HO l

CO,Me

72%

To a mixture of 9 (0.3 g, 0.48 mmol), Cul (9.2 mg, 0.048 mmol), PdCl,(PPhs),
(33.9 mg, 0.048 mmol) and methyl 4-ethynyl-2-hydroxybenzoate (0.425 g, 2.42 mmol) in
toluene (5.0 mL) were added DBU (0.4 mL) slowly and the mixture was stirred at room

temperature overnight. The reaction mixture was diluted with water (30 mL) and
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extracted with CH,Cl, (2 x 50 mL). The combined organic phase was dried over
anhydrous Na,SQOy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/EtOAc
(4/1) as the eluent to afford 11 as a yellow solid (0.27 g, 73% yield). '"H NMR (400 MHz,
CDCl»): 8 (ppm) 3.97 (s, 9H), 7.09 (d, 3H, J = 8.0 Hz), 7.19 (s, 3H), 7.40 (d, 2H, J=8.4
Hz), 7.57-7.64 (m, 4H), 7.80-7.88 (m, 5H), 8.35 (s, 2H), 10.81 (s, 3H); °C NMR (100
MHz, CDCl): 6 (ppm) 52.4, 52.5, 87.7, 89.8, 91.3, 93.5, 110.2, 111.9, 112.4, 114.9,
120.2, 120.5, 122.3, 122.4, 122.5, 123.2, 124.5, 126.9, 129.8, 129.9, 130.1, 130.4, 131.0,
133.6, 137.0, 140.9, 161.3, 170.1, 170.2. MALDI-TOF m/z calcd for 765.200 found:
765.114.

2.3.14 Preparation of 12

A Vi
seq = ) OQ

PdClz(PPh3)2, CuI, DBU
© tolulene, rt, overnight

68%
To a mixture of 9 (0.32 g, 0.52 mmol), Cul (8.8 mg, 0.047 mmol), PdCl,(PPhs),
(32.6 mg, 0.047 mmol) and 4-ethynyl-N, N-dimethylaniline (0.3 g, 2.07 mmol) in toluene
(5.0 mL) was added DBU (0.3 mL) slowly and the mixture was stirred at room
temperature overnight. The reaction mixture was diluted with water (30 mL) and
extracted with CH,Cl, (2 x 30 mL). The combined organic phase was dried over

anhydrous Na,SOy,, filtered, and concentrated under reduced pressure. The crude product
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was purified by column chromatography starting from pure hexane to hexane/EtOAc
(4/1) as the eluent to afford 12 as a yellow solid (0.24 g, 68% yield). '"H NMR (400 MHz,
CDCl): & (ppm) 3.01 (s, 18H), 6.69 (d, 6H, J = 8.4 Hz), 7.36 (d, 2H, J = 8.4 Hz), 7.45-
7.48 (m, 6H) 7.52 (d, 2H, J = 8.4 Hz), 7.57 (d, 2H, J = 8.4 Hz), 7.72 (d, 2H, J = 8.8 Hz),
8.27 (s, 2H); The *C NMR (100 MHz, CDCls) cannot be obtained because the sample is
unstable. MALDI-TOF m/z calcd for 672.325 found: 672.192.

2.3.15 Preparation of 13

M‘\‘ -

tolulene, rt, overmght

HOI

CO,Me

65%

To a mixture of tris(4-ethynylphenyl)amine (0.5 g, 1.58 mmol), Cul (30 mg, 0.16
mmol), PACly(PPh;), (111 mg, 0.16 mmol) and methyl 2-hydroxy-4-iodobenzoate (2.19
g, 7.88 mmol) in toluene (10.0 mL) were added DBU (1.2 mL) slowly and the mixture
was stirred at room temperature overnight. The reaction mixture was diluted with water
(30 mL) and extracted with CH,Cl, (2 x 50 mL). The combined organic phase was dried
over anhydrous Na;SQO,, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography starting from pure hexane to
hexane/EtOAc (4/1) as the eluent to afford 13 as a yellow solid (0.78 g, 65% vyield). 'H
NMR (400 MHz, CDCls): & (ppm) 3.96 (s, 9H), 7.02 (d, 3H, J = 8.4 Hz), 7.08-7.12 (m,
9H), 7.45 (d, 6H, J = 8.4 Hz), 7.80 (d, 3H, J = 8.4 Hz), 10.78 (s, 3H); °C NMR (100
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MHz, CDCls): & (ppm) 52.4, 88.6, 92.4, 112.0, 117.5, 120.2, 122.3, 124.1, 129.8, 130.6,
133.1, 147.0, 161.3, 170.2. MALDI-TOF m/z calcd for 767.216 found: 766.807.

2.3.16 Preparation of 14

20 =)o
J

OH
PdCl,(PPhs),, Cul, DBU | |
tolulene, rt, overnight

HO I

CO,Me
74%

To a mixture of 8 (0.3 g, 0.81 mmol), Cul (9 mg, 0.049 mmol), PdCl,(PPhs), (34
mg, 0.049 mmol) and methyl 4-ethynyl-2-hydroxybenzoate (0.36 g, 2.03 mmol) in
toluene (5.0 mL) were added DBU (0.3 mL) slowly and the mixture was stirred at room
temperature overnight. The reaction mixture was diluted with water (30 mL) and
extracted with CH,Cl, (2 * 30 mL). The combined organic phase was dried over
anhydrous Na,;SOy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/CH,Cl,
(4/1) as the eluent to afford 14 as a white solid (0.25 g, 74% yield). 'H NMR (400 MHz,
CDCls): & (ppm) 3.98 (s, 3H), 7.09 (d, 1H, J = 7.6 Hz), 7.20 (s, 1H), 7.30 (t, 2H, J = 6.4
Hz), 7.41-7.47 (m, 4H), 7.60 (d, 2H, J= 8.4 Hz), 7.78 (d, 2H, J= 8.4 Hz), 7.85 (d, 1H, J
= 8.0 Hz), 8.15 (d, 2H, J = 7.6 Hz), 10.83 (s, 1H); °C NMR (100 MHz, CDCls): & (ppm)
52.4, 89.3, 91.7, 109.7, 112.3, 120.3, 120.4, 120.5, 121.5, 122.4, 123.7, 126.1, 126.9,
129.9, 130.3, 133.4, 138.2, 140.5, 161.3, 170.1. MALDI-TOF m/z calcd for
417.136found: 416.453.
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2.3.17 Preparation of 15

Meo,c OH CO,Me

— :\} \ / o
£ n®

tolulene, rt, overnight

47%

To a mixture of 7 (0.3 g, 0.72 mmol), Cul (12.3 mg, 0.064 mmol), PdCIl,(PPhs),
(45.2 mg, 0.064 mmol) and methyl 4-ethynyl-2-hydroxybenzoate (0.38 g, 2.15 mmol) in
toluene (5.0 mL) was added DBU (0.32 mL) slowly and the mixture was stirred at room
temperature overnight. The reaction mixture was diluted with water (30 mL) and
extracted with CH,Cl, (2 x 30 mL). The combined organic phase was dried over
anhydrous Na,SOy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography starting from pure hexane to hexane/EtOAc
(2/1) as the eluent to afford 15 as a yellow solid (0.15 g, 47% yield). '"H NMR (400 MHz,
CDCls): 8 (ppm) 3.90 (s, 6H), 7.01 (d, 2H, J = 7.2 Hz), 7.11 (s, 2H), 7.37 (d, 2H, J = 8.8
Hz), 7.57 (d, 2H, J = 8.0 Hz), 7.76 (d, 2H, J = 8.0 Hz), 8.23 (s, 2H), 10.74 (s, 2H); °C
NMR (100 MHz, CDCL): 6 (ppm) 52.3, 87.3, 93.8, 111.0, 111.8, 114.1, 120.1, 122.3,
123.0, 124.6, 129.8, 130.3, 131.1, 139.8, 161.3, 170.2. MALDI-TOF m/z calcd for
515.137 found: 514.514.
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2.3.18 Preparation of 1

MeO,C CO,Me HO,C CO,H
: :
N\ 7 N\ 7
C$ Qs
N KOH, THF/MeOH N
O rt, overnight O
Il Il
g g

COZMG COzH

80%

To a mixture of 10 (0.5 g, 0.70 mmol) in THF (10 mL) and MeOH (10 mL) was
added with saturated KOH aqueous solution (0.3 mL) and the mixture was stirred at room
temperature overnight. The solution was evaporated and the residue dissolved in water
(10 mL) and was added 1M HCI cool in ice-bath. The solution in suspension was
centrifuged to afford 1 as a brown solid (0.38 g, 80% yield). "H NMR (400 MHz, DMSO-
d6): 6 (ppm) 7.45 (d, 2H, J = 8.4 Hz), 7.63-7.73 (m, 10H), 7.86 (d, 2H, J = 8.0 Hz), 7.92-
7.96 (m, 6H), 8.60 (s, 2H); *C NMR (100 MHz, DMSO-d6): & (ppm) 87.7, 89.7, 91.1,
93.2, 110.6, 114.0, 121.5, 122.7, 124.7, 126.3, 127.1, 129.6, 130.2, 130.5, 130.8, 131.3,
131.6, 132.7, 133.5, 136.4, 140.3, 166.6, 166.7. MALDI-TOF m/z calcd for 675.168
found: 674.886.
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2.3.19 Preparation of 2

MeOzC cone HOzC COzH

N KOH, THF/MeOH N
O reflux, overnight O
HO I HO

CO,Me CO,H

75%

To a mixture of 11 (0.3 g, 0.39 mmol) in THF (10 mL) and MeOH (10 mL) was
added with saturated KOH aqueous solution (0.5 mL) and the mixture was stirred at 60
°C overnight. The solution was evaporated and the residue dissolved in water (10 mL)
and was added 1M HCI cool in ice-bath. The solution in suspension was centrifuged to
afford 2 as a yellow solid (0.21 g, 75% yield). "H NMR (400 MHz, acetone-d®): & (ppm)
7.15-7.21 (m, 6H), 7.55 (d, 2H, J = 8.8 Hz), 7.72 (d, 2H, J = 8.4 Hz), 7.80 (d, 2H, J = 8.8
Hz), 7.94-7.98 (m, 5H), 8.59 (s, 2H); >°C NMR (100 MHz, DMSO-d6): & (ppm) 87.5,
89.4, 91.1, 93.2, 110.6, 113.0, 113.9, 119.1, 119.6, 121.4, 122.0, 122.2, 122.7, 124.9,
127.0, 128.7, 128.8, 129.5, 130.5, 130.6, 130.7, 131.4, 131.5, 133.5, 136.4, 140.3, 160.8,
171.2. MALDI-TOF m/z calcd for 723.153 found: 723.430.
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2.3.20 Preparation of 3

N N SN e
I
N\ 4 N\ Y
v o v o
CH,lI, CH,CN
O r3t, 2 da;s O
It l
o e

N I_/*Il\f\

70%

re

/

To a mixture of 12 (0.3 g, 0.45 mmol) in CH3CN (15 mL) was added CH3I (0.5
mL) and the mixture was stirred at room temperature for 2 days. The solution was
evaporated to afford 3 as a brown solid (0.225 g, 70% yield). '"H NMR (400 MHz,
CD;0D): 6 (ppm) 3.67 (s, 27H), 7.50 (d, 2H, J = 7.6 Hz), 7.68-7.72 (m, 4H), 7.82-7.88
(m, 6H), 7.91 (d, 2H, J = 8.4 Hz), 7.97-8.03 (m, 6H), 8.48 (s, 2H); *C NMR (100 MHz,
DMSO-d6): 6 (ppm) 56.4, 86.5, 88.5, 90.6,92.5, 110.7, 111.9, 112.0, 113.9, 121.2, 121.3,
122.7,123.9, 124.6, 124.8, 127.1, 130.6, 132.2, 132.5, 132.6, 132.9, 133.6, 136.4, 140.3,
146.6, 147.0.
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2.3.21 Preparation of 4

MeOZC\‘\‘\ /‘/‘: - HOZC\‘\‘\ ./( o

KOH, THF/MeOH

reflux , overnight

HO HO g

CO,Me CO,H
90%

To a mixture of 13 (0.3 g, 0.39 mmol) in THF (15 mL) and MeOH (15 mL) was
added with saturated KOH aqueous solution (0.5 mL) and the mixture was stirred at 60
°C overnight. The solution was evaporated and the residue dissolved in water (10 mL)
and was added 1M HCI cool in ice-bath. The solution in suspension was centrifuged to
afford 4 as a yellow solid (0.25 g, 90% yield)."H NMR (400 MHz, CD;OD): & (ppm)
6.95-7.03 (m, 12H), 7.42 (d, 6H, J = 8.4 Hz), 7.79 (d, 3H, J = 8.4 Hz); >C NMR (100
MHz, CD;0D): 6 (ppm) 89.5, 93.0, 113.8, 118.9, 120.6, 123.2, 125.3, 131.57, 131.6,
134.3, 148.4, 162.9, 173.0.
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2.3.22 Preparation of 5

O KOH, THE/MeOH O

reflux , overnight

HO HO g

CO,Me CO,H

76%

To a mixture of 14 (0.2 g, 0.48 mmol) in THF (10 mL) and MeOH (10 mL) was
added with saturated KOH aqueous solution (0.3 mL) and the mixture was stirred at 60
°C overnight. The solution was evaporated and the residue dissolved in water (10 mL)
and was added 1M HCI cool in ice-bath. The solution in suspension was centrifuged to
afford 5 as a white solid (0.15 g, 76% yield)."H NMR (400 MHz, DMSO-d6): 8 (ppm)
7.08-7.13 (m, 2H), 7.23 (s, 2H), 7.38-7.41 (m, 4H), 7.67 (d, 2H, J = 8.0 Hz), 7.77-7.83
(m, 3H), 8.20 (d, 2H, J = 7.6 Hz); *C NMR (100 MHz, DMSO-d6): & (ppm) 89.1, 91.3,
109.7, 113.6, 119.5, 120.4, 120.6, 122.2, 123.0, 126.4, 126.8, 128.7, 130.7, 133.4, 137.5,
139.7, 160.8, 171.2. MALDI-TOF m/z caled for 403.121 found: 402.390.
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2.3.23 Preparation of 6

s CO,Me Ho,c_ OH CO,H

O OH O OH

\ % \ Vi

O O KOH, THF/MeOH O O
N N

reflux , overnight
H H

MeO,C

85%

To a mixture of 15 (0.1 g, 0.19 mmol) in THF (5 mL) and MeOH (5 mL) was
added with saturated KOH aqueous solution (0.3 mL) and the mixture was stirred at 60
°C overnight. The solution was evaporated and the residue dissolved in water (10 mL)
and was added 1M HCI cool in ice-bath. The solution in suspension was centrifuged to
afford 6 as a brown solid (0.079 g, 85% yield). "H NMR (400 MHz, DMSO-d6): & (ppm)
7.08-7.10 (m, 4H), 7.55-7.63 (m, 4H), 7.80 (d, 2H, J = 7.6 Hz), 8.5 (s, 2H), 12.01 (s, 2H);
3C NMR (100 MHz, DMSO-d6): & (ppm) 86.8, 94.0, 111.8, 112.0, 112.9, 119.0, 122.0,
122.1, 124.6, 129.7, 130.6, 140.3, 160.8, 171.2. MALDI-TOF m/z calcd for 487.106
found: 486.558.

2.4 Photophysical property study

The stock solutions of 150 uM fluorophores (1-6) diluted to 20 uM in 10 mM
phosphate buffer (PB) pH 8.0 were prepared.

2.4.1 UV-Visible spectroscopy

The UV-Visible absorption spectra of the stock solutions of fluorophores were

recorded from 250 nm to 700 nm at ambient temperature.
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2.4.2 Fluorescence spectroscopy

The stock solutions of fluorophores were diluted to 1 uM, 10 mM phosphate
buffer pH 8.0. The emission spectra of three compounds were recorded from 350 nm to
650 nm at ambient temperature using an excitation wavelength at 337, 343, 335, 377, 330
and 347 nm for fluorophores (1-6), respectively.

2.4.3 Fluorescence quantum yields

The fluorescence quantum yield of fluorophores were performed in 10 mM
phosphate buffer pH 8.0 by using quinine sulfate in 0.1 M H,SO4 (@ = 0.54) as a
reference [45]. The UV-Visible absorption spectra of five analytical samples and five
reference sample sat 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 wavelengths selected were recorded based on the
maximum absorption wavelength (Amax) of each compound. Graphs of integrated
fluorescence intensities were plotted against the absorbance at the respective excitation
wavelengths. Each plot should be a straight line with 0 interception and gradient m.

In addition, the fluorescence quantum yield (®r) was obtained from plotting of

integrated fluorescence intensity vs absorbance represented into the following equation:

o

X

i - ! v il
— 0, Grad, J LJ
\ Gradg; A\ ng;,

The subscripts @gr denote the fluorescence quantum yield of a standard as a reference
with used quinine sulfate in 0.1 M H,SOy4 (@ = 0.54) and @y is the fluorescence quantum

yield of sample and 7 is the refractive index of the solvent.
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2.5 Fluorescent sensor study

2.5.1 Metal ion sensor

The stock solutions of fluorophores (1-6) with a concentration of 10 mM in
phosphate buffer pH 8.0 were prepared. The emission spectra of fluorophores (1-6) were
recorded from 350 nm to 650 nm at ambient temperature. Their photophysical properties
were studied in the presence of sixteen metal ions. The stock solutions of metal acetate
were prepared by dissolving the salts in Milli-Q water (1000 uM) then diluted to 20 pM.
The 20 uM of each stock metal solution were added (0-667 uL) to the fluorop
solutions. The final volumes of the mixtures were adjusted to 1 mL to afford th

concentration of 1 uM for the fluorophores and 0-10 pM for metal ions.



CHAPTER IlI

RESULTS AND DISCUSSION

3.1 Synthesis and characterization

1 I
K,CO;, Cu, 18-crown-6 K1, KIO;, acetic acid
N N
N 1,4-diiodobenzene, DMF reflux 2 h
I reflux, overnight 92%
62%
K1, KIO, I I
acetic acid 8 9
reflux 20 min
95%
I I

Scheme 3.1 Synthesis of 3,6-diiodo-9H-carbazole (7), 9-(4-iodophenyl)-9H-carbazole (8)
and 3,6-diiodo-9-(4-iodophenyl)-9H-carbazole core (9)

The synthesis began with a regioselective diiodination of carbazole using KI/KIO;
in refluxing acetic acid for 20 minutes to afford 3,6-diiodo-9H-carbazole (7) as a light
brown solid in 95% yield after recrystallization. An N-arylation of carbazole using an
excess amount of 1,4-diiodobenzene and copper bronze provided 8 in 62% yield.
Diiodination of 8 yielded triiodo 9 in excellent yield of 92% as a single regioisomer. It is
worth noting that attempt to perform triiodination of N-phenyl carbazole failed to give 9
as the iodination occurred only at the 3- and 6-positions of the carbazole ring (Scheme

3.1).
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= R' \
<:2 10: R =COOMe, R =H, 73% THF
0 R 11: R =COOMe, R = OH, 72% MeOH
PACl,(PPhs),, Cul, DBU N KOH
toluene, rt, overnight 1: R'=COOH, R = H, 80%
2:R'=COOH, R =H, 75%
| | 12: R'=N(CHj;),, R =H, 68%
Mel, MeCN
O 2 days
R 3:R'=N"(CH;);I, R =H, 70%

Scheme 3.2 Synthesis of fluorophore 1-3

The Sonogashira coupling of 9 with methyl 4-ethynylbenzoate, methyl 4-
ethynyl-2-hydroxybenzoate or 4-ethynyl-N,N-dimethylaniline produced tri-methylester
10, tri-methylsalicylate 11 or tris-dimethylaniline 12 in 73, 72 and 68% yield,
respectively. Finally, hydrolysis of the ester functional groups in 10 and 11 using
saturated KOH in THF-MeOH or methylation of the dimethylamino group in 12 using by
Mel in MeCN gave rise to fluorophore 1, 2 and 3 in 80, 75 and 70% yield, respectively
(Scheme 3.2).
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OH
MeOOC O COOMe
_ = X = g OH
o o” e g
N OH N

PdClz(PPhS)z, CuI, DBU
toluene, rt, overnight
65% 13

HO I

COOMe

OH
HOOC O O COOH
NV 7 OH THF
S " MeOH
KOH
N

90%

Scheme 3.3 Synthesis of fluorophore 4

The Sonogashira coupling of tris(4-ethynylphenyl)amine with methyl 2-hydroxy-
4-iodobenzoate produced tri-methylsalicylate 13 in 65% yield. After that, hydrolysis of
the ester functional groups using saturated KOH in THF-MeOH gave rise to fluorophore
4 in 90% yield (Scheme 3.3). This fluorophore was synthesized in order to compare its

photophysical properties to those of the more rigid analog (2).
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OH

o
O e O

Pdclz(PPh3)2, Cul, DBU
toluene, rt, overnight ‘ | 76% | ’

74%
HO l HO l

COOMe COOH
14 5

OOMe

Meooc,  OH C
Q. S on
= COOMe
N VA
OH
’ s )
PdCl,(PPhs),, Cul, DBU N
H

toluene, rt, overnight

47%
15 THF
MeOH
nooc YH COOH K,CO;
o
O Q -3 80%
N\ 7
N
H

6

Scheme 3.4 Synthesis of fluorophore 5 and 6

For the purpose of identifying which parts of fluorophore 2 are responsible for
flurogenic response upon addition of analyte, fluorophore 5 and 6 were synthesized from
iodo compound 8 and 7. The Sonogashira coupling with methyl 4-ethynyl-2-
hydroxybenzoate produced methylsalicylate 14 or di-methylsalicylate 15 in 74 and 47%
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yield, respectively. Where upon, hydrolysis of the ester functional groups using saturated
KOH in THF-MeOH gave rise to fluorophore 5 and 6 in 76 and 80% yield, respectively
(Scheme 3.4).

The "H NMR spectra of 7- 9 and the signal assignments are shown in Figure 3.1.

For compound 7, two singlet peaks at 8.55 and 11.54 ppm were assigned for H(a) and
H(d), respectively, whereas two doublet peaks at 7.33 and 7.64 ppm arose from for H(c)
and H(b), respectively. For compound 8, the protons in carbazole unit resonated at 8.15
ppm for H(a), 7.38-7.45 ppm for H(b-c), and 7.93 ppm for H(d), while the iodophenyl
protons (H(f-e)) appeared at 7.29 and 7.35 ppm. For triiodo 9, there were four signals for
the aromatic protons at 7.12, 7.24, 7.67 and 7.93 ppm corresponding to H(e), H(d), H(c)
and H(f), respectively, and a singlet peak at 8.38 ppm for H(a).
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Figure 3.1 '"H NMR spectra of iodo compound 7 (DMSO-d6), 8 and 9 (CDCl;).
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For the construction of fluorophore 1-3, the Sonogashira coupling between three
iodo groups in 9 with methyl 4-ethynylbenzoate, methyl 4-ethynyl-2-hydroxybenzoate, or
4-ethynyl-N, N-dimethylaniline produced methyl ester 10, methyl salicylate 11, or
dimethylamine 12 in 73, 72, and 68% yield, respectively. The '"H NMR spectra of these
intermediates are shown in Figure 3.2-3.4. The methyl ester signal in 10 and 11 appeared
as singlet peak at around 3.95 ppm. For 12, a singlet signal at 3.0 ppm indicated the
dimethylamino protons. Complete hydrolyses of 10 and 11 gave fluorophore 1 and 2
which could be noticed by the disappearance of the methyl ester singlet signal (Figure
3.2 and 3.3). The successful conversion of 12 to 3 by methylation using an excess amount
of methyl iodide was evidenced by a new singlet signal of the methyl ammonium protons

at 3.62 ppm (Figure 3.4).
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Figure 3.2 "H NMR spectra of 10 (CDCls) and 1 (DMSO-d6).
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In order to evaluate the effect of enhanced rigidity in 1-3, the photophysical
properties of their triphenylamine analogs must be retrieved. However, only the synthesis
and characterization of a and b (Figure 3.5) have been reported in literature [45].
Therefore, the synthesis of fluorophore 4 was carried out in order to compare its
photophysical properties with those of 2. In addition, compound 5-6 were also
synthesized since they will be used for assessment of the different salicylate moieties in

2. Compound 4-6 were synthesized using the same Sonogashira-hydrolysis protocol
described for 2. (Scheme 3.3 and 3.4)

a:R! = COOH, R? =H
l 4:R'=COOH, R* =OH
b: R! =N(CH;);,R?> =H

Figure 3.5 The structure of @, 4 and b.

The 'H NMR spectra of compound 13-15 are shown in Figure 3.6-3.8. Before the
hydrolysis, 13-15 showed signal of the methyl ester protons as a singlet at 3.96, 3.98 and
3.90 ppm, respectively, all of which would disappeared after the hydrolysis.
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Figure 3.8 '"H NMR spectra of 15 (CDCl;) and 6 (DMSO-d6).

3.2 Photophysical properties

The photophysical properties of six fluorophores (1-6) were examined using their
solutions in 10 mM phosphate buffer pH 8.0. All compounds displayed maximum
absorption wavelength (Amax) ranging from 335 to 377 nm and the maximum emission
wavelengths in the range of 450 to 500 nm (Figure 3.9 and Table 3.1). The absorption
bands for fluorophores with N-phenyl carbazole (1-3) appear at short wavelengths (335-
343 nm) whiles the fluorophores with triphenylamine core (a, 4, b) exhibit maximum
absorption peaks at 370-377 nm. This data indicates that fluorophores with N-phenyl
carbazole core possess short or less continuous m-conjugation. The electron pair on the
nitrogen atom locate in the carbazole unit in order to preserve the aromaticity. Since the
overall structures of fluorophore 1-3 are similar, their molar absorptivities (&) are of about

the same magnitude. From the fluorescent spectra, it was found that the maximum
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emission bands for 1 and 3 appeared at 450 and 456 nm, whereas fluorophore 2 emitted
at 475 nm. The longer emission wavelength in 2 could result from the internal charge
transfer (ICT) [47-49] process occurring between the electron-donating hydroxyl group
and the electron-withdrawing carboxylate group, which is also evident by its lowest

quantum yield (0.11).

Most importantly, the absolute quantum yields of 1, 2 and 3 were approximately
3, 8 and 30% greater than those of their structurally related analogs which contain the
triphenylamine core (the quantum yields of @, 4 and b were 0.09, 0.03 and 0.14,
respectively). It was found that fluorophores with structurally flexible triphenylamine
cores yielded relatively low quantum yields. This could cause by the fact that a portion of
energy was lost in a non-radiative pathway such as a geometrical relaxation upon
excitation. This small increase suggests that the replacement of two phenyl rings by one
carbazole unit may decrease only a small magnitude of rotational mode. For molecules of
this size, more rigidity may be needed in order to significantly improve the quantum
yield. However, certain synthetic challenges as well as the expected low solubility should

also be considered.

In terms of relative quantum yield enhancement, it was found that the
incorporation of carbazole ring in 1 and 2 could increase quantum yield for only 3 and
8%, respectively. In contrast, a large enhancement of 30% was observed in the case of 3.
This could account for the fact that a, 1, 2, and 4 contain a m-conjugate electron-
withdrawing carboxylic group which could cause an internal charge transfer (ICT). The
core replacement of the triphenylamine (a and 4) by the N-phenyl carbazole (1 and 2)
would make the electron pair on the central nitrogen atom more localized in order to
maintain the aromaticity of the carbazole units, hence, the ICT is less likely to occur. For
b and 3, the effect of increased rigidity is more apparent since the trimethylammonium
groups do not participate in the ICT process. Therefore, it could be concluded that the
ICT effect is the more important factor governing quantum yield of the fluorophores,

whereas the rigidity effect is less dominant.
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Figure 3.9 Normalized absorption and emission spectra of fluorophores 1-6 in 10

mM phosphate buffer pH 8.0.

Table 3.1 Photophysical properties of 1-6 in 10 mM phosphate buffer pH 8.0.

Absorption Emission
Compound 55 (nm) e (MTem”) e () OF
1 337 44730 450 0.12
2 343 47776 475 0.11
3 335 38881 456 0.44
a 374 5900 454 0.09
4 377 20412 500 0.03
b* 370 26823 485 0.14
5 330 32846 442 0.09
6 347 35802 480 0.05

*quinine sulfate in 0.1 M H,SO, (®= 0.54) was the reference, “see in [45]

48
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3.3 Sensing application

Next, the fluorogenic behaviors of 1-3 for metal ions, the fluorescent signal of
solutions of each fluorophore in 10 mM phosphate buffer pH 8.0 were monitored in the
presence of sixteen metal ions including Ba®*, Ca®*, Cd**, Co**, Cu*", Hg*", Mg, Mn?",
Ni2+, Pb2+, Zn2+, Ag',K',Li", Na" and APP". 1t was found that the fluorescent signals of 1
and 3 (Figure 3.10 and 3.12) could not be altered by any of these metal ions. In contrast,
the fluorescent signal of 2 was selectively quenched by Cu®" ion (Figure 3.11, 3.13 and
3.14). The selectivity of the fluorescence quenching may cause by the high complexation

or chelation affinity between salicylate and Cu™ [50].
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Figure 3.10 Emission spectra of 1 (1 uM) in the presence of sixteen metal ions (10 uM).
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Figure 3.11 Emission spectra of 2 (1 uM) in the presence of sixteen metal ions (10 uM).
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Figure 3.12 Emission spectra of 3 (1 uM) in the presence of sixteen metal ions (10 pM).
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Figure 3.14 Photographs of 2 (10 uM) in the presence of sixteen metal ions (30 uM)
under a UV lamp.
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3.4 Interference test

A series of competitive experiments were performed in order to examine the
selectivity for fluorophore 2 toward Cu”*. The solution of 2 (1 uM) in 10 mM phosphate
buffer pH 8 in the presence of Cu®" (10 equiv) was used as a blank. The quenching
efficiencies in the presence of additional metal ions (100 equiv) were not significantly
different from the blank, which indicated that fluorophore 2 can be used as a selective
sensor for Cu®" without the interfering by a ten-fold concentration of another metal ion in

the same solution.
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Figure 3.15 Interference experiments of 2 (1 uM) and cu* (10 uM) with sixteen
interfering metal ions (100 pM).
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3.5 Fluorescent titration of 2 with Cu®

The fluorescent titration of fluorophore 2 (1 puM) with Cu*™ (0-10 uM) was
conducted and the data was presented in Figure 3.16. During the addition of Cu*" of 1-5
equivalents, the fluorescent intensity gradually decreased. The intensity changes were
less noticeable when the concentration of Cu®" was above 6 equivalents. As reported in
several literatures [46, 50], the mechanism of fluorescent quenching should involve the
chelation of the salicylate peripheries with Cu”’. That the addition of more than one
equivalent of Cu”" is required in order to reach a complete fluorescent quenching state
suggests that some of the free fluorophores are still available in the solution. Since one
molecule of 2 possesses three salicylate units, each of them may be able to bind with

Cu®" with the same binding constant.
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Figure 3.16 The fluorescent intensity of 2 (1 uM) with Cu®" titration (0-10 uM) in 10
mM phosphate buffer pH 8.0.
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3.6 The Stern-Volmer plot for fluorescent quenching of 2 by Cu®*

A Stern-Volmer plot as shown in Figure 3.17 was obtained by variation of
Cu*concentration, acquisition of the fluorescent intensity, and construction of a plot
between (Io/I) and the Cu®* concentrations. In this S-curve plot, the quenching efficiency
increased gradually at the concentration range of Cu’" between 1-3 uM. When the
concentration of Cu®" reached 4 uM, a fluorescent switching-off effect was observed.
This sudden increase in quenching efficiency could account for a superquenching
behavior [51-54], in which one Cu®" ion complexes with two salicylate groups from two
molecules of fluorophore 2, resulting in Cu®*-linked dimeric or oligomeric aggregation of

the fluorophore and thus a greater quenching was observed.

14 ~

12

L
b
E g
HiH

10 §

4 - *
*
2 ¥ : : sEEE=E=n

0 ] T T T T T 1
0 2 4 6 g8 140 12

/1

Concentration [puM)

Figure 3.17 The Stern-Volmer plot for fluorescent quenching of 2 (1uM) by various
concentration of Cu®" (0-10 equivalents). Inset is the photographs of samples of 2 (10M)

with 0-10 equivalents of Cu®".
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3.7 Fractional investigation of fluorophore 2

Since there was a non-linear Stern-Volmer relationship in the fluorescent
quenching of 2 by Cu®', it was believed that the two kinds of peripheries (on the
carbazole or on the phenyl ring) may response differently towards Cu®". In order to prove
this hypothesis, fluorophore 5 (one ethynyl salicylate group on phenyl ring) and 6 (two
ethynyl salicylate groups in carbazole) were then prepared as described in Scheme 3.4.

Their photophysical properties are also tabulated in Table 3.1.

Upon addition of Cu®*, approximately up to 60% of fluorescent intensity of 5 was
quenched whereas the quenching effect by the copper ion was insignificant. These results
indicated that the ethynyl salicylate on the phenyl ring is more sensitive towards Cu®"
than those groups on the carbazole. In other words, the ethynyl salicylate on the phenyl
ring in 2 could behave as a sensitive binding site for Cu®” while the ethynyl salicylate

groups on the carbazole ring function as the fluorescent signal amplifiers.

. 100 5 54 Cut.—u
5 - z 0 -
: : + $ & ¢ T 3w =
4 2
17 t £ ® — .
1.6 N i :
S 15 & E 50 — S
14 O = 40 5
131 3 I : 40 £ 4 r— 10 1w0pM ¢
1.3 O .E L] 7
11 HO i .
]
- COOH o
§ ] 10 1 360 &10 501 510 5 N
Concenbration () Wavelength fnm] u
-] 6+ Cu’
15 138
; —0
& s o e
v s .m % % ¥ ¥ 3 [ !
f ? ] B ;
5 os e HOOCH COOHE - j:
oHE L
!,-guln- \ Y g & 10 100 pM :
71 aeed Q> ¥ - :'
O 02 D4 06 OX 1 N o - . n
H
[E1 o L]
] 2 4 B 8 10 12 o 410 450 484 30 570 L]
Concentration (i) Wanrlength {nm)
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CHAPTER IV

CONCLUSION

4.1 Conclusion

In summary, six new water soluble fluorophores (1-6) were successfully
synthesized. The synthesis relied on the Sonogashira coupling between the
triltodophenylcarbazole and the acetylenic aromatic ester. In terms of relative quantum
yield enhancement, the incorporation of rigidity into molecules is proven to be an
efficient approach. However, the internal charge transfer (ICT) effect is the more
important factor governing quantum yield of the fluorophores, whereas the rigidity effect

is less dominant.

In addition, it was found that the fluorescent signal of 2 can be selectively
quenched by copper (II) ion. The non-linear relationship between fluorescent intensity
and concentration of copper (II) ion reveals a turn-off fluorescent switching property for
the copper (II) ion at 4 micromolar and above. The fractional investigation of 2 indicates
that the ethynyl salicylate on the phenyl ring of the core is responsible for fluorogenic
response towards copper (II) ion, as where other parts of molecule function as fluorescent

signal amplification units.
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APPENDEX A

'H NMR and **C NMR spectra
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Figure A.1 '"H NMR spectrum of 3,6-diiodo-9H-carbazole (7) in DMSO-d6.
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Figure A.2 °C NMR spectrum of 3,6-diiodo-9H-carbazole (7) in DMSO-d6.
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Figure A.3 '"H NMR spectrum of 9-(4-iodophenyl)-9H-carbazole (8) in CDCls.
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Figure A.4 °C NMR spectrum of 9-(4-iodophenyl)-9H-carbazole (8) in CDCls.
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Figure A5 'H NMR spectrum of 3,6-diiodo-9-(4-iodophenyl)-9H-carbazole (9) in
CDCls.
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Figure A.6 C NMR spectrum of 3,6-diiodo-9-(4-iodophenyl)-9H-carbazole (9) in
CDCl;.
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Figure A.7 '"H NMR spectrum of methyl 4-iodobenzoate in CDCls.
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Figure A.8 C NMR spectrum of methyl 4-iodobenzoat in CDCl;.
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Figure A.9 '"H NMR spectrum of methyl 4-((trimethylsilyl)ethynyl)benzoate in CDCls.
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Figure A.10 >C NMR spectrum of methyl 4-((trimethylsilyl)ethynyl)benzoate in CDCl;.
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Figure A.11 "H NMR spectrum of methyl 4-ethynylbenzoate in CDCl.
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Figure A.12 *C NMR spectrum of methyl 4-ethynylbenzoate in CDCls.



71

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
[ I I I I I I I I I I
10.0 9.0 8.0 7.0 a0 5.0 4.0 3.0 20 1.0
ppm {t1}

Figure A.13 '"H NMR spectrum of 4-iodo-N,N-dimethylaniline in CDCl;.
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Figure A.14 °C NMR spectrum of 4-iodo-N,N-dimethylaniline in CDCl;.
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Figure A.15 '"H NMR spectrum of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline in

CDCl;.
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Figure A.16 °C NMR spectrum of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline in

CDCl;.
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Figure A.17 "H NMR spectrum of 4-ethynyl-N,N-dimethylaniline in CDCl;.
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Figure A.18 *C NMR spectrum of 4-ethynyl-N,N-dimethylaniline in CDCls.
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Figure A.19 'H NMR spectrum of methyl 2-hydroxy-4-((trimethylsilyl)ethynyl)benzoate
in CDC13.

190 1ed AP0 160 150 140 130 1W w0 w0 90 i 70 60 50 40 0 0 1 0
f1 {jppm)

Figure A.20 >C NMR spectrum of methyl 2-hydroxy-4((trimethylsilyl)ethynyl)benzoate
n CDC13.
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Figure A.22 *C NMR spectrum of methyl 4-ethynyl-2-hydroxybenzoate in CDCl;.
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