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THAI ABSTRACT 

สรายุทธ เวชสิทธิ์ : การรับรู้แอนไอออนและกรดอะมิโนชนิดแอลฟาโดยใช้สารประกอบ
เชิงซ้อนไดนิวเคลียร์ของ คอปเปอร์( II) และซิงก์(II) กับลิแกนด์กลุ่มไตรโพดัลแอมีนโดย

วิ ธี ก ารแทนที่ อินดิ เ ค เตอร์  ( SENSING OF ANIONS AND α-AMINO ACIDS USING 
DINUCLEAR COMPLEXES OF Cu( II) AND Zn( II) WITH TRIPODAL AMINE LIGANDS 
UNDER INDICATOR DISPLACEMENT ASSAY APPROACH)  อ.ที่ปรึกษาวิทยานิพนธ์
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หน้า. 

งานวิจัยนี้ได้ท าการสังเคราะห์สารประกอบเชิงซ้อนชนิดไดนิวเคลียร์และโมโนนิวเคลียร์ของ
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มิโนชนิดแอลฟาด้วยวิธีการแทนที่อินดิเคเตอร์ 

จากการศึกษาความเป็นไปได้ในกรตรวจวัดแอนไอออนไพโรฟอสเฟต (PPi) ด้วย
สารประกอบเชิงซ้อนชนิดไดนิวเคลียร์กับอินดิเคเตอร์ชนิดต่างๆ พบว่าสารประกอบเชิงซ้อนที่เตรียม
จากสารประกอบ Zn2L2 กับ อินดิเคเตอร์ MTB สามารถตรวจวัด PPi ได้อย่างจ าเพาะเจาะจง จาก
การศึกษาด้วยเทคนิค 1H-NMR, 31P-NMR และ เทคนิคทางเคมีค านวณพบว่า โครงสร้างของ
สารประกอบเชิงซ้อนที่เกิดขึ้นมีอัตราส่วนของ Zn2L2:PPi เท่ากับ 2:2 และได้ค่าขีดจ ากัดการตรวจวัด 
PPi เท่ากับ 0.3 µM 

การตรวจวัดกรดอะมิโนฮิสทิดีน (His) ด้วยสารประกอบ CuL3 และ ZnL3 ด้วยวิธีการ
แทนที่อินดิเคเตอร์โดยใช้ PAR เป็นอินดิเคเตอร์ พบว่าสารประกอบ CuL3 สามารถตรวจวัด His ได้
อย่างจ าเพาะเจาะจง ซึ่งแตกต่างจากสารประกอบ  ZnL3 ที่จะถูกรบกวนด้วยแอนไอออนที่มีหมู่
ฟอสเฟตเป็นองค์ประกอบ ผลการทดลองยังแสดงให้เห็นว่าระบบดังกล่าวสามารถตรวจวัด  His ใน
ตัวอย่างปัสสาวะได้ มีค่าขีดจ ากัดการตรวจวัดเท่ากับ 0.5 µM. 
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sensing abilities towards anions and α- amino acids were investigated using the 
indicator displacement assay (IDA) approach. 

The detection of pyrophosphate anion ( PPi)  by Zn2L2 with four 
complexometric indicators was carried out. The results indicated that the [Zn2L2•MTB] 
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31P NMR spectroscopy as well as DFT calculations confirmed that PPi bound to Zn2L2 
in a 2 : 2 manner. The detection limit of PPi for the reported IDA system was 0.3 µM. 

The mononuclear complexes with tripodal amine based IDA receptors (ML3), 
where M =  Cu2+  and Zn2+ , for anions were investigated for colorimetric histidine (His) 
sensor under displacement assay using PAR as an indicator.  [CuL3·PAR]  can detect 
histidine selectively while [ ZnL3·PAR]  can be interfered by phosphate containing 
anions. Furthermore, [CuL3·PAR] can be used to detect His in real urine samples with 
limit of detection of 0.5 µM. 
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CHAPTER I 
INTRODUCTION 

1.1 Statements and significance of the problems 

The multifaceted role of anions and -amino acids in biology and the 
environment has led researchers to develop various means of detecting these species. 
Anions play fundamental roles in many phenomena, including biological processes 
such as the transport hormones, proteins biosynthesis, DNA regulation, and the activity 
of enzymes[1]. Amino acids are very important markers in biochemistry and molecular 
biology, which require high resolution techniques for determinations[2]. Therefore, the 
important roles of those anions and amino acids have inspired chemists to devote 
significant efforts toward the design of practical chemosensors for the detection of 
various anions and amino acids in both qualitative and quantitative manners. 

Among essential amino acids, histidine (His) has been recognized as being 
extremely important for human growth as well as acting as a neurotransmitter in the 
central nervous system of mammals[2]. Histidine-rich proteins are found to play many 
important roles in humans and their abnormal level could indicate a variety of 
diseases[3]. The  deficiency of His is involved in many syndromes, for instances  
epilepsy, Parkinson’s disease[4], and nerve deafness[5]. However, high levels of His in 
physiological fluids could induce metabolic disorders such as histidinemia[6].  

Not only amino acids can act as biomarker for diseases but also anions have 
attracted chemists attention due to their importance in living systems[1]. Great 
attention has been given to the design of chemical sensors for the pyrophosphate 
anion, P2O7

4− or PPi[7-9]. Such an interest stems from the fact that PPi plays an 
important role in many biological processes. In particular, PPi participates in ATP 
hydrolysis and is involved in DNA or RNA polymerase reactions[10-12]. Moreover, the 
amount of PPi has recently been monitored in patients with calcium pyrophosphate 
dihydrate (CCPD) crystal deposition disease (also known as chondrocalcinosis), as the 
disease has been shown to cause high synovial fluid PPi levels in patients. 
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Therefore, detection of His and PPi in biological fluids has become an 
important goal and several conventional sophisticated techniques, like high 
performance liquid chromatography (HPLC)[13], capillary electrophoresis (CE)[14, 15] 
and voltammetry[16-19] have been employed to detect amino acids but have shown 
limitation in operational convenience, skilled personnel and analysis cost. However, 
the optical detection based on specially designed small synthetic organic molecular 
scaffolds-chemosensors are becoming more attractive and reliable due to their 
simplicity and sensitivity. Therefore, the interest in developing optical chemosensors 
based on specially designed small synthetic organic molecular specifically recognizing 
a target amino acid has grown steadily[20-27]. 

Thus far, most of anion and amino acid chemosensors have been synthesized 
by attaching a dye, usually a colorimetric and fluorescence dye, to an anion-binding 
site giving a convenient visual “by eye” detection provided by colorimetric assays and 
highly sensitive fluorescence spectroscopy[28]. However, this mechanism does not 
always work well. Recently, indicator displacement assays (IDA) employing 
fluorescence and chromogenic indicators are becoming an increasingly popular 
method of detecting various analytes[29, 30]. The dyes used in the development of 
IDA are depicted in Figure 1. Many physiologically and environmentally important 
targets, such as phosphate[31, 32], pyrophosphate[33-38], citrate[39, 40], 
carbonate[41], amino acids[42-46], and biological molecules[47-51], can now be 
detected and quantified through indicator displacement assays. This approach is 
somehow employed in displacement reactions in immunoassay protocols[52]. 
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Figure 1. Dyes employed in displacement assays for the chromogenic and 
fluorogenic sensing of anions and amino acids. 

 

Traditionally, the selected receptor (usually a metallic complex) forms an 
inclusion complex with a dye. Upon addition of the target anion, the receptor binds 
to the anion and releases the dye to the solution. Perhaps the most interesting feature 
of this approach is that the non-covalent anchoring of binding sites and indicator 
groups allows testing a large number of combinations in order to obtain tuned sensing 
systems. Additionally, most of the designed ensembles usually display sensing features 
in water or mixed organic–aqueous solutions allowing the design of realistic sensing 
protocols. For sensing anions and amino acids, the metal complexing IDA (M-IDA) are 
usually favorable since the pioneering work of Fabbrizzi[41] and Anslyn[42]. The 
advantages of an M-IDA are that it can operate in highly polar and solvating solvents 
(aqueous ethanol or pure water), and displays strong affinity toward anionic 
substrates[53]. 

In previous studies[38], I found that a dinuclear Cu2+ complex of a calix[4]arene 
derivative containing tripodal amine units, Cu2L1, could successfully be an IDA receptor 
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for pyrophosphate anion (PPi) in aqueous acetronitrile buffer at pH 7.4 using 
pyrocatechol violet (PV) as colorimetric indicator. Bearing these result in mind, I expect 
that dinuclear complexes could have sensing potentials toward PPi with respect to 
other phosphate containing anions using IDA strategy by changing the ligand structures, 
metal center type and reporting indicators[38]. In my continuing endeavor to develop 
assays for detecting anions and -amino acids, I decided to investigate whether my 
two IDA complexes, Cu2L2 and Zn2L2, would be suitable for achieving the required 
selectivity for other anions and -amino acids. Moreover, we study the IDA approach 
of mononuclear complexes, CuL3 and ZnL3, in order to compare results with those 
of Cu2L2 and Zn2L2. The sensing abilities could be tuned by the topological difference 
of the complexes and indicators employed. The structures of complex receptors 
employed in this work are presented in Figure 2. 

 

 
 

Figure 2. The structures of the proposed complex receptors employed in this work.



 

 

CHAPTER II 
THEORETICALS AND LITERATURE REVIEWS 

2.1 Concept of supramolecular chemistry 

Supramolecular chemistry is a young discipline dating back to the late 1960s 
and early 1970s. Jean-Marie Lehn, who won the noble prize in 1987, has defined the 
term of “supramolecular chemistry” as “the chemistry of molecular assemblies and 
of the intermolecular bonds”[54]. However, many attempts have tried to mention 
supramolecular chemistry as “chemistry beyond the molecule” or “the chemistry of 
the noncovalent bond” as well as “nonmolecular chemistry”. 

Non-covalent interactions for examples electrostatic interactions, hydrogen 
bonding and metal-ligand coordination have a profound importance in chemistry and 
biochemistry. Where these interactions occur with strength and selectivity, molecular 
recognition may occur allowing highly complex systems consisting of discrete 
molecules to form and operate. Furthermore, non-covalent interactions may be used 
to control and accelerate the formation and breaking of covalent bonds[54]. 

In supramolecular chemistry, the interaction between two or more molecules 
in a unique structural arrangement is known as host-guest chemistry. A host molecule 
is one that contains a cavity or a hole within the molecule. This cavity must be 
complementary to its guest, with can be fit inside the cavity. Typically, the host is a 
larger molecule with a pocket or cavity possessing convergent binding sites for 
selectivity of a specific guest[54]. The guest molecule possesses divergent binding sites 
and can vary in size from a single atom to a complex biological assembly as shown in 
Figure 3. An advanced and challenging target in host-guest chemistry is the construction 
of a host molecule having the ability of specific recognition with a guest molecule. 
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Figure 3. The complementary shape and size of the host and guest as they interact 
non-covalently 

 

Ideally, construction of supramolecular chemistry host-guest complexes 
concern the stability of complex which is being formed. In addition, in the complicated 
system not only the interactions between host and guest are considered but also 
many molecular recognition events, involving the making and breaking of many 
interactions between host-guest and the solvent, and within the solvent itself and 
effect to conformational changes should not be forgotten. Consequently, the synthesis 
of successful artificial host-guest systems is still a challenge. 

 

2.2 Molecular recognitions to chemical receptors and chemical sensors 

One of the current challenges in the area of supramolecular chemistry involves 
the development of chemical receptors and chemical sensors with high selectivity for 
specifically targeted guest molecules. The system could have an important role to 
play in a variety of applications, including sensing[55], analysis[56], waste 
remediation[57], and drug development[58]. Chemical sensors are usually understood 
to be devices that transform chemical information into analytically useful signals[59].  
The basic design principle of a chemosensor is that the sensing event has to be related 
to an easy-to-measure signal. Nowadays, many chemosensors display changes in 
color[60], fluorescence[61] and electrochemical properties[62] in the presence of a 
certain guest molecule. Especially, the design of optical chemosensors has 
continuously evolved. In the first approach explored, the sensors feature the receptor 
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unit as part of the chromophore/fluorophore. In these systems, which have been 
named intrinsic chemosensors, the interaction between the bound substrate and the 
dye (chromophore or fluorophore) leads directly to the modification of its emission 
properties, as shown in Figure 4. 

 

 
 

Figure 4. Schematic representation of chemical sensor process. 
 

2.3 Chemosensing ensembles 

These self-assembled chemosensors are made by mixing a dye, a substrate, 
and a receptor which is able to interact with both chemical species, but with different 
binding strength. Following the design principle, these systems have been named 
chemosensing ensembles. The chemosensing ensemble strategy is based on a 
competition assay in which the dye and the substrate compete for the receptor[29]. 
The displacement of the dye from the complex results in a change of its optical 
properties. The supramolecular version of this assay uses a recognition unit, designed 
for selective interaction with a desired analyte, along with an external indicator (a UV-
visible chromophore or a fluorescence dye) that associates with the recognition unit 
in the absence of the analyte. This method is also referred to as indicator 
displacement assay (IDA)[30]. The IDA sensing mechanism is shown in Figure 5. 
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Figure 5. Sensing mechanism of indicator displacement assay (IDA) 
 

The IDA offers many advantages over traditional sensing assays. First, the 
method does not require the indicator to be covalently attached to the receptor. 
Second, since there are no covalent bonds between the receptor and the indicator, 
one can employ several different indicators with the same receptor. Third, the assay 
works well in both organic and aqueous media, and lastly, the assay is easily adapted 
to different receptors and platforms for quick analysis. Nguyen et al.[30] have classified 
three types of IDAs as follow. First, the colorimetric IDA (C-IDA) which employs 
colorimetric indicators. The second class is the fluorescent IDA (F-IDA) which uses 
fluorescent indicators, and the third class is the metal complexing IDA (M-IDA) that 
utilizes a metal center with either a colorimetric or fluorescent indicator. Therefore, a 
M-IDA is a subset of both a C-IDA and a F-IDA. 

 

2.3.1 Metal complexing indicator–displacement assays (M-IDA): Anion 
sensing strategy 

Anions play fundamental roles in many phenomena, including biological 
processes such as the transport of hormones, proteins biosynthesis, DNA regulation, 
and the activity of enzymes. The important roles of anions have inspired chemists to 
design of practical chemosensors for the detection of anions, both qualitatively and 
quantitatively. It has long been known that the coordination chemistry of anion 
recognition has some specific characters that need to be speculated[63]. Therefore, 
when constructing the receptor for a certain anion, the geometry and shape of the 

Indicator Substrate 
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anion to recognize its charge, which can be varied as a function of the hydrophobicity 
and its pH should be taken into account[64].  

Normally, it can be said that the anions receptors use similar type of 
interactions as biological receptors. Those can be basically classified into hydrogen 
bond formation, interactions with metal centers and electrostatic interactions. 
Electrostatic interactions with anions are found using positively charged receptors 
having for instance guanidinium groups[65], quaternary ammoniums[66] and 
isothiouranium and protonated amines[67]. Hydrogen-bonding interactions have been 
widely for anion recognition, for example amides[68]), ureas and thioureas[69], 
calix[4]pyrroles[70] and porphyrins[71]. 

Not only organic compounds have been exploited as anion receptors, but also 
metal complexes have also been used as anion binding sites[53]. Metal complexes can 
bind anions, forming stronger bonds than those generally observed using electrostatic 
or hydrogen-bonding interactions. Especially, metal complexes with open coordination 
sites, unsaturated complexes, have found wide use in molecular recognition. The 
metal ion should be coordinated in a thermodynamically and kinetically stable 
fashion. Coordination to metal ions occurs typically with a single coordinated bond 
from a guest to a metal complex host may provide sufficient binding energy to result 
in stable and defined aggregates at micromolar concentrations in water. However, not 
all coordinatively unsaturated metal complexes are suitable binding sites for molecular 
recognition of guest molecules. The coordinative bond between the metal complex 
and the bound guest should be strong but not too tight. Importantly, a reversibly 
bound Lewis basic guest should not displace the metal ion from the ligand. Therefore, 
multidentate ligands have been used as ligands for metal complex host molecules[72]. 

As I mentioned before, in M-IDA strategy an indicator (chromophore or 
fluorophore) is allowed to coordinate with both the metal center and the receptor. 
Addition of an analyte to the system causes the displacement of the indicator from 
the metal and the receptor. This results in optical changes that can be measured to 
derive binding affinity. The advantages of a M-IDA are that it can operate in highly polar 
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and solvating solvents (aqueous ethanol or pure water), and displays strong affinity 
toward anionic substrates. 

The first pioneered in IDA is Professor Anslyn. He discovered the organic 
compound receptor having three guinidium groups can use as receptor for citrate anion 
under IDA approach by using 5-carboxy fluorescein as reporting indicator and they 
applied this system for determination of citrate in beverages[73], as shown in Figure 6. 

 

 
 

Figure 6. The structures of organic compound receptor having three guinidium groups 
and carboxy fluorescein indicator and citrate anion  

 

Another one of the pioneers of this method is the Fabbrizzi group[74]. They 
have shown that the ensemble system between dicopper (II) complex 1 and 
fluorescence coumarin 2 indicator, as shown in Figure 7, possessed the high selectivity 
to carbonate anion in aqueous solution. The carboxylate group of coumarin is capable 
of bridging the two copper centers of 1. This coordination quenches the fluorescence 
of coumarin 2. Addition of carbonate anion to the ensemble solution regenerated the 
fluorescence due to the displacement of 2 from 1 by carbonate anion. 

 



 

 

11 

 
 

Figure 7. The structures of dicopper (II) complex 1 and coumarin indicator 2. 
 

The same strategy was used by Fabbrizzi in the detection of pyrophosphate 
(PPi)[33] and histidine in water[43]. Pyrophosphate anions play important roles in 
bioenergetic and metabolic processes[65, 66]. Receptor 3 was designed to incorporate 
two copper ions to gain affinity for the analytes.  Eosine Y 4 was one of the indicators 
used in this study. Results from these studies showed that 3 could bind to 
pyrophosphate better than monophosphate due to the ability of pyrophosphate to 
coordinate the two copper centers. The same sensing ensemble [3•4] was also able 
to discriminate histidine from glycine, phenyl alanine, valine, leucine, and proline. This 
is because histidine possesses an imidazole residue which coordinates to dicopper 
centers, resulting in higher selectivity.        

Moreover, Hu and Feng[75] has shown that the ensemble system between 
dinuclear Cu(II) complex 3 with fluorescence Eosin Y 4 and fluorescein 5 indicator 
possess the high selectivity to oxalate anion in aqueous solution, as shown in Figure 
8. The result showed that, receptor 3 possessed higher binding affinity for 4 over 5. 
Noticeably 4 based ensemble can discriminate oxalate from malonate, which is often 
found as a strong competitor in oxalate sensing. The detection limit of 4 based 
ensemble for oxalate is calculated to be 0.079 mM. 
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Figure 8. The structures of dicopper (II) complex 3 and indicators 4 and 5 
 

Interestingly, the dinuclear zinc phosphoesterase enzyme models have been 
exploited as M-IDA receptors. Kim and Han[31] have used an ensemble of Zn2+-
dipicolylamine complex 6 and pyrocatechol violet or PV 7 as anion sensor to detect 
both phosphate (Pi) and PPi at pH 7.4 in 10 mM HEPES buffer, as shown in Figure 9. It 
was found that the Zn–Zn distance in complex 6 is 3.0 Å which is less than that in 
phosphotriesterase (3.5 Å). This may be the reason why 6 can bind both Pi and PPi. 
Therefore, the Zn–Zn distance played a key role in analyte preference. 

 

 
 

Figure 9. The structures of dinuclear zinc(II) complex 6 and chromogenic indicator 7 
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Anion binding capabilities of a diketopiperazine-based receptor 8 bearing two 
Zn2+ dipicolylamino binding sites were studied by using IDA strategy with a fluorescent 
coumarin derivative 9[68]. Receptor 8 was able to quench the fluorescence emission 

of 9 at 37C in water (HEPES, pH 7.4 and NaCl to mimic physiological pH and ionic 
strength) as shown in Figure 10. The titration profiles indicated the formation of a 1:1 
complex between 8 and 9. An equimolar solution of [8•9] was then titrated with 
aliquots of the anions NO3

-, SO4
2-, Br-, I-, AcO-, (+)-tartrate, citrate, HPO4

2-, PPi, 
phosphotyrosine, phosphothreonine, AMP, cAMP, ADP, ATP and GTP. Selective 
fluorescence enhancement for di- and triphosphate oxoanions over all other anions 

was observed in the order: PPi > ATP  GTP > ADP. These results are not as selective 
as the results obtained in a previous study using receptor 10 which better matches PPi 
due to the larger distance between the two Zn2+ metal centers. The work points 
towards the importance of the correct scaffold choice in the design of receptors for 
phosphate oxo anions. 

 

 
 

Figure 10. The structures of dinuclear zinc(II) complexes 8 and 10 and fluorescence 
indicator 9 

 

Watchasit and co-workers have synthesized dinuclear Cu(II) complex of p-tert-
butylcalix[4]arene containing two tripodal amine units (Cu2L1) and the complex has 
been exploited as PPi sensor by the IDA approach[38]. It was found that the new 
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ensemble between (Cu2L1) and PV 7 showed the high selectivity to PPi than other 
anions in 80/20 (%v/v) CH3CN/H2O solution buffered with 10 mM HEPES at pH 6.4. The 
sensing selectivity is ascribed to the tuning of the distance between donor atoms of 
anion guests and their ability to encompass the Cu2+-Cu2+ distance within the cleft of 
(Cu2L1). In addition, the preorganization of calix[4]arene in the cone conformation and 
steric hindrance of two bulky tripodal amine moieties are important factors to control 
the Cu2+-Cu2+ distance.  Thus far, the remaining weak point of PPi detections using IDA 
approach is that the method cannot discriminate PPi from other phosphate containing 
anions effectively. 

Therefore, the objectives of this research were,  

1. To synthesize the new anthracene containing tripodal amine ligands L2 and 
L3 and their complexes with Cu(II) and Zn(II). 

2. To investigate the recognition properties of the sensing ensembles toward 

anions and -amino acids under IDA strategy by changing indicators. 

3. I expected that my synthesized coordination compounds could detect 
various types of anions and amino acids by using commercially available 
indicators. 

4. I hoped that, by tuning proper indicators, my synthesized complexes can 
probably discriminate PPi from other phosphate containing anions under 
indicator displacement assay. 



 

 

CHAPTER III 
EXPERIMENTS 

3.1 Instruments 

Nuclear Magnetic Resonance (NMR) spectra were recorded in CDCl3, D2O and 
CD3CN on a 400 MHz Bruker Ultra Shield AVANCE 400 spectrometer. The solid state 
structure was determined by X-ray crystallography using a Bruker APEX CCD 
diffractrometer (graphite monochromated Mo-K radiation with  = 0.71073 Å). The 
UV–Vis spectra were measured on a Hewlett Packard UV–Vis 8453 spectrophotometer. 
The ESI-MS mass spectra were recorded using a Bruker microTOF mass spectrometer. 
Square wave voltammetry was performed using an AUTOLAB PGSTAT 100 potentiostat. 
All electrochemical experiments carried out with a three-electrode cell comprising of 
a Pt working electrode, a counter electrode and a Ag+/AgCl reference electrode at 
room temperature.  

 

3.2 Chemical reagents 

All the chemicals were reagent grade form Merck, Fluka and Aldrich. Solvents 
for synthesis (LABSCAN) were commercially purchased and purified by distillation and 
stored over molecular sieves 3 or 4 Å. CH3CN (LABSCAN) was analytical grade and used 
as received. Sterile water for injection was obtained from General Hospital Products 
Public Co., Ltd, (PathumThani, Thailand). Column chromatography operations were 
carried out on silica gel (Kieselegel 60, 0.063-0.200 nm, Merck) and alumina (aluminium 
oxide 90, 0.063-0.200 nm, Merck). 
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3.3 Synthesis and characterization of ligands L2 and L3 

3.3.1 Preparation of (E)-1-(pyridin-2-yl)-N-(pyridin-2-ylmethylene) 
methanamine (a)  

 

 
 

To a suspension of anhydrous MgSO4 (122 g, 183 mmol) in CH2Cl2 (30 mL) was 
added 2-pyridinecarboxaldehyde (3.96 g, 37 mmol) and 2-(aminomethyl) pyridine (4 g, 
37 mmol). The mixture became warm and the color changed to yellow. After being 
stirred for 3 h at room temperature under nitrogen atmosphere, the suspension was 
filtered and washed with CH2Cl2 (150 mL), and the solvent was removed under vacuum. 
A yellow oil of (a) was obtained (7.3 g, quantitative yield)[76].  

 

1H NMR (400 MHz, CDCl3, ppm):  8.67 (d, 1H, J = 3.6 Hz, ArH), 8.58 (t, 2H, J = 3.6 Hz, 
ArH), 8.10 (d, 1H, J = 7.6 Hz, ArH), 7.76 (d, 1H, J = 1.6 Hz, ArH), 7.67 (m, 1H, ArH), 7.43 
(d, 1H, J = 7.6 Hz, ArH), 7.34 (m, 1H, ArH), 7.19 (s, 1H, ArH), 5.03 (d, 2H, J = 0.8 Hz, -CH2-
).  

13C NMR (100 MHz, CDCl3, ppm):  163.94, 149.50, 149.37, 136.68, 136.55, 124.92, 
122.38, 122.13, 121.49, 66.58. 

 

 

 

 

 

 

 

(3.1) 
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3.3.2 Preparation of bis-pyridin-2-ylmethylamine (b) 

 

 
 

The imine (a) (4.02 g, 20 mmol) was dissolved in CH3CN (45 mL) and was cooled 
to -5 oC. Glacial acetic acid (1.47 mL, 25 mmol) was added in portions. To the resulting 
clear yellow solution was added NaBH4 (3.78 g, 100 mmol) and EtOH (55 mL). After 
stirring for 18 h at room temperature, the reaction mixture was quenched with 12 M 
HCl (28 mL, 80 mmol) and heated at 60 oC for 2 h. The white precipitate was filtered. 
The filtrate was concentrated in vacuo and then redissolved in water (15 mL). The 
resulting yellow aqueous solution was basified by addition of solid NaOH pellets (12 
g, 300 mmol) with efficient cooling. A red oil appeared immediately. It was extracted 
with diethyl ether (3 × 200 mL). The ether extracts were dried with anhydrous Na2SO4. 
After solvent removal, compound (b) was obtained (3.98 g, quantitative yield)[76].  

 

1H NMR (400 MHz, CDCl3, ppm):  8.58 (m, 2H, ArH), 7.66 (m, 2H, ArH), 7.39 (d, 2H, J = 
7.6 Hz, ArH), 7.18 (m, 2H, ArH), 4.00 (s, 4H, -CH2-).  
13C NMR (100 MHz, CDCl3, ppm):  159.63, 149.31, 136.51, 122.34, 121.99, 54.74. 

 

 

 

 

 

 

(3.2) 
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3.3.3 Preparation of 2-[bis(2-pyridylmethyl)aminomethyl]nitrobenzene 
(c) 

 

 
 

Amine (b) (3.86 g, 19.4 mmol), K2CO3 (20.8 g, 150 mmol), 2-nitrobenzylbromide 
(4.19 g, 419.4 mmol), and molecular sieves 3 Å (3.05 g) were mixed in 80 mL of CH3CN 
and stirred for 12 h under nitrogen atmosphere. The reaction mixture was filtered 
through Celite. After solvent removal, a brown oil was obtained. The oil was 
redissolved in CH2Cl2 (200 mL) and washed with water (3 × 300 mL). The organic 
extracts were dried with anhydrous MgSO4. After solvent removal a dark oil of 
compound (c) was obtained (6.04 g, 93%)[77].  

 

1H NMR (400 MHz, CDCl3, ppm):  8.52 (m, 2H, ArH), 7.77 (t, 1H, J = 6.8 Hz, ArH), 7.71 (s, 
1H, ArH), 7.65 (m, 1H, ArH), 7.64 (d, 1H, J = 2 Hz, ArH), 7.51 (d, 1H, J = 1.6 Hz, ArH), 7.42 
(d, 2H, J = 8 Hz, ArH), 7.16 (m, 2H, ArH), 4.09 (s, 2H, -CH2-), 3.79 (s, 4H,-CH2-).  

13C NMR (100 MHz, CDCl3, ppm):  158.62, 148.92, 136.46, 134.38, 132.35, 131.39, 
127.92, 124.31, 123.28, 122.13, 60.39, 55.87. 

 

 

 

 

(3.3) 
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3.3.4 Preparation of 2-[bis(2-pyridylmethyl)aminomethyl]aniline (d) 

 

 
 

Pd-C (0.3 g) and nitro compound (c) (3 g, 8.97 mmol) were mixed in 150 mL of 
MeOH and stirred under a hydrogen atmosphere for 24 h. The reaction mixture was 
filtered through Celite to give a dark oil of (d) after solvent removal (2.73 g, quantitative 
yield)[77]. 

 

1H NMR (400 MHz, CDCl3, ppm):  8.55 (m, 2H, ArH), 7.63 (m, 2H, ArH), 7.39 (d, 2H, J = 
7.6 Hz, ArH), 7.15 (q, 2H, J = 5.2 Hz, ArH), 7.07 (m, 2H, ArH), 6.63 (t, 2H, J = 6.0 Hz, ArH), 
3.80 (s, 4H, -CH2-), 3.66 (s, 2H, -CH2-).  

13C NMR (100 MHz, CDCl3, ppm):  159.10, 149.01, 147.01, 136.45, 131.18, 128.50, 
123.53, 122.07, 117.22, 115.45, 60.14, 57.92. 

 

 

 

 

 

 

 

(3.4) 
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3.3.5 Preparation of 9,10-bis(chloromethyl)anthracene (e) 

 

 
 

Anthracene (10.50 g, 58.90 mmol) and paraformaldehyde (11.25 g, 37.46 mmol) 
were dissolved in the mixture of 1,4-dioxane (90 mL) and concentrated HCl (15 mL). 
The reaction mixture was refluxed and stirred under HCl gas atmosphere for 3 h. The 
yellow precipitate was filtered and washed with 1,4-dioxane. Then, the crude product 
was recrystallized in hot 1,4-dioxane to give yellow needle crystal (8.7 g,53%)[78]. 

 

1H NMR (400 MHz, CDCl3, ppm):  8.41 (q, 4H, J = 3.6 Hz, ArH), 7.69 (q, 4H, J = 3.6 Hz, 
ArH), 5.64 (s, 4H, -CH2-).  

13C NMR (100 MHz, CDCl3, ppm):  130.23, 129.77, 126.73, 124.35, 38.82  

 

 

 

 

 

 

 

 

 

(3.5) 
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3.3.6 Preparation of anthracene-9,10-dicarboxaldehyde (f) 

 

 
 

9,10-Bis(chloromethyl)anthracene (2 g, 7.27 mmol) was dissolved in DMSO 40 
mL. The mixture of 2-nitropropane (2.40 mL) and sodium (0.4 g, 17.39 mmol) in EtOH 
(24 mL) was added in portions. The reaction mixture was stirred under nitrogen 
atmosphere for 3 h and was cooled to -4 oC for 2 h. The deep orange precipitate was 
filtered and washed with water and dried in a dessicator to give an orange product (0.8 
g, 47%)[78]. 

 

1H-NMR (400 MHz, CDCl3, ppm):  11.52 (s, 2H, -CHO), 8.74 (q, J = 3.6 Hz, 4H, ArH),  

7.72 (q, J = 3.6 Hz, 4H, ArH)  

13C-NMR (100 MHz, CDCl3, ppm):  194.27, 131.69, 129.12, 128.35, 124.21 

 

 

 

 

 

 

 

(3.6) 
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3.3.7 Preparation of (N,N'E,N,N'E)-N,N'-(anthracene-9,10-diylbis(methan-
1-yl-1-ylidene))bis(2-((bis(pyridin-2-ylmethyl)amino)methyl)aniline) (h) 

 

 
 

A mixture of 2-[bis(2-pyridylmethyl)aminomethyl]aniline (d) (1.93 g, 6.34 mmol) 
and 9,10-diformylanthracene (f) (0.64 g, 2.73 mmol) was dissolved in anhydrous CH3CN 
(50 mL) in a round bottom flask. The reaction mixture was refluxed under nitrogen for 
12 h. After the solvent was removed, the product was obtained as a dark solid (h) 
(quantitative yield). 

 

ESI-MS (positive mode); 807.3913 [M+H]+. 

 

 

 

 

 

 

 

 

 

 

(3.7) 
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3.3.8 Preparation of ligand L2 

 

 
 

The crude imine (h) was dissolved in MeOH (100 mL) and the solution was 
cooled to -5 oC. Subsequently, NaBH4 (4.18 g, 110 mmol) was added to the brown 
solution, and the mixture was refluxed for 12 h under nitrogen atmosphere. After the 
mixture was cooled to room temperature, water (150 mL) was added and the mixture 
was evaporated to remove MeOH. The residue was dissolved in CH2Cl2 (150 mL) and 
the organic layer was washed with water (3×100 mL), dried with anhydrous MgSO4, 
filtered and the solvent was removed. The light yellow solid of ligand L2 was obtained 
after recrystallization of the crude product in MeOH (0.90 g, 41%).  

 

1H-NMR (400 MHz, CDCl3, ppm):  8.45 (q, J = 3.6 Hz, 4H, ArH), 8.03 (d, J = 4.4 Hz, 4H, 
ArH), 7.58 (q, J = 3.6 Hz, 4H, ArH), 7.38 (t, J = 8 Hz, 2H, ArH), 7.18 (d, J = 7.2 Hz, 2H, ArH), 
7.10 (d, J = 8 Hz, 2H, ArH), 6.73 (m, 10H, ArH), 6.51 (d, J = 7.6 Hz, 4H, ArH), 6.33 (s, 2H, 
-NH-), 5.28 (s, 4H, -CH2-), 3.59 (s, 4H, -CH2-), 3.52 (s, 8H, -CH2-).  

13C-NMR (100 MHz, CDCl3, ppm):  158.43, 148.58, 148.05, 135.79, 131.43, 131.01, 
130.89, 129.00, 126.13, 125.51, 122.55, 122.24, 121.96, 121.44, 116.69, 109.63, 60.35, 
58.50, 40.96.  

ESI-MS (positive mode); 811.4281 [M+H]+.  

Elemental analysis calculated for C54H50N8: C, 79.97; H, 6.21; N, 13.82; found C, 79.89; 
H, 6.16; N, 13.87. 

 

(3.8) 



 

 

24 

3.3.9 Preparation of (E)-N-(anthracen-9-ylmethylene)-2-((bis(pyridin-2-
ylmethyl)amino)methyl)aniline (g) 

 

 
 

2-[bis(2-pyridylmethyl)aminomethyl]aniline (d) (1.41 g, 4.65 mmol) and 9-
anthracenaldehyde (0.96 g, 6.47 mmol) were dissolved in anhydrous CH3CN (150 mL) 
in a round bottom flask. The reaction mixture was refluxed under nitrogen atmosphere 
for 24 h. The reaction mixture was concentrated in vacuo to give a brown oil product 
of (E)-N-(anthracen-9-ylmethylene)-2-((bis(pyridine-2-ylmethyl)amino)methyl)aniline in 
quantitative yield. 

 

ESI-MS (positive mode, m/z): [M+H]+ = 493.24  

 

 

 

 

 

 

 

 

 

(3.9) 
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3.3.10 Preparation of ligand L3 

 

 
 

The brown oil of product (g) (0.64 g, 1.29 mmol) was dissolved in CH3OH. The 

solution was treated with NaBH4 (0.57 g, 15.48 mmol) in small portions at 0 ◦C and 
subsequently refluxed for 16 h under nitrogen atmosphere. At room temperature, 
water (50 mL) was added into the mixture, and the solvent was concentrated in vacuo. 
The organic layer was dried over anhydrous MgSO4 and the solvent was removed under 
reduced pressure giving a red-brown oil. A mixture of CH3OH and diethyl ether was 
added to the oil and the product L3 was obtained as a bright yellow solid (0.35 g, 
55%).   

 

1H NMR (400 MHz, CDCl3, ppm):  8.60 (s, 2H, ArH), 8.28 (d, J = 8.8 Hz, 2H, ArH), 8.15 (d, 
J = 8.4 Hz, 2H, ArH), 8.04 (d, J = 4.0 Hz, 2H, ArH), 7.57 (d, J = 7.2 Hz, 2H, ArH), 7.50 (m, 
2H, ArH), 7.06 (s, 2H, ArH), 6.74 (q, J = 4.0 Hz, 2H, ArH), 6.62 (m, 2H, ArH), 6.44 (d, J = 
8.0 Hz, 2H, ArH), 6.09 (s, 1H, -NH-), 5.15 (s, 2H, -CH2-NH-), 3.56 (s, 2H, -CH2-), 3.50 (s, 2H, 
-CH2-).  

13C NMR (100 MHz, CDCl3, ppm):  158.44, 148.46, 148.07, 135.90, 131.65, 131.42, 
130.94, 129.98, 129.05, 129.05, 127.70, 126.34, 125.26, 124.79, 122.48, 121.77, 121.47, 
116.57, 109.56, 58.51, 40.59.  

ESI-MS (positive mode, m/z): [M+H]+ = 495.2563. 

The elemental analysis calculated for C34H30N4: C, 82.56; H, 6.11; N, 11.33; found C, 
82.49; H, 6.16; N, 11.45. 

(3.10) 
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3.4 Synthesis and characterization of metal complexes of Cu(II) and Zn(II) with 
ligand L2 and L3 

 3.4.1 Preparation of dinuclear complex Cu2L2 

 

 
 

The methanolic solution of Cu(ClO4)2.6H2O (50 mg, 0.13 mmol) was added to 
the ethanolic suspension of L2 (32.4 mg, 0.04 mmol) the color of solution changed to 
deep green immediately. Then, the mixture was refluxed under nitrogen for 12 h. After 
cooling to room temperature the green solid precipitate was filtered and washed with 
CH2Cl2 and MeOH to obtain Cu2L2 (48.1 mg, 90%).  

 

ESI-MS (positive mode, m/z): [M + 3ClO4]+ = 1235.0554  

Elemental analysis calcd for C54H50Cl4Cu2N8O16: C, 48.55; H, 3.77; N, 8.39; found C, 48.49; 
H, 3.76; N, 8.42. 

 

 

 

 

 

 

 

(3.11) 
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3.4.2 Preparation of dinuclear complex Zn2L2 

 

 
 

The ethanolic solution of Zn(ClO4)2.6H2O (37.2 mg, 0.1 mmol) was added to the 
ethanolic suspension of L2 (24.3 mg, 0.03 mmol) and the color of solution changed to 
yellow immediately. Then, the yellow solution was refluxed under nitrogen for 12 h. 
After cooling to room temperature, the yellow solids were precipitated, filtered and 
washed with CH2Cl2 and MeOH to obtain Zn2L2 (35.4 mg, 88%).  

 

1H-NMR (400 MHz, 20% (v/v) D2O/CD3CN, ppm):  8.70 (bs, 4H, ArH), 7.87 (bm, 8H, ArH), 
7.48 (bm, 4H, ArH), 7.34 (bs, 8H, ArH), 7.20 (d, J = 7.6 Hz, 2H, ArH–NH–), 6.75 (t, J = 7.6 
Hz, 2H, ArH–NH–), 6.25 (t, J = 7.6 Hz, 2H, ArH–NH–), 5.27 (bd, J = 7.6 Hz, 2H, ArH–NH–) 
4.98 (bs, 4H, Ar–NH–CH2–), 4.29 (m, 12H, Ar–CH2–).  

13C-NMR (100 MHz, 20% (v/v) D2O/CD3CN, ppm):  154.76, 147.63, 141.88, 140.97, 
133.37, 129.79, 129.09, 128.72, 127.15, 126.23, 125.80, 124.93, 124.56, 124.34, 124.00, 
59.02, 27.84, 45.11.  

ESI-MS (positive mode); 1236.2163 [M+3ClO4
-]+.  

Elemental analysis calculated for C54H50Cl4N8O16Zn2.H2O.CH2-Cl2: C, 45.79; H, 3.77; N, 
7.77; found C, 45.66; H, 3.76; N, 7.93.  

 

(3.12) 
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3.4.3 Preparation of mononuclear complex CuL3 

 

 
 

The methanolic solution of CuCl2.2H2O (24 mg, 0.14 mmol) in methanol (5 mL) 
was added to the suspension of methanolic solution of L3 (50 mg, 0.10 mmol) giving 
the deep green solution. The resulting deep green solution was allowed to stand at 
room temperature. After 1 week, green cubic-shaped X-ray diffraction quality single 
crystals of compound CuL3 appeared (85 mg, 73%).  

 

MALDI-TOF MS: [CuL3+Cl]+, m/z = 592.833  

Elemental analysis calcd for C34H30Cl2CuN4 : C, 64.91; H, 4.81; N, 8.91; found C, 64.60 ; 
H,4.86 ; N, 8.50. 

 

 

 

 

 

(3.13) 



 

 

29 

3.4.4 Preparation of mononuclear complex ZnL3 

 

 
 

The methanolic solution of Zn(NO3)2.6H2O (41 mg, 0.14 mmol) in methanol (5 
mL) was added to thr suspension of methanolic solution of L3 (50 mg, 0.10 mmol) 
giving a yellow solution. The resulting solution was allowed to stand at room 
temperature. Compound ZnL3 precipitated as a yellow solid (48 mg, 70%).  

 

1H NMR (400 MHz, CDCl3, ppm):  8.63 (d, J = 4.4 Hz, 2H, ArH), 8.58 (s, 1H, ArH), 8.13 (t, 
J = 8.0 Hz, 4H, ArH), 8.57 (m, 4H, ArH), 7.41 (t, J = 8.0 Hz, 1H, ArH), 7.47 (m, 4H, ArH), 
7.14 (d, J = 8.0 Hz, 1H, ArH), 6.94 (d, J = 7.6 Hz, 1H, ArH), 6.87 (d, J = 7.2 Hz, 1H, ArH), 
6.65 (d, J = 7.2 Hz, 2H, ArH), 5.17 (d, J = 4.8 Hz, 2H, -CH2-), 4.42 (d, J = 15.6 Hz, 2H, -
CH2-), 3.95 (d, J = 15.6 Hz, 2H, -CH2-), 3.82 (s, 1H, -NH-), 3.57 (s, 2H, -CH2-).  

13C NMR (100 MHz, CDCl3, ppm):  153.83, 148.58, 147.34, 140.09, 134.31, 131.44, 
130.70, 130.43, 129.29, 128.33, 127.99, 127.34, 125.64, 124.81, 123.90, 123.24, 119.63, 
118.40, 115.31, 56.30, 50.61, 42.18.  

MALDI-TOF MS: [ZnL3+3NO3]-, m/z = 744.081 

Elemental analysis calcd for C34H30N6O6Zn: C, 59.70; H, 4.42; N, 12.29; found C, 59.71; 
H,4.48; N, 12.28. 

 

(3.14) 
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3.5 Screening tests for selective sensing of anions and α-amino acids sensing 

3.5.1 Screening tests of indicators for selective PPi sensing 

For the colorimetric detection of PPi anion, a solution of each indicator (400 
µM, 0.1 mL) in 80/20 (% v/v) acetonitrile/aqueous solutions buffered at pH 7.4 with 
HEPES was added into a solution of Zn2L2 20 µM (2 mL) in the same solvent system. 
Subsequently, 300 µL of tetrabutylammonium salts of anions (1 mM) was then added 
to the sensing ensemble. The resulting mixtures were allowed to stand for 5 min and 
subjected to UV−vis spectroscopic measurements. Photographs were taken by a digital 
camera (Canon EOS 7D with Tamron 17-50 mm F2.8 lens). 

 

3.5.2 Screening tests of indicators for selective histidine sensing 

Stock solutions (1 mM) of -amino acids were prepared in 80/20 (% v/v) 
acetonitrile/aqueous solutions buffered at pH 7.4 with HEPES.  A stock solution of each 
receptor (20 µM) and indicator (400 µM) were prepared in 80/20 (%v/v) 
acetonitrile/aqeous solutions buffered at pH 7.4 with HEPES. For colorimetric detection 
of histidine, a solution of each indicator was added into a solution of each complex. 
Subsequently, 300 µL of -amino acids (1 mM) was then added to the as-prepared 
ensemble. The resulting mixtures were allowed to stand for 5 min and subjected to 
UV-vis spectroscopic measurements. Photographs were taken by a digital camera 
(Canon EOS 7D with Tamron 17-50 mm F2.8 lens). 

 

3.6 UV-vis titrations under indicator displacement assay 

3.6.1 UV-vis titrations under indicator displacement assay for PPi 
detection 

All spectrometric titrations were performed in 80/20 (% v/v) acetronitrile/ 
aqueous solutions buffered at pH 7.4 with HEPES (10 mM) in quarzt cuvettes. Titrations 
were carried out by adding aliquots of a 400 µM (10 µL) solution of complex solution 
to a 20 µM (2 mL) of each indicator by a syringe. After each addition, the absorption 
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spectra of the indicator solution were recorded. Similar titration experiments were 
performed with PPi. In a typical titration, aliquots solution of PPi 400 µM (10 µL) were 
added to a 20 µM (2 mL) of 1:1 or 1:2 ensemble solution of [Zn2L2:MTB]. The 
ensemble formation constants and the apparent competitive binding constants are 
calculated using SPECFIT32 program. 

 

3.6.2 UV-vis titrations under indicator displacement assay for histidine 
detection 

All spectrophotometric titrations were performed in 80/20 (%v/v) 
acetonitrile/aqueous solutions buffered at pH 7.4 with HEPES (10 mM) in quartz 
cuvettes. Titrations were carried out by adding aliquots of a 400 µM (10 µL) solution 
of the complex solution to a 20 µM (2 mL) of each indicator by a syringe. After each 
addition, the absorption spectra of the indicator solution were recorded. Similar 
titration experiments were performed with His. In a typical titration, aliquots solution 
of His 1 mM (10 µL) were added to a 20 µM (2 mL) of 1:1 ensemble solution of 
[ML•PAR]. The ensemble formation constants and the apparent competitive binding 
constants are calculated using SPECFIT32 program. 

 

3.7 NMR titration experiments 

Generally, all reagents in NMR titration experiments were prepared in 80% 
CD3CN/D2O. For PPi titration, aliquots of Zn2L2 0.05 M (5 µL) were added into the 0.5 
mL solution of the PPi (5 mM) by a syringe. For MTB titration, aliquots of MTB 0.05 M 
(5 µL) were added into the 0.5 mL solution of the Zn2L2 by a syringe. For MTB 
displacement titrations, aliquots of PPi were added into the 0.5 mL solution of 1:1 and 
1:2 ensemble (5 mM) solution of [Zn2L2:MTB], respectively. Subsequently, 1H or 31P 
NMR spectra were then recorded. 

For histidine detection, a 5 mM solution of ZnL3 in 50/50 (%v/v) CD3CN/D2O 
0.5 mL was prepared in NMR tubes. A 0.05 M stock solution of His guest molecules in 
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50/50 (%v/v) CD3CN/D2O was prepared in a small vial. The solution of His was added 
into the NMR samples (0 - 4 equivalents). 

 

3.8 Tolerances limit study by UV-Visible spectrophotometry 

A solution of PAR indicator 800 µM (0.1 mL) in 20% (v/v) water/acetonitrile 
solutions buffered at pH 7.4 with HEPES was added into a solution of ZnL3 20 µM (2 
mL) in the same solvent system. Subsequently, 300 µL of His (1 mM) was then added 
to the as-prepared ensemble. After that, each interfering anion was added to the 
ensemble solution.  The resulting mixtures were allowed to stand still for 5 min and 
subjected to UV-vis spectroscopic measurements. The tolerance level was defined as 
the maximum amount of the interfering species producing an error of ± 5% in His 
determination. 

 

3.9 Urine samples preparation for histidine detection under indicator 
displacement assay 

Human urine samples were collected from healthy adult volunteers. The urine 
samples were diluted 100-fold directly with 80% (v/v) acetonitrile/aqueous solutions 
buffered at pH 7.4 with HEPES. Then 10 µL of diluted sample was added to the 10 mL 
of 20 µM [CuL3·PAR] ensemble. The quantification of histidine and the absorption 
recovery with 10, 20 and 30 µM spiked amounts of histidine were done by a standard 
addition method.  



 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

4.1 Synthesis and characterization of ligands L2 and L3 

 4.1.1 Synthesis and characterization of L2 

Ligand L2 was straightforwardly synthesized in a moderate yield (41%) by a 
Schiff base condensation reaction between tripodal amine (d) and 9,10-diformyl 
anthracene (f) in refluxing acetonitrile and followed by in situ reduction using NaBH4 in 
refluxing methanol (Scheme 1).  

 

 
 

Scheme 1. The synthetic pathway for ligand L2  
 

Ligand L2 was characterization by various analytical methods. Firstly, 1H NMR 
spectrum of L2 in CDCl3, as shown in Figure 11. showed the singlet peak at chemical 
shift 3.52 ppm (8H) belongs to -CH2- groups that connect to the pyridine rings. The 
singlet peak at chemical shift 3.59 ppm (4H) belongs to -CH2- groups connecting to the 
benzene rings, other singlet peak at chemical shift 5.28 ppm (4H) belongs to -CH2NH- 
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protons that connect to anthracene ring. The broad peak at chemical shift 6.33 ppm 
corresponds to NH protons. The 1H-NMR spectrum also showed signals for the protons 
of the pyridine rings (4H) in a low field region at chemical shift 8.45 ppm. HRMS-ESI 
(positive mode) mass spectrum showed the parent peak at m/z = 811.4281 
corresponding to a singly charged molecular ion of [L2+H]+ as shown in Figure 12. In 
addition, the doubly charged species of [L2+2H]2+ was also observed at m/z 406.2193. 
The elemental analysis result agrees well with the proposed structure. 

 

 
 

Figure 11. 1H NMR spectrum of ligand L2 in CDCl3 
 

 
 

Figure 12. Mass spectrum of ligand L2 

[L2+H]+ 

[L2+2H]2+ 
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4.1.2 Synthesis and characterization of ligand L3 

Ligand L3 was straightforwardly synthesized in a moderate yield (55%) by a 
Schiff base condensation reaction between tripodal amine (d) and 9-anthracene 
aldehyde in refluxing acetonitrile and followed by in situ reduction using NaBH4 in 
refluxing methanol (Scheme 2).  

 

 
 

Scheme 2. The synthetic pathway for ligand L3  
 

Ligand L3 was characterization by standard analytical techniques. The 1H NMR 
spectrum of L3 in CDCl3 (Figure 13) showed the singlet peak at chemical shift 3.50 ppm 
(4H) belongs to -CH2- groups that connect to the pyridine rings. The singlet peak at 
chemical shift 3.56 ppm (2H) belongs to -CH2- groups connecting to the benzene rings, 
other singlet peak at chemical shift 5.13 ppm (2H) belongs to -CH2NH- protons that 
connect to anthracene ring. The broad peak at chemical shift 6.09 ppm corresponds 
to NH protons. The 1H-NMR spectrum also showed signals for the protons of the 
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pyridine rings (2H) in low field region at chemical shift 8.60 ppm. HRMS-ESI (positive 
mode) mass spectrum showed the parent peak at m/z = 495.2563 corresponding to 
the singly charged molecular ion of [L3+H]+, as shown in Figure 14. The elemental 
analysis result agrees well with the proposed structure. 

 

 
 

Figure 13. 1H NMR spectrum of ligand L3 in CDCl3 
 

 
 

Figure 14. Mass spectrum of ligand L3 
 

[L3+H]+ 
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The suitable single crystal of L3 has grown in MeOH and crystallized in the 
space group P-1. The intramolecular hydrogen bonding between the NH amine and 
tertiary nitrogen atom with a N(1)-N(2) distance of  3.026(3) Å with hydrogen bond angle 
of  137(3)° was found in the crystal structure, Figure 15. This result agreed with the 1H-
NMR spectrum of L3 in CDCl3 in which the NH amine proton was observed in the 
downfield region ( = 6.09 ppm). It revealed that the preorganization of L3 was 
controlled by the intramolecular hydrogen bond. 

 

 
 

Figure 15. ORTEP plot of ligand L3 
 

4.2 Synthesis and characterization of dinuclear complexes Cu2L2 and Zn2L2 
and mononuclear complexes CuL3 and ZnL3 

4.2.1 Synthesis and characterization of Cu2L2 

The dinuclear copper(II) complex, Cu2L2, was synthesized by refluxing Cu(ClO4)2.6H2O 
with ligand L2 in methanol and obtained as deep green precipitated in 90% yield. 
Then, it was characterized by mass spectrometry technique and C/H/N analysis 
technique. HRMS-ESI (positive mode) mass spectrum, as shown in Figure 16, showed a 
molecular ion at m/z = 1235.0554 related to [Cu2L2 + 3ClO4]+. Moreover, the doubly 
charged species of [L2+2ClO4]2+ was also observed at m/z = 569.2438.  The elemental 
analysis result agrees well with the proposed structure. 
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Figure 16. Mass spectrum of dinuclear complex Cu2L2 
 

4.2.2 Synthesis and characterization of Zn2L2 

The dinuclear zinc(II) complex, Zn2L2, was readily obtained by refluxing 
Zn(ClO4)2·6H2O with ligand L2 in ethanol in 88% yield. The Zn2L2 complex was 
characterized by standard analytical methods. The 1H NMR spectrum of Zn2L2 in 20% 
D2O/CD3CN showed rather broad signals (Figure 17), compared to that of the free ligand 
L2. A multiplet signal of methylene protons of the two pyridine groups and the amine 
groups appeared at 4.29 ppm. The aromatic protons of the aryl rings connecting to the 
amine group appeared at more upfield positions compared to that of L2, probably 
due to the coordination of the N atom to the Zn(II) center. I proposed that L2 behaved 
as a tetradentate ligand to coordinate Zn(II) using 4 N atoms of the tripodal amine 
unit[77]. HRMS-ESI (positive mode) mass spectrum showed a molecular ion at m/z = 
1236.2163 related to [Zn2L2 + 3ClO4]+ as shown in Figure 18. The elemental analysis 
result agrees well with the proposed structure. 

 

[Cu2L2+3ClO4]+ 
[Cu2L2+2ClO4]2+ 
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Figure 17. 1H NMR spectrum of complex Zn2L2 in 20% D2O/CD3CN 
 

 
 

Figure 18. Mass spectrum of complex Zn2L2 
 

[Zn2L2+3ClO4]+ 
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4.2.3 Synthesis and characterization of CuL3 

The mononuclear copper(II) complex Cu2L3 was synthesized using a straight 
forward method from the reaction of copper(II) chloride salts with the methanolic 
solutions of the ligand L3 and obtained as deep green solid in 73% yield. MALDI-TOF 
mass spectrum shown in Figure 19, reveals the formation of CuL3 found at m/z = 
592.833 for [CuL3-Cl]+. The suitable single crystal of CuL3 was obtained after 
recrystallized in MeOH. An ORTEP plot of CuL3 is shown in Figure 20. The geometry 
around the copper(II) center is best described as tetragonal structure with chloride ion, 
tertiary nitrogen atom and two nitrogen atoms of pyridine rings occupying the 
equatorial coordination sites, and the secondary amine nitrogen atom together with 
the chloride ion in the axial positions. Due to pseudo Jahn–Teller effect, the CuL3 
complex shows an elongated axis along the axial Cu–N(1) and Cu-Cl(2) with bond 
distances of 2.541(2) Å and 2.791 (3) Å, respectively.These bond distances are larger 
than those of equatorial ones; Cu-Cl(1) 2.273 (2) Å, Cu-N(2), 2.068 (2) Å, Cu-N(3) 2.019 
(2) Å and Cu-N(4) 2.012 (2) Å. 

 

 
 

Figure 19. Mass spectrum of mononuclear complex CuL3 
 

[CuL3-Cl]+ 
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Figure 20. ORTEP plot of mononuclear complex CuL3 
 

4.2.4 Synthesis and characterization of ZnL3 

The ZnL3 was easily synthesized by refluxing Zn(NO3)2.6H2O with ligand L3 in 
methanol to give yellow compound product in 70% yield. I have tried to grow the 
single crystal of ZnL3. However, the crystal is not good enough to collect the X-ray 
data. Compared to the crystal structure of CuL3, I expected that upon Zn2+ 
coordination at the tripodal amine unit the intramolecular hydrogen bond between 
NH-N was broken. Notably, 1H NMR spectrum of ZnL3 could confirm my expectation, 
Figure 21.  The result showed that the NH amine proton of ZnL3 was shifted upfield  
( = 2.27 ppm) compared to free L3.  It should be noted that the four methylene 
protons of tripodal amine unit in ZnL3 appear as a pair of doublets (AB system) at 4.42 
and 3.95 ppm with J = 15.6 Hz. The resonances from the protons proximal to the Zn(II) 
centers show a downfield shift, while protons that are distant from the metal centers 
show an upfield shift. This implies that the electronic environment of protons on the 
same methylene carbon is not identical upon coordination of Zn2+. MALDI-TOF mass 
spectrum shown in Figure 22 showed the parent peak at m/z = 744.081 corresponding 
to the singly charged molecular ion [ZnL3+3NO3]-. Elemental analysis result agrees 
well with the proposed structure. 
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Figure 21. Comparison of 1H NMR spectra of ligand L3 and mononuclear complex 

ZnL3 in CDCl3 
 

 
 

Figure 22. Mass spectrum of mononuclear complex ZnL3 
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4.3 Sensing of PPi under an indicator displacement assay 

4.3.1 Screening tests of indicators for selective PPi sensing 

I first tested the anion sensing capabilities of the receptor Zn2L2 by using an 
indicator displacement assay. In this study, 4 commercial dyes (Figure 23), pyrocatechol 
violet (PV), bromopyrogallol red (BPG), methylthymol blue (MTB) and xylenol orange 
(XO), which were complexometric indicators for the determination of metal ions were 
employed[79-81]. I prepared both 1:1 and 1:2 receptor to indicator ratios in 20% (v/v) 
water–acetonitrile solution buffered at pH 7.4 with HEPES to screen the sensing abilities 
toward PPi over other anions.  

 

 
 

Figure 23. Structures of indicators employed in PPi sensing under the IDA studies. 
 

After the addition of various anions (7.5 equivalents of tetrabutylammonium 
salts) to four ensemble solutions, I found that only the [Zn2L2·MTB] ensemble was 
able to discriminate PPi from other anions as indicated by a color change from blue 
to purple shown in Figure 24, and giving the same result with [Cu2L2·MTB] ensemble 
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(Figure S36). However, the PV– and BPG–Zn2L2 ensembles responded to all phosphate 
containing anions because the color of the corresponding ensembles was converted 
to the color of the free indicators. In the case of the XO–Zn2L2 ensemble, there were 
no significant changes upon addition of all anions. Therefore, the anions were not able 
to dislodge the XO indicator. Both MTB and XO have a similar core structure, they 
differ only in the bulky substituents on the rings. I expect that the binding affinity of 
the Zn2L2–indicator ensemble must play an important role in the displacement of the 
indicator by an anion. Compared to dinuclear Zn(II)–DPA receptors which could 
undergo IDA using the indicator PV[50, 82, 83], my Zn2L2 needed a different indicator 
due to the change in coordination chemistry around the Zn(II) center.  

 

 
 

Figure 24. Color changes of the Zn2L2-based (20 µM, 2 mL) ensembles (Ens) with 
various indicators (Dye) (400 µM, 0.2 mL) at a 1:2 receptor to indicator ratio 
(a) PV, (b) BPG, (c) MTB and (d) XO in the presence of various anions (1 
mM, 0.3 mL) in 80/20 (%v/v) acetonitrile/aqueous solution buffered at pH 
7.4 with HEPES. 

(a) 

(b) 

(c) 

(d) 
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4.3.2 Binding studies of Zn2L2 with PPi by 1H and 31P NMR spectroscopy 

The binding properties of Zn2L2 with PPi was studied by 1H and 31P NMR 
spectroscopy as well as UV-vis spectrophotometry. Upon adding portions of PPi (in 
20% D2O/CD3CN) to the solution of Zn2L2, the 1H NMR spectrum of the Zn2L2 starts 
broaden indicating a fluxional behaviour (Figure 25). When 2 equivalents of PPi is 
added, the spectrum becomes resolved. All protons can be assigned by the HMQC 
technique. Interestingly, in the absence of PPi the aromatic proton a of the dinuclear 
complex Zn2L2 appears in a higher magnetic field region, at = 5.3 ppm, probably due 
to the shielding effect of the ring current of the aromatic anthracene ring. Upon 
addition of PPi, the proton a disappears from the NMR spectrum and reappears in a 
more downfield region. The aromatic protons b and c move downfield and the 
methylene protons e and f move upfield. Therefore, protons on the aromatic ring A 
generally move significantly while protons g, i, j and k on the aromatic ring B move to 
a lesser extent. The proton h of the methylene linkage between anthracene and the 
tripodal amine unit, functioning as a pivot of the movement, stays sharp upon addition 
of PPi. The results imply that the aromatic ring A probably moves away from the 
anthracene moiety upon the binding of PPi to the Zn(II) center. 

 

 

 

 

 

 

 



 

 

46 

 

 
 

Figure 25. (a) structure of dinuclear complex Zn2L2 (b) 1H NMR spectra of (I) free Zn2L2, 
(II) Zn2L2 + PPi 0.5 equiv., (III) Zn2L2 + PPi 1.0 equiv., (IV) Zn2L2 + PPi 1.5 
equiv., (V) Zn2L2 + PPi 2.0 equiv. And (VI) Zn2L2 + PPi 2.5 equiv. in 20% 
D2O/CD3CN. 

 

 

(a) 

(b) 
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31P NMR titrations of Zn2L2 in 20% D2O/CD3CN with portions of PPi were carried 
out and the spectra are shown in Figure 26. The free PPi has a signal at −6.0 ppm. It 
can be clearly seen that adding up to 1.0 equivalent of PPi to the solution of Zn2L2 
gave a single broad peak at −3.0 ppm due to the formation of a complex between an 
equivalent amount of Zn2L2 and PPi concomitant with the disappearance of the signal 
at −6.0 ppm. The single peak at −3.00 ppm implied that two P atoms in PPi bound 
Zn2L2 are magnetically equivalent. Upon adding more than 1 equivalents of PPi a 
signal at a more upfield position appears in the spectrum. After the addition of 4 
equivalent of PPi, this peak shifts to a more downfield position, close to that of the 
signal of free PPi and the signal at −3.0 ppm becomes more resolved. 

 

 
 

Figure 26. 31P NMR spectra of Zn2L2 (5 mM) upon addition of various concentrations 
of PPi (0.05 M) in 80/20 (%v/v) CD3CN/D2O. 

PPi 

Zn2L2 + PPi 0.5 equiv. 

Zn2L2 + PPi 1.0 equiv. 

Zn2L2 + PPi 2.0 equiv. 

Zn2L2 + PPi 3.0 equiv. 

Zn2L2 + PPi 4.0 equiv. 
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The best way to obtain the exact structure of the Zn2L2–PPi complex is from 
the crystal structure determination. However, I cannot obtain a suitable crystal of the 
complex for X-ray crystallography, probably due to the mixed solvent system 
(H2O/CH3CN) used in the preparation of the complex. Based on the several binding 
modes of PPi toward the metal center reported previously[84], the density functional 
theory (DFT) calculations of a possible complex of Zn2L2 and PPi in 1:1 and 2:2 
fashions were carried out to find the most stable structure instead. According to 
computer simulations, the 1:1 complex model was not possible due to too much 
strain in the molecule of the 1:1 PPi-bound Zn2L2 complex. However, six conformers 
of dimeric 2:2 species represented as 2Zn2L2·2PPi were found and their energies were 
calculated (Table S2 and Figure S37 – S42 in the appendix). All optimized structures 
were obtained by DFT calculations using the B3LYP/LANL2DZ level of theory[85-87] 
performed with the GAUSSIAN09 program. The most stable structure of 2Zn2L2·2PPi is 
shown in Figure 27. The dimeric species is composed of two Zn2L2 and two PPi units 
forming a tetranuclear Zn(II) complex with PPi as bridging ligands. Two oxygen atoms 
on each phosphorus of PPi coordinated to one Zn2+ ion, the same as the structure 
reported by Hong et al[34]. Interestingly, the calculated structure showed a high 
symmetry structure of the PPi units. This agreed with the result from the 31P NMR 
spectroscopy where the two phosphorous atoms in PPi appeared as a singlet peak the 
in 31P NMR spectrum. In addition, the calculated structure is also relevant to the signals 
that appeared in the 1H NMR spectrum shown in Figure 25. The calculated dimeric 
structure is similar to the structure of the PPi bound-dinuclear Zn(II) complex reported 
by Lee et al[88]. 
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Figure 27. The most stable DFT-calculated structure of the dimeric 2:2 species, 
2Zn2L2·2PPi complex. 

 

4.3.3 Binding studies of dinuclear complex Zn2L2 with MTB and 
displacement studies with PPi using 1H NMR spectroscopy 

 Upon addition of portions of MTB (in 80/20 (%v/v) CD3CN/D2O) to the solution 
of Zn2L2, 1H NMR spectra were obtained and are shown in Figure 28. The 1H NMR 
spectrum of Zn2L2 starts to broaden after adding portions of MTB and is too 
complicated to assign each proton signal. However, it can be clearly seen that upon 
adding more than 1 equivalent of MTB to Zn2L2, the peak due to free MTB emerges 
in the spectrum. 
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Figure 28. 1H NMR titration spectra of (I) free Zn2L2 (5 mM), (II) MTB, (III) Zn2L2·MTB, 
(IV) Zn2L2·2MTB, (V) Zn2L2·MTB + 2.0 equiv. of PPi and (VI) Zn2L2·2MTB 
+ 2.0 equiv. of PPi in 80/20 (%v/v) CD3CN /D2O, where * is the residue of 
free MTB present in the ensemble. 

 

Therefore, 1H NMR titrations of 1:1 and 1:2 ensembles of Zn2L2 and MTB with 
PPi were carried out in 80/20 (%v/v) CD3CN/D2O (Figure S43 and S44 in the appendix). 
The spectra were too complicated to clearly assign the signal to particular protons. 
Interestingly, after more than 1 equivalent of PPi was added, the spectra of both 1:1 
and 1:2 ensembles became very similar and were almost the same as those observed 
for the 1:1 species of Zn2L2·PPi shown in Figure 25. 31P NMR titrations of the 1:1 and 
1:2 ensembles of Zn2L2 and MTB with PPi in 80/20 (%v/v) CD3CN/D2O (Fig. S45 and 
S46 in the appendix) gave almost identical spectra to the results shown in Figure 26. 
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These results confirm that MTB can be replaced by PPi, and most of the final species 
are PPi bound Zn2L2. 

 

4.3.4 Studies of Zn2L2–indicator ensembles by UV-vis spectrophotometry 

From the above results, I can clearly see that the new Zn2L2 complex can be 
used to detect PPi selectively. Therefore, I studied the binding behaviors in aqueous 
solution using UV-vis spectrophotometry. To understand the sensing phenomenon of 
my ensembles, I had to determine the ensemble formation constants (log β) by 
employing the SPECFIT32 program. Typically, an experiment was carried out by the 
titration of Zn2L2 to a solution of each indicator. The addition of 0 to 0.4 equivalent 
of Zn2L2 to a solution of MTB, resulted in a bathochromic shift of the absorption 
around 450 nm to 530 nm (Figure 29a) and the color changed from pale green to violet 
(Figure 29c, vials no. i–v), visible to the naked eye. Subsequently, increasing the amount 
of Zn2L2 to the ensemble solutions, caused the bathochromic shift of the absorption 
at 530 nm to 600 nm and finally the blue color was observed (Figure 29c, vials no. vi–
xi). The UV-vis spectrum at 600 nm was completely saturated around 1.3 equivalents 
of Zn2L2. 
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             i      ii    iii    iv     v    vi    vii   viii    ix    x    xi 

 

Figure 29. (a) UV-vis spectra obtained by the addition of Zn2L2 (400 µM) to a solution 
of MTB (20 µM), inset: Job’s plot analysis of the MTB-based ensemble and 
(b) color changes upon increasing the amount of Zn2L2 (400 µM) to the 
MTB (20 µM) solution: (i) free MTB, (ii) 0.1 equiv., (iii) 0.2 equiv., (iv) 0.3 
equiv., (v) 0.4 equiv., (vi) 0.5 equiv., (vii) 0.6 equiv., (viii) 0.7 equiv., (ix) 0.8 
equiv., (x) 0.9 equiv. and (xi) 1.0 equiv. 

 

The results showed that two species were formed during the titration. From 
the concentration profile, upon addition of Zn2L2 to the MTB solution, a complex of 
1:2 species of [Zn2L2·2MTB] was present in a maximum abundance of 15% at 10 µM 
of Zn2L2. On further addition of Zn2L2, a 1:1 species of [Zn2L·MTB] could form in 80% 
abundance, which was much higher than that of the [Zn2L2·2MTB] species, Figure 30. 
The presence of two co-existing ensemble species (1:1 and 1:2) agreed well with the 
Job’s plot analysis of the ensembles (Figure 29b) and the unresolved 1H NMR spectra 
shown in Figure 28. 

 

(a) (b) 

(c) 
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Figure 30. Concentration profiles of the species present at equilibrium in the UV-vis 
titration of MTB-base ensemble, where % is referred to the total 
concentration of MTB. 

 

Ensembles of Zn2L2 and PV, BPG as well as XO were also studied by UV-vis 
spectrophotometry, and their absorption spectra are shown in Figure S38 –S40 in the 
appendix. Stepwise formation constants of all ensembles calculated by SPECFIT32 are 
tabulated in Table 1. The results showed that two species were formed during the 
titration. Upon addition of Zn2L2 to the indicator (I) solution, the 1:2 Zn2L2·2I species 
occurred because the concentration of I was much higher than that of Zn2L2 at the 
beginning of titration. Further addition of Zn2L2 would yield the Zn2L2·I species. 
Therefore, the Zn2L2·I would exist in high concentration at the end of titrations. The 
presence of two co-existing ensemble species of those three indicators (1:1 and 1:2) 
agreed well with the Job’s plots (Figure S47– S49 in the appendix). 
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Table 1.  Stepwise ensemble formation constants ( log β)  between Zn2L2 and the 
indicators 

 log β1 log β2 

PV 3.98 ± 0.38 8.43 ± 0.22 

BPG 4.76 ± 0.26 9.14 ± 0.26 

MTB 6.05 ± 0.16 10.80 ± 0.32 

XO 7.72 ± 0.18 13.48 ± 0.28 

 

XO showed the highest binding constant (log β1) to the Zn2L2 receptor 
compared to PV, BPG and MTB suggesting that XO could sit in the ensemble cleft with 
the strongest interactions with Zn2L2. The log β1 of MTB to Zn2L2 was lower than that 
of XO. Presumably, the two bulky isopropyl groups of MTB, giving the more steric 
hindrance than XO, decreased the binding affinity of MTB to the Zn2+ metal ions. For 
PV and BPG indicators, log β1 values were smaller than that of XO and MTB suggesting 
that their structural scaffolds were less suitable for coordinating to the two metal 
centers in Zn2L2. 

 

4.3.5 PPi sensing studies by UV-vis spectrophotometry 

The screen test of my IDA system suggests that MTB was the best indicator to 
be replaced solely by PPi. In addition, results from the NMR and UV-vis studies suggest 
that upon the addition of excess MTB to Zn2L2, both 1:1 and 1:2 [Zn2L2·MTB] were 
formed with the former most dominant in solution. To investigate the sensing ability 
of PPi under IDA experiments, the chemosensing ensembles were prepared by mixing 
Zn2L2 and the MTB indicator in a 1:2 molar ratio in 80/20 (%v/v) acetonitrile/aqueous 
solution buffered at pH 7.4 with HEPES. The displacement of indicators by anions was 
carried out by the addition of various anions to those ensemble solutions. 
Subsequently, colorimetric changes as well as the UV-visible spectra changes were 
examined. Upon addition of various anions (as tetrabutylammonium salts, 7.5 
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equivalents) to the [Zn2L2·MTB] based ensemble solutions, only PPi could turn the 
color from blue to violet, while other anions did not give rise to either changes in the 
UV-vis spectra or in color. These results suggest that those anions did not interfere 
with the PPi sensing. Indeed, the lack of interference may be due to the fact that the 
binding affinities of the other anions with Zn2L2 are weaker than that of MTB with 
Zn2L2. The results suggested that MTB possessed an appropriate affinity to Zn2L2 to 
facilitate such a selective response to PPi. 

The addition of PPi 0–3 equivalents to the 1:2 base ensemble of [Zn2L2·2MTB] 
led to the hypsochromic shift corresponding to the disappearance of the absorption 
band of the ensemble at 600 nm and the appearance of a new absorption band 
around 530 nm. The UV-vis spectrum at 530 nm was completely saturated at 3 
equivalents of PPi (Figure 31a). In addition, the color of the ensemble turned from 
blue to violet. The apparent competitive binding constants of PPi with [Zn2L2·MTB] in 
the displacement assay were determined by SPECFIT32 to be log β1 = 8.97 ± 0.28 and 
log β2 = 10.79 ± 0.28 corresponding to [Zn2L2·2PPi] and [2Zn2L2·2PPi], respectively 
(Figure 31b). The presence of the [2Zn2L2·2PPi] species at the end of titration agreed 
well with the most stable structure shown in Figure 27 obtained from DFT calculations. 
It should be noted that, the observed violet color in the PPi competition experiments 
was similar to the color observed in the ensemble formation experiments (see Figure 
29c, vial no. iii). 

 

 

 



 

 

56 

 
 

Figure 31. (a) UV-vis spectra obtained for the addition of PPi (1 mM) to a 1:2 ensemble 
solution of Zn2L2 and MTB (20 µM) and (b) concentration profiles of the 
species present at equilibrium in the UV-vis titration of PPi displaced 
[Zn2L2·MTB] ensemble. 

 

4.3.6. Studies of interferences and limit of detection 

To further explore the effective applications of the [Zn2L2·MTB] ensemble, the 
competition experiments were also measured. As shown in Figure 32a, even in the 
presence of a large excess of other competitive anions, no obvious interference with 
the detection of PPi was observed. These results clearly indicated that the 
[Zn2L2·MTB] ensemble was useful for selectively sensing PPi even under competition 
from other related anions, which would fulfill the purpose of real-time monitoring. In 
addition, the detection limit of the absorption changes calculated on the basis of 3/K 
was 0.3 µM[89] (Figure 32b). 

(a) (b) 
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Figure 32. (a) Sensing of PPi in the presence of competitive anions (7.5 equivalents) in 
80/20 (%v/v) acetonitrile/aqueous solution buffered at pH 7.4 with 10 mM 
HEPES (b) Calibration curve for detection of PPi using [MTB·Zn2L2] 
ensemble. 

 

4.4 Sensing of histidine under an indicator displacement assay 

4.4.1 Sensing abilities studies of Zn2L2 based ensemble towards α-
amino acids 

From the previous results I found that [Zn2L2•MTB] ensemble could be used 
as metal complex-based IDA receptor for PPi. Consequently, I have tried to use Zn2L2 
for selective detection of α-amino acids under IDA strategy in human urine sample. 
After addition of various 1 mM of 20 amino acids (10 equivalent) to [Zn2L2•MTB] 
ensembles (20 µM) solutions, the results showed that [Zn2L2•MTB] ensemble seems 

(a) 

(b) 
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to detect His selectively. However, His could not replace the Zn-bound MTB 
completely (Figure 33b). Presumably, the dicarboxylate indicator MTB is not an 
appropriate indicator in this system.  

 

 

 
 

Figure 33. Color changes of (a) [Zn2L2·PAR] and (b) [Zn2L2·MTB] ensembles (20 µM) 
in the presence of various amino acids (1 mM) in 80/20 (%v/v) CH3CN/H2O 
buffered at pH 7.4 with HEPES. 

 

Then, a commercially available dye 4-(2-pyridylazo)resorcinol (PAR) having azo 
and  -OH functional groups which is already known to be used as complexometric 
indicator for metal ion determination was chosen[43, 46, 90-94]. I envisaged that the 
PAR based ensemble with Zn2L2 complex should give the promising results in which 
His could replace Zn2L2-bound PAR from its ensemble with the color change from 
red color of ensemble to the yellow color of the free PAR (Figure 33a), indicating the 
expected displacement of the indicator. Therefore, PAR is a suitable indicator for His 
under IDA condition. Indeed, the lack of interference stems from the fact that the 
binding constants of other amino acids with Zn2L2 complex are weaker than that of 
the ensemble of Zn2L2 and PAR. Therefore, to understand the interactions between 
Zn2L2 complex receptors with PAR, UV-vis spectrophotometry has been employed to 
study. 

The addition of Zn2L2 to the yellow solution of PAR resulting in the 
bathochromic shift of absorption at max 400 nm of free PAR to 510 nm of ensemble, 

(b) 

(a) 
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being attributed to charge transfer in the ensemble. The absorption at 510 nm was 
saturated at 1.2 equivalent of Zn2L2, Figure 34a. The ensemble formation constants 
(log β) were calculated to be 4.33 ± 0.4 and 10.67 ± 0.04 corresponding to [Zn2L2•PAR] 
and [Zn2L2•2PAR] species respectively, Figure 34b showed that [Zn2L2•2PAR] is the 
dominated species in the solution. The presence of 1:2 ratio of Zn2L2 and PAR could 
be confirmed by Job’s plot analysis, Figure 34c. By quantitative titration of a 1 mM 
solution of His in 20 µM of [Zn2L2•2PAR] ensemble, the original absorption at 503 nm 
diminished as His was added, and a new absorption at 400 nm appeared (Figure S50 
in appendix), responsible for the color change from red to yellow. It is implied that the 
bound PAR in the [Zn2L2•2PAR] could be replaced by the added His. However, amino 
acids could behave as monodentate or polydentate ligand[95], the ternary complex 
of [Zn2L2•2His] should be obtained in the displacement experiments. From this result, 
I expect that the ensemble between mononuclear complex analogue of Zn2L2, ZnL3, 
and PAR could be exploited as chemosensing ensemble for His under IDA strategy. 
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Figure 34. (a) UV/vis titration spectra obtained by addition of Zn2L2 (400 µM) to a 
solution of PAR (20 µM) (b) concentration profiles of the species present 
at equilibrium in the UV-vis titration of [Zn2L2·PAR] base ensemble, where 
% is referred to the total concentration of PAR (c) Job’s plot analysis in 
HEPES buffered pH 7.4 in 80/20 (% v/v) acetonitrile/aqueous solution and 
(d) A plot of absorption against concentration of Zn2L2 titrated in PAR. The 
red solid line is nonlinear least-squares fittings of the titration profiles using 
SPECFIT32 program. 

 

4.4.2 Sensing abilities studies of ZnL3 based ensemble towards α-
amino acids 

Consequently, to test my hypothesis the sensing ensemble of ZnL3 with PAR 
indicator was prepared in HEPES buffered pH 7.4 in 80/20 (% v/v) acetonitrile/aqueous 
solution. The sensing ability studies of this ensemble towards amino acids have been 
carried out in a similar fashion to [Zn2L2•2PAR] ensemble. As I expected, the 

(a) (b) 

(c) (d) 
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mononuclear ensemble could discriminate His from the other amino acids similar to 
the dinuclear Zn2L2 ensemble (Figure 35c). Therefore, I decided to study the potential 
application of mononuclear ZnL3 as His naked-eye sensor in biological fluid According 
to the UV-visible titration results in Figure 35a, the log β of ZnL3 with PAR was 
calculated to be 6.85 ± 0.2 corresponding to 1:1 species of [ZnL3•PAR]. The sensing 
properties of [ZnL3•PAR] toward His was investigated by spectrophotometric titration.  

 

 

 
 

Figure 35.  (a) UV/vis spectra obtained by addition of ZnL3 (400 µM) to a solution of 
PAR (20 µM) in HEPES buffered pH 7.4 in 80/20 (% v/v) acetonitrile/aqueous 
solution (b) a plot of absorption against concentration of ZnL3 titrated in 
PAR. The red solid line is nonlinear least-squares fittings of the titration 
profiles using SPECFIT32 program and (c) color changes of [ZnL3·PAR] 
ensemble (20 µM) in the present of various amino acids (12.5 equiv.). 

 

The competition between His and the bound PAR was studied using UV-visible 
titrations. The addition of increasing amount of His 1 mM to a 20 µM solution of 
[ZnL3•PAR] results in significant changes in the absorption at 503 nm of the ensemble 
decreased concomitant with increasing in the absorption intensity at 400 nm of the 

(a) 

(c) 

(b) 
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free PAR. The absorption at 400 nm was saturated at 10 equivalents of His, Figure S52 
in the appendix.  The color change from red to yellow was observed under IDA 
approach in which the log β of the complex [ZnL3•His] species was 6.92 ± 0.40. 
Moreover, the UV-visible for His titration also demonstrates that [ZnL3•PAR] has a 
detection limit toward His of 0.8 µM. The formation of ternary complex was further 
supported by HRMS, where solution of ZnL3 was prepared in the presence His 1.2 
equiv. The results from these measurements also demonstrated the molecular ion 
peak at m/z = 712.2373 which assigned to the complex of [ZnL3•His] species, Figure 
S53 in appendix. 

I next investigated the formation of complex of [ZnL3•His] by using 1H-NMR 
titration experiments in 50/50 (%v/v) D2O/CD3CN. 1H NMR spectra recorded in the 
[ZnL3•His] system by varying the ZnL3-to-His ratio containing the coordination mode 
of the ZnL3 as shown in Figure 36. Obviously, all of the observed signals are 
broadened. This phenomenon refers to the presence of ternary complex of [ZnL3•His], 
which are in relatively slow (intermediate) mutual exchange with each other and with 
the free His. The methylene protons of tripodal amine at  around 4.6 – 4.9 ppm 
shifted upfield and overlapped to the proton signals of the added His, while all of the 
aromatic protons in ZnL3 except aromatic protons a and b also shifted upfield. All the 
signal variations of the protons suggested that their chemical circumstances have been 
changed due to the coordination between His and Zn2+ in ZnL3 receptor. In addition, 
due to the low solubility of L3 in 50% CD3CN/D2O, therefore the removal of Zn2+ from 
L3 by His which would lead to observe in the precipitation of L3 in the solution. 
Notably, upon increasing concentration of His to 4.0 equivalents no evidence of the 
solid of free L3 precipitated. It indicates that His does not displace Zn2+ from L3 in the 
solution in this system, and the ternary complex of [ZnL3•His] still exists in the 
solution. 
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Figure 36. 1H NMR spectra of ZnL3 (5 mM) upon addition of various concentrations of 
His (0.05 M) in 50% (v/v) D2O/CD3CN; (i) free ZnL3, (ii) ZnL3 + His 0.2 equiv., 
(iii) ZnL3 + His 0.4 equiv., (iv) ZnL3 + His 0.6 equiv., (v) ZnL3 + His 0.8 
equiv. and (vi) ZnL3 + His 1.0 equiv. 

 
 
 

4.4.3 DFT Calculations of the adduct structure between ZnL3 and His 

It is already known there are three binding modes of His to coordinate to metal 
ions.; (i) N,N- or histamine like structure[96], (ii) N,N,/O-[97] and (iii) N,O- or glycine like 
structure[98]. Therefore, the density functional theory (DFT) calculations of a possible 
complex of coordination of His to ZnL3 were carried out to find the most stable 
structure. Three conformers of 1:1 ZnL3:His were found and their energies were 
calculated (Table S1 and Figure S54-S56 in appendix). All optimized structures were 
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obtained by DFT calculations using the B3LYP/LANL2DZ[85-87] level of theory 
performed with the GAUSSIAN09 program. All of calculated ternary structure showed 
that ligand L3 behaves as a tridentate ligand in which His coordinated to Zn2+ in ZnL3 
in both N,N,O- and N,O- fashions. The most stable structure of ternary complex of 
[ZnL3•His] is shown in Figure 37, in which the environment around Zn2+ could be 
ascribed to a trigonal bipyramidal structure in which His coordinated to Zn2+ in glycine 
like structure. The formation of 1:1 adduct agrees well with the result from the HRMS. 
In addition, the calculated structure is related to the signals that appeared in 1H-NMR 
spectrum that discussed so far. 

 

 
 

Figure 37.  The most stable DFT-calculated structure of complex of [ZnL3•His]. 
 

4.4.4 His sensing studies by [ZnL3•PAR] ensemble in biological samples 

For a practical application of [ZnL3•PAR] ensemble for His sensing in biological 
samples, some key issues should be taken into consideration. The interference of 
coexisting anions should be excluded. After the addition of 8 equivalents of anions to 
the [ZnL3•PAR] ensembles, it was found that [ZnL3•PAR] ensemble responded to all 
of phosphate containing anions because the red color of the corresponding ensembles 
was converted to the yellow color of the free PAR indicators as shown in Figure 38 
([Zn2L2•PAR] ensemble giving the same result with [ZnL3•PAR] as shown in Figure 
S51). Therefore, [ZnL3•PAR] ensemble might not be proper to be used as 



 

 

65 

chemosensing ensemble for detect His in the real sample. Moreover, it is implied that 
the ensemble formation constant of PAR with ZnL3 is weaker than that of the 
coexisting anions. The tolerance level was defined as the maximum amount of the 
interfering species producing an error of ±5% in His determination. The study was 
performed by analyzing 30 µM of His solution containing concomitant anions in 
different concentrations. The experiment results demonstrated that 2 µM PPi, 3 µM 
ADP and ATP, 7 µM HPO4

2- and 20 µM AMP could interfere with determination of His 
using the [ZnL3•PAR] ensemble system. 

 

 
 

Figure 38. Color changes of [ZnL3•PAR] ensemble (20 µM) in the present of various 
anions in 10 mM HEPES buffered pH 7.4 in 80/20 (% v/v) acetonitrile/ 
aqueous solution. 

 

According to the stability constants along Irving-William series, Cu2+ ion shows 
the highest complex formation constants compared to the other first row transition 
metal series. Thus, it might be possible that the Cu2+ complex with L3, CuL3, might be 
able to be a good candidate to detect His in real sample. 

 

4.4.5 Sensing abilities studies of CuL3 based ensemble towards α-
amino acids 

So far, copper(II) complexes have been utilized as metal based indicator 
displacement assay chemosensor for amino acids[99]. Most of these reported showed 
a significant selectivity towards His. Therefore, I expected that the mononuclear CuL3 
might be applied as a suitable IDA receptor for His. Therefore, the chemosensing 
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ensemble of CuL3 with PAR indicator was prepared and the sensing abilities towards 
α-amino acid and anions were investigated. Interestingly, I found that the proposed 
ensemble could discriminate His from the other amino acid completely in which the 
red color of ensemble turned to yellow color of free PAR, Figure 39a.  Moreover, there 
was no observable color change noticeable upon mixing of [CuL3·PAR] ensemble with 
any anions indicated that anions could not replace the bound PAR from the 
coordination sphere of the ensemble as depicted in Figure 39b. The log β of CuL3 
with PAR was found to be 7.18 ± 0.5 corresponding to [CuL3•PAR] species by UV-
visible titration, Figure S57 in appendix. It should be mentioned that log β of 
[CuL3•PAR] is higher than that of [ZnL3•PAR]. Therefore, [CuL3•PAR] ensemble is 
suitable for determination of His in human urine sample rather than [ZnL3•PAR] 
ensemble. Notably, the addition of other amino acids did not alter the initial 
absorption spectrum of the ensemble [CuL3•PAR] significantly, Figure 39c. From these 
absorption spectral studies, it is clear that the chemosensing ensemble [CuL3•PAR] 
shows a very high selective sensing affinity for His even in the presence of other amino 
acids. Thus, the ensemble [CuL3•PAR] can be used as a selective naked-eye sensor for 
His over other competing amino acids and anions in various environmental and 
biological systems. 
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Figure 39. (a) color changes of [CuL3·PAR] ensemble (20 µM) in the present of various 
amino acids (12 equiv.)  (b) color changes of [CuL3·PAR] ensemble (20 µM) 
in the presence of various anions (12 equiv.) and (c) UV–vis spectra 
obtained by addition of various amino acids (7.5 equiv) to [CuL3•PAR] (20 
µM) ensemble in 10 mM HEPES buffered pH 7.4 in 80/20 (% v/v) 
acetonitrile/aqueous solution. 

 

It is well known that the binding constants of His with Cu2+ is very high (log K 
= 18.1)[100], therefore His might extract Cu2+ ion from CuL3 to release both free L3 
and PAR to the solution resulting in the yellow color of free PAR. In order to 
understand the sensing mechanism of CuL3 towards His, I obtained the square wave 
voltammetry (SWV) of CuCl2 and CuL3 complex in the presence of His. Indeed, I are 
attempted to study the electrochemical behavior of His sensing under displacement 
assay by using my sensing ensemble. However, the experiments could not perform 

(a) 

(b) 

(c) 

Ens. + His 

Ens. + other amino acids 



 

 

68 

due to the solubility problem of HEPES buffer. Therefore, the study of electrochemical 
behaviour of CuL3 with His using square wave voltammetry was carried out in 20/80 
(%v/v) acetonitrile/aqueous solution with 0.1 M NaNO3 as supporting electrolyte. It was 
found that upon increasing concentration of His to 0.3 equivalents the pale yellow 
solids occurred in the solution.  Figure 40 gives the SWVs of Cu2+ and CuL3 upon 
treatment with 3 equivalents of His.  Because the SWV waves of CuL3 after treating 
with His are similar to those of Cu2+ with His, it indicates that Cu2+ center is being 
pulled from the L3 ligand to yield Cu(His)2 species. The Cu (II/I) redox couple of CuL3 
occurs at -0.15 V and the more cathodic reduction wave appears at -0.70 V which is 
assigned to the Cu (I/0) couple[101]. Compared to redox couple of Cu2+ in CuCl2, the 
potential at -0.05 V and -0.70 V corresponding to the redox couples of Cu (II/I) and Cu 
(I/0), respectively. The addition of stoichiometric amounts of His to a solution of CuL3 
changed the voltammogram to that of [Cu(His)2]. Moreover, 1H-NMR spectrum of a 
resulting solid precipitated during the electrochemical studies was identical to that of 
free ligand L3, Figure S58 in appendix. This result confirmed that Cu2+ was removed 
from the CuL3 complex and free L3 was regenerated in presence of His. 

 

 
 

Figure 40. Square wave voltammograms of Cu2+ and CuL3 in the presence of His 3 
equivalents scan rate 100 mV/s. 
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In addition, the ligand displacement of His with [CuL3•PAR] ensemble was 
studied by UV-visible titrations. Upon titration of His (1 mM) solution to the [CuL3•PAR] 
(20 µM) ensemble caused the color of the solution gradually changed from red to 
yellow while the absorption peak at 510 nm decreased but the absorption peak at 400 
nm increased as shown in Figure 41. The UV-vis spectrum at 400 nm of was completely 
saturated around 7.5 equivalents of His. According to the results from electrochemical 
studies, it should be noted that the selective naked-eye detection of His by 
[CuL3•PAR] ensemble achieved on the ligand displacement between His and the 
bound PAR as well as ligand L3. As the binding constant for the interaction of Cu2+ 
and His is 102 orders of magnitude larger than that of the interaction of Cu2+ and PAR, 
the formation of [Cu(His)2] is highly favorable. 

 

 
 

Figure 41. UV-Visible spectra obtained by addition of His (1 mM) to an ensemble 
solution of [CuL3•PAR] ensemble (20 µM), in HEPES buffered pH 7.4 in 
80/20 (% v/v) acetonitrile/aqueous solution. 

 

4.4.6 Analytical Performance for His detection 

To collaborate the practical appliacability of [CuL3•PAR] ensemble as a 
selective naked-eye sensor for His under ligand displacement strategy, I carried out a 
competitive UV-visible study with other competing amino acids. As shown in Figure 42, 
even in the presence of large excess of other competitive amino acids, no obvious 
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interference with the detection of His was observed. These results clearly indicated 
that the [CuL3•PAR] ensemble was useful for selectively sensing His even the presence 
of such potential interfering amino acids. 

 

 
 

Figure 42. Absorption response of [CuL3•PAR] ensemble 20 µM to various amino acids 
in HEPES buffered pH 7.4 in 80/20 (% v/v) acetonitrile/aqueous solution. The 
blue bars represent the absorption of [CuL3•PAR] in the presence of amino 
acids 12.5 equivalents. The red bars represent the change of the absorption 
that occurs upon the subsequent addition of His to the various amino acids 
to the solution of [CuL3•PAR]. The intensities were recorded at 512 nm. 

 

In order to further testify the potential of the newly developed chemosensing 
ensemble for the detection of His in real samples, I employed the proposed 
[CuL3•PAR] ensemble to determination His in human urine sample by standard 
addition method. To evaluate the sensitivity of the system for detecting His under 
displacement conditions, the absorbance at 510 nm of [CuL3•PAR] ensemble is 
monitored as a function of the His. It is clearly seen that with the increase of His 
concentration, the absorbance decrease gradually. The absorption exhibits a good 
linear relationship with His in the concentration range from 0 µM to 80 µM. The 
regression equation is y = -0.0063x + 0.7123, where x is final concentration of His in 
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µM and y is absorbance at 510 nm, with a correlation coefficient of 0.9977, Figure 43. 
The limit of detection (3/k)[89] for His was 0.5 µM which is lower than that of 
[ZnL3•PAR] ensemble and this level of the detection limit is sufficient to sense His 
even in biological systems because the normal concentration of His in human urine 
sample is 130 mM and 2100 mM[4].  

 

 
 

Figure 43. Calibration curve for detection of His using [CuL3•PAR] ensemble. 
 

The relative standard deviation for 10 replicate detections of 10 µM His was 
3.0%. The analytical utility of the [CuL3•PAR] ensemble for the analysis of His was 
tested using spiked His to urine sample. Table 2 showed the results obtained for the 
recoveries for spiking 10, 20 and 30 µM of His in urine samples range from 98.3% to 
102.3% with a generally satisfactory precision. Therefore, it is feasible to apply the 
proposed sensor to quantitatively determine the concentration of His in urine samples. 
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Table 2. Analytical results for His in human urine samples. 

Sample Concentration of His (µM) Recovery (%) 

Amount Added Amount found a 

Urine 1 10 9.80  0.3 99.4 

Urine 2 20 21.2  0.5 98.3 

Urine 3 30 29.2  0.9 102.3 

a Average for three determinations 

 



 

 

CHAPTER V 
CONCLUSIONS 

In conclusion, two ligands based on anthracene platform containing tripodal 
amine units for accommodating metal ions were synthesized. Ditripodal amine ligand 
L2 and monotripodal amine L3 were obtained in 41% and 55% yields, respectively. 
Dinuclear copper(II) complex of ligand L2 (Cu2L2) and mononuclear copper(II) of ligand 
L3 (CuL3) (Figure 44) can be obtained as green solids in 90% and 73% yields, 
respectively. In addition, dinuclear zinc(II) complex of ligand L2 (Zn2L2) and 
mononuclear zinc(II) complex of L3 (ZnL3) (Figure 44) can be synthesized as yellow 
solids in 88% and 70% yields, respectively. The structures of all synthesized ligands 
and coordination compounds were fully characterized by NMR spectroscopy, mass 
spectrometry, elemental analysis and X-ray crystallography. 

 

 
 

Figure 44. Structures of dinuclear complexes Cu2L2 and Zn2L2 and mononuclear 
complexes CuL3 and ZnL3. 

 

Sensing applications of Cu2L2, CuL3, Zn2L2 and ZnL3 as IDA receptors for 
anions and -amino acids were investigated. For sensing of anions under indicator 
displacement assay, I demonstrated for the first time that the tripodal amine dinuclear 
Zn(II) complex Zn2L2 could be used to discriminate PPi from other phosphate 
containing anions using MTB as the reporting indicator. Based on DFT calculations and 
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NMR data, the binding mode of PPi to Zn2L2 was the 2:2 complex species. It was found 
that the MTB indicator possessed suitable binding affinities with Zn2L2 compared to 
the previously reported PV indicator found in dinuclear Zn(II)–DPA systems resulting in 
the high discrimination between PPi and other phosphate containing anions. Therefore, 
the new [Zn2L2·MTB] ensemble system could be used to detect PPi selectively with 
the detection limit of 0.3 µM in 80/20 (%v/v) acetonitrile/aqueous solution buffered 
at pH 7.4 with HEPES. 

For sensing of -amino acids under indicator displacement assay, the dinuclear 
Zn2L2 and mononuclear complexes CuL3 and ZnL3 were investigated as “naked-eye” 
sensor for histidine (His). The [Zn2L2•PAR] ensemble could be used to discriminate 
His from other amino acids. However, in the presence of the phosphate containing 
anions such as PPi, the [Zn2L2•PAR] ensemble also responded to the phosphate 
containing anions. Moreover, mononuclear ensemble [ZnL3•PAR] showed that it could 
discriminate His from the other amino acids similar to the dinuclear [Zn2L2•PAR] 
ensemble and all phosphate containing anions could interfere this system. Therefore, 
the mononuclear CuL3 was used to detect His because Cu2+ showed higher binding 
affinity to His than Zn2+.  It was found that the ensemble of [CuL3·PAR] showed highly 
selective sensing for His in urine samples in the presence of other amino acids and 
phosphate containing anions. The result from UV-vis spectrophotometry, square wave 
voltammetry and 1H-NMR experiments suggested that His displaced PAR and L3 
moieties from the Cu2+ center. Therefore, the mononuclear ensemble [CuL3·PAR] 
could be used to detect His selectively with the detection limit of 0.5 µM in 80/20 
(%v/v) acetonitrile/aqueous solution buffered at pH 7.4 with HEPES.  

 

Suggestions for future works 

Try to obtain the single crystals of complexes, ensembles and the product from 
the displacement conditions and try to apply all of receptors to detect other anions 
or importance biological molecules under the indicator displacement assay approach 
by modify structure of receptors or changing the indicators.  
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APPENDIX 

 



 

 

 
 

Figure S1. 1H NMR spectrum of pyridin-2-ylmethypyridin-2-ylmethyleneamine ) (a) in 
CDCl3 

 

 
 

Figure S2.  13C NMR spectrum of pyridin-2-ylmethypyridin-2-ylmethyleneamine (a) in 
CDCl3 
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Figure S3.  DEPT 135 NMR spectrum of pyridin-2-ylmethypyridin-2-ylmethyleneamine 
(a) in CDCl3 

 
 

Figure S4. HMQC NMR spectrum of pyridin-2-ylmethypyridin-2-ylmethyleneamine (a) 
in CDCl3 
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Figure S5. 1H NMR spectrum of bis-pyridin-2-ylmethylamine (b) in CDCl3 

 

 
 

Figure S6. 13C NMR spectrum of bis-pyridin-2-ylmethylamine (b) in CDCl3 
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Figure S7. DEPT 135 NMR spectrum of bis-pyridin-2-ylmethylamine (b) in CDCl3 

 
 

Figure S8. HMQC NMR spectrum of bis-pyridin-2-ylmethylamine (b) in CDCl3 
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Figure S9. 1H NMR spectrum of 2-[bis(2-pyridylmethyl)aminomethyl]nitrobenzene (c) 
in CDCl3 

 
 

Figure S10. 13C NMR spectrum of 2-[bis(2-pyridylmethyl)aminomethyl]nitrobenzene (c) 
in CDCl3  
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Figure S11.  DEPT 135 NMR spectrum of 2- [bis(2-pyridylmethyl) aminomethyl]nitro 

benzene (c) in CDCl3 

 

 
Figure S12. HMQC NMR spectrum of 2-[bis(2-pyridylmethyl)aminomethyl] 

nitrobenzene (c) in CDCl3 
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Figure S13.  1H NMR spectrum of 2- [bis(2-pyridylmethyl) aminomethyl] aniline (d)  in 
CDCl3 

 

 
 
 

Figure S14.  13C NMR spectrum of 2- [bis(2-pyridylmethyl)aminomethyl]aniline (d)  in 
CDCl3 
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Figure S15. DEPT 135 NMR spectrum of 2-[bis(2-pyridylmethyl)aminomethyl]aniline 
(d) in CDCl3 

  
 

Figure S16. HMQC 135 NMR spectrum of 2-[bis(2-pyridylmethyl)aminomethyl]aniline 
in CDCl3 
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Figure S17. 1H NMR spectrum of 9,10-bis(chloromethyl)anthracene (e) in CDCl3 

 

 
 

Figure S18. 13C NMR spectrum of 9,10-bis(chloromethyl)anthracene (B) in CDCl3 
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Figure S19. HMQC NMR spectrum of 9,10-bis(chloromethyl)anthracene (e) in CDCl3 

 

 
 

Figure S20. 1H NMR spectrum of anthracene-9,10-dicarboxaldehyde (f) in CDCl3 
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Figure S21. 13C NMR spectrum of anthracene-9,10-dicarboxaldehyde (f) in CDCl3 

 

 
 

Figure S22. 13C NMR spectrum of L2 in CDCl3 
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Figure S23. DEPT 135 NMR spectrum of L2 in CDCl3 

 
 

Figure S24. COSY NMR spectrum of L2 in CDCl3 
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Figure S25. HMQC NMR spectrum of L2 in CDCl3 

 
 

Figure S26. 13C NMR spectrum L3 in CDCl3 
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Figure S27. DEPT-135 NMR spectrum of L3 in CDCl3 

 
 

Figure S28. HMQC NMR spectrum of L3 in CDCl3 
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Figure S29. 13C-NMR spectrum of Zn2L2 in 20% D2O/CD3CN 

 

 
 

Figure S30. HMQC-NMR spectrum of Zn2L2 in 20% D2O/CD3CN 
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Figure S31. 1H NMR spectrum of ZnL3 in CDCl3 

 

 
 

Figure S32. 13C NMR spectrum of ZnL3 in CDCl3 



 

 

103 

 
 

Figure S33. 1H NMR spectrum of Zn2L2 in CD3CN 

 

 
 

Figure S34. Mass spectrum of (N,N'E,N,N'E)-N,N'-(anthracene-9,10-diylbis(methan-1-yl-
1-ylidene))bis(2-((bis(pyridin-2-ylmethyl)amino)methyl)aniline) (h) 
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Figure S35. Mass spectrum of (E)-N-(anthracen-9-ylmethylene)-2-((bis(pyridin-2-
ylmethyl)amino)methyl)aniline (g) 

 

 
 

Figure S36. Color changes of the Cu2L2-based (20 µM, 2 mL) ensembles with various 
indicators (400 µM, 0.2 mL) at a 1:2 receptor to indicator ratio (a) PV, (b) 
BPG, (c) MTB and (d) XO in the presence of various anions (1 mM, 0.3 mL 
in 20% (v/v) H2O/CH3CN buffered at pH 7.4 with HEPES. 
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Figure S37. DFT/B3LYP/LANL2DZ-optimized structure of the dimeric 2:2 species of C1 
conformer. Top and bottom images are top and front views, respectively. 
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Figure S38. DFT/B3LYP/LANL2DZ-optimized structure of the dimeric 2:2 species of C2 
conformer as the most stable one. Top and bottom images are top and 
front views, respectively. 
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Figure S39. DFT/B3LYP/LANL2DZ-optimized structure of the dimeric 2:2 species of C3 
conformer. Top and bottom images are top and front views, respectively. 
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Figure S40. DFT/B3LYP/LANL2DZ-optimized structure of the dimeric 2:2 species of P1 
conformer. Top and bottom images are top and front views, respectively. 
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Figure S41. DFT/B3LYP/LANL2DZ-optimized structure of the dimeric 2:2 species of P2 
conformer. Top and bottom images are top and front views, respectively. 
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Figure S42. DFT/B3LYP/LANL2DZ-optimized structure of the dimeric 2:2 species of P3 
conformer. Top and bottom images are top and front views, respectively. 
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Figure S43.  1H NMR spectra of 1:1  ratio of ensemble formation between Zn2L2:MTB 
(5 mM) upon addition of various concentrations of PPi (0.05 M) in 80/20 
(%v/v) CD3CN/D2O. 

 

 

[Zn2L2·MTB] 

[Zn2L2·MTB] + PPi 0.5 equiv. 

[Zn2L2·MTB] + PPi 1.0 equiv. 

[Zn2L2·MTB] + PPi 1.5 equiv. 

[Zn2L2·MTB] + PPi 2.0 equiv. 
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Figure S44. 1H NMR spectra of 1:2 ratio of ensemble formation between Zn2L2:MTB 
(5 mM) upon addition of various concentration of PPi (0.05 M) in 80/20 
(%v/v) CD3CN/D2O. 

 

 

[Zn2L2·2MTB] 

[Zn2L2·2MTB] + PPi 0.5 equiv. 

[Zn2L2·2MTB] + PPi 1.0 equiv. 

[Zn2L2·2MTB] + PPi 1.5 equiv. 

[Zn2L2·2MTB] + PPi 2.0 equiv. 
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Figure S45. 31P NMR spectra of [Zn2L2·MTB] (5 mM) upon addition of various 
concentrations of PPi (0.05 M) in 80/20 (%v/v) CD3CN/D2O. 

 

 

PPi  

[Zn2L2·MTB] + PPi 0.2 equiv. 

[Zn2L2·MTB] + PPi 0.4 equiv. 

[Zn2L2·MTB] + PPi 0.6 equiv. 

[Zn2L2·MTB] + PPi 0.8 equiv. 

[Zn2L2·MTB] + PPi 1.0 equiv. 

[Zn2L2·MTB] + PPi 1.2 equiv. 

[Zn2L2·MTB] + PPi 1.4 equiv. 

[Zn2L2·MTB] + PPi 1.6 equiv. 

[Zn2L2·MTB] + PPi 1.8 equiv. 

[Zn2L2·MTB] + PPi 2.0 equiv. 

[Zn2L2·MTB] + PPi 2.5 equiv. 
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Figure S46. 31P NMR spectra of [Zn2L2·2MTB] (5 mM) upon addition of various 
concentrations of PPi (0.05 M) in 80/20 (%v/v) CD3CN/D2O. 

 

PPi 2.0 

[Zn2L2·2MTB] + PPi 0.2 equiv. 

[Zn2L2·2MTB] + PPi 0.4 equiv. 

[Zn2L2·2MTB] + PPi 0.6 equiv. 

[Zn2L2·2MTB] + PPi 0.8 equiv. 

[Zn2L2·2MTB] + PPi 1.0 equiv. 

[Zn2L2·2MTB] + PPi 1.2 equiv. 

[Zn2L2·2MTB] + PPi 1.4 equiv. 

[Zn2L2·2MTB] + PPi 1.6 equiv. 

[Zn2L2·2MTB] + PPi 1.8 equiv. 

[Zn2L2·2MTB] + PPi 2.0 equiv. 

[Zn2L2·2MTB] + PPi 2.5 equiv. 
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Figure S47. (a) UV-vis spectra obtained by addition of Zn2L2 (400 µM) to a solution of 
indicator PV (20 µM) in HEPES buffered pH 7.4 in 80/20 (%v/v) 
acetonitrile/aqueous solution, (b) Job’s plot analysis of [PV·Zn2L2] 
ensemble, (c) A plot of absorption against concentration of Zn2L2 titrated 
in PV. The red solid line is nonlinear least-squares fittings of the titration 
profiles using SPECFIT32 program. 
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Figure S48. (a) UV-vis spectra obtained by addition of Zn2L2 (400 µM) to a solution of 
indicator BPG (20 µM) in HEPES buffered pH 7.4 in 80/20 (%v/v) 
acetonitrile/aqueous solution, (b) Job’s plot analysis of [BPG·Zn2L2] 
ensemble, (c) A plot of absorption against concentration of Zn2L2 titrated 
in BPG. The red solid line is nonlinear least-squares fittings of the titration 
profiles using SPECFIT32 program. 

 

 

 

 

 

 

 

(a) (b) 

(c) 



 

 

117 

  

 
 

Figure S49. (a) UV-vis spectra obtained by addition of Zn2L2 (400 µM) to a solution of 
indicator XO (20 µM) in HEPES buffered pH 7.4 in 80/20 (%v/v) 
acetonitrile/aqueous solution, (b) Job’s plot analysis of [XO·Zn2L2] 
ensemble, (c) A plot of absorption against concentration of Zn2L2 titrated 
in XO. The red solid line is nonlinear least-squares fittings of the titration 
profiles using SPECFIT32 program. 
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Figure S50. UV/vis spectra obtained by addition of His (1 mM) to a solution of 
[Zn2L2•2PAR] ensemble (20 µM) in HEPES buffered pH 7.4 in 80/20 (% 
v/v) acetonitrile/aqueous solution. 

 

 
 

Figure S51. Color changes of [Zn2L2•PAR] ensemble (20 µM) in the present of various 
anions in 10 mM HEPES buffered pH 7.4 in 80/20 (% v/v) 
acetonitrile/aqueous solution. 

 

 



 

 

119 

 
 

Figure S52. UV/vis spectra obtained by addition of His (1 mM) to a solution of 
[ZnL3•PAR] ensemble (20 µM) in HEPES buffered pH 7.4 in 80/20 (% v/v) 
acetonitrile/aqueous solution. 

 

 
 

Figure S53.  HR-MS spectrum of the solution mixture between ZnL3 and His. 
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Figure S54. (a) The B3LYP/6-31+G(d,p) optimized structure of  N,N,O conformer (1), 
where O in in the equatorial position and (b) 1H-NMR spectrum of the 

conformer (1), simulated using the GIAO/B3LYP/6-31+G(d,p) method with 

CPCM/UFF solvent effect for water. 
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Figure S55. (a) The B3LYP/6-31+G(d,p) optimized structure of  N,O-conformer (2) and 

(b) 1H-NMR spectrum of the conformer (2), simulated using the 

GIAO/B3LYP/6-31+G(d,p) method with CPCM/UFF solvent effect for water. 
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Figure S56. (a) The B3LYP/6-31+G(d,p) optimized structure of  N,N,O-conformer (3), 
where O in in the equatorial position and (b) 1H-NMR spectrum of the 

conformer (3), simulated using the GIAO/B3LYP/6-31+G(d,p) method with 

CPCM/UFF solvent effect for water. 
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Figure S57.  (a) UV/vis spectra obtained by addition of CuL3 (400 µM) to a solution of 
PAR (20 µM),  (b) a plot of absorption against concentration of  CuL3 
titrated in PAR and (c) Job’s plot analysis in HEPES buffered pH 7.4 in 
80/20 (% v/v) CH3CN/H2O solution. The blue solid line is nonlinear least-
squares fittings of the titration profiles using SPECFIT 32 program. 
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Figure S58.  1H-NMR spectra of (a) free L3 and (b) solid evidence from electrochemical 

studies in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 



 

 

125 

Table S1.  Crystallographic data and final refinement parameters for ligand L3 and 
CuL3 complex. 

 L3 CuL3 

Chemical formula  C34H32N4O C35H34Cl2CuN4O 

Formula weight  512.64 661.10 

Crystal size 0.25  0.3  0.2 0.26  0.3  0.32 

Colour yellow yellow 

Temperature (K) 293(2) 293(2) 

Crystal system  Triclinic Orthorhombic 

Space group  P-1 Pbca 

a (Å) 11.459(3) 15.9666(4) 

b (Å) 11.615(3) 13.5534(4) 

c (Å) 12.520(3) 28.1590(8) 

 (º) 108.116(6) 90 

 (º) 101.413(6) 90 

  (º) 110.757(6) 90 

V (Å3) 1389.1(6) 6093.7(3) 

Z 2 8 

calc (g cm-3) 1.226 1.441 

 (mm-1) 0.075 0.928 

F(000) 544 2744 

 range for data collection 1.82 to 28.00º 1.45 to 28.02º 

Index ranges 

 

-15<=h<=15 

-15<=k<=15 

-21<=h<=21 

-17<=k<=17 
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-16<=l<=16 -37<=l<=37 

Reflections collected / 
observed 

16762 / 6694 69843 / 7366 

Rint 0.0710 0.0975 

Data / restraints / parameters 6694 / 0 / 364 7366 / 0 / 408 

GOF 1.020 1.166 

R1 [I >2(I)] 0.0846 0.0721 

wR2 [I >2(I)] 0.1405 0.1226 

R1 [all data] 0.2049, 0.1025 

wR2 [all data] 0.1796 0.1325 

 

 

Table S2. Total and relative energies of all the B3LYP/6-31+G(d,p) optimized 

structures of three conformers of the relevant complexes. 

Conformers Etotal a Erel b 

C1 c -3860.0862499 2.96 

C2 d -3860.0909651 0.00 

C3 c -3860.0900861 0.55 

a Total energies are in au. b Relative energies compared with the most stable conformer 

(C2), in kcal/mol. c Distort octahedral structure. d Distort pyramidal structure. 
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