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     A novel series cyanide fluorescence sensors (F1-F4) containing phenylene-

ethynylene as fluorogenic center and salicylaldehyde as CN- receptor were 

successfully synthesized by using Sonogashira coupling reaction as a key synthetic 

step. The sensors exhibited selective fluorescence turn-on responses in contact 

with cyanide anion in aqueous DMSO or aqueous media containing Triton X-100 

non ionic surfactant. The fluorescence turn-on signal is associated with the 

reduction of the quenching effect by internal charge transfer (ICT) process within 

the sensing molecules. Upon the addition of cyanide anion, the resonance electron 

withdrawing aldehyde group is converted into the corresponding cyanohydrin 

which is no longer capable of withdrawing the electrons by the resonance effect. 

F3, which contain one salisadehyde group and two phenylene-ethynylenes, gives 

the highest cyanide sensitivity among four compounds synthesized. The 

fluorescence quantum yields determined before and after the cyanide addition 

confirm that the fluorescence quenching by the ICT process in F3 is reduced the 

most.  The detection limit of this cyanide sensor is 1.6 µM (42 ppb) in the aqueous 

media which is below the concentration limited by WHO in drinking water of 2.7 

µM. The paper-based solid state sensors fabricated from F3 allow naked eye 

detection of cyanide anion down to 5 nanomole. 
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CHAPTER I 

 

INTRODUCTION 

1.1 Overview  

 

Cyanide is very toxic to human even at low contamination can cause death 

because it can strongly inhibit the process of cellular respiration when entering into 

human blood system by interacting with a heme unit in the active site of cytochrome 

aa3[1]. It however remains wildly used (1.5 million tons per year) and its poisoning 

may occur in particular industry such as in metal trades, mining, electroplating, 

jewellery manufacturing, and X-ray film recovery [2]. In nature, cassava, cyanogenic 

algae, bacteria and fungi can produce and release cyanide compounds that sometime 

causes food and water contamination [3]. Water-soluble potassium and sodium 

cyanide salts have been known to be ones of the most lethal chemical reagents and 

even used as poisoning materials [4-5]. The maximum concentration of cyanide 

allowed in drinking water by the WHO manual is 2.7 µM [6]. Detection of cyanide 

ion under biologically relevant aqueous solution is thus vital for safety management 

and forensic investigation. 

 

1.2 Fluorescence spectra  

 

The fluorescence spectrum provides information for analysis. The 

fluorescence processes that occur between the absorption and emission of light are 

usually described by the Jablonski diagram, which [7-8] are used in a variety of 

forms, to illustrate various molecular processes that can occur in excited states. A 

simplified Jablonski diagram shown in Figure 1.1 when photons is absorbed by a 

molecule, the electronic state of the molecule changes from the ground state to one of 

many vibrational levels in one of the excited electronic states. The excited electronic 

state is usually the first excited singlet state, S1. Once the molecule is in this excited 

state, relaxation can occur via several processes. Fluorescence is one of these 
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processes and results in the emission of photon. The length of time between 

absorption and emission is usually relatively, often in the order of 10-9 to 10-8 seconds. 

 

 

 

 

Figure 1.1 Jablonski Energy Diagram explaining fluorescence processes. 

 

1.3 Locally excited and internal charge transfer states. 

 

Fluorescence process is begins with a molecule at a ground state (S0) absorb 

photon and excited to higher energy level; as a consequence, the molecule is changed 

to be at the excited to state S1 or higher which has the same geometry as the molecule 

at the ground state following the Frank-Condon principle (Figure 1.2). After the 

excitation, molecule usually release energy as non-radiative decay called internal 

conversion to the most stable geometry state of S1 known as locally excited (LE) 

state. Then the remaining photon energy is emitted as an emission or radiative decay 

to take the molecule back to the ground state. However, in some cases, molecule in 

the LE state may undergo other pathway to release the energy without emission (non-

radiative decay). For example, a substance with structure composed of both good 

electron donating and withdrawing groups by electron delocalization process can 
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delocalize electron pair within the molecule which is called internal charge transfer 

(ICT) process to convert to the ICT excited state (Figure 1.3). This ICT state has 

lower energy with different geometry from the LE state. ICT excited state then relex 

to the original ground state that has the same geometry as ICT excited state. This 

relaxation may either give light within or outside the visible light spectrum [9-17]. 

Due to multi-step process, ICT emission generally has lower fluorescence quantum 

yield somparing with LE state. The ICT state usually gives longer wavelength and is 

usually stabilized by polar solvent (Figure 1.4) due to ICT excited state stabilization 

[18-19].  

 

 

 

Figure 1.2 Potential energy surfaces of the ground state (S0) is excited to and S1 or 

S2 and then relaxed to LE, and ICT (FC = Franck-Condon). 
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Figure 1.3 Energy level diagram for radiolysis induced chemiluminescence of TPEBs 

(1-5 (a) and 6-8 (b)) and bisPEB (b). N, D, and A denote neutral-, electron donor-, 

and electron acceptor type molecules, respectively. D⋅⋅⋅⋅+ and A⋅⋅⋅⋅- denote D radical 

cation and A radical anion, respectively. 

 

 

 

Figure 1.4 Photographic images of bis-(dehydrobenzoannuleno)benzene (DBA) 

chromophores in organic solvents under black light. 
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1.4 Structure of fluorescent Compounds 

 

Attention in chemical and biological sensing systems relies upon rapid and 

high selectivity. The methods have been progressively improved using redox [20], 

chromogenic [21], or fluorogenic [22] changes as the detection signals. Conjugated 

polymers (CPs) have emerged as one of the most important classes of transducing 

materials. They transform a chemical signal to easily measurable electrical or optical 

events. Fluorescence based methodologies have attracted much interest due to their 

intrinsic sensitivity and selectivity [23]. Considerable efforts have been devoted to the 

design of fluorescent compounds to be used as transducers. CPs with delocalized π-

electron systems have attracted an overpowering interest due to their versatile optical 

and electrical properties [24]. Figure 1.5 shows structures of a variety of CPs 

commonly investigated, including polythiophene (1) [25], polypyrrole (2) [26], 

polyfluorene (3) [27], poly(para-phenylenevinylene) (4) [28], and poly(para-

phenyleneethynylene) (5) [29]. The delocalized electronic structure of CPs enables 

them to exhibit efficient absorption and strong emission, and produce amplified signal 

changes upon interacting with various analytes.  

 

 

 

 

 

 

 

 

 

Figure 1.5 Molecular structures of some common conjugated polymers (CPs). 
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1.5 Fluorescent sensors based on phenylene-ethynylene derivatives   

 

Phenyleneethynylene is an important class of π-conjugated molecules 

currently applied as fluorescent transducers in various optical sensing systems. 

Critical features spurring interest in and usefulness of this class of compounds include 

their structural rigidity allowing more predictable geometry, high fluorescence 

quantum efficiency and efficient syntheses. During the past decade, a number of 

crucial developments of both small and polymeric phenyleneethynylene conjugated 

systems have been witnessed, mostly containing para-phenyleneethynylene moieties, 

into more sensitive and selective sensors for wider applications. Palladium-catalyzed 

cross-coupling polymerization offers the benefits of mild reaction conditions, wide 

functional group, and solvent compatibility for preparation of many para-

phenyleneethynylenes [30-31].  

 

1.6 Cyanide fluorescent sensors based on nucleophilic attack on hydrogen-

bonded carbonyl groups 

 

In 2005, Lee et al. [32] have synthesized a chemodosimeter having a 

salicylaldehyde moiety as a binding unit and a coumarin skeleton as a sensing unit. A 

coumarin-based fluorescent chemodosimeter has been developed for selective 

detection of cyanide ion over other anions in water at physiological pH. This 

significantly enhanced fluorescence intensity was probably caused by the addition of 

cyanide converts the aldehyde group into tetrahedral cyanohydrin which in turn 

destroys its electron withdrawing ability and thus reduces the ICT process. 
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Figure 1.6 The mechanism of cyanide ion monitoring of cumarin derivatives. 
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In 2009, Jo et al. [33] have reported 3 containing diphenylacetylene 

derivatives in which the π-conjugated backbone was functionalized with an aldehyde 

group to render the molecule nonfluorescent. The N-H---O hydrogen bond across the 

2,2′- functionalized diphenylacetylene turn motif activates the carbonyl group toward 

nucleophilic attack, and structure conversion of this internal quencher site by reaction 

with cyanide ion obtains a rapid enhancement. Binding of an ammonium group to the 

hydrogen bond donor part significantly increased both the response kinetics and the 

intensity of the fluorescence signal. The structurally optimized molecular 3 responds 

absolutely to µM-level cyanide in water at physiological pH with no interference from 

other anions. 

 

 

 

Figure 1.7 Detection of cyanide by 3 through the formation of fluorescent 

cyanohydrin adduct 3a. 

 

In 2011, Khatua et al. [34] have designed and synthesized two new ruthenium 

complexes for detecting cyanide based on the famous formation of cyanohydrins. 

Upon the addition of 2.0 equiv of cyanide, Both 1[PF6]2 and 2[PF6]2 was enhanced 55-

fold within 15 s along with a diagnostic blue shift of the emission by more than 100 

nm in acetronitrile. The color change from red to yellow and orange luminescence can 

be observed by the naked. 
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Figure 1.8 Cyanide detection by Probe 2[PF6]2 Based on cyanohydrins formation 
 

1.7 Cyanide fluorescent sensors based on borane derivatives 

 

In 2005, Badugu et al. [35] have developed and synthesized three water-

soluble fluorescent probes to determine cyanide sensing up to physiologically lethal 

levels. The fluorescence sensor is based on the ability of boronic acid to complex 

cyanide and its change from being electron deficient (R-B(OH)2) in the absence of 

cyanide at physiological pH to being electron rich (R-B-(CN)3) upon cyanide 

complexation (Figure 1.9). Ensuing cyanide binding extenuate the internal charge 

transfer within the probes, a change in the electronic properties within the probes, 

consequent in enhanced fluorescence  signals as a function of increased solution 

cyanide concentration. 
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Figure 1.9 Complexation of fluorescent probes with aqueous free cyanide 

 

In 2011, Jamkratoke et al. [36] have designed and synthesized three 

fluorescence sensors containing naphthoquinoneimidazole and boronic acid using an 

acceptor-donor-acceptor (A-D-A system) 3a, 3b, and 3c (Figure 1.0) that have been 

developed with high selectivity for cyanide as turn-on cyanide probes in the CTAB 

micellar system. These A-D-A probes offer considerable promises as cyanide 

selective fluorescence probes was switched on upon substitution of cyanide on 

sensors in the CTAB micelle with a large response emission band at 460 nm and a 

large blue shift (ca. 100 nm). In this approach, CTAB can incorporate 3b and 3c to 

provide powerful probes for detecting a very low concentration of CN- in water. 

 

 

 

Figure 1.10 Reaction mechanism of 3a, 3b, and 3c. 
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1.8 Cyanide Fluorescent sensors based on heterocyclic ring systems 

 

In 2006, Yang et al. [37] have designed and synthesized new fluorescence 

sensors, that selective chemosensor has been developed to detect cyanide in water at 

micromolar concentrations. The acridinium salt used in this sensor system is prepared 

in a single step from an acridine orange base. Detection is based on the acridinium ion 

(Figure 1.11), nucleophilic addition of cyanide ion to the 9-position of the acridinium 

ion. This process induces a great reduce in fluorescence intensity and a noticeable 

color change. The sensitivity and selectivity of the system in aqueous media for 

cyanide ion over other anions is surprisingly high. In addition, the sensitivity of both 

the fluorescence- and colorimetric-based assays is below 2.7 µM, the concentration is 

acceptable to limit allowed of CN- to be presented in water by World Health 

Organization (WHO) suggested by the World Health Organization (WHO) as the 

maximum allowable to be present in drinking water.  

 

 

 

 

Figure 1.11 Reaction mechanism of receptor 2 for the CN- sensing. 
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1.9 Cyanide Fluorescent sensors based on indolium 

 

In 2011, Kim et al. [38] have reported 1 containing a conjugated indole-

coumarin skeleton (Figure 1.12) has been prepared and displayed considerable dual 

changes in both absorption (blue-shift) and emission (turn-on) bands exclusively for 

potassium cyanide sensors. It is obviously thoughtful that in 1 an ICT takes place 

from the N atom in coumarin to the positive charged indole group.  However, The 

ICT was disrupted by CNreaction with 1 simply because the nucleophilic addition of 

the cyanide anion toward the –C=N⊕– of 1. Thus, the reaction weakens to give an 

apparent color change of 1 from deep blue to pale yellow that upon the addition of 

CN-, The ICT blocking in 1-CN is due to the conjugation breaking between coumarin 

and indole groups, which can be a main reason for the fluorescence enhancement of 

1-CN is mainly due to the blocking of conjugation-based ICT process. 

 

 

 

Figure 1.12 (a) Reaction mechanism of 1 for the CN- addition. (b) Absorption spectra 

of 1 (20.0 mM) and fluorescence spectra (b) of 1 (5.0 mM)  withaddition of K+ salts 

of F-, Cl-, Br-, I-, CH3CO2
-, HSO4

-, HPO4
2-, HCO3

-, NO3
-, ClO4

-, CN-, and SCN- (10 

equiv, respectively) in H2O–CH3CN (5 : 95, v/v). 

 

In 2011, Shiraishi et al. [39] have developed a novel and highly sensitive 

fluorescence sensor based on coumarin–spiropyran fluorescent probes (2) for the 

determination of cyanide. The receptor 2, a coumarin–spiropyran conjugate (Figure 
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1.13), is nonfluorescent, but shows a blue fluorescence via a nucleophilic interaction 

with cyanide ion under UV irradiation. The detection limit determined based on the 

S/B criteria is 0.5 µM and enables accurate determination of the lowest level of 

cyanide ion in a buffered water/MeCN mixture (8/2 v/v; pH 9.3). 

 

 

 

Figure 1.13 Reaction mechanism of receptor 2 for the CN- sensing. 
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1.10 Objective of this research 

 

This research aims to synthesize new fluorophores containing salicylaldehyde 

group as a sensor unit. All compounds contain phenylene-ethynylene repeating unit.  

For the assessment of ICT process effect on fluorophores, the study of photophysical 

properties of these fluorophores and fluoresence enhancement ratio (I/I0) are 

conducted and used for the applications for analysis of cyanide ion in aqueous system. 
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Figure 1.14 Structures of target molecules. 

 

 



CHAPTER II  

 

EXPERIMENTAL  

 

2.1 Chemicals and materials  

 

N,N-dimethylaniline, trimethylsilylacetylene, triphenylphosphine, 

bis(triphenylphosphine)palladium(II)dichloride (PdCl2(PPh3)2), sodium thiosulfate, 

benzyltrimethylammonium chloride, potassium hydroxide, potassium carbonate, 

calcium carbonate, and were purchased from Fluka. Triphenylamine, iodine 

monochloride, copper (I) iodide, 1, 8-diazabicyclo [5.4.0] undec-7-ene (DBU), 18-

Crown-6, 1,4-Diiodobenzene, 2-hydroxybenzaldehyde and quinine sulfate were 

purchased from Aldrich. All other reagents were non-selectively purchased from 

Sigma-Aldrich, Fluka or Merck and used without further purification. For most 

reactions, solvents such as dichloromethane and acetonitrile were reagent grade stored 

over molecular sieves. In anhydrous reactions, solvents such as THF and toluene were 

dried and distilled before use according to the standard procedures. All column 

chromatography was operated using Merck silica gel 60 (70-230 mesh). Thin layer 

chromatography (TLC) was performed on silica gel plates (Merck F245). Solvents 

used for extraction and chromatography such as dichloromethane, hexane, ethyl 

acetate and methanol were commercial grade and distilled before use while diethyl 

ether and chloroform were reagent grade. Milli-Q water was used in all experiments 

unless specified otherwise. The most reactions were carried out under positive 

pressure of N2 filled in rubber balloons.  

 

2.2 Analytical instruments  

The melting points of all products were acquired from a melting point 

apparatus (Electrothermal 9100, Fisher Scientific, USA). Elemental (C, H, N) 

analyses were performed on a PE 2400 series II analyzer (Perkin-Elmer, USA). Mass 

spectra were recorded on a Microflex MALDI-TOF mass spectrometer (Bruker 

Daltonics) using doubly recrystallized α-cyano-4-hydroxy cinnamic acid (CCA) as a 

matrix. The HRMS spectra were measured on an electrospray ionization mass 

spectrometer (microTOF, Bruker Daltonics). Fourier transform infrared spectra were 

acquired on Nicolet 6700 FT-IR spectrometer equipped with a mercury-cadmium 
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telluride (MCT) detector (Nicolet, USA). 1H-NMR and 13C-NMR spectra were 

acquired from sample solution in CDCl3, acetone-d6, CD3CN, CD3OD and DMSO-d6 

on Varian Mercury NMR spectrometer (Varian, USA) at 400 MHz and100 MHz, 

respectively. The UV-visible absorption spectra were obtained from a Varian Cary 50 

UV-Vis spectrophotometer (Varian, USA) and the fluorescence emission spectra were 

recorded on a Varian Cary Eclipse spectrofluorometer (Varian, USA).  

 

2.3 Synthesis of fluorophores F1-F3  

 

2.3.1 Preparation of 5-tert-butyl-2-hydroxybenzaldehyde.  

 

OH OH

H

O
16eq.NaOH, 4eq. H2O

CHCl3, Reflux, 4h

16%  

 

4-tert-Butylphenol (10.00 g, 66.57 mmol), NaOH (21.25 g, 0.53 mol) and DI 

water (2.4 g, 0.132 mol) were mixed in trichloromethane (150 mL) by stirring with a 

magnetic bar in a round-bottom flask. The mixture was refluxed for 1 h and then 

NaOH (10.62 g, 0.265 mol) and DI water (1.2 g, 0.066 mol) were again added. After 

1 more hour, NaOH (10.62 g, 0.265 mol) and DI water (1.2 g, 0.066 mol) were added 

for the third time. The stirring was continued at reflux temperature overnight before 

the mixture was allowed to cool to room temperature. The organic layer was separated 

and the aqueous phase was extracted with dichloromethane (2 × 50 mL) and the 

combined organic was dried over anhydrous MgSO4. The solvent was evaporated and 

the residue was dissolved in a minimal amount of dichloromethane. The solution was 

eluted through a silica gel column by gradient solvents starting from pure hexane to 

dichloromethane/hexane (1/3 v/v) to afford the desired product after solvent removal 

as a brown viscous liquid (1.90 g, 16% yield). 1H NMR (CDCl3, 400 MHz): δ (ppm) 

10.88 (s, 1H), 9.89 (s, 1H), 7.58 (d, J = 8.8 Hz, 1H), 7.51 (s, 1H), 6.93 (d, J = 8.8 Hz, 

1H), 1.32 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ (ppm) 196.4, 159.2, 142.4, 134.3, 

129.4, 119.7, 116.9, 33.7, 30.9. 
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2.3.2 Preparation of 5-tert-butyl-2-hydroxy-3-iodobenzaldehyde.  

 

OH OH

H

O
4eq. I2, Pyridine/Dioxane

0oC, 4h

99%

I
O

 

 

Iodine (11.40 g, 44.89 mmol), was dissolved in dioxane (10 mL) and pyridine 

(10 mL) by stirring with a magnetic bar in a round-bottom flask at 0 ºC for 15 min. 

The solution was added with 5-tert-butyl-2-hydroxybenzaldehyde (2.00 g, 11.22 

mmol) and the mixture was stirred at reflux for 4 h. The solvent was evaporated and 

Na2S2O3 solution (20% w/v) was then added to the dark viscous residual oil until it 

turned light yellow. The mixture was extracted with dichloromethane (3 × 50 mL). 

The combined organic phase was washed with water (2 × 100 mL) and dried over 

anhydrous MgSO4. The solution was evaporated by rotary evaporator to afford the 

desired product as a brown solid (3.31 g, 97% yield). 1H NMR (CDCl3, 400 MHz): δ 

(ppm) 11.6 (s, 1H), 9.8 (s, 1H), 7.5 (s, 1H), 1.3 (s, 1H); 13C NMR (CDCl3, 100 MHz): 

δ (ppm) 195.5, 158.0, 144.7, 143.6, 130.3, 119.7, 85.2, 33.9, 31.0.   

 

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

  

N N

88%

I

SiMe3

1.1eq.

PdCl2(PPh3)2, CuI, DBU
Toluene, rt, overnight

Me3Si H

 

 

 

4-iodo-N,N-dimethylaniline (2.51 g, 10 mmol), PdCl2(PPh3)2 (0.35 g, 0.5 

mmol) and CuI (0.08 g, 0.5 mmol) was dissolved in toluene (10 mL) by stirring with a 

magnetic bar in a round-bottom flask. 1,8-Diazabicycloundec-7-ene (DBU, 1.67 g, 11 
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mmol mL) was added and followed by trimethylsilylacetylene (1.08 g, 11 mmol). The 

reaction mixture was stirred at room temperature for 4 h and then filtered. The solid 

precipitate was washed with toluene (3 × 15 mL) and the filtrate was evaporated. The 

residue was dissolved in a minimal amount of dichloromethane and eluted through a 

silica gel column by gradient solvents starting from pure hexane to 

dichloromethane/hexane (1/3) as an eluent to afford the desired product after solvent 

removal as light yellow solid (2.17 g, 90% yield). mp: 88-89°C; 1H NMR (CDCl3, 

400 MHz): δ (ppm) 7.11(d, J = 7.2 Hz, 2H), 6.35 (d, J = 7.2 Hz, 2H), 2.72 (s, 6H), 

0.01 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ (ppm) 149.9, 132.9, 111.3, 109.6, 106.3, 

90.9, 39.9, 0.01.  

 

2.3.4 Preparation of 4-ethynyl-N, N-dimethylaniline.  

 

N N

93%

H

K2CO3, CH2Cl2/MeOH

rt, overnight

SiMe3

 

 

N,N-Dimethyl-4-((trimethylsilyl)ethynyl)aniline (1.00 g, 4.6 mmol) and 

K2CO3 (0.059 g, 0.43 mmol) were dissolved in dichloromethane (15 mL) and 

methanol (15 mL) by stirring with a magnetic bar in a round-bottom flask. The 

reaction mixture was stirred at room temperature for 24 h. Next addition of water, the 

organic layer was separated and the aqueous phase was extracted with 

dichloromethane (2 × 50 mL) and was then dried over anhydrous MgSO4. The filtrate 

was evaporated and the residue was eluted through a silica gel column by gradient 

solvents starting from pure hexane to dichloromethane/hexane (1/3) as an eluent to 

afford 4-ethynyl-N,N-dimethylaniline as a brown-yellow solid (0.60 g, 91 % yield). 

mp: 67-69°C. 1H NMR (CDCl3, 400 MHz): δ (ppm) 7.37 (d, J = 8.8 Hz, 2H), 6.62 (d, 

J = 8.8 Hz, 2H), 2.97 (s, 7H); 13C NMR (CDCl3, 100 MHz): δ (ppm) 150.4, 133.2, 

111.7, 108.7, 84.9, 74.9, 40.  
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2.3.5 Preparation of F1.  

 

N

H

PdCl2(PPh3)2, CuI, PPh3

THF, rt, 4h

N

HO

O H

54%

OH

H

O
I

 

 

5-tert-Butyl-2-hydroxy-3-iodobenzaldehyde (1.14 g, 3.76 mmol), 

PdCl2(PPh3)2 (132 mg, 0.19 mmol), CuI (36 mg, 0.19 mmol), PPh3(51 mg, 0.19 

mmol) and 4-ethynyl-N,N-dimethylaniline (0.66 g, 4.51 mmol) were dissolved in 

tetrahydrofuran (10 ml) and triethylamine (10 mL) by stirring with a magnetic bar in a 

round-bottom flask. The reaction mixture was stirred at room temperature for 24 h. 

The mixture was filtered and the filtrate was evaporated. The residue was eluted 

through a silica gel column by gradient solvents starting from pure hexane to 

dichloromethane/hexane (3/1) as an eluent to afford F1 as a yellow solid (0.83 g, 54 

% yield). 1H NMR (CDCl3, 400 MHz) δ (ppm) 10.60 (s, 1H), 7.79-7.77 (m,  4H), 6.82 

(s, 1H), 6.78 (d, J = 8.8 Hz, 2H), 3.04 (s, 6H), 1.41 (s, 9 H).; 13C NMR (CDCl3, 100 

MHz) δ (ppm)  188.6,  158.5, 152.8, 150.7, 146.1, 131.3, 126.3, 123.0, 120.5, 119.8, 

112.0, 99.9, 97.4, 40.2, 34.7, 31.6.; MALDI-TOF m/z Calcd for C21H23NO2, 321.173 

Found: 320.457. 

 

2.3.6 Preparation of 4-iodo-N,N-diphenylaniline. 

 

Cu, 18-crown-6, K2CO3

DMF, reflux12hr.N
H

I

I
N

I

64%  

 

Diphenylamine (1.00 g, 5.91 mmol), 1,4-diiodobenzene (5.84 g, 17.7 mmol), 

Cu (400 mg, 6.31 mmol), K2CO3 (980 mg, 7.09 mmol) and 1,4,7,10,13,16-
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hexaoxacyclooctadecane (18-Crown-6, 42mg, 0.160 mmol) were dissolved in 

dimethylformamide (10 ml) by stirring with a magnetic bar in a round-bottom flask. 

The reaction mixture was stirred and refluxed for 12 h. Next addition of water, the 

organic layer was separated and the aqueous phase was extracted with 

dichloromethane (2 × 50 mL) and was then dried over anhydrous MgSO4. The 

mixture was filtered and the filtrate was evaporated. The solid precipitate was washed 

with dichloromethane (3 × 15 mL) and the filtrate was evaporated. The residue was 

eluted through a silica gel column by gradient solvents starting from pure hexane to 

dichloromethane/hexane (1/2) as an eluent to the desired product after solvent 

removal as a white solid (1.30 g, 60% yield). 1H NMR (CDCl3, 400 MHz): δ (ppm) 

7.50 (d, J = 8.8 Hz, 2H), 7.26 (t, J = 2.7 Hz, 4H), 7.10-7.02 (m, 6H) [40]. 

 

2.3.7 Preparation of 4-(trimethylsilyl)ethynyl-N,N-diphenylaniline. 

 

N

I

N1.1eq.

PdCl2(PPh3)2, CuI, DBU
Toluene, rt, overnight

Me3Si H

87%

SiMe3

 

 

4-Iodo-N,N-diphenylaniline (0.71 g, 1.914 mmol), PdCl2(PPh3)2 (70 mg, 0.096 

mmol)  and CuI (19 mg, 0.06 mmol)  was dissolved in toluene (10 mL) by stirring 

with a magnetic bar in a round-bottom flask. 1,8-Diazabicycloundec-7-ene (DBU, 

0.32 g, 2.105 mmol) was added and followed by trimethylsilyl acetylene (0.206 g, 

2.11 mmol). The reaction mixture was stirred at room temperature for 4 h and then 

filtered. The solid precipitate was washed with toluene (3 × 15 mL) and the filtrate 

was evaporated. The residue was dissolved in a minimal amount of dichloromethane 

and eluted through a silica gel column by hexane to afford the desired product after 

solvent removal as light yellow oil  (0.57 g, 87% yield). 1H NMR (CDCl3, 400 MHz): 

δ (ppm) 7.32-7.24 (m, 6H), 7.09-7.03 (m, 6H), 6.95 (d, J = 8.8 Hz, 2H), 6.81 (d, J = 
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8.4 Hz, 2H), 0.24 (s, 9H); 13C NMR (CDCl3, 100 MHz: δ (ppm) 148.1, 147.2, 132.9, 

129.4, 124.9, 123.5, 122.2, 116.0, 105.4, 93.1, 1.0.  

 

2.3.8 Preparation of 4-ethynyl-N,N-diphenylaniline. 

 

N N

91%

H

K2CO3, CH2Cl2/MeOH

rt, overnight

SiMe3

 

 

4-(Trimethylsilyl)ethynyl-N,N-diphenylaniline (0.50 g, 1.46 mmol) and 

K2CO3 (1.73 g, 1.46 mmol) were dissolved in dichloromethane (15 mL) and methanol 

(15 mL) by stirring with a magnetic bar in a round-bottom flask at room temperature 

for 4 h. Next addition of water, the organic layer was separated and the aqueous phase 

was extracted with dichloromethane (2 × 50 mL) and was then dried over anhydrous 

MgSO4. The solvent was evaporated and the residue was dissolved in a minimal 

amount of toluene and eluted through a silica gel column by gradient solvents starting 

from pure hexane to dichloromethane/hexane (1/4) to afford the desired product after 

solvent removal as a blown solid (0.36 g, 91 % yield). 1H NMR (CDCl3, 400 MHz): δ 

(ppm) 7.32 (d, J = 8.8 Hz, 2H), 7.28-7.24 (m, 4H), 7.10-7.03 (m, 6H), 6.97 (d, J = 8.8 

Hz, 2H), 3.01 (s, 1H); 13C NMR (CDCl3, 100 MHz): δ (ppm) 148.5, 147.3, 133.2, 

129.6, 125.2, 123.8, 122.2, 115.0, 110.9, 84.1.  
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2.3.9 Preparation of F2 

N

N

H

OH

O

H

OH

H

O
I

PdCl2(PPh3)2, CuI, PPh3

THF, rt, 4h

66%  

 

  5-tert-butyl-2-hydroxy-3-iodobenzaldehyde (0.37 g, 1.22 mmol), PdCl2(PPh3)2 

(36 mg, 0.056 mmol), CuI (11 mg, 0.056 mmol) and PPh3 (15 mg, 0.056 mmol) were 

dissolved in tetrahydrofuran (10 mL) by stirring with a magnetic bar in a round-

bottom flask. Triethylamine (10 mL) was added and followed by 4-ethynyl-N,N-

diphenylaniline (0.36 g, 1.11 mmol). The reaction mixture was stirred at room 

temperature for 4 h and then filtered. The solid precipitate was washed with 

dichloromethane (3 × 15 mL) and the filtrate was evaporated. The residue was 

dissolved in a minimal amount of dichloromethane and eluted through a silica gel 

column by gradient solvents starting from pure hexane to dichloromethane/hexane 

(3/1 v/v) to afford the desired product after solvent removal as a yellow solid (0.33 g, 

66 % yield). 1H NMR (CDCl3, 400 MHz) δ (ppm) 10.70 (s, 1H), 7.94 (d, J = 4.8 Hz, 

2H), 7.86 (d, J = 8.8 Hz, 2H), 7.43-7.18 (m, 12H), 1.53(s, 9H); 13C NMR (CDCl3, 100 

MHz) δ (ppm) 188.0, 157.2, 152.4, 148.2, 146.7, 146.0, 130.6, 129.0, 125.7, 124.5, 

123.2, 123.0, 122.7, 122.2, 121.1, 119.6, 99.0, 34.4, 31.3.; MALDI-TOF m/z Calcd 

for C31H27NO2, 445.204 Found: 445.540. 

 

2.3.10 Preparation of 2-hydroxy-3,5-diiodobenzaldehyde. 

 

OH

H O

OH

H O

I I

4eq. I2, Pyridine/Dioxane

0oC, 4h

76%  
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Iodine (24.90 g, 98.03 mmol), was dissolved in dioxane (20 mL) and pyridine 

(20 mL) by stirring with a magnetic bar in a round-bottom flask at 0 ºC for 15 min. 

The solution was added with 2-hydroxybenzaldehyde (3.00 g, 24.55 mmol) and the 

mixture was stirred at reflux for 4 h. The solvent was evaporated and Na2S2O3 

solution (20% w/v) was then added to the dark viscous residual oil until it turned light 

yellow. The mixture was extracted with dichloromethane (3 × 50 mL). The combined 

organic phase was washed with water (2 × 100 mL) and dried over anhydrous 

MgSO4. The solution was evaporated by rotary evaporator to afford the desired 

product as a purple solid (6.99 g, 76%); 1H NMR (CDCl3, 400 MHz): δ (ppm) 11.70 

(s, 1H), 9.68 (s,  1H), 8.21 (s, 1H), 7.81 (s, 1H); 13C NMR (CDCl3, 100 MHz): δ 

(ppm) 194.2, 159.6, 152.5, 141.6, 121.4, 86.7, 80.7. 

 

2.3.11 Preparation of F3. 

 

PdCl2(PPh3)2, CuI, PPh3

THF, rt, 4h

N

ON

H

OH

H

N42%
I I

OH

H O

 

 

2-Hydroxy-3,5-diiodobenzaldehyde (0.93 g, 3.07 mmol), PdCl2(PPh3)2 (132 

mg, 0.19 mmol), CuI (36 mg, 0.19 mmol) and PPh3(51 mg, 0.19 mmol)  were 

dissolved in tetrahydrofuran (10 ml) by stirring with a magnetic bar in a round-bottom 

flask. Triethylamine (10 mL) was added and followed by 4-ethynyl-N,N-

dimethylaniline (0.49 g, 3.38 mmol). The reaction mixture was stirred at room 

temperature for 4 h and then filtered. The solid precipitate was washed with 

dichloromethane (3 × 15 mL) and the filtrate was evaporated. The residue was 

dissolved in a minimal amount of dichloromethane and eluted through a silica gel 

column by gradient solvents starting from pure hexane to dichloromethane/hexane 

(3/1 v/v) to afford the desired product after solvent removal as a yellow solid (0.41 g, 

42 % yield). 1H NMR (CDCl3, 400 MHz) δ (ppm) 10.51 (s, 1H), 7.83(s, 1H), 7.82(s, 

1H), 7.75(d, J = 8.8 Hz, 2H), 7.40 (d, J = 8.6 Hz, 2H), 6.79 (s, 1H), 6.75 (d, J = 8.6 

Hz, 2H), 6.65 (d, J = 8.2 Hz, 2H), 3.02 (s, 1H), 2.98 (s, 6H); 13C NMR (CDCl3, 100 
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MHz) δ (ppm) 187.8, 132.5, 131.7, 130.1, 128.2, 126.7, 126.4, 126.2, 120.2, 119.1, 

111.9, 111.7, 96.9, 40.0, 29.5.; MALDI-TOF m/z Calcd for C27H24N2O2, 408.184 

Found: 408.783. 

 

2.3.12 Preparation of 4, 4’, 4’’-triiodotriphenylamine.  

 

N N

I

I I

3.3eq. BTMAICl2

CaCO3, CHCl3, MeOH
Reflux, 36h

77%  

Triphenylamine (5.00 g, 20 mmol) in chloroform (100 mL) and methanol (50 

mL) was added with BTMAICl2 (23.41 g, 67 mmol) and CaCO3 (12.00 g, 120 mmol). 

The reaction mixture was allowed to reflux for 72 h and 20% Na2S2O3 solution was 

then added to the mixture until the mixture became light yellow. The mixture was 

filtered and the filtrate was extracted with dichloromethane (3 × 50 mL). The 

combined organic phase was washed with water (2 × 100 mL) and dried over 

anhydrous MgSO4. The solution was concentrated and the residue was reprecipitated 

in methanol from dichloromethane solution. Triiodotriphenylamine was obtained 

(9.78 g, 77%) as a white solid: mp; 182-184oC; 1H NMR (CDCl3, 400 MHz): δ (ppm) 

7.53 (d, J = 7.5 Hz, 6H), 6.80 (d, J = 7.5 Hz, 6H); 13C NMR (CDCl3, 100 MHz): δ 

(ppm) 146.6, 138.5, 126.1, 88.7; MALDI-TOF m/z Calcd. for C18H12I3N, 622.810 

Found: 622.561. 

 

2.3.13 Preparation of 4, 4’, 4’’-trimethylsilylethynylphenylamine.  

 

N N

3.3eq.

PdCl2(PPh3)2, CuI, DBU
Toluene, rt, 4h

83%

I

I

I

SiMe3

SiMe3Me3Si

Me3Si H
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Triiodotriphenylamine (2.00 g, 3.2 mmol), PdCl2(PPh3)2 (0.11 g, 0.16 mmol) 

and CuI (30 mg, 0.16 mmol) was dissolved in toluene (10 mL) by stirring with a 

magnetic bar in a round-bottom flask. 1,8-Diazabicycloundec-7-ene (DBU, 2 mL) 

was added and followed by trimethylsilyl acetylene (1.09 g, 11.2 mmol).8 The 

reaction mixture was stirred at room temperature for 4 h and then filtered. The solid 

precipitate was washed with toluene (3 × 15 mL) and the filtrate was evaporated. The 

residue was dissolved in a minimal amount of dichloromethane and eluted through a 

silica gel column by hexane to afford the desired product after solvent removal as 

light yellow oil (0.57 g, 83% yield). 1H NMR (CDCl3, 400 MHz): δ (ppm) 7.34 (d, J 

= 8.4 Hz, 6H), 6.96 (d, J = 8.4 Hz, 6H), 0.24 (s, 27H); 13C NMR (CDCl3, 100 MHz): 

δ (ppm) 146.7, 133.1, 123.8, 117.7, 104.8, 93.9, 0.1. 

 

2.3.14 Preparation of 4, 4’, 4’’-triethynylphenylamine.  

 

N N

K2CO3, CH2Cl2/MeOH

rt, overnight

89% HH

SiMe3

SiMe3Me3Si

H

 

 

4,4′,4′′-Trimethylsilylethynylphenylamine (2.00 g, 3.7 mmol) and K2CO3 

(0.508 g, 0.43 mmol) was dissolved in dichloromethane (15 mL) and methanol (15 

mL) by stirring with a magnetic bar in a round-bottom flask. The reaction mixture 

was stirred at room temperature for 24 h. The organic layer was separated and the 

aqueous phase was extracted with dichloromethane (2 × 50 mL) and was then dried 

over anhydrous MgSO4. The solvent was evaporated and the residue was dissolved in 

a minimal amount of dichloromethane and eluted through a silica gel column by 

gradient solvents starting from pure hexane to dichloromethane/hexane (1/4 v/v) to 

afford the desired product after solvent removal as a blown solid (1.06 g, 89% yield). 
1H NMR (CDCl3, 400 MHz): δ (ppm) 7.38 (d, J = 8.4 Hz, 6H), 7.01 (d, J = 8.4 Hz, 
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6H), 3.06 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ (ppm) 147.0, 133.3, 123.9, 116.8, 

83.4, 77.0. 

 

2.3.15 Preparation of F4.  

N

PdCl2(PPh3)2, CuI, PPh3

THF, rt, 4h

68 %

N

H

H H

HO

H

O

OH O

H

OH

OH

OH

H

O
I

 

5-tert-Butyl-2-hydroxy-3-iodobenzaldehyde (1.17 g, 3.84 mmol), 

PdCl2(PPh3)2 (95 mg, 0.144 mmol), CuI (27 mg, 0.144 mmol) and PPh3 (38 mg, 0.144 

mmol) were dissolved in tetrahydrofuran (10 mL) by stirring with a magnetic bar in a 

round-bottom flask. Triethylamine (10 mL) was added and followed by 4,4′,4′′-

triethynylphenylamine (0.60 g, 0.96 mmol). The reaction mixture was stirred at room 

temperature for 4 h and then filtered. The solid precipitate was washed with 

dichloromethane (3 × 15 mL) and the filtrate was evaporated. The residue was 

dissolved in a minimal amount of dichloromethane and eluted through a silica gel 

column by gradient solvents starting from pure hexane to dichloromethane/hexane 

(3/1 v/v) to afford the desired product after solvent removal as a yellow solid (0.28 g, 

68% yield). 1H NMR (Acetone-D6, 400 MHz): δ (ppm) 10.4 (s, 3H), 7.88 (d, J = 8.8 

Hz, 6H), 7.87 (s, 3H), 7.81 (s, 3H), 7.20 (d, J = 8.8 Hz, 6H), 7.18 (s, 1 H), 1.36 (s, 

27H); 13C NMR (Acetone-D6, 100 MHz): δ (ppm) 189.9, 158.9, 154.0, 149.2, 133.0, 

128.2, 126.8, 126.2, 125.4, 124.3, 122.3, 102.3, 36.4, 32.9; MALDI-TOF m/z Calcd 

for C51H57NO6, 845.372 Found: 845.455 [M+].  
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2.4 Photophysical property study  

The stock solutions of 500 µM fluorophores in DMSO or 1 % DMSO in 10 

mM HEPES buffer pH 7.4 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 600 nm at ambient temperature.  

 

2.4.2 Fluorescence spectroscopy  

The stock solutions of 500 µM fluorophores were diluted to 1 and 5 µM, 

respectively, with their respective solvents. The emission spectra of fluorophores were 

recorded from 370 nm to 700 nm at ambient temperature using an excitation 

wavelength at 360 to 400 nm, respectively.  

 

2.4.3 Fluorescence quantum yields  

The fluorescence quantum yield of fluorophores were performed in DMSO 

and HEPES buffer (10 mM) pH 7.4 by using quinine sulphate (ΦF = 0.54) in 0.1 M 

H2SO4 as a reference [41]. The UV-Visible absorption spectra of five analytical 

samples and five reference samples 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 wavelengths 

selected were recorded based on the absorption maximum wavelength (λmax) 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 1 interception and gradient m [42].  

In addition, the fluorescence quantum yield (ΦF) was obtained from plotting 

of integrated fluorescence intensity vs absorbance represented into the following 

equation: 
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The subscripts ΦST denote the fluorescence quantum yield of a standard reference 

which used quinine sulfate in 0.1 M H2SO4 (Φ = 0.54) and ΦX is the fluorescence 

quantum yield of sample and η is the refractive index of the solvent.  

 

2.5 Fluorescent sensor study  

 

2.5.1 Anion sensor  

 

The excitation wavelength was 378 nm, 373 nm, 382 nm and 395 nm for F1, 

F2, F3 and F4 and the emission was recorded from 383-700 nm. Sodium anion 

solutions were prepared in Milli-Q water. Concentrations of all stock sodium anion 

solutions were adjusted to 150 mM and were added with the desired volumes (10 µL) 

to the fluorophore solutions. The final volumes of the mixtures were adjusted to 1 mL 

to afford the final concentration of 5 µM for the fluorophores and 1,500 µM for anion.  

 

2.5.2 Surfactants study 

 

The excitation wavelength was 373 nm and the emission was recorded from 

383-700 nm. Surfactants solutions were prepared in Milli-Q water. Concentrations of 

all stock sodium anion solutions were adjusted to 50 mM and were added with the 

desired volumes (2000 µL) to the fluorophore solutions. The final volumes of the 

mixtures were adjusted to 1 mL to afford the final concentration of 5 µM for the 

fluorophores and 10 µM for surfactants.  

 



CHAPTER III 

 

RESULTS AND DISCUSSION 

 

3.1   Cyanide fluorescence sensors from F1, F2 and F3 

 

In this contribution, we investigated fluorophores F1-F3 (Figure 3.1) 

containing the salicylaldehyde probe conjugated with phenylene-ethynylene 

fluorogenic units. In our design to enhance the CN- sensitivity of the probe, different 

electron donating amino groups were incorporated at the other end of the phenylene-

ethynylene conjugated system to promote the initial ICT process of the 

salicylaldehyde probe. One of these fluorophore gives shows excellence sensitivity 

that it can be use in aqueous HEPES buffer system.    

N

OH

O

HO

O

N NN

HO

O

F2F1 F3
 

 

Figure 3.1 Fluorophore molecules F1, F2, and F3. 

 

 3.1.1 Synthesis and characterization of F1, F2 and F3 

 

The fluorophores (F1-F3) were synthesized according to Scheme 3.1 using 

Sonogashira coupling as the key reaction. The synthesis was started with the 

Sonogashira coupling of 4-iodo-dimethylaniline with ethynyltrimethylsilane using 

DBU in toluene and followed by desilylation to afford 4-ethynyl-N,N-dimethylaniline. 

The reactive core of F2, 4-ethynyl-N,N-diphenylaniline was prepared from 

substitution reaction of diphenylamine with 1,4-diiodobenzene followed by the 

Sonogashira coupling with ethynyltrimethylsilane using DBU in toluene and 

proceeded by desilylation. The subsequent coupling of the resulting 5-tert-butyl-3-

iodosalicylaldehyde with 4-ethynyl-N,N-dimethylaniline and with 4-
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ethynyltriphenylamine gave F1 and F2 respectively. For F3, salicylaldehyde was fist 

double iodinated to give diiodosalicylaldehyde. The subsequent coupling with 2.2 

equivalents of 4-ethynyl-N,N-dimethylaniline yielded the desired F3. 

 

N
H

I I

Cu, 18-crown-6, K2CO3
DMF, reflux12hr.

N

I

(64%)

N

Pd(PPh3)2Cl2, CuI, ,
DBU, PPh3,

Toluene,4h

C CHTMS

5

6; R=SiMe3

2, Pd(PPh3)2Cl2, CuI,
PPh3,NEt3

THF, 4hr.
(66%)

N

OH

O

R

K2CO3, CH2Cl2,
MeOH, rt, 4h

7;R=H

(87%)

(91%)

HO

O

HO

O

I I

HO

O

N N

N N

N

HO

O

Pd(PPh3)2Cl2, CuI,
DBU, PPh3,

Toluene,4h

C CHTMS

3; R=SiMe3 (87%)

K2CO3, CH2Cl2,
MeOH, rt, 4h

4;R=H(91%)

2, Pd(PPh3)2Cl2, CuI,
PPh3,NEt3

THF, 4hr.
(42%)

I2

Pyridine/Dioxane
4hr.

(76%)

4, Pd(PPh3)2Cl2, CuI,
PPh3,NEt3

THF, 4hr.

(54%)

I

8

R

F2

F1

F3

OHO OHO
II2

Pyridine/Dioxane
4h

(97%)

1 2

OH 16eq. NaOH,
4eq. H2O

CHCl3, reflux 6h

(16%)

 

Scheme 3.1 Synthetic route of fluorophore F1, F2, and F3. 
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The 1H-NMR spectra of compound 2, 4, and F1 are shown in Figure 3.2 All 

signals can be assigned to all protons in each corresponding structure. Initially, 

compound 2 showed two singlet signals at 11.6, 9.8, 8.0, 7.6 and 1.3 ppm 

corresponding to its aldehyde, hydroxy, aromatic and alkyl protons, respectively. 

Then, compound 2 coupling with 4 by using Sonogashira reaction, the methyl amine 

product showed signals of the methyl amine protons as a singlet at 3.0 ppm and 

singlet signals at and 10.6 as a aldehyde proton from compound 2 . 

 

 
 
Figure 3.2 1H-NMR (400 MHz) spectra of starting material compounds of 2, 4 and 

F1 in CDCl3. 

 
 

Compound 5 showed signals of aromatic protons as two triplet at 7.3 and 7.0 

ppm and three doublet signals at 7.5, 7.1 and 6.8 ppm. Then, compound 5 coupling 

with ethynyltrimethylsilane by using Sonogashira reaction, the trimethylsilane 

product showed signals of the methylsilane protons as a singlet at 0.2 ppm. The 

desilylation of compound 6 gave compound 7. The spectrum showed that the singlet 

signal of the trimethylsilane protons at 0.2 ppm totally disappeared upon the 

desilylation. Upon incorporation of compound 2, F2 showed new signals of the 
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aldehyde proton as a singlet at 10.7 ppm and one singlet signals of alkyl protons at 1.5 

ppm (Figure 3.3). 

 
 

 
 
 
Figure 3.3 1H-NMR (400 MHz) spectra of starting material compounds of 5, 6, 7 and 

F2 in CDCl3. 

 
 

The 1H-NMR spectra of compound 8, 4, and F3 are shown in Figure 3.4. The 

compound 8 showed four singlet signals at 11.7, 9.7, 8.2 and 7.8 ppm corresponding 

to its aldehyde, hydroxy, and two aromatic protons, respectively. Then, compound 8 

coupling with compound 4 by using Sonogashira reaction, the methyl amine product 

showed two signals of the methyl amine protons as a singlet at 3.0 ppm (3.00 and 3.04 

ppm) and the spectrum showed that the singlet signal of the aldehyde proton at 10.5 

ppm totally appeared upon incorporation of compound 8. 
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Figure 3.4 1H-NMR (400 MHz) spectra of starting material compounds of 8, 4 and F3 

in CDCl3. 

 

 

3.1.2 Photophysical property study of F1, F2 and F3 

 

The electronic absorption and emission spectroscopy of F1-F3 were studied in 

an aqueous DMSO solvent and their photophysical properties are compiled in Table 

3.1. The fluorophores exhibited two major absorption maxima (300-335 and 380-385 

nm; Figure 3.5) associated with two π-π* electron transitions (S0→S2 and S0→S1) 

of the π-conjugated phenylene-ethynylene system[43]. Each  fluorophore showed a 

single maximum emission wavelength around 415-444 nm (Figure 3.5). The greater 

Stroke shift of F2 and F3 implied the greater involvement of the ICT process in the 

excited states of these fluorophores. To evaluate F1-F3 as the cyanide sensors, the 

emission spectrum of each fluorophore solution before and after the addition of 

sodium cyanide was recorded. 
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Table 3.1 Photophysical properties of F1-F3 in 90%DMSO/10 mM HEPES buffer 

pH 7.4  

Compound λab (nm) log ε λem (nm) 

F1 320, 380 4.35, 4.24 415 

F2 300, 383 4.40, 4.52 440 

F3 335, 385 4.91, 3.49 444 

 

 

 

 

Figure 3.5 Electronic absorption spectra and emission spactra of F1, F2, and F3 (5 

µM) in 90%DMSO/10 mM HEPES buffer pH 7.4   

 
The presence of cyanide ion substantially enhanced the emission signal of the 

fluorophores (Figure 3.6). The results clearly demonstrate that F1-F3 are promising 

as the fluorescence turn-on cyanide sensors. The effects of solvent on the sensitivity 

of the fluorophores were studied by varying the content of DMSO in the buffer 

solution from 10-90%. Figure 3.7 shows that the optimum media for F1, F2 and F3 

should contain 80%, 70%, and 90% DMSO, respectively. In their optimum medium, 

F3 provided the highest sensitivity with fluoresence enhancement ratio (I/I0) of 114.  
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Figure 3.6 Emission spectra of the solutions of F1, F2 , and F3 (5µM) upon the 

addition of sodium cyanide (1.5 mM) in 90%DMSO/10 mM HEPES buffer pH 7.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Fluorescence enhancement (I/I0) of F1, F2, and F3 (5µM) upon the 

addition of sodium cyanide (1.5 mM) in 10 mM HEPES buffer pH 7.4 mixed with 

DMSO (10-90% v/v).  
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The drastic drop of the sensitivity observed in media with high water contents 

may be attributed to the poor water solubility of these fluorophores. To determine if 

the sensitivity was associated with the ICT process, the fluorescence quantum yields 

of the fluorophores were determined before and after the addition of cyanide ion. It is 

clearly seen that the fluorescence quantum yields significantly increased after the 

addition of cyanide ion which readily react with the hydrogen-bonded aldehyde 

group. Assuming that the cyanohydrin products do not allow the ICT process, the 

quantum yield difference (%ΦFCN-%ΦF) should fairly represent the fluorescence 

quenching by the ICT process. As shown in Table 3.2, F3 exhibited the highest 

quantum yield difference implying that F3 has the highest initial ICT quenching 

which may be attributed to the fact that F3 has two quenchable fluorogenic branches. 

It is also interesting to note that F2, despite having a larger (%ΦFCN-%ΦF) value, has 

lower fluorescence enhancement than F1 as a result of higher quantum yield of F2. 

The results confirmed that the sensitivity of the sensor is also depended on the initial 

quantum yield of fluorophore. Ideally, a highly sensitive fluorescence turn-on cyanide 

sensor would require a low initial quantum yield with large quenching effect 

contributed by the ICT process. In the case, such a sensor design was achieved by 

combining two fluorogenic units with one ICT unit which also acts as the cyanide 

active site. 

 

Table 3.2 Photophysical properties of F1-F3 upon the addition of sodium cyanide 

(1.5 mM) in 10 mM HEPES buffer pH 7.4 mixed with DMSO 

Compound %DMSO I/I0 %ΦF %ΦF
CN %ΦF

CN-%ΦF 

F1 80 62 1.8 28.2 26.4 

F2 70 17 3.1 32.5 29.4 

F3 90 114 2.6 39.8 37.2 

Quinine sulfate in 0.1 M H2SO4 (ΦF = 0.54) was the reference. 

 

 3.1.3 Fluorescent sensors study of F1, F2 and F3 

 

Since cyanide ion is more commonly found in aqueous media, we next 

decided to investigate the use of F3 for cyanide sensing in aqueous micellar system 
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because of the poor solubility of the fluorophore in pure aqueous buffer. Fluorescence 

study was performed in HEPES solution pH 7.4 in the presence of various surfactants 

using the excitation wavelength at 373 nm. As expected for anion sensors, the cationic 

surfactants (DTAB, CTAB and TTAB) generally gave higher sensitivity than the 

anionic surfactant (SBS and SDS) and nonionic surfactant (Brij and TWEEN20). 

However, among eight surfactants tested, the nonionic surfactant Triton X-100 gave 

the highest sensitivity (Figure 3.8). This unique effect of Triton X-100 has been 

observed before in the sensors based on phenylene-ethynylene that is likely to be 

attributed to the oligo(ethylene glycol) chain and the aromatic ring in the structure of 

Triton X-100[44-46].  The oligo(ethylene glycol) chain can bind with sodium cation 

which in turn concentrate cyanide anion around its micelle and the 30 mM where the 

system gave the fluorescence enchantment ratio of 18 (Figure 3.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Bar chart representing the fluorescence enhancement (I/I0) of F3 (5 µM) 

upon the addition of sodium cyanide (1.5 mM) in HEPES buffer pH 7.4 (10 mM) in 

the presence of various surfactants (10 mM). The fluorescence intensity at the 

emission peak of each system was used. 



 

37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Bar chart representing the fluorescence enhancement (I/I0) of F3 (5 µM) 

upon the addition of sodium cyanide (1.5 mM) in HEPES buffer pH 7.4 (10 mM) in 

the presence of various surfactants (10 mM). The fluorescence intensity at the 

emission peak of each system was used. 

 

The fluorescence response in relation to cyanide concentration was monitored 

upon the addition of various equivalents of sodium cyanide in an aqueous solvent 

(HEPES buffer at pH 7.4, 30 mM Triton X-100). The fluorescence intensity initially 

increased almost linearly with the cyanide concentration up 1000 equiv (Figure 3.10). 

It is important to mention that the emission spectra were acquired at 5 min for all 

sensing experiments to ascertain the completion of the reaction although the reaction 

between cyanide ion and F3 was complete within 90 sec (Figure 3.11). The pH 

variation also showed only little effect of the pH in the range of 6.0-8.5 on the cyanide 

sensitivity (Figure 3.12). 
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Figure 3.10 The bars represent the fluorescence enhancement ratio (I/I0) of F3 (5µM) 

at various equiv of cyanide in Triton X-100 (30 mM)/HEPES buffer pH 7.4 (10mM).   

 

 
 
Figure 3.11 Time-dependent changes in the fluorescence intensity of F3 (5µM) upon 
addition of cyanide 1000 equiv in Triton X-100 (30 mM)/HEPES buffer pH 7.4 
(10mM).   
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Figure 3.12 Bars represent the fluorescence enhancement ratio (I/I0) at various pH of 

HEPES buffer (10mM) in Triton X-100 (30 mM)  

 

In the selectivity and interference tests, F3 exhibited high specificity toward 

cyanide ion (Figure 3.13 a) with very low interference from other anions (Figure 

3.13 b). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 (a) Fluorescence enhancement ratio (I/I0) and fluorescence spectra of F3 

in the presence of various anions. (b) Fluorescence enhancement ratio (I/I0) of F3 in 

the presence of cyanide and another ion. The data were based on the fluorescence 

intensity at 440 nm acquired from the solution in HEPES buffer pH 7.4 (10mM) 

containing Triton X-100 (30 mM) with [F3] = 5 µM and [anion] = 5.0 mM. 

(a)                                                          (b)   
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The detection limit at was estimated by a plot of ∆I at 440 nm versus cyanide 

concentration, which shows a well-behaved linear correlation down to the value of 1.6 

µM (Figure 3.14). This value is comparable to the WHO guideline of 2.7 µM. (0.07 

mg/L) cyanide allowed in drinking water. 

 

 

 

Figure 3.14 A plot of the fluorescence intensity change ((I - I0)/I0 x 100) of F3 vs 

[CN-]  in Triton X-100 (30 mM)/HEPES buffer pH 7.4 (10mM).   

 

Paper-based solid state sensors have recntly become one of the most 

convenient and economical sensing platforms [47-51]. We decided to test F3 as a 

sensing agent for cyanide detection on paper strips. A series of 1.0 µL of F3 solutions 

in EtOH (0.01 mM) was dropped on to a filter paper strip (7 × 11 cm2) at 0.5 cm 

above the bottom end of the strip. After air dry, 8 yellow fluorescnt spots, each 

containing 0.01 nmol of F3, appeared. The strip was dropped with a series of 0.5 µL 

sodium cyanide solutions, containing 5-1000 nmol cyanide ion, at 2 cm vertically 

above the positions of the fluorophore blots. After drying, the bottom of the strip was 

dipped into dichloromethane/hexane (1/1, v/v) in a closed chamber and allowed for 

the solvent to run up to the top. The strip was taken out from the chamber, air dried 

and visualized under an ordinary 20 W black light lamp. Four strips using 0.5, 1.0, 2.0 

and 5.0 nmol of F3 were tested. The photographic images of the strips showed green 



 

41 

 

emission spots captured at the cyanide blots. The paper strip with 2.0 nmol of F3 gave 

the best visual sensitivity and lowest emission background from the unreacted 

fluorophore. This paper strip showed the naked eye detection of cyanide down to 5 

nmol (Figure 3.15). To our knowledge, this is the first fabrication of fluorescence 

cyanide paper sensor strips which are conveniently and economically prepared from 

microliter drops of florophore and sensitive enough to visually detect nanomole level 

of cyanide ion. 

 

 

 

 

 

 

 

 

 

Figure 3.15 Photographic images for paper-based detection of cyanide ion under 20 

W black light. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

42 

 

3.2 Cyanide fluorescence sensor from F4 

 

In this contribution, we investigated fluorophores F4 containing three 

salicylaldehyde probe conjugated with three phenylene-ethylene fluorogenic units. F4 

was designed in order to compare the CN- sensitivity of the probe with phenylene-

ethylene fluorogenic units containing one sensing unit (F1-F3).  

 

 3.2.1 Synthesis and characterization of F4 

 

 To enhance the cyanide fluorescence sensing of the fluorophores, 5-tert-

butylsalicylaldehyde was installed as the peripheral groups of the target molecules. 

The peripheral building, 5-tert-butylsalicylaldehyde was synthesized by Reimer-

Tiemann reaction of 5-tert-butylphenol with chloroform followed by heating with 

sodium hydroxide. The iodination of the 5-tert-butylsalicylaldehyde using iodine in 

pyridine and dioxane gave 5-tert-butyl-3-iodosalicylaldehyde. The reactive core, 

4, 4′, 4″-triethynylphenylamine, was prepared from triple iodination of triphenylamine 

using benzyltrimethyl-ammonium iododichloride (BTMAICl2) [52] and proceed with 

the Sonogashira coupling with ethynyltrimethylsilane followed by desilylation to 

afford the reactive core. The Sonogashira coupling of the reactive core and 5-tert-

butyl-3-iodosalicylaldehyde gave F4 (Scheme 3.2).  
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Scheme 3.2 Synthetic route of fluorophore F4. 
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The compound 9 showed signals of aromatic protons as two doublet at 7.5 and 

6.8 ppm Then, compound 9 coupling with ethynyltrimethylsilane by using 

Sonogashira reaction, the trimethylsilane product showed signals of methylsilane 

protons as a singlet at 0.2 ppm. The desilylation of compound 10 gave compound 11. 

The spectrum showed that the singlet signal of trimethylsilane protons at 0.2 ppm 

totally disappeared upon the desilylation. Upon incorporation of compound 2 to 

compound 11, F4 showed new signals of aldehyde proton as a singlet at 10.4 ppm and 

one singlet signals of alkyl protons at 1.4 ppm (Figure 3.16). 

 

 
 
Figure 3.16 1H NMR spectra of starting material compounds 9, 10, 11 and F4. 
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3.2.2 Photophysical property study of F4 

 

 In 75% DMSO/10 µM HEPES pH 7.4, F4 showed emission maximum at 463 

nm. The time-dependent fluorescence changes exhibited the increase of the 

fluorescence intensity upon the addition of sodium cyanide (1.5 mM) that reached the 

saturation after 5 min (Figure 3.18). To ensure completion of the spectral change, the 

mixing time of 10 min was allowed for all subsequent experiments. A slight blue shift 

from 397 to 390 nm in the absorption maximum was also observed (Figure 3.17) 

suggesting a small loss of π-conjugation length. These spectral changes as well as 

their time scale are in good correspondent with the reaction of cyanide adding to the 

aldehyde group to form cyanohydrin. 
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Figure 3.17 Electronic absorption spectra of F4 in the absence and presence of CN-. 

(Medium = 75% DMSO/HEPES buffer pH 7.4; [F4] = 1 µM; [CN-] = 1.5 mM) 
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Figure 3.18 Time dependence of the fluorescence spectra of F4 (λex = 397 nm) after 

the addition of CN-. (Medium = 75% DMSO/HEPES buffer pH 7.4; [F4] = 1 µM; 

[CN-] = 1.5 mM) 

 

 3.2.3 Fluorescent sensor study of F4 

 

 We also tested the pH dependence of the sensitivity of F4 toward cyanide ion 

in the pH range of 6.5-8.0. The results revealed that the physiological pH of 7.4 

buffered by HEPES gave the highest fluorescence enhancement with fluorescence 

intensity ratio (I/I0) greater than 50 (Figure 3.19). The relatively neutral pH of the 

optimum sensing condition confirmed the need of the nearby phenolic proton to assist 

the addition of cyanide ion to the aldehydic carbonyl carbon as previously proposed in 

literatures. 
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Figure 3.19 pH-dependence of the fluorescence spectra of F4 (λex = 397 nm) after the 

addition of CN-. (Medium = 75% DMSO/HEPES buffer; [F4] = 1 µM; [CN-] = 1.5 

mM) 

 

 To study the selectivity of F4 for cyanide detection, 11 other anions (N3
-,NO2

-, 

F-, Cl-, Br-, I-, H2PO4
-, HSO4

-, HCO3
-, AcO-, NO3

-) were also tested. Figure 3.20 

clearly shows that only cyanide ion can enhance the fluorescence signal. The results 

demonstrated very high selectivity of F4 toward cyanide ion against these ions. The 

interference test was also conducted by adding cyanide and another anion to the F4 

solution. As shown in Figure 3.21, the presence of another anion did not give any 

significantly different fluorescence response of F4 compared to cyanide ion in the 

absence of these interfering anions. 
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Figure 3.20 Fluorescence spectra of F4 and F4 + anion (N3
-, NO2

-, F-, Cl-, Br-, I-, 

H2PO4
-, HSO4

-, HCO3
-, AcO-, NO3

-, CN-,). Insets show histograms of I/I0 obtained 

from the corresponding fluorescence spectra. (λex = 397 nm; Medium = 75% 

DMSO/HEPES buffer pH 7.4; [F4] = 1 µM; [anion] = 1.5 mM) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 Fluorescence spectra of F4 upon the addition of CN- in the 

presence of another anion (N3
-, NO2

-, F-, Cl-, Br-, I-, H2PO4
-, HSO4

-, HCO3
-, AcO-, 

NO3
-, none). Insets show histograms of I/I0 obtained from the corresponding 

fluorescence spectra. (λex = 397 nm; Medium = 75% DMSO/HEPES buffer pH 7.4; 

[F4] = 1 µM; [anion] = 1.5 mM) 
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The degree of the fluorescence intensity change ((I - I0)/I0 x 100) plotted 

against the cyanide concentration in the range of 2-10 µM yielded a linear line 

(Figure 3.22). The plot also gave the detection limit (at 3 × noise) of cyanide ion as 

1.3 µM or 35 ppb below the concentration limit of 2.7 µM allowed to be present in 

drinking water by WHO guideline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 A plot of the fluorescence intensity change ((I - I0)/I0 x 100) of F4 vs 

[CN-]. (λex = 397 nm; λem = 463 nm; Medium = 75% DMSO/HEPES buffer pH 7.4; 

[F0] = 1 µM;) 

 

We determined the fluorescence quantum efficiency (ФF) of F4 in the 

presence of cyanide ion 1.5 mM in comparison with F4 alone and found that the 

fluorescence quantum efficiency increased from 0.01 to 0.20 upon the addition of 

cyanide ion. The increase of the quantum efficiency is presumably associated with the 

change of the internal charge transfer (ICT) process. The addition of cyanide converts 

the aldehyde group into tetrahedral cyanohydrins which in turn destroys its electron 

withdrawing ability and thus reduces the ICT process. 
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CHAPTER IV 

 

CONCLUSION 

 

4.1  Conclusion 

 

Four new fluorophores (F1-F4) containing phenylene-ethynylene as 

fluorogenic center and salicylaldehyde as selective probe for cyanide ion were 

succesfully synthesized via Sonogashira coupling reaction. All fluorophores showed 

highly selective fluorescence “turn-on” signal upon the addition of cyanide anion in 

aqueous media. Among these four fluorophores, F3 displayed the highest sensitivity 

toward cyanide detection. The fluorescence quantum yields determined in the absence 

and presence of cyanide ion revealed that the fluorescence quenching by the ICT 

process in F3 is reduced the most by the cyanide addition. The detection limit of F3 is 

1.6 µM (42 ppb) which is below the concentration limited by WHO in drinking water 

of 2.7 µM. Paper-based solid state sensor for cyanide ion was also fabricated from F3. 

The naked eye detection of cyanide anion down to 5 nmole was achieved by a simple 

dropping and eluting technique. 

 

Figure 4.1 Reaction  mechanism of receptor F3 in aqueous media and photographic 

images for paper-based detection of cyanide ion under 20 W black light. 
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4.2  Suggestion for future works 

 
This study be continued for the future applications such as analysis of real 

samples in an industrial or natural water sources. Therefore, we further focus on rapid 

and simple turn-on paper-based fluorescence sensor due to the decreases of ICT 

process into a commercial application.  
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Figure A.1 1H NMR spectrum of 5-tert-butyl-2-hydroxybenzaldehyde in CDCl3. 

 
Figure A.2 13C NMR spectrum of 5-tert-butyl-2-hydroxybenzaldehyde in CDCl3. 
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Figure A.3 1H NMR spectrum of 5-tert-butyl-2-hydroxy-3-iodobenzaldehyde in 

CDCl3. 

 
Figure A.4 13C NMR spectrum of 5-tert-butyl-2-hydroxy-3-iodobenzaldehyde in 

CDCl3. 
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Figure A.5 1H NMR spectrum of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline in 

CDCl3. 

 
Figure A.6 13C NMR spectrum of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline in 

CDCl3. 
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Figure A.7 1H NMR spectrum of 4-ethynyl-N, N-dimethylaniline in CDCl3. 

 

Figure A.8 1C NMR spectrum of 4-ethynyl-N, N-dimethylaniline in CDCl3. 
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Figure A.9 1H NMR spectrum of F1 in CDCl3. 

 

Figure A.10 13C NMR spectrum of F1 in CDCl3. 
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Figure A.11 1H NMR spectrum of 4-iodo-N,N-diphenylaniline in CDCl3. 

 

Figure A.12 1H NMR spectrum of 4-(trimethylsilyl)ethynyl-N,N-diphenylaniline in 

CDCl3. 
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Figure A.13 13C NMR spectrum of 4-(trimethylsilyl)ethynyl-N,N-diphenylaniline in 

CDCl3. 

 

Figure A.14 1H NMR spectrum of 4-ethynyl-N,N-diphenylaniline in CDCl3. 
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Figure A.15 13C NMR spectrum of 4-ethynyl-N,N-diphenylaniline in CDCl3. 

 

Figure A.16 1H NMR spectrum of F2 in CDCl3. 
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Figure A.17 13C NMR spectrum of F2 in CDCl3. 

 

Figure A.18 1H NMR spectrum of 2-hydroxy-3,5-diiodobenzaldehyde in CDCl3. 
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Figure A.19 13C NMR spectrum of 2-hydroxy-3,5-diiodobenzaldehyde in CDCl3. 

 

 

Figure A.20 1H NMR spectrum of F3 in CDCl3. 
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Figure A.21 13C NMR spectrum of F3 in CDCl3. 

 

Figure A.22 1H NMR spectrum of triiodotriphenylamine in CDCl3. 
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Figure A.23 13C NMR spectrum of triiodotriphenylamine in CDCl3. 

 

Figure A.24 1H NMR spectrum of 4, 4’, 4’’-trimethylsilylethynylphenylamine in 

CDCl3. 
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Figure A.25 13C NMR spectrum of 4, 4’, 4’’-trimethylsilylethynylphenylamine in 

CDCl3. 

 

Figure A.26 1H NMR spectrum of 4, 4’, 4’’-triethynylphenylamine in CDCl3. 
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Figure A.27 13C NMR spectrum of 4, 4’, 4’’-triethynylphenylamine in CDCl3. 

 

Figure A.28 1H NMR spectrum of F4 in acetone D6. 
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Figure A.29 13C NMR spectrum of F4 in acetone D6. 

 

  
Figure A.30 MALDI-TOF-MS of F1.  

N

HO

O

F1

Chemical Formula: C21H23NO2
Exact Mass: 321.173

N

HO

OH

OH
O

O

O



 

73 

 

 
 Figure A.31 MALDI-TOF-MS of F2.  

 

  

Figure A.32 MALDI-TOF-MS of F3.  
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Figure A.33 MALDI-TOF-MS of F4.  
 

 

 

Figure A.34 Bar chart representing the fluorescence intensity of F3 (5 µM) upon the 

addition of sodium cyanide (1.5 mM) in HEPES buffer pH 7.4 (10 mM) in the 

presence of various surfactants (10 mM). The fluorescence intensity at the emission 

peak of each system was used. 
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Figure A.35 The bars chart shown the fluorescence intensities before and after 

addition of cyanide (1.5 mM) to various concentration of Triton X-100 in 10mM 

HEPES buffer pH 7.4. 

 

 

 

 

Figure A.36 Fluorescence intensity of F3 (5µM) at various equiv of cyanide in Triton 

X-100 (30 mM)/HEPES buffer pH 7.4 (10mM).   
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Figure A.37 Fluorescence intensityof F3 at various pH of HEPES buffer (10mM) in 

Triton X-100 (30 mM). 

 

Figure A.38 Fluorescence intensityof F3 at various pH of HEPES buffer (10mM) in 

Triton X-100 (30 mM) after addition of cyanide (5 mM). 
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Figure A.39 Photographic images for paper-based detection of cyanide ion under 20 

W black light (Dropping cyanide on the F3 spot). 

 

 

Figure A.40 Photographic images for paper-based detection of cyanide ion under 20 

W black light (Fluorescnt spots was dipped on cyanide solution). 
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Figure A.41 Photographic images for paper-based detection of cyanide ion under 20 

W black light (Fluorescnt spots was dipped on cyanide solution and allowed for the solvent to 

run up to the top). 

 

 

 

 

 

 

 

 

 

 

 

Figure A.42 Fluorescence spectra of F4 (1.0 µM) (black line) and after    (color-

coded) time addition of  NaCN 1,500 eq at 75%  DMSO/HEPES pH = 7.4, 10 mM. 

(λex= 390 nm) 
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Figure A.43 Fluorescence spectra of F4 (1.0 µM) (black line) and after (color-coded) 

time addition of  NaCN 1,500 eq at 60% EtOH/HEPES pH = 7.4, 10 mM. (λex= 390 

nm)  

 

 

 

 

 

 

 

 

 

 

 

Figure A.44 Fluorescence spectra of F4 (1.0 µM) (black line) and after (color-coded) 

time addition of  NaCN 1,500 eq and 50%  CH3CN/HEPES pH = 7.4, 10 mM. (λex= 

395 nm)  
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Figure A.45 Emission spectra of F4 (1.0 µM) in 75 % DMSO/HEPES 10 mM (λex= 

390 nm) at various pH values  (6.5-8.0)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.46 Emission spectra of F4 (1.0 µM) in 75 % DMSO/HEPES 10 mM (λex= 

390 nm) at various pH values  (6.5-8.0). Fluorescence enhancement after addition of 

NaCN (1.5 mM)  
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