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อนุพันธ์ของเอ็น-เอซิลไฮดราโซนจูโลลิดีนสามชนิดถูกสังเคราะห์ขึ้นและถูกนำมาศึกษาใน

ลักษณะเปรียบเทียบกันถึงความเลือกจำเพาะในการเป็นเซนเซอร์ฟลูออเรสเซนต์ของไอออน
โลหะ พบว่าอนุพันธ์ที่มาจากพิโคลิโนไฮดราไซด์สามารถเป็นเซนเซอร์เรืองแสง  "แบบเปิด" สำหรับ
ไอออน Cu2+ ในตัวทำละลาย DMSO ที่มีน้ำ การตรวจสอบทางกลไกแสดงให้เห็นว่า Cu2+ ส่งเสริม
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ไอออน Cu2+ ในตัวอย่างน้ำจริง 

นอกจากนี้ อนุพันธ์เอซาคราวน์อีเธอร์ของจูโลลิดีนยังได้ถูกออกแบบสำหรับการนำมาใช้
เป็นเซนเซอร์ไอออนของโลหะด้วย การสังเคราะห์เอซาคราวน์อีเธอร์จะสามารถดำเนินการได้อย่าง
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HYDRAZIDE DERIVATIVES OF JULOLIDINE. Advisor: Prof. Dr. PAITOON 
RASHATASAKHON 

  
Three derivatives of N-acylhydrazone julolidine are synthesized and 

comparatively investigated for their selectivities as metal ion fluorescent sensors. 
The compound derived from picolinohydrazide is found to be a "turn-on" fluorescent 
sensor for Cu2+ in aqueous DMSO media. The mechanistic investigation suggests that 
Cu2+ promotes the hydrolysis reaction of picolinohydrazide moiety to generate a 
highly fluorescent compound julolidine-9-carboxaldehyde which has a maximum 
emission signal at 420 nm. This probe shows an extraordinary selectivity for Cu2+ 
over other metal ions with a detection limit of 0.1 ppm. Under optimal conditions, 
the determinations of Cu2+ in real water samples are successfully executed. 

In addition, aza crown ether derivatives of julolidine have also been 
designed for use as metal ion sensors. The synthesis of aza crown ether could be 
carried out smoothly, but there were many obstacles in the coupling steps of the 
aza crown ether with the julolidine-9-carboxaldehyde. The desired product could 
not be obtained even though several different synthesis methods and structural 
designs were changed. Therefore, this part of the research is presented to illustrate 
the synthesis planning guidelines in other further works. 
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CHAPTER I 
1. INTRODUCTION 

1.1 Fluorescence 

Fluorescence, a type of luminescence, is the emission of light from a particular 
chemical compound after being exposed to light that has higher energy. The 
interaction of light with molecules can be contributed to the transitions of electrons 
between certain defined states or their molecular orbitals. The transitions between 
different energy states of a molecule can be illustrated using the Jablonski diagram 
(Scheme 1.1). [1] 

 

Scheme 1.1 Jablonski diagram. [1] 

This diagram shows the various possible quantized energy values available to 
a molecule on a vertical scale of increasing energy. The types of energy states 
associated with a molecule include electronic states (denoted as S0, S1, S2) and 

vibrational state (denoted as 𝜈) which is located in each electronic state. Under UV 
radiation, the excitation of a molecule in an electronic ground state (S0) is promoted 

with various transitions such as S0 →S1, S0 → S2, S0 → S3, etc. Although absorption 
occurs into any higher excited state, the rate of the vibrational and electronic–energy 
relaxation in excited states is very rapid compared to the rate of fluorescent emission. 
Therefore, the fluorescence proceeds from the lowest vibrational level of the excited 

state S1 (𝜈=0) to one of the S0 state vibrational levels. [2-4] 
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This information suggests that the energy of the emission is consistently less 
than that of absorption, in other words, fluorescence typically occurs at longer 
wavelengths. The difference between the maxima of the lowest energy absorption and 
highest energy fluorescence bands is termed Stokes shift. For example, the absorption 
and emission spectra for quinine are shown in Figure 1.1. 

 

Figure 1.1 The absorption and emission spectra for quinine. [1] 
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1.2 Fluorescent sensors for metal ions 

The toxicity of heavy metal cations in the environment has provoked 
researchers to design sensors that are selective to a specific cation.  Based on the 
different sensing methods for detecting metal cations, fluorescent probes have several 
advantages over other methods due to their high sensitivity, selectivity, and real-time 
monitoring. The general components of the molecular fluorescent sensors for metal 
ions consist of the signaling unit and metal receptor unit which are covalently bonded 
together as shown in Figure 1.2.  

 

Figure 1.2 Molecular fluorescent sensors diagram. [5] 

The signaling unit is referred to as an organic fluorophore which can exhibit 
fluorescent properties, whereas the receptor unit is a part that has the potential to 
bind or interact with the metal ion. Once the target metal ion is recognized by the 
receptor unit, the fluorophore will convert a chemical circumstance at the receptor 
unit to the desired fluorescent signal response. The change in fluorescence properties 
of the fluorophore part such as intensity or excitation/emission wavelength could 
provide both qualitative and quantitative information about the target metal ion. [6-
12] Therefore, the selection of fluorophores and well-designed receptor parts are 
important factors that directly affect a fluorescent sensor's efficiency.  
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1.3 Sensing mechanism 

Based on the sensing mechanism of the sensor toward metal ions, a variety of 
fluorescent sensors can be divided into two main categories. They are as follows: 

(1) Mn+-coordination-based sensors. 
(2) Mn+-promoted reaction-based sensors. 

1.3.1 Mn+-coordination-based sensors 

The characteristic of this type is the metal ion forms a dative covalent bond 
with the receptor unit of the sensor molecule. This sensor type usually responds 
quickly to the analyte and is generally reversible. [13] There are several mechanisms 
for altering the fluorescent signal of   Mn+-coordination-based sensors. However, the 
common sensing mechanisms used to design fluorescent sensors include Photo-
induced Electron Transfer (PET), Intramolecular Charge Transfer (ICT), Excited-State 
Intramolecular Proton Transfer (ESIPT), and the restriction of C=N bond isomerization. 

1) Photo-induced Electron Transfer (PET) 

The fluorescent chemosensors based on PET often have fluorophore-spacer-
receptor (Scheme 1.2) as their fundamental structure. A spacer between the 

fluorophore and the receptor will separate them electronically from the π-electron 
systems. Fluorophores are often electron acceptors, whereas receptors are typically 
electron donors (such as amino-containing groups). Upon excitation, the electron 
occupying the highest occupied molecular orbital (HOMO) of the fluorophore can be 
transferred to the lowest unoccupied molecular orbital (LUMO). If the electron in the 
receptor’s HOMO is located near an orbit of the fluorophore and the energy of the 
receptor’s orbital lies between the HOMO and LUMO of the fluorophore, the electron 
of the receptor’s HOMO can transfer to the HOMO of the excited fluorophore through 
space, which blocks the emission transition of the excited electron occupying the 
fluorophore’s LUMO to fluorophore’s HOMO. The chemosensor frequently undergoes 
quenching or a decrease in fluorescence intensity as a result of the PET. [14] 
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However, the energy gap between the two HOMO orbitals can change from 
positive to negative when the receptor coordinates with the target metal ion. In 
another word, the receptor's HOMO level can be dropped by metal coordination. As 
a result, the fluorescence of the probe is recovered. This metal chelation-enhanced 
fluorescence is also defined as the metal chelation-enhanced fluorescence (MCEF) 
effect. 

 

 

Scheme 1.2 Schematic representation of PET sensor in the sensing process. [14] 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 

2) Intramolecular Charge Transfer (ICT) 

The organic compound containing an electron-donor group (such as an amino 
group, or alkoxy group) and an electron-acceptor group (such as a carbonyl group, or 
nitrile group) in the same conjugation system is one characteristic of the ICT-based 
sensor. The ICT process is the transfer of charge from an electron-rich donor moiety 
to an electron-poor acceptor part located in the same molecule upon the 
photoexcitation. This process causes the change in electronic charge distribution over 
the atoms of the molecule in the excited state. As depicted in Scheme 1.3, the normal 
excited state without charge transfer is often referred to as a locally excited (LE) state, 
while the new state formed due to the rearrangement of its electronic structure in the 
excited state is called the ICT state.  

It appears that the ICT state has lower energy than the LE state resulting in the 
ICT molecule displaying a large Stokes shift and visible light excitability. Although 
several ICT-based organic molecules show dual emission in their electronic spectra, 
some ICT molecules are reported to show emission from either the LE or the ICT 
species only. [15] 

 

Scheme 1.3 Jablonski diagram showing a molecule undergoing the ICT process. [15] 
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The strategy for designing the ICT sensor is the ability of a receptor unit that 
could induce the redistribution of electron density of molecules upon the 
complexation with the target metal ion. Scheme 1.4 displays the spectral changes 
that will be seen upon coordination of the ICT sensor with a metal ion in the cases 
when the receptor occupies the electron donor or electron acceptor parts of the 
molecule. In the case of a metal ion interacting with the electron donor group, it 
reduces the ICT process due to the inhibition of electron-donating ability, which leads 
to a hypsochromic shift (blue shift) in the absorption and emission spectra. In contrast, 
when a metal ion binds with the electron acceptor group, a bathochromic shift (red 
shift) is observed in the absorption and emission spectra due to the encouragement 
of the ICT process. [16, 17] 

The strengths of these sensing characteristics are the self-calibration of two 
excitation/emission bands which could remove the influence of photobleaching, 
deviated microenvironments, local probe concentration, and experimental 
parameters. 

 

Scheme 1.4 Intramolecular charge transfer mechanism (ICT). [8] 
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3) Excited-State Intramolecular Proton Transfer (ESIPT) 

ESIPT process is commonly found in compounds containing a hydrogen bond 
donor (hydroxyl or amino group) that can form an intramolecular hydrogen bond with 
a neighboring heteroatom in the same conjugation system. The examples of ESIPT 
fluorophores are illustrated in Figure 1.3.  

A photochemical process of ESIPT molecule containing hydroxyl group as 
hydrogen bond donor is shown in Scheme 1.5. In the ground state, ESIPT molecules 
usually exist in an enolic form (E). Upon photoexcitation, the hydroxyl proton of the 
molecule in the enol excited state (E*) migrates to the hydrogen bond acceptor to 
form the keto excited state (K*). After the release of energy to the ground state of the 
keto form (K), reverse proton transfer (RPT) will occur to form the initial enolic form. 
Due to the existence of two excited states, the ESIPT compound's fluorescence 
spectrum commonly shows two emission maxima from both tautomers. [18-22] 
 The keto form's emission band displays a large Stokes shift which helps reduce 
background noise, making it a strong point of ESIPT-based fluorescent sensor. The 
design of ESIPT-based fluorescent sensors is generally based on inhibiting the formation 
of an intramolecular hydrogen bond upon the addition of metal ions because the 
complexation with some metal ions may induce the deprotonation of the hydrogen 
bond donor. As a result, there are no exchangeable protons available, only enol 
emission is observed. [23] 

 

Figure 1.3 Representative examples of commonly used ESIPT fluorophores. [23] 
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Scheme 1.5 Diagrammatic description of the ESIPT process. [23] 
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4) C=N Bond Isomerization 

Isomerization around the C=N bond can be achieved photochemically with UV 
and visible light. The evidence suggests that compounds bearing an unbridged C=N 
bond (see examples in Figure 1.4) generally lose fluorescent properties because C=N 
isomerization is one of the decay processes in the excited state. [24] 

However, the C=N isomerization could be inhibited by metal ions through 
complexation in a fluorescent-sensing molecule as shown in Figure 1.5. As a result, 
the fluorescence of the metal complex enhances dramatically due to the suppression 
of C=N isomerization in the excited states. [25-27] 

 

Figure 1.4 Molecular structures of imine derivatives. [26] 

 

Figure 1.5 (a) Analyte-free and (b) analyte-bond mechanism in the fluorescent sensor 
for the restriction of C=N isomerization. [27] 
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1.3.2 Mn+-promoted reaction-based sensors 

Due to the nature of most transition metals such as the reversibility of metal-
ligand bonds for host-guest chemistry, the Lewis acid nature, and the redox flexibility, 
they sometimes serve as catalysts or reagents in organic transformation. The design of 
reaction-based sensors involves the chemical reaction of the target metal cation at 
the reactive functional groups of molecular sensors resulting in both the breaking and 
forming of the covalent bonds. These types of probes are known as chemodosimeters. 
The reaction can be controlled by designing the appropriate conditions such as 
solvent, pH, and temperature. This kind of probe exhibits a slow response and 
irreversible behavior.  

The example reactions involving metal catalysts are hydrolysis reactions as 
shown in Scheme 1.6. Assume that the free probe has no fluorescence signal. When 
the target metal ion interacts with the reactive site of the molecular sensor (usually 
located in a receptor unit). If it can accelerate the hydrolysis reaction, the metal 
complex part is cleaved from the free fluorophore part. In this case, either the 
fluorophore part or the metal complex which is generated from the reaction exhibits 
a fluorescence signal to report information. 
 In other words, the irreversible reactions induced by specific metal ion result 
in products that have optically different properties from the starting molecular sensor. 
Therefore, the objective of chemodosimeter research is to find a specific reactivity for 
the binding site and the target metal ion. [28-30] 

 

Scheme 1.6 Schematic operating protocols of chemodosimeter. [30] 
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1.4 Julolidine 

 One of the fluorescent dye families that have received the greatest research 
attention is the julolidine derivatives, which are also among the most widely utilized 
fluorescent substances. Julolidine was first synthesized in 1892 by Pinkus when he 
reacted 1,2,3,4-tetrahydroquinoline with 3-chloro-1-bromopropane and the name 
“julolidine” was given by Reissert in 1893. [31] The julolidine ring has a similar chemical 
structure with N,N-alkylated aniline in the former two N-alkyl chains undergo bis-
annulation back to the aromatic ring locking the nitrogen lone pair into conjugation 
with the aromatic cycle. [32]  

As depicted in Figure 1.6, julolidine derivatives have been shown to have 
potential in many applications such as for metal sensing [33, 34], dye-sensitized solar 
cells [35], antidepressants and tranquilizers [36], photoconductive materials [37], 
chemiluminescent substances [38], and nonlinear optical materials [39]. 

 

Figure 1.6 Some examples and applications of julolidine derivatives. [40] 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13 

1.5 Hydrazone 

Hydrazones are compounds containing the structure R2C=NNR2, (Figure 1.7) 
formally derived from aldehydes or ketones by replacing =O by =NNH2 (or substituted 
analogs). [41, 42] Hydrazone group is usually found in the receptor part of fluorescent 
sensors because it has two nitrogen atoms that are Lewis bases in nature and can act 
as donor atoms in the chelation of metal ions. Meanwhile, the carbon atom of the 
hydrazone group has both electrophilic and nucleophilic characteristics due to the 
bonding with the high EN nitrogen atom and the conjugation with a lone pair of 
electrons on the terminal nitrogen atom. [43, 44] If the substituent at the terminal 
nitrogen site of hydrazones is an acyl group, the compound is acyl hydrazones. Acyl 
hydrazones can be synthesized by condensation reaction between aldehydes or 
ketones and hydrazide. This additional carbonyl group allows electron delocalization 
within the hydrazone component and increases the denticity of these compounds. 
[45]  

 

Figure 1.7 The general structure of hydrazine, hydrazone, hydrazide, and acyl 
hydrazone. 

Tautomerism is an interesting feature of acyl hydrazone. They exist as an 
equilibrium mixture of keto and enol forms in a solution through intramolecular proton 

transfer. (Scheme 1.7) This process causes a change in the π-electronic configuration 
and extends conjugation. Due to tautomerism, acyl hydrazones could be considered 
as bidentate ligands in two forms including neutral ligands in keto form and mono-
anionic ligands in enolic form. [46, 47] 
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Scheme 1.7 Tautomerism in Acylhydrazone. 

However, the addition of an alkyl or aryl group containing one or more 
heteroatoms might further improve the denticity of these compounds. If the 
heteroatom exists in a suitable position and can coordinate with a metal ion, the 
hydrazone behaves as a tridentate ligand. When the coordination number increases, 
the stability of the complexes increases. 

Due to their functional diversity, direct synthesis, stability toward hydrolysis 
compared to imines, and modularity, acylhydrazones allow their application in the 
detection of cations and other species. 
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1.6 Fluorescent sensors from N-acylhydrazone derivatives 

Since many N-acylhydrazone-based fluorescence sensors have been reported 
in the database, only 62 compounds with the structures related to this work were 
selected for discussion in this review. The derivatives with the same N-acyl unit are 
grouped for comparing their sensing properties to understand the nature of these 
compounds. (Table 1.1) 

Table 1.1 The N-acylhydrazone derivatives in the review. 

 

R group 
Name of its hydrazide 

derivative 
Compound 

Number 
The study in 

this work 

The acyl of non-heteroatom substituent 

 
Acetohydrazide 1-3 ✓ 

 
Benzohydrazide 4-14 - 

The acyl of phenyl ring containing heteroatom substituent at 2-position 

 
2-Hydroxybenzohydrazide 15-26  

 
2-Aminobenzohydrazide 27-31 - 

The acyl of heterocyclic at 2-position 

 
2-Pyridinecarbohydrazide 32-48  

 
2-Pyrrolecarbohydrazide 49-53 - 

 
2-Furancarbohydrazide 54-58 - 

 
2-Thiophenecarbohydrazide 59-62 - 
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1.6.1 Derivatives derived from acetohydrazide. 

Acetohydrazide is the smallest carbohydrazide that is selected for designing 
molecular sensors with simple structures.  

In 2014, Wang et. al. designed compound 1 [48] which is derived from the 
condensation reaction of acetohydrazide and 2-hydroxybenzaldehyde. In water, sensor 

1 gave very weak green fluorescence (𝜙fl = 0.01), partially attributing to the PET effect 
from the amide nitrogen. Apparently, the emission of 1 exhibited a large Stocks shift 
due to the ESIPT process between the hydroxyl group with the adjacent imine bond. 
They found this sensor could produce a bright blue fluorescent ‘‘turn-on” response 

upon exposure to Al3+ with its 𝜙fl reaching as high as 0.73. The evidence from large 
spectral bathochromic shift and 1H-NMR indicated the deprotonation of the hydroxyl 
group, because of Al3+-binding to phenol. The strong binding of compound 1 with Al3+ 
suppressed the PET and ESIPT process as shown in Scheme 1.8. The complex was 
assumed to have a ligand-to-metal ratio of 2:1 based on Job plot analysis and 
isosbestic point. However, a slight turn-on effect was observed from Zn2+, whereas Ni2+, 
Co2+, Cu2+, Fe2+, and Fe3+ were found to be quenchers of this fluorescence sensor.  

 

Scheme 1.8 Possible sensing mechanism of 1 with Al3+. [48] 
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In 2019, Wang et. al. reported a “turn on” fluorescent chemosensor 2 [49] that 
has a similar structure to compound 1 with the additional hydroxyl group on the 
aromatic ring (Figure 1.8). The results suggested that this additional hydroxyl group 
affected the emission wavelength by shifting to a longer wavelength when compared 
with 1. Interestingly, Job’s plot analysis validates the stoichiometry between the probe 
and Al3+ to be 1:1 and the detection limit of compound 2 was calculated to be 0.66 
µM which is below than detection limit of compound 1 (0.5 nM).  

 

Figure 1.8 Structure of sensors 2. 

Wu et. al. investigated quinoline containing Schiff bases 3 [50] for the 
recognition of Zn2+ in living cells. Compound 3 displayed a fluorescence ‘‘turn on’’ 
response in the presence of Zn2+ with a detection limit of 89.3 nM. Initially, the free 
Schiff base sensor 3 exhibits weak fluorescence primarily due to C=N isomerization. 
Binding with Zn2+ inhibits the isomerization of the imine bond, thereby increasing the 
fluorescence intensity through the MCEF mechanism. The characterization experiments 
confirmed the enolization and deprotonation of the carbonyl group and the 
participation of the quinoline nitrogen atom in the coordination complex (Scheme 
1.9). The study of coexisting metal cations indicated that Co2+ and Cu2+ interfere in the 
detection of Zn2+ due to the high coordination affinity and inherent magnetic 
properties. Moreover, the strong Lewis acidity of Cr3+ may induce the hydrolytic 
cleavage of the imine bond.  

 

Scheme 1.9 Possible sensing mechanism of 3 with Zn2+. [50] 
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However, compound 1-3 has some limitations such as a few competitive metal 
ions and a short-conjugated system, so the researchers have designed novel 
fluorescence sensors by extending the conjugated system or adding more donor atoms 
to increase the sensing ability. Table 1.2 shows the comparison of some properties of 
sensors 1-3. 

Table 1.2 Some parameters of fluorescent probe 1-3. 

No. Analyte Solvent 
λex / λem 

(nm) 
Interference Mode 

1 
[48] 

Al3+ water 352 / 441 Ni2+, Co2+, Cu2+, 
Fe2+, Fe3+ 

Turn on 

2 
[49] 

Al3+ water 350 / 500  Ga3+, Cu2+, Fe3+ Turn on 

3 
[50] 

Zn2+ EtOH/HEPES 
(pH 7.40, 3/7, v/v) 

360 / 525  Co2+, Cr3+, Cu2+ Turn on 
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1.6.2 Derivatives derived from benzohydrazide. 

Schiff bases 4 [51, 52] and 5 [53] have a similar structure with a benzohydrazide 
moiety but 5 had more steric hindrance than 4 because of two tert-butyl groups on 
the salicylaldimine moiety (Figure 1.9). Both compounds were good indicators for Zn2+ 
in aqueous ethanol. In the absence of Zn2+, the fluorescence emission of 4 and 5 were 
very weak. Upon the addition of Zn2+ to the sensor solutions, there was a significant 
enhancement in the fluorescence emission band. The selectivity mechanism of 4 and 
5 for Al3+ is based on a combinational effect of proton transfer (ESPT), C=N 
isomerization, and MCEF. Job’s plot analysis revealed the coordination mode of probe 
4 with Zn2+ is 2:1 and probe 5 with Zn2+ is 1:1 stoichiometry, it is apparently due to 
the steric effect of compound 5.  

 
Figure 1.9 Sensors 4 and 5 derived from benzohydrazide. 

 Huang et. al. reported the on-off coumarin-based fluorescent chemosensor (6). 
[54] This chemosensor had a quantum yield of 0.289 in H2O/DMSO (9:1, v/v). Only Cu2+ 

caused a significant fluorescence decrease (𝜙fl = 0.024). This process involved the 
complexation of Cu2+ with the tautomeric enol form which can be confirmed by the 
crystal structure (Scheme 1.11). This compound showed a detection limit of 0.1 µM 
for Cu2+, an association constant estimated to be 6.4 × 105 M−1, and a response time 
of 2 min upon the addition of 1 equivalent of Cu2+.  

 
Scheme 1.10 Possible sensing mechanism of 6 with Cu2+. [54] 
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 In 2012, Hou et. al. reported the development of a fluorescein-based 
chemosensor (7). [55] The chemosensor 7 displayed on–off–on type fluorescence 
change with alternately added Cu2+ and H2S to the media along with reversible 
forming–separating of the complex. In the absence of metal ions, a strong emission 
peak was observed at 523 nm, after adding 1 equivalent of Cu2+, it displayed 28-fold 
fluorescence quenching. The complex 7-Cu2+ (Scheme 1.11) was confirmed by ESI-MS, 
elemental analysis, and UV-vis spectrum, and supported by DFT calculation.  

 
Scheme 1.11 Possible sensing mechanism of 7 with Cu2+. [55] 

In 2013, Zhao et. al. designed and synthesized a 1,8-naphthalimide-based 
chemosensor 8 [56] as a new turn-on fluorescent probe for the detection of Zn2+ with 
high selectivity over other metal ions (Figure 1.10). Apparently, the sensing mechanism 
is attributed to the replacement of the protons of the O–H groups by Zn2+ at the 
binding site which was confirmed by 1H NMR spectroscopic analysis. It appeared that 
this event blocked the PET process. The fluorescence intensity of 8 is linearly 
proportional to Zn2+ concentrations of 0–4 µM, and the detection limit is as low as 
1.03 µM. Sensor 8 was successfully applied to the fluorescence imaging of zinc ions in 
different cells and the cytokinesis-block micronucleus assay. 

 

Figure 1.10 Sensors 8 derived from benzohydrazide. [56] 

 

     

Figure 1.9 Sensors 8 derived from benzohydrazide. [54] 

8-Zn2+ 
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Liao et. al. investigated a fluorescent turn-on chemosensor 9  based on methyl 
pyrazinyl ketone. [57] The free probe does not show any fluorescence in common 
solvents, including DMF, THF, DMSO, EtOH, MeOH, acetone, and acetonitrile. The PET 
appears to have been facilitated by the lone pair of electrons from the nitrogen atom 
in the Schiff base which suppressed the fluorescence emission of 9. However, the 
addition of Al3+ to the solution of 9 led to the great enhancement of yellow-green 
fluorescence due to the formation of a 1:1 complex between 9 and Al3+ (Scheme 
1.12). It is noticeable that the addition of Ga3+ and In3+, which are in the same group 
as Al3+, could produce feeble fluorescence emission. The association constant Ka of 
the complex was calculated to be 1.24 x 107 M-1. 

 
Scheme 1.12 Possible sensing mechanism of 9 with Al3+. [57] 

In 2014, Lee et. al. developed a fluorescence sensor 10 [58] by integrating the 
8-hydroxyjulolidine and the acylhydrazone functionality. Chemosensor 10 exhibited 

little emission with a low fluorescence quantum yield (𝜙fl = 0.035). This chemosensor 
exhibited selectivity and sensitivity towards Al3+ by fluorescent intensity enhancement 

(𝜙fl = 0.502). This fluorescence enhancement could be explained by an ESIPT 
mechanism, C=N isomerization, and MCEF (Scheme 1.13). Apparently, paramagnetic 
properties of Cr3+, Cu2+, and Fe3+ promoted dissipation of the excited state energy in a 
non-radiative process.  

 
Scheme 1.13 Possible sensing mechanism of 10 with Al3+. [58] 

 
10-Al3+ 10 
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 In 2016, Liu et. al. [59] and JI et. al. [60] synthesized compound 11 via the 
simple condensation reaction of benzohydrazide and 2-hydroxy-1-naphthaldehyde. 
The first research carried out experiments under acetonitrile/H2O media, whereas 
another researcher did it in EtOH/H2O solution. However, the chemosensor showed 
effective fluorescent selectivity and high sensitivity for Al3+ with fluorescence 
enhancement. A Job’s plot of two works indicated a 1:1 stoichiometric complexation 
of 11 with Al3+. The detection limit for Al3+ was determined as 8.87 × 10−7 M in Liu’s 
work and as 1.3 × 10−7 M in JI’s work. The binding pattern between 11 and Al3+ was 
examined by 1H NMR titration experiments in Lui’s work. The phenolic OH proton peak 
disappeared upon the addition of Al3+, indicating the ligand’s deprotonation in the 
presence of Al3+. Meanwhile, the imine proton shifted because the C=N group and 
carbonyl group coordinated with Al3+, which changes the electron distribution in the 
sensor (Scheme 1.14). 

  

Scheme 1.14 Possible sensing mechanism of 11 with Al3+. [59, 60] 

In 2017, Nan et. al. synthesized chemodosimeter 12 [61] bearing 
benzohydrazide and dimethyl aminobenzylidene moiety. As a solution, compound 12 
emitted weak fluorescence at 409 nm with a total fluorescence quantum yield of 
0.0079 in CH3CN. When exposed to Cu2+, sensor 12 produced a remarkable 
fluorescence enhancement. Mechanism investigations revealed that the highly 
selective behavior of these receptors towards Cu2+ could be attributed to the Cu2+-
mediated oxidative cyclization of these compounds to the corresponding 1,3,4-
oxadiazoles as shown in Scheme 1.15. Quantum calculations and solvent effects 
proved that the sensor might have an intramolecular charge transfer process, which 
could be prevented by the oxidative cyclization mechanism. Cu2+ in the drug sample 
was determined using sensor 12 with a low detection limit of 22 nM.  

 

Scheme 1.15 Possible sensing mechanism of 11 with Al3+. [57, 58] 

11 11 + Al3+ 
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Scheme 1.15 Possible sensing mechanism of 12 with Cu2+. [61] 

Moreover, a series of N-acylhydrazones 13 and 14 [62] (Figure 1.11) was 
synthesized and found to be “turn-on” fluorescent chemodosimeters for Cu2+ with 
the same mechanism as compound 12.  

 
Figure 1.11 Sensors 13 and 14 derived from benzohydrazide. 

It is noteworthy that the building block of the chelating site of most 
compounds has a similar structure to compound 1 because it provides a hydroxyl 
oxygen atom in position 3 from the terminal nitrogen of the hydrazone group which 
can serve as the donor atoms together with carbonyl oxygen and imine nitrogen of 
acyl hydrazone group. As a result, these sensors have the selectivity to Zn2+ or Al3+ by 
turn-on response. However, Cu2+ could quench their fluorescence signal except for 
compound 8. Interestingly, three reported chemosensors without a hydroxyl group 12, 
13, and 14 exhibit turn-on response to Cu2+ via reaction mode. 
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Table 1.3 Some parameters of fluorescent probe 4 - 14. 

No. Analyte Solvent λex / λem 
nm 

Interference Mode 

4 
[51] 

Zn2+ EtOH : H2O  
(9:1 v/v) 

390 / 495 No data Turn on 

5 
[53] 

Zn2+ EtOH:Tris-HCl buffer   
(pH 7.13, 8:2 v/v) 

336 / 505  Cr3+, Fe3+, Cu2+ 

(Turn off) 
Turn on 

6 
[54] 

Cu2+ DMSO : H2O 
(9:1 v/v) 

450 / 523 
 

No interference Turn off 

7 
[55] 

Cu2+ CH3CN : HEPES 
(pH 7.0, 6:4 v/v) 

494 / 523  Fe3+, Ni2+ 

(Turn off) 
Turn off 

8 
[56] 

Zn2+ CH3CN : HEPES 
(pH 7.4, 6:4 v/v) 

410 / 556  No interference Turn on 

9 
[57] 

Al3+ EtOH 390 / 506 Fe3+, Cu2+ 

(Turn off) 
Turn off 

10 
[58] 

Al3+ MeOH : bis-tris buffer 
 ((pH 7.0, 999:1 v/v). 

410 / 483 Cu2+, Fe2+, Fe3+, 
Cr3+ (Turn off) 

Turn on 

11 
[59] 

Al3+ CH3CN : H2O  
(1:1 v/v) 

365 / 468 
 

Fe3+, Cu2+ Turn on 

12  
[60] 

Cu2+ CH3CN 310 / 360 No interference Turn on 

13  
[61] 

Cu2+ CH3CN - / 360 No interference Turn on 

14  
[62] 

Cu2+ CH3CN - / 355 No interference Turn on 
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1.6.3 Derivatives derived from 2-hydroxybenzohydrazide (Salicyloyl hydrazide) 

According to previous derivatives, most chemosensors have a significant 
increase in fluorescence which can be explained by the stable chelation with certain 
metal ions, the inhibition of C=N isomerization, and the prevention of the ESIPT 
process. However, a series of N-acylhydrazones derived from salicyloyl hydrazide 
mentioned below also use the same strategy. Therefore, this section will discuss the 
influence of additional hydroxyl groups on salicyloyl moiety in terms of structure and 
their selectivity for metal ions. The first three similar structures of N-acylhydrazones 
derived from salicyloyl hydrazide bearing with three different fluorophores: 
salicylaldehyde (15) [51], naphthalene (16) [63], and pyrene (17) [64] were shown in 
Figure 1.12.  

The experimental condition of 15 was performed in aqueous ethanol and the 
other two were performed in aqueous CH3CN. Compounds 15 and 17 had selectivity 
for Zn2+, whereas compound 16 had high selectivity for Al3+ through the turn-on 
response. Interestingly, changing the solvent from aqueous ethanol to aqueous DMF 
allowed 15 to change its ion selectivity from Zn2+ to Mg2+ as shown in Figure 1.13. 
Notably, DFT and NMR studies of compounds 16 and 17 substantiated that phenolic 
oxygen on salicyloyl moiety participated in the chelation with metal ions, whereas 
phenolic oxygen on salicyloyl moiety of 15 did not. 

 
Figure 1.12 Sensors 15, 16, and 17 derived from salicyloyl hydrazide. 

 
Figure 1.13 Possible binding mode of 15 with Mg2+ and Zn2+. [51] 
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  In 2016, Zhang et. al. designed and synthesized a new Schiff base fluorescence 
probe 18 [65] which has a similar structure to 15 with the extended conjugation of the 
allyl group on position 3 of salicylaldehyde moiety. As expected, the fluorescence of 
18 was enhanced by Mg2+ in DMF/water like 15. The difference between 15 and 18 is 
the binding ratio for Mg2+ of 18 is 2:1 (Scheme 1.16), while 15 is 1:1. Moreover, the 
binding constant of 18 was determined to be 1.02 x 107 M-1 which was more than 15 
(2.96 x 104 M-1). However, Cu2+ and Fe3+ were also found to be the competitive metal 
ions for Mg2+ detection. 

 
Scheme 1.16 Possible sensing mechanism of 18 with Mg2+. [65] 

 To expand the conjugated system like compound 18, in 2019, Liu et. al. 
designed and synthesized a fluorescent probe 19 [66] derived from triphenylamine. In 
CH3CN/water, the fluorescence of 19 at 540 nm was significantly enhanced only by 
Zn2+ with a larger Stokes shift (210 nm), but the fluorescence of 19 was quenched in 
the existence of Co2+ and Cu2+. Meanwhile, when Zn2+ was added, it was seen by the 
naked eye that the solution turned from colorless to yellow. The chelating site of 19 
towards Zn2+ was characterized indicating that the N atom of C=N, the O atom of C=O 
and −OH (of salicylaldehyde moiety), and the Cl− and H2O from the solution 
coordinated with the center Zn2+ to form a complex (Scheme 1.17). 

 
Scheme 1.17 Possible sensing mechanism of 19 with Zn2+. [66] 
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Next, hydroxypyrazole derivative 20 [67] and 1,2,3-triazole derivative 21 [68] 
can be used as a “turn-on” fluorescent chemosensor to detect Al3+ in ethanol. The 
detection limit of Al3+ was estimated to be 2.5 x 10-8 for 20 and 1.2 x 10-8 M for 21. 
Job's plot suggested a 1:1 stoichiometry for both compounds (Figure 1.14). 1H NMR 
titration experiments revealed that 21 can chelate Al3+ through interactions with imine 
nitrogen and oxygen of the phenolic hydroxyl group. However, 20 did not provide data 
about this interaction. 

 
Figure 1.14 Possible binding mode of sensors 20 with Al3+ [67] and 21 with Al3+ [68]. 

The next pair of compounds is a good example to demonstrate the influence 
of the position of the hydroxyl group on the selectivity for metal ions. Compounds 22 
[69] and 23 [70] are the derivatives of benzothiazole which have sulfur and nitrogen 
as the additional donor atoms (Figure 1.15). Both molecules have a similar structure, 
but the position of the hydroxyl group highlighted blue of both molecules is different. 
Remarkably, this hydroxyl group of 22 could exhibit ESIPT with C=N in both the 
hydrazone unit and the benzothiazole unit, whereas 23 could exhibit ESIPT only with 
the benzothiazole unit. With this difference in structure, 22 was accomplished in the 
determination of Zn2+ and Al3+ via fluorescence ratiometric responses, whereas 23 
showed dual functionality including sensing changes in pH with a turn-on response and 
detecting Cu2+ with a ratiometric response. The sensing experiments of both derivatives 
were performed in DMF/H2O. In the case of 22, the limit of detection for Zn2+ and Al3+ 
was 0.127 µM and 0.1 µM, respectively and the binding ratio of a probe with Zn2+ and 
Al3+ were determined as 1:1 and 2:1, respectively. In the case of 23, the limit of 
detection for Cu2+ was calculated as 1.35 µM and the ratio of the probe to the Cu2+ 
was 1:2. However, the design of the copper turn-on sensor is interesting because 
almost all of the aforementioned N-acylhydrazone sensors are quenched fluorescence 
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signal by Cu2+. The researchers proposed the sensing mechanism of 23 for Cu2+ as 
follows: Cu2+ first coordinated with the benzothiazole moiety which led to the drop in 
fluorescence intensity due to the paramagnetic nature of Cu2+. When the amount of 
Cu2+ added was greater than 1 equivalent, excess Cu2+ further coordinated with the 
oxygen atom of the hydroxyl in the ortho-position of the hydrazide, which resulted in 
the ICT process from the oxygen atom of the hydroxyl to the benzothiazole core was 
inhibited.

 

Figure 1.15 Possible binding mode of sensors 22 with Zn2+ [69] and 23 with Cu2+ [70]. 

In 2020, Chen et. al. introduced two kinds of fluorophores sensors, including 
coumarin (24) and triphenylamine (25), for Cu2+ detection [71]. Predictably, both 
compounds could recognize Cu2+ with a fluorescence turn-off mechanism. The 
strength of this work is the proposed binding mode was confirmed by Job's plot and 
the single-crystal structure of the 24-Cu2+ complex (Figure 1.16). Density functional 
theory (DFT) calculation was carried out to get insight into the mechanism of Cu2+ 
sensors. The result suggested that the ICT of sensors was blocked after binding Cu2+, 
which leads to fluorescence quenching.  

 
Figure 1.16 Possible binding mode of sensors 24 with Cu2+ and 25 with Cu2+. [71] 
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Finally, Fan et. al. reported a new BODIPY derivative bearing salicyloyl hydrazide 
moieties as a ratiometric fluorescence chemodosimeter 26 for Cu2+ in DMF-H2O. [72] 
The solution of probe 26 displays a single emission band centered at 555 nm upon 
excitation at 525 nm. Upon the addition of Cu2+, the emission band around 505 nm 
increased, whereas the emission band centered at 555 nm decreased. Meanwhile, the 
excitation wavelength changed to 450 nm upon the addition of Cu2+. The sensing 
mechanism of the chemodosimeter 26 toward Cu2+ was proved by the 1H NMR 
experiments. It suggests that the C=N bond in the hydrazone unit of probe 26 was 
hydrolyzed in the presence of Cu2+ to generate the green fluorescence product 
BODIPY-CHO (Scheme 1.18). The ratiometric response F505/F555

 was not induced any 
change with any competitive metal ions. The detection limit of this sensor was 
determined to be 0.2 µM. 

 
Scheme 1.18 Possible sensing mechanism of 26 with Cu2+. [72] 
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Table 1.4 Some parameters of fluorescent probe 15 - 26. 

No. Analyte Solvent λex / λem 
nm 

Interference Mode 

15[51] 
Zn2+ 90% EtOH/H2O 390 / 488 Fe3+, Co2+, Cu2+ Turn on 

Mg2+ 90% DMF/H2O 410 / 453 Fe3+, Co2+, Ni2+, Cu2+ Turn on 

16[63] Al3+ 80% CH3CN/H2O 425 / 472 No interference Turn on 

17[64] Zn2+ 50% CH3CN/H2O 490 / 556 Co2+, Cu2+ Turn on 

18[65] Mg2+ 80% DMF/H2O 391 / 465 Fe3+, Bi2+, Cu2+ Turn on 

19[66] Zn2+ 60% CH3CN/H2O 330 / 540 Co2+, Cu2+ Turn on 

20[67] Al3+ EtOH 
381 / 396, 

419 
Mn2+, Zn2+, Hg2+, Fe3+, 
Ba2+, Ni2+, Co2+, Cu2+. 

Turn on 

21[68] Al3+ EtOH 358 / 442 No interference Turn on 

22[69] 

Al3+ 50% DMF/H2O 420 / 494 No interference Turn on 

Zn2+ 50% DMF/H2O 420 / 508 No interference Turn on 

23[70] Cu2+ 30% DMF/H2O  
(pH 13) 

390 /  
451, 498 

No interference Ratio-
metric 

24[71] Cu2+ 50% DMSO/H2O 460 / 518 No interference Turn off 

25[71] Cu2+ 50% DMSO/H2O 370 / 476 No interference Turn off 

26[72] Cu2+ 70% DMF/H2O 450 / 
505, 555 

No interference Ratio-
metric 
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1.6.4 Derivatives derived from 2-aminobenzohydrazide. 

 To compare the influence of hydroxyl and amino groups on the selectivity of 
the sensor according to the Hard-Soft Acid-Base principle, the previously reported 
fluorescence sensors derived from 2 - aminobenzohydrazide are presented in Figure 
1.17 to compare the properties with 2-hydroxybenzohydrazide derivatives. However, 
the selectivity to metal ions of these derivatives is not significantly different from that 
of 2 -hydroxybenzohydrazide derivatives because they still have selectivity towards 
Zn2+, Mg2+, and Cu2+ as well (Table 1.5).  

 
Figure 1.17 Sensors 27 – 31 derived from 2-aminobenzohydrazide. 

Table 1.5 Some parameters of fluorescent probe 27 - 31. 

No. Analyte Solvent λex / λem (nm) Mode 

27 [73] Zn2+ 30% CH3CN/HEPES (pH 7.4) 360 / 485 Turn on 

28 [74] Zn2+ 40% THF/HEPES (pH 7.4) 360 / 467 Turn on 

29 [75] Mg2+ 90% EtOH/HEPES (pH 10) 415 / 482 Turn on 

30 [76] Cu2+ 80% EtOH/HEPES (pH 6.3) 350 / 393, 215 Turn on 

31 [77] Cu2+ 40% EtOH/HEPES (pH 7.4) 520 / 556 Turn on 
*No interference was observed from all derivatives. 
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1.6.5 Derivatives derived from 2-Pyridinecarbohydrazide (Picolinohydrazide). 

Picolinohydrazide is the pyridine substituted at the C-2 position with the 
carbohydrazide functional group. The nitrogen on the pyridine ring can serve as an 
additional donor atom for metal chelation. One characteristic of picolinohydrazide is 
it can undergo the intramolecular hydrogen bond through a five-membered ring 
between N-H of hydrazide unit (hydrogen bond donor) and nitrogen on pyridine 
(hydrogen bond acceptor).  

In 2019, Peng et al. designed and synthesized two derivatives of 
picolinohydrazide 32 and 33 [78] via the condensation with salicylaldehyde and 2-
hydroxynaphthalaldehyde, respectively to compare their ability for metal ion 
detection (Figure 1.18). Both probes exhibited a turn-on fluorescence response toward 
Al3+ in DMF/H2O. In addition, probe 33 was reported by Qin et. al. in 2015 [79] and Dey 
et. al. in 2019 [80] again. 

Noteworthy, Qin et. al. and Peng et al. differently proposed the plausible 
binding mode of 33 and Al3+ as shown in Figure 1.19. One showed that the nitrogen 
atom on pyridine precipitates in coordination, while another does not. However, their 
proposed binding modes were unclear because they did not carry out an experiment 
to explain about the nitrogen of the pyridine ring before and after the complex 
formation. However, the sure results from 1H NMR was the oxygen atom of the -OH 
group was deprotonated when it coordinated to Al3+ and the absence of a signal owing 
to a tautomeric -OH proton suggests that they only exist in keto forms.  

        

Figure 1.18 Sensors 32 and 33 [78] derived from picolinohydrazide. 
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Figure 1.19 Possible binding mode of sensors 33 with Al3+. 

  Next, 34 which is derived from 2,4-dihydroxysalicylaldehyde can be used as a 
turn-on fluorescent probe for Al3+ in DMF/H2O. [81] Interestingly, both hydroxyl groups 
on the aromatic ring of 34 were found to be involved in the chelation of Al3+. Moreover, 
the hydrazide unit transformed to the enolic from in metal complex as shown in Figure 
1.20. This proposed binding mode was confirmed by the presence of a peak at m/z = 
340.70 [34 + Al3+ + 2H2O + 3H+ + Na+]+ in the mass spectrum and 1H NMR spectrum of 
34-Al3+. It suggested that the peaks of protons of its -NH, and two -OH disappeared 
after the addition of excess Al3+. 

  
Figure 1.20 Possible binding mode of sensors 34 with Al3+. [81] 

In 2019, Purkait et. al. reported vanilinyl-picolinyl hydrazide Schiff base 35 [82] 
as shown in Figure 1.21. When compared in terms of structure, the para hydroxyl 
group of 34 was converted to a methoxy group to become 35, it remained specific to 
Al3+. Interestingly, not only Al3+ could turn on the fluorescence signal of 34 but Mg2+ 
also turn on as well. The peculiarities were that Mg2+ reported a yellow emission at 
522 nm (LOD = 45 nM) in DMSO, whereas a strong blue emission was remarked for Al3+ 
in pure water at 460 nm (LOD = 7.4 nM). In addition, Job’s plot revealed a 1:1 for Al3+ 
and 1:2 for Mg2+ for the complexes. Remarkably, 1H NMR titration experiment showed 
both phenolic–OH and hydrazide–NH in 35-Mg2+ indicating that deprotonation and 
tautomerization did not occur which is unlike 35-Al3+. 
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Figure 1.21 Possible binding mode of sensors 35 with Al3+ and Mg2+. [82] 

 In 2018, Liu et. al. developed a fluorescent sensor 36 [83] derived from 4-
(diethylamino) salicylaldehyde. In 2022, Gong et. al. constructed a fluorescent sensor 
37 from natural camphor [84]. Both derivatives 36 and 37 (Figure 1.22) have a similar 
binding site to previous sensors 32-35 and showed obvious fluorescence enhancement 
after binding to Al3+ and Zn2+ at two different emissive channels where Zn2+ gives a 
greater red shift of emission wavelength in both probes. The selectivity study of 36 
was performed in CH3OH/HEPES buffer (1/4, v/v, pH 7.2), whereas 37 was achieved in 
CH3CN/HEPES buffer (v/v, 3/7, 10 mM, pH = 7.4). Interestingly, 1H NMR titration 
experiment revealed that the protons of the pyridine unit of 36 shifted downfield upon 
addition of Al3+ and Zn2 suggesting that the N atoms of the pyridine unit might 
coordinate to the central Al3+/Zn2+. On the contrary, the disappearance of a proton -
NH of 37 was found after the addition of Al3+ or Zn2+ indicating that tautomerization 
occurred in the metal complex and the carbonyl oxygen is likely involved in the 
binding sites. 

 

Figure 1.22 Possible binding mode of sensors 36 and 37 with Al3+ and Zn2+. 
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Tang et. al., Wang et. al., and Zhao et. al. developed new fluorescence sensors 
which bear quinazolinone (38) [85], benzothiazole (39) [86], and 3-hydroxylflavone (40) 
[87], respectively. Since there are many heteroatoms on these three structures, the 
expected result of these probes is probably the selectivity for other metal ions that 
might not be Al3+ or Zn2+. However, all compounds show ability in the recognition of 
Al3+ with turn-on fluorescence as well.  

Interestingly, the binding stoichiometry of 38 with Al3+ was proved by Job's plot 
analysis to be 1:2 which is a rare case in which two metal ions can bind to one 
acylhydrazone unit as shown in Figure 1.23. In the case of 39, nitrogen and sulfur 
atoms on benzothiazole did not involve in the binding of Al3+ which can be proved    
1H NMR. It can be assumed that the position of nitrogen and sulfur on benzothiazole 
is not suitable for metal chelation. Remarkably, Al3+ preferred to be bound to the two 
oxygen on flavone of 40 rather than to the acylhydrazone units. 

 

Figure 1.23 Possible binding mode of sensors 38 – 40 with Al3+. [85-87] 

Purkait et. al., Guo et. al., and Xie et. al. developed fluorescent probes which 
are derivatives of coumarin 41 [88] and 42 [89, 90]. Due to the hydroxyl group at the 
binding site, 41 shows selectivity to Al3+ as in previous probes. However, when carbonyl 
oxygen of coumarin is in the binding site, it promoted 42 to selective only Cu2+ with 
fluorescence quenching (Figure 1.24).  
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Figure 1.24 Possible binding mode of sensors 41 with Al3+ [88] and 42 with Cu2+ [89]. 

Quinoline-based fluorescent probes 43 [91] and 44 [92] were designed and 
synthesized by Wang et. al. and Tang et. al., respectively. Both probes were studied in 
DMSO/HEPES buffer at pH 7.4. Interestingly, in the absence of 8-methoxy group on the 
quinoline unit, 43 responded to Zn2+ with fluorescence enhancement, whereas 44 
which has an 8-methoxy group did not show fluorescence enhancement with any 
metal ions. However, 44 manifested the selective quenching response to Cu2+.  
Moreover, Cu2+ was found to be able to extinguish the signal enhancement of 43 with 
Al3+. The highlight of Tang’s work is they can crystalize the 44-Cu2+ complex. This 
clearly explained the binding pattern of Cu2+ and the picolinohydrazide unit. 
Apparently, the nitrogen atoms in the pyridine and amide groups participated in 
coordination with Cu2+ as shown in Figure 1.25. Notably, the hydrogen atom on amide 
is deprotonated by Cu2+ interaction. This is the reason why Cu2+ tends to compete 
with the target metal ions in many picolinohydrazide-based probes. 

 

Figure 1.25 Possible binding mode of sensors 43 with Zn2+ [91] and 44 with Cu2+ 
[92]. 
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 The same binding pattern between the probe and Cu2+ was also proposed in 
probe 45 which contains a pyrene unit and picolinohydrazide. [93] Interestingly, Cu2+ 
was the only metal ion that caused an enhancement of the blue emission signal in 
CH3OH/H2O. The binding structure of the 45-Cu2+ complex was investigated by 1H NMR. 
Upon the addition of Cu2+, the amide NH proton signal decreased and the adjacent 
proton signals of nitrogen at pyridine disappeared. These observations indicated the 
binding of Cu2+ with an amide group and pyridine (Figure 1.26).  

   

Figure 1.26 Possible binding mode of sensors 45 with Cu2+. [93] 

 In 2015, Kar et. al. prepared Schiff base 46 from 4-(dimethylamino) 
cinnamaldehyde and picolinohydrazide. [94] Exceptionally, the fluorescence intensity 
increased after Cd2+ was added to the solution of 46. Since 46 is the only 
picolinohydrazide-based probe that is selective to Cd2+, it is noteworthy that only 
heteroatom in the picolinohydrazide unit is the important binding site for Cd2+. 
According to X-ray crystallographic investigations, a 2:1 binding stoichiometry is 
preferred in the solid state, whereas a 1:1 stoichiometry is demonstrated in solutions 
(Figure 1.27). 

   

Figure 1.27 Possible binding mode of sensors 46 with Cd2+. [94] 
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 The last two probes based on carbazole (47) [95] and naphthalimide (48) [96] 
displayed a turn-on fluorescence recognition of Cu2+. The fluorescence responses of 
the 47/48 to Cu2+ were studied in buffer solution (pH 7.4 for 47 and pH 5.0 for 48) 
which is diluted with a little volume of DMSO from the stock solution of the probe. 
Interestingly, the mechanism of the probe in sensing Cu2+ could be deduced that the 
Cu2+ promoted hydrolysis reaction to generate the aldehyde fluorophore with high 
fluorescence signal after coordination with the carbonyl oxygen and imine nitrogen 
atoms of the probe (Scheme 1.19). This can be confirmed by 1H NMR titration, mass 
spectroscopy, and comparing UV-vis and fluorescence spectra of the probe after 
adding Cu2+ with a pure aldehyde. The strength of these works is no interference in 
the detection of Cu2+ and the detection could perform in 99% aqueous media. 
 

 
 

 

Scheme 1.19 Possible sensing mechanism of 47 [95] and 48 [96] with Cu2+. 
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Table 1.6 Some parameters of fluorescent probe 32 - 48. 

No. Analyte Solvent λex / λem 
nm 

Interference Mode 

32 
[78] 

Al3+ DMF/H2O  
(1:9 v/v) 

300 / 467 Cu2+, Hg2+ Turn on 

33 
[78] 

Al3+ DMF/H2O  
(1:9 v/v) 

360 / 483 Cu2+ Turn on 

34 
[81] 

Al3+ DMF/H2O  
(1:9 v/v) 

370 / 456 Co2+, Fe3+, Cr3+, Hg2+, 
Cu2+ 

Turn on 

35 
[82] 

Al3+ 

 
H2O  

 
340 / 460 Hg2+, Cu2+, Pb2+, Fe3+ Turn on 

 Mg2+ DMSO 340 / 522 Pd2+, Ba2+, Fe3+, Al3+, 
Co2+, Ni2+, Mn2+ 

Turn on 

36 
[83] 

Al3+ 

 

CH3OH/HEPES 
(pH 7.2, 1:4 v/v) 

390 / 504 no interference Turn on 

 Zn2+ CH3OH/HEPES 
(pH 7.2, 1:4 v/v) 

390 / 575 no interference Turn on 

37 
[84] 

Al3+ 

 
ACN/HEPES  

(pH 7.4, 3:7 v/v) 
365 / 500 no interference Turn on 

 Zn2+ ACN/HEPES  
(pH 7.4, 3:7 v/v) 

365 / 555 no interference Turn on 

38 
[85] 

Al3+ 

 
EtOH/Tris buffer 
(pH 7.4, 9:1 v/v) 

371 / 473 Co2+, Cu2+, Fe2+, 
Fe3+, Ni2+ 

Turn on 

39 
[86] 

Al3+ 

 
MeOH/water  

(pH 6.0, 1:1 v/v) 
403 / 473 Ni2+, Cu2+ Turn on 

40 
[87] 

Al3+ 

 
DMSO/H2O  
(1:9 v/v) 

350 / 453 Hg2+, Cu2+, Mn2+, 
Co2+ 

Turn on 

41 
[88] 

Al3+ HEPES buffer 
pH 7.2 

400 / 470 Hg2+, Cu2+, Cr3+, Fe3+, 
Zn2+, Ba2+ 

Turn on 
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No. Analyte Solvent λex / λem 
nm 

Interference Mode 

42 
[89] 

Cu2+ PBS buffer 
(pH = 7.2) 

470 / 525 no interference Turn off 

43 
[91] 

Zn2+ DMSO/HEPES 
(pH 7.4, 3:2, v/v) 

375 / 484 Co2+, Cu2+, Ni2+, Hg2+ Turn on 

44 
[92] 

Cu2+ 1% DMSO/HEPES 
(pH 7.4) 

340 / 523 no interference Turn off 

45 
[93] 

Cu2+ CH3OH/HEPES 
(pH 7.0, 7:3 v/v) 

360 / 455 no interference Turn on 

46 
[94] 

Cd2+ CH3OH/HEPES  
(pH 7.3, 1:4 v/v) 

405 / 578 no interference Turn on 

47 
[95] 

Cu2+ 0.5% DMSO/PBS  
(pH 7.4) 

422 / 539 no interference Turn on 

48 
[96] 

Cu2+ 1% DMSO/AcOH 
buffer (pH 5.0) 

360 / 440 no interference Turn on 
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1.6.6 Derivatives derived from other heterocyclics. 

 In addition to pyridine, other heterocyclics have also been synthesized as 
fluorescent sensors for metal ions, such as furans, thiophenes, and pyrroles as shown 
in Figure 1.28. However, these derivatives have been studied relatively little and their 
detection results are not significantly different from those of pyridine derivatives, 
except for 55 which shows the selectivity for In3+. 

I. 2-Furancarbohydrazide 

 
II. 2-Thiophenecarbohydrazide 

 
III. 2-Pyrrolecarbohydrazide 

 
Figure 1.28 N-acylhydrazone-based fluorescent sensors 49-62 
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Table 1.7 Some parameters of fluorescent probe 49 - 62 

No. Analyte Solvent λex / λem 
(nm) 

Interference 

49 
[97] 

Al3+ 
 

0.1% DMSO/H2O (pH 5.5) 369 / 458 Cu2+, Fe2+ 

50  
[98] 

Al3+ Bis–Tris buffer (pH 7.0) 390 / 452 Cu2+, Fe2+, 
Fe3+, Cr3+ 

51  
[99] 

Zn2+ 90% EtOH/H2O 322 / 511 Co2+, Cu2+, 
Fe3+, Ni2+ 

52  
[100] 

Zn2+ 99% H2O/EtOH 375 / 493, 
534 

Co2+, Cu2+, 
Fe3+, Ni2+ 

53  
[101] 

Al3+ 80% CH3CN/H2O (pH 7.0) 355 / 464 Cu2+, Fe3+ 

Zn2+ 80% CH3CN/H2O (pH 7.0) 355 / 512 Fe2+, Ca2+, 
Cu2+, Fe3+ 

54  
[102, 103] 

Al3+ 50% DMSO/H2O 320 / 463 None 

55  
[104] 

In3+ EtOH 379 / 465 Cu2+, Pb2+, Ni2+ 

56  
[105] 

Al3+ 20% EtOH/H2O  407 / 476 None 

57  
[106] 

Al3+ CH3CN 420 / 521 Cu2+ 

58 
[107, 108] 

Al3+ 
Zn2+ 

50% DMSO/H2O  375 / 475  None 

59-62 
[109] 

Al3+ 0.3% DMSO/H2O (pH 7.4) 372/446 (59), 
385/448 (60), 
398/453 (61), 
425/480 (62)  

Hg2+, Cu2+, 
Fe2+, Fe3+ 

*All derivatives show turn-on responses to the analyte. 
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1.6.7 Objectives of this research (Part A) 

In previous research [58, 106], the design and synthesis of julolidine-based 
fluorescent chemosensors usually started from 8-hydroxyjulolidine-9-carboxaldehyde 
condensing with hydrazide to generate molecular sensors with acylhydrazone unit as 
shown in Scheme 1.20.  

  

Scheme 1.20 Synthesis of sensors from 8-hydroxyjulolidine in previous research [58, 
106]. 

Since the presence of a  hydroxyl group on julolidine, it promotes the sensing 
mechanism to be the coordination mode which can observe and describe in 10 and 
57. Moreover, other probes containing a  similar binding site with 8-hydroxyjulolidine 
also show similar selectivity and sensing mechanism. However, julolidine without a 
hydroxyl group at position 8 has never been studied for metal ion detection. 
Meanwhile, several acylhydrazone-based sensors without hydroxyl group show 
interesting selectivity for metal ions such as 45 (Cu2+), 46 (Cd2+), and 55 (In3+) and can 
support the sensing mechanism to be the reaction mode as mentioned in 12, 13, 14, 
26, 47, and 48. Therefore, three julolidine derivatives without hydroxyl groups JA, JS, 
and JP were designed and synthesized and investigated their sensory response for 
metal ions in this work (Figure 1.29). 

 
Figure 1.29 Target compound 
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1.7 Aza Crown Ether  

Crown ethers are heterocyclic compounds containing cyclic polyethers. Due to 
the fixed size of the crown cavity, which allows only cations with similar ionic radii to 
enter, the crown ethers behave as selective complexing agents. Simple members of 
the crown ether family, including 12-crown-4, 15-crown-5, and 18-crown-6 are 
generally capable of binding alkali metal ions as shown in Figure 1.30. 

 

Figure 1.30 Simple members of the crown ether family. [110] 

Nevertheless, each oxygen atom on crown ether can be substituted by other 
heteroatoms such as nitrogen called aza crown ethers or sulfur called thia crown ether 
(Figure 1.31a). These heteroatoms have a significant impact on coordinating ability 
even though the cavity's size remains the same because the metal binding affinity of 
each atom is different. [111, 112] Lariat ethers are modified crown ethers that have 
one or more sidearms appended to the ring (Figure 1.31b). The sidearms generally 
contain Lewis basic donor groups to improve the properties for binding cations. [113] 
 Based on sensing mechanisms, ICT and PET processes are usually utilized for 
the design of fluorescence sensors from the aza-crown ether.  

 

Figure 1.31 (a) The structure of aza crown ethers and thia crown ether (b) The 
structure of lariat ethers 

a)       b) 
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1.7.1 ICT-based fluorescent sensors from the aza-crown ether 

  In ICT-based fluorescence probes, the nitrogen of aza-crown ether is normally 
bonded directly to fluorophore as the same conjugated system. Hypsochromic and 
bathochromic shifts of the emission bands can occur after complexation, depending 
on how the metal cation induces the electronic distribution in the molecule. [114] 
Typical examples of ICT-based fluorescence sensors are shown in Table 1.8. 

Table 1.8 Typical examples of fluorogenic ICT sensor 

No. Compound Analyte FEa 𝝀fl [nm]b Ref. 

109 
 

Li+ -105 337 [115] 

110 
 

Li+ -40 545 [116] 

111 
 

Hg2+ -22 515 [117] 

112 
 

Ba2+ –44 536 [118] 

113 

 

Mg2+ -65 440 [119] 

114 
 

Mg2+ +40 665 [120] 

115 

 

Pb2+ +15 491 [121] 

116 
 

Mg2+ 
Ca2+ 

+15 
+13 

498 
496 

[122] 

a Blue (–)/red (+) shift of the initial fluorescence. b 𝝀max after cation binding. 
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1.7.2 PET-based fluorescent sensors from the aza-crown ether 

If the aza-crown ether moiety and fluorophore are linked by a spacer, chelation 
will induce fluorescence enhancement. Because PET from nitrogen in aza-crown ether 
to fluorophore unit causes the fluorescence quenching, chelation with metal ion will 
restrict the electron transfer from nitrogen atom. Typical examples of PET-based 
fluorescence sensors are shown in Table 1.9. 

Table 1.9 Typical examples of fluorogenic PET sensor 
No. Compound Analyte FEa Ref. 

116 

 

Li+ 

Na+ 
3 [123] 

117 
 

Na+ 8 [124] 

118 
 

Ba2+ 17 [125] 

119 
 

Fe3+ 
Turn 
off 

[126] 

120 

 

Mg2+ 

Zn2+ 
15 
30 

[127] 

121 

 

Mg2+ 

Ca2+ 

Sr2+ 

2250 
1700 
1250 

[128] 

122 

 

Hg2+ 5 [129] 

123 

 
Hg2+ 29 [130] 

aFE: Fluorescence enhancement. 
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In 2017, Schwarze et. al. introduced different aza-15-crown-5 ether derivatives 
which have the same backbone as anilino-triazole-coumarin to investigate the 
influences of probe structure towards stabilities of Na+-complex (Table 1.10). [131] 
The stabilities of Na+-complex were determined as Kd values in CH3CN and water. 
Comparing between 124 and 125, when the methoxy group is introduced at the ortho 
position, the Kd in CH3CN decrease from 867 to 5 µM suggesting that the methoxy 
groups in the ortho position are involved in the coordination sphere with Na+.  
However, 126 and 127 which have a lariat structure as 125 show a lower Kd than 124 
as well. Moreover, the influence of fluorophore, diethylaminocoumarin (125), two 6-

membered rings fused coumarin (126), and 𝜋-extended coumarin derivatives (127) 
was observed. Apparently, 126 shows to be most stable Na+-complex with a Kd value 
of 48 mM in water. This evidence suggests that not only the lariat structure supports 
the Na+-complex stability and Na+ selectivity, but also the fluorophore moiety 
influences the Na+-binding properties.  

Table 1.10 Some photophysical properties of 124 - 127 
 

 
124 

 
125 

 
126 

 
127 

aFE in CH3CN 46.5 2.2 1.5 1.6 
FEa in H2O - 5.0 10.9 2.0 
bKd in CH3CN 867 µM 5 µM 6 µM 7 µM 
Kd in H2O - 117 mM 48 mM 223 mM 

 a FE: Fluorescence enhancement, b Kd: Dissociation constants 
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Noteworthy, a “Saturn-like” complex is the common form when crown ether 
encapsulates ions of appropriate size. However, if a metal ion is too large to be bound 
in a Saturn-like manner by a particular crown ether, it is still possible for complexation 
to occur to generate ‘‘half-sandwich’’ with a single ligand, or ‘‘sandwich’’ complexes 
with two ligands (Figure 1.32). [132] 

 
Figure 1.32 Typical modes of complexation of a metal ion to a crown ether. [132] 
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1.7.3 Objective of this work (Part B) 

  Herein, we focus on the design of lariat aza crown ether-based fluorescence 
sensors because nitrogen can be easily further functionalized, and the lariat structure 
provides greater complex stability. Three target compounds are shown in Figure 1.33. 
Because each crown ether can selectively capture a cation of a specific size, the 
objective of this plan is to compare the photophysical properties and selectivity of the 
sensor bearing different cavity sizes of aza crown ether including aza-9-crown-3 (JB1), 
aza-12-crown-4 (JB2), and aza-15-crown-5 (JB3). 

 

Figure 1.33 Target compound JB1, JB2, and JB3 

 In addition, the 4 target compounds with different linker between julolidine 
part and crown ether part were also designed to investigate their sensing ability for 
metal ion detection. 

 
Figure 1.34 Target compound JC1, JC2, JC3, and JC4
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CHAPTER II 
2. EXPERIMENTAL 

 

2.1   Chemicals and Materials 

  All reagents and solvents were purchased from commercial companies (Merck, 
TCI, and Sigma-Aldrich). All column chromatography was operated using silica gel 60 
(70-230 mesh) and aluminium oxide 90 active neutral (70-230 mesh). Thin layer 
chromatography (TLC) was performed on silica gel plates F245. Water used in all 
spectroscopic experiments was deionized with a Milli-Q reference water purification 

system to a specific resistivity of 18.2 MΩ.cm.  
 

2.2  Analytical instruments  

All 1H and 13C NMR spectra were performed on a JEOL NMR spectrometer 

operating at 500 MHz for 1H and 125 MHz for 13C. The chemical shifts (𝛿) and the 
coupling constants in all NMR spectra were calculated by using MestReNova program. 
High-resolution mass spectra were obtained from a JEOL AccuTOFTM-DARTTM. FTIR 
spectra were obtained from a Bruker Alpha II FTIR spectrometer with a Diamond Crystal 
ATR. Melting points were measured on a Stuart analogue melting point apparatus 
SMP11. Absorption spectra were recorded at room temperature using a UV-2550 UV–
vis spectrophotometer (SHIMADZU). Emission spectra were recorded on a Carry Eclipse 
Fluorescence Spectrophotometer (Agilent Technologies) and EnSight™ multimode 
plate reader (Perkin Elmer). The pH buffers were measured from an Ohaus pH meter. 
Inductively coupled plasma-optical emission spectrometer (ICP-OES) (iCAP 6500, 
Thermo Scientific) was used in the experiment of quantitative analysis for Cu2+.  
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PART A: Fluorescence chemosensors from hydrazide derivatives of julolidine 
 

2.3 Synthesis and Characterization of JA, JS, and JP 

2.3.1 N'-((2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene) 

acetohydrazide (JA) 

 

A mixture of acetohydrazide (0.04 g, 0.54 mmol) and julolidine-9-
carboxaldehyde (0.1 g, 0.5 mmol) in 2 mL of MeOH was stirred and refluxed at 80 ºC 
for 3 hours until a light-yellow precipitate appeared. The resulting precipitate was 
filtered and washed several times with hexane and diethyl ether. The white solid 
product was obtained in 0.11 g (68.8%). Mp. > 200 ºC (decomp.). 1H NMR (CDCl3, 500 
MHz): δ 9.02 (s, 1H), 7.54 (s, 1H), 7.07 (s, 2H), 3.21 (t, 4H), 2.75 (t, 4H), 2.35 (s, 3H), 1.96 
(tt, 4H). 13C NMR (CDCl3, 126 MHz,): δ 173.16, 144.75, 144.68, 126.29, 121.20, 120.42, 
50.06, 27.85, 21.82, 20.64. HRMS: m/z calcd. for C15H19N3O+H+ ([M + H+]), 258.1606; 
found, 258.1203. 
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2.3.2 N'-((2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene) 

picolinohydrazide (JP) 

 
A mixture of julolidine-9-carboxaldehyde (0.1 g, 0.5 mmol) and 

picolinohydrazide (0.07 g, 0.51 mmol) in MeOH (2 mL) was stirred and refluxed at 80 
ºC for 3 hours. The bright yellow precipitate was filtered by suction and rinsed with 
diethyl ether and hexane. The yellow solid product was obtained in 0.12 g (66.7%). 
Mp. > 170 ºC (decomp.).  1H NMR (DMSO, 500 MHz): δ 11.76 (s), 8.68 (m, 1H), 8.34 (s, 
1H), 8.09 (m, 1H), 8.03 (td, 1H), 7.63 (m, 1H), 7.06 (s, 2H), 3.19 (t, 4H), 2.70 (t, 4H), 1.87 
(tt, 4H). 13C NMR (DMSO, 126 MHz): δ 159.67, 150.03, 149.95, 148.39, 144.37, 137.95, 
126.69, 126.13, 122.44, 120.53, 120.45, 49.20, 27.09, 21.18. HRMS: m/z calcd. for 
C19H20N4O+H+ ([M + H+]), 321.1715; found, 321.1754. 

2.3.3 2-hydroxy-N'-((2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-

yl)methylene)benzo-hydrazide (JS) 

 

A mixture of salicylohydrazide (0.08 g, 0.53 mmol) and julolidine-9-
carboxaldehyde (0.1 g, 0.5 mmol) in MeOH (2 mL) was stirred and refluxed at 80 ºC for 
3 hours. The yellow product was collected by filtration and washed with diethyl ether 
and hexane. The yellow solid product was obtained in 0.13 g (72.2%). Mp. > 140 ºC 

(decomp.). 1H NMR (DMSO, 500 MHz): δ 8.18 (s, 1H), 7.90 (d, 1H), 7.41 (t, 1H), 7.09 (s, 
2H), 6.93 (m, 2H), 3.18 (t, 4H), 2.69 (t, 4H), 1.86 (tt, 4H). 13C NMR (DMSO, 126 MHz): δ 
165.00, 160.17, 150.38, 145.01, 134.11, 128.58, 126.73, 121.05, 120.63, 119.16, 117.87, 
116.03, 49.72, 27.62, 21.68. HRMS: m/z calcd. for C20H21N3O2+H+ ([M + H+]), 336.1712; 
found, 336.1738. 
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2.4   Photophysical property study of JA, JP, and JS 

2.4.1 Preparation of the stock solutions and experimental condition 

JA, JP, and JS were prepared as stock solutions in DMSO of 1.0 mM. The stock 
solutions were pipetted and diluted with DMSO to the desired concentration before 
the spectroscopic measurement. The absorption, excitation, and emission spectra were 
recorded at ambient temperature.  

2.4.2 Molar absorptivity (𝜺) calculation 

  The molar absorptivity (𝜀) is defined as the ratio of absorbance to the molar 
concentration of a solution which can be represented in the following equation: 

𝜀 =
𝐴

𝑏𝑐
 

Where:  A = absorbance      
b = path length of the beam in the sample 
c = concentration of the solution 

Since the absorbance is directly proportional to the concentration of the 
solution, molar absorptivity can be calculated by measuring the absorbance (at a 
maximum absorption wavelength) through varying concentrations of solution (three to 
five concentrations of one solution) and plotting the concentration versus the 
absorbance on a graph. The slope of the graph is used to estimate molar absorptivity. 

2.4.3 Quantum calculation method 

  The quantum calculations were performed using Gaussian 16. [133] Avogadro 
was used for molecular orbital visualization. [134] All the calculation was done in def2-
SVP/M062X level of theory with SMD solvation model. [135] All the structure was 
optimized with free bond rotations, and the resulting structures were validated by 
checking positive vibrational frequencies. All the conformers were compared to find 
the most stable conformer and would be used to calculate in TD-DFT. The molecular 
visualization was done using Avogadro software. This calculation is an approximation 
from M062X functional. The functional and solvation model could be benchmarked 
for better correlation. 
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2.4.4 Fluorescence quantum yield (𝝓fl) calculation 

 The fluorescence quantum yield (𝜙fl) is defined as the ratio of photons 

absorbed to photons emitted through fluorescence. The 𝜙fl can be measured using 

two methods: the absolute method and the relative method. Here, the 𝜙fl of target 
compounds is calculated by the relative method. In the calculation, it is possible to 

estimate that 𝜙fl refers to the ratio of integrated fluorescence intensities (𝐼) to 
absorbance (𝐴) at the same concentration of solution when integrated fluorescence 
intensities can be observed from the area of the emission band. The ratio 𝐼/𝐴 can be 
abbreviated as 𝑚. Therefore, providing the experimental conditions remain the same, 

the ratio of 𝑚 value of the two solutions can be related to the ratio of the 𝜙fl values. 
The 𝑚𝑅 from the standard reference and 𝑚𝑆 form the sample are further calculated 
using the following equation: 

𝜙𝑆

𝜙𝑅
= (

𝑚𝑆

𝑚𝑅
) (

𝑛𝑆
𝑛𝑅

)
2

 

Where:  
𝑚 = Gradient of the plot of integrated fluorescence intensity against absorbance 
𝑛 = Refractive index of the solvent 
Subscripts ‘𝑆’ and ‘𝑅’ refer to the sample and reference, respectively. 

However, the 𝑚 value is not measured from one concentration but over a 
range of absorbances at the excitation wavelength. The finding of 𝑚 value from the 
slope on a graph of the emission band area against the absorbance at several 
fluorophore concentrations enhances the accuracy of the calculation. In this work, 

quinine sulfate was used as a reference standard with known 𝜙fl values of 0.52 in 0.05 
M H2SO4 solution [136] because its optical properties closely match the sample. 
Noteworthy, a suitable sample concentration must be prepared since quantum yield 
measurements require the solution's absorbance to be less than 0.1 at the absorption 
maxima. By keeping the absorbance below 0.1, non-linear effects from inner filter (re-
absorption) effects are reduced to a minimum, which prevents the resulting quantum 
yield from being unreliable. 
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2.4.5 Effect of solvent on excitation and emission spectra 

  The 16 solvents which have different polarity were used to investigate the 
influence on excitation and fluorescence spectra of target compounds including 
toluene, hexane, acetone, tetrahydrofuran, diethyl ether, acetonitrile, chloroform, 
dichloromethane, dimethyl carbonate, methanol, ethanol, 2-propanol, ethylene 
glycol, dimethyl formamide, dimethylacetamide, and ethyl acetate. The stock 
solutions in DMSO were pipetted and diluted with each solvent to the concentration 
of 10 µM.  
 

2.4.6 Effect of water on emission spectra 

DMSO was chosen as the primary solvent, and the water content was gradually 
adjusted in 10% v/v increments up to 100% v/v. To achieve the desired final 
concentration of the probe, 10 µL of probe stock solution was pipetted into a cuvette 
and diluted with water and DMSO to the desired proportions in the final volume of 1 
mL.  
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2.5   Metal ion selectivity 

2.5.1 Preparation of the metal ion stock solutions 

  The stock solutions of metal ions were prepared in Milli-Q water to a 
concentration of 10 mM using the following commercially available salts: LiNO3, NaNO3, 
KNO3, CsNO3, Mg(NO3)2, Ca(NO3)2, SrCl2, Ba(NO3)3, Al(NO3)3, Ga(NO3)3, Pb(NO3)2, Cr(NO3)3 
Mn(OAc)2, Fe(OAc)2, Fe(OAc)3, Co(NO3)2, Ni(NO3)2, Cu(NO3)2, Zn(NO3)2, Cd(NO3)2, Hg(OAc)2, 
and AgNO3.  

2.5.2 Screening Test 

The three julolidine derivatives were freshly prepared as a solution in DMSO 
with a concentration of 20 µM for diluting metal ions. The experiment was conducted 
by pipetting the 20 µL of each metal ion stock solution into different vials and followed 
by adding the 500 µL of the probe solution. The stoichiometric ratio of the probe with 
metal ions was 1/10. The screening of the emission signal was followed under 
blacklight (365 nm). After that, 500 µL of Milli-Q water was added to each mixture to 
produce 50% v/v DMSO/water media and the fluorescence signals of all solutions were 
observed again. Moreover, other common solvents were also used instead of DMSO 
to observe the change in fluorescence signal. 

2.5.3 Condition optimization: aqueous buffer content 

The microplate technique was used to measure the fluorescence signal in this 
study. The experiments were conducted by adding 2 µL of the probe’s stock solution 
(1 mM) into the well and followed by adjusting the volume of the solution with the 
aqueous buffer and DMSO. The proportions of aqueous buffer in DMSO in this study 
were 10% v/v increments up to 100% v/v. In each well, the concentration of the probe 
was fixed at 10 µM in the final volume of 200 µL. The fluorescence signal of each 
proportion was measured repeatedly and averaged from 8 wells. After the above-
mentioned measurements has been completed, the plate was removed from the 
instrument. Then, the exact volume of Cu(NO3)2 stock solution was added to the same 
plate to measure the fluorescence signal again. The final equivalents of Cu2+ were 
calculated to be 10 in the experiments of JA and JS, and 5 in the experiment of JP.  
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2.5.4 Condition optimization: pH effect 

The buffer solutions were prepared at 100 mM using the following chemicals: 
pH 3-5 from acetic acid/sodium acetate and pH 6-8 from HEPES and NaOH. The 
experimental method was carried out in the same way as the water effect experiment 
which includes the condition with and without Cu2+, but the solution was adjusted 
volume by a 1:1 v/v mixture of aqueous buffer at various pHs and DMSO instead. 

2.5.5 Selectivity study at the optimized condition 
The 10 µM of each probe solution were prepared in 50% v/v DMSO/HEPES 

buffer solution (JA and JP = pH 7.0, JS = pH 8.0). The prepared probes solution was 
divided into two portions. One portion was carried out with a fluorescence 
spectrophotometer to collect the emission spectra, whereas another portion was 
measured with a microplate reader to find the average intensity. Since the final volume 
adjusted in the cuvette was 1000 µL and the maximum volume that can be contained 
in a well is not more than 250 µL, the volume of each pipetted solution was calculated 
to be reduced by about 5 times for the experiment on the microplate.  

I. Fluorescence spectrophotometer method 
  The 10 µL of each metal ion stock solution was pipetted into a quartz cuvette, 
followed by placing the 1000 µL of the prepared probes solution (10 µM) and repeated 
with other metal ions. 

II. Microplate method 
  The 2 µL of each metal stock solution was pipetted in each well on the 
microplate and followed by placing the 200 µL of probes solution. The fluorescence 
signal of each metal ion solution was measured repeatedly and averaged from 4 wells. 
A total of 23 metal ions were measured simultaneously on the same plate. The 
samples on a plate were set to be measured repeatedly 3-5 times every 10 minutes 
until the emission signals in all wells were stable. 
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2.5.6 Interference study 
Under the same measurement conditions for the experiment of metal ion 

selectivity, the competitive signaling behavior of probes toward Cu2+ in the presence 
of the coexistence of metal ions as the background was studied. The only two 
julolidine derivatives, JS and JP, were prepared as the solution of 10 µM in 30 mL of 
50% v/v DMSO/HEPES buffer solution (pH 7.0: JP and pH 8.0: JS). The 2 µL of each 
stock solution, including Cu(NO3)2 and competing metal ions, were pipetted and mixed 
in each well before adding the 200 µL of the probe solution.  
 

2.6   Sensitivity study for Cu2+ detection 

2.6.1 Fluorescence titration 
  Fluorescence emissions of JP and JS with different concentrations of Cu2+ were 
investigated. According to the selectivity study, a fluorescence spectrophotometer and 
a microplate reader were used to collect the emission spectra and find the average 
intensity, respectively. 

I. Fluorescence spectrophotometer method 
The stock solution of Cu(NO3)2 was freshly prepared in Milli-Q water with a 

concentration of 1 mM. Meanwhile, the JP and JS were also freshly prepared as a stock 
solution in DMSO with a concentration of 20 µM.  

The titrated solutions were prepared in 21 vials by pipetting the stock solution 
of Cu(NO3)2 in 1 µL increment from 0 – 20 µL and followed by adjusting the volume 
of all solutions to 20 µL with Milli-Q water. Then, HEPES buffer solution (JA and JP = 
pH 7.0, JS = pH 8.0) was added to make the volume of the titrated solution to be 500 
µL. Finally, 500 µL of the probe stock solution was placed in the vial to give the volume 
of the titrated solution to 1,000 µL.  

At the final condition, the concentration of probe solution was fixed at 10 µM 

and the range of concentrations of Cu2+ ion was 0 - 20 µM in 50% DMSO/HEPES buffer. 
All titrated solutions in vials were left for about 30 minutes to allow the solution to 
come to equilibrium. 
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II. Microplate method 
The stock solution of Cu(NO3)2 was freshly prepared in Milli-Q water with a 

concentration of 200 µM. Meanwhile, the stock solutions of JS and JP were also freshly 
prepared in DMSO at a concentration of 20 µM.  

The titrated solutions were prepared in the well by pipetting the stock solution 
of Cu(NO3)2 in 1 µL increment from 0 – 20 µL and followed by adjusting the volume 
of all solutions to be 20 µL with Milli-Q water. Then, HEPES buffer solution was added 
to adjust the volume of the titrated solution to 100 µL. Finally, 100 µL of the probe 
stock solution was added to the well to give the final volume of the titrated solution 
to be 200 µL.  

At the final condition, the concentration of probe solution was fixed at 10 µM 

and the range of concentrations of Cu2+ ion was 0 - 20 µM in 50% DMSO/HEPES buffer. 
The fluorescence signal of each concentration of Cu2+ was measured repeatedly and 
averaged from 5 wells. All concentrations of Cu2+ in the tested range were measured 
simultaneously in the same plate.  

2.6.2 Time dependent  
According to fluorescence titration on microplate experiment, fluorescence 

emissions of JS and JP at different concentrations were investigated every 10 minutes 
after the addition of Cu2+ until the emission signals in all wells were stable (90 minutes). 

2.6.3 Detection limit 
Detection limits of JS and JP to Cu2+ were obtained from the fluorescence 

titration experiment using the following equation: 

Detection limit   =   
3SD

slope
 

Where SD is the standard deviation of 10 blank solutions of each sensor before 
the addition of the metal ions and the slope is from the fluorescence titration 
experiment in the linear range. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

60 

2.7   Studied of sensing mechanism of JP with Cu2+ 

2.7.1 UV-Vis titration 
UV-Vis titration was performed in the same cuvette of the fluorescence titration 

experiment as mentioned before to find the change of species in the solution when 
the Cu2+ was added into JP.  

2.7.2 Reversibility of JP+Cu2+ by EDTA addition 
The EDTA stock solution was prepared and used to investigate the nature of 

the reversible reaction of JP with Cu2+. The reaction was carried out in 50% 
DMSO/HEPES solution pH 7.0 with the final concentration of JP and Cu2+ to be 10 µM 

and 15 µM, respectively. Then, the EDTA stock solution was pipetted into JP+Cu2+ 
solutions with a final concentration of 100 µM. The solution before and after the 
addition of EDTA was analyzed by UV-Vis and fluorescence spectrophotometer.  

2.7.3 TLC analysis 
TLC analysis was carried out to observe the product from the reaction of JP 

with Cu2+ and to confirm the reversibility of the JP+Cu2+ complex. The five solutions 
including 1) JP, 2) JP+Cu2+, 3) JP+Cu2++EDTA, 4) free julolidine-9-carboxaldehyde (J), 
and 5) free picolinohydrazide (P) were spotted on the plate, and investigated the rate 
of flow. The ethyl acetate/hexane (3:1 v/v) were used as mobile phases. 

2.7.4 1H NMR experiment  
The mixture of JP (10 µM) and Cu2+ (20 µM) was stirred for 1 hour in the 20 mL 

of 50% DMSO/aqueous HEPES pH 7 solution at room temperature. After that, the 
mixture was extracted with ethyl acetate. The ethyl acetate layer was separated and 
evaporated to dryness. Then, DMSO-d6 was added to dissolve the residue for a further 
1H NMR experiment. 

2.7.5 Mass spectrometry analysis 
     The mixture of JP+Cu2+ was prepared with the same procedure as the 
selectivity study. The prepared solution JP+Cu2+ must be extracted with a small 
amount of ethyl acetate before measurement. 
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2.8   Studied of sensing mechanism of JS with Cu2+ 

2.8.1 Temperature-dependent quenching of the fluorescence signal  

The difference between static and dynamic quenching is determined by their 
temperature dependency. The experiment was performed as the fluorescence titration 
of JS with Cu2+ at two different temperatures, 25oC, and 50oC. The I0/I is considered to 
be linearly dependent on the concentration of Cu2+. The results were shown as the 
graph of I0/I versus [Cu2+] in the range of Cu2+ concentration between 0 – 5 µM. The 
slopes of the two lines were compared and interpreted. 

2.8.2 Fluorescence quenching constants of JS 

In the case of JS, the fluorescence quenching efficiencies and the sensitivity of 
the sensor can be quantified using the Stern-Volmer equation as shown in the 
following equation: 

𝐼0
𝐼
= 1 + 𝐾𝑠𝑣[𝑄] 

Where: 
I0  = the fluorescence intensity of the free ligand JS,  
I  = the fluorescence intensity of the JS-Cu2+ complex  
Q  = [Cu2+] 
Ksv  = Stern-Volmer constant  
 According to the result from the fluorescence titration experiment of JS with 
Cu2+, when the reciprocal of I0/I was plotted as a function of the [Q] concentration, a 
linear relationship was obtained, (y = A + Bx), y = I0I, A = 1, x = [Q], and Ksv was 
calculated from B. 

2.8.3 UV-Vis titration 

UV-Vis titration was performed in the same cuvette of the fluorescence titration 
experiment to find the change of species in the solution when the Cu2+ was added 
into JS.  
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2.8.4 TLC analysis 

TLC analysis was carried out to detect the JS+Cu2+ complex and to confirm the 
reversibility of JS+Cu2+ by EDTA. The three solutions including 1) free JS, 2) JS+Cu2+, 
and 3) JS+Cu2++EDTA were spotted on the plate and investigated the rate of flow. The 
CHCl3/hexane (3:1 v/v) was used as the mobile phase. 

2.8.5 1H NMR experiment  

  The Cu(NO3)2 was dissolved in DMSO-d6 to prepare a Cu2+ stock solution. At 
the same time, JS was dissolved in DMSO-d6 and placed in two NMR tubes. One is 
without Cu2+ and the other is with 1 equivalent of Cu2+. 

2.8.6 Mass spectrometry analysis 

     The small-volume solution of JS+Cu2+ was prepared with the same procedure 
as the selectivity study. The prepared solution could be measured directly. 

2.8.7 IR Spectroscopy 

  The precipitate of JS+Cu2+ can be observed when the excess aqueous Cu(NO3)2 
solution was dropped into the solution of JS in acetonitrile. The precipitate JS+Cu2+ 
was filtered and evaporated to dryness. The pure solid JS and precipitate JS+Cu2+ were 
measured to compare the change of transmittance pattern. 

2.8.8 Job's plot 

  The fluorescence emissions of 10 solutions that have [JS] + [Cu2+] at 20 µM 

were studied. The mole fraction (𝜒) of the sensors that were used in this experiment 
was 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0. The data were plotted between 
𝜒𝐽𝑆 and (𝛥𝐼)(𝜒𝐽𝑆) to determine a stoichiometry of JS+Cu2+ complex. This 
experiment was carried out by a microplate reader and the fluorescence intensity (𝐼) 

of each mole faction was measured repeatedly and averaged from 5 wells. 
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2.9 Reversibility of JS+Cu2+ study 

2.9.1 Preparation of the amino acid stock solutions and JS+Cu2+ solution 

The 21 amino acids including alanine, arginine, aspartic, cystine, cysteine, 
glutamic, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, 
phenylalanine, proline, serine, trans proline, tryptophan, tyrosine, threonine, and valine 
were prepared as a stock solution in Milli-Q water with the concentration of 2 mM. 
The JS+Cu2+ solution was prepared in 50% DMSO/HEPES buffer pH 8.0 with the 
concentration of JP and Cu2+ to be 10 µM and 10 µM, respectively.  

2.9.2 Screening Test 

  The 1 mL of JS+Cu2+ solutions were pipetted repeatedly into 22 small vials (2 
mL) according to the number of amino acids and a control solution (only JS+Cu2+ in 
the solution). After that, the stock solutions of each amino acid were pipette into each 
vial to a final concentration of 50 µM. The screening of the emission signal was 
followed under blacklight (365 nm).  

2.9.3 Selectivity study 

The microplate technique was used to measure the fluorescence signal in this 
study. The 5 µL of each amino acid stock solution was pipetted into each well on the 
microplate and followed by the addition of 200 µL of JS+Cu2+ solution.  

In this condition, the final volume was fixed at 205 µL and the concentration 
of amino acid was calculated to be 5 times greater than JS+Cu2+. Each amino acid was 
repeated in 4 wells to calculate the average value of fluorescence intensity. 

2.9.4 Interference study 

  The microplate technique was used to measure the fluorescence signal in this 
study. The 5 µL of histidine and each amino acid stock solution were pipetted and 
mixed into each well. Then, the 200 µL of JS+Cu2+ solution was added.  
  In this condition, the final volume was fixed at 210 µL and the concentration 
of amino acid was calculated to be 5 times greater than JS+Cu2+. Each amino acid was 
repeated in 4 well to calculate the average value of fluorescence intensity.  
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2.9.5 Histidine titration 

The microplate technique was used to measure the fluorescence signal in this 
study. The stock solution of JS+Cu2+ was freshly prepared with the concentration of 
both JS and Cu2+ to be 11 µM in 50% DMSO/HEPES buffer pH 8.0.  

The histidine stock solution was pipetted into each well in 1 µL increments 
from 0 µL to 20 µL and followed by adjusting with Milli Q water to give the final 
volume of solution in each well to be equal (20 µL). Finally, 200 µL of JS+Cu2+ solution 
was added to each well.  

In this condition, the final volume was fixed at 220 µL and the final 
concentration of both JS and Cu2+ was 10 µM. The concentration of histidine in the 
titrated solution was in the range of 0 µM to 200 µM. Each concentration was repeated 
in 4 wells to calculate the average value of fluorescence intensity. Fluorescence signals 
were investigated every 10 minutes after the addition of JS+Cu2+ solution until the 
emission signals in all wells were stable.  

2.9.6 EDTA titration 

The experiment was conducted as the histidine titration experiment, but EDTA 
was used to titrate instead of histidine. In this experiment, EDTA was prepared as a 
stock solution in Milli-Q water with a concentration of 2 mM. 

2.9.7 Application of JP for detecting Cu2+ in the real water sample 

  The experiment was carried out on the microplate. In each well, the 5 µL of 
real water sample was pipetted down and followed by spiking with the exact volume 
of Cu(NO3)2 stock solution. Then, 200 µL of 10 µM JP in 50% DMSO/aqueous HEPES pH 
7 was added to the mixture. The final concentration of Cu2+ was determined to be 4 
µM and 8 µM and each concentration was repeated from four wells. The percent 
recovery of Cu2+ in real water samples, including canal water, pond water, rainwater, 
and drinking water, was calculated by comparing with the fluorescence intensity which 
was measured from the control solution (The 5 µL of Milli Q water was used instead). 
Moreover, ICP-OES technique was used to confirm the accuracy and precision from the 
fluorescence measurement by JP. 
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PART B: Fluorescence chemosensors from crown ether derivatives of julolidine 

2.10 Synthesis and characterization of JB1, JB2, and JB3. 

According to the synthetic plan, three final target compounds JB1, JB2, and 
JB3 could not be synthesized as expected. Therefore, the information in this section 
shows only the obtained product in the synthetic pathway.  

2.10.1 Triethylene glycol di(p-toluenesulfonate) 

 

The p-toluenesulfonyl chloride (53.4 g, 280 mmol) was added slowly into the 
mixture of imidazole (76 mg, 1.12 mmol), triethylamine (41 mL) and CH2Cl2 (70 mL) 
which was cooled at 0 °C with an ice bath. After the mixture was stirred until                  
p-toluenesulfonyl chloride was completely dissolved, triethylene glycol (15 mL, 112 
mmol) was added dropwise. The reaction mixture was stirred at 0 °C for 3 hours and 
left at room temperature for 1 day. The crude was added water (20 mL) and poured 
into a separating funnel for extraction. The CH2Cl2 layer was separated and dried with 
Na2SO4. A rotatory evaporator was used to concentrate the crude solution before the 
purification by column chromatography technique. The 2:1 v/v hexane/EtOAc was used 
as a mobile phase and silica gel was used as a stationary phase. The white solid 
product 1A was obtained in 38.6 g (75 %). The spectroscopic data match with the 
reported in the literature. [137] 
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2.10.2 Tetrathylene glycol di(p-toluenesulfonate) 

 

The p-toluenesulfonyl chloride (14.7 g, 77.1 mmol) was added slowly into the 
mixture of imidazole (40 mg, 0.59 mmol), triethylamine (24 mL), and CH2Cl2 (20 mL) 
which was cooled at 0 °C with an ice bath. After the mixture was stirred until                  
p-toluenesulfonyl chloride was completely dissolved, tetraethylene glycol (5 mL, 29.1 
mmol) was added dropwise. The reaction mixture was stirred at 0 °C for 3 hours and 
left at room temperature for 1 day. The crude was added water (20 mL) and poured 
into a separating funnel for extraction. The CH2Cl2 layer was separated and dried with 
Na2SO4. A rotatory evaporator was used to concentrate the crude solution before the 
purification by column chromatography technique. The 2:3 v/v hexane/EtOAc was used 
as a mobile phase and silica gel was used as a stationary phase. The viscous colorless 
liquid of 2A was obtained in 12.2 g (84 %). The spectroscopic data match with the 
reported in the literature. [137] 
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2.10.3 Pentaethylene glycol di(p-toluenesulfonate) 

 

The p-toluenesulfonyl chloride (13.5 g, 71.1 mmol) was added slowly into the 
mixture of imidazole (40 mg, 0.59 mmol), triethylamine (16.5 mL) and CH2Cl2 (16 mL) 
which was cooled at 0 °C with an ice bath. After the mixture was stirred until                  
p-toluenesulfonyl chloride was completely dissolved, pentaethylene glycol (5 mL, 
23.7 mmol) was added dropwise. The reaction mixture was stirred at 0 °C for 3 hours 
and left at room temperature for 1 day. The crude was added water (20 mL) and 
poured into a separating funnel for extraction. The CH2Cl2 layer was separated and 
dried with Na2SO4. A rotatory evaporator was used to concentrate the crude solution 
before the purification by column chromatography technique. The 1:1 v/v 
hexane/EtOAc was used as a mobile phase and silica gel was used as a stationary 
phase. The light-yellow liquid product was obtained in 9 g (70%). The spectroscopic 
data match with the reported in the literature. [137] 
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2.10.4 N-(2-methoxyphenyl)acetamide 

 
 The o-anisidine (20 mL, 177 mmol) was added to dry CH2Cl2 (20 mL) in a round-
bottom flask that was fitted with a rubber septum via a syringe. Then, acetic anhydride 
(30 mL, 317 mmol) was added dropwise to the above mixture. The reaction mixture 
was stirred at room temperature and monitored by TLC. The crude was washed with 
a saturated solution of NaHCO3 after the reaction was complete. The CH2Cl2 layer was 
separated and dried with Na2SO4. A rotatory evaporator was used to concentrate the 
crude solution before the purification by column chromatography technique. The 1:2 
v/v hexane/EtOAc was used as a mobile phase and silica gel was used as a stationary 
phase. The white solid product was obtained in 17.9 g (92 %). The spectroscopic data 
match the reported in the literature. [138] 

2.10.5 N-(2-methoxy-4-nitrophenyl)acetamide 

 
 The solution of 1B (400 mg, 2.14 mmol) in CH2Cl2 (1 mL) was added dropwise 
into the 65% HNO3 (3 mL) in a round-bottom flask. The reaction mixture was stirred at 
room temperature for 3 hr. The crude was washed with a saturated solution of NaHCO3. 
The CH2Cl2 layer was separated and dried with Na2SO4. A rotatory evaporator was used 
to concentrate the crude solution before the purification by column chromatography 
technique. The 3:1 v/v hexane/EtOAc was used as a mobile phase and silica gel was 
used as a stationary phase. The light-yellow solid product 2B was obtained in 373 mg 
(83 %). The spectroscopic data match the reported in the literature. [139] 
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2.10.6 2-methoxy-4-nitroaniline 

 
 A mixture of 2B (350 mg, 1.67 mmol) and KOH (280 mg, 5 mmol) in 10 mL of 
50% MeOH/H2O was stirred at room temperature for 1 day. The crude was evaporated 
under reduced pressure to remove MeOH. The mixture was extracted with ethyl 
acetate and dried with Na2SO4. After evaporation, the mixture was purified by the 
column chromatography technique. The 2:1 v/v hexane/EtOAc was used as a mobile 
phase and silica gel was used as a stationary phase. The yellow solid of 3B was 
obtained in 210 mg (75 %). The spectroscopic data match the reported in the literature. 
[140] 
 

2.10.7 2,2'-((2-methoxy-4-nitrophenyl)azanediyl)bis(ethan-1-ol) 

 

 A mixture of 3B (506 mg, 3 mmol), calcium carbonate (722 mg, 6 mmol), and 
2-bromoethanol (2.14 mL, 30 mmol) in 1 mL of H2O was stirred and refluxed at 110 oC 
for 1 day. The mixture was extracted with ethyl acetate and dried with Na2SO4. After 
evaporation, the mixture was purified by the column chromatography technique. The 
1:2 v/v hexane/EtOAc was used as a mobile phase and silica gel was used as a 
stationary phase. The yellow oil of 4B was obtained in 330 mg (43 %). The 
spectroscopic data match the reported in the literature. [141] 
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2.10.8 13-(2-methoxy-4-nitrophenyl)-1,4,7,10-tetraoxa-13-azacyclopentadecane 

 

 Under a nitrogen atmosphere, 60% NaH in mineral oil (0.32 g, 8 mmol) was 
added into dry THF (400 mL) in the three-neck flask and the mixture was heated to 
reflux at 70 oC. Then, a solution of 4B (100 mg, 0.4 mmol) and 1A (0.18 g, 0.4 mmol) 
in 20 mL of THF was slowly added dropwise into the reaction mixture. The reaction 
mixture was stirred and refluxed at 70 oC for 1 day. The distilled water was slowly 
added dropwise into the reaction mixture to remove the excess NaH. The crude was 
evaporated under reduced pressure to remove THF. The mixture was extracted with 
ethyl acetate and dried with Na2SO4. After evaporation, the mixture was purified by 
the column chromatography technique. The CH2Cl2 was used as a mobile phase and 
alumina was used as a stationary phase. The light-yellow oil of 5B was obtained in 30 
mg (20 %). The spectroscopic data match the reported in the literature. [141] 

2.10.9 2,2'-((2-methoxyphenyl)azanediyl)bis(ethan-1-ol) 

 
 A mixture of o-anisidine (0.67 mL, 6 mmol), calcium carbonate (1.54 g, 15.4 
mmol), and 2-bromoethanol (1 mL, 14 mmol) in 1 mL of H2O was stirred and refluxed 
at 110 oC for 1 day. The mixture was extracted with ethyl acetate and dried with 
Na2SO4. After evaporation, the mixture was purified by the column chromatography 
technique. The 1:1 v/v hexane/EtOAc was used as a mobile phase and silica gel was 
used as a stationary phase. The brown oil of 1C was obtained in 1.24 g (98 %). The 
spectroscopic data match the reported in the literature. [142] 
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2.10.10    13-(2-methoxyphenyl)-1,4,7,10-tetraoxa-13-azacyclopentadecane 

 

 Under a nitrogen atmosphere, 60% NaH in mineral oil (0.48 g, 12 mmol) was 
added into dry THF (250 mL) in the three-neck flask and the mixture was heated and 
stirred to reflux at 70 oC. Then, a solution of 1C (180 mg, 0.8 mmol) and 1A (370 mg, 
0.8 mmol) in 100 mL of THF was slowly added dropwise into the reaction mixture. 
After 1 day, the distilled water was slowly added dropwise into the reaction mixture 
to remove the excess NaH. The crude was evaporated under reduced pressure to 
remove THF. The mixture was extracted with ethyl acetate and dried with Na2SO4. 
After evaporation, the mixture was purified by the column chromatography technique. 
The 5% MeOH in CH2Cl2 was used as a mobile phase and alumina was used as a 
stationary phase. The pale-yellow oil of 5B was obtained in 125 mg (48 %). The 
spectroscopic data match the reported in the literature. [142] 
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2.10.11    4-(1,4,7,10-tetraoxa-13-azacyclopentadecan-13-yl)-3-methoxy 

benzaldehyde 

 

Compound 2C (325 mg, 1 mmol) was dissolved in DMF (1.55 mL, 20 mmol) in 
a three-neck flask and cooled to 0 °C in the ice bath. POCl3 (0.93 mL, 10 mmol) was 
added dropwise via a syringe. After stirring at room temperature for 16 h, the solution 
was heated to 60 oC for 1 hour and poured into 20 mL of cooled water. The solution 
was extracted with ethyl acetate, and the organic layer was dried with Na2SO4. After 
evaporation, the mixture was purified by the column chromatography technique. The 
ethyl acetate was used as a mobile phase and alumina was used as a stationary phase. 
The light-yellow oil of 2C was obtained in 276 mg (78 %). The spectroscopic data 
match the reported in the literature. [142] 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 
3. RESULTS AND DISCUSSION 

 

PART A: Fluorescence chemosensors from hydrazide derivatives of julolidine 

3.1   Synthesis and characterization 

  The synthesis of target julolidine derivatives relies on a condensation reaction 
between julolidine-9-carboxaldehyde (J) and a variety of hydrazides (Scheme 3.1). 
Upon simple heating under refluxed conditions in methanol for 3 h, the products were 
obtained in moderate yields between 67 and 72 %. The products were isolated with 
ease by simple filtrations and purified by washing them with hexane and diethyl ether. 
These compounds are stable in solid form upon storage in a refrigerator. They are also 
stable in DMSO solutions at room temperature for at least 1 month.  

 
   

   
JA (69 %) JS (72 %) JP (67 %) 

Scheme 3.1 Synthesis of JA, JS, and JP and their physical appearance. 
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All derivatives were characterized using 1H NMR spectroscopy as shown in 
Figure 3.1. The singlet signals which were labeled by alphabet “e”  confirmed the 
appearance of imine proton. The integration ratio of each type of proton in the 
spectrum corresponded to their structures. 

 

Figure 3.1 1H NMR spectra of JA, JP, and JS 
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The exact masses of JA, JS, and JP were determined by an atmospheric 
pressure ionization, high-resolution time-of-flight mass spectrometer (API-HRTOFMS). 
The spectra were showed in Figure 3.2 – 3.4. It is noteworthy that, besides the peaks 
of molecular mass, peaks of its dimer were also found.  

 
Figure 3.2 HRMS spectrum of JA 
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Figure 3.3 HRMS spectrum of JS 

 

Figure 3.4 HRMS spectrum of JP 
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3.2   Photophysical properties 

  DMSO was chosen as a solvent to study the photophysical properties of the 
target molecule due to the relatively high solubility of the three compounds in DMSO. 
The photophysical properties of the three julolidine derivatives in DMSO are 
summarized in Table 3.1. 

Table 3.1 Photophysical properties of JA, JS, and JP in DMSO (10 µM). 

Compound 

Absorption Emission 
Stokes Shift 

(cm-1) λmax 
(nm) 

𝜀 (M-1 cm-1) 
λmax

[a] 
(nm) 

𝜙fl
[b] 

JA 359 12,700 416 0.053 3,817 
JS 385 11,700 482 0.016 5,227 
JP 383 27,300 436 | 603 0.001 3,174 | 9,526 

 

3.2.1 Absorption 
It is apparent that the higher degree of conjugation in the molecule, the longer 

the maximum absorption wavelength is observed. [143] Among the three compounds, 
JA has the shortest conjugation system, thus it has the shortest maxima absorption 
wavelength of 359 nm. The absorption bands of JS and JP appear at longer 
wavelengths due to the presence of a phenolic and a pyridyl group.  

The absorption peak of JA which is shorter than those of JS and JP by about 
24 nm was also revealed by a TD-DFT calculation (Figure 3.5). The calculation results 
are highly correlated with the experimental results. In the deeper details of molecular 
transition (Figure 3.6), it was found that the HOMO and LUMO transition of JA occurs 
only within the julolidine-Schiff base fragment, whereas, the HOMO-to-LUMO transition 
in JS and JP also involved the aromatic ring fragment resulting in the decrease of the 
energy gap of HOMO and LUMO.  

However, the position of the simulated spectra is quite different from the 
experimental spectra. This may be because the molecular geometry generated in the 
program may not be exactly the same as the actual molecular structure, or the solvent 
relaxation may not be calculated correctly.  
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Figure 3.5 Experimental absorption spectra of JA, JS, and JP in DMSO (dashed lines) 
and simulated absorption spectra of JA, JS, and JP in DMSO using SMD solvation 

model (solid lines). 
 

 

Figure 3.6 The molecular transition of JA, JS, and JP regarding TD-DFT calculation in 
DMSO with oscillator strength as f and the energy difference of HOMO and LUMO as 

ΔE 
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3.2.2 Emission 

Upon the excitation at the maxima absorption wavelength, JA and JS have only 
one emission maxima at 416 and 482 nm, respectively. Interestingly, JP has dual 
emission maxima at 438 and 603 nm as shown in Figure 3.7. Moreover, the excitation 
spectra of the three compounds were also investigated at the fixed emission maxima 
(Figure 3.8). It appears that the wavelengths of light that each compound absorbed to 
emit the fluorescence signal at their emission maxima are closely similar to their 
absorption maxima. These results confirmed that these emission signals result from a 
relaxation process of the excited molecules.  

 
Figure 3.7 Normalized emission spectra of JA JP and JS in DMSO. 

 
Figure 3.8 Normalized excitation spectra of JA (λem = 416 nm), JS (λem = 483 nm), 

and JP (λem = 603 nm) in DMSO. 
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The appearance of dual emission maxima of JP is probably due to the excited-
state intramolecular proton transfer (ESIPT) that results in two forms in the excited 
state (amide form and amidic acid form) as shown in Figure 3.9. This hypothesis was 
based on the literature reported by Chen et. al. [144]. 

To get some information about the ESIPT phenomenon, a quantum calculation 
was also carried out for the emission spectra to investigate the emission of JP in an 
amide and amidic form (Figure 3.10) with the integrated corrected linear response 
(cLR) for excited state relaxation. [145] The results showed that the total energy of the 
amide form in the ground state is 0.23 eV lower than the amidic form but the amidic 
is slightly more stable in the excited state (0.05 eV) meaning the ESIPT mechanism is 
preferable for JP upon photoexcitation. The TD-DFT also confirms that the longer 
wavelength region is due to the emission of the amidic form.   

Nevertheless, all three compounds exhibited low fluorescence quantum yields 
in DMSO because C=N isomerization of the imine double bond is responsible for 
nonradiative deactivation. [146] 

 

 
Figure 3.9 Plausible amide and amidic formation of JP via ESIPT 
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Figure 3.10 Experimental emission spectra of JP in DMSO (blue dashed lines) and 

simulated absorption spectra of JP in DMSO using SMD solvation model (solid lines). 
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3.2.3 Effect of water on emission spectra 

 The emission spectra of these derivatives were studied in mixed solvents of 
DMSO and water.  
  In the case of JA (Figure 3.11), the amount of water had little effect on the 
fluorescence intensity, suggesting that JA has a high solubility and stability in water. 
Noteworthy, a bathochromic shift of emission wavelength was found when the amount 
of water increased. This could be affected by the solvent relaxation from water which 
is the high polar solvent. This phenomenon is the common nature of ICT-based 
molecules. The excited state of the ICT-based molecule is more polar as compared to 
its ground state, so the polar solvents could stabilize the excited state more than the 
ground state resulting in a decrease in the energy gap between the excited and ground 
state. 
 However, in the case of JP (Figure 3.12) and JS (Figure 3.13), the fluorescence 
signal was almost completely extinguished with 99% water content in the co-solvent 
mixture. Commonly, the main reasons are the reduction of solubility or the aggregation 
of the compound in water.  

 
Figure 3.11 Effect of water content on fluorescence of JA. 

Condition: [JA] = 10 µM, 𝜆ext = 359 nm. 
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Figure 3.12 Effect of water content on fluorescence of JS.  

Condition: [JS] = 10 µM, 𝜆ext = 385 nm. 

 

 
Figure 3.13 Effect of water content on fluorescence of JP.  

Condition: [JP] = 10 µM, 𝜆ext = 383 nm. 
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3.2.4 Effect of pH on fluorescence intensity 

The pH effect on the emission properties of the three julolidine derivatives was 
studied in a 1:1 (v/v) mixture between DMSO and aqueous buffer at various pHs. The 
fluorescence emission signals of JA and JP were steady under a pH range between 3 
to 8 (Figure 3.14). These results suggest that the acid or base-catalyzed hydrolysis 
reaction may proceed slowly and the protonation of the pyridine group in JP may have 
a minor effect on its emission properties.  

 
Figure 3.14 Effect of pH on fluorescence of a) JA. Condition: [JA] = 10 µM, 

𝜆ex = 359 nm. b) JP. Condition: [JP] = 10 µM, 𝜆ex = 383 nm. 
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Interestingly, the fluorescence intensity of JS gradually increased along with 
the pH (Figure 3.15). The results may be related to a previous report by Zhuang et. al. 
that the emission intensity of deprotonated salicylaldehyde derivatives increased 
dramatically compared to the nondeprotonated ones. [147] From the structure of JS, 
it can be seen that carbonyl and hydroxyl groups can exhibit ESIPT, which is a process 
that can reduce the relaxation energy from the excited state. In the non-deprotonated 
form, the ESIPT process between C=O and O-H group was broken, resulting in an 
increase in fluorescence signal at 480 nm. 

 
Figure 3.15 Effect of pH on fluorescence of JS  

Condition: [JS] = 10 µM, 𝜆ex = 385 nm 
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3.2.5 Effect of solvent on emission spectra 

Every spectrum of three derivatives in the 13 solvents showed different 
emission maxima or fluorescence intensity or both. The dipole moments of each 
solvent [148] are shown below for consideration of the tendency of the solvent 
polarity effect.  

THF (𝜀=7.58)  DMF (𝜀=36.7)  DMSO (𝜀=46.7)  ACN (𝜀=37.5) 

MeOH (𝜀=32.7)  2-propanol (𝜀=17.9)  DMAc (𝜀=37.8)  DMC (𝜀=3.087)  

Chloroform (𝜀=4.81)  DCM (𝜀=8.93)   EtOH (𝜀=24.5)  Acetone (𝜀=20.7) 

EtOAc (𝜀=6.02) 
 

1) JA 
The emission spectra of JA in various solvents were divided into 4 groups with 

different shades of color (Figure 3.16). The emission spectra of JA in the low polar 
solvents (THF, DMC, and EtOAc) and the medium polar solvent (DMAc, Acetone, DCM, 
2-propanol, and chloroform) gave the emission maxima in the range of 402 - 404 nm 
and 409 – 412 nm, respectively. The emission spectra of JA in DMSO, DMF, and ACN 
which are the high polar aprotic solvents caused the emission maxima of JA to be in 
the range of 415 - 417 nm. The emission maxima of JA in EtOH, and MeOH which are 
the high polar protic solvents were 423, and 433 nm respectively. These results 
indicate that the higher polar solvents cause the longer emission maxima of JA. The 
reason for this can be explained in the same way as the effect of water content. 

Nevertheless, the solubility of JA in each solvent is probably the main cause 
that affects the different fluorescence intensities. DMSO (high polar solvent) is a solvent 
that provides the highest fluorescence intensity, whereas chloroform (low polar 
solvent) is a solvent that provides the lowest fluorescence intensity.  
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2) JS 

Fluorescence enhancement of JS (Figure 3.17) was observed especially in the 
protic solvents. These results supported the results of the pH study. It is most probably 
connected with the dissociation of proton at the hydroxyl group. The more polar 
solvents, the more molecules can ionize better.  

3) JP 

  The emission spectra of JP in various solvents (Figure 3.18) were divided into 

2 groups including the low polar aprotic solvents which have a dipole moment (𝜀) less 
than 10 and the high-medium polar solvent which have a dipole moment of more 
than 10. The evidence suggested that the emission intensity of JP visibly decreased 
with a slight red shift on increasing the solvent polarity. It's probably due to the ESIPT 
characteristic of JP, the fluorescent molecules have a larger dipole moment in the 
excited state than in the ground state. Increasing the solvent polarity produces a 
correspondingly larger reduction in the energy level of the excited state. 
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a) 

 
b) 

 

Figure 3.16 (a) Emission spectra, (b) Fluorescence intensity at emission maxima of JA 
in each solvent. 
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a) 

 
b) 

 

Figure 3.17 (a) Emission spectra, (b) Fluorescence intensity at emission maxima of JS 
in each solvent. 
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a) 

 
b) 

 

Figure 3.18 (a) Emission spectra, (b) Fluorescence intensity at emission maxima of JP 
in each solvent. 
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3.3   Metal ion sensing of JA 

3.3.1 Selectivity study 

Based on the data from the preceding section, a 1:1 (v/v) mixture between 
DMSO and 50 mM HEPES buffer pH 7.0 were studied for the selectivity test of JA. The 
fluorescence signal of JA did not change significantly by the testing metal ions as 
shown in Figure. 3.19. This could be assumed that the acetyl hydrazone unit is 
incapable of interacting with any metal ions in such a way that it alters the 
fluorescence signal of the molecule. The acyl moiety should probably bear other 
functional groups at a suitable position to modulate the properties of metal chelation. 
 However, it was found that Cu2+ has a slight tendency to quench the emission 
signal. Therefore, the effect of pH in the presence of Cu2+ has been studied further. 
The results were shown in Figure 3.20. However, there was no significant difference in 
I0/I at any pH, except for pH 3. The main reason was probably due to the hydrolysis of 
JA at the low pH, resulting in the decrease of emission signal in both the absence and 
presence of Cu2+ condition. 

 
Figure 3.19 a) Photographed images and b) fluorogenic responses at 433 nm of JA 
(10 µM) towards various metal ions (100 µM) in 1:1 (v/v) DMSO and 50 mM HEPES 

buffer pH 7.0. 
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Figure 3.20 Effect of pH of JA on (a) fluorescence intensity and (b) I0/I at 433 nm in 

50% (v/v) DMSO/water. 
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3.3.2 Sensing mechanism 

 TLC analysis (Figure. 3.21) and Cu2+ titration experiments (Figure. 3.22) were 

carried out to investigate the interaction between JA and Cu2+. However, the addition 

of Cu2+ into the JA solution did not generate a new spot on the TLC plate and Cu2+ 

titration could not change the absorption spectrum of JA. 

 
Figure 3.21 The thin layer chromatography (TLC) representing JA, JA+Cu2+, and 
JA+Cu2++EDTA. Stationary phase: silica G, Mobile phase: EtOAc:Hexane (3:1 v/v).             

(a) Under 254 nm UV lights and (b) Under 365 nm UV lights 

 
Figure 3.22 UV-Vis titration of JA (10 µM) with Cu2+ in 50% (v/v) DMSO/HEPS buffer 

pH 7.0. 
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3.4   Metal ion sensing of JS  

3.4.1 Screening Test & Selectivity study 

EtOH As depicted in Figure 3.23, the JS in EtOH gave a weak green emission 
signal under black light. After the addition of tested metal ions, many metal ions could 
alter the fluorescence signal indicating that EtOH might not be a suitable solvent for 
metal ion detection. 

 
Figure 3.23 Image of JS (10 µM) towards various metal ions (100 µM) in EtOH. 

In acetonitrile (Figure 3.24), the emission signal of JS was relatively low. Upon 
the addition of tested metal ions, the addition of Al3+ and Hg2+ could enhance the 
green fluorescence signal under blacklight.  

 
Figure 3.24 Images of JS (10 µM) towards various metal ions (100 µM) in ACN. 

Unfortunately, the fluorescence enhancement phenomenon of JS with Al3+ 
and Hg2+ in ACN was restricted upon adding a little of an aqueous solution of the 
HEPES buffer pH 7.0. As shown in Figure 3.25, the fluorescence spectra revealed that 
only Cu2+ could cause the fluorescence quenching in the 1:1 (v/v) ACN/50 mM HEPES 
buffer pH 7.0 condition. 
 The study of pH was performed again in ACN to find the suitable pH for the 
“turn off” fluorescence sensors (Figure 3.26). The pH that provides the high 
fluorescence signal at the beginning could improve the sensitivity of the turn-off 
sensor. However, the fluorescence intensity of JS was relatively low in the range of pH 
3-8 and gradually increased in the range of pH 9-10. Inappropriately, the pH 9-10 is too 
high for the detection of metal ions because some metal ions form precipitation of 
hydroxide compounds.  
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Figure 3.25 The emission spectra of JS (10 µM) towards various metal ions (100 µM) 

in 1:1 (v/v) ACN and 50 mM HEPES buffer pH 7.0 

 
Figure 3.26 The emission spectra of JS (10 µM) towards various pH in 1:1 (v/v) ACN 

and HEPES buffer (50 mM) 
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The screening test was also investigated in DMSO as depicted in Figure 3.27. It 
was found that the addition of Hg2+ could quench the fluorescence signal of JS in 
DMSO. However, when the solution contained 50% v/v HEPES buffer pH 8.0, the results 
were changed. The color of the emission signal of free JS was blue shifted and only 
Cu2+ could cause a fluorescence quenching. This result is similar to the 1:1 (v/v) ACN 
and 50 mM HEPES buffer condition. 

a) DMSO 

 

b) 1:1 (v/v) DMSO and 50 mM HEPES buffer pH 8.0 

 

Figure 3.27 Photographed images of JS (10 µM) towards various metal ions (100 µM) 
in (a) DMSO and (b) 1:1 (v/v) DMSO and 50 mM HEPES buffer pH 8.0. 

The study of solvent and pH effect indicated that the fluorescence signal of JS 
in DMSO is higher than in ACN at the same pH. Therefore, DMSO was chosen as the 
tested condition instead of ACN. Meanwhile, the HEPES buffer is more suitable than 
the CH3COOH buffer because it could Cu2+ showed a better ability in the fluorescence 
quenching to JS.  

In addition, it was also found that the higher the pH, the higher I0/I (Figure 3.28) 
was observed. Therefore, the selectivity was investigated in 1:1 (v/v) DMSO and 50 mM 
HEPES buffer pH 8.0. The selectivity study suggested that only Cu2+ could cause the 
fluorescence quenching at 480 nm by 100-fold (Figure 3.29) 
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a) 

 
b) 

 

Figure 3.28 The pH effect on a) fluorescence intensity and b) I0/I at 480 nm of JS (10 

µM) in the absence and presence of Cu2+ (100 µM). Buffer: HEPES pH 6.0-8.0 and 
acetic/acetate pH 3.0-5.0 (50 mM), 50% (v/v) DMSO/water. 
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Figure 3.29 Fluorogenic responses (inset: the emission spectra) at 480 nm of JS (10 

µM) towards various metal ions (100 µM) in 1:1 (v/v) DMSO and HEPES buffer pH 8.0 
(50 mM). 
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3.4.2 Sensitivity study & Time dependent 

  The sensitivity of JS with Cu2+ was studied by the fluorescence titration 
experiments. Upon excitation at 385 nm, the emission intensity at 480 nm gradually 
decreased as the concentration of Cu2+ increased. The experiments were performed 
at two different pH conditions including pH 7.4 and pH 8.0 (Figure 3.30). The results 
showed that the decrease in fluorescence intensity at 480 nm of JS at pH 8.0 was 
more obvious than at pH 7.5. Therefore, the calibration curve of the change in the 
emission signal of JS over the concentration of Cu2+ was plotted at pH 8.0. 

a) pH 7.4 

 
b) pH 8.0 

 
Figure 3.30 The fluorescence titration of JS (10 µM) with Cu2+ at two different pH  

a) pH 7 and b) pH 8. 
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The time-dependent signal was also investigated to determine the suitable 
time to plot the calibration curve. As depicted in Figure 3.31, the I/I0 at 480 nm 
decreases sharply in the first 2 minutes and then gradually constant. Therefore, the 
calibration curve was plotted 5 minutes after Cu2+ was added to JS. It is noteworthy 
that the I/I0 of free JS gradually decreases slowly after 5 minutes indicating that the 
hydrolysis of JS in aqueous might occur.  
 

 
Figure 3.31 Response time of I/I0 at 480 nm where I0 is the fluorescence intensity in 

the absence of Cu2+ and I is the fluorescence intensity in the presence of Cu2+. 
Conditions: [JS] = 10 µM, [Cu2+] = 0–5 µM, Buffer: HEPES (50 mM, pH 8.0), 50% (v/v) 

DMSO/water. 𝜆ex = 370 nm. 
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  The calibration curve was provided by plotting the I0 - I or ΔI value against 
the concentration of Cu2+ (Figure 3.32). The line of best fit is a straight line with a 
linear range of 0–9 µM and the LOD was calculated to be 1.17 µM. 

 

 
Figure 3.32 The relationship between ΔI at 480 nm and the concentration of Cu2+ 

where ΔI = (Fluorescence intensity before adding Cu2+) – (Fluorescence intensity 
after adding Cu2+). 
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3.4.3 Sensing mechanism 

As depicted in Figure 3.33, the peak at 390 nm in UV-Vis spectra gradually 
decreased upon the addition of Cu2+, while a new weak band at 420 nm gradually 
increased indicating that the new substance was generated after the addition of Cu2+ 
into the solution of JS. 

Data from mass spectroscopy (Figure 3.34), and Job’s plot (Figure 3.35) 
suggested a formation of a 2:1 complex between JS and Cu2+. Since the crystallization 
of JS+Cu2+ was not successful, FT-IR spectroscopy and 1H NMR were used to investigate 
the binding mode of the metal complex. According to 1H NMR spectra (Figure 3.36), 
Cu2+ could induce the chemical shifts of all protons on the structure. Noteworthy, the 
signal of the imine proton of JS at 11.6 ppm was shifted and reduced indicating that 
the Cu2+ may induce the deprotonation of the amide proton. In the same way, the IR 
spectra (Figure 3.37) revealed that the peak of N-H stretching (≈3200 cm-1) and the 
peak around 1580 cm-1 which was likely to be C=O stretching of JS disappeared in the 
JS+Cu2+ complex. It could be inferred that JS was in the amidic form when 
coordination with Cu2+. The plausible complex of JS+Cu2+ was shown in Figure 3.38 
which is similar to the proposed structure of Shelke et. al. [149]. 

 

 
Figure 3.33 The UV-Vis titration of JS (10 µM) with Cu2+. 
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Figure 3.34 ESI-MS spectrum of JS + Cu2+ complex. 

 
Figure 3.35 Job’s plot for the complexation of JS with Cu2+ (Δ𝐼 = change of intensity 

at 480 nm and 𝜒𝐽  is the mole fraction of JS). 
 

Calculated mass = 834.26 
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Figure 3.36 1H NMR spectra of JS and JS+Cu2+ in DMSO-d6 

 

Figure 3.37 IR spectra of JS and JS+Cu2+ in the solid state 

 
Figure 3.38 (a) The proposed structure of the Cu2+ complex by Shelke et. al, [149] (b) 

The proposed structure in this study 
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In addition, the Stern-Volmer plots also investigated the quenching mechanism 
in the detail (Figure 3.39). Unexpectedly, the resulting plots showed three linear ranges 
with different gradients including 0 – 5 µM, 5 - 10 µM, and 10 – 15 µM. From another 
point of view, the graph looked like an upward curvature in the range of 0 – 15 µM.  
 According to the equation I0/I = 1+Ksv[Cu2+], the Stern-Volmer constant or Ksv 
(the efficiency and the sensitivity of the turn-off sensor) is equal to the slope of the 
graph. This result indicated that when the concentration of Cu2+ increased, the 
quenching efficiency increased, and it suggested that more than one mechanism may 
occur when the concentration of Cu2+ increased. 

 
Figure 3.39 The Stern-Volmer plots of quenching of JS (10 µM) by Cu2+ (0-18 µM) 
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This hypothesis was proved by the study of temperature-dependent quenching 

of the fluorescence signal (Figure 3.40). The evidence suggested that I0/I at 50°C was 

higher than at 25°C, indicating that the higher the temperature, the faster the 
fluorescence signal quenching occurred. The mechanism may also involve dynamic 
quenching because the higher temperatures result in faster diffusion and collision.  
  Therefore, the fluorescence quenching mechanism of JS with Cu2+ may involve 
both the formation of a paramagnetic complex and collisional quenching, which lead 
to a dissipation of the excited state energy into a non-radiative process by spin–orbit 
coupling. [150] 
 

 
Figure 3.40 The Stern-Volmer plot showing temperature dependence of 

fluorescence quenching of JS+Cu2+ 
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3.4.4 Competitive study 

In an interference testing on JS (10 µM) with Cu2+ (100 µM) and foreign metal 
ions (100 µM), it was found that the fluorescence quenching was prevented in the 
presence of Cr3+ (Figure 3.41). The mass spectrum in Figure 3.42 indicated that Cr3+ 
could form the complex with JS in the ratio of 1:1. Therefore, it could be assumed 
that the interaction between JS and Cr3+ may be more preferred than Cu2+, but this 
interaction did not alter the fluorescence signal of JS. 

 
Figure 3.41 Bar chart representing the changes in the relative emission intensities 

(I0/I) at 480 nm of JS+Cu2+ (10 µM/100 µM) in the presence of other metal ions (100 
µM) in DMSO/H2O (1/1, v/v, HEPES pH 8.0)  

 

Figure 3.42 DART-MS spectrum of JS+Cr3+ complex 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 108 

3.4.5 Reversibility study 

3.4.5.1 TLC analysis 

From our previous experiences in the development of fluorescent sensors for 
metal ions, the sensing mechanism usually involved a complex formation between 
the two species which can be validated by competitive binding with EDTA [151-153].  

Upon the addition of Cu2+ into JS, the newly generated spot which exhibits 
yellow color under 254 nm UV light did not show the fluorescence properties under 
356 nm UV light. After the addition of EDTA, this yellow spot disappeared suggesting 
that the reaction between JS and Cu2+ is reversible. Moreover, the julolidine-9-
carboxaldehyde (J) was also found on the TLC plate indicating that the hydrolysis takes 
place slowly in the presence of Cu2+.  

a)  b) 
Figure 3.43 The thin layer chromatography (TLC) representing the different Rf values 

of JS, JS+Cu2+, and JS+Cu2++EDTA. Stationary phase: silica G, Mobile phase: 
CH2Cl2:Hexane (3:1 v/v). (a) Under 254 nm UV lights and (b) Under 365 nm UV lights. 
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3.4.5.2 EDTA titration 
 The EDTA titration experiment was carried out under optimal conditions with a 
concentration of JS and Cu2+ to be 10 µM and 15 µM, respectively. The EDTA could 
recover the fluorescence signal at 480 nm which is the original signal of JS indicating 
that the interaction of Cu2+ and JS must be reversible. However, EDTA must be 
consumed up to 90 µM, or 9 equivalents of Cu2+, to reach the maximum signal. This 
evidence suggests that the binding constant of JS with Cu2+ is higher than that of Cu2+ 
with EDTA. 

 
Figure 3.44 Comparison of fluorescence spectra of free JS, JS+Cu2+, and 

JS+Cu2++EDTA. 

  

Figure 3.45 EDTA titration of JS+Cu2+ where “I” is the intensity after the addition of 
EDTA and “I0” is the initial signal of JS+Cu2+. 
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3.4.5.3 Histidine titration 

 As the fluorescent signal of JS could be recovered by EDTA, histidine titration 
was further studied for its application in amino acid sensing. The result from the 
selectivity study of JS+Cu2+ with 19 amino acids was showed in Figure 3.46. It was 
found that the addition of histidine into the JS+Cu2+ solution caused a significant 
enhancement in the fluorescence signal at 480 nm, whereas the addition of other 
amino acids slightly brightened the emission signal. The competitive study showed 
that the enhancement of the emission signal at 480 nm by histidine was not perturbed 
by any competitive amino acid (Figure 3.47). 
 The linear range of the histidine titration experiment (Figure 3.48) was 0-30 µM, 
and the detection limit was calculated from this equation: 

3(0.0516)

124839
 = 24 µM  

The LOD (24 µM) is a relatively high value. Therefore, the application of JS+Cu2+ to 
histidine sensing is not appropriate. 

 

 

Figure 3.46  Fluorogenic responses at 480 nm of JS+Cu2+ (10 µM/15 µM) towards 
various amino acids (50 µM) in 1:1 (v/v) DMSO and 50 mM HEPES buffer pH 8.0. 
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Figure 3.47 Fluorogenic responses at 480 nm of JS+Cu2+ (10 µM/15 µM) towards the 
mixture of histidine (50 µM) and other amino acids (50 µM) in 1:1 (v/v) DMSO and 50 

mM HEPES buffer pH 8.0. 
 

 

Figure 3.48 Calibration curve for the detection of histidine by JS+Cu2+ (10 µM/15 µM) 
in 1:1 (v/v) DMSO and 50 mM HEPES pH 8.0 buffer. 
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3.5   Metal ion sensing of JP 

3.5.1 Screening Test & Selectivity study 

 The screening tests (Figure 3.49) were carried out in different 5 solvents 
including DMSO, THF, ACN, MeOH, and DMF. The emission color of JP solution in each 
solvent under a blacklight is related to its emission maxima wavelength. However, the 
emission signal of JP in MeOH and ACN under blacklight was relatively low. Upon the 
addition of testing metal ions, only Hg2+ could cause the fluorescence quenching of JP 
in DMSO and THF.  

 

Figure 3.49 Screening test of JP 

Then, the HEPES buffer pH 7 was added into each mixture to give the 50% v/v 
of water in DMSO, and the change of signal was observed again. Interestingly, only THF 
and DMSO could cause the appearance of a blue emission signal. However, we 
selected DMSO for the selectivity study due to the large stoke shift of the emission 
signal. 
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As depicted in Figure 3.50, we examined the selectivity of JP towards a variety 
of metal ions in DMSO/H2O (1:1 v/v, HEPES pH 7.0). The emission signal of JP was 
significantly enhanced and shifted from 440 to 420 nm upon the addition of Cu2+. 
Under a 365-nm UV irradiation, the original JP solution exhibited a weak orange 

fluorescence. In the presence of Cu2+, a strong blue fluorescence (𝜙 = 0.0039) that 
could be easily observed by the naked eye was emitted from the solution (Figure 
3.5a). In addition, the interference experiment using a variety of foreign metal ions 
revealed an exceptional selectivity towards Cu2+ (Figure 3.51) 
 

 
Figure 3.50 a) Photographed images and b) fluorogenic responses (inset: the emission 

spectra) at 420 nm of JP (10 µM) towards various metal ions (100 µM) in 1:1 (v/v) 

DMSO and 50 mM HEPES pH 7.0 buffer (𝜆ex = 374 nm). 
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Figure 3.51 Competition selectivity of JP (10 µM) toward Cu2+ (7.5 equiv.) in the 

presence of other metal ions (7.5 equiv.) (𝜆em = 420 nm). 
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3.5.2 Sensing mechanism 

To investigate the sensing mechanism of JP for Cu2+, the UV–vis and 
fluorescence titration experiments were carried out. Upon the addition of Cu2+, the 
original absorption peak at 393 nm gradually decreased and a new peak at 374 nm 
immerged (Figure 3.52). According to this result, the excitation wavelength for the 
subsequent fluorescence titration was set at 374 nm. As the amount of Cu2+ increased, 
the fluorescence signal at 420 nm also increased (Figure 3.53).  

However, the addition of EDTA to the mixture between JP and Cu2+ did not 
change both UV absorption and fluorescence spectra to their original wavelengths and 
intensities (Figure 3.54 – 3.55). Results from a TLC analysis, 1H NMR, and mass-
spectrometry revealed that the julolidine-9-carboxaldehyde (J) was formed when JP is 
mixed with Cu2+ (Figure 3.56 – 3.58). Moreover, the UV–vis absorption peak at 374 nm 
and fluorescence signal at 420 nm is the spectral characteristics of J. 

Therefore, the sensing mechanism may involve an initial complexation in which 
the picolinohydrazide moiety acts as an “anchoring group” bringing Cu2+ near the imine 
bond. [154] The JP-Cu2+ complex could then be easily hydrolyzed to generate the 
fluorescent product J and picolinohydrazide (P) (Scheme 3.2). Interestingly, a catalytic 
amount of Cu2+ ions may be necessary for the hydrolysis of JP. However, our data 
showed that the fluorescence intensity increased along with the concentration of Cu2+. 
This can be elaborated by the removal of Cu2+ from the catalytic cycle due to the 
formation of a stable complex between Cu2+ and P as reported by Rodriguez [155].  
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Figure 3.52 UV-Vis titration spectra 60 min after the addition of Cu2+ (0 to 20 µM) into 
JP (10 µM) in 1:1 (v/v) DMSO and 50 mM HEPES pH 7.0 buffer  
 

 

Figure 3.53 Fluorescence titration of JP (10 µM) with Cu2+ (0 to 20 µM) in 1:1 (v/v) 
DMSO and 50 mM HEPES pH 7.0 buffer 
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Figure 3.54 Absorption spectra of 10 µM J, 10 µM JP, 10 µM JP + 20 µM Cu2+, and 10 

µM JP + 20 µM Cu2+ + 100 µM EDTA. Buffer: HEPES (50 mM, pH 7.0), 50% (v/v) 
DMSO/water. 

 
Figure 3.55 Fluorescence emission spectra of 10 µM J, 10 µM JP, 10 µM JP + 20 µM 

Cu2+, and 10 µM JP + 20 µM Cu2+ + 100 µM EDTA. Buffer: HEPES (50 mM, pH 7.0), 

50% (v/v) DMSO/water. 𝜆ex = 370 nm. 
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Figure 3.56 Thin layer chromatography (TLC) plates showing: (1) JP, (2) JP+Cu2+, (3) 
JP+Cu2++EDTA, (4) J, and (5) P. Stationary phase: silica G, Mobile phase: n-hexane: 
Ethyl acetate (1:3 v/v). (a) Under 254 nm UV lights and (b) Under 365 nm UV lights 

 
Figure 3.57 1H-NMR of a crude extract from a mixture between JP and Cu2+ ion in 
DMSO-d6 (top), and 1H-NMR of Julolidine-9-carboxaldehyde in DMSO-d6 (bottom). 
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Figure 3.58 Mass spectrum of a crude extract from a mixture between JP and Cu2+ ion 

 

 
Scheme 3.2 Proposed sensing mechanism of JP towards Cu2+ 
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3.5.3 Condition optimization 

The influence of pH on the emission response of JP to Cu2+ ion was examined 
in a range of buffers with pH values from 3 to 8.5. In the presence of Cu2+, the 
fluorescence intensity at 420 nm was relatively stable under acidic pH up until pH 8.0 
and slightly diminished at pH 8.5 (Figure 3.59). This result may involve the precipitation 
of Cu(OH)2 at higher pHs, which decreased the concentration of free Cu2+ ions. In 
addition, the aqueous buffer content in DMSO was investigated to obtain the optimal 
condition. When the amount of aqueous buffer increased from 0 to 100 %, the 
intensity of fluorescence of JP+Cu2+ at 420 nm decreased significantly as shown in 
Figure 3.60. However, the signal ratio is not much different in the range of 0–50 % of 
water. Based on the results, we selected 50 % of the aqueous buffer pH 7.0 because 
it is nearly the environmental sample’s condition.  

 
Figure 3.59 pH effect on the hydrolysis of 10 µM JP in the absence (red) and 

presence (green) of 20 µM Cu2+. Buffer: HEPES pH 6.0-8.0 and acetic/acetate pH 3.0-
5.0 (50 mM), 50% (v/v) DMSO/water. 
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Figure 3.60 Fluorescence intensity at 420 nm of 10 µM JP in the absence (red) and 
presence (blue) of 20 µM Cu2+ with varying % aqueous HEPES from 0% to 99%. Inset: 

Plots of relative emission intensity (I/I0) versus different % aqueous HEPES 
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3.5.4 Sensitivity study & Time dependent 

  Since the mechanism of sensing involves a hydrolysis reaction, it is important 
to investigate the fluorescence signal change as a function of time at various 
concentrations of Cu2+. As shown in Figure 3.61, the fluorescence enhancement ratio 
at 420 nm sharply increased during the first 20 min, then reached its plateau at around 
60 min. Based on this information, for the optimal conditions, the emission signal will 
be observed 60 min after JP is added into a water sample. When a calibration curve 
was created from the fluorescence enhancement ratios at 420 nm and Cu2+ 
concentrations (Figure 3.62), the detection limit could be estimated at 163 nM or 0.1 
ppm. The sensitivity of JP is better or comparable to some hydrolysis-based Cu2+ 
fluorescent sensors previously reported in the literature (Figure 3.63 & Table 3.2).  

 

Figure 3.61 Response time of fluorescence enhancement at 420 nm by Cu2+-
promoted hydrolysis. Conditions: [JP] = 10 µM, [Cu2+] = 0–30 µM, Buffer: HEPES (50 

mM, pH 7.0), 50% (v/v) DMSO/water. 𝜆ex = 370 nm. 
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Figure 3.62 Calibration curve for the detection of Cu2+ by JP (10 µM) in 1:1 (v/v) 
DMSO and 50 mM HEPES pH 7.0 buffer 

 
 

 
Figure 3.63 The structure of hydrolysis-based Cu2+ fluorescent sensors from the 

literature. 
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Table 3.2 Hydrolysis-based Cu2+ fluorescent sensors from the literature. 

No. Conditions Sensing 
mode 

LOD 
(µM) 

Linear 
range 
(µM) 

Ref 

128 MeCN/dimethylglutaric acid-
NaOH buffer (pH 7.4, 1:4, v/v) 

Turn on 0.052 0.1-10 155 

129 DMSO/HEPES buffer  
(pH 7.0, 8:2, v/v) 

Turn on 0.017 - 156 

130 MeCN/HEPES buffer  
(pH = 7.4, 1:4, v/v) 

Turn on 0.2 0.5-10 157 

131 DMF/HEPES buffer 
(pH = 7.4, 2:3, v/v) 

Ratiometric 0.02 2 – 6 158 

132 MeCN/H2O  
(1:1 v/v) 

Turn on 1.8 0-20 159 

133 MeCN 
 

Turn on 0.15 0.5-4 160 

134 DMF/H2O  
(7:3, v/v) 

Ratiometric 0.2 0-1 161 

135 MeCN/Acetate buffer 
(pH = 5.0, 1:1, v/v) 

Turn on 0.1 - 162 

136 DMSO/HEPES buffer  
(pH 7.0, 1:1, v/v) 

Turn on 0.16 0-10 This 
work 
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3.5.5 Analysis in a real water sample 

To demonstrate the practicality of JP as a selective sensor for Cu2+, four water 
samples from various sources were spiked with different concentrations of Cu2+ (4.00 
and 8.00 µM) and analyzed by the optimized method. The result in Table 3.3 shows 
that the recovery concentrations of Cu2+ analyzed by JP were excellent, which means 
that JP can detect Cu2+ in water samples with high accuracy and precision.  
 
Table 3.3 Analysis of Cu2+ in real samples 

Sample 
Cu(II) added 

(µM) 
Cu(II) found 

(µM) 
Recovery 

(%) 
R.S.D. (n=3) 

(%) 

Canal water[a] 4.00 3.96 98.95 0.08 
 8.00 8.01 100.12 3.24 

Pond water[b] 4.00 3.98 99.54 0.47 
 8.00 7.80 97.55 3.14 

Rainwater 4.00 4.13 103.36 2.26 
 8.00 8.40 104.95 7.86 

Drinking water 
4.00 4.05 101.32 1.15 

8.00 8.03 100.37 1.43 

[a] from Bangkok-noi canal in Bangkok, Thailand 
[b] from a pond near the main entrance of Chulalongkorn University 
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PART B: Fluorescence chemosensors from crown ether derivatives of julolidine 

3.6   Synthesis plans of JB1, JB2, and JB3 

 The synthesis plan of three target compounds JB1, JB2, and JB3 that contain 
different sizes of aza crown ether was shown in Scheme 3.3.  

Scheme 3.3 Synthesis plan of target compound JB1, JB2, and JB3. 
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As depicted in the blue zone of Scheme 3.3, tri-, tetra-, and penta ethylene 
glycol ditosylate was completely synthesized by tosylation of glycol with the tosyl 
chloride in the mixture of triethylamine and imidazole in dichloromethane. Triethylene 
glycol ditosylate appeared as a white solid, whereas tetra- and penta ethylene glycol 
ditosylate appeared as a light-yellow oil. The 1H NMR spectra of these compounds 
showed a similar pattern of signals (Figure 3.64). The integration of proton a b and c 
revealed that the compound has two toluene moieties. The six equivalents of proton 
on two methyl groups appear as singlet, while protons b and c on the aromatic ring 
appear as doublet at around 7.3 and 7.8 ppm, and integration of proton around 3.5 to 
4.5 ppm can confirm the number of protons in chain part.  

 

Figure 3.64 1H NMR spectra of 1A, 2A, 3A. 

Meanwhile, the nitration of o-anisidine was successful to generate the nitro 
compound 3B (Scheme 3.3). Unfortunately, the cyclization step of 1A - 3A with 3B 
(the red zone in Scheme 3.3) was unsuccessful. The 1H NMR spectra of the expected 
products from the reactions did not correspond to their structures. Although we tried 
to change the experimental conditions, it did not work. 
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In addition, the derivative of aza-15-crown-5-ether (5B) was synthesized again 
by another procedure as shown in Scheme 3.4. The reaction started with the 
nucleophilic substitution of 2-bromoethanol with 3B to produce 4B and followed by 
cyclization with triethylene glycol tosylate to produce 5B. Finally, the 1H NMR spectrum 
of the product detected from this reaction matched with the literature.  

The target sensor JB3 containing julolidine as a fluorophore and aza-15-crown-
5-ether as a chelating unit can be synthesized from the amine C and julolidine-9-
carboxaldehyde via imination reaction. However, the reduction of nitro group of 5B to 
generate compound C was not successful because the crude from the reaction 
decomposed which could be observed by the rapid change of color when expose to 
the air.  

 
Scheme 3.4 Synthesis of JB3. 
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3.7   Synthesis plans of JC1, JC2, JC3, and JC4 

Since the nitro compound 5B could not be converted to amine, the 
functionalization plan of o-anisidine was changed from the amino group to aldehyde 
3C for coupling with julolidine-9-carboxaldehyde (J). As depicted in Scheme 3.5, the 
aldehyde 3C was successfully synthesized and confirmed by 1H NMR spectra which 
match the literature.  

 
Scheme 3.5 Synthesis of 3C. 

The first target compound JC1 (Scheme 3.6) is theoretically possible to be 
synthesized from amine 3J and aldehyde 3C via an imination reaction. However, the 
reductive amination of aldehyde J to generate amine 3J was not successful because 
the reduction of oxime 2J did not take place by any reducing agents such as Zn in 
CH3COOH, NaBH3CN in HCl and LiAlH4 in THF. 

Scheme 3.6 Synthesis plan of JC1. 
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The second target compound JC2 was designed according to Scheme 3.7. This 
target compound should be synthesized from amine 5J and aldehyde 3C via an 
imination reaction. However, the aldol condensation reaction between J and 
nitromethane to generate the compound 4J was unsuccessful even though several 
reactions were tried (Table 3.4). 

 

Scheme 3.7 Synthesis plan of JC2. 

Table 3.4 Synthesis condition of 4J 

No. J CH3NO2 Base Solvent Temp. Yield 

1 1.2 mmol excess K2CO3 - RT - 

2 0.5 mmol excess Cs2CO3 ACN RT - 

3 1 mmol excess NaOH EtOH 90 oC - 

4 0.5 mmol excess Cs2CO3 DMF RT - 150 oC Complex 
mixture 
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Since the aldol condensation of aldehyde J with nitromethane was 
unsuccessful, the third target compound JC3 was designed and synthesized by the 
aldol condensation of 3C and J with acetone instead of nitromethane (Scheme 3.8). 
First step, aldehyde J reacted with acetone in an aqueous sodium hydroxide solution 
to obtain 6J. After that, methyl ketone 6J was mixed with aldehyde 3C in ethanol and 
an aqueous sodium hydroxide solution to generate JC3. The 1H NMR spectrum of JC3 
is shown in Figure 3.65. The characteristic peaks of JC3 appear correctly but there are 
some noise peaks from decomposition. Noticeably, the color of the JC3 solution in 
EtOH gradually changed from yellow to red when it was left in the air. 

 
Scheme 3.8 Synthesis of JC3. 

 

 

Figure 3.65 1H NMR spectrum of JC3. 
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Next, the synthesis plan was changed to design the new target compound JC4. 
This compound contains a C=C bond linker between aza crown ether and julolidine 
moiety. According to the synthetic plan, it can be synthesized by the Wittig reaction 
between aldehyde 3C and triphenyl phosphonium ylide 11J (Scheme 3.9). However, 
ylide 11J could not be synthesized because the transformation step of 8J to 9J did 
not occur. 

 

Scheme 3.9 Synthesis plan of JC4 by Wittig reaction. 
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 In addition, the McMurry coupling method was also carried out for the synthesis 
of JC4. This reaction can be directly accessed to a C=C bond formation between the 
carbons of the carbonyl groups of compound J and 3C in one step (Scheme 3.10). 
The three possible products from McMerrry reaction between J and 3C include JJ from 
self-coupling of J, CC from self-coupling of 3C, and JC4 from cross-coupling of J and 
3C. However, the major product from this reaction is JJ, whereas JC4 was not detected 
from the crude.  

 

Scheme 3.10 Synthesis plan of JC4 by McMurry reaction. 

None of the synthesis plans have been successful to generate the target 
compounds. Therefore, the crown ether project has been discontinued. 
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PART C: Fluorescence chemosensors from hydrazine derivatives of julolidine 

3.8   Screening test of JK1, JK2, and JK3 

The three hydrazine derivatives JK1, JK2, and JK3 were synthesized and 
investigated in the screening test for metal ion sensing. It was found that only JK3 
showed a change in the fluorescence signal when metal ions were added (Figure 3.66). 
However, the signal changes are not specific to a particular ion. (Note: the 
characterizations were not provided for all derivatives due to no selectivity for metal 
ion sensing in the screening test). Therefore, no further study was made. 

 

Scheme 3.11 Synthesis of JK1, JK2, and JK3 
 

 

Figure 3.66 The visual changes of JK3 upon adding various metal ions under a UV 
light irradiation (365 nm) 
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CHAPTER IV 
CONCLUSIONS 

 
In summary, we have designed and synthesized three new julolidine derivatives 

and investigated their properties for metal ions detection. The hydrazone from 
picolinohydrazide (JP) exhibits high selectivity and sensitivity towards Cu2+ among other 
competitive metal ions with the enhanced fluorescence emission. All of the 
spectroscopic data, TLC analysis, and a competitive binding experiment using EDTA 
indicated that the sensing mechanism involves the Cu2+-triggered hydrolysis reaction 
of the imine bond. Moreover, JP could detect Cu2+ across a wide pH range with a 
detection limit of 0.1 ppm, which was successfully demonstrated in the quantitative 
analysis of Cu2+ in real water samples. This study supports the observation that if the 
fluorophore used in the sensor design of hydrazide derivatives does not contain 
hydroxyl groups, the sensing mode takes place via hydrolysis reaction. 

In addition, we also designed aza crown ether derivatives of julolidine for metal 
ion detection. However, there were many obstacles in the coupling steps of the aza 
crown ether with the julolidine-9-carboxaldehyde. It was found that the reactions on 
the aldehyde group of the julolidine ring were quite difficult, except for the formation 
of imines. Therefore, the synthetic plans may have to change the fluorophore to lower 
the barriers in the synthesis of the desired target molecules. 
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Figure S1 1H NMR spectrum of JA in CDCl3 

 

Figure S2 13C NMR spectrum of JA in CDCl3 
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Figure S3 1H NMR spectrum of JS in DMSO-d6  

 

Figure S4 13C NMR spectrum of JS in DMSO-d6 
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Figure S5 1H NMR spectrum of JP in DMSO-d6 

 

Figure S6 13C NMR spectrum of JP in DMSO-d6 
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Figure S7 HRMS spectrum of JA 

 

Figure S8 HRMS spectrum of JS 
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Figure S9 HRMS spectrum of JP 
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Figure S10 1H NMR spectrum of 1A in CDCl3 

 

Figure S11 1H NMR spectrum of 2A in CDCl3 
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Figure S12 1H NMR spectrum of 3A in CDCl3 

 

Figure S13 1H NMR spectrum of 1B in CDCl3  
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Figure S14 1H NMR spectrum of 2B in CDCl3 

 

Figure S15 1H NMR spectrum of 3B in CDCl3  
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 Figure S16 1H NMR spectrum of 4B in CDCl3 

 

Figure S17 1H NMR spectrum of 5B in CDCl3 
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Figure S18 1H NMR spectrum of 1C in CDCl3 

 

Figure S19 1H N MR spectrum of 2C in CDCl3 
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