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CHAPTER I 

 

INTRODUCTION 

1.1 Overview 

 

Phenyleneethynylene is an important class of -conjugated molecules 

currently applied as fluorescent transducers in various optical sensing systems. 

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

their structural rigidity allowing more predictable geometry, high fluorescence 

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

crucial developments of both small and polymeric phenyleneethynylene conjugated 

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

into more sensitive and selective sensors for wider applications. This thesis focuses 

mainly on the synthesis, photophysical investigations and sensing applications of 

novel dendritic phenyleneethynylenes by incorporation of appropriate interfacial 

groups as sensing probes for specific or selective chemical and biological sensors. 

 

1.2 Molecular structures of some conjugated fluorophores. 

 

Attention in chemical and bio-sensing systems relies upon rapid and high 

selectivity. The methods have been progressively improved using redox [1], 

chromogenic [2], or fluorogenic [3] changes as the detection signals. Fluorescence 

based methodologies have attracted much interest due to their intrinsic sensitivity and 

selectivity [4]. Considerable efforts have been devoted to the design of fluorescent 

compounds to be used as transducers. Conjugated polymers (CPs) have emerged as 

one of the most important classes of transduction materials. They transform a 

chemical signal to easily measurable electrical or optical events. CPs with delocalized 

π-electron systems has attracted an overpowering interest due to their versatile optical 

and electrical properties [5]. Figure 1.1 shows structures of a variety of CPs 

commonly investigated, including polythiophene (1) [6], polypyrrole (2) [7], 

polyfluorene (3) [8], poly(para-phenylene vinylene) (4) [9], and poly(para-phenylene 

ethynylene) (5) [10]. The CPs are prepared via a palladium-catalyzed cross-coupling 

polymerization offer the benefits of mild reaction conditions, wide functional group, 

and solvent compatibility [11]. The delocalized electronic structure of CPs enables 
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them to exhibit efficient absorption and strong emission, and produce amplified signal 

changes upon interacting with various analytes.  

  

 

 

 

 

 

 

 

Figure 1.1. Molecular structures of some common conjugated polymers (CPs). 

 

Conjugated polymeric polyelectrolytes (CPEs) are conjugated polymers 

containing multiple charges which make them water soluble [Figure 1.2]. 

Polyelectrolytes can either be cationic or anionic and commonly used ionic side 

groups including sulfonate (-SO3
-
), phosphonate (-PO3

2-
) carboxylate (-CO2

-
), and 

alkyl ammonium (-NR3
+
); polymers that are zwitterionic called polyampholytes [4, 

11, 12]. This interesting class of polymers has been an area of intense research for the 

past few decades for applications in optical sensors [13]. The most CPE-based sensor 

approaches developed based on electrostatic interaction between the probes and the 

target ionic species, such as metal ions, anions, DNA, proteins, virus bacteria and 

cancer cells [4]. 

 

 

 

 

 

 

 

 

 

Figure 1.2. Molecular structures of some common CPEs. 
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Poly(para-phenyleneethynylene)s (PPEs) are representative poly(arylene-

ethynylene) (PAE) in the CP family having benzene rings as the aromatic groups 

connecting via triple bonds with 180° bond angle between the phenyl carbon and sp
1
 

carbon [14]. Compared with its PPV analogues, the first group of CP used in 

fluorescence-based sensors for biological targets [15], PPEs [16] have more 

predictable geometry and exhibit higher quantum yield. Due to their optimal 

photophysical characteristics, PPEs have been explored as an important class of CPs 

for sensing and served as potential transducers [17, 18].  As a representative class of 

PAEs, PPEs have been well studied and applied to many sensory systems, including 

methyl viologen salt sensor [19], TNT sensors [20], and metal ion sensors [21]. The 

PPEs are not only feature superior photostability compared to other CPEs, such as 

PPVs, but they also demonstrate different electronic and optical properties from 

parent molecules upon structural modifications. The main chains of PAEs have three 

isomers: ortho-, meta- and para-, defined by their different connectivity via the 

acetylenic groups. Different aromatic building blocks can also be introduced into the 

conjugated backbone to engineer the electronic properties (Figure 1.3) [22].  Also, 

variable side chains can be introduced to modify the polymer structures and their 

supramolecular interactions. All these strategies are meant to make the PPEs 

amphiphilic, water-soluble, highly fluorescent, and able to interact with targets. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Examples of PPEs with different structural modifications. 
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1.3 Fluorescence spectra 

The fluorescent processes that occur between the absorption and emission of 

light are usually described by the Jablonski diagram [23]. Jablonski diagrams are used 

in a variety of forms, to illustrate various molecular processes that can occur in 

excited states. A simplified Jablonski diagram shown in Figure 1.4 illustrates that 

upon absorption of photons, a fluorophor is excited to singlet excited electronic states 

(S1 or S2) and form an excited fluorophore. The fluorescence signal is observed when 

F* relaxes to ground singlet electronic state (S0) via photon emission. The time 

required to complete this whole process takes nano-second.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Simple Jablonski diagram illustrating fluorescent processes. 

 

1.4 Fluorescence quenching 

Generally, fluorescence quenching has two main different mechanisms, 

dynamic quenching and static quenching [23].  Dynamic quenching, also called 

collisional quenching, is controlled by the diffusion rate of the fluorophore and 

quencher. As shown in Figure 1.5A, dynamic quenching occurs when the F* is 

deactivated upon a diffusive encounter of Q and return to S0 without emission of a 

photon, while Q is not chemically altered in the process. Figure 1.5B illustrates the 

static quenching which happens as a result of stable non-fluorescent complex (F·Q) 
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formation between the F and Q. When this complex absorbs light, it immediately 

returns to the ground state without emitting fluorescence. The static quenching occurs 

in the ground state and its efficiency is related to the association constant (Ka) for F·Q 

complexation.  

There are several ways to distinguish these two mechanisms. First, the 

fluorescence lifetime decay in static quenching does not change, because the 

fluorescence occurs from the uncomplexed fluorophore, which remains the same 

during the quenching process. However, the lifetime in dynamic quenching decreases 

in proportion to the intensity. Second, static quenching decreases at higher 

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

process, while dynamic quenching increases at higher temperature due to faster 

diffusion and collision. However, it is important to realize that the dynamic and static 

processes are concurrently present in many systems. 

   

         

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Mechanism of fluorescence quenching. A) Dynamic quenching. B) Static 

quenching. 

 

 

 

 

 

A) B) 
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Stern-Volmer Equation 

Both dynamic quenching and static quenching are described by Stern-Volmer 

(SV) equation which is given by 

 

 

 

 

where I0 and I are the fluorescence intensity observed in the absence and presence of 

quencher, respectively, [Q] is the quencher concentration, and KSV is the SV 

quenching. A linear relationship of I0/I with [Q] may indicate either a dynamic or 

static quenching process. The moderate to large binding constants give rise to Stern-

Volmer constants (KSV) that exceed the rate achievable at the diffusion limit, and 

hence, static quenching can be inferred. Another method to determine if the 

quenching process is dynamic or static is to determine the dependence of the lifetime 

on the quencher concentration, [Q]. 

The dynamic quenching shortens the lifetime of the fluorophore according to 

the equation shown below where kq is the bimolecular rate constant of fluorescence 

quenching, τ0 is the lifetime without added quencher, and τ is the lifetime upon 

addition quencher at molar concentration of [Q]. For pure dynamic quenching kq must 

be smaller than the diffusion limit kd which can be determined from Stroke-Einstein 

equation; kd = 8RT/3 where R is the universal gas constant, T is the absolute 

temperature and  is the solution viscosity. 

 

 

 

In the case of static quenching, a fluorophore bound to a quencher is in a dark 

non-emissive state. The unbound fluorophores exhibit their same lifetimes, and τ is 

thus independent to [Q] giving constant τ0/τ at 1. 

 

1.5 Optical sensor application of conjugated polyelectrolytes (CPE) 

Over the past decade, CPEs have been studied extensively as optical sensors 

for various analytes [4], including small ions or biomolecules i.e. proteins and nucleic 

][10 QK
I

I
SV



 7 

acids. The unique structural and optical properties of CPEs provide several 

advantages over the routine sensor methods. First, the multiple-charged structure of 

CPEs affords the high water solubility which is essential for carrying out biological 

assays in aqueous media. Second, the CPE-based optical sensors afford a 

homogeneous approach which is less labor intensive and less time consuming 

compared with heterogeneous assay such as enzyme-linked immunosorbent assay 

(ELISA). As a result, the CPE-based assay is simpler, faster, and readily adapted to a 

fluorescence-based high-throughput screening (HTS) format [24]. Third, and most 

importantly, signal amplification is achieved based on sensitive and collective 

response of CPEs to external stimuli including a very small amount of quenchers 

(amplified quenching effect) and minor changes in aggregation or conformation. 

Therefore, the CPE-based optical sensors show superior sensitivity with typical 

detection limits in nanomolar [25] or even in zeptomolar concentration range [26]. 

CPE-based optical sensors have been realized in two detection modes, 

colorimetric and fluorometric. Colorimetric detection is based on a change in 

absorption wavelength of CPEs; while the fluorometric assay affords inherent high 

sensitivity as well as versatility in detection of various signals, which include the 

changes in intensity, wavelength and lifetime. In most of the CPE-based sensors that 

have been developed, the fluorescence can be either enhanced to give a turn-on signal 

or quenched to give a turn-off signal upon direct or indirect interaction with targets. 

Both the turn-on and turn-off approaches are realized by three mechanisms, i.e. 

photoinduced electron transfer (PeT) mechanism, photoinduced energy transfer (PET) 

via fluorescence resonance energy transfer (FRET) and conformational change 

mechanism [27]. It is important to point out that these three mechanisms are not 

exclusive. It is some already developed CPE-based sensors utilize more than one or 

even all of them in one assay.  

In 1999, Chen et al. [15] published the first example of a CPE-based biosensor 

based on this mechanism. As shown in Figure 1.6, a biotin-functionalized viologen 

quencher serves as the QTL complex and it quenches the fluorescence of PPV-SO3
-
 

(7)
 
probably via photo-induced electron transfer (PeT). Addition of avidin into the 

solution of the polymer and quencher results in a fluorescence turn-on response. The 

quenching to unquenching signal change was proposed to be attributed to the binding 

of the biotin-functionalized viologen by avidin, thus producing a sterically large 

avidin-bound quencher and preventing the close association of the quencher with the 
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polymer. However, further studies by Bazan et al. on the same polymer, quencher and 

avidin systems have indicated that the increase of the fluorescence is at least partially 

due to the non-specific interaction between the cationic avidin and anionic polymer 

that shields the polymer from the quencher [28].  

 

 

 

 

 

 

 

Figure 1.6. Proposed mechanism for detection of avidin using CPE via the avidin-

biotin binding mechanism.  

 

In 2001, Wang et al. [29] also examined the amplified quenching behavior of 

PPV-SO3
–
 by a series of methyl viologen that has varied charge (0, +1, +2, and +4). 

They found that the fluorescent quenching increased when charge of methyl viologen 

was increased. The highest of Ksv is 2.2 × 10
7
 M

-1
 in the presence of +4 methyl 

viologen. This work also found that the Ksv depended on the ionic strength of the 

solution. They have suggested that the quenching mechanism is a static quenching 

[Figure 1.7]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Molecular structures of PPV-SO3
 – 

and increased charged of viologen 

quenchers. 

 

7 
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In 2005, Bunz et al. [30]  reported a sensitive and selective lead(II) ion (Pb
2+

) 

sensor which was based on the heavy metal
 
induced fluorescence quenching of a 

carboxylated PPE 8 (Figure 1.8). The high sensitivity of this sensor was attributed to 

the combination of multivalent effect between 8 and Hg
2+

, as well as the exciton 

migration (amplified quenching effect) along the polymer chain. More recently, the 

same group employed the same polymer and developed selective sensor for 

mercury(II) ion (Hg
2+

)
 
[31]. The assay was based on a formation of an electrostatic 

complex between 8 and papain, a cationic cysteine-rich protease. As shown in Figure 

1.8, the 8-papain complex displays selective fluorescence quenching response only to 

Hg
2+

 over 9 other control metal ions (i.e., Zn
2+

, Cd
2+

, Pb
2+

, Fe
2+

, Ni
2+

, Co
2+

, Cu
2+

, 

Ca
2+

 and Mg
2+

). The authors proposed an agglutination mechanism to explain this 

selectivity as shown in Figure 1.9. Papain with free thiol groups is known to bind 

Hg
2+

. In the 8-papain complex, the protein chains are strongly cross-linked by the 

anionic polymer, forming a supramolecular structure which is more sensitive towards 

agglutination than either 8 or papain alone. As a result, a weak emissive precipitation 

and a non-fluorescent solution were observed after adding Hg
2+

 to the 8-papain 

complex solution. 

 

 

 

 

 

 

 

 

Figure 1.8. Structure of carboxylated PPE 8 and pictures taken under a hand-held UV 

light to show the fluorescence under different situations: A) 8-papain complex ([8] = 

5 μM, [papain] = 5 μM). B) All 10 metal ions added to 8-papain complex ([metal ion] 

= 0.4 mM). C) All ions except Hg
2+

 add to 8.  
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Figure 1.9. Qualitative interpretation of the Hg
2+

-induced agglutination of the 8-

papain complex. A) PPE 8 alone. B) Electrostatic complex of 8 and papain. C) The 

addition of Hg
2+

 to 8-papain complex leads to its precipitation by cross-linking of the 

papain molecules through Hg
2+

.  

 

In 2007, Satrijo et al. [32] studied derivatives of (p-phenyleneethynylene) 

polymer (13) that can be applied widely in the analysis of spermine, spermidine and 

putrescine. These compounds cannot quench the polymers directly but there have 

electrostatic interaction between spermine, spermidine, and putrescine with polymers. 

There are indicated significant spermine, spermidine, and putrescine induced self 

quenching of the polymers. The fluorescent intensity of 13 decreased and red shifts 

[Figure 1.10]. 

 

 

 

 

 

 

 

 

 

Figure 1.10. Detection of spermine, spermidine and putrescine using PPE via π-π 

stacking quenching mechanism. 

 

In 2005, Kim et al. [33] studied the changes in fluorescent properties of 

polymer 14 with various proteins. In the presence of bovine serum albumin (BSA), 

13 13 13 + spermine 

spermine 
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the fluorescent signal increases but histone (His) induced the fluorescence quenching. 

BSA was proposed to behave like a surfactant interacting and preventing collisional 

self quenching of the polymer while the quenching by His. It was due to indicate 

significant His induced π-π stacking of 14. Then, the fluorescent intensity of 14 

decreased [Figure 1.11]. 

 

 

 

 

 

 

 

Figure 1.11. Moleccular structures of CPEs. 

 

In 2007, Miranda et al. [34] have demonstrated that a PPE-based sensor array 

can effectively detect and identify proteins. Benefiting from their high fluorescence 

sensitivity as well as inherent amplification effects, this array of six conjugated 

polyelectrolytes displays an unprecedented discrimination ability of 17 protein 

analytes. Further experiments are, however, required to demonstrate the robustness of 

the system, as cross-reactive arrays being still prone to errors. In particular, the array 

must be tested with complex mixtures of proteins for their ability to detect species at 

very low concentrations in the presence of large amounts of potentially interfering 

species [Figure 1.12]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.12. Moleccular structures of some CPEs (8, 15-18). 

14 



 12 

In 2010, Bajaj et al. [35] have developed a conjugated fluorescent polymer-

based sensor array using PPE polymers and demonstrated its utility in cell sensing. 

Using this sensor array, they were able to distinguish between several cancer cell 

types as well as between isogenic healthy, cancerous, and metastatic cells that possess 

the same genetic background. Taken together, these studies provide an effective 

sensor for differentiating cell types as well as a potential direction in the creation of 

polymer-based imaging agents and delivery vehicles based on differential cell 

interactions. Thus, nose-based polymer sensor arrays represent a new method for 

diagnostic, biophysical, and surface science processes involving cell surface [Figure 

1.13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13. Moleccular structures of some CPEs (8, 15, 17-20). 

 

As witnessed from the literature works described above, linear CPEs have 

shown promisingly high sensitivity in the sensor application due to water solubility 

and amplified quenching effect via efficient intramolecular energy transfer along their 

conjugated backbone. There are a number of fluorescent CPEs exhibiting very high 

sensitivity to oppositely charged molecular quenchers anticipated to quench 

fluorescent signal by either electron or energy transfer processes. It is important to 
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understand the basic process, mechanisms and expression of fluorescence quenching. 

Both electron and energy transfer processes are expected to increase with the distance 

between the fluorophores and analysts thus the decreased quenching ability. However, 

linear CPEs have some drawbacks to be applied as analytical agents. The nature of 

condensation polymerization used for synthesizing these linear polymers generally 

provided wide molecular weight distribution of which batch-to-batch reproducibility 

is virtually out of question. Unpredictable secondary structures of linear polymeric 

chains in aqueous media also add another complication to understand the transducing 

properties. It is thus of interest to explore if a polycationic fluorophore can be 

definited molecular size and charges. Some other research works thus focus on design 

and study of small fluorescent conjugated molecules for sensor applications as 

described below.    

 

1.6 Fluorescent sensors based on small molecules 
 

In 2006, Knapton et al. [36] developed metallo-supramolecular materials (21) 

as a modular Eu
3+

, La
3+

, and Zn
2+

 sensory system that utilizes a 

multimetal/multiligand-based approach as a function of the ratio of (EtO)3PO to the 

1:1 metal/ligand complexes [21·MXn] in CHCl3/CH3CN [Figure 1.14]. The judicious 

design of fluorescent ligands and the careful selection of metal/ligand combinations 

allowed them to create a very simple system for selective detection of aliphatic 

organophosphates with good sensitivity. By tailoring the nature of the metal–ligand 

interactions, it should be possible to further enhance the sensitivity of these systems 

on the one hand and tailor their selectivity towards different analytes on the other. 

 

 

 

 

 

 

 

 

Figure 1.14. Molecular structure of 21 (left) and relative emission at 420 nm as a 

function of the ratio of (EtO)3PO to the 1:1 metal/ligand complexes [21·MX
n
] (0.025 

mM, M=Eu
3+

, La
3+

, and Zn
2+

) in CHCl3/CH3CN (9:1, v/v). 

 

21 
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In 2008, Ha-Thi et al. [37] synthesized a series of phenylethynyl phosphane 

oxide derivatives (22) bearing two or four fluorescent arms starting from simple 

materials [Figure 1.15]. 22 show the large stokes shift and the unresolved vibronic 

structure of the fluorescence spectra also suggest the formation of an intramolecular 

charge transfer. Addition of a heavy metal cation such as Cd
2+

 induces a 

bathochromic shift of the absorption and emission spectra due to an enhancement of 

the electron-withdrawing character of the complexed phosphane oxide group. High 

stability constants (log K21= 6.6-6.9) were observed upon complexation with Pb
2+

, 

and Cd
2+

 ions in CH3CN/CHCl3 (8:2). This compound is therefore of great interest as 

first prototypical biphotonic sensors for Cd
2+

 cations, and hold much promise for the 

development of devices for the detection of toxic heavy metals in water and effluents.  

 

 

 

 

 

 

 

 

 

 

Figure 1.15. Molecular structure of phosphane oxide 22 (left) and proposed binding 

modes of 22 with Cd
2+

 or Pb
2+

 (right).  

 

In 2008, Zhao et al. [38] studied the quenching of PPE (23) in methanol with 

monovalent quencher ions (MV
+
 and HV

+
), it is possible to discern the relationship 

between the amplified quenching effect and polymer chain length [Figure 1.16]. The 

most significant result is the observation that for short PPE chain lengths the 

amplification factor systematically increases, saturating at a value of ∼50 DP (Ksv= 

1.4×10
5
 M

-1
 at 436 nm). This discovery is consistent with earlier studies and suggests 

that in poly(phenyleneethynylene) the singlet exciton is able to transfer upto 80 

repeat units during its lifetime from interchain exciton diffusion within CPE 

aggregates. 

       22 
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. 

 

 

 

 

 

 

Figure 1.16. Molecular structure of 23 (left) and comparison of the KSV values 

obtained from SV plots for the series quenching by MV
+
 and HV

+
 in MeOH (right). 

 

In 2008, Zhou et al. [39] reported a new class of two-dimensional, π-

conjugated, skewed H-shaped co-oligomers of phenylene vinylene and phenylene 

ethynylene (24a-d, termed H-mers) were synthesized using Sonogashira coupling and 

Wittig-Horner reactions as the key steps [Figure 1.17]. The photophysical properties 

of the H-mers were investigated by UV-vis absorption, fluorescence spectroscopic 

techniques. The spectral titration outcomes for 24b and 24d with TFA and AgOTf 

signify their fluorescence sensing function. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17. Molecular structure of 24a-d and pictures of 24b and 24d in the 

presence of Ag
+
 (14 eq). 

 

 



 16 

In 2010, Shao et al. [40] synthesized a new type of fluorescence chemosensor 

25 based on a biscrown-annulated TTFAQ receptor and two anthrancene fluorophores 

[Figure 1.18]. Compound 25 exhibited fluorescence sensing capability to various 

metal ions, with a particularly high sensitivity for large alkaline earth metal cations 

like Ba
2+

 due to the formation of the 1:2 complex.  

 

 

 

 

 

 

 

Figure 1.18. Proposed of Ba
2+

 sensing mechanism of 25.  

 

In 2010, Mangalum et al. [41] synthesized a series of easily-prepared materials 

26a-e derivatized with bis(dimethylamino) ligating units. Several chromophore 

subunits of contemporary interest have been incorporated into these molecules, 

including phenyleneethynylene and fluorene moieties [Figure 1.19]. Cross-

conjugated cruciforms, a class of materials of escalating importance in chemical 

sensing, have also been examined. All of these molecules show a photoluminescence 

response to Zn
2+

 or Cu
2+

 over other common metal ions screened in THF, although 

these two ions could not be differentiated from one another showing similar I/I0 values 

of 0.42-8.6 and 0.84-9.2, respectively. This simple strategy should yield materials 

capable of commercially viable ratiometric shifts in emission turn-on magnitudes.  

 

 

 

 

 

 

 

 

 

Figure 1.19. Molecular structure of 26a-e. 

25 
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In 2009, Zhao et al. [42] synthesized a series of 1,4-bis(arylethynyl)-2,5-

diborylbenzenes 27a-h containing various p-substituents on the terminal benzene 

rings and investigated the substituent effects on their absorption and fluorescence 

properties [Figure 1.20]. In addition, most of these synthesized derivatives showed 

enhanced fluorescence in the solid state compared to solution. These findings imply 

that diborylphenylene unit is a very effective and useful core skeleton to prevent 

fluorescence quenching in the solid state. They also investigated the fluorescence 

fluoride ion sensing ability of the most emissive 27a and demonstrated the intense 

fluorescence properties irrespective of the turn on modes. The binding constant of 27a 

with F
-
 was determined to be 1.25x10

5
 M

-1
 in THF. 

 

 

 

 

 

 

 

 

 

Figure 1.20. Molecular structure of 27a-h. 

 

In 2010, Swinburne et al. [43] designed conformational fluorescent switch 

anion receptors 28a-c based on an induced fit binding approach. The addition of 

chloride ion results in a planarization of the chromophore and hence an increase in the 

energy trap by the non-emissive dark state. This results in a significant increased in 

the fluorescence emission from the receptor. The chloride ion binding constants for 

the receptors determined in CHCl3/DMSO (70:30) solution showed log β as 2.557, 

1.831, and <1, respectively [Figure 1.21].  

 

 

 

   

 

Figure 1.21. Molecular structure of 28a-c. 
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In 2009, Acharya et al. [44] immobilized a monolayer of 10-

formylanthracenyl-terminated p-phenylene ethynylene derivative 29 on glass surface 

via an alkyl chain linker. The modified glass surface showed significant ratiometric 

fluorescent response with cysteine. The enhanced intensity was significant for 

cysteine concentrations ranging from 0.1 to 10 mM, and resulted in a 3-fold total 

enhancement of the fluorescence quantum yield, with the 450 nm band being the 

major contributor. On the practical side, this phenomenon can provide a useful 

platform to increase optical gain in fluorescent chemodetection [Figure 1.22]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22. Molecular structure of 29 and proposed cysteine sensing mechanism. 

 

In 2009, Ji et al. [45] synthesized 1, 8- and 1, 6-bis(phenylethynyl) pyrenes 

30a-b with different intramolecular charge transfer (ICT) feature and studied the ICT 

effect on the photophysical properties. Phenylethynylated pyrene derived fluorescent 

thiol probes with 2, 4-dinitrobenzenesulfonyl amide structure were designed to show 

fluorescence OFF-ON switching effect in the presence of thiol. The TDDFT 

calculations predict lowest-lying dark states of S1 for the probes, induced by ICT 

effect (electron transfer from fluorophore to 2, 4-dinitrobenzenesulfonyl unit). This 

dark state infers the probe is nonfluorescent. Cleavage of the 2,4-dinitrobenzene-

sulfonyl unit by thiol releases the free fluorophore (the ICT effect is terminated), for 

which the lowest-lying excited state S1 is no longer a dark state, therefore the product 

will potentially be fluorescent. The probes were successfully used for bioimaging of 

thiols in living cells. This investigation is the successful application of new 

29 
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fluorophores and molecular probes with predetermined photophysical properties in 

biosensor application [Figure 1.23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23. Molecular structure of 30a (left) and picture of 30a in the presence of 

cysteine which is converted into 30b (right). 

 

In 2009 Zhang [46] et al. designed a dendritic fluorescent probe 31 exhibiting 

strong two-photon absorption and efficient sensing due to ICT presence/absence 

before and after reaction with Cys/Hcy in DMSO. Upon binding to Cys/Hcy, the 

probe exhibited both turn-on fluorescence and large peak shift (165 nm) due to the 

ICT switch off. This is the first report that exhibits both greatly enhanced emission 

intensity and large peak shift. The potential reactivity of aldehyde toward other 

nucleophiles, this work should be a general guideline for the design of novel 

multisignal one- and two-photon turn-on probes, based on ICT switch on/off, with 

various sensing applications [Figure 1.24]. 
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Figure 1.24. Molecular structure of 31 (left) and showing picture of 31 in the 

presence of cysteine (right). 

 

In comparison with CPEs, small fluorescent molecules offer better defined 

structures and conformation that lead to greater understanding of the sensing 

mechanism. Therefore, a dendrimer obtained from controlled stepwise synthesis 

should provide an opportunity to study a combined amplification effect of the 

polymers with a well defined structure of small molecules and will be the focus of this 

thesis work.  
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1.7 Objectives of this research 

The aim of this work focuses on the synthesis of water soluble dendritic 

fluorophores composed of phenyleneethynylene repeating units and anionic 

carboxylate or cationic ammonium peripheral groups (Figure 25) and study of 

photophysical properties of these compounds. The application of these new 

fluorophores as metal ion and protein sensors in aqueous media will also be explored. 

 

 

             

 

 

 

 

 

 

 

 

 

 

 

Figure 1.25 The target molecules.  
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CHAPTER II 

 

EXPERIMENTAL 

 

2.1 Chemicals and materials  

          

 N,N-dimethylaniline, trimethylsilylacetylene, bis(triphenylphosphine)palla-

dium(II)dichloride (PdCl2(PPh3)2), sodium thiosulfate, benzyltrimethylammonium 

chloride, potassium hydroxide, potassium carbonate, calcium carbonate, and bovine 

serum albumin (BSA) were purchased from Fluka (Switzerland). Triphenylamine, 

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

4-iodobenzoiac acid and quinine sulfate were purchased from Aldrich. Concanavalin 

A (ConA, from Jack bean), cytochrome C (CytC, from equine heart), histone (His, 

from calf thymus, typeIII-S), human serum albumin (HSA), lysozyme  (Lys, from 

chicken egg white), myoglobin (Myo, from equine heart) and papain (Pap, from 

papaya latex) were purchased from Sigma and used without further purification. All 

other reagents were non-selectively purchased from Sigma-Aldrich, Fluka or Merck 

(Germany). For most reactions, solvents such as dichloromethane and acetonitrile 

were reagent grade stored over molecular sieves. In anhydrous reactions, solvents 

such as THF and toluene were dried and distilled before use according to the standard 

procedures. All column chromatography were operated using Merck silica gel 60 (70-

230 mesh). Thin layer chromatography (TLC) was performed on silica gel plates 

(Merck F245). Solvents used for extraction and chromatography such as 

dichloromethane, hexane, ethyl acetate and methanol were commercial grade and 

distilled before use while diethyl ether and chloroform were reagent grade. Milli-Q 

water was used in all experiments unless specified otherwise. The most reactions were 

carried out under positive pressure of N2 filled in rubber balloons.  
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2.2 Analytical instruments 

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

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

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

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

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

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

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

acquired on Nicolet 6700 FT-IR spectrometer equipped with a mercury-cadmium 

telluride (MCT) detector (Nicolet, USA). 
1
H-NMR and 

13
C-NMR spectra were 

acquired from sample solution in CDCl3, acetone-d
6
, CD3CN, CD3OD and DMSO-d6 

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

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

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

recorded on a Varian Cary Eclipse spectrofluorometer (Varian, USA). 
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2.3 Synthesis of dendritic fluorophores 

2.3.1 Preparation of 4, 4, 4-triiodotriphenylamine.  

 

 

 

 

 

A mixture of triphenylamine (7.36 g, 30 mmol) in chloroform (100 mL) and 

methanol (50 mL) was added with BTMAICl2 (34.47 g, 99 mmol) and CaCO3 (18 g, 

180 mmol). The reaction mixture was allowed to reflux for 72 h and 20% Na2S2O3 

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

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

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

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

in methanol from dichloromethane solution. Triiodotriphenylamine (T3I) was 

obtained (14.59 g, 78%) as a white solid: mp; 182-184
o
C; 

1
H NMR (CDCl3, 400 

MHz): δ (ppm) 7.53 (d, J = 7.5 Hz, 6H), 6.80 (d, J = 7.5 Hz, 6H); 
13

C NMR (CDCl3, 

100 MHz): δ (ppm) 146.6, 138.5, 126.1, 88.7; MALDI-TOF m/z Calcd. for 

C18H12I3N, 622.810 Found: 622.561.        

 

2.3.2 Preparation of TMSI2. 

 

 

 

 

 

 

          A mixture of T3I (2.0 g, 3.2 mmol), PdCl2(PPh3)2 (0.11 g, 0.16 mmol), CuI (30 

mg, 0.16 mmol) and trimethylsilyl acetylene (0.34 g, 3.5 mmol) in toluene (10 ml) 

was added with DBU (1 mL)  and the mixture was stirred at room temperature for 24 

h. The mixture was filtered and the solid residue was washed with toluene (3 × 15 

mL). The filtrate was evaporated and the residue was eluted through a silica gel 

column by hexane to afford TMS2I as a light yellow oil (0.57 g, 33% yield). 
1
H NMR 
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(CDCl3, 400 MHz): δ (ppm)  7.53  (d, J = 6.8 Hz, 4H), 7.33 (d, J = 8.8 Hz, 2H), 6.94 

(d, J = 8.8 Hz, 2H), 6.81 (d, J = 6.8 Hz, 4H), 0.23 (s, 9H); 
13

C NMR (CDCl3, 100 

MHz): δ (ppm) 46.5, 138.4, 133.2, 126.3, 123.1, 117.5, 140.6, 93.9, 86.7, 0.01; 

MALDI-TOF m/z Calcd for C23H21I2NSi, 592.953 Found: 593.247.     

 

2.3.3 Preparation of Methyl 4-((trimethylsilyl)ethynyl)benzoate. 

 

 

 

 

A mixture of methyl 4-iodobenzoate (2.00 g, 7.6 mmol), PdCl2(PPh3)2 (0.27 g, 

0.4 mmol), CuI (0.07g, 0.38 mmol) and trimethylsilylacetylene (0.83 g, 8.4 mmol)  in 

toluene (10 mL) was added with DBU (1 mL) and the mixture was stirred at room 

temperature for 24 h. The reaction mixture was then filtered and the solid was washed 

with toluene (3 × 15 ml). The filtrate was evaporated and the residue was eluted 

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

dichloromethane/hexane (1/4) as an eluent to afford Methyl 4-((trimethylsilyl)-

ethynyl)benzoate as a white solid (1.45 g, 82% yield). mp: 108-110°C; 
1
H NMR 

(CDCl3, 400 MHz): δ (ppm) 7.99 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 3.92 

(s, 3H), 0.23 (s, 9H); 
13

C NMR (CDCl3, 100 MHz): δ (ppm) 166.7, 132.0, 129.8, 

129.5, 127.9, 104.2, 97.9, 52.4, 0.01; MALDI-TOF m/z  Calcd for C13H16O2Si, 

232.092 Found: 233.425.  

 

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

 

        

 

 

 

      A mixture of N,N-dimethylaniline (6.0 g, 50 mmol) in chloroform (100 mL) and 

methanol (50 mL) was added with BTMAICl2( 18.08 g, 52 mmol) and CaCO3 (16.45 

g, 0.15 mmol). After the reaction mixture was refluxed for 36 h, 20% Na2S2O3 

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

was filtered and the filtrate was extracted with dichloromethane (3 × 50 mL). The 
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combined organic phase was washed with water (2 × 100 mL) and dried over 

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

in methanol from dichloromethane solution. 4-Iodo-N,N-dimethylaniline was obtained 

as a purple solid (10.37 g, 84%): mp ; 91-93
o
C; 

1
H NMR (CDCl3, 400 MHz): δ (ppm) 

7.46 (d, J = 5.6 Hz, 2H),  6.49 ( d, J = 5.6 Hz, 2H), 2.92 (s, 6 H); 
13

C NMR (CDCl3, 

100 MHz): δ (ppm) 137.5, 114.7, 40.4.  

 

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

 

 

 

 

 

 A mixture of 4-iodo-N,N-dimethylaniline (2.51 g, 10 mmol), PdCl2(PPh3)2 

(0.35 g, 0.5 mmol), CuI (0.08 g, 0.5 mmol) and trimethylsilylacetylene (1.08 g, 11 

mmol)  in toluene (10 ml) was added with DBU (1 mL) and the mixture was stirred at 

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

washed with toluene (3 × 15 ml). The filtrate was evaporated and the residue was 

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

dichloromethane/hexane (1/3) as an eluent to afford N,N-dimethyl-4-((trimethyl-

silyl)ethynyl)aniline as a yellow solid (2.17 g, 90% yield). mp: 88-89°C; 
1
H NMR 

(CDCl3, 400 MHz): δ (ppm) 7.11(d, J = 7.2 Hz, 2H), 6.35 (d, J = 7.2 Hz, 2H), 2.72 (s, 

6H), 0.01 (s, 9H); 
13

C NMR (CDCl3, 100 MHz): δ (ppm) 149.9, 132.9, 111.3, 109.6, 

106.3, 90.9, 39.9, 0.01.  

 

2.3.6 Preparation of methyl 4-ethynylbenzoate. 

 

 

 

 

 

A mixture of methyl 4-((trimethylsilyl)ethynyl)benzoate (1.00 g, 4.3 mmol) and 

K2CO3 (0.059 g, 0.43 mmol) in dichloromethane (15 mL) and methanol (15 mL) was 

stirred at room temperature for 24 h. The organic layer was separated and the aqueous 
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phase was extracted with dichloromethane (2 x 50 mL) and was then dried over 

anhydrous MgSO4. The solvent was evaporated and the residue was eluted through a 

silica gel column by gradient solvents starting from pure hexane to 

dichloromethane/hexane (1/4) as an eluent to afford Methyl 4-ethynylbenzoate as a 

white solid (0.60 g, 87% yield). mp:103-105°C.
 1
H NMR (CDCl3, 400 MHz): δ (ppm) 

7.98 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 3.92 (s, 3H); 
13

C NMR (CDCl3, 100 

MHz): δ (ppm) 166.3, 132.0, 130.1, 129.4, 126.7, 82.8, 80.1, 52.2; 90-92
 o
C; MS m/z 

Calcd for C10H8O2, 160.052 Found: 161.035. 

 

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

 

 

 

 

A mixture of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline (1.00 g, 4.6 mmol) 

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

was stirred at room temperature for 12 h. Next addition of water, the organic layer 

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

mL) and was then dried over anhydrous MgSO4. The filtrate was evaporated and the 

residue was eluted through a silica gel column by gradient solvents starting from pure 

hexane to dichloromethane/hexane (1/3) as an eluent to afford 4-ethynyl-N,N-

dimethylaniline as a brown-yellow solid (0.60 g, 91 % yield). mp: 67-69°C.
 1

H NMR 

(CDCl3, 400 MHz): δ (ppm) 7.37 (d, J = 8.8 Hz, 2H), 6.62 (d, J = 8.8 Hz, 2H), 2.07 

(s, 7H); 
13

C NMR (CDCl3, 100 MHz): δ (ppm) 150.4, 133.2, 111.7, 108.7, 84.9, 74.9, 

40. 

2.3.8 Preparation of TMS2C
0
. 
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A mixture of TMS2I (0.41 g, 0.69 mmol), PdCl2(PPh3)2 (49 mg, 0.07 mmol), 

CuI (14 mg, 0.07 mmol), Methyl 4-ethynylbenzoate (2.43 g, 1.52 mmol) in toluene 

(10 ml) was added with DBU (1 ml)  and the mixture was stirred at room temperature 

for 3 h. ): δ (ppm)The mixture was fitered and the filtrate was evaporated. The residue 

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

to dichloromethane/hexane (2/1) as an eluent to afford TMS2C
0
 as a yellow solid 

(0.28 g, 62% yield). mp: 120-122°C;  
1
H NMR (CDCl3, 400 MHz): δ (ppm) 8.02 (d, J 

= 8.0 Hz, 4H), 7.57 (d, J = 8.0 Hz, 4H), 7.44 (d, J = 8.4 Hz, 4H), 7.39 (d, J = 8.4 Hz, 

2H), 7.06 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 3.93 (s, 6H), 0.23 (s, 9H); 
13

C 

NMR (CDCl3, 100 MHz): δ (ppm) 0.01; MALDI-TOF m/z Calcd for C43H35NO4Si,  

657.234 Found: 656.908. 

 

      2.3.9 Preparation of E2C
0
. 

 

 

 

 

 

 

 

 

A mixture of TMS2C
0
 (0.20 g, 0.34 mmol) ) and K2CO3 (42 mg,0.034 mmol) in 

dichloromethane (15 mL) and methanol (15 mL) was stirred at room temperature for 

24 h. The organic layer was separated and the aqueous phase was extracted with 

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

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

solvents starting from pure hexane to dichloromethane/hexane (2/1) as an eluent to 

afford E2C
0
as a yellow solid (0.15 g, 74% yield). mp: 193-195

o
C; 

1
H NMR (CDCl3, 

400 MHz): δ (ppm) 8.01 (d, J = 8.0 Hz, 4H), 7.57 (d, J = 8.0 Hz, 4H), 7.44 (d, J = 8.4 

Hz, 4H), 7.41 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 

3.93 (s, 6H), 0.23 (s, 9H); 
13

C NMR (CDCl3, 100 MHz): δ (ppm) 166.6, 147.0, 138.4, 

133.0, 129.5, 129.3, 128.1, 124.1, 124.0, 117.4, 117.1, 92.3, 88.7, 83.4, 52.2; 

MALDI-TOF m/z Calcd for C40H27NO4, 585.194 Found: 584.804. 
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2.3.10 Preparation of I2N
0
. 

 

 

 

 

 

 

A mixture of T3I (1.0 g, 0.80 mmol), PdCl2(PPh3)2 (20 mg, 0.03 mmol), CuI (6 

mg, 0.03 mmol), 4-ethynyl-N,N-dimethylaniline (0.26 g, 1.8 mmol) in toluene (240 

ml) was added to DBU (1 ml)  and the mixture was stirred at rt for 12 h. The 

combined filtrate was evaporated and the residue was eluted through a silica gel 

column by gradient solvents from pure hexane to CH2Cl2/hexane (3/1) as an eluent to 

obtain I2N
0
 as a brown solid (0.33 g, 31% yield). mp: 206-209 °C. 

1
H NMR (CDCl3, 

400 MHz): δ (ppm)  7.54 (d, J = 8.5 Hz, 2H), 7.36-7.39 (m, 4H), 7.01 (d, J = 8.5 Hz, 

4H), 6.68 (d, J = 8.5 Hz, 2H), 6.65 (d, J = 8.5 Hz, 4H), 3.00 (s, 12H). 
13

C NMR 

(CDCl3, 100 MHz): δ (ppm) 149.9, 146.8, 146.0, 138.4, 132.8, 126.3, 123.8, 123.7, 

118.7, 111.8, 110.1, 90.4, 87.1, 86.2, 40.3. MALDI-TOF m/z Calcd for C38H32IN3, 

657.164; Found: 656.610.  

 

 2.3.11 Preparation of TMS2N
0
. 

 

 

 

 

 

 

 

 

 

A mixture of I2N
0

 (0.2 g, 0.30 mmol), PdCl2(PPh3)2 (2 mg, 0.003 mmol), CuI (2 mg, 

0.01 mmol), trimethylsilyl acetylene (39 mg, 0.40 mmol) in toluene (10 ml) was added to 

DBU (1 mL) and the reaction was stirred at rt for 3 h. The mixture was filtered and the solid 

washed with toluene (3 x 15 ml). The combined filtrate was evaporated and the residue was 

eluted through a silica gel column by hexane to obtain TMS2N
0
 as a light yellow oil (0.14 g, 

75% yield). mp: 116-119 °C. 
1
H NMR (CDCl3, 400 MHz): δ (ppm) 7.16-7.09 (m, 10H), 6.76 
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(d, J = 8.5 Hz, 6H), 6.40 (d, J = 8.5 Hz, 4H), 2.73 (s, 12H), 0.01 (s, 9H). 
13

C NMR (CDCl3, 

100 MHz): δ (ppm) 149.9, 147.1, 145.9, 133.0, 132.6, 132.6, 132.3, 124.1, 123.3, 118.8, 

117.1, 111.8, 110.1, 105.0, 93.6, 90.4, 87.1, 40.2, 0.01. MALDI-TOF m/z Calcd for 

C43H41N3Si: 627.307; Found: 626.814. 

 

2.3.12 Preparation of E2N
0
. 

 

 

 

 

 

 

 

 

A mixture of TMS2N
0
 (0.10 g, 0.16 mmol) and K2CO3 (42 mg,0.034 mmol) in 

CH2Cl2 (15 mL) and methanol (15 mL) was stirred at rt for 24 h. The organic layer 

was separated and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL) and was 

then dried over anhydrous MgSO4. The combined filtrate was evaporated and the 

residue was eluted through a silica gel column by gradient solvents from pure hexane 

to CH2Cl2/hexane (2/1) as an eluent to afford E2N
0
 as a yellow solid (60 mg, 68% 

yield). mp: 135-138 °C. 
1
H NMR (CDCl3, 400 MHz): δ (ppm) 7.39 (d, J = 8.5 Hz, 

10H), 7.04 (d, J = 8.5 Hz, 6H), 6.66 (d, J = 8.5 Hz, 4H), 2.99 (s, 13H). 
13

C NMR 

(CDCl3, 100 MHz): δ (ppm) 150.0, 147.4, 145.9, 133.2, 132.6, 132.4, 124.2, 123.4, 

123.3, 119.0, 115.9, 111.8, 110.1, 90.5, 87.1, 83.7, 40.3. MALDI-TOF m/z Calcd for 

C40H33N3: 555.267; Found: 554.969. 

 

2.3.13 Preparation of 3C
0
 . 
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      A mixture of TI3 (0.30 g, 0.48 mmol), PdCl2(PPh3)2 (55 mg, 0.080  mmol), CuI 

(15 mg, 0.080 mmol), methyl 4-ethynylbenzoate (0.25 g, 1.6 mmol) in toluene (10 

ml) was added with DBU (1 mL) and the mixture was stirred at room temperature for 

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

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

dichloromethane/hexane (2/1) as an eluent to afford 3C
0
 as a yellow solid (0.80 g, 

75% yield). mp: 242-244
o
C; 

1
H NMR (CDCl3, 400 MHz): δ (ppm) 8.00 (d, J = 8.4 

Hz, 6H), 7.56 (d, J = 8.4 Hz, 6H), 7.45 (d, J = 8.4 Hz, 6H), 7.08 (d, J = 8.4 Hz, 6H); 

13
C NMR (CDCl3, 100 MHz): δ (ppm) 166.5, 146.9, 133.0, 131.4, 129.5, 129.3, 

128.0, 124.1, 117.5, 92.3, 88.7, 52.2; MALDI-TOF m/z Calcd for C48H33NO6, 

719.231 Found: 719.802. 

 

2.3.14 Preparation of 3N
0
. 

 

 

 

 

 

 

 

A mixture of T3I (0.30 g, 0.48 mmol), PdCl2(PPh3)2 (55 mg, 0.080  mmol), CuI (15 

mg, 0.080 mmol), 4-ethynyl-N,N-dimethylaniline (0.25 g, 1.6 mmol) in toluene (10 

ml) was added DBU (1 mL)  and the mixture was stirred at room temperature for 24 

h. After the combined filtrate was evaporated and the residue was eluted through a 

silica gel column by gradient solvents from pure hexane to methylene chloride/hexane 

(2/3) as an eluent to afford 3N
0
 as a yellow solid (0.25 g, 78% yield). mp: 284-286

o
C; 

1
H NMR (CDCl3, 400 MHz) δ (ppm) 7.39(d, J = 8.8 Hz, 6H), 7.38(d, J = 8.8 Hz, 6H), 

7.04 (d, J = 8.8 Hz, 6H), 6.66 (d, J = 8.8 Hz, 6H), 2.99 (s, 18 Hz); 
13

C NMR (CDCl3, 

100 MHz) δ (ppm) 150.0, 146.2, 132.6, 132.4, 123.9, 118.6, 111.8, 110.2, 90.3, 87.2, 

40.3; MALDI-TOF m/z Calcd for C48H42N4, 674.341 Found: 674.845. 
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2.3.15 Preparation of 3C
-
. 

 

 

 

 

 

 

 

         A mixture of 3C
0
 (0.50 g, 0.69 mmol) in THF (15 mL) and methanol (15 mL) 

was added with saturated KOH aqueous solution (0.5 mL) and the mixture was stirred 

at room temperature. After 24 h the solution was evaporated and the residue was 

dissolved in water (30 mL). Ice (50 g) was then added to the aqueous solution, 

acidified and kept in a refrigerator for 1 h. The product was filtered to afford 3C
- 
as a 

yellow solid (0.34 g, 72% yield). mp. >350
o
C decompose; 

1
H NMR (DMSO-d6, 400 

MHz): δ (ppm) 13.13(broad, 3H), 7.95 (d, J = 8.4 Hz, 6H), 7.63 (d, J = 8.4 Hz, 6H), 

7.55 (d, J = 8.4 Hz, 6H), 7.10 (d, J = 8.4 Hz, 6H); 
13

C NMR (DMSO-d6, 100 MHz): δ 

(ppm) 166.4, 146.7, 133.9, 131.8, 130.0, 126.4, 124.3, 117.4, 92.2, 88.7; MALDI-

TOF m/z Calcd for C45H27NO6, 677.184 Found: 677.776. Anal. Calcd for  

C45H27NO6: C, 79.75; H, 4.02; N, 2.07. Found: C, 79.45; H, 4.22; N, 2.12. 

 

2.3.16 Preparation of 3N
+
. 

 

 

 

 

 

 

 

 

A mixture of 3N
0
 (0.20 g, 0.69 mmol) in CH3CN (15 mL) was added CH3I (0.5 

mL) and the mixture was stirred at 70 
o
C in seal tube. After 24 h the solution was 

evaporated to afford 2 as a yellow solid (0.34 g, 72% yield). mp:> 350 
o
C decompose 

; 
1
H NMR (CD3CN, 400 MHz) δ (ppm) 7.88 (d, J = 8.0 Hz, 6H), 7.76 (d, J = 8.4 Hz, 
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6H), 7.53 (d, J = 8.4 Hz, 6H), 7.15 (d, J = 8.0 Hz, 6H); 
13

C NMR (CD3CN, 100 MHz) 

δ (ppm) 147.5, 146.3, 133.3, 133.1, 125.8, 124.5, 121.0, 91.9, 87.0, 57.3; MS-ES
+
 m/z 

Calcd for C51H51I3N4, 719.691 Found: 240.004 [M]
3+

. Anal. Calcd for  C51H51I3N4: C, 

55.65; H, 4.67; N, 5.09 Found: C, 54.49; H, 4.95; N, 4.97. 

 

2.3.18 Preparation of 6C
0
. 

 

 

 

 

 

 

 

        A mixture of T3I (20 mg, 0.032 mmol), PdCl2(PPh3)2 (5 mg, 0.007 mmol), CuI 

(2 mg, 0.001 mmol), E2C
0
 (0.11 g, 0.18 mmol) in toluene (10 mL) was added with 

DBU ( 0.1 mL)  and the mixture was stirred at room temperature for 24 h. The 

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

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

dichloromethane/hexane (3/1) as an eluent to afford 6C
0
 as a yellow solid (43 mg, 

67% yield). mp:198-200°C; 
1
H NMR (CDCl3, 400 MHz): δ (ppm) 8.01 (d, J = 8.0 Hz, 

12H), 7.56 (d, J = 8.0 Hz, 12H), 7.45 (d, J = 8.4 Hz, 24H), 7.09 (d, J = 8.4 Hz, 24H), 

3.93 (s, 18H); 
13

C NMR (CDCl3,100 MHz): δ (ppm) 166.6, 147.0, 146.6, 146.3, 

133.0, 132.8, 132.7, 131.4, 129.5, 129.3, 128.1, 124.4, 124.0, 123.9, 118.5, 118.0, 

117.3, 92.4, 89.1, 88.7, 52.2; MALDI-TOF m/z Calcd for C138H90N4O12, 1996.211 

Found: 1997.537. Anal. Calcd for  C138H90N4O12: C, 83.03; H, 4.54; N, 2.81. Found: 

C, 81.28; H, 4.53; N, 2.66.         

 

 2.3.17 Preparation of 6N
0
. 
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A mixture of T3I (22 mg, 0.035 mmol), PdCl2(PPh3)2 (5 mg, 0.07 mmol), CuI 

(2 mg, 0.07 mmol), E2N
0
 (0.11 g, 0.18 mmol) in toluene (10 mL) was added to DBU 

(0.1 mL) and the mixture was stirred at rt for 24 h. The combined filtrate was 

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

solvents from pure hexane to CH2Cl2 as an eluent to afford 6N
0
 as a yellow solid (52 

mg, 79% yield). mp: 216-218 °C. 
1
H NMR (CDCl3, 400 MHz): δ (ppm) 7.40 (d, J = 

8.5 Hz, 36H), 7.06 (d, J = 8.5 Hz, 24H), 6.65 (d, J = 8.5 Hz, 12H), 2.99 (s, 36H). 
13

C 

NMR (CDCl3, 100 MHz,): δ (ppm) 149.9, 146.8, 146.5, 146.0, 132.9, 132.7, 132.4, 

124.1, 123.6, 118.8, 118.1, 117.5, 111.9, 111.8, 110.2, 90.4, 89.3, 88.9, 87.1, 40.2. 

MALDI-TOF m/z Calcd for C138H108N10: 1904.876; Found: 1906.071.  

 

2.3.19 Preparation of 6C
-
. 

 

 

 

 

 

 

 

 

          A mixture of 6C
0
( 40 mg, 0.02 mmol) ), Saturated KOH aqueous solution (0.1 

mL) in THF (10 mL), methanol (10 mL) and water (10 mL) was refluxed with stirring 

for 2 days. The solution was evaporated and the residue was dissolved in water (15 

mL). Ice was added to the aqueous solution, acidified and kept in a refrigerator for 1 

h. The product was filtered to afford 6C
-
 as a yellow solid (26 mg, 68% yield). mp, 

>350 
o
C decompose; 

1
H NMR (DMSO-d6, 400 MHz): δ (ppm) 7.92(d, J = 7.4 Hz, 

12H), 7.59 (d, J = 7.4 Hz, 12H), 7.51-7.45 (m, 24 H), 7.02 (2, 24H); 
13

C NMR 

(DMSO-d6, 100 MHz): δ (ppm) 167.1, 147.0, 146.5, 146.3, 133.5, 133.4, 133.1, 

131.7, 130.8, 129.9, 127.1, 124.25, 118.0, 116.9, 92.4, 92.3, 89.5, 88.9; MALDI-TOF 

m/z Calcd. for C132H78N4O12, for 1910.562 Found: 1911.357. Anal. Calcd for  

C138H90N4O12·10H2O: C, 75.78; H, 4.72; N, 2.68. Found C, 74.96; H, 4.01; N, 2.68. 
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2.3.20 Preparation of 6N
+
. 

 

 

 

 

 

 

 

 

 

A mixture of 6N
0
 (0.20 g, 0.69 mmol) in CH3CN (15 mL) was added to CH3I (0.5 

mL) and the mixture was stirred at 70 °C in a sealed tube. After 24 hrs the solution 

was evaporated to afford 6N
+
 as a yellow solid (0.34 g, 72% yield). mp: > 300 °C 

(decompose). 
1
H NMR (CD3CN, 400 MHz): δ (ppm) 7.80 (d, J = 8.5 Hz, 12H), 7.51 

(d, J = 8.5 Hz, 12H), 7.46 (d, J = 8.5 Hz, 12H), 7.13 (d, J = 8.5 Hz, 12H), 7.10 (t, J = 

8.5 Hz, 24H). 
13

C NMR (CD3CN, 100 MHz): δ (ppm) 148.5, 134.1, 133.9, 133.7, 

126.7, 125.8, 125.3, 125.2, 121.7, 120.4, 87.8, 58.1. MALDI-TOF m/z Calcd for 

C144H126N10: 1995.013; Found: 1920.013 [M-5CH3]
+
. HRMS m/z Calcd for 

C144H126N10
6+

: 332.5017 Found: 332.6498 [M/6]
6+

. 

 

 

2.3.21 Preparation of 2IC
0
, I2C

0
, and 3C

0
. 
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To a mixture of T3I (5.0 g, 0.80 mmol), PdCl2(PPh3)2 (0.12 g, 0.16 mmol), CuI 

(20 mg, 0.11  mmol) and methyl 4-ethynylbenzoate (2.88 g, 1.8 mmol) in toluene (40 

mL) was added with DBU (2 mL) and the reaction mixture was stirred at room 

temperature for 12 h. The reaction mixture was filtered and the solvent was 

evaporated under reduced pressure. The residue was purified by flash chromatography 

on silica gel using gradient eluents varied from pure hexane to CH2Cl2/hexane (2/1). 

2IC
0
 was obtained as a brown solid (1.17 g, 22% yield) mp: 169-172 °C.  

1
H NMR 

(CDCl3, 400 MHz): δ (ppm) 8.01 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.5 Hz, 6H), 7.40 

(d, J = 8.5 Hz, 2H), 7.01 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.5 Hz, 4H),  3.93 (s, 3H). 

13
C NMR (CDCl3, 100 MHz): δ (ppm) 166.6, 147.2, 146.5, 138.6, 138.4, 133.0, 

131.4, 129.7, 129.3, 128.2, 123.1, 116.9, 92.4, 88.6, 87.1, 52.3.  MALDI-TOF m/z 

Calcd for C28H19I2NO2, 654.95; Found, 654.58 [M]
+
. I2C

0
 was obtained as a yellow 

solid (1.88 g, 34% yield), mp: 205-208 °C. 
1
H NMR (CDCl3, 400 MHz): δ (ppm) 8.01 

(d, J = 8.5 Hz, 4H), 7.58 (t, J = 8.5 Hz, 6H), 7.43 (d, J = 8.5 Hz, 4H), 7.05 (d, J = 8.5 

Hz, 4), 6.89 (d, J = 8.5 Hz, 2H), 3.93 (s, 6H). 
13

C NMR (CDCl3, 100 MHz): δ (ppm) 

166.9, 147.3, 146.6, 138.9, 133.2, 131.7, 129.8, 129.6, 128.4, 123.9, 117.5, 92.6, 88.9, 

87.7, 52.5. MALDI-TOF m/z Calcd for C38H26INO4, 687.09; Found, 686.44 [M]
+
. 

3C
0
 was obtained as a yellow solid (1.62 g, 28% yield). The spectroscopic data of 

compound 3C
0
 were reported previously. 

 

2.3.22 Preparation of C
0
2N

0
. 

  

  

 

 

 

 

 

        To a mixture of 2IC
0
 (0.99 g, 1.5 mmol), PdCl2(PPh3)2 (0.10 g, 0.15 mmol), CuI 

(29 mg, 0.15  mmol), 4-ethynyl-N,N-dimethylaniline (0.46 g, 3.17 mmol) in toluene 

(20 ml) was added with DBU (1 mL)  and the mixture was stirred at room temperature 

for 12 h. The reaction mixture was filtered and the solvent was evaporated under 

reduced pressure. The residue was purified by flash chromatography on silica gel 

using gradient eluent ranging from pure hexane to CH2Cl2/hexane (3/1). C
0
2N

0
 was 



 37 

obtained as a yellow solid (0.77 g, 74% yield). mp: 209-211 °C.  
1
H NMR (CDCl3, 

400 MHz): δ (ppm) 8.00 (d, J = 8.5 Hz, 2H), 7.55 (d, J = 8.5 Hz, 2H), 7.40-7.37 (m, 

10H), 7.05 (d, J = 8.5 Hz, 6H), 6.65 (d, J = 8.5 Hz, 2H), 3.90 (s, 3H), 2.99 (s, 12H). 

13
C NMR (CDCl3, 100 MHz): δ (ppm) 166.6, 147.4, 145.9, 132.9, 132.6, 132.4, 

131.3, 129.5, 129.1, 128.3, 128.3, 124.3, 123.2, 119.1, 116.4, 111.8, 110.1, 92.6, 90.5, 

88.4, 87.1, 52.2, 40.2. MALDI-TOF m/z Calcd for C48H39N3O2: 689.30; Found: 

689.19 [M]
+
. 

 

2.3.23 Preparation of 2C
0
N

0
. 

 

 

 

 

 

 

 

        A mixture of I2C
0
 (0.51 g, 0.74 mmol), PdCl2(PPh3)2 (25 mg, 0.04 mmol), CuI 

(8.0 mg, 0.04  mmol), 4-ethynyl-N,N-dimethylaniline (0.12 g, 0.82 mmol) in toluene 

(20 mL) was added with DBU (1 mL)  and the mixture was stirred at rt for 12 h. The 

reaction mixyture was filtered and the filtrate was evaporated under reduced pressure. 

The residue was purified by flash chromatography on silica gel using gradient 

solvents ranging from pure hexane to CH2Cl2/hexane (3/1) as the eluent. 2C
0
N

0
 was 

obtained as a yellow solid (0.46 g, 86% yield). mp: 210-213 °C. 
1
H NMR (CDCl3, 

400 MHz): δ (ppm) 8.01(d, J = 8.5 Hz, 4H), 7.57 (d, J = 8.5 Hz, 4H), 7.45-7.38 (m, 

8H), 7.08 (d, J = 8.5 Hz, 6H), 6.65 (d, J = 8.5 Hz, 2H), 3.93 (s, 6H), 2.99 (s, 6H). 
13

C 

NMR (CDCl3, 100 MHz): δ (ppm) 166.6, 147.2, 145.6, 132.9, 132.5, 131.4, 129.5, 

129.2, 124.7, 123.7, 119.6, 117.0, 92.4,90.8, 88.5, 86.9, 52.2, 40.2. MALDI-TOF m/z 

Calcd for C48H36N2O4: 704.27; Found: 704.09 [M]
+
. 
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2.3.24 Preparation of 2C
ˉ
N

0
. 

 

 

 

 

 

 

 

A mixture of 2C
0
N

0
 (200 mg, 0.28 mmol), saturated KOH aqueous solution 

(0.05 mL) in THF (10 mL), methanol (10 mL) and water (10 mL) was refluxed with 

stirring for 1 day. The solution was evaporated and the residue was dissolved in water 

(15 mL). Ice (20 g) was added to the residue and the mixture was acidified and kept 

in refrigerator. The product was filtered to afford 2C
ˉ
N

0 
as a yellow solid (132 mg, 

72% yield). mp: 280 °C (decompose). 
1
H NMR (DMSO-d6, 400 MHz): δ (ppm) 7.96 

(d, J = 8.0 Hz, 4H), 7.64 (d, J = 8.0 Hz, 4H), 7.54 (d, J = 8.0 Hz, 4H), 7.46 (d, J = 8.0 

Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 7.07 (d, J = 8.5 Hz, 6H), 6.71 (d, J = 8.5 Hz, 2H), 

2.94 (s, 6H). 
13

C NMR (DMSO-d6, 100 MHz,): δ (ppm) 166.8, 150.1, 146.9, 145.4, 

133.2, 132.6, 132.5, 131.6, 130.4, 129.7, 127.0, 124.9, 123.8, 118.9, 116.4, 112.1, 

92.2, 91.0, 88.6, 87.1, 40.3. MALDI-TOF m/z Calcd for C46H32N2O4: 676.24, Found: 

675.66 [M]
+
. Anal. Calcd for C46H32N2O4: C 81.64, H 4.77, N 4.14; Found C 81.16, H 

4.77, N 4.28.  

 

2.3.25 Preparation of C
ˉ
2N

0
. 

 

 

 

 

 

 

 

 

A mixture of C
0
2N

0
 (100 mg, 0.14 mmol) ), saturated KOH aqueous solution 

(0.05 mL) in THF (10 mL), methanol (10 mL) and water (10 mL) was refluxed with 
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stirring for 2 days. The solution was evaporated and the residue was dissolved in 

water (15 mL). Approximately 20 g of ice was added to the residue and the mixture 

was acidified and kept in refrigerator.  The product was filtered to afford C
ˉ
2N

0 
as a 

yellow solid (74 mg, 76% yield). mp: 280 °C (decompose). 
1
H NMR (DMSO-d6, 400 

MHz): δ (ppm) 7.83 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.44 (d, J= 8.5 Hz, 

4 H), 7.39 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.5 Hz, 4H), 7.04 (d, J = 8.0 Hz, 6H), 6.70 

(d, J = 8.5 Hz, 4H), 2.94 (s, 12H). 
13

C NMR (DMSO-d6, 100 MHz): δ (ppm) 167.5, 

150.0, 146.4, 145.6, 132.3, 130.0, 129.1, 124.1, 123.5, 118.2, 116.8, 111.8, 108.6, 

90.6, 87.0, 40.1. MALDI-TOF m/z Calcd for C47H37N3O2: 675.29; Found: 675.75 

[M]
+
. Anal. Calcd for C47H37N3O2: C 83.53, H 5.52, N 6.22; Found C 82.41, H 5.28, 

N 6.32.  

2.3.26 Preparation of 2C
ˉ
N

+
. 

 

 

 

 

 

 

 

A mixture of 2C
ˉ
N

0
 (0.10 g, 0.15 mmol) in CH3CN (15 mL) was added with 

CH3I (0.5 mL) and the mixture was stirred at rt in a sealed tube. After 12 h the 

solution was evaporated to afford 2C
ˉ
N

+
 as a yellow solid (0.11 g, 95% yield). mp: 

>300 °C decompose ; 
1
H NMR (CD3CN, 400 MHz): δ (ppm)  8.00 (d, J = 8.5 Hz, 

4H), 7.78 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 7.61 (d, J = 8.5 Hz, 4H), 7.50 

(d, J = 8.5 Hz, 6H), 7.13 (d, J = 8.5 Hz, 6H), 3.55(s, 9H). 
13

C NMR (CD3CN, 100 

MHz): δ (ppm) 166.4, 146.7, 133.9, 131.8, 130.0, 126.4, 124.3, 117.4, 92.2, 88.7. 

MALDI-TOF m/z Calcd for C47H35IN2O4: 691.79; Found: 691.02 [M]
+
. Anal. Calcd 

for C47H35IN2O4: C 68.95, H 4.31, N 3.42; Found: C 68.75, H 4.87, N 4.83. 
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2.3.27 Preparation of 2C
0
N

+
. 

 

 

 

 

 

 

 

A mixture of 2C
0
N

0 
(0.10 g, 0.14 mmol) in CH3CN (15 mL) was added with 

CH3I (0.5 mL) and the mixture was stirred at rt in a sealed tube. After 12 hrs the 

solution was evaporated to afford 2C
0
N

+
 as a yellow solid (0.11 g, 92% yield). mp: 

175-178 °C. 
1
H NMR (Acetone-d6, 400 MHz): δ (ppm)  8.20 (d, J = 9.0 Hz, 2H), 

8.03 (d, J = 8.0 Hz, 4H), 7.81 (d, J = 9.0 Hz, 2H), 7.66 (d, J = 8.0 Hz, 4H), 7.56 (d, J 

= 8.5 Hz, 6H), 7.17 (d, J = 8.5 Hz, 6H), 3.97 (s, 9H), 3.90 (s, 6H). 
13

C NMR 

(Acetone-d
6
, 100 MHz): δ (ppm) 165.7, 147.3, 133.1, 132.9, 131.4, 129.6, 129.5, 

127.9, 124.3, 124.2, 121.0, 117.5, 117.0, 92.0, 91.7, 88.3, 86.9, 56.9, 51.6. MALDI-

TOF m/z Calcd for C49H39IN2O4: 719.29; Found 718.85 [M]
+
. Anal. Calcd for 

C49H39IN2O4: C 69.50, H 4.64, N 3.31; Found: C 68.26, H 4.43, N 3.28. 

 

2.3.28 Preparation of C
0
2N

+
. 

 

 

 

 

 

 

 

 A mixture of C
0
2N

+
 (0.10 g, 0.14 mmol) in CH3CN (15 mL) was added with 

CH3I (0.5 mL) and the mixture was stirred at rt in a sealed tube. After 24 hrs the 

solution was evaporated to afford C
0
2N

+
 as a yellow solid (0.12 g, 87% yield). mp: 

182-184 °C. 
1
H NMR (CD3CN, 400 MHz): δ (ppm) 8.02 (d, J = 8.5 Hz, 2H), 7.79 (d, 

J = 9.0 Hz, 4H), 7.73 (d, J = 9.0 Hz, 4H), 7.62 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.5 

Hz, 6H), 7.13 (d, J = 8.5 Hz, 6H), 3.88 (s, 3H), 3.56 (s, 18H). 
13

C NMR (CD3CN, 100 

MHz): δ (ppm) 166.3, 147.6, 147.4, 146.3, 133.3, 131.7, 129.7, 124.7, 124.5, 91.9, 
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87.0, 57.3. MALDI-TOF m/z Calcd for C50H45I2N3O2: 719.35; Found: 704.031[M-

CH3]
+
. Anal. Calcd for C50H45I2N3O2: C 61.67, H 4.66, N 4.32; Found: C 62.91, H 

4.60, N 4.53. 

 

2.4 Photophysical property study 

The stock solutions of 1-10 mM fluorophores diluted to 200 µM in 50 mM 

phosphate buffer pH 8.0 or 50 mM phosphate buffer saline pH 7.4 were prepared. 

 

2.4.1 UV-Visible spectroscopy  

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

recorded from 250 nm to 700 nm at ambient temperature. 

         

        2.4.2 Fluorescence spectroscopy  

The stock solutions of fluorophores were diluted to ~0.1 and 1 M, 

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

recorded from 390 nm to 700 nm at ambient temperature using an excitation 

wavelength at 360 to 380 nm, respectively.  

 

2.4.3 Fluorescence quantum yields 

The fluorescence quantum yield of fluorophores were performed in phosphate 

buffer (PB, 50 mM) pH 8.0 by using quinine sulphate (ΦF = 0.54) in 0.1 M H2SO4 as 

a reference.[47] The UV-Visible absorption spectra of five analytical samples and five 

reference samples at varied concentrations were recorded. The maximum absorbance 

of all samples should never exceed 0.1. The fluorescence emission spectra of the same 

solutions using appropriate excitation wavelengths selected were recorded based on 

the absorption maximum wavelength (max) of each compound. Graphs of integrated 

fluorescence intensities were plotted against the absorbance at the respective 

excitation wavelengths. Each plot should be a straight line with 1 interception and 

gradient m [48]. 

 In addition, the fluorescence quantum yield (F) was obtained from plotting of 

integrated fluorescence intensity vs absorbance represented into the following 

equation: 


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The subscripts ST denote the fluorescence quantum yield of a standard reference 

which used quinine sulphate in 0.1 M H2SO4 ( = 0.54) and X is the fluorescence 

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

 

2.5 Fluorescent sensor study 

  

2.5.1 Metal ion sensor 

The excitation wavelength was 375 nm and the emission was recorded from 390 

to 650 nm. Solutions of 3C
-
, 3N

+
and 6C

-
 was prepared in 50 mM potassium phosphate 

buffer (pH= 8.0) using a sonication bath. Concentrations of 3C
-
, 3N

+
and 6C

-
 were 

adjusted to 0.20 mM. Metal chloride solutions were prepared in Milli-Q water. 

Concentrations of all stock metal chloride solutions were adjusted to 0.2 mM and 

were added with the desired volumes (0-1000 µL) to the fluorophore solutions. The 

final volumes of the mixtures were adjusted to 5 mL to afford the final concentration 

of 10 µM for the fluorophores and 0-80 µM for Hg
2+

. 

 

2.5.2 Proteins array sensor 

The excitation wavelength was 375 nm and the emission was recorded from 390 

to 600 nm. Solutions of all fluorophores were prepared in 10 mM sodium phosphate 

buffer saline (PBS) pH= 7.4 using a sonication bath. Concentrations of all 

fluorophores were adjusted to 5 µM and used as stock solutions. All protein stock 

solutions were prepared by dilution with PBS until the absorbance at 280 nm (A280) 

being 0.4. The protein/fluorophore mixtures were prepared by mixing and PBS 

dilution to afford the final concentration of fluorophores equal to 0.2 µM and the 

protein concentration with Absorbance at λ280 nm = 0.01 
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2.6 Dendritic fluorophore incorporated nanofibers for proteins detection. 

 

All chemicals were of the analytical grade, purchased from Sigma-Aldrich 

(Milwaukee, WI) and used without further purification, unless otherwise stated. Milli-

Q (>18 MΩ) water was used in the preparation of all buffer solutions. Steady-state 

fluorescence measurements were performed on a HORIBA FluoroLog spectrofluo-

rometer using the excitation at 370 nm. Fluorescence image analysis was performed 

on a Leica TCS SP2/UV confocal microscope using the excitation at 364 nm. The 

scanning electron microscope (SEM) used is a Phillips XL30-FEG. Fiber analysis was 

performed using Fourier transform infrared (FTIR) spectroscopy on a Equinox 55/S 

FTIR spectrometer with a Bruker A590 microscope. Cellulose acetate (CA) is used as 

the host matrix in our nanofiber fabrication because of its chemical resistance, thermal 

stability, low nonspecific absorption, and capacity to be easily functionalized with 

recognition elements [49].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1. Schematic illustration of the electrospinning setup, encapsulation of the 

fluorescent dendrimer, and deacetytlation process used in this study. 

 

To further improve the surface area:volume ratio and overall performance a 

simple deacetylation treatment was used to create specific secondary structures with 

our electrospun nanofibers. Park and co-workers have demonstrated that secondary 
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porous structures can be inserted into the backbone of electrospun CA fibers by 

homogeneous deacetylation treatment of CA to cellulose using a practical processing 

step while at the same time maintaining the nanofiber’s physical properties [50-52]. 

This deacetylation treatment is used in our work to generate evenly distributed 

secondary pores throughout the nanofiber backbone of cellulose to improve the 

sensing performance. A schematic illustration of the electrospinning setup, 

encapsulation of the fluorescent dendrimer, and deacetylation process is shown in 

Scheme 2.1. 

These dendrimers commonly demonstrated low visible fluorescent emission, 

but 3C
-
 was found to be an exception that gave visibly high fluorescence. The 

variability of the fluorescent emission among the dendrimers is due to aggregation, 

which is caused by small differences in the charge distribution among different 3C
-
. 

The electrospinning solution was prepared by dissolving 17% CA and 0.1% 3C
-
 (by 

weight) in 8:1 (v/v) Acetone/H2O, and then placed into a plastic syringe. A high-

voltage DC power supply (Glassman High Voltage Inc. Series EH) was connected to 

a 25-gauge blunt nose needle attached to the syringe containing the electrospinning 

solution.  

The electrospun fibers were collected on a grounded aluminum plate. The 

CA/3C
-
 solutions were electrospun at a voltage of 21 kV, a tip-to-collector distance of 

10 cm, and a solution flow rate of 1.2 mL/h. All of the electrospinning procedures 

were carried out at 25 °C with a collection time of approximately 90 s. To create 

secondary porous structures, we deacetylated the CA fibers in a 50 mM NaOH 

ethanol solution at 25 °C for 24 h, thoroughly rinsed them with water, and then dried 

them using N2. The chemical reaction of CA to cellulose was traced by using FT-IR 

spectroscopy. The characteristic absorption peaks attributed to the vibrations of the 

acetate group at 1745(νCdO), 1375(νC-CH3), and 1235 cm-1(νC-O-C) disappeared 

after deacetylation of CA. An absorption peak at 3500 cm-1 (νO-H) was also 

observed, indicating successful deacetylation. The FT-IR spectrum obtained after 

deacetylation agreed with that of pure cellulose fibers. 
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CHAPTER III 

 

RESULTS AND DISCUSSION 

 

3.1   Synthesis and characterization of zoroth and first generation of dendritic 

fluorophores (3Cˉ, 6Cˉ, 3N
+
 and 6N

+
).  

  

 To enhance the water solubility of the dendritic fluorophores, carboxylic acid 

and quaternary ammonium groups were installed at the peripheral groups of the target 

molecules. The peripheral building blocks, methyl 4-ethynylbenzoate and N,N-

dimethyl-4-iodoaniline, were synthesized by the Pd-catalyzed Sonogashira cross-

coupling of trimethylsilylacetylene with methyl 4-iodobenzoate or N,N-dimethyl-4-

iodoaniline followed by a base-catalyzed desilylation (Scheme 3.1).  

 

 

 

 

 

 

 

 

Scheme 3.1 Synthesis of peripheral groups. 

 

The reactive core, 4, 4′, 4″-triiodotriphenylamine, was prepared from triple 

iodination of triphenylamine using benzyltrimethyl-ammonium iododichloride 

(BTMAICl2) (Scheme 3.2) [53]. With the necessary buliding blocks in hands, we 

proceed with the Sonogashira coupling between T3I and methyl 4-ethynylbenzoate 

followd by saponification of 3C
0
 and acidic work-up to afford the zeroth generation 

ionizable fluorophore 3C
-
.  
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Scheme 3.2 Synthesis of 3C
-
. 

 

Convergent approach was used in the synthesis of the first generation dendritic 

fluorophore starting from constructing a protected monomer by Sonogashira coupling 

of the core T3I with one equivalent of trimethylsilylacetylene. The coupling of the 

monomer with methyl 4-ethynylbenzoate followed by base-catalyzed desilylation 

gave the dendron which was coupled with TI3 to afford hexaesters (6C
0
). The base-

catalyzed hydrolysis of all six methyl ester of 6C
0
 was proven to be very time-

consuming taking about 48 h for completion. However, we could eventually obtain 

the first generation dendritic fluorophore 6C
-
 in satisfactory yield (Scheme 3.3). 

 

 

 

 

 

 

 

 

  

 

 

 

 

Scheme 3.3 Synthesis of 6C
-
. 
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The coupling of T3I with 2.2 eq of N,N-dimethyl-4-ethynylaniline followed 

by base-catalyzed desilylation gave the E2N
0
 (Scheme 3.4). The reaction between the 

N,N-dimethyl-4-ethynylaniline and T3I gave rise to the 3N
0
, which was treated with 

an excess of MeI to provide the polycationic fluorescent compound 3N
+
 (Figure 3.5). 

Compound 6N
0
 was prepared through a convergent synthetic approach in which the 

final step involved the coupling of T3I with 5.5 equiv of the E2N
0
 whose synthesis 

was carried out according to the Scheme 3.6. The hexacationic dendrimer (6N
+
) was 

derived from an exhaustive methylation of the first generation dimethylamino 

dendrimer 6N
0
 (Scheme 3.6).  

 

 

 

 

 

 

 

 

Scheme 3.4 Synthesis of E2N
0
. 

 

 

 

 

 

 

 

 

 

 

Scheme 3.5 Synthesis of 3N
+
. 
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Scheme 3.6 Synthesis of 6N
+
. 

 

3.2   Synthesis and characterization of variously charged dendritic fluorophores 

(2CˉN
0
, Cˉ2N

0
, 2CˉN

+
, 2C

0
N

+
, and C

0
2N

+
) 

 

 The synthesis of the variously charged dendritic fluorophores began with a 

statistical Sonogashira coupling between 4,4′,4″-triiodotriphenylamine and 2.2 

equivalent of methyl-4-ethynylbenzoate (Scheme 3.6). The reaction gave a mixture 

which could be separated and purified by simple silica gel column chromatography to 

afford the mono-, di-, and triester products in 22%, 34% and 28% yields, respectively, 

representing the overall yield of 84% (Scheme 3.7). Sonogashira coupling of 

monoester with 2.2 equivalent of N,N-dimethyl-4-ethynylaniline afforded C
0
2N

0
 

which was hydrolyzed to give the monoanionic compound Cˉ2N
0
. Using the same 

synthetic protocol, diesters were coupled with 1.1 equivalent of N,N-dimethyl-4-

ethynylaniline to give 2C
0
N

0
 and the subsequent hydrolysis gave rise to the dianion 

2CˉN
0
. Methylation of 2C

0
N

0
 and C

0
2N

0
 conveniently produced the di- and 

monocationic fluorophores C
0
2N

+
 and 2C

0
N

+
, respectively. In addition, the 

zwitterionic compound 2CˉN
+
 was prepared by base-hydrolysis of 2C

0
N

+
. All new 
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compounds were characterized by 
1
H NMR spectroscopy, IR spectroscopy, elemental 

(C, H, N) analysis and high resolution mass spectrometry (HRMS). 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.7 Synthetic route to variously charged dendritic fluorophores. 

 

 The 
1
H NMR spectra of compound 2CˉN

0
, Cˉ2N

0
, 2CˉN

+
, 2C

0
N

+
, and C

0
2N

+
 

are shown in Figure 3.1-3.2. All signals can be assigned to all protons in each 

corresponding structure. Initially, 4,4',4"-triiodotriphenylamine core showed two 

doublet signals at 6.8 and 7.5 ppm corresponding to its aromatic protons. Then, T3I 

coupling with methyl 4-ethynylbenzoate by using Sonogashira reaction, the mono-

ester product showed signals of the methyl ester protons as a singlet at 4.0 ppm and 

four new doublet signals at 7.2, 7.4, 7.6 (overlapping with the signal of aromatic 

protons on iodophenyl group at 7.5 ppm) and 8.0 ppm corresponding to the aromatic 

protons of the newly mounted p-substituted benzoate moiety. For C
0
2N

0
, a new 

singlet signal of the methylamine protons appeared at 3.0 ppm and the aromatic 
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signals appeared as two doublet at 6.7 (4H) and 7.4 ppm (greatly overlapping with 

other aromatic proton signals). The hydrolysis of C
0
2N

0
 gave C

-
2N

0
 which is 

insoluble in chloroform and its 
1
H NMR was obtained from the DMSO-d6 solution. 

The spectrum showed that the singlet signal of the methylester protons at 3.9 ppm 

totally disappeared upon the hydrolysis. The conversion of C
0
2N

0
 to C

0
2N

+
 was 

achieved by double methylation evidenced by a new singlet signal of the methyl 

ammonium protons at 3.5 ppm (Figure 3.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. 
1
H-NMR (400 MHz) of 2IC

0
, C

0
2N

0
, C

-
2N

0
 and C

0
2N

+
. 

  

The diester product I2C
0
 showed signals of the methyl ester protons as a singlet at 4.0 

ppm and four new doublet signals at 7.2, 7.4, 7.6, and 8.0 ppm corresponding  to the 
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aromatic protons. Upon incorporation of dimethylaniline moeity, 2C
0
N

0
 showed new 

signals of the methylamine protons as a singlet at 3.0 ppm and two doublet signals of 

aromatic protons at 6.7 (2H) and 7.4 (8H) ppm (Figure 3.2). The hydrolysis of 2C
0
N

0 

gave 2C
-
N

0
 which is insoluble in chlorogorm and thus its 

1
H NMR spectrum was 

obtained from DMSO-d6 solution. Upon the hydrolysis, the signal of methylester 

protons at 3.9 ppm disappeared. The successful conversion of 2C
0
N

0
 to 2C

0
N

+
 by 

methylation was evidenced by a new singlet signal of the methyl ammonium protons 

at 3.5 ppm. Again, this cationic compound is insoluble in chloroform that the best 
1
H 

NMR was obtained from a CD3CN solution sample (Figure 3.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. 
1
H-NMR (400 MHz) of I2C

0
, C

0
2N

0
, 2C

-
N

0
 and 2C

0
N

+
. 

  

The structure characterizations of all fluorophores were confirmed by MALDI-

TOF-MS that showed the molecular ion peaks corresponding or directly related to 

their molecular weights (Figure 3.3 and 3.4). High resolution MS and elemental 

analysis results are included in the experimental section at the end of each 

corresponding synthetic procedure. 
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Figure 3.3. MALDI-TOF-MS of 2IC
0
, I2C

0
, 2C

0
N

0
, and C

0
2N

0
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. MALDI-TOF-MS of 2C
-
N

0
, C

-
2N

0
, 2C

0
N

+
, C

0
2N

+
, and 2C

-
N

+
. 
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3.3 Photophysical property study 

    The photophysical properties of nine fluorophores (6Cˉ, 3Cˉ, 3N
+
, 2CˉN

0
, 

Cˉ2N
0
, 2CˉN

+
, 2C

0
N

+
, C

0
2N

+
 and 6N

+
) were studied. In aqueous solution, they 

displayed maximum absorption wavelength (λmax) ranging from 368 to 392 nm (Table 

3.1). The maximum emission wavelengths of the fluorophores were in the range of 

450 to 489 nm. Their fluorescent quantum yields (ΦF) were relatively low in aqueous 

media, especially for 2CˉN
0
 and Cˉ2N

0
 which possessed both electron donating 

amino group and electron withdrawing carboxyl group at their peripheries (Figure 

3.5-3.6). The low ΦF due to intramolecular charge transfer (ICT) between electron 

donating and electron withdrawing groups has previously been described [55-57].  

 

Table 3.1. Photophysical properties of the dendritic fluorophores. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

Quinine sulfate in 0.1 M H2SO4 (F = 0.54 %) was used as the reference. 
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Figure 3.5. Normalized absorption spectra of nine fluorophores (10 µM) in phosphate 

buffer pH 8.0. 

 

 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6.  Emission spectra of nine fluorophores (10.0 µM)  in phosphate buffer pH 

8.0. Expanded emission spectra of six fluorophores. 
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3.4 Surfactant enhancement of 3C
-
, 3N

+
, and 6C

-
. 

 

In phosphate buffer pH 8.0, compounds 3C
-
, 3N

+
, and 6C

-
 displayed absorption 

peaks at 374, 370 and 375 nm. Upon the addition of TitronX-100, a nonionic 

surfactant, the absorption bands were slightly red-shifted to 383, 382 and 379 nm, 

respectively. The spectral shift behavior was also observed in the emission spectra, but 

in an opposite direction and a more pronounced fashion. The emission peaks of these 

compounds were at 454, 489 and 485 nm in the absence of Triton X-100. The 

surfactant caused the emission bands to blue-shift by 20, 47 and 68 nm, respectively 

(Figure 3.7). Moreover, the increase in fluorescence quantum yields (ΦF) strongly 

agrees with the assumption that Triton X-100 facilitates the intermolecular dissociation 

of these compounds. The stronger fluorescent signal amplification of 6C
-
 comparing to 

that of 3C
-
 also suggested that the surfactant dissociation effect is greater for larger 

fluorophores, likely due to the difference in their initial hydrophobic interactions 

(Table 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Normalized emission spectra of 3C
-
, 3N

+
, and 6C

-
 (10

-7
 M) in the 

absences and presence of Triton X-100 (500 µM) in 50 mM phosphate buffer pH 8.0.   
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Table 3.2. Photophysical properties of 3C
-
, 3N

+
, and 6C

-
 in 50 mM phosphate buffer 

(pH 8.0) without and with Triton X-100. 

 

 

 

 

 

 

 

 

 

 

 

 

          

 

 

 

 

 

3.5 Metal ion Sensor. 

 

The fluorogenic reponses of 3C
-
, 3N

+
, and 6C

-
 into various transition metal 

ions such as Cr
2+

, Fe
2+

, Co
2+

, Ni
2+

, Cu
2+

, Cd
2+

, Hg
2+

 and Pb
2+

 ions were investigated. 

In phosphate buffer pH 8, the fluorescence signal of 3C
-
 was slightly quenched by 

various metal ions and 3N
+
 showed no fluorogenic responses while the fluorescence 

signal of 6C
-
 was significantly and selectivley quenched by only Hg

2+
 (Figure 3.8a-

c). In the presence of Triton X-100, the fluorescence signal of 3C
-
 could be quenched 

by all metal ions while the fluorescence signal of 3N
+
 was not affected by any metal 

ion (Figure 3.8d and 3.8e). On the other hand, fluorophore 6C
-
 still exhibited a 

selective quenching by Hg
2+

 ions (Figure 3.8f).  

 

 

 

 

 

 

 

   Without Triton X-100 

Compd. Absorption Fluorescence 

  λmax (nm) ε (M
-1

cm
-1

) λmax (nm) Φ 

3C
-
 374 5900 454 0.097 

3N
+
 370 26823 485 0.14 

6C
-
 375 63500 489 0.037 

  With Triton X-100 

Compd. Absorption Fluorescence 

  λmax (nm) ε (M
-1

cm
-1

) λmax (nm) Φ 

3C
-
 383 9592 434 0.47 

3N
+
 382 21310 438 0.46 

3C
-
 379 49820 421 0.65 
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Figure 3.8. Emission spectra of the solutions of 3C
-
, 3N

+
, and 6C

-
 (10 μM) upon the 

addition of metal ions (40 μM): without Triton X-100 for (a) 3C
-
, (b) 3N

+
, and (c) 6C

-

; with 0.1 mM Triton X-100 for (d) 3C
-
 (1 μM), (e) 3N

+
 (0.1 μM), and (f) 6C

-
 (0.1 

μM). 

 

In order to access a quantitative measurement of fluorescence quenching, 

Stern-Volmer plots were made from the fluorescence data. Linear relationships 

between the fluorescence ratio I0/I and the Hg
2+ 

concentation were obtained with the 

Stern-Volmer constant (Ksv) of 33,700 M
-1 

and 5,800 M
-1

 for the system with and 

without Triton X-100. in With Triton X-100, the considerably higher Ksv clearly 

demonstrats that the surfactant can amplify of the selective quenching effect probably 

by increasing the binding between the fluorophore and Hg
2+

 (Figure 3.9). The 
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nonselective quenching of 3C
- 
suggested that the positively charged metal ions reduce 

the electrostatic repulsion between the partially dissociated negatively charged 

fluorophores 3C
-
, resulting in the enhancement of self-quenching. Conversely, the 

charge repulsion among positively charged fluorophore 3N
+
, having a comparable 

molecular size to 3C
-
, cannot be reduced by the metal ions and therefore exhibits no 

enhancement of the self-quenching effect. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Stern-Volmer plots for fluorescence quenching of 6C
- 
(0.1 μM) with and 

without of Triton X-100 (0.1 mM). 

 

The selective fluorescence quenching of 6C
-
 by Hg

2+
 is a little complicated to 

rationalize. With high selectivity for Hg
2+

, the common metal ion enhanced 

associative self-quenching mechanism is unlikely to play the key role. The quenching 

effect may involve selective formation of 6C
-
-Hg

2+
 complex at the periphery leading 

to efficient energy or electron transfer processes between the internal fluorescent units 

and this complex sites [58-59].
 
To test if the complexation is reversible, EDTA, a 

strong chelator, was added. The addition of 2.5 molar equiv of EDTA could restore 

the fluorescent signal of 6C
-
 to its original level (Figure 3.10). The result supports the 

above hypothesis to some extent. 
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Figure 3.10. Emission spectra of 6C
-
 (0.1 μM) upon the addition of Hg

2+
 (40 μM) and 

EDTA (100 μM). 

 

3.6 Proteins array sensor. 

   It has been previously observed that a simple protein such as bovine serum 

albumin (BSA) can enhance the fluorescence signal of many fluorophores in aqueous 

media by its surfactant-like property [60-61]. The nine variously charged dendritic 

fluorophores exhibiting mediocre ΦF are good candidates for fluorescence 

enhancement upon protein binding that is useful for protein analysis. To realize the 

protein sensing potential, BSA was added to a solution of each fluorophore in 

phosphate buffer saline pH 7.4. The fluorescent intensities of the fluorophores were 

apparently enhanced differently upon the addition of BSA (Figure 3.11), implying 

diverse interactions between the fluorophores and the protein as anticipated. Various 

hydrophobic and charged domains of protein surface can generate opulent 

supramolecular interactions with fluorophores leading to different levels of 

fluorescent enhancement. 
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Figure 3.11. Photographic image of the fluorophore solutions (10 µM) in phosphate 

buffer saline (10 mM, pH 7.4) in the absence and presence of BSA (A280 = 0.1, 2.1 

µM) under black light. 

     The large increases in fluorescent intensities and blue-shifting of the signals 

for 3C
ˉ
, C

0
2N

+
, and 3N

+
 upon BSA addition indicate significant reduction of the self-

quenching process via intermolecular fluorophore dissociation.
 
To investigate the 

protein dependent fluorogenic responses of the nine fluorophores, a set of eight 

commercially available proteins were selected for testing based on the variation of 

isoelectric points (pI) ranging from 4.8 to 10.8 as well as molecular weights ranging 

from 12.3 to 106 kDa. The selected proteins were Bovine serum albumin (BSA, pI= 

4.8, 66.3 kDa), Concanavalin A (ConA, pI = 5.5-8, tetrameric 106 kDa), Cytochrome 

C (CytC,  pI = 10.7, 12.3 kDa), Histone (His,  pI = 10.8, 21.5 kDa), Human Serum 

Albumin (HSA,  pI = 5.2, 69.4 kDa), Lysozyme (Lys,  pI = 11.0, 14.4 kDa), 

Myoglobin (Myo, pI = 7.2, 17.0 kDa), and Papain (Pap, pI = 9.6, 23.0 kDa) [34]. 

Upon the addition of these proteins into solutions of the fluorophores, different 

fluorogenic response patterns were observed. As shown in Figure 3.12, the 

fluorogenic responses of five fluorophores (3N
+
, C

0
2N

+
, 2C

0
N

+
, 2C

ˉ
N

+
 and 3C

ˉ
) are 

visually detectable whereas the other four (6N
+
, C

ˉ
2N

0
, 2C

ˉ
N

0
 and 6C

ˉ
) respond 

poorly. Owing to their large hydrophobic cores, the insensitivities of 6N
+
 and 6C

ˉ
 

may result from strong self associative interaction of the fluorophores which cannot 

be surmounted by the protein-fluorophore interactions. The observation of relatively 

lower ΦF of 6N
+
 and 6C

ˉ
 in comparison to their zeroth generation analogs 3N

+
 and 

3C
ˉ
 (Table 3.1) is another sound evidence for the high tendency of the fluorophore 

association. For C
ˉ
2N

0
 and 2C

ˉ
N

0
, their poor responses may be attributed to the ICT 
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process, as previously described, in which the protein-induced deaggregation may not 

influence. The low responsive fluorophores were thus screened out from the array, 

leaving only five fluorophores for further investigation with fluorescence 

spectroscopy.  

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Cropped photographic images of the fluorophore solutions (2.0 µM) 

in phosphate buffer saline (10 mM, pH 7.4) upon addition of each protein (A280 = 0.1) 

under black light. 

  The use of logarithmic values allows a very wide range of data to be concisely 

and informatively plotted so that the fluorescence quenching (negative values) and 

enhancement (positive values) can be easily recognized. As shown in Figure 3.13, 

non-metalloproteins such as BSA, HSA, ConA, and His enhance the fluorescence 

signals of all fluorophores, presumably by protein-induced dissociation mechanism 

[10]. On the other hands, the metalloproteins containing Fe
3+

 i.e. Cyt C and Myo 

quench most of the fluorescence signals, perhaps by either the electron or energy 

transfer process.[60-61, 62] Lys and Pap significantly affect only the fluorescent 

signals of 3C
ˉ
 and 3N

+
 but not the other three fluorophores. Both of these proteins 

have pI higher than 7.4 (the experimental pH) and therefore they should exist in 

    Control      BSA       Con A       Cyt C         His         HSA         Lys          Myo       Papain 
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cationic forms. These suggest that Lys and Pap interact with the fluorophores mainly 

via coulombic interaction. The fluorescence enhancement for 3C
ˉ
 is likely to operate 

by a normal protein-induced dissociation due to a strong electrostatic attraction. For 

the positively charged fluorophore 3N
+
, the opposite fluorescent response occurs 

probably as an effect of protein-fluorophore charge repulsion slightly increasing the 

self-associative quenching. 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Histogram plot of logarithmic values of relative intensity (I/I0) at 460 nm     

(λex = 375 nm) of fluorophore solutions (0.20 µM) in phosphate buffer saline (10 mM, 

pH 7.4) upon addition of each protein (A280 = 0.01). 

Although the histogram plot (Figure 3.13) already showed differentiable 

patterns of the fluorogenic responses toward the eight protein analytes. Discrimination 

of these multi-dimensional data sets (5 fluorophores  8 proteins  9 replicates) can 

be further realized by using multivariate statistical analyses. Principal component 

analysis (PCA) and linear discriminant analysis (LDA) have been successfully used 

for extracting the maximum useful information from a set of fluorescent data in the 

discrimination of analytes such as metal ions, anions, amino acids, bacterial cells, and 

cancer cells [63-69]. In this work, a nonsupervised PCA method was first applied on 

the data set of fluorescent intensity differences (I = I - I0) at 460 nm without defining 

of which replicating data series belong to the same group. The PCA transformed the 

data set into principle component (PC) scores based on their pattern similarity [70-
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71]. The PCA score plot showed roughly eight clusters of the data corresponding to 

the numbers of the proteins tested (Figure 3.14) signifying an encouraging level 

classification. In the next step, factorial discriminant analysis (FDA), a supervised 

method [72-74], was applied on the PC scores using a leave-one-out routine to cross-

validate the discriminating ability. Based on PCA scores obtained from the 

fluorescent intensities at various wavelengths ranging from 430 to 520 nm, the FDA 

results revealed that the data at 500 nm provided the highest classification accuracy of 

98.61% (Table 3.3). At this wavelength, a total variance of 99.55% can be obtained 

from the first two PCs in which PC1 and PC2 contributed 96.72% and 2.83%, 

respectively (Figure 3.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. PCA score plot of I measured at 460 nm obtained from the data set of 5 

fluorophores  8 protein samples  9 replicates. 

 

 

 

 

 

 

 



 64 

 

Table 3.3. Variance contribution of the first two PCs and classification accuracy 

obtained from PCA and FDA on the fluorescent intensities (I) measured at various 

wavelengths. 

[a] Classification accuracy for cross-validation.  

 

 

 

 

 

  

 

 

 

 

Figure 3.15. PCA score plot of I measured at 500 nm obtained from the data set of 5 

fluorophores  8 protein samples  9 replicates. 

 

        Wavelength        

           (nm) 

 

         PC1 

        PCA 

        PC2 

 

          Sum of CPs 

                  FDA 

 

       430 98.49% 1.01%    99.50%         95.83% 

       460 

       490 

       500 

       510 

       520 

97.44% 

96.82% 

96.72% 

96.45% 

96.15% 

2.11% 

2.75% 

2.83% 

3.07% 

3.31% 

    99.55% 

        99.57% 

    99.55% 

    99.52% 

    99.46% 
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Since it is not always the case that every variable sensing elements in the array 

is significant for the discrimination of the analytes, some of the elements may 

generate noise or redundancy that can adversely affect the analysis. For practical 

application of sensor array, it is desirable to work with the lowest numbers of sensing 

elements that impart satisfactory analysis performance. In our attempt to reduce the 

sensing elements, PCA loading plot was used to identify the importance of each 

individual fluorophore toward each PC. The plot obtained from the measurement at 

500 nm (Figure 3.16) showed that 3C
ˉ
 was the main contributor to PC1 while C

0
2N

+
 

was the main contributor to PC2. Consequently, 3C
ˉ
 and C

0
2N

+
 were picked out as 

the most important sensing elements for this set of proteins.  

 

 

 

 

Figure 3.16. PCA loading plot of I measured at 500 nm obtained from the data set 

of 5 fluorophores  8 protein samples  9 replicates. 

The PCA score plot of the data obtained from these two selected sensing 

elements (3C
ˉ
 and C

0
2N

+
) showed that the first two PCs contained 100% of the 

variance (Figure 3.17a). The FDA cross-validation results also revealed 100% 

classification accuracy for these two sensing elements. In comparison to the five-

fluorophore array which provided 99.55% variance for the first two PCs and 98.61% 

classification accuracy. The results ascertained that this two-fluorophore array 

displayed a better discriminating ability due to the reduction of non-informative and 

redundant data. It is also importance to note that this reduced array can even 

discriminate between the two proteins with closely related structures and properties 

such as BSA and HSA. 
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Figure 3.17. PCA score plot of I measured at 500 nm obtained from the data set of 

the reduced array sensors composing of (a) 3C
ˉ
 and C

0
2N

+
, and (b) 3C

ˉ
 and 3N

+
. 

To prove our proposition for the benefits of charge variation leading to the 

selection the most suitable sensing elements of 3C
ˉ
 and C

0
2N

+
, the PCA was also 

performed on the data obtained from a reduced array comprising 3C
ˉ
 and 3N

+
, which 

represent usual fluorophores with all negatively or all positively charged groups. 

Although the first two PCs obtained from 3C
ˉ
 and 3N

+
 model occupied 100% of the 

total variance, clusters of two out of eight proteins, Myo and Pap, were located 

awfully close to each other (Fig 3.17b). The FDA cross-validation on the PC scores 

also gave only 97.22% classification accuracy which is lower when comparing to the 

100% classification accuracy obtained from the 3C
ˉ
/C

0
2N

+
 array. The results 

highlighted the benefits of the charge variation in the development of high 

performance protein sensing arrays. 
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3.7 Nanofibers doped with dendritic fluorophores for protein detection.  

  

The electrospun fibers were optimally prepared from a solution of cellulose 

acetate and 3C
-
 (17% and 0.1% w/w) in Acetone/H2O (8:1 v/v) jetted from a 25-gauge 

blunt nose needle by a high DC voltage of 21 kV, a tip-to-collector distance of 10 cm, 

and a solution flow rate of 1.2 mL/h. The doped nanofiber nonwoven mat collected on 

a grounded aluminum plate exhibited well-defined fibrous morphology without bead 

formation and good structural stability as shown in the SEM image (Figure 3.18). 

The fibers were continuous, uniform, and had a diameter ranging from approximately 

400−2000 nm, similar to those reported by Xiang et al. [75]. The surface area: volume 

ratio of the electrospun nonwoven film is further magnified by the deacytelation of 

the cellulose acetate to cellulose to create porosity within the one-dimensional (1D) 

fibers. This secondary porous structures are assumed to distribute in 3D throughout 

the nanofiber volumes creating a larger surface area : volume ratio essential for high 

sensitivity in sensing applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. SEM image of electrospun 3C
-
-doped deacetylated cellulose fibers (17% 

CA/0.1% AFD dissolved in 8:1 acetone/water). Inset is a zoomed-in image of the 

fiber. 
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 The protein sensing properties of the fibers were characterized by monitoring 

the fluorescence quenching behaviors of cytochrome c (Cyt C), hemoglobin (Hgb), 

and bovine serum albumin (BSA) as a function of their concentration. All proteins 

were bovine specific, where cyt c is positively charged (pI 10.2−10.7), Hgb is neutral 

to slightly negative (pI 7.0−7.4), BSA is negatively charged (pI 4.8−4.9), and 3C
-
 is 

negatively charged at physiological and experimental pH [60]. The fluorescence 

intensity decreased proportionally with increase in Cyt C concentration (Figure 

3.19a). Similar behavior was observed with Hgb (Figure 3.19b). The efficient 

quenching effects of the metalloproteins, cyt c and Hgb, are primarily due to energy 

transfer of the imbedded fluorescent dendrimer with the protein as both cyt c and Hgb 

contain metallo-heme portions within the protein. Some of the quenching effect for 

proteins can be attributed to electron transfer, caused through the electrostatic effects 

in the binding of the anionic dendrimer to the positive patches of globular proteins. 

When BSA was used, however, an increase in the fluorescence was observed (Figure 

3.19c). The slight increase in local fluorescence of the dendritic fluorophore within 

the high-surface-area of the nanofibers suggested that the negatively charged BSA 

proteins reduce the π−π stacking of the partially dispersed negatively charged 

dendritic fluorophores through repulsion forces, resulting in an increase in the 

fluorescence [76, 77]. It is expected that two main factors contribute to protein 

detection: (1) the charge distribution density on the proteins surface, and (2) the 

location of the metalloproteins secondary structure. The intricate nature of the 

interaction of these two factors should result in protein-dependent signals allowing for 

good sensing capabilities. 

 The fluorescence dynamic quenching sensitivity can be quantified through the 

measurements with the Stern−Volmer equation. The Stern−Volmer analysis of the 

electrospun sensors for cyt c and Hgb is shown in Figure 3.20. At concentrations 

between 100 nM and 6.4 μM, a linear relationship between quencher concentration 

and I0/I was obtained, showing homogeneous quencher-accessible sites in the 

electrospun fibers under the experimental conditions. The KSV, sensitivity of the 

electrospun fibers, was found to be 3.4 × 10
5
 and 1.7 × 10

6
 M

−1
 for Cyt C and Hgb, 

respectively. 

 

 

https://vpn.chula.ac.th/+CSCO+dh756767633A2F2F63686F662E6E70662E626574++/doi/full/10.1021/am100345g#fig3
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Figure 3.19. Fluorescence emission spectra of the 3C
-
-functionalized nanofibers in 

response to varied concentrations of (A) Cyt C, (B) Hgb, and (C) BSA (λex/λem = 

370/475 nm.) 
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 While Hgb showed strong quenching signal (large positive I0/I -1), Cyt C and 

BSA tested under the same experimental conditions demonstrated a small quenching 

and enhancement (small positive and negative I0/I -1), respectively (Figure 3.22). 

Distinguishable responses for different proteins observed here clearly point to an 

effective fabrication of solid-state sensors for a specific protein by embedding a 

selective receptor/transducer into electrospun fibers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. Stern−Volmer plots of the nanofibers for Cyt C (■) and Hgb (•). Inset: 

Analyte-dependent pattern for 200 nM of bovine metalloproteins (cyt c, Hgb) and 

nonmetalloprotein (BSA) in PBS buffer solution (pH 7.4). 

 The fluorescence protein detection was further visualized using a high resolution 

UV confocal microscope. The fluorescence images of the 3C
-
 doped cellulose 

nanofibers before and after incubation with 10 μM Cyt C solution for 15 min 

illustrated the remarkable quenching effect of the nanofiber sensors (Figure 3.21). 

The fluorescence images before the quenching process also indicated the the uniform 

dispersion of fluorophores throughout the whole length of the cellulose fibers that is 

beneficial to sensing performance. 

 

 

 

, Cyt C 
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Figure 3.21. Confocal fluorescence images of the electrospun nanofibers before (left) 

and after (right) incubation in a 10 μM cyt c solution for 15 min. 

 The reusability, reproducibility, and stability of the nanofiber material were also 

investigated. To demonstrate the reusability of the sensor, the cellulose nanofibers 

was immersed in a 25 μM solution of Cyt C for 5 min, and then in a 50 mM NaOH 

ethanol solution for 15 min followed by rinsing in water and drying in air. The fibers 

were then reused for sensing the same cyt c solution. In the tested 5 cycles, the 

nanofibers exhibited less than 15% loss of fluorescence intensity signal (Figure 3.22), 

indicating outstanding reusability. The similar quenching ability of the used 

nanofibers as the pristine fibers is attributed to the noncovalent nature of the protein-

fluorophore interaction, which is largely based on the electrostatic and hydrophobic 

interaction. In fact, that weak binding events and striping process do not denature or 

significantly leash out the fluorophore, which allows for excellent sensing recovery. 

The reproducibility of the sensor is reflected by low batch-to-batch variation of 5.3% 

for the cellulose acetate/3C
- 
nanofibers using 3 separate measurements produced on 

different days. For the stability test, the buffer solutions before and after each 

experiment were examined, and no leakage of the fluorophore was found 
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Figure 3.22. Five switching cycles of normalized fluorescence emission of the 

nanofibers for 25 μM Cyt C of quenching/regeneration process. Quenching time: 15 

min, regenerated by immersing into 50 mM NaOH ethanol solution for 5 min, PBS 

buffered solution (pH 7.4) for 5 min and dried with N2 gas, λEx/λEm = 370/475 nm. 
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CHAPTER IV 

 

CONCLUSION 

 

In conclusion, a series of phenyleneethynylene dendritic fluorophores 

containing variously charged peripheral groups were successfully synthesized. These 

phenyleneethynylene based dendritic molecules with a charge decorated periphery 

constitute a new intriguing class of fluorophores useful for sensing applications in 

aqueous media due to their water solubility and wide fluorogenic responses. 

Investigation of this new class of flurophores containing exact numbers of fluorogenic 

units provided insight understanding in the signal responses derived from 

fluorophore/analyte interactions that led to several successful sensing applications. 

The fluorescence quantum efficiencies of the fluorophores in water were relatively 

low, mostly less than 15%, mainly attributed to self associative quenching and 

internal charge transfer (ICT) process. The quantum efficiencies were considerably 

enhanced in the presence of a nonionic surfactant such as Triton X-100. In the 

presence of Triton X-100, the fluorescent signal of the first generation dendrimer 

containing a carboxylate periphery could be selectively quenched by Hg
2+

. A wide 

linear fluorescence quenching response to Hg
2+

 concentration was observed in the 

range of 2-80 μM (0.4-16 ppm). The fluorohphores showed different fluorogenic 

responses to various proteins depending on the consequence of the 

fluorohphore/protein interaction. Fluorescence enhancement was observed where the 

interaction caused the reduction of self associative quenching while quenching of was 

observed where the interaction led to energy or electron transfer non-emissive 

chromophore. The fluorescence intensities of the flurophores possessing ICT groups 

were hardly affected upon protein binding. The wide range of fluorogenic responses 

of these fluorophores constituted an array of useful data for protein identification. 

Based on visual observation of fluorogenic responses to the proteins, nine synthetic 

fluorophores were screened to five to be used as sensing elements. Multivariate 

statistical analyses, principal component analysis (PCA) and factorial discriminate 

analysis (FDA), of fluorescence intensity data were systematically used to find the 

optimum detection wavelength and reduce the array of five fluorophores to two. Eight 

proteins with wide range of molecular weights and isoelectric points were manifestly 
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discriminated with 100% accuracy by PCA and FDA based on the fluorescence data 

from just two charged dendritic fluorophores. Lastly, nanofibers of dendritic 

fluorophore doped cellulose acetate were developed as a fluorescent protein sensor 

using electrospinning technique. The selective fluorescence quenching of the fibers 

was observed for metalloproteins i.e. cytochrom c and hemoglobin probably as a 

result of energy or electron transfer processes between the embedded fluorescent 

molecules and the metalloheme portions in the proteins. The quenching effect on the 

sensor showed good linear dependency with the protein concentration in the range of 

0.1-10 M with a high quenching efficiency, Ksv = 1.7 × 10
6
 M

−1
 for hemoglobin. The 

solid-state sensor was reusable by dipping into a 50 mM NaOH ethanol solution to 

regenerate the fluorescent signal. 

For future development along the theme of this work, novel series of fluorescent 

dendrimers with varieties of peripheral functionalities i.e. salicyaldehyde salicylic 

dicarboxylic and ammonium should be syntheized and explored for sensing 

properties. These functionalites are expected to provide greater sensitivity and 

specificity to other types of analytes. Substitutents such as oligo(ethyleneglycol) 

chains on the phenyl rings are also worth exploring as they should improve water 

solubility as well as quantum efficiency by reducing self associtive quenching. 

Fabrication of this type of fluorophores into various solid-state platform remains an 

openning challenge toward the practical applications and commercialization. 
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Figure A.1 
1
H NMR of TI3 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2 
13

C NMR of TI3 in CDCl3. 
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Figure A.3 
1
H NMR of TMS2I in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure A.4 
13

C NMR of TMS2I in CDCl3.  
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Figure A.5 
1
H NMR of Methyl 4-((trimethylsilyl)ethynyl)benzoate in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6 
13

C NMR of Methyl 4-((trimethylsilyl)ethynyl)benzoate in CDCl3. 
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Figure A.7 
1
H NMR of 4-iodo-N, N-dimethylaniline in CDCl3. 

 

 

 

 

 

 

 

 

 

 

Figure A.8 
13

C NMR of 4-iodo-N, N-dimethylaniline in CDCl3. 
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Figure A.9
 1

H NMR of N, N-dimethyl-4-((trimethylsilyl)ethynyl)aniline in CDCl3. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.10
 13

C NMR of N, N-dimethyl-4-((trimethylsilyl)ethynyl)aniline in CDCl3. 
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Figure A.11 
1
H NMR of Methyl 4-ethynylbenzoate in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.12 
13

C NMR of Methyl 4-ethynylbenzoate in CDCl3. 
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Figure A.13 
1
H NMR of 4-ethynyl-N, N-dimethylaniline in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.14 
13

C NMR of 4-ethynyl-N, N-dimethylaniline in CDCl3. 
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Figure A.15 
1
H NMR of TMS2C

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.16 
13

C NMR of TMS2C
0
 in CDCl3. 
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Figure A.17 
1
H NMR of E2C

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.18 
13

C NMR of E2C
0
 in CDCl3. 
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Figure A.19 
1
H NMR of I2N

0 
in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.20 
13

C NMR of I2N
0
in CDCl3. 
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Figure A.21 
1
H NMR of TMS2N

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.22 
13

C NMR of TMS2N
0
 in CDCl3. 
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Figure A.23 
1
H NMR of E2N

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.24 
13

C NMR of TMS2N
0 

in CDCl3. 
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Figure A.25 
1
H NMR of 3C

0 
in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.26 
13

C NMR of 3C
0
 in CDCl3. 
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Figure A.27 MALDI-TOF-MS of 3C
0
. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.28 
1
H NMR of 3N

0
 in CDCl3. 

 

 

 

 

  



 

97 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.29 
13

C NMR of 3N
0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.30 MALDI-TOF-MS of 3N
0
. 
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Figure A.31 
1
H NMR of 3C

-
 in DMSO-d6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.32 
13

C NMR of 3C
-
 in DMSO-d6. 
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Figure A.33 MALDI-TOF-MS of 3C
-
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.34 
1
H NMR of 3N

+ 
in CD3CN. 
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Figure A.35 
13

C NMR of 3N
+
 in CD3CN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.36 ESI-MS of 3N
+
. 

 

 

         719.98/3  = 239.99 [M]3+ 
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Figure A.37 
1
H NMR of 6C

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.38 
13

C NMR of 6C
0
 in CDCl3. 
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Figure A.39 MALDI-TOF-MS of 6C
0
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.40 
1
H NMR of 6N

0
 in CDCl3. 
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Figure A.41 
13

C NMR of 6N
0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.42 MALDI-TOF-MS of 6N
0
. 
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Figure A.43 
1
H NMR of 6C

- 
in DMSO-d

6
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.44 
13

C NMR of 6C
-
 in DMSO-d6. 
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Figure A.45 MALDI-TOF-MS of 6C
-
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.46 
1
H NMR of 6N

+ 
in CD3CN. 
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Figure A.47 
13

C NMR of 6N
+
 in CD3CN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.48 MALDI-TOF-MS of 6N
+
. 

 

 

 



 

107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.49 
1
H NMR of 2IC

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.50 
13

C NMR of 2IC
0
 in CDCl3. 
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Figure A.51 
1
H NMR of I2C

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.52 
13

C NMR of I2C
0
 in CDCl3. 
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Figure A.53 
1
H NMR of C

0
2N

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.54 
13

C NMR of C
0
2N

0
 in CDCl3. 
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Figure A.55 
1
H NMR of 2C

0
N

0
 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.56 
13

C NMR of 2C
0
N

0
 in CDCl3. 
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Figure A.57 
1
H NMR of 2C

-
N

0
 in DMSO-d

6
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.58 
13

C NMR of 2C
-
N

0
 in DMSO-d

6
. 

 

 



 

112 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.59 
1
H NMR of 2C

-
N

+
 in CD3CN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.60 
13

C NMR of 2C
-
N

+
 in CD3CN. 
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Figure A.61 
1
H NMR of 2C

0
N

+
 in Acetone-d6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.62 
13

C NMR of 2C
0
N

+
 in Acetone-d6. 
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Figure A.63 
1
H-NMR (400 MHz) of C

0
2N

+
 in CD3CN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.64 
13

C -NMR (100 MHz) of C
0
2N

+
 in CD3CN. 
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Figure A.65 Emission spectra of fluorophore solutions: a) 3C
-
 (1 M) b) 3N

+
 (0.1 

M) c) 6C
-
 (0.1M) in the presence of increasing concentration of triton X-100. ∆λmax 

plots with the concentration of triton X-100 for fluorophores e) 3C
-
 d) 3N

+
 f) 6C

-
. 
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Figure A.66 I0/I plots of 6C
-
 (0.1 µM) with the addition of Hg

2+
 (40 µM) in the 

presence of various concentration of Triton X-100. 
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Figure A.67 Emission spectra of (a) 3C
-
 (0.2 µM) (b) C

0
2N

+ 
(0.2 µM) (c) 3N

+ 
(0.2 

µM) upon addition of various concentrations of BSA in 10 mM PBS buffer pH 7.4. 

 

 

(b) 

(c) 

 



 

118 
 

-80

-60

-40

-20

0

20

40

60

80

-250 -150 -50 50 150 250 350

P
C

2
 (

2
.7

5
%

)

PC1 (96.82%)

BSA ConA

CytC His

HSA Lys

Myo Pap

-100

-80

-60

-40

-20

0

20

40

60

80

-450 -350 -250 -150 -50 50 150 250 350 450 550

P
C

2
 (

1
.0

1
%

)

PC1 (98.49%)

BSA ConA

CytC His

HSA Lys

Myo Pap

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure A.68 PCA score plot of I measured at 430 nm obtained from the data set of 5 

fluorophores  8 protein samples  9 replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.69 PCA score plot of I measured at 490 nm obtained from the data set of 5 

fluorophores  8 protein samples  9 replicates. 
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Figure A.70 PCA score plot of I measured at 510 nm obtained from the data set of 5 

fluorophores  8 protein samples  9 replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.71 PCA score plot of I measured at 520 nm obtained from the data set of 5 

fluorophores  8 protein samples  9 replicates. 
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Figure A.72 FT-IR spectra of cellulose acetate (CA) and cellulose fibrous materials 

(top, before deacytalation; bottom, after deacytalation). The characteristic adsorption 

peaks attributed to the vibrations of the acetate group at 1745(νC=O), 1375(νC-CH3), and 

1235 cm-1(νC-O-C) disappeared after deacetylation of CA. An adsorption peak at 3500 

cm-1 (νO-H) was observed, further indicating successful deacetylation. The FT-IR 

spectrum obtained after deactyaltion agrees with that of pure cellulose fibers. 
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