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Abstract 

The structural design, synthesis and characterization of luminogens with 

aggregation-induced emission (AIE) properties are studied in this thesis. The 

remarkable emission properties, thermal stability and biocompatibility of the AIE-

active materials demonstrate the promising applications in bioimaging and organic 

light-emitting diodes (OLEDs). 

 Chapter 1 introduces the existence of aggregation-caused quenching (ACQ) 

effect in most conventional organic dyes as well as phosphorescent transitional 

metal complexes. Discovery of AIE and its mechanical study allow further 

exploration of usage in organic luminescent materials. This chapter also gives some 

examples and the applications these AIE-active compounds. 

 In Chapter 2, a series of cyanostilbenes with simple electron donor (D)--

electron acceptor (A) structure are presented and synthesized. They exhibit 

remarkable AIE effect as well as deep red emission peak in 95 % water fraction in 

THF. These results indicate that attachment of these electron acceptors provides 

alternative strategy for designing highly emissive AIE-active materials. 

 In Chapter 3, strongly emissive cyanostilbenes with phenothiazine unit are 

designed and synthesized. This chapter also investigates the effect of substituents 

in phenothiazine and terminal cyanostilbene on the photophysical properties and 
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AIE effect. The results suggest that they are AIE-active with different sizes in nano-

aggregates. Furthermore, these dyes exhibit clear and strong fluorescence in live 

cell imaging with excellent biocompatibility.  

In Chapter 4, a series of AIE-active phosphorescent Pt(II) complexes made up 

of C^N^C tridentate ligands are designed and synthesized. They exhibit different 

morphologies and emission properties upon aggregation in 90 % water in 

acetonitrile although similar tridentate ligands are applied. One of the complexes in 

this chapter show nano-rod formation with the highest quantum efficiency in 

aggregated state, suggesting that rapid self-assembly process occurs to prevent non-

radiative decay and oxygen quenching. 

In Chapter 5, a series of bis-cyanostyryl fluorophores are designed and 

synthesized. They are emissive in solid state with colour range from orange to NIR 

region. Furthermore, they are AIE-active and some of them may contain hybridized 

local and charge transfer (HLCT) excited state to achieve highly efficient emission 

upon solvatochromic investigation. Some bis-cyanostyryl thiophenes are fabricated 

in OLED devices show deep-red to NIR emission, indicative of a promising way to 

design solid-state NIR-emissive compounds using bis-cyanostyryl derivatives. 

Finally, Chapter 6 and 7 present the concluding remarks and the experimental 

details of the work in Chapters 2 to 5, respectively.  
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1. Chapter 1 Introduction 

1.1 Introduction 

The study of organic luminescent materials is one of the hottest research topics 

because there is a wide range of cutting-edge applications, including electronic 

devices, sensors, bioprobes, etc.[1–3] Organic Lighting-Emitting-Diode (OLED) is 

an example of electronic devices, which exhibits the advantages of high efficiency, 

low voltage and large area of fabrication for flat panel display purposes.[1,4] The 

efficiency of OLEDs have been significantly improved based on emissive materials 

from phosphorescence or thermally activated delayed fluorescence.[5,6] For 

luminescent bioprobes, they are useful tools for specific cell-imaging, targeted 

therapies, biosensors with high sensitivity and signal to noise ratio (SNR).[7] 

Jablonski diagram (Figure 1-1) describes the energy level of electrons inside a 

molecule.[8] The energy level of electron is increased to excited state upon 

absorption of radiation. Fluorescence is the energy release in radiation from singlet 

excited state to ground state in nano-second lifetime. Phosphorescence is the release 

of photon with micro-second scale from triplet excited state to ground state, since 

intersystem crossing occurs to change the electronic excited state from singlet to 

the triplet state. When the energy difference between singlet and triplet excited state 
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is as small as zero, reversed intersystem crossing occurs and excited electron is 

returned to singlet excited state, resulting in delayed fluorescence (DF) with micro-

second lifetime.  

 

Figure 1-1 The Jablonski diagram[8] 

 

1.2 Aggregation-Caused Quenching 

In practical usage of OLEDs, the active materials were fabricated as thin solid 

film on the emissive layer by vacuum deposition or solution processing.[4,9]. An 

ideal bioprobe includes several crucial criteria, such as high solubility in water with 

good bio-compatibility, high emission intensity under aqueous cellular media and 

long emission wavelength to decrease the damage of cells under ultraviolet 

radiations for bioprobe purpose.[3] 
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Controlling the -conjugation length of the chromophores by aromatic groups 

and introducing appropriate electron donors (D) or acceptors (A) are the main 

strategies for colour tuning of pure organic luminogens or metallophosphors like 

iridium(III) or platinum(II) complexes.[10,11] These compounds usually are highly 

emissive under dilute solution but weakly or non-emissive under concentrated 

solution, poorly-soluble solvents or solid state. This common photophysical 

phenomenon is called concentration quenching (CQ).[12,13] It results in decreasing 

or switching-off light emitting properties with the increase of luminogen 

concentration. As there is formation of aggregates under high concentration, 

sparing-soluble or insoluble solution, this quenching process is also called 

aggregation-caused quenching (ACQ).[14] Examples of the ACQ effect are shown 

in Figure 1-2. Fluorescein, a common organic dye with poor solubility in water, 

shows strong green light emission under organic solvent, but it does not emit light 

under high water fraction in acetone.[13] N,N-Dicyclohexyl-1,7-dibromo-3,4,9,10-

perylenetetracarboxylic diimide (DDPD), with a highly planar geometry, is highly 

emissive in dilute THF solution.[14] The emission intensity is sharply weakened 

when a lot of water is added. Moreover, both fluorophores are non-emissive in the 

solid state. As these organic luminogens are soluble in common organic solvents 

but insoluble in water, the molecules are aggregated easily in water. Strong 
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intermolecular  stacking is present in the solid state or aggregates, resulting in 

weak or no emission due to non-radiative decay.  

To overcome this notorious effect, structural modification of luminogens was 

the main solution, such as by using attachment of bulky branch chains, surfactant 

complexations, dendritic encapsulation.[15–17] Although such ACQ problem was 

solved, more negative outcomes were observed such as altering the emission colour 

or more complicated synthetic route. It is because aggregate formation is a natural 

process and the mentioned strategies are temporary ways to resist ACQ effect. 

 

Figure 1-2 Structure of fluorescein (top) and DDPD (bottom) and their 
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emissions in solutions with varying water fractions 

1.3 Aggregation Induced Emission 

1.3.1 Phenomena 

In 2001, Tang’s group discovered a phenomenon called aggregation-induced 

emission (AIE) which was completely opposite to ACQ effect.[18] They prepared an 

organic compound with propeller-like structure called 1-methyl-1,2,3,4,5-

pentaphenylsilole (Figure 1-2), showing the contrast performance to common 

organic dyes when it was ran in thin layer chromatography (TLC).[18] Strong green 

light emission was observed in dry TLC plate but no emission occurred when the 

plate was coated with organic solvent. Based on this finding, the luminescent 

behaviour of this silole and its derivatives was further investigated.[19,20] It is 

completely soluble in usual organic solvents and non-emissive, but its emission 

intensity increased dramatically when the water fraction exceeded 70% in acetone 

and reached its maximum emission intensity under 90% water fraction (Figure 

1-3).[20] Hexaphenylsilole (HPS) is another silole that shows the same effect with 

1-methyl-1,2,3,4,5-pentaphenylsilole based on its distinct propeller shape (Figure 

1-4). 



 

6 

 

 

Figure 1-3 Structure of 1-methyl-1,2,3,4,5-pentaphenylsilole and its 

conformations[18] 

 

 

Figure 1-4 Fluorescent behavior of hexaphenylsilole (HPS) under different 

fractions of water in THF[20]  

 

In 2002, Park et al. also observed this abnormal phenomenon.[21] 1-Cyano-

trans-1,2-bis-(4’-methylbiphenyl)ethylene (CN-MBE) was weakly fluorescent in 

THF solution, while the intensity was increased by almost 700 times in 

nanoaggregate formation under high water fraction in THF. Strong fluorescence 

also existed on dry TLC plate but disappeared in the presence of organic solvent 
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vapor. Moreover, they proposed that such strong emission of CN-MBE at high 

water fraction was triggered by the formation of nanoparticles’ suspension 

characterized by transmission electron microscope (TEM), indicating the molecules 

were aggregated to prevent non-radiative decay. 

 

 

Figure 1-5 The chemical structure of CN-MBE (upper) and its emission change 

under different fractions of THF (lower)[21] 

 

1.3.2 Mechanism of AIE 

To get insight into this non-common effect, Tang et al. designed and performed 

a series of tests to study the mechanism of AIE in AIE-active siloles and 

tetraphenylethene (TPE), including viscochromism, piezochromism, 

thermochromism, fluorescence decay dynamics, structural modifications, etc.[22,23] 

They summarized that restriction of intramolecular rotation (RIR) was the main 

cause of AIE in siloles. Using HPS as an example, each phenyl ring on silole core 
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freely rotates along the axis of covalent bond of silole to phenyl ring under dilute 

solution. When aggregated, the energy consumption for rotating phenyl rings are 

blocked due to the strong physical constraint. As a result, a high extent of 

conjugation within the molecule is achieved and emission occurs rather than non-

radiative decay, such as intramolecular rotations and vibrations.[23] However, it is 

noteworthy that RIR is a class involving restriction of intramolecular motion (RIM) 

as proposed by Tang et al. in 2014.[24] They pointed out some hydrocarbons showing 

AIE property without rotatory groups (Figure 1-6). These molecules twisted or 

vibrated strongly as a channel of non-radiative decay under organic solvents, 

resulting in loss of conjugation and non-emissive behavior. Upon aggregation in the 

solid state or high water fraction, they became planar and the whole extent of 

conjugation was recovered. This process is called restriction of intramolecular 

vibration (RIV). Therefore, RIR and RIV were categorized into RIM, a more 

general explanation in the mechanism of AIE. (Figure 1-7) 
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Figure 1-6 Chemical structures of AIE compounds without rotatory groups 

 

Figure 1-7 Structure of TPE and THBA, and the relationship between RIR, RIV 

and RIM[13] 

 

1.4 Types of AIE-active Compounds 

After the discovery of unique photophysical properties in HPS molecules, 

researchers have synthesized and prepared lots of AIE luminogens with various 

colours and applications. These AIEgens were categorized into pure hydrocarbons, 
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heteroatoms, polymers and organometallic systems.[13]  

 

1.4.1 Hydrocarbons 

Pure hydrocarbon AIEgens are essential for investigation and development of 

AIE mechanisms because of their simplicity in structure and synthesis compared to 

heteroatom-containing ones. These advantages allow scientists to design, develop 

and expand the AIE system.[25] TPE, the most well-known and basic AIE-active 

compound, only contains carbon and hydrogen atoms. This simple hydrocarbon 

molecule has been modified and used for a wide range of applications.[25] Tang et. 

al. prepared a series of TPE derivatives (Figure 1-8) by replacement of phenyl rings 

in TPE by bulky and conjugated naphthalene.[26] All of them were AIE-active. The 

more phenyl rings were replaced, the more red-shifted emission was obtained 

compared to TPE. Although the αAIE factor was decreased with the increase of 

naphthalene unit from 56 (compound 3) to 13 (6), this modification demonstrated 

that bulky and hydrophobic naphthalene could be used as a rotor in AIEgen to resist 

 stacking in aggregates and a chromophore for colour tuning. 
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Figure 1-8 The structure of TPE derivatives by naphthalene units (3-6) and PL 

spectra of 6 (lower)[26] 

 

 Apart from TPE, multi-substituted benzenes and arylene-vinylene allow 

scientists to study the relationship between steric hindrance and AIE effect. 

Hexphenylbenzene (HPB, 7) is AIE-active, as the emission is increased by 12-fold 

at 80% water fraction in THF (Figure 1-9).[27] The single crystal structure of HPB 



 

12 

 

found that the dihedral angle of the peripheral phenyl rings to the central benzene 

ring is 102°, which allows the peripheral phenyl rings to rotate in diluted solution 

but be restricted under aggregate formation. However, the twisting angle of HPB is 

still lower than that of TPE (138°), resulting in the smaller emission enhancement 

of HPB compared with TPE. 

 

Figure 1-9 Structure of HPB and its PL spectra under THF/water mixtures[27] 

  

The steric effect and substitution position are key factors to vary AIE effect in 

arylene-vinylene. In a series of [2-(9-anthracenyl)vinyl]benzene with different 

substitution position (Figure 1-10), ortho-substituted 8 is AIE active, while the para-

substituted 10 is non-emissive in both solution and solid state.[28] The single crystal 

structure of compound 8 shows that the torsion angles between the anthracene and 
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the vinylene moiety are 53.88° and 73.55° without  interaction among the 

anthracene rings, whereas compound 10 has small torsion angle with 51.51° and 

strong  interaction between adjacent anthracene rings. The torsion angles of 

compound 9 between the anthracene and the vinylene are 58.73° and 67.32° with 

weak π···π interaction between phenyl ring and adjacent anthracene, resulting in 

emission under solution and solid state without AIE effect. However, there is large 

torsion angle between the anthryl ring and the vinylene (84.26°) in compound 11 

due to the intramolecular H/H steric hindrance between anthryl and the vinylene 

proton, showing enhanced emission in solid state and high water fractions in THF.[29] 

Although pure hydrocarbons take the advantages in ease of synthesis and structure, 

their applications are limited because of narrow range of colour emission (blue to 

green only) and high hydrophobicity. 
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Figure 1-10 The chemical structures of 8 to 11 

1.4.2 Heteroatoms 

The introduction of heteroatoms effectively enriches the area of 

applications.[25] The introduction of silicon may not broaden the usage of AIEgens, 

but silole does a pioneering class of AIEgen thanks to its propeller shape and 

abnormal photoluminescent behaviour compared with common ACQ dyes.[18] The 

introduction of heteroatoms (boron, nitrogen, phosphorus, sulphur) brings about 

various functional groups and interactions, such as donor/acceptor units, ionic 

interactions, hydrogen bonding, π···π interactions, etc.[25,30–32] 

Pentacyclic compounds have been designed and synthesized by introduction 

of heteroatoms in pentacyclic ring, such as nitrogen, oxygen, phosphorus, group 4 

elements, etc. Some examples of pentacyclic compounds with heteroatoms are 

shown in Figure 1-11. Compound 12 is non-emissive in THF but shows intense 

emission at 386 nm above 70% water fraction, in which the single crystal structure 
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reveals that the phenyl rings are highly twisted along the pentacyclic plane, 

allowing RIR occurs during the formation of aggregates.[33] The crystalline of 

tetraphenylphosphole oxide 13 shows intense emission at 538 nm, while it is weakly 

emissive in THF, and such intense emission is due to restriction of non-radiative 

decay in crystal packing structure.[34] Hexaphenylmetalloles using germanium (14) 

and tin (15) are also propeller in shape like HPS, and they are highly luminescent 

in aggregated and solid state.[35] However, the quantum yield of metalloles in 

aggregated state is reversely proportional to the atomic mass of the metalloid due 

to increased spin-orbit coupling at higher atomic number. 

 

Figure 1-11 Examples of heteroatomic pentacyclic compounds 
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 Boron-containing luminogens, like dipyrromethene (BODIPY), are very 

common in sensory or biological applications based on their high quantum 

efficiencies and the electron-deficient boron atom for long wavelength emission.[36] 

Triphenylamine-substituted BODIPY 16 not only shows AIE properties at 99% 

water fraction with 643 nm emission (Figure 1-12), but also explains the existence 

of twisted intramolecular charge transfer (TICT) properties in AIE system.[13,36] 

Under increasing the water fraction in THF from 0 to 70%, the emission of 16 is 

red-shifted and dimmer; however, upon aggregate formation above 70% water 

fraction, it is blue-shifted with high intensity due to AIE effect. As the solvent 

polarity increases the D-A units in 16 are totally separated by twisting to make the 

D-A units charged, resulting in broad, red-shifted emission spectra with very low 

intensity. Upon aggregate formation, the planarity and conjugation of 16 is restored 

while non-radiative decay is blocked. Intense, blue-shifted emission is observed in 

high water fraction. 
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Figure 1-12 The chemical structure of AIE-active BODIPY (left) and its AIE 

properties (right)[36] 

 

 Nitrogen-containing chromophores are particularly important in organic 

luminogens as they can act as strong electron donors/acceptors for colour tuning 

and hole injecting/transporting materials in OLEDs.[9,10,37,38] Nitrile is a good 

electron withdrawing group and its bulky shape allows discovery of AIE properties 

in cyanostilbenes. The nitrile group on stilbene induces a completely different 

observation compared with stilbene alone, since this bulky substituent twists the 

planar stilbene structure and its electron-withdrawing property induces J-aggregate 

formation (JAF) and AIE effect.[21,39] A series of AIE-active trifluoromethyl group-

based cyanostilbenes (Figure 1-13) were prepared by Park et.al. with blue to red 

light emission, showing the ease of colour tunability of cyanostilbenes.[40] 

Dicyanodistyrylbenzene derivatives are highly symmetric AIE-active 
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cyanostilbenes, who exhibit intense emission in crystalline state thanks to the 

restriction of rotation of vinylene units (Figure 1-14).[41–44] Compounds 21 and 22 

are α-cyano substituted distyrylbenzene showing blue and yellow emission in 

crystal state, but the emissions of β-cyano substituted 23 and 24 are more red-

shifted and intense than the former due to the presence of strong intermolecular 

hydrogen bonding between cyano-substituent and adjacent vinylene/phenylene 

proton to hold the molecules tightly.[43,44] 

 

 

Figure 1-13 The structures of cyanostilbenes (upper) and their fluorescence 

microscopy images (lower) 
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Figure 1-14 Examples of dicyanodistyrylbenzene derivatives with AIE 

properties 

 

Fumaronitrile-based fluorogen is another class of nitriles with AIE activity. 

The strong electron-accepting fumaronitrile incorporated with twisting electron 

donors displays notable solvatochromism and orange to near infrared emission 

(Figure 1-15).[45–47] TPE-based 25 exhibits remarkable solvatochromic, 

mechanochromic and AIE effect thanks to the non-planar TPE and fumaronitrile 

unit.[45] The emission is red-shifted and less intense with increasing solvent polarity, 

and the emission of solid is red-shifted by applying mechanic force but returned to 

original colour under CH2Cl2 vapor. On the other hand, fumaronitrile  26 using 

triphenylamine as electron donors was also highly sensitive to the solvent polarity 

and emissive in thin film at 670 nm because of its AIE properties and the strong 



 

20 

 

CH…N hydrogen bond between adjacent molecules.[47] 

 

Figure 1-15 Examples of fumaronitrile-based AIE-fluorogens and solutions of 

25 with increasing water fractions in THF (from left to right)[32] 

 

 Some enol and imine-containing molecules with excited state intramolecular 

transfer (ESIPT) property are also found to be AIE-active, as the formation of 

aggregates allows an ideal geometry for forming intramolecular hydrogen bonding 

between the electron donor and electron acceptor. It enables four-level enol (E) to 

keto (K) phototautomerisation process and emits radiation intensively with large 

Stoke shift.[30] Benzophenone azine (27) is an AIEgen with excited state 

intramolecular proton transfer (ESIPT) properties showing strong emission at 90% 

water fraction (Figure 1-16).[48] Intramolecular hydrogen bonding is formed 

between OH and adjacent N atom to restrict the non-radiative rotation along N-N 

bond in aggregates, forming ESIPT to emit strong green light. 
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Figure 1-16 Structure of 27 (left) and its PL spectra (right) in different water 

fractions in THF[48] 

 

Sulphur-containing moieties in AIE systems, such as phenothiazine, sulfone 

and benzothiadiazole, provide a wide range of colour tuning and highly non-planar 

geometry. Sulphur can act either as strong electron donor or acceptor thanks to its 

large atomic size and high oxidation state. Phenothiazine had been investigated in 

organic electronics based on its highly electron-donating properties and non-planar 

butterfly-shape to prevent molecular aggregation.[49–51] AIE fluorophore 28 (Figure 

1-17) uses phenothiazine as electron donor and anthracene as acceptor, where the 

vinylene bonds are twisted in organic solvents to eliminate the steric hindrance 

between bulky rings.[52] In the PL spectra of 28 with increasing water fractions in 

THF solutions, TICT effect is dominant initially to make the emission red-shifted 

from 635 nm to 650 nm and weakened; while the solutions at high water fractions 

are brightened up and blue-shifted to 610 nm because of the AIE effect.  
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Diphenylsulfone is commonly used as electron acceptor in DF luminogens 

based on its non-planar shape for complete separation of HOMO and LUMO inside 

a molecule.[53] 29 is found to be AIE-DF active with 93.3% quantum yield in the 

solid state, as its special molecular packing shows that there is no any  

interaction among molecules.[54] 

2,1,3-Benzothiadiazole is a well-known electron acceptor to lower the band 

gap of small molecules or polymers in photovoltaic or light-emitting 

applications.[4,55–57] Incorporation of this bulky planar acceptor with non-planar 

electron donors results in red-shifted, highly emissive fluorophores in the solid state 

with twisted geometry.[58] 30, using TPE-substituted triphenylamine and 

benzothiadiazole as donor and acceptor respectively, emits 616 nm in thin film and 

609 nm in aggregated state.[59] It shows good performance in biological imaging 

and non-doped OLED applications, providing a new approach to synthesize 

applicable, red emissive AIE compounds.[59,60]  
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Figure 1-17 Examples of sulphur-containing AIE luminogens 

 

1.4.3 Polymer 

Polymeric materials enjoy lots of advantages for photovoltaic, electronic and 

biological applications, such as the ease and large area of device fabrication, high 

thermal stability, extended conjugation, etc.[55,61,62] Polyacetylenes, polyphenylenes, 

polytriazoles, poly(phenyleneethylene)s, even non-conjugated polymers that are 

nitrogen/oxygen rich with multiple lone pair electrons, are the typical examples of 

AIE polymers.[62] AIEgens are present in main-chain, side-chain, terminals or 

center in a AIE-active polymer via radical, condensation or click-polymerization. 
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Figure 1-18 shows an example of polymeric AIE material by bioconjugation of TPE 

on chitosan which is a common and bio-compatible natural product.[63] This design 

not only keeps and protects TPE in cellular compartments for long-term cellular 

tracking, but also prevent contamination of other cell lines in the coculture systems. 

 

 

Figure 1-18 Structure of TPE-chitosan bioconjugate and its fluorescence images 

under different time passages[63] 

 

1.4.4 Metal Complexes 

Metal complexes are widely used in luminescent materials because of 

phosphorescent emission in some transitional metal complexes, which can 

theoretically achieve quantum yields up to 100% in electroluminescence by 

harvesting triplet and singlet excitons for the emission.[9,10] Moreover, the emission 

lifetime of phosphorescent complexes is longer than fluorescent organic dyes, 
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which allows time-resolved photoluminescence experiments in such complexes to 

remove the background fluorescence and improve the sensitivity for sensors and 

bio-imaging applications.[64,65] The existence of AIE effect in metal complexes, or 

called aggregation induced phosphorescence (AIP) in phosphorescent materials, is 

a combination of properties from metals and ligands, showing a larger exploration 

area compared with non-metal AIEgens.[25] Transition metal complexes using Cu(I), 

Zn(II), Ir(III), Pt(II) and Au(I) were found to be AIE-active. Similar to purely 

organic dyes, RIM is the main mechanism of AIE in metal complexes, but the 

formation of strong  stacking between metallic centers or metallophilic 

interactions would be involved to achieve AIE effect.[66]  

Figure 1-19 shows some Zn(II) and Cu(I) complexes with AIE properties. 

Zn(II) complex 31 using rotational triphenylamine-containing Schiff base as ligand 

is weakly emissive in DCM with 3% quantum yield, but it is highly emissive in 

powder form and its quantum yield is increased to 16.7%.[67] A series of dinuclear 

Cu(I) complexes with different lengths in alkyl chain Cu-1 to Cu-4 are nearly non-

emissive in solution but strongly phosphorescent in green or yellow colour in the 

solid state.[68] It is found that they are AIP-active in a series of DCM/hexane 

solutions with different fractions. 
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Figure 1-19 Example of AIE-active Zn(II) complex (left) and Cu(I) complexes 

(right)[68] 

 

 Cyclometalated iridium(III) complexes are highly remarkable in the study of 

organometallic AIEgens because of their strong phosphorescent properties and 

promising applications in OLEDs.[69] Some AIE-active neutral and cationic 

iridium(III) complexes had been reported, where some of them did not have any 

rotational units but some of them contained bulky rotational groups. Complex 32 is 

non-emissive in dichloromethane but shows intense red emission in the solid or 

aggregated state, where strong  interactions are present in its molecular 

packing.[70] Liu et. al. suggested that such  interactions altered the LUMO of 

the complex to result in metal-to-ligand–ligand charge-transfer transition (MLLCT) 

with red-shifted phosphorescent emission compared to Ir(ppy)2acac. On the other 

hand, cationic complex 33 with bulky rotational carbazole units is emissive in high 

water /acetone ratio but no emission is occurred in common organic solvents.[71] 



 

27 

 

The large twisting angle in dendritic carbazoles reveals that rotation of carbazolyl 

groups in 33 in organic solvents is an efficient radiationless decay, while the rotation 

is restricted upon aggregation to promote effective ILCT for intense 

phosphorescence.  

 

 

Figure 1-20 Structure of AIE-active Ir(III) complexes 

 

Apart from iridium(III) complexes, platinum(II) complexes with AIE 

characteristics are also significant in OLEDs or biological sensors.[72] Pt(II) 

complexes usually are square planar with empty dz orbitals to favour the formation 

of Pt…Pt interactions in assembled state, which allows low energetic metal to 
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metal-ligand charge transfer (MMLCT) to promote red to near infrared emission. 

Complex 34 (Figure 1-21) is non-emissive in solution but exhibits highly intense 

emission at 740 nm in both fine powder and thin film, achieving 24% external 

quantum efficiency (EQE) in non-doped OLED devices.[73] It does not form single 

crystal as strong aggregation occurs between dz orbitals in Pt(II) centers, but 

geometric optimization of its dimer or trimer form reveals that such 

phosphorescence is the result of T1 → S0 transition induced from very short PtPt 

distance (around 3.1 Å) and strong Pt…Pt interactions. Terpyridyl–platinum(II) 

complex 35 is folded in three-layered sandwich-like structure in single crystal and 

no Pt … Pt interaction is observed.[74] It is non-emissive in acetonitrile, 

dichloromethane and ethanol, but it shows red-shifted and intense emission in high 

water volume in acetonitrile. The TEM images prove that aggregation of 35 occurs 

in 90% water in acetonitrile, suggesting that Pt…Pt interaction is created in 

aggregates to emit red-shifted phosphorescence originated from low energetic 

MMLCT. 
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Figure 1-21 Structure of AIE-active Pt(II) complexes 

 

Metallophilic interactions usually occur in complexes with linear geometry 

like Au(I), Ag(I) or Hg(II) to give long-wavelength emission. Compound 36 (Figure 

1-22) is a linear Ag(I) complex with non-emissive properties in ethanol solution.[75] 

However, intense blue emission is observed at 40% water in ethanol because of the 

formation of nanoaggregates and the emission is shifted to yellow region with low 

intensity by further increasing water fraction. The intermolecular gold–gold 

interactions in nanoaggregates changed significantly with increasing water content, 

resulting in stronger gold–gold interactions and lower emission energy.  

 

 

Figure 1-22 Structure of 36 and its PL spectra in different water content in 
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ethanol[75] 

1.5 Applications 

As its fundamental importance and practical implications are well-known in 

recent years, AIE study has attracted many researchers with different backgrounds 

to develop and promote the practical applications of AIE-based materials.[13,25,76] To 

date, AIE compounds have been applied to optoelectronics, biological imaging, 

therapy, diagnosis, sensing, smart materials, etc (Figure 1-23).[25] 

 

 

Figure 1-23 Typical examples of applications of AIE compounds[25] 
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1.5.1 Optoelectronics 

The most attractive feature of AIE compounds is opposite to ACQ in 

optoelectronics fabricated in solid or thin film. Therefore, emissive materials with 

AIE properties do not need doping to dilute the concentration to prevent suffering 

ACQ effect. TPE, one of the pioneering AIE-active compounds, demonstrates how 

to transform ACQ into AIE in conventional fluorophores in OLED applications. 

Pyrene-based fluorophore 37 (Figure 1-24) with four TPE peripheries exhibited 

obvious AIE effect at 480 nm and gave 4.95% EQE in non-doped OLED with 

maximum luminance (Lmax) of 18 000 cdm-2.[77] Construction of TPE-based 

AIEgens with wide colour emission range in the solid state is achieved by 

incorporation of electron-accepting 2,1,3-benzothiadiazole in TPE[78]. 38 shows 

blue emission without benzothiadiazole, but 39 to 41 give green to red PL at 539, 

600, 661 nm in film respectively, showing that the emission colours are easily tuned 

by addition of benzothiadiazole and thiophene units. The EQEs of non-doped 

OLED devices of 39 to 41 are 1.5, 3.1, 1.0% respectively. 
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Figure 1-24 Structures of TPE-based compounds for OLEDs and solid state 

colours at 365 nm excitation and EL devices of 38-41[78] 

 

 Development of blue-emitting materials in OLEDs is one of the hottest 

research areas in luminescent materials, as the stability and lifescan of blue-emitting 

materials is not as long as other colours, and there are few examples of highly 

efficient phosphorescent emitters with deep blue emission consumption as 

nonradiative relaxation occurs in high level metal−ligand charge transfer by the 

metal d-orbitals.[79] On the other hand, organic fluorophores not only enjoy the ease 

of colour tuning to deep blue colour, but also show hole-transporting properties in 

OLED devices.[9] Imidazole-based 42 (Figure 1-25) with triphenylethene is AIE-

active with 450 nm emission, and shows 4.4% EQE with Lmax of 20300 cd/m2 and 
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6.9% with 19200 cd/m2 for blue and white OLED devices, respectively. 

 

Figure 1-25 Structure of 42 and its EL devices[79] 

 

 The development of fluorophores for red or near-infrared OLEDs is also 

boosted up by the concept of AIE in recent years, as notorious ACQ effect occurs 

in common red emissive dyes such as 4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran (DCM) and porphyrin in which they are suitable 

materials in solution state or in doped film to prevent ACQ.[80] AIE compounds are 

emissive in the solid state such that they do not require doping to minimize the 

concentration. A non-planar fluorophore 43 (Figure 1-26) using phenothiazine as 

the electron donor and benzothiadiazole as acceptor is AIE-active, and it achieves 

maximum EQE of 1.54% and Lmax of 780 cd m-2 at 700 nm in nondoped NIR 

OLED.[81] Moreover, the EQE of device remains as high as 1.17% at high current 
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density of 300 mA cm-2. Such D-A compounds with AIE and hybridized local and 

charge-transfer (HLCT) state are potential candidates for development of efficient 

red to near infrared OLEDs. 

 

Figure 1-26 Structure of 43 and its EL spectra and EQE–current-density 

characteristics of the device[81] 

 

1.5.2 Sensors 

Fluorescent sensors enjoy the advantages of high sensitivity and signal-to-

noise ratio, inexpensive instrumentations, fast response time, etc.[7] AIE luminogens 

are good tools for turn-on chemosensors by simple structural modifications for 

detection of gases, small biomolecules, pH, ions, etc.[25] 

Carbon dioxide detection is one of the most important topics in the monitoring 

of air quality. The use of fluorescent probes has received considerable attention for 

researchers as simple fluorescent instrument is required to measure the change in 

emission intensity or colour instead of complicated electrochemical (EC) and IR 



 

35 

 

analyses. From the system shown in Figure 1-27, upon absorption of atmospheric 

CO2 in dipropylamine (DPA), it turns to carbamate ionic liquid (CIL) with 

increasing viscosity of solvent which causes RIR of HPS such that emission is 

observed.[82] Moreover, the luminescence intensity increases as the volume of CO2 

added up to 25 ml. It provides a simple approach to monitor the atmospheric CO2 

content quickly.  

 

 

Figure 1-27 Scheme showing the formation of CIL from DPA and CO2, and the 

PL spectra of HPS in DPA solution with different volumes of CO2 added[82] 

 

Simple functionalization of TPE is the simplest way to design and synthesize 

AIE-active chemosensors. Boronic acid-containing TPE 44 is easily synthesized 

from bromo-substituted TPE, which is highly sensitive to D-glucose in basic 

conditions.[83] The boronic acid is water-soluble and non-emissive at basic 
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conditions. When D-glucose is added into a basic solution of 44, oligomerization 

of D-glucose and TPE occurs to restrict the free rotation of phenyl rings, resulting 

in emission occurs. Figure 1-28 shows that the maximum concentration of glucose 

for maximum emission intensity is 0.2 mM for 50 M solution of 44, and it is only 

sensitive to D-glucose upon addition of other monosaccharides. 

 

Figure 1-28 Structure of 44 and the PL spectra (A) and the change in PL intensity 

upon addition of different amount of monosaccharides (B)[83] 

 

Accurate pH sensing in both cellular and environmental medium is important 

as it balances the CO2 level and metabolisms and controls the growth of plants and 

microorganisms upon small change in pH value. Cyanine adduct of TPE 45 is a 

AIE-active pH-responsive fluorogen, which displays red colour in acidic media and 

sky blue in alkaline conditions (Figure 1-29).[84] The PL spectra of 45 in pH 4.59 to 

8.07 shows at that PL intensity at 489 nm is increased while intensity at 615 nm is 

lowered with increasing pH value of solutions, and the intensity ratio of the two 
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emission peaks (489 nm/615 nm) is increased by nearly 50 times. Moreover, it 

exhibits high biocompatibility and is used for cell imaging for monitoring pH 

change upon ratiometric analysis. 

 

 

Figure 1-29 Structural changes of 45 in acidic and basic conditions, PL spectra 

in different pH (A) and plot of intensity ratio (489 nm/615 nm) to pH changes (B)[84] 

 

Ion sensing of heavy metal ions and toxic anions are particularly important in 
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monitoring water quality. Compound 46 contains thymine groups and a dicyano-

vinyl group as coordination or reaction sites for selective sensing of Hg(II) and 

cyanide ions.[85] It is AIE active with emission at 650 nm emission thanks to the 

strong electron donating TPA center and electron-accepting dicyanovinyl group. 

Upon addition of Hg(II) in non-emissive solution of 46, thymine groups bind to 

Hg(II) with 1:1 molar ratio between the probe and ions to trigger RIR to induce 

notable emission, and the detection limit is found to be 6.6 nM. The red 

fluorescence intensity of 46 is decreased gradually with the addition of CN- by 

destructing the conjugation of dicyanovinyl group as shown by 1H NMR. The 

intensity disappeared after 7.8 equivalent of CN- is added, and the detection limit 

changes is estimated to be 0.11 mM. 

 

Figure 1-30 Proposed sensing mechanisms of AIE compound 46 for Hg(II) (left) 

and CN- (right)[85] 

 

1.5.3 Biological Applications 

Biological imaging is one of the most challenging biological applications of 
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conventional organic dyes because of the prevention of ACQ effect and 

enhancement of the bio-compatibility, but AIEgens show adverse effect to ACQ and 

offer higher resistance to photobleaching, photostability and higher signal 

reliability compared to conventional probes.[86,87] AIE bioprobes are applicable to 

specific organelles, biomolecules or tissues imaging with single or multi-photon 

excitation.[87,88] Functionalized AIEgens can attach on recognition elements or be 

encapsulated by water-soluble units or recognition elements to form bio-compatible 

AIE compounds or AIE dots.  

Mitochondrion is the energy factory of organisms by synthesizing adenosine 

triphosphate (ATP) and monitoring mitochondria allows diagnosis of related 

diseases.[89] TPE with triphenylphosphonium 47 is a powerful tool to track 

mitochondria as its AIE feature enables emission in nanoaggregates and prevent 

photo-oxidation and photo-bleaching to occur.[89] The biocompatibility of this 

tracker is evaluated upon 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. 47 is also localized to mitochondria in HeLa cells as shown 

by perfect overlapping of fluorescent signals in 47 and MitoTracker in their 

fluorescent images. 



 

40 

 

 

Figure 1-31 Structure of 47 and the fluorescent images of HeLa cells stained with 

47 (A), MitoTracker (B) and merged with A and B (C)[89] 

 

Addition of bio-active compounds on AIEgens not only enhances their 

biocompatibility, but also increases their hydrophilicity.[87] Liu’s group found that 

conjugating five repeating units of aspartic acids with TPE effectively turns off the 

fluorescence of TPE conjugates.[90] Then a disulfide bond is attached between 

peptide chain and TPE to form a light-up probe 48 for intracellular thiol imaging in 

specific cells (Figure 1-32). The disulfide bond is cleaved by glutathione (GSH), 

one of the most abundant thiol in mammalian cells, to switch on the fluorescence, 

achieving the detection limit of GSH to be 1.0 mM. 
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Figure 1-32 The structure of 48 (left) and its PL spectra (right) upon addition of 

GSH[90] 

 

Inorganic quantum dots or nanoparticles have recently emerged in biological 

imaging because of their extremely high quantum yield. However, these materials 

have obvious disadvantages such as high toxicity in leakage or poor resistance of 

photobleaching.[91] On the other hand, organic dots based on AIE materials offer 

high quantum efficiency and resistance to photobleaching with low cytotoxicity. 

The spherical dots of compound 39 is prepared by mixing it with phospholipids 

DSPE-PEG2000 under sonication in water/THF (Figure 1-33).[91] The diameter of 

dots is around 33 nm measured in TEM images and its quantum yield is 15% in 

two-photon absorption at 810 nm. 2D and 3D blood vessel imaging in different 

organs stained with AIE-dots 39 in two-photon fluorescence microscope shows 

images with clear, high resolutions without damage of blood vessels. 
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Figure 1-33 Schematic illustration of AIE dot preparation (left) and TEM image 

of AIE dots (A) and 3D fluorescent image of brain blood vessel stained with AIE 

dots upon 800 nm excitation (B)[91] 

 

Photodynamic therapy (PDT) is a non-invasive treatment of malignant 

tissue/cells using cytotoxic reactive oxygen species (ROS) such as singlet oxygen 

(1O2) produced by a photosensitizer upon light irradiation. Some AIEgens were 

found to have such effect and they do not suffer from decreasing photosensitizing 

efficiency upon aggregation.[87] AIE-active compound 49 can generate 1O2 under 

light irradiation (Figure 1-34).[92] It exhibits low cytotoxicity to A549 cancer cells 

without light, but the cell viability is dropped significantly upon irradiation. 

Moreover, cotreatment of antioxidant agent NAC inhibits the cytotoxic effect of 49 

upon irradiation. Combining above results and mitochondrion-targeted nature, 49 

can act as a photosensitizer in mitochondria with effective 1O2 generation in light 

irradiation for PDT applications.  
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Figure 1-34 The structure of 49, fluorescent image stained with 49 (A), 

MitoTracker (B), overlay image of A and B (C) and cytotoxicities of 49 against 

A549 cancer cells with different treatments (D)[92] 

 

1.5.4 Mechanochromic Materials 

Mechanochromic luminescent materials have been developed rapidly in recent 

years due to the potential applications in mechano- or pressure sensors, data storage, 

optoelectronics.[45] AIE active molecules with incorporation of electronegative 

units such as fluoride or nitrile can produce mechano-responsive compounds. TPE 

bearing phenanthroimidazole with nitrile unit 50 is an example of fluorophore with 
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AIE properties and reversible mechano-response.[93] Under UV illumination, the 

blue-emitting crystalline form of 50 is red-shifted to green fluorescence upon 

grinding, and it is returned to blue-emissive solid when fuming with CH2Cl2 vapor 

or annealing at 160 ° C. The decreasing peaks in XRD patterns reveal the 

morphological change from twisted crystalline to planar amorphous solid state upon 

grinding. 

 

 

Figure 1-35 The chemical structure of 50, its PL spectra (A), the photos of 

ground (B) and grinded (C) form and XRD patterns of different states (D)[93] 

 

1.6 Scope of Thesis 

The fundamental studies of mechanism of AIE using silole and TPE have been 

conducted, and some applications using typical AIEgens have been achieved. 

However, the structural and synthetic limitation of these materials may restrict the 

efficiencies and the width of applications. Therefore, development of new AIE 

luminogens from well-known or new systems is under our consideration. 
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Cyanostilbene is one of the AIE-active fluorophores that caught our attention based 

on its structural simplicity and wide colour tunability. These attractive advantages 

can enrich the whole system of aggregation-induced emission. 

A series of cyanostilbenes with D--A structure was designed and synthesized 

in Chapter 2. Introduction of electron donors and acceptors not only provide good 

colour tunability, but also increase the quantum efficiency. Common electron-rich 

species like diphenylamine and carbazoles, and highly twisted TPE, were selected 

as electron donor. α-Cyanostilbene was the  bridge synthesized by simple 

Knoevenagel condensation, in which the vinylene bonding is twisted due to the 

presence of bulky nitrile group.[39] Diphenylsulfone was chosen as electron acceptor 

based on its strong electron-withdrawing ability and its tetrahedral geometry, which 

can be applied to enhance the OLED efficiencies of active or host materials.[9] 

Dicyanovinyl group was another acceptor used in this chapter because of its strong 

electron accepting properties for red-shifted emission.[94] The characterization of 

these cyanostilbenes was discussed in this chapter. 

Phenothiazine has been used in dye-sensitized solar cells (DSSCs) and OLEDs 

for efficient energy conversion thanks to its butterfly-shape and electron-rich 

properties.[95] Its unique non-planar shape is also preferable for designing AIEgens 

to avoid severe non-radiative - stacking in aggregated state. In Chapter 3, a series 
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of AIE-active cyanostilbenes with aldehyde or carboxylic acid using different N-

substituted phenothiazine as electron donors was synthesized and characterized. 

The physical properties, AIE and solvatochromic effects of these fluorophores were 

investigated. Based on the formation of nano-aggregates and bright emission in 

high water fraction, they were applied to cellular imaging and the cytotoxicity of 

these AIEgens was also evaluated. 

Metal-containing compounds with AIE properties, especially iridium(III) and 

platinum(II) complexes, have been drawn the attention of scientists for 

development of highly efficient luminescent materials for optoelectronic, sensory 

and probing applications. AIE-active Pt(II) complexes are an emerging class of 

AIEgens, as the presence of empty dz
2 orbitals in cyclometalated Pt(II) complexes 

allows formation of aggregates easily to promote low energy MMLCT and red-

shifted emission.[72] In Chapter 4, cyclometalated Pt(II) complexes with different 

tridentate C^N^C ligands and ancillary pyridine ligands were synthesized and 

characterized. The photophysical and AIE properties of these Pt(II) complexes as 

well as the formation of aggregates were also studied and compared. 

One of the advantages of AIE compounds is to achieve high emission 

efficiency in thin film or solid state for the fabrication of non-doped OLEDs. 

Construction of AIE luminogens using TPE for fabrication of OLEDs has been 
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studied.[96] Although the propeller-like TPE can change some properties of 

conventional fluorophores from ACQ to AIE, the colour tunability of TPE-based 

dyes is still limited. Therefore, the development of AIEgens with twisted donors 

and acceptors is emerging to increase the performance and emission colour range 

in optoelectronics. Symmetric dicyanodistyrylbenzene not only shows AIE effect 

in both crystal and aggregated form, but also provides wide range colour tuning 

from deep blue to near infrared.[41] In Chapter 5, a series of dicyanodistyrylbenzene 

derivatives with D-A--A-D structure were designed and synthesized. Common 

electron donors or hole-transporting materials such as TPA and carbazoles were 

introduced in D-unit while anthracene and thiophene were chosen as -linker in this 

work. The photophysical and AIE properties of these novel 

dicyanodistyrylbenzenes were investigated and discussed. 
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2. Chapter 2 Synthesis and Characterization of D--A Based 

Cyanostilbenes with Aggregation-Induced Emission Properties 

2.1. Introduction 

Fluorescent materials are promising tools for sensors and biological imaging 

applications, as they take a lot of advantages in terms of simplicity, biocompatibility, 

photostability, colour tunability and sensitivity.[1,2] Fluorescence emission with far 

red/near-infrared (FR/NIR) region is particularly promising in biological 

applications because these photons can penetrate into tissue deeply and less 

energetic radiation causes less damage to biological samples.[3] The family of 

fluorescent probes includes traditional organic dyes, semiconducting quantum dots 

(QDs), metal nanoclusters, etc.[2] However, most of them suffered from notorious 

aggregation caused quenching (ACQ) effect under high fluorophore concentration 

in poor solvents such as water, which weakens fluorescent intensity and limits the 

range of applications.[4] Moreover, usage of heavy metals such as cadmium and lead 

in QDs rises serious problems in human health and environmental issues.[2] 

Recently, Tang et al. discovered organic molecules such as tetraphenylethene 

(TPE) and hexaphenylsilole (HPS) with aggregation induced emission (AIE) 

features.[5] When they were well-dissolved in common organic solvents, weak or 
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no emission was observed; but they were highly emissive under aggregated state 

such as under high concentration and as solid. However, these fluorophores were 

difficult to be further modified with FR/NIR emission although electron donors (D) 

and acceptors (A) were attached to the TPE moiety.[6] At the same time, π-

conjugated cyanostilbene was also discovered to show the emission enhancement 

under nano-suspension formation in high volume ratio of water in THF.[7] Such 

phenomenon is called aggregation-induced enhanced emission (AIEE) by Park’s 

group who discovered this abnormal emission behavior.[8] AIE-active cyanostilbene 

units consist of a nitrile group in planar and rotational vinylene. The bulky cyano 

group favors the formation of twisted vinylene in diluted solution to minimize steric 

hindrance. However, the planar conformation of cyanostilbene is obtained in the 

solid state and aggregated state formed in poor solvents, which retained the 

complete electronic conjugation to result in intense emission. Similar to AIE-active 

siloles and TPE derivatives, restriction of motion (RIM) is the mechanism to trigger 

AIE effect, since RIM prevents the energy loss from non-radiative intramolecular 

motion.[5] Thanks to the unique intermolecular interaction in cyanostilbenes like 

hydrogen bonding and hydrophobic interactions, cyanostilbene derivatives show 

self-assembly and amplified spontaneous emission (ASE) properties.[8] These 

compounds are not only applied in optical memory materials, but also are used in 
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organic field-effect transistor (OFET) due to their highly crystalline assembled state. 

Furthermore, AIE-active cyanostilbenes could be applied in specific targeted 

imaging with photodynamic therapy.[9] Therefore, development of simple α-

cyanostilbene derivatives is still a hot topic in exploring the AIE system. 

In this chapter, we prepared eight new cyanostilbene-based luminogens with 

D--A molecular framework. Conventional electron donors such as triphenylamine 

and carbazole were selected while dicyanovinylene and diphenyl sulfone were 

chosen as electron acceptor to diminish the band gap in molecule for efficient red-

shifted emission.[6,10,11] The dicyanovinyl group is a highly planar conjugated unit 

with two strongly electron-withdrawing nitrile groups, which not only aims to 

decrease the LUMO energy level of a fluorophore, but also acts as a chemical sensor 

of toxic cyanide ion.[12] On the other hand, diphenyl sulfone offers a highly twisted 

geometry with electron-deficient sulfone moieties.[13] These characteristics are 

beneficial to facile colour tuning in AIE system. The synthesis, characterization, 

photophysical and AIE properties of these compounds will be presented and 

investigated. 
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2.2. Synthesis of Cyanostilbenes 

The synthesis of D--A based cyanostilbenes is divided into several parts. The 

first part is construction of electron donors with aldehyde unit, which are the 

precursors of cyanostilbenes. As shown in Scheme 2-1, the synthesis of aldehydes 

involves the formation of electron donors followed by addition of aldehyde unit. 

Methoxy-substituted TPA (MeO-TPA) was synthesized from 4,4-

dimethoxydiphenylamine and iodobenzene catalyzed by Pd(0), while 9-(4-

bromophenyl)]-3,6-di-tert-butyl-9H-carbazole (Tert-CBZ-Br) was synthesized 

from tert-butylcarbazole using copper(I) catalyst. For methoxy-substituted TPA and 

TPA, they underwent Vilsmeier-Haack reaction using phosphorus(V) oxychloride 

and N,N-dimethylformamide (DMF). Suzuki coupling reaction was applied to 

bromotriphenylethylene to attach 4-formylphenyl unit to generate TPE-CHO. In 

synthesizing 3,6-di-tert-butylphenylcarbazole with aldehyde unit, n-butyllithium 

was used to remove bromide on phenyl ring followed by attachment of DMF and 

hydrolysis. 
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Scheme 2-1 Synthetic route of electron donors with aldehyde unit 

 

The second part involves the formation of cyanostilbene backbones from 

aldehydes and 4-bromophenylacetonitrile via Knoevenagel condensation, which is 

shown in Scheme 2-2. The CH2 proton in 4-bromophenylacetonitrile is removed by 

basic ethanol to form anion for nucleophilic attack addition of aldehyde and 

elimination to form vinylene. These cyanostilbenes show yellow to orange colour 
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in solution and solid state because of the extended -conjugation. 

 

Scheme 2-2 Synthetic route of cyanostilbene backbones 

 

 In synthesizing the diphenylsulfone acceptor Ph-SO2-Ph-Br (Scheme 2-3), 4-

bromothiophenol attached a phenyl unit via Ullman coupling reaction followed by 

oxidation of thioester to sulfone using meta-chloroperoxybenzoic acid (mCPBA).[14] 

The bromide in cyanostilbene backbones was converted to boronate esters (Ar-CN-

Bpin) using palladium catalyst. The boronate esters and Ph-SO2-Ph-Br were linked 

together via Suzuki-coupling reaction to obtain A1 to A4. 
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Scheme 2-3 Synthetic route of A1 to A4 

 

For cyanostilbenes with dicyanovinylene, the precursors (Ar-CN-CHO) were 

synthesized by Suzuki-coupling reaction from cyanostilbene backbones (Ar-CN-

Br) and 4-formylphenylboronic acid catalyzed by Pd(PPh3)4 (Scheme 2-4). In the 

last step, malononirtrile was reacted with aldehyde precursors in silica gel and 

ammonium acetate via Knoevenagel condensation. They were purified using 

column chromatography followed by precipitation in ethanol. 
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Scheme 2-4 Synthetic route of B1 to B4 
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2.3. Spectroscopic and Structural Characterization of Cyanostilbenes 

All new cyanostilbenes were characterized by 1H and 13C NMR spectroscopy 

and mass spectrometry (MS). The details are summarized in Chapter 7. All the 

signals are consistent with the structure of the compounds. The 1H NMR spectra of 

A1 to B4 are shown in Figure 2-1 to Figure 2-8. All the presented cyanostilbene 

compounds were found to be E-isomer because of the presence of signals at 8.0 and 

7.5 ppm without 7.4 ppm according to their 1H NMR spectra.[15] The signals at 7.5 

ppm and 8 ppm indicate the vinylene protons in E-isomer, while the shifting at 7.4 

ppm instead of 8 ppm shows the conformation of Z-isomer. Since the precursors of 

A1 and A4 are boronate esters, the complete reaction and purification of A1 and A4 

can be verified by the absence of intense singlet peak at 1.23 ppm. A sharp and 

singlet peak at 3.8 ppm indicates the methoxy groups in methoxy-substituted TPA, 

while another intense singlet signal at 1.5 ppm indicates the presence tert-butyl 

group in carbazole. For B1 to B4, no observable peaks at 10 ppm in 1H NMR and 

190 ppm in 13C NMR spectra (Figure 2-9) indicate that Knoevenagel condensation 

occurred with the absence of aldehydes. Moreover, a signal was observed at 82 ppm 

in their 13C NMR spectra, showing that cyanide groups were successfully attached 

onto cyanostilbene. 
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Figure 2-1 1H NMR spectrum of A1 in CDCl3 

 

 

Figure 2-2 1H NMR spectrum of A2 in CDCl3 
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Figure 2-3 1H NMR spectrum of A3 in CDCl3 

 

 

Figure 2-4 1H NMR spectrum of A4 in CDCl3 
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Figure 2-5 1H NMR spectrum of B1 in CDCl3 

 

 

Figure 2-6 1H NMR spectrum of B2 in CDCl3 
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Figure 2-7 1H NMR spectrum of B3 in CDCl3 

 

 

Figure 2-8 1H NMR spectrum of B4 in CDCl3 
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Figure 2-9 13C NMR spectrum of B1 in CDCl3 

 

The single crystals of B1 was prepared by solvent-exchange method using 

dichloromethane and hexane as the good and poor solvents respectively. The crystal 

data and structure refinement for B1 are shown in Table 2-1. The crystal system of 

B1 is triclinic, in which eight molecules are present in the unit cell with space group 

P-1 (a = 8.932 Å, b = 25.824 Å, c = 25.830 Å; α = 108.09°, β = 94.12°, γ = 96.73°). 

The single crystal and packing structure are shown in Figure 2-10. The selected 

torsion angles for B1 are shown in Table 2-2. The molecule exhibits planar 

geometry in cyanostilbene group as the maximum dihedral angle between cyano 

group in cyanostilbene and neighboring phenyl rings is only 13°. Larger dihedral 
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angles are existed in TPA and terminal phenyl rings, with 66° and 30° respectively.  

Many CN…H interactions existed between molecules because of the presence of 

three electron-withdrawing cyano-groups. The distances of CN…H interactions are 

range from 2.5 to 2.75 Å. In Figure 2-10 C, CH… and C…C interactions exist 

between the molecules. The shortest distance between molecules is 3.39 Å, 

indicating that weak … interaction is present and bulky TPA units prevent the 

complete overlapping between cyanostilbene moieties. 

 

Table 2-1 Crystal data and structure refinement for B1 

Identification code  B1 

Empirical formula  C37H24N4 

Formula weight  524.60 

Temperature  173(2) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 8.932(2) Å = 

108.09(2)°. 

 b = 25.824(5) Å = 

94.12(2)°. 

 c = 25.830(5) Å  = 

96.73(2)°. 

Volume 5588(2) Å3 

Z 8 

Density (calculated) 1.247 Mg/m3 

Absorption coefficient 0.578 mm-1 

F(000) 2192 

Crystal size 0.30 x 0.15 x 0.03 mm3 
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Theta range for data collection 1.811 to 50.443°. 

Index ranges -8<=h<=8, -25<=k<=25, -

25<=l<=21 

Reflections collected 17693 

Independent reflections 10847 [R(int) = 0.0479] 

Completeness to theta = 50.443° 92.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7500 and 0.3973 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10847 / 0 / 1477 

Goodness-of-fit on F2 0.989 

Final R indices [I>2sigma(I)] R1 = 0.0550, wR2 = 0.1379 

R indices (all data) R1 = 0.0861, wR2 = 0.1577 

Extinction coefficient n/a 

Largest diff. peak and hole 0.219 and -0.235 e.Å-3 
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Figure 2-10 The unit cell (A), crystal packing (B to D) and single crystal 

structure (E) of B1 with thermal ellipsoids at 50% probability of and hydrogen 

atoms are omitted for clarity 

 

Table 2-2 Selected torsion angles in the crystal structure of B1 

B1 

Torsion angles Degrees (°) 

C18C19C20C21  13.07 

C17C18C14C13  -5.43 

C7C8C11C12 - 30.02 

C2C4C5C10  7.92 

C23N4C32C37  66.56 
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2.4. Photophysical Properties of Cyanostilbenes 

2.4.1. Absorption and Emission Properties  

The UV/Vis absorption and photoluminescence (PL) spectra of fluorophores 

were measured in THF solution at 10-5 M concentration, where the corresponding 

absorption maximum of each compound was chosen for excitation. The spectra are 

shown in Figure 2-11 and Figure 2-12 for A1-A4 and B1-B4 respectively. The 

summarized optical data are shown in Table 2-3. All compounds exhibit two major 

absorbance bands. The first one with higher energy band (300350nm) is attributed 

to the * transitions of the local aromatic units, while the lower energy band 

above 350nm is assigned as the intramolecular transfer (ICT) of the molecule from 

corresponding electron donor to the acceptor. In comparison of the absorption 

properties under the same electron acceptor, A2 showed the most red-shifted 

absorption band at 432 nm, followed by A1 (415 nm), A4 (392 nm) and A3 (378 

nm). It shows that the absorption maxima are correlated to the strength of electron-

donating ability of electron donors in the order of methoxy-substituted TPA > TPA 

> carbazole > TPE. Similar trend is also obtained in dicyanovinyl-containing B1 

(438 nm), B2 (451 nm) B3 (392 nm) and B4 (406 nm). Moreover, B1-B4 show 

significant bathochromic shift in absorption spectra (392-451 nm) when compared 

to A1-A4 (378-432 nm), indicative of the stronger conjugation in dicyanovinyl 



 

76 

 

unit. 

All compounds are weakly emissive in diluted THF solution. The PL spectra 

of A1 to A4 exhibit the same order of decreasing wavelength from A2 (610 nm), to 

A1 (537 nm), A3 (520 nm), A4 (516 nm), and B1 to B4 follow the same. However, 

only A2 shows emission exceeding 600 nm, while dicyanovinyl-containing B2 only 

exhibits emission at 592 nm. It may be ascribed to the geometry of molecule in 

soluble solvent medium. The highly-twisted geometry in diphenylsulfone-

containing A2 is present to minimize the steric hindrance. Therefore, the 

conjugation between donor and acceptor may be lost and these units are partially 

charged and stabilized by polar solvent upon photoexcitation, resulting in twisted 

intramolecular charge transfer (TICT) state. Although A2 can exhibit red-shifted 

emission at 610 nm, TICT state contains multiple non-radiative decay pathways to 

weaken the emission intensity.[16]  

 

Figure 2-11 UV-Vis absorption (left) and PL (right) spectra of A1A4 at 10-5 M 
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concentration in THF 

 

 

Figure 2-12 UV-Vis absorption (left) and PL (right) spectra of B1B4 at 10-5 M 

concentration in THF 

 

Table 2-3 Absorption and emission data of A1 to B4 

Compound 𝛌𝐚𝐛𝐬 (nm) 𝛌𝐬𝐨𝐥𝐧
𝐞𝐦  (nm) 

A1 415 537 

A2 432 610 

A3 378 516 

A4 392 520 

B1 438 555 

B2 451 592 

B3 392 583 

B4 406 538 

aAbbreviations: λabs  = absorption maximum and λsoln
em   = emission maximum 

under 10-5 M concentration in THF 
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2.4.2. AIE Properties 

With the same concentration of compounds used in previous part, UV spectra 

of compounds under 95 % water fraction (fw) were taken and compared to that in 

pure THF solutions. These spectra are shown in Figure 2-13. Solutions of water 

fraction from 0 to 95 % in THF were prepared for PL measurement. Their PL spectra 

as well as plots of (I/I0 – 1) against water fractions are shown Figure 2-14 and Figure 

2-15 for A1 to A4 and B1 to B4 respectively, where I is the maximum intensity of 

a particular water fraction and I0 is the maximum intensity in pure THF. Table 2-4 

summarized the absorption maxima, emission maxima and fluorescent quantum 

yield of compounds at pure THF and 95% water fraction. 

In general, a bathochromic shift of ICT band in absorption spectra is present 

in 95 % fw for all cyanostilbenes, indicative of aggregation of molecules to cause J-

aggregate formation (JAF).[8] For cyanostilbenes bearing diphenylsulfone acceptors, 

they are AIE-active as they exhibit dramatic increment above 70 % fw but weakly 

or non-emissive in pure THF. Since they are soluble in THF, the rotation of 

donor/acceptor/cyanostilbene units along the covalent bond exists. From pure THF 

to 60 % fw, they are nearly non-emissive with a slight red-shift of emission maxima. 

TICT state may exist in polar solvent media to trigger red-shifted emission with low 

intensity when the solvent polarity is increased by the addition of a small amount 
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of water.[17] However, when the aggregate formation of cyanostilbenes overcomes 

the solvation force above 70 % fw, restriction of motion (RIM) in cyanostilbene 

exists and the planarity of the whole molecule is achieved to gain complete and 

strong conjugation from donor to acceptor, resulting in intense fluorescent 

emission. Dicyanovinyl-containing B1, B3 and B4 are also AIE-active as their 

emissions are boosted up at high fw. They exhibit weak and blue-shifted emission 

in 10 to 60 % fw, which may be attributed to the planar cyanostilbene unit shown in 

Figure 2-10. The free rotation or twisting of phenyl ring with dicyanovinylene unit 

results in non-radiative decay. However, B2 is nearly non-emissive with increasing 

fw. Severe  stacking may occur between the planar cyanstilbene moieties. 

Furthermore, the TPA units may be planarized by interacting with surrounding 

water molecules or neighboring electron-deficient cyano group, enhancing the 

overlapping between B2 molecules to strengthen non-radiative  stacking. 

Cyanostilbenes with dicyanovinyl unit exhibit more red-shifted emission compared 

to those with diphenylsulfone moieties, but diphenylsulfone-containing 

cyanostilbenes show higher quantum efficiencies. This comparison shows that the 

former group can exhibit red-shifted emission, while the latter can boost up the 

quantum efficiencies in aggregated state since tetrahedral sulfone unit prevents 

formation of severe  stacking in cyanostilbene unts. D4 shows the highest 
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enhancement ratio (I/I0 -1) over 30 and A4 exhibits the highest quantum efficiency 

of 1.0 using 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran 

(DCM) as a standard.  
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Figure 2-13 Absorption spectra of A1 to B4 under THF (black) and 95% water 

(red) at a concentration of 10-5 M 
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Figure 2-14 The PL spectra (left) and plots of (I/I0 – 1) (right) of A1 to A4 in 

different THF/water ratio in 10-5 M concentration 
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Figure 2-15 The PL spectra (left) and plots of (I/I0 – 1) (right) of B1 to B4 in 

different THF/water ratio in 10-5 M concentration 

 

Table 2-4 Optical properties of cyanostilbenes under 0 and 95 % water fraction in 

THF at 10-5 M concentration 

Compounds λabs [nm] λem [nm] F 
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fw (%) 0 95 0 95 0 95 

A1 416 430 540 555 0.025 0.149 

A2 431 441 606 602 0.048 0.268 

A3 378 387 516 520 0.022 0.537 

A4 392 407 519 513 0.274 1.000 

B1 441 449 555 645 0.014 0.051 

B2 453 462 591 665 0.005 0.003 

B3 393 396 583 565 0.061 0.170 

B4 407 418 537 596 0.024 0.114 

Abbreviations: λem  = absorption maximum, λem  = emission maximum, fw = 

water fraction, F = fluorescent quantum yield estimated by 4-(dicyanomethylene)-

2-methyl-6-(4-dimethylaminostyryl)-4H-pyran ( = 43% in methanol)[18] 

 

To further verify the aggregation formation at high fw, the solutions of A1 and 

B1 in 95 % fw were subject to scanning electron microscopy (SEM). From the 

Figure 2-16, both AIEgens are spherical with irregular aggregates with average 

diameter of 67 and 55 nm A1 and B1 respectively. The formation of regular nano-

aggregates below 100 nm diameter are potential candidates for bioimaging, 

especially dicyanovinyl containing B1 for imaging of lipid droplet.[19]  
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Figure 2-16 The SEM images of A1 (A) and B1(B) 
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2.5. Electrochemical Properties of Cyanostilbenes 

Cyclic Voltammetry (CV) was performed to investigate the electrochemical 

properties of cyanostilbenes. The dyes were separately dissolved into 0.1 M 

deoxygenated tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) electrolyte 

in dichloromethane, glassy carbon as working electrode, platinum wire as counter 

electrode and saturated silver chloride electrode as reference electrode. The 

ferrocene/ferrocenium couple was used as the standard under a scan rate of 100 mV 

s-1. Under these conditions, the E1/2 of ferrocene was 0.25 V vs. Ag/Ag+. The Eox 

(onset) vs. Ag/Ag+ data of each fluorophore are summarized in Table 2-5. The 

highest occupied molecular orbital (HOMO) could be estimated by the equation of 

EHOMO = -(Eox + 4.55) eV, while lowest unoccupied molecular orbital (LUMO) 

could be estimated by the band gap estimated from the onset of the UV-visible 

absorption spectra measured in dichloromethane and corresponding HOMO value. 

The Eox as well as the HOMO level depend on the ease of oxidation from the 

electron donor of a molecule. The calculated HOMO level of cyanostilbenes 

increases with the electron donating power of the electron donating groups. Both 

two classes of cyanostilbenes exhibit the same trend and value of HOMO level. In 

A1 to A4, the optical bandgap value decreases with the increasing electron donating 

power in the order of A3 (2.73 eV), A4 (2.65 eV), A1 (2.49 eV) and A2 (2.33 eV). 
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The same trend is also observed in B3 (2.63 eV), B4 (2.54 eV), B1 (2.22 eV) and 

B2 (2.17 eV), but the bandgap of cyanostilbenes bearing dicyanovinyl unit is 

narrower compared to those containing diphenylsulfone unit. On the other hand, the 

calculated LUMO levels of A1 to A4 are range from -2.74 to -2.94 eV, while B1 to 

B4 from -2.90 to -3.11 eV. The lower LUMO levels in B1 to B4 reveal the stronger 

electron withdrawing properties of dicyanovinylene unit as compared to 

diphenylsulfone. 

 

Table 2-5 Electrochemical data of cyanostilbenes 

Compound 𝐸ox
onset(V) HOMO (eV)a 𝐸g,opt (eV)b LUMO (eV)c 

A1 0.79 -5.34 2.49 -2.85 

A2 0.52 -5.07 2.33 -2.74 

A3 1.21 -5.76 2.73 -2.94 

A4 0.97 -5.52 2.65 -2.87 

B1 0.78 -5.33 2.22 -3.11 

B2 0.52 -5.07 2.17 -2.90 

B3 1.11 -5.66 2.63 -3.03 

B4 0.96 -5.51 2.54 -2.97 

Abbreviations: 𝐸ox
onset  = the first oxidation potential; 𝐸HOMO  = HOMO energy 

level; 𝐸LUMO  = LUMO energy level; a: 𝐸HOMO = −(𝐸ox + 4.55) ; b: 𝐸g,opt =

1240

𝑜𝑛𝑠𝑒𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
; c: 𝐸LUMO = 𝐸HOMO + 𝐸g,opt 
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2.6. Concluding Remarks 

A series of D--A cyanostilbenes bearing different electron donors and 

acceptors were synthesized and characterized by NMR and MS. The single crystal 

structure of B1 reveals the planar structure in cyanostilbene and the molecule is 

surrounded by multiple strong CN…H interactions to form tight packing structure. 

The absorption, emission as well as CV measurements show that dicyanovinylene 

is an effective electron-withdrawing group to narrow the bandgap of the 

cyanostilbene to achieve red to NIR emission. On the other hand, although 

diphenylsulfone is a weaker electron acceptor than dicyanovinylene, cyanostilbenes 

containing diphenylsulfone give higher quantum efficiencies in aggregated state 

compared to those with dicyanovinylene unit. Except for B2 which suffered from 

significant  stacking, all cyanostilbenes exhibit remarkable AIE effect and A4 

has the highest quantum efficiency reaching unity. The uniform nano-aggregates in 

SEM images formed in A1 an B1 not only verify the formation of aggregates at 95 

% water fraction, but also show that these classes of cyanostilbenes are promising 

candidates for bioimaging. The two different electron acceptors provide alternative 

choice for synthesizing luminescent AIE-active materials. 
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3. Chapter 3 The Effect of N-substituents and Terminal Functional 

Groups in Phenothiazine-Based Cyanostilbenes in Photophysical 

and Aggregation-Induced Emission Properties 

3.1 Introduction 

Fluorescence imaging is one of the most significant topics and approaches in 

the research field of life science for visualizing and investigating the cellular 

processes in cell or tissue samples.[1,2] Thanks to the contribution of researchers in 

fluorescence imaging field, fluorescent materials like synthetic dyes, inorganic 

quantum dots and fluorescent proteins are potential candidates applied in living 

cells and biological systems.[3–5] However, they have some disadvantages to limit 

their range of applications, such as high toxicity of heavy metals inside inorganic 

quantum dots, poor photostability, easy photobleaching, high cost for fluorescent 

protein, low signal-to-noise ratio (SNR) and the aggregation-caused quenching 

(ACQ) in common organic dyes.[4,6] The notorious ACQ effect in conventional 

organic dyes usually occurs in concentrated solution, aggregated state in less 

soluble solvents and solid state, as the presence of strong intermolecular  

interactions exists based on their hydrophobic planar structures, leading to 

quenching of fluorescence via this non-radiative decay pathway. Moreover, the 
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small Stoke shift existing in common commercial organic dyes is usually less than 

25 nm, resulting in self-absorption and fluorescence detection errors.[7] The close 

absorption and emission spectra hamper the use of optical filters in blocking 

absorption light to reach fluorescent detector. 

In recent years, organic luminogens with aggregation-induced emission (AIE) 

feature discovered by Tang et. al. are ideal candidates to overcome the drawbacks 

of conventional dyes.[8] Taking hexaphenylsilole (HPS) as an example of AIE 

luminogens, it is non-emissive in dilute solutions but luminesce intensely in 

aggregated state through restriction of intramolecular motion (RIM).[9] In addition, 

AIE-active compounds are applied in bioprobes or fluorescent imaging in 

biological studies through simple modifications, such as addition of functional 

groups, fabrication into nanoparticles, or bioconjugation.[10–12] 

Introduction of electron donors (D) and acceptors (A) in organic conjugated 

compounds has been a well-known strategy for a wide variety of applications in 

light harvesting, optoelectronics, biological imaging and sensing.[2,13–16] Moreover, 

two or three photon microscopy, which uses two or three low-energy photons in the 

near-infrared (NIR) region (700–1000 nm) instead of single photon in UV-visible 

light region for excitation, is applicable to AIE compounds in biological imaging 

with deep-tissue penetration and small photo-damage to cells.[17,18] 
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Phenothiazine is a promising electron donor for effective optoelectronic and 

photovoltaic applications because of the electron-rich and non-planar 

geometry.[19,20] This heterocyclic compound containing electron-rich nitrogen and 

sulphur atoms exhibits stronger electron-donating character than other well-known 

N-heterocycles such as triphenylamine and carbazole, and the “butterfly” 

conformation hinders the formation of  stacking for non-radiative decay in the 

solid or aggregated state.[20,21] Cyanostilbene is an AIE-active unit because of the 

twisting of vinylene unit by bulky cyano group in dilute solution but RIM is present 

upon aggregation.[22] Combination of phenothiazine and cyanostilbene unit is an 

ideal approach to synthesize efficient luminogens with AIE properties for organic 

light emitting diodes (OLED) devices, mechanochromic materials and 

bioprobes.[23–25] Not only they exhibit intense red-shifted emission, but also offer a 

large Stokes shift to prevent self-absorption or fluorescence detection error. 

Although the above advantages show that phenothiazine-based cyanostilbenes with 

AIE properties are good candidates in a wide range of applications, the effect of 

substituents or functional groups into optical or AIE properties is rarely investigated 

and reported compared to common AIEgens such as HPS or tetraphenylethene 

(TPE). 

In this chapter, a series of phenothiazine-based cyanostilbene compounds with 
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different terminal units were designed and synthesized. The effect of N-substituent 

in phenothiazine electron donors as well as the terminal groups on the 

photophyiscal properties of cyanostilbenes were also investigated. Toluene and n-

butyl chain were the substituents in phenothiazine, while aldehyde and carboxylic 

acid were chosen as terminal unit in cyanostilbenes. As aldehyde and carboxylic 

acid are essential functional groups in biochemistry, attachment of these units can 

enhance the biocompaticity of the luminogens. The nature of N-substituent on 

phenothiazine could affect the morphologies of nano-aggregates via the packing 

structure and change the photophysical properties.[26] Moreover, the nano-

aggregates of these cyanostilbenes formed in THF and water were also 

characterized. Nanoparticles prepared by small molecules offer simpler synthetic 

procedures and structural modifications compared to polymer-based 

nanoparticles.[27] Such simple nanoparticles can be formed by mixing a small 

amount of dye solution with excessive amount of water. Therefore, these small 

cyanostilbene molecules in this chapter were also subject to bioimaging studies. 
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3.2 Synthesis of Phenothiazine-Based Cyanostilbenes 

The chemical structure and synthetic route are shown in Scheme 3-1 and 

Scheme 3-2. The former shows the synthesis of cyanostilbene backbones and the 

latter presents the attachment of aldehyde or carboxylic acid via Suzuki-coupling 

reaction. 10-p-Tolylphenothiazine (Tol-Phz) was synthesized by Buchwald–

Hartwig amination from 10H-phenothiazine and 4-bromotoluene using palladium 

catalyst, while 10-n-butylphenothiazine (n-but-Phz) was obtained by nucleophilic 

substitution of 1-bromobutane with deprotonated phenothiazine. They were 

formylated via Vilsmeier-Haack reaction, using phosphorus(V) oxychloride and 

DMF to generate chloroiminium ion attacked by phenothiazine followed by 

hydrolysis. Key intermediate cyanostilbenes were obtained by Knoevenagel 

condensation with 4-bromophenylacetonitrile in basic ethanol to release an orange-

red precipitate.  
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Scheme 3-1 Synthetic route of cyanostilbene backbones starting from 

phenothiazine 

 

 Finally, they underwent Suzuki-coupling reaction with 4-formylphenylboronic 

acid or 4-ethoxycarbonylphenylboronic acid pinacol ester (Scheme 3-2). Phz-1a 

and Phz-2a were directly synthesized, while Phz-2a and Phz-2b were obtained by 

further hydrolysis from corresponding esters. 
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Scheme 3-2 Synthetic route of final products 
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3.3 Spectroscopic and Structural Characterization of Phenothiazine-Based 

Cyanostilbenes 

All newly synthesized phenothiazine-based cyanostilbene luminogens were 

characterized by 1H and 13C NMR spectroscopy and mass spectrometry (MS). The 

summarized NMR and MS data are shown in the experimental part of Chapter 7. 

Moreover, the single crystal structures of Phz-1a and Phz-1b were obtained by X-

ray crystallography. 

As shown in Figure 3-1 and Figure 3-2, the presence of a sharp singlet signal 

at around 10 ppm in 1H NMR spectra indicates the existence of an aldehyde unit in 

Phz-1a and Phz-2a. The methyl group in tolyl-compounds is also proven by the 

sharp peak at 2.5 ppm with three integrated protons, which is also present in 1H 

NMR spectra of Phz-1b shown in Figure 3-3. On the other hand, the triplet proton 

signal at 4 ppm is attributed to the CH2 protons adjacent to nitrogen atom on 

phenothiazine, which is observed in 1H NMR spectra of alkyl-substituted 

phenothiazine (Figure 3-2 and Figure 3-4). Apart from representing the unequal 

chemical environments of every carbon in a molecule, the existence of nitrile 

moiety is also supported by the signal at 118 ppm in the 13C NMR spectra. Moreover, 

the signal at around 165 ppm indicates the carbon atom on carboxylic group, while 

the signal is present at 190 ppm in aldehyde unit using 13C NMR spectra of Phz-2a 
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(Figure 3-5) and Phz-1b (Figure 3-6) as examples. 

 

Figure 3-1 1H NMR spectrum of Phz-1a in CDCl3 
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Figure 3-2 1H NMR spectrum of Phz-2a in CDCl3 

 



 

101 

 

 

Figure 3-3 1H NMR spectrum of Phz-1b in DMSO-d6 

 

Figure 3-4 1H NMR spectrum of Phz-2b in DMSO-d6 
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Figure 3-5 13C NMR spectum of Phz-2a in CDCl3 

 

Figure 3-6 13C NMR spectrum of Phz-1b DMSO-d6 
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The single crystals of Phz-1a and Phz-1b were prepared by solvent-exchange 

method using dichloromethane/THF and methanol as the good and poor solvents 

respectively. The crystal data and structure refinement for Phz-1a and Phz-1b are 

shown in Table 3-1 and Table 3-2 respectively. Both of the crystal systems are 

triclinic with two molecules in their unit cells with space group P-1 in Phz-1a (a = 

7.3241 Å, b = 10.875 Å, c = 18.323 Å; = 106.93°, = 92.23°,  = 105.62°) and 

Phz-1b (a = 8.706 Å, b = 13.197 Å, c = 14.520 Å; = 106.50°, = 95.48°,  = 

99.99°).  

 

Table 3-1 Crystal data and structure refinement for Phz-1a 

Identification code  Phz-1a 

Empirical formula  C35H24N2OS 

Formula weight  520.62 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions    a = 7.3241(10) Å  = 106.93(2)°. 

b = 10.875(2) Å   = 92.23(2)°. 

c = 18.323(5) Å    = 105.62(2)°. 

Volume 1333.7(5) Å3 

Z 2 

Density (calculated) 1.296 Mg/m3 
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Absorption coefficient 0.153 mm-1 

F(000) 544 

Crystal size 0.45 x 0.20 x 0.20 mm3 

Theta range for data collection 2.015 to 34.942°. 

Index ranges -11<=h<=11, -17<=k<=17, -29<=l<=28 

Reflections collected 42773 

Independent reflections 11564 [R(int) = 0.0356] 

Completeness to theta = 25.242° 99.1 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7469 and 0.6512 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11564 / 0 / 353 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0538, wR2 = 0.1419 

R indices (all data) R1 = 0.0745, wR2 = 0.1574 

Extinction coefficient n/a 

Largest diff. peak and hole 0.653 and -0.312 e.Å-3 

 

Table 3-2 Crystal data and structure refinement for Phz-1b 

Identification code  Phz-1b 

Empirical formula  C39H32N2O3S (M+THF) 

Formula weight  608.72 (M+THF) 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions    a = 8.7060(19) Å = 

106.50(3)°. 

b = 13.197(3) Å  = 95.48(3)°. 

c = 14.520(3) Å  = 

99.99(3)°. 
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Volume 1556.8(6) Å3 

Z 2 

Density (calculated) 1.299 Mg/m3 

Absorption coefficient 0.146 mm-1 

F(000) 640 

Crystal size 0.40 x 0.12 x 0.06 mm3 

Theta range for data collection 1.480 to 25.751°. 

Index ranges -10<=h<=10, -16<=k<=15, -17<=l<=17 

Reflections collected 12985 

Independent reflections 5929 [R(int) = 0.0435] 

Completeness to theta = 25.242° 99.4 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7453 and 0.6703 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5929 / 0 / 408 

Goodness-of-fit on F2 1.026 

Final R indices [I>2sigma(I)] R1 = 0.0595, wR2 = 0.1412 

R indices (all data) R1 = 0.1038, wR2 = 0.1635 

Extinction coefficient n/a 

Largest diff. peak and hole 0.412 and -0.391 e.Å-3 

 

The single crystal and packing structures of Phz-1a and Phz-1b are shown in 

Figure 3-7 and Figure 3-8 respectively. Selected torsion angles are summarized in 

Table 3-3. The torsion angles along sulfur and nitrogen atom in phenothiazine are -

154.97° and -31.59° in Phz-1a respectively. The torsion angles of 160.74° and -

160.85° along sulfur and nitrogen atom in phenothiazine are also found in Phz-1b, 

indicative of twisted molecular geometry of phenothiazine in packing structure. The 
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tolyl and phenothiazine unit are almost perpendicular to each other with 85.26° and 

-91.26° in Phz-1a and Phz-1b respectively. The torsion angle between 

phenothiazine and vinylene is 26.44°, and the dihedral angle between nitrile and 

neighboring phenyl ring is 11.19° in Phz-1a. Similar torsion angle in phenothiazine 

and vinylene (22.99°) is also found in Phz-1b, revealing the twisted structure of 

cyanostilbene unit. 

 In the crystal packing of Phz-1a, close CN…H interactions with 2.666 Å and 

C…H interactions in phenothiazines with 2.75 Å exist between molecules along the 

a-axis. The shortest intermolecular CC distance is found in cyanostilbene moiety 

only with 3.346 Å along the b-axis. However, the twisted phenothiazine units 

prevent the complete overlapping between Phz-1a molecules. Therefore, limited 

intermolecular … stacking occurs in the cyanostilbenes in Phz-1a. Dimeric 

structure in Phz-1b is formed by strong hydrogen bonds with 1.802 Å between two 

acid units, and the dimers are held by CN…H interaction along the a-axis. The 

shortest intermolecular CC distance is 3.251 Å between phenothiazine and phenyl 

rings. Another short CC distance with 3.3353Å between phenyl rings is observed 

from a plane. These findings show that stronger intermolecular … stacking is 

present in Phz-1b crystals compared with Phz-1a. 
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Figure 3-7 (From top to bottom) The unit cell, crystal packing and single crystal 

structure of Phz-1a with thermal ellipsoids at 50% probability, in which hydrogen 

atoms are omitted for clarity 
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Figure 3-8 (From top to bottom) The unit cell, crystal packing and single crystal 

structure of Phz-1b with thermal ellipsoids at 50% probability, in which hydrogen 
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atoms are omitted for clarity 

 

Table 3-3 Selected torsion angles in the crystal structures of Phz-1a and Phz-1b 

Phz-1a Phz-1b 

Torsion angles Degrees (°) Torsion angles Degrees (°) 

C11S1C6C5 -154.97 C12C7S1C1 160.74 

C10N1C7C6 -31.59 C2N2C8C9 -160.85 

C7N1C16C17 -85.26 C8N2C29C34 91.26 

C2C3C4C9 26.44 C12C11C13C14 22.99 

C1C2C23C28 11.19 C15C14C16C21 -23.02 

C25C26C29C30 33.51 C20C19C22C27 32.13 
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3.4 Photophysical Properties of Phenothiazine-Based Cyanostilbenes 

3.4.1 Absorption and emission properties 

The UV/Vis absorption spectra of luminogens were measured in THF 

solution and shown in Figure 3-9. They have an intense peak at around 330 nm, 

which is attributed to the local -* transition. Another weaker absorption band is 

located at 442, 429, 439, 423 nm for compound Phz-1a, Phz-2a, Phz-1b, Phz-2b, 

representing the intramolecular charge transfer (ICT) transition from electron 

donor to acceptor. Tolyl substituent on N-phenothiazine results in the 

bathochromic shift of absorption maxima by enhancement of conjugation of the 

whole compound compared with those substituted by n-butyl chain.[26] The 

aldehyde moiety in Phz-1a and Phz-2a also leads to a red-shift in absorption 

maxima compared with carboxylic group containing Phz-1b and Phz-2b. 

All cyanostilbenes exhibit orange emission in THF solution upon 

photoexcitation using corresponding absorption maxima. The emission peak of 

Phz-1a, Phz-2a, Phz-1b, Phz-2b is 603, 611, 594 and 606 nm respectively 

(Figure 3-10). The emission maxima of aldehyde Phz-1a and Phz-2a are more 

red-shifted than carboxylic acid Phz-1b and Phz-2 respectively because of the 

stronger electron withdrawing power of aldehyde. Moreover, alkyl-substituted 

fluorophores show bathochromic shift in emission spectra compared to those with 
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aryl-substitution. Furthermore, all compounds exhibit large Stokes shift with 166, 

187, 164 and 184 nm for Phz-1a, Phz-2a, Phz-1b, Phz-2b respectively. Dyes 

showing large Stokes shift without significant overlapping between absorption 

and emission spectra are promising candidates for bioimaging. 

 

Figure 3-9 Absorption spectra of Phz-1a to Phz-2b in THF at a concentration 
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of 10-5 M 

 

Figure 3-10 PL spectra of Phz-1a to Phz-2b in THF at a concentration of 10-5 M 

 

3.4.2 Solvent effect 

The solvent effects of these dyes were carried out for further investigations 

since many dyes with ICT character are highly sensitive to the change of solvent 

polarity. The absorption, PL spectra and quantum efficiencies of dyes were 

measured in solvents with different polarities ranging from hexane to acetonitrile. 

The absorption and emission spectra under different solvents are shown in Figure 

3-11 and the summarized data are presented in Table 3-4 and Table 3-5. 
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Figure 3-11 The absorption (left) and PL (right) spectra of Phz-1a to Phz-2b 
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under different solvents at 10-5 M concentration 

Table 3-4 Optical transitions of Phz-1a and Phz-2a in different solvents a 

  Phz-1a    Phz-2a    

Solvent f 
λmax

abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(nm) 

F 

(%) 

λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(nm) 

F 

(%) 

Hexane 0.0012 436 533 97 100 418 542 124 100 

Toluene 0.014 440 574 134 45.1 425 583 158 57.7 

Diethyl ether 0.167 434 577.5 144 73.7 418 583 165 63.0 

Ethyl acetate 0.2 432 604.5 173 45.0 419 608 189 52.8 

THF 0.21 437 603 166 52.9 424 611 187 50.9 

CH2Cl2 0.217 441 618 177 38.2 421 619 198 34.5 

DMF 0.276 441 626.5 186 12.9 432 636 204 10.5 

Acetone 0.284 432 617.5 186 28.8 424 628 204 23.5 

Acetonitrile 0.305 437 632 195 9.9 422 633 211 6.2 

 

Table 3-5 Optical transitions of Phz-1b and Phz-2b in different solvents a 

  Phz-1b    Phz-2b    

Solvent f 
λmax

abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(nm) 

F 

(%) 

λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(nm) 

F 

(%) 

Hexane 0.0012 430 527 97 99.7 413 533 120 100 

Toluene 0.014 436 568 132 50.3 419 577 158 53.6 

Diethyl ether 0.167 432 569 137 77.3 413 576 163 68.9 

Ethyl acetate 0.2 432 592 160 46.3 416 602 186 45.0 

THF 0.21 434 598 164 50.6 421 605 184 49.2 

CH2Cl2 0.217 438 608 170 29.2 421 614 193 40.0 

DMF 0.276 436 616 180 26.8 422 622 200 24.6 

Acetone 0.284 430 616 186 30.8 419 623 204 27.1 

Acetonitrile 0.305 431 623 192 23.3 419 630 211 17.0 
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aAbbreviations: f = the orientational polarizability of solvent[28], λmax
abs  = 

absorption maximum and λmax
em  = emission maximum under 10-5 M concentration 

from corresponding absorption maxima for excitation, F = fluorescence quantum 

yield estimated by 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-

pyran (DCM) in methanol (F = 43%)[29] 

 

The absorption maxima did not change significantly with variation of solvent 

polarities in all compounds because of the independent relationship between solvent 

polarities and the electronic structure in ground-state and small dipole moments 

associated with ICT transitions.[30] Both of them exhibit red-shifted emission by 91 

to 99 nm with decreasing quantum efficiencies upon increasing the solvent polarity 

from hexane to acetonitrile. These findings show that strong ICT character is 

present in all phenothiazine-based cyanostilbenes. In non-polar solvents like hexane 

or toluene, all cyanostilbenes emit intense green-yellow light. The molecule of 

luminogen is in locally excited (LE) state with coplanar geometry stabilized by 

strong electronic conjugation in D or A unit locally in non-polar solvents.[31] The 

strong electronic conjugation brings about narrow spectrum with a shoulder peak, 

indicative of two separate emission in the same molecule.[14] Further increasing 

solvent polarity converts the LE state into twisted intramolecular charge transfer 

(TICT) state. The partially charged D and A units are stabilized by polar media upon 
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photoexcitation, resulting in intramolecular rotations in a molecule. The effective 

conjugation in a molecule is also broken. Therefore, the TICT state of these 

cyanostilbenes gives out weak and red emission in acetonitrile. 

By comparing the solvatochromic properties between Phz-1a and Phz-2a, 

they show the same change in the red-shifted emission and decrease of quantum 

efficiency upon increasing polarities, showing that the effect of N-substituents in 

phenothiazine is negligible in solvatochromic properties. On the other hand, the 

quantum efficiencies of Phz-1b in polar solvents are higher than aldehyde Phz-1a, 

and it is also occurred in Phz-2a and Phz-2b. The emission maxima of acid-

containing cyanostilbenes in polar solvents (DMF to acetonitrile) are blue-shifted 

compared to those with aldehydes. The presence of intermolecular hydrogen bonds 

in carboxyl groups to form dimeric molecule may rigidify the molecular geometry 

to prevent excessive twisting between phenothiazine and nitrile unit. 

 

3.4.3 AIE effect 

The absorption and PL spectra of each fluorophore with different water 

fractions in THF (fw) were performed to investigate the AIE properties, since all of 

the dyes are soluble in THF but insoluble or slightly soluble in water. They form 

aggregates easily upon addition of a large amount of water in THF solution. The 
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bathochromic shift of their absorption maxima in 95% water fraction is observed 

compared to THF solution (Figure 3-12), indicative of formation of aggregates.  

 

 

Figure 3-12 Absorption spectra of Phz-1a to Phz-2b under THF (black) and 95% 

water (red) at a concentration of 10-5 M 

 

Like other AIEgens with D-A units, TICT effect is present in phenothiazine-

based luminogens when a small amount of water is added, as their emission 

properties are very sensitive to the solvent environment. 

For aldehyde-containing Phz-1a and Phz-2a, they are emissive in THF 

solution at 603 and 596 nm respectively (Figure 3-13 and Figure 3-14). However, 
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when fw increased from 0 to 60%, the PL intensity dropped significantly with red-

shifted emission at around 630 nm. Addition of water increases the solvent polarity, 

which favors the twisted molecular conformation by stabilization of partially 

charged D and A units, resulting in a total charge separation between D and A units. 

This TICT state leads to weak emission due to the loss of intramolecular 

conjugation.[31] Further addition of water from 60 to 80 % results in dramatic 

enhancement of PL intensity, as the molecules prefer the formation of nano-

aggregates rather than solvation in poor solvent mixture.[32] It triggers AIE by 

restriction of intramolecular motion (RIM), and the AIE effect overcomes the TICT 

state as the aggregated molecules are no longer affected by such high solvent 

polarity. The emission wavelength is blue-shifted to at around 610 nm. At water 

fraction above 90%, the intensity is slightly dropped since the dye concentration is 

decreased by precipitation of nano-aggregates and different kinds of nanoparticle 

suspensions are present in such nano-aggregates.[32–34] Moreover, the smaller steric 

effect of alkyl chain in Phz-2a results in a more planar geometry in aggregated 

condition, leading to a more red-shifted emission from 80% to 95% water fraction 

compared to Phz-1a.  
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Figure 3-13 The PL spectra (left) and plots of emission intensity and wavelength 

(right) of Phz-1a in different THF/water ratio in 10-5 M concentration 

 

 

Figure 3-14 The PL spectra (left) and plots of emission intensity and wavelength 

(right) of Phz-2a in different THF/water ratio in 10-5 M concentration 

 

Fluorophores with carboxylic acid, Phz-1b and Phz-2b, show the decrease of 

PL intensity progressively and red-shift of emission wavelength by 20 nm from 0 

to 70% water fraction (Figure 3-15 and Figure 3-16). The dominance of TICT state 

is strengthened when the solvent polarity is increased by further addition of water. 

However, the PL intensity of both fluorophores is raised up sharply with a drop of 
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emission wavelength at around 15-20 nm at 80% water fraction, showing that AIE 

effect is dominant and RIM is triggered. The PL intensity above 90% water fraction 

is decreased significantly compared to aldehyde-containing Phz-1a and Phz-2a, as 

the carboxylic acid forms hydrogen bonding with water molecules and the 

nanoaggregates surrounded with water molecules are precipitated easily. The 

presence of stable H-bonding results in lowering of the energy of the fluorophores 

upon excitation, triggering a red-shifted emission with decreased intensity.[35] 

 

 

Figure 3-15 The PL spectra (left) and plots of emission intensity and wavelength 

(right) of Phz-1b in different THF/water ratio in 10-5 M concentration 
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Figure 3-16 The PL spectra (left) and plots of emission intensity and wavelength 

(right) of Phz-2b in different THF/water ratio in 10-5 M concentration 

 

The nano-aggregate solution of AIEgens was prepared by 95 % water fraction 

in THF at a 10-5 M concentration with rapid mixing. The size and morphology were 

characterized by transmission electron microscopy (TEM) by dropping 10 L 

nanoparticle solution on a TEM grid followed by air-drying. Figure 3-17 to Figure 

3-20 present the TEM images of nano-aggregates of each AIEgen. These TEM 

images reveal the formation of aggregates of cyanostilbenes at high fw. Only Phz-

1a shows perfect sphere with a mean size of 90.6 nm, while the aggregates of Phz-

1b (44.5 nm) and Phz-2b (33.5 nm) are partially spherical with ribbon-like structure 

and Phz-2a (112 nm) is totally irregular. Although of the morphology of Phz-1b 

and Phz-2b is not as regular as Phz-1a, the particle size in carboxylic acid-

containing cyanostilbenes is significantly small compared to those containing 

aldehyde group. 
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The fluorescent quantum efficiencies (F) of these solutions of aggregates are 

determined to be 61.9 %, 64.1 %, 45.6 % and 62.4 % for Phz-1a, Phz-2a, Phz-1b 

and Phz-2b respectively using DCM dye as a standard (F = 43 % in methanol).[29] 

 

 

Figure 3-17 TEM image (left) and size distribution (right) of Phz-1a in 10-5 M 

at 95 % fw  
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Figure 3-18 TEM image (left) and size distribution (right) of Phz-2a in 10-5 M 

at 95 % fw 

 

 

Figure 3-19 TEM image (left) and size distribution (right) of Phz-1b in 10-5 M 

at 95 % fw 
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Figure 3-20 TEM image (left) and size distribution (right) of Phz-2b in 10-5 M 

at 95 % fw 

 

3.4.4 pH effect 

As carboxylic acid is sensitive to the pH change, the pH effect on the PL 

properties of Phz-1b and Phz-2b was studied by measurement of PL spectra under 

95 % buffer solution with pH value ranging from 3 to 10 in THF. The PL spectra 

and intensity and wavelength change under different pH are shown in Figure 3-21 

and Figure 3-22 for Phz-1b and Phz-2b respectively. The emission peak of both 

compounds is red-shifted with decreasing fluorescence intensity. Since the acidic 

group is easily deprotonated at basic conditions, it changes to carboxylate such that 

the polarity of the compound increases and TICT may be present again to achieve 

weaker with red-sifted emission. 
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Figure 3-21 The PL spectra (left) and intensity/wavelength (right) of Phz-1b 

under different pH in 10-5 M concentration 

 

 

Figure 3-22 The PL spectra (left) and intensity/wavelength (right) of Phz-2b 

under different pH in 10-5 M concentration 
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3.5 Electrochemical Properties of Phenothiazine-Based Cyanostilbenes 

Cyclic Voltammetry (CV) was performed to investigate the electrochemical 

properties of phenothiazine-based cyanostilbenes. They were separately dissolved 

into 0.1 M deoxygenated tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) 

electrolyte in acetonitrile, glassy carbon as working electrode, platinum wire as 

counter electrode and saturated silver chloride electrode as reference electrode. The 

ferrocene/ferrocenium couple was used as the standard under a scan rate of 100 mV 

s-1. The EOx(onset) vs. Ag/Ag+ data of each fluorophore are summarized in Table 

3-6. The highest occupied molecular orbital (HOMO) could be estimated by the 

equation of EHOMO = -(Eox + 4.67) eV, while the lowest unoccupied molecular orbital 

(LUMO) could be estimated by the band gap estimated from the onset of the UV-

visible absorption spectra measured in acetonitrile and corresponding HOMO. The 

cyclic voltammograms and summarized electrochemical data are shown in Figure 

3-23 and Table 3-6 respectively. 

The oxidation potential represents the ease of oxidation from electron-rich 

donor of a compound. In this case, the oxidation potential values of all compounds 

were similar, ranging from 0.52 to 0.53 V. Therefore, the HOMO level of each 

compound should be located on the same electron donor, which is electron-rich 

phenothiazine moiety. Moreover, these results show that there is little contribution 
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of N-substituent and terminal group regarding the change of HOMO level. The 

LUMO level should be mainly located on the cyanovinyl unit on each compound 

based on its highly electron accepting ability. However, the LUMO energy value 

was lowered in aryl-substituted Phz-1a and Phz-1b in comparison with Phz-2a and 

Phz-2b, which means that the tolyl substituent involves the stabilization of LUMO 

level, resulting in a narrower optical band gap. The similar LUMO level in Phz-1a 

and Phz-1b shows that there is little significant change of LUMO levels upon 

different end groups. 
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Figure 3-23 The cyclic voltammograms of Phz-1a to Phz-2b 

 

Table 3-6 Electrochemical data of Phz-1a to Phz-2b 

Compound 𝑬𝐨𝐱
𝐨𝐧𝐬𝐞𝐭 (V) HOMO (e V)a 𝑬𝐠,𝐨𝐩𝐭 (e V)b LUMO (e V)c 

Phz-1a 0.53 -5.21 2.40 -2.80 

Phz-2a 0.52 -5.20 2.47 -2.73 

Phz-1b 0.53 -5.20 2.40 -2.80 

Phz-2b 0.52 -5.20 2.49 -2.70 

Abbreviations: 𝐸ox
onset  = the first oxidation potential; 𝐸g,opt  = optical 

bandgap;  𝐸HOMO  = HOMO energy level; 𝐸LUMO  = LUMO energy level; a: 

𝐸HOMO = −(𝐸ox + 4.67) ; b: 𝐸g,opt = 1240

𝑜𝑛𝑠𝑒𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
; c: 𝐸LUMO =
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𝐸HOMO + 𝐸g,opt 
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3.6 Biological Imaging using Phenothiazine-Based Cyanostilbenes 

The fluorescent images of the HeLa cell after incubating with 10-5 M of 

cyanostilbenes for 4 hours at 25°C are shown in Figure 3-24 to Figure 3-27. In part 

D of Figure 3-24 to Figure 3-27, orange fluorescence is overlaid with the location 

of the cells, showing that phenothiazine-based AIEgens are uptaken by cells. The 

Hoechst 33248 in images is used to trace the nucleus of the cells. By comparison of 

the overlay between orange emission and blue area, it demonstrates that the 

AIEgens are located at the cytoplasm of cells without further entering into the 

nucleus. To further investigate the cellular uptake of these cyanostilbenes, 

fluorophores containing n-butyl chain show more intense fluorescence images than 

those substituted with tolyl group. The alkyl chain can provide a larger extent of 

conformational change of the molecule, which may favour the intake of the cells. 

However, there is no difference in fluorescence intensity between the aldehyde and 

carboxylic acid-containing cyanostilbenes using the same N-substituent. The 

cytotoxicity of Phz-2a was studied by WST method and the result is shown in 

Figure 3-28 to Figure 3-31. The cell viability remains above 90 % when the 

concentration of Phz-1a and Phz-2a is increased to 150 M, indicative of excellent 

biocompatibility of aldehyde-containing phenothiazine-based cyanostilbene 

AIEgens. However, there is a huge fluctuation of cell viability for Phz-1b as this 
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value exceeds 100 % Further repeats of cytotoxicity tests would be carried out to 

minimize the error. The cell viability high as 95 % when the concentration of 

fluorophore Phz-2b below 25 M, but it drops significantly when the concentration 

exceeds 50 M. Since the concentration of AIEgens used for cellular imaging is 10 

M and they are highly biocompatible in this concentration, all phenothiazine-

based cyanostilbenes are suitable for detailed biological imaging. 

 

Figure 3-24 CLSM images of BEL-7402 tumor cells of (A) Phz-1a; (B) Hoechst 

33258; (C) bright field; (D) overlay of above images under 405 nm excitation 
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Figure 3-25 CLSM images of BEL-7402 tumor cells of (A) Phz-2a; (B) Hoechst 

33258; (C) bright field; (D) overlay of above images under 405 nm excitation 

 

Figure 3-26 CLSM images of BEL-7402 tumor cells of (A) Phz-1b; (B) Hoechst 
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33258; (C) bright field; (D) overlap of above images under 405 nm excitation 

 

 

Figure 3-27 CLSM images of BEL-7402 tumor cells of (A) Phz-2b; (B) Hoechst 

33258; (C) bright field; (D) overlap of above images under 405 nm excitation 
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Figure 3-28 Cell viability of Phz-1a in BEL-7402 tumor cells at various 

concentrations after 24-hour incubation 

 

 

Figure 3-29 Cell viability of Phz-2a in BEL-7402 tumour cells at various 

concentrations after 24-hour incubation 
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Figure 3-30 Cell viability of Phz-1b in BEL-7402 tumour cells at various 

concentrations after 24-hour incubation 

 

 

Figure 3-31 Cell viability of Phz-2b in BEL-7402 tumour cells at various 

concentrations after 24-hour incubation 
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3.7 Concluding Remarks 

In this chapter, a series of luminogens with combinations of different N-

substituted phenothiazines, cyanostilbene unit and terminal functional groups were 

synthesized and characterized. Although the tolyl-containing phenothiazine in Phz-

1a and Phz-1b leads to the absorption maximum at the longer wavelength and the 

n-butyl substituent in phenothiazine of Phz-2a and Phz-2b causes the slight 

bathochromic shift in emission spectra, they exhibit remarkable orange emission 

with large Stokes shift ranging from 164 to 187 nm. All luminogens are AIE-active 

with large Stokes shift, where TEM images of dyes under 95 % water fraction verify 

the existence of nano-aggregates with various morphologies and size ranging from 

30 to 110 nm. Nano-aggregates of Phz-1a exhibits prefect sphere with largest 

average size of 110 nm, while acid-containing species show smaller size of 

aggregates with slightly irregular morphologies. Furthermore, these AIE-active 

fluorophores can enter into BEL-7402 tumor cells to show strong orange 

fluorescence with low cytotoxicity. The cells stained with Phz-2a and Phz-2b show 

more intense fluorescence compared to those stained with tolyl-substituted species. 

These results make the AIE-active cyanostilbenes promising fluorescent probes for 

noninvasive cellular imaging applications. 
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4. Chapter 4 Synthesis and Characterization of Neutral 

Cyclometalated Platinum(II) Complexes with Aggregation-

Induced Emission and Self-Assembly Properties 

4.1. Introduction 

Phosphorescent transitional metal complexes are promising materials of 

practical interests. Because of their unique photophysical behavior and tunable 

emission wavelength of phosphorescence, they are widely used in organic light-

emitting diodes (OLEDs), photovoltaic cells, chemosensors and bioprobes, etc.[1–5] 

Platinum(II) complexes are one of the most promising phosphors to be further 

explored. The unique dsp2 hybridization of Pt(II) atomic orbitals leads to the square 

planar structures with empty dz
2 orbitals.[6,7] The weak and non-covalent Pt…Pt 

interaction is formed between the dz
2 orbitals in Pt(II) centers. This non-covalent 

Pt…Pt interaction not only provides additional strategy in colour tuning via metal-

metal to ligand charge transfer (MMLCT), but also favors self-assembly processes 

between Pt(II) complexes for further investigations in biological applications.[6,8,9] 

However, there are several challenges in designing Pt(II) complexes to achieve 

robust emission properties. The Pt(II) complexes easily undergo non-radiative 

decay due to the structural distortion in triplet excited state (T1).
[10–12] Such non-
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planar geometry results in non-emissive properties in some Pt(II) complexes. 

Moreover, the metal-ligand (M-L) bond in Pt(II) complex may be ruptured such 

that the phosphorescent emission is lost. Therefore, the structural design of ligands 

is achieved by using strong -bond donor units and making rigid multidentate 

ligands.[12] The former can increase the M-L bond strength while the latter can 

maintain the geometrical stability and M-L bond upon excitation. Therefore, many 

Pt(II) complexes bearing bidentate, tridentate and tetradentate ligands with strong 

-bond donors have been reported to show highly efficient phosphorescence in 

solutions.[7] Similar to other phosphorescent emitters containing heavy metal center, 

Pt(II) complexes also suffered from concentration quenching (CQ) in concentrated 

solutions or assembled state, oxygen quenching, photobleaching to limit the range 

of applications especially in bioimaging since biological samples usually contain 

oxygen.[8]  

The discovery of aggregation-induced emission by Tang’s group in organic 

fluorophore shows an opposite effect of ACQ.[13] When the luminogen is soluble in 

good solvents, no emission occurs; however, when a large portion of poor solvents 

is added, the emission is turned on dramatically due to the formation of nano-

aggregates. Restriction of intramolecular motion (RIM) is the proposed mechanism 

of AIE effect by prevention of non-radiative vibration or rotation of molecule.[14] 
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This strategy has been applied in Ir(III) complexes for pressure or chemo sensors, 

bioimaging and optoelectronic devices.[15–19] Some AIE-active Pt(II) complexes 

were also reported, in which the formation of aggregates in high water portion of 

water in tetrahydrofuran or acetonitrile reduces the non-radiative structural 

distortion in T1 excited state.[11,20] Combination of the concept of AIE and self-

assembly properties of Pt(II) complexes results in a powerful tool in optoelectronics 

and bioprobes. Some Pt(II) complexes are non-emissive in diluted solutions, but 

they are assembled in solid state due to the Pt…Pt interaction.[21,22] Such interaction 

gives rise to MMLCT to trigger intense emission in near-infrared (NIR) region to 

achieve 24 % external quantum efficiency (EQE) in non-doped OLED devices, 

which is the highest value in NIR OLED device.[22] On the other hand, the 

aggregated Pt(II) complexes self-assembled state can shield to each other to prevent 

severe oxygen quenching and photobleaching for long term biological monitoring 

and imaging.[8,23] Moreover, the AIE effect of Pt(II) complexes can be used to 

monitor the assembling processes or status via measurement of the emission 

properties for further controlling the self-assembling processes.[24] 

In this chapter, a series of Pt(II) complexes bearing tridentate C^N^C and 

monodentate pyridyl ligands were synthesized and characterized. Unlike other 

reported pincer ligands, C^N^C ligands chelated with Pt(II) ions are usually non-
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emissive even though they have two strong -bond donor units to form stable M-L 

bonds.[12] With the computational studies by Che et. al., the significant structural 

distortion and non-radiative decay in low-energetic T1 excited state in Pt(II) C^N^C 

complexes are present compared with others.[12] Structural modifications by 

extending -conjugation or introducing bulky and rigid carborane cage were 

achieved to increase the quantum efficiencies in both solid and solution state, since 

these strategies prevent structural distortion in T1 excited state and the bulky unit 

avoids the aggregation induced emission quenching.[10,25] In our work, 2,6-bis-(2,4-

difluorophenyl)pyridine (L1) and 2,6-di-(2’-naphthyl)pyridine (L2) were chosen as 

C^N^C tridentate ligands, as the fluorine atoms in L1 were used to decrease the 

strength of -bond donor to increase the energy gap between T1 and singlet ground 

state (S0) to prevent radiationless decay. L2 reported by Che’s group is more 

conjugated to prevent structural distortion of Pt(II) complex in T1 excited state.[12,26] 

The substituents, such as dimethylamino group, triethylene glycol (TEG) and alkyl 

chain on monodentate pyridyl ligands were prepared to be attached on Pt(II) C^N^C 

ligands. Moreover, the morphology of Pt(II) complexes in this chapter was also 

studied by scanning electron microscopy (SEM) or transmission electron 

microscopy (TEM) to explore the self-assemble processes. Combining the concept 

of AIE with morphological studies of these Pt(II) complexes in aggregates, we noty 
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only use AIE phenomenon to brighten up the non-emissive Pt(II) complexes in 

room temperature, but also study the relationship between substituents on 

complexes and formation of aggregates to change the emission properties. 
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4.2. Synthesis of Platinum(II) Complexes 

The synthetic outline of Pt(II) complexes is shown in Scheme 4-1 to Scheme 

4-3. The first part (Scheme 4-1) is the synthesis of tridentate C^N^C ligand by 

Suzuki coupling reaction from 2,6-dibromopyridine and the corresponding boronic 

acid in the presence of Pd(0) catalyst. The synthesis of Pt(II) C^N^C complex 

precursors, Pt-1 and Pt-2, includes two steps. The first step is the metalation of 

C^N^C ligand by potassium tetrachloroplatinate(II) (K2PtCl4) in acetic acid to form 

chloride-bridged dimer[27], and the next step is the splitting of dimer using hot 

DMSO and water.[10] The DMSO moiety in Pt(II) C^N^C is easily replaced by 

monodentate ligands. 



 

147 

 

 

Scheme 4-1 Synthetic route of tridentate ligands and the corresponding Pt(II) 

complexes with DMSO unit 

 

The second part is the preparation of pyridyl monodentate ligand. Py-1 and 

Py-2 were synthesized by addition of tosylate of triethylene glycol monomethyl 

ether or 1-bromooctane to 4-hydroxypyridine in basic condition (Scheme 4-2). The 

final step is replacement of DMSO moiety on Pt-1 or Pt-2 by pyridyl ligands in 

stirring dichloromethane (Scheme 4-3). These pyridyl ligands include pyridine, 4-
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dimethylaminopyridine (DMAP), Py-1 and Py-2. The resulting Pt(II) complexes 

were purified by precipitation or column chromatography. 
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Scheme 4-2 Synthetic route of pyridyl ligands with carbon or TEG chain 
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Scheme 4-3 The structures of Pt(II) complexes with pyridyl monodentate ligand 

and the corresponding synthetic route 
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4.3. Spectroscopic and Structural Characterization of Platinum(II) 

Complexes 

All Pt(II) complexes were characterized by 1H NMR spectroscopy and mass 

spectrometry (MS) since the 13C NMR spectra of Pt(II) complexes are difficult to 

analyze due to severe splitting of peaks in C-F bonds. The integrated proton signals 

correspond to the correct structure for all compounds. In the 1H NMR spectra of Pt-

1 or Pt-2 shown in Figure 4-1, a sharp triplet signal located at around 3.6 to 3.8 

ppm with large coupling constant (J) of 13 Hz indicates the attachment of DMSO 

unit to Pt(II) center. Sharp triplet peak above 8 ppm with J value of 13 Hz also 

reveals the formation of Pt-C bond from aromatic units. Using the 1H NMR spectra 

of Pt-1a or Pt-2b as examples shown in Figure 4-2 and Figure 4-3, upon ligand 

displacement of DMSO unit into pyridyl groups, the disappearance of an intense 

triplet peak from 3.6 to 3.8 ppm indicates the complete reaction. A sharp singlet or 

triplet peak above 8 ppm also indicates the attachment of pyridyl unit on the Pt 

center. 
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Figure 4-1 1H NMR spectrum of Pt-2 in CDCl3 
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Figure 4-2 1H NMR spectrum of Pt-1a in CDCl3 

 

Figure 4-3 1H NMR spectrum of Pt-2b in CDCl3 

 

 The single crystals of Pt-1a and Pt-1b were prepared by solvent-exchange 
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method using dichloromethane and hexane as the good and poor solvents 

respectively. The crystal data and structure refinement are shown in Table 4-1 and 

Table 4-2 for Pt-1a and Pt-1b respectively. Both systems of Pt-1a and Pt-1b are 

triclinic. Eight molecules are found in the unit cell of Pt-1a with space group P-1 

(a = 11.148 Å, b = 16.216 Å, c = 21.045 Å; α = 96.77°, β = 90.40°, γ = 108.42°). 

Two molecules are found in unit cell of Pt-1b with space group P-1 (a = 9.359 Å, 

b = 9.677 Å, c = 12.344 Å; α = 72.58°, β = 78.56°, γ = 69.66°). The crystal packing 

structures are shown in Figure 4-4 and Figure 4-5 for Pt-1a and Pt-1b respectively. 

The selected torsion angles for Pt-1a and Pt-1b are summarized in Table 4-3. 

Table 4-1 Crystal data and structure refinement for Pt-1a 

Identification code  Pt-1a 

Empirical formula  C22H12F4N2Pt 

Formula weight  575.43 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 11.148(2) Å = 96.77(2)°. 

 b = 16.216(3) Å = 90.40(2)°. 

 c = 21.045(4)        = 108.42(2)°. 

Volume 3580.1(12) Å3 

Z 8 

Density (calculated) 2.135 Mg/m3 

Absorption coefficient 7.889 mm-1 

F(000) 2176 
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Crystal size 0.45 x 0.15 x 0.06 mm3 

Theta range for data collection 1.963 to 31.044°. 

Index ranges -16<=h<=16, -23<=k<=23, -30<=l<=30 

Reflections collected 82355 

Independent reflections 22687 [R(int) = 0.0378] 

Completeness to theta = 25.242° 99.3 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7462 and 0.3313 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 22687 / 0 / 1045 

Goodness-of-fit on F2 1.096 

Final R indices [I>2sigma(I)] R1 = 0.0322, wR2 = 0.0704 

R indices (all data) R1 = 0.0428, wR2 = 0.0749 

Extinction coefficient n/a 

Largest diff. peak and hole 1.769 and -1.515 e.Å-3 

 

Table 4-2 Crystal data and structure refinement for Pt-1b 

Identification code  Pt-1b 

Empirical formula  C24H17F4N3Pt 

Formula weight  618.49 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 9.359(3) Å = 72.58(2)°. 

 b = 9.677(3) Å = 78.56(2)°. 

 c = 12.344(4) Å  = 69.66(2)°. 

Volume 994.6(6) Å3 

Z 2 

Density (calculated) 2.065 Mg/m3 

Absorption coefficient 7.109 mm-1 
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F(000) 592 

Crystal size 0.40 x 0.15 x 0.12 mm3 

Theta range for data collection 2.319 to 33.309°. 

Index ranges -14<=h<=14, -14<=k<=14, -18<=l<=18 

Reflections collected 20419 

Independent reflections 7167 [R(int) = 0.0309] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7466 and 0.3702 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7167 / 0 / 289 

Goodness-of-fit on F2 1.062 

Final R indices [I>2sigma(I)] R1 = 0.0284, wR2 = 0.0687 

R indices (all data) R1 = 0.0325, wR2 = 0.0714 

Extinction coefficient n/a 

Largest diff. peak and hole 2.537 and -5.128 e.Å-3 
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Figure 4-4 (From top to bottom) Unit cell, crystal packing and single crystal 

structure of Pt-1a with thermal ellipsoids at 50% probability, in which hydrogen 

atoms are omitted for clarity 
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Figure 4-5 (From top to bottom) Unit cell, crystal packing and single crystal 

structure of Pt-1b with thermal ellipsoids at 50% probability, in which hydrogen 

atoms are omitted for clarity 

 

Table 4-3 Selected data of bond length, bond angles and torsion angles in Pt-1a and 

Pt-1b 

Pt-1a 

Bond 

length 

(Å) 

Bond angle 

(°) 

Torsion angle  

(°) 

N1Pt1 

1.963 

C1Pt1C13 

163.9 

N1C7C6C1 

2.19 

C13Pt1 

2.032 

N1Pt1C1 

81.6 

C11C12C13Pt

1 -1.23 

C1Pt1 

2.040 

N1Pt1C13 

82.4 

C1Pt1N1C11 

179.25 

Pt1N2 

2.024 

C1Pt1N2 

97.8 

C18N2Pt1C1 

105.90 
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Pt-1b 

Bond 

length 

(Å) 

Bond angle 

(°) 

Torsion angle  

(°) 

Pt1N1 

1.964 

C13Pt1C1 

163.5 

N1C7C6C1 

2.19 

C13Pt1 

2.038 

N1Pt1C13 

81.8 

C1Pt1N1C7 

2.14 

Pt1C1 

2.038 

C1Pt1N2 

98.0 

Pt1C13C12C1

1 1.43 

Pt1N2 

2.021 

C13Pt1N2 

98.2 

C13Pt1N2C18 

115.63 

 

 The single crystal structures of Pt-1a and Pt-1b reveal the highly planar 

geometry of C^N^C ligand chelated to Pt(II) ion since the large dihedral angle 

between Pt atom and C^N^C ligand was only 2.19°. The monodentate pyridyl 

ligands are not co-planar with the pincer ligand. The torsion angles found are 105.9° 

and 115.63° in Pt-1a and Pt-1b respectively. The bond lengths between Pt(II) center 

and ligands in two complexes are nearly the same in corresponding positions, which 

means the bond strength of PtN on monodentate unit is independent of the para-

substituents on pyridyl group.[28] PtN1 bond length (1.963 Å) is slightly shorter 

than PtN2 (2.024 Å). It is attributed to the stabilization of Pt-N bond due to the 

tridentate ligand. 
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 The crystal packing structures of Pt-1a and Pt-1b are completely different. 

When observed from a-plane in Pt-1a, the pincer Pt(II) units are partially stacked 

with each other to prevent the steric hindrance from twisted pyridine. The C…C 

distance between C^N^C ligands found are 3.371, 3.386, 3.393 and 3.398 Å, 

indicative of the presence of - interaction between the pincer ligands. Moreover, 

Pt…Pt interactions may be present in this view of packing as the values of PtPt 

distance found are 3.812, 4.132, 4.389, 4.722 Å respectively. When observed from 

c-plane, the fluorine atoms in C^N^C allow the formation of side-to-side packing 

via the strong CH…F interactions with 2.607 and 2.466 Å. This side-to-side 

packing results in a ring formed by four pincer ligands. 

In the crystal packing structure of Pt-1b, close CH…F interactions in head-to-

head and tail-to-tail packing are present with a distance of 2.652 and 2.656 Å 

respectively. The close CH…C interactions between DMAP units are present with 

a distance of 2.896 Å. Close CH…F interactions exhibit in side-to-side fashion of 

pincer ligands with 2.458 Å. In the view of packing parallel to the plane of C^N^C 

ligand, close CH…C and … interactions are present with short distances of 3.394 

and 2.888 Å between the pincer ligand and DMAP. However, there is absence of 

Pt…Pt interaction since the shortest PtPt distance is as long as 6.633 Å. 
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4.4. Photophysical Properties of Platinum(II) Complexes 

4.4.1. Absorption and Emission Properties  

The UV-Vis absorption and photoluminescence (PL) spectra of tridentate 

ligands and Pt(II) complexes were taken in acetonitrile (MeCN) at a concentration 

of 10-5 M at 298 K. The absorption and PL spectra are shown in Figure 4-6 and 

Figure 4-7 for Pt-1 and Pt-2 based compounds separately. The data are summarized 

in Table 4-4. Two absorption bands exist in the absorption spectra of L1 as well as 

Pt-1 based complexes, in which the first one at below 250 nm is * transition and 

the latter one is attributed to intramolecular charge transfer (ICT) of the ligand. 

However, bathochromic shift occurs in the absorption spectra upon chelation of 

Pt(II) due to the extension of -conjugation. The former peak with high absorbance 

( = 30000 M-1cm-1 or above) below 300 nm in Pt-1 based complexes is assigned 

as intraligand (IL) transition of the C^N^C ligands. Another moderate intense peak 

( = 1000026000 M-1cm-1) at 300 to 400 nm is assigned to 1MLCT transition from 

Pt center to C^N^C ligand. Pt-1 based complexes exhibit the same IL transition but 

a slight red-shift in MLCT transition is obtained in Pt-1a to Pt-1d compared to Pt-

1. Pt-2 based complexes also exhibit two peaks in absorption spectra, but the 

absorption spectra of L2 and Pt-2 based complexes were red-shifted as compared 

to L1 and Pt-1 containing complexes. The * and ICT of L2 was 245 and 313 
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nm, and the IL transition and 1MLCT transition locate at 305-320 and above 360 

nm respectively. The naphthyl units on C^N^C ligand play a critical role to extend 

the -conjugation of Pt(II) complexes. 

Only C^N^C ligands are emissive while all Pt complexes are weakly emissive 

and non-emissive in MeCN solution. L2 displayed a red-shifted emission compared 

to L1 due to the extended conjugation of naphthylene. Complexes bearing L1 show 

a peak at around 430 nm, while L2-containing complexes exhibit several emission 

peaks. The emission of Pt-1 based complexes locate at around 367 to 430 nm, which 

are originated from MLCT transition. An emission peak below 430 nm was 

observed Pt-2a to Pt-2d, where Pt-2a and Pt-2c show a peak at around 615 nm and 

Pt-2d shows two peaks at 536 and 580 nm. The peaks at below 430 nm, 536 and 

580 nm are assigned to MLCT transition, while the 615 nm would be originated 

from  
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Figure 4-6 Absorption (left) and PL (right) spectra of Pt-1 related compounds 

in 10-5 M MeCN at 298 K 

 

Figure 4-7 Absorption (left) and PL (right) spectra of Pt-2 related compounds 

in 10-5 M MeCN at 298 K 

 

Table 4-4 Photophysical data measured in 10-5 M MeCN solution at 298 K 

Compound 𝛌𝐚𝐛𝐬 [nm] ( [M-1cm-1]) 𝛌𝐬𝐨𝐥𝐧
𝐞𝐦  [nm] 

L1 232 (19900), 293 (5860) 340 

Pt-1 269 (55700), 330 (17200) 367 

Pt-1a 271 (51400), 337 (11600) 418 

Pt-1b 276 (43200), 344 (10300), 385 (3380) 391 

Pt-1c 269 (39300), 342 (9450) 430 
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Pt-1d 269 (42200), 342 (11900) 405 

L2 245 (44800), 313(12700) 350 (sh), 365 

Pt-2 242 (21100), 306 (16300), 390 (5600) Non-emissive 

Pt-2a 317 (49200), 380 (17600) 
429, 525 (sh), 617 

(sh) 

Pt-2b 315 (54300), 378 (11700) 428 

Pt-2c 240 (33900), 363 (7300) 426, 615 

Pt-2d 280 (49200), 319 (25600), 360 (17600) 
409, 536 (sh), 580 

(sh) 

Abbreviations: λabs  = absorption maximum and λsoln
em   = emission maximum 

under 10-5 M concentration in MeCN, : molar extinction coefficient, sh: shoulder 

peak 
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4.4.2. AIE Properties 

All Pt(II) complexes are soluble in common organic solvents like THF and 

acetonitrile, but they are insoluble in water. Therefore, the AIE properties of Pt(II) 

complexes were investigated by measuring the UV and PL spectra under different 

volume ratio of acetonitrile and water (MeCN/H2O). In their UV absorption spectra 

in Figure 4-8, the peaks above 350 nm are red-shifted with increasing absorbance 

for all compounds except Pt-2c. It is attributed to the formation of nano-suspension 

of molecules in poor solvents with more planar geometry, which is similar to the J-

aggregate formation (JAF) in αcyanostilbenes.[29] 

The PL spectra and plots of intensities under different water fractions (fw) are 

shown in Figure 4-9, in which the corresponding data are summarized in Table 4-5. 

Nearly all Pt(II) complexes are non-emissive or weakly emissive in pure MeCN. 

Only a very small fluctuation in is observed when fw increases from 0 to 40 %. 

However, upon 50 % fw or above, emission occurs above 500 nm and these 

complexes exhibit maximum intensity at 70 to 90 % fw except Pt-2c. The sharp 

increment of quantum efficiencies in Pt(II) complexes at 90 % also reveals the AIE 

effect. There is a small increase of emission lifetime at 90 % fw for Pt-1a to Pt-2b, 

which is also occurred in AIE-active terpyridine complexes.[20] The nature of 

monodentate ligand brings about different AIE properties.  
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In pyridyl or DMAP-containing complexes, the emission intensity rises up 

dramatically above 50 and 60 % fw, and they reach maximum intensity at 80 or 90 

% fw. The quantum efficiencies boost up from below 1 % in MeCN to 18.3 % at 90 

% fw for Pt-1a, revealing the significant enhancement at aggregated state, as well 

as Pt-1b, Pt-2a and Pt-2b. Since the molecules lack of intermolecular interaction 

in diluted solution state, they may easily undergo structural distortion in T1 excited 

state. Moreover, the free rotation of monodentate pyridyl unit along the Pt-py bond 

maybe another way of non-radiative decay, resulting in very weak emission. Upon 

50 % fw or more, the Pt(II) molecules aggregate together and they start packing 

tightly. Therefore, restriction of intramolecular motion (RIM) is triggered. Such 

aggregate formation effectively decreases the severe structural distortion and non-

radiative decay in T1 excited state, resulting in strong, red-shifted phosphorescent 

emission. A small decrease of emission intensity from 70 to 90 % in Pt-2a and Pt-

1b is normal for AIE systems since the concentration of solution may be decreased 

by precipitation of nano-aggregates, and scattering of incident light or light 

emission may result in decreasing intensity during the formation of such 

aggregates.[30–32] The maximum emission peak is located at 556 and 562 nm for Pt-

1a and Pt-1b, while the peak is located at 607 and 602 nm for Pt-2a and Pt-2b 

respectively, indicative of the little contribution of dimethylamino group on pyridyl 
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ligand for colour tuning.  

On the other hand, Pt-1c, Pt-1d and Pt-2d show different emission properties 

when compared to Pt-1a and Pt-2a. Although they also show significant 

enhancement of emission in PL spectra and quantum efficiencies, the emission peak 

in Pt-1c and Pt-1d is observed at 625 nm but not at 550 nm. The induced emission 

spectra of Pt-2d exhibits several emission peaks located at 513, 570 and 613 nm, 

which is completely different compared to Pt-2a or Pt-2b. The large difference in 

PL spectra in aggregated state between Pt-1a/b and Pt-1c/d suggests that they may 

aggregate in various ways such that the red-shifted emission is triggered from 

stronger Pt…Pt interaction between the short PtPt distance. Two separate emission 

peaks at 435 and 605 nm are always excited in PL spectra of Pt-2c under different 

fw. There is absence of obvious increment of emission intensity at high fw. These 

results show that both structural distortion in T1 excited state and other quenching 

processes may proceed upon aggregation. 
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Figure 4-8 Absorption spectra of in MeCN (black line) and 90 % water fraction 
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(red line) of Pt-1a to Pt-2b at 10-5 M concentration in 298 K 
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Figure 4-9 PL spectra (left) and PL intensity (right) of Pt-1a to Pt-2d in 

different water fractions at 10-5 M concentration 

 

Table 4-5 Optical properties of Pt complexes under 0 and 90% water fraction in 

MeCN 

Compound fw = 0 fw = 90 % 

λabs 

[nm] 

λem [nm] 

( [s]) 

P 

(%) 

λabs 

[nm] 

λem [nm] 

( [s]) 

P 

(%) 

Pt-1a 337 417 

(3.49) 

0.7 357, 400 524 (sh),  

551 (3.57) 

18.3 

Pt-1b 344, 391 391 

(3.22) 

0.8 354, 405 562 (3.53) 8.3 

Pt-1c 342 429 

(3.12) 

0.8 352 627 (4.40) 5.8 

Pt-1d 342 405 

(7.19) 

1.5 363 625 (7.88) 4.0 

Pt-2a 380 428 

(3.50) 

0.4 389 607 (4.85) 8.6 
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Pt-2b 378 429 

(8.37) 

0.2 385 602 (10.06), 

634 (sh) 

5.6 

Pt-2c 363 435, 

615 

(3.52) 

0.6 363 435, 609 0.4 

Pt-2d 360 410 0.2 367 570 (14.14), 

513 (sh),  

613 (sh) 

4.4 

Abbreviations: fw: water fraction; λabs = absorption maximum; λem = emission 

maximum under 10-5 M concentration; : lifetime measured at 298 K; sh: shoulder 

peak; P: quantum yield relative to fac-Ir(ppy)3 ( = 40% in dichloromethane)[33] 
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4.5. Morphology of Pt(II) Complexes in Aggregated State 

To further verify the AIE effect at high fw, morphological study of Pt(II) 

complexes was performed by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Energy-dispersive X-ray spectroscopy 

(EDX) was also performed in these aggregates to verify the presence of platinum 

element. The sample preparation was achieved by dropping 10 L of solution of 90 

% fw on a silicon substrate or copper grid followed by air-drying. The SEM, TEM 

and EDX results are shown in Figure 4-10 to Figure 4-17 for Pt-1a to Pt-2d. The 

EDX result reveals that the nanorods and nano-spheres are made up of Pt(II) 

complexes. From the SEM and TEM images, it is suggested that all Pt complexes 

formed nano-aggregates to achieve emission properties.  

In Pt-1a and Pt-1b, the complexes are self-assembled into nanorods from 

nano-scale to micro-scale in 90 % fw in MeCN. The longest rod in Pt-1a shows 

length of 3.8 m with 130 nm wide, while the largest one in Pt-1b is 1.26 m long 

with width of 44 nm. The crystal packing structures and the formation of nanorods 

suggest that they are induced by high fw to self-assemble to achieve bright emission. 

Furthermore, the additional Pt…Pt interaction in Pt-1a in nanorods allows tighter 

packing structure such that the quantum efficiency is higher than Pt-1b upon 

aggregation.  
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In Pt-1c and Pt-1d, they exhibit similar morphology in 90 % fw, but the former 

has much larger size with a mean diameter of 455 nm, while the latter has a mean 

diameter of 87 nm. Both of them have irregular shape in aggregated state. From the 

SEM and TEM images, it shows that the different morphologies in aggregated state 

bring about large difference in emission properties between Pt1a/b and Pt-1c/d 

although they share the same C^N^C ligand. 

Unlike Pt-1a and Pt-1b, Pt-2a and Pt-2b exhibit spherical aggregates in both 

SEM and TEM images. Average diameter of spheres in Pt-2a and Pt-2b is 39 nm 

and 28 nm respectively. However, the aggregates of Pt-2c and Pt-2d are irregular 

in shape with diameter at around 100 nm. Such variation of morphology in 

aggregated state in Pt-2 based complexes also leads to difference in AIE properties. 

 



 

177 

 

 

Figure 4-10 SEM (A), TEM (B) and EDX spectrum (C) of Pt-1a at 90 % water 

fraction in 10-5 M concentration 
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Figure 4-11 SEM (A), TEM (B) and EDX spectrum (C) of Pt-1b at 90 % water 

fraction in 10-5 M concentration 
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Figure 4-12 SEM (A), and EDX spectrum (B) of Pt-1c at 90 % water fraction in 

10-5 M concentration 

 

 

Figure 4-13 SEM (A) and EDX spectrum (B) of Pt-1d at 90 % water fraction in 10-
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5 M concentration 

 

 

Figure 4-14 SEM (A), TEM (B) and EDX spectrum (C) of Pt-2a at 90 % water 
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fraction in 10-5 M concentration 

 

 

Figure 4-15 SEM (A), TEM (B) and EDX spectrum (C) of Pt-2b at 90 % water 
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fraction in 10-5 M concentration 

 

 

Figure 4-16 SEM (A), TEM (B) and EDX spectrum (C) of Pt-2c at 90 % water 
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fraction in 10-5 M concentration 

 

Figure 4-17 SEM (A), TEM (B) and EDX spectrum (C) of Pt-2d at 90 % water 

fraction in 10-5 M concentration 
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4.6. Electrochemical Properties of Platinum(II) Complexes 

Cyclic Voltammetry (CV) was performed to investigate the electrochemical 

properties of Pt(II) complexes. The dyes were separately dissolved into 0.1 M 

deoxygenated tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) electrolyte 

in dichloromethane, glassy carbon as working electrode, platinum wire as counter 

electrode and saturated silver chloride electrode as reference electrode. The 

ferrocene/ferrocenium couple was used as the standard under a scan rate of 100 m 

Vs-1. Under these conditions, the E1/2 of ferrocene was 0.25 V vs. Ag/Ag+. The Eox 

(onset) vs. Ag/Ag+ data of each fluorophore are summarized in Table 4-6. The 

highest occupied molecular orbital (HOMO) could be estimated by the equation of 

EHOMO = -(Eox + 4.55) eV, while the lowest unoccupied molecular orbital (LUMO) 

could be estimated by the band gap estimated from the onset of the UV-visible 

absorption spectra measured in dichloromethane and the corresponding HOMO 

value. 

The cyclic voltammograms and electrochemical data of Pt(II) complexes are 

summarized in Figure 4-18 and Table 4-6. The 𝐸ox
onset value, which reflects the 

ease of oxidation of a compound, is directly related to the HOMO value within the 

compound. The first oxidation potentials of naphthalyl-based Pt-2a and Pt-2b are 

lower than those of Pt-1a and Pt-1b. The fluorine atoms in C^N^C ligand limit the 
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electron donation of phenyl rings to Pt(II) center, resulting in smaller HOMO value. 

Complexes containing DMAP have a higher HOMO value compared to the others, 

indicative of the electronic contribution in dimethylamine group. Pt(II) complexes 

bearing py-1 or py-2 have smaller HOMO value. 

All compounds have similar Eg value from 2.84 to 3.12 e V, but DMAP-

containing Pt-1b and Pt-2b are significantly narrower than the others. Pt(II) 

complexes constructed from naphthalyl ligand in Pt-2a and Pt-2b exhibit narrower 

band gap than Pt-1a and Pt-1b repectively, showing that extension of -conjugation 

in L2 can effectively decrease the band gap of Pt(II) complexes. Complexes bearing 

py-1 or py-2 have larger band gap, showing that the increasing functional groups 

in pyridyl ligands may distort the HOMO and LUMO of the complexes. 

Apart from Pt-2a and Pt-2b, the LUMO level of each compound ranges from 

-2.29 to -2.39 e V, since the LUMO in Pt(II) C^N^C complexes should be largely 

localized pyridyl unit on the cyclometalated ligand.[10] Pt-2a and Pt-2b seem to 

have higher LUMO level compared to others as their HOMO values are larger but 

they have similar Eg values compared to others. 
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Figure 4-18 The cyclic voltammograms of Pt-1a to Pt-2b 

 

Table 4-6  Electrochemical properties of Pt-1a to Pt-2b 

Compound 𝑬𝐨𝐱
𝐨𝐧𝐬𝐞𝐭(V) 𝛌𝐚𝐛𝐬

𝐨𝐧𝐬𝐞𝐭(nm) 

𝑬𝐠,𝐨𝐩𝐭 

(eV)b 
HOMO (eV)a LUMO (eV)c 

Pt-1a 0.870 397 3.12 -5.42 -2.29 

Pt-1b 0.774 423 2.93 -5.32 -2.39 

Pt-1c 0.878 406 3.05 -5.42 -2.37 

Pt-1d 0.918 407 3.05 -5.46 -2.42 

Pt-2a 0.521 407 3.05 -5.07 -2.02 

Pt-2b 0.392 436 2.84 -4.94 -2.09 

Pt-2c 0.947 398 3.12 -5.49 -2.38 

Pt-2d 0.937 398 3.12 -5.48 -2.37 

Abbreviations: 𝐸ox
onset = the first oxidation potential; λabs

onset = absorption onset; 

𝐸g,opt = optical bandgap; 𝐸HOMO = HOMO energy level; 𝐸LUMO = LUMO energy 

level; a: 𝐸HOMO = −(𝐸ox + 4.56) ; b: 𝐸g,opt = 1240

𝑜𝑛𝑠𝑒𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
; c: 

𝐸LUMO = 𝐸HOMO + 𝐸g,opt 
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4.7. Concluding Remarks 

A series of Pt(II) complexes with tridentate C^N^C ligands and monodentate 

pyridyl ligands were designed and synthesized. From single crystal structural 

studies of Pt-1a and Pt-1b, it is found that the monodentate pyridyl unit is highly 

twisted compared to C^N^C plane in both complexes, and there are moderate or 

absence of Pt…Pt interaction from their crystal packing structure for Pt-1a and Pt-

1b respectively. Upon photophysical and electrochemical measurements, Pt 

complexes bearing extended conjugated L2 show significant red-shifted absorption 

spectra. All of the Pt(II) complexes are non-emissive in pure MeCN. However, 

dramatic enhancement occurs when they are under 90 % water fraction in MeCN, 

indicative of AIE properties except for complex Pt-2c. Yellow emission is observed 

in Pt-1a, Pt-1b and Pt-2d, while the others show red emission. Pt-1a shows the 

highest quantum efficiency with 18.3 % in aggregated state followed by Pt-2a with 

8.6 %. In the SEM and TEM images of complexes under 90 % water fraction, Pt-

1a and Pt-1b are assembled to form nanorods ranging from hundreds of nano-meter 

to micrometer, showing the self-assembly properties of these complexes. Perfect 

spheres with diameter smaller than 50 nm are observed in Pt-2a and Pt-2b. Pt 

complexes bearing py-1 or py-2 show irregular morphology with size ranged from 

90 to 460 nm. These results show that all complexes form aggregates in such poor 
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solvent conditions, and the morphology of nano-aggregates controlled by 

monodentate ligand significantly affects the optical properties of complexes even 

they bear the same C^N^C tridentate ligand. This chapter demonstrates the non-

emissive Pt(II) complexes with simple C^N^C pincer ligand can be brightened up 

by aggregate formation to diminish the structural distortion in T1 excited state. 

Therefore, this class of tridentate Pt(II) complexes can act as potential candidate for 

exploration of self-assembly processes and biological applications. 
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5. Chapter 5 Efficient Red/Near Infrared Emitting Materials Based 

on Bis-Cyanostyryl Derivatives with Aggregation-Induced 

Emission Properties 

5.1. Introduction   

The study of luminescent materials has been a hot topic in material sciences 

since it gives out a wide variety of applications such as organic light-emitting diodes 

(OLEDs), smart materials, sensors, bioimaging, photodynamic therapy, etc.[1–4] The 

development of red or near-infrared (NIR) emissive materials shows particular 

importance in optoelectronics and biological applications, since red or NIR 

emissions have been regarded as possessing high optical penetrating power to 

biological body samples with smaller cellular damage.[5] The optoelectronic devices 

can be used for night-time lighting or display with high colour purity.[6] Organic 

molecules, polymers and phosphorescent metal complexes have been investigated 

for ideal red or near-infrared emitting materials. Some phosphorescent metal 

complexes such as Ru(II), Ir(III), Os(II) and Pt(II) are efficient near-infrared 

emitting materials with high quantum efficiency and external quantum efficiency 

(EQE) in OLED device.[6–8] However, their OLED efficiencies usually suffer from 

serious roll-offs upon increasing current density because of the long lifetime of 
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triplet exciton.[9,10] On the other hand, organic fluorescent emitters may prevent the 

quenching of long-lifetime triplet excitons and do not need expensive, low abundant 

heavy metals. To design red and NIR organic emitters, highly -conjugated and 

planar aromatic units are applied such as perylene bisimide, porphyrin, 

dicyanomethylene-4H-pyran (DCM), boron dipyrromethene (BODIPY), etc.[11–14] 

Although these highly planar materials are emissive with red to NIR colour range 

in diluted solution, they are almost non-emissive in thin film or aggregated state 

due to the notorious aggregation caused quenching (ACQ).[15,16] Once the molecules 

or polymers are closed to each other by increasing concentration or solution or 

forming solid state, strong non-radiative … stacking interaction between the 

molecules or polymers brings about the formation of such detrimental species as 

excimers. The notorious ACQ effect restricts the development of red to NIR organic 

emitters for optoelectronics and biological applications as the hydrophobic organic 

compounds are easily aggregated under aqueous state. However, Tang et. al. 

discovered a phenomenon called aggregation-induced emission (AIE) on a 

propeller-like molecule named hexaphenylsilole (HPS), which is completely 

opposite to the well-known ACQ effect.[17] HPS is non-emissive when it is 

dissolved well in common organic solvents such as tetrahydrofuran. However, it 

becomes highly fluorescent its molecules are aggregated in 90% volume water 
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fraction in THF/water mixture. Restriction of intramolecular motion (RIM) is 

triggered to prevent non-radiative decay via free intramolecular motion upon 

formation of aggregated state to achieve strong fluorescence.[18] Tetraphenylethene 

(TPE) is another AIE-active hydrocarbon discovered by Tang’s group.[19] TPE-

based luminogens are good emitters in OLED since simple non-doping device 

fabrication can be applied to AIEgens.[20] However, HPS backbone is difficult to be 

synthesized and functionalized with strong D/A units to tune the emission properties, 

and both TPE and HPS are not effective for colour-tuning due to the lack of 

electronegative atoms for stronger -conjugation and electron donating or 

withdrawing power. 

On the other hand, AIE-active compounds constructed by cyano groups have 

been designed and synthesized. The simple and bulky nitrile group is an effective 

electron acceptor with twisting of the compound due to steric hindrance. Park et al. 

discovered the AIE effect of cyanostilbene and developed its derivatives with facile 

colour tuning.[21,22] Moreover, the addition of a small cyano unit in cyanostilbene 

backbone results in notable enhancement of emission intensity or wider range of 

colour tuning.[22] Fumaronitrile-based fluorophores are AIE-active with efficient 

yellow to NIR emissions in the solid state.[23–25] The highly electron deficient 

fumaronitrile unit not only provides twisted structure in a fluorophore, but also acts 
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as acceptors for hydrogen bonding between fumaronitrile-based molecules to 

achieve a tight packing in the solid state without severe intermolecular  

stacking.[25] Bis-cyanostyryl benzenes and its derivatives are also AIE-active 

compounds based on the wide colour-tuning ability from blue to NIR and the ease 

of self-assembly and crystallization by multiple intermolecular interactions to 

achieve intense emission.[26–29] The emission colours of these bis-cyanostyryl 

compounds can be adjusted by the attachment of electron donors and the cyano-

position in the cyanostilbene as studied by Tian and Park’s group.[26,27] The cyano-

position plays a critical rule in tuning the photophysical properties of bis-

cyanostyryl compounds. Ma et. al. compared the cyano group position in bis-

cyanostyrylbenzene under the same triphenylamine (TPA) electron donor shown in 

Figure 5-1.[30] Both of the fluorogens are AIE-active with yellow or orange emission, 

but nitrile groups in β-position are much more emissive in solution and solid state 

even in electroluminescent devices. The β-cyano position in bis-

cyanostyrylbenzene not only forms strong intermolecular hydrogen bond for tight 

stacking to ensure efficient solid-state emission, but also exhibits strong hybrid 

local and charge transfer (HLCT) excited states to promote high quantum 

efficiency.[30] HLCT excited state is a state mixing of locally excited (LE) state and 

charge transfer (CT) state via intersystem crossing in twisting D–A molecules.[31] 
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This mixed state utilizes both singlet and triplet excitons to promote highly efficient 

emission in solid state and OLED devices especially in red to NIR colour 

range.[25,31–34] 

 

Figure 5-1 The chemical structure of bis-cyanostyrylbenzenes with different 

cyano-substituted positions 

Based on the advantages of β-position of cyano group in bis-

cyanostyrylbenzene, a series of bis-cyanostyryl derivatives with β-position of cyano 

group have been designed and synthesized in this chapter. Common electron donors 

such as TPA, carbazole and phenothiazine were chosen. These electron-donating 

units contributed to the twisted molecular geometry in organic emitters due to the 

significant steric hindrance and bent shape.[26] On the other hand, thiophene and 

anthracene were employed as the center in bis-cyanostyryl derivatives, since they 

are commonly used in optoelectronics and organic photovoltaic devices to decrease 

the optical bandgap of a molecule effectively thanks to the high conjugation 

power and unique aromaticity. The synthesis, characterization and photophysical 

properties as well as AIE effect of these bis-cyanostyryl derivatives were 
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investigated in this chapter.   
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5.2. Synthesis of Bis-Cyanostyryl Derivatives 

The synthesis of bis-cyanostyryl compounds is divided into three main steps. 

The first step, shown in Scheme 5-1, is functionalization of the electron donors with 

aldehyde unit. The synthesis of TPA-CHO, MeO-TPA-CHO and Tert-CBZ-CHO 

was mentioned in Chapter 2. Anisole-containing phenothiazine and TPA with tert-

butyl groups were synthesized by Buchwald–Hartwig amination in the presence of 

bis(tri-tert-butylphosphine)palladium(0). The aryl-substituted phenothiazine and 

TPA with tert-butyl units underwent Vilsmeier-Haack reaction using phosphorus(V) 

oxychloride and DMF to attach an aldehyde unit. 

 

 

Scheme 5-1 Synthetic route of Tert-TPA-CHO and MeO-Phz-CHO 

 

The second step is the conversion of aldehyde to acetonitrile unit via reductive 
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cyanation using p-toluenesulfonylmethyl isocyanide (TosMIC) in basic condition 

at low temperature.[35] The deprotonated TosMIC attacks electron deficient 

aldehyde unit to form an unstable intermediate at -55°C. The formation of -CH2CN 

unit is achieved by protonation using methanol and elimination of tosylate group. 

The synthetic route of electron donors with acetonitrile unit is shown in Scheme 

5-2, in which all acetonitriles were successfully synthesized with reasonable 

product yield.  
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Scheme 5-2 Synthetic route of acetonitriles with electron donor  

 

In the final step, the bis-cyanostyryl products were obtained by simple 

Knoevenagel condensation between acetonitriles and dicarboxaldehyde in basic 

alcohol to form precipitate with orange to black colour. All bis-cyanostyryl 

compounds synthesized in this chapter were purified by column chromatography 

followed by recrystallization. Scheme 5-3 presents the synthesis of CN-1 to CN-3 
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using MeO-TPA-CH2CN to react with terephthalaldehyde, 2,5-

thiophenedicarboxaldehyde or anthracene-9,10-dicarboxaldehyde. On the other 

hand, the reaction between TPA-CH2CN and 2,5-thiophenedicarboxaldehyde or 

anthracene-9,10-dicarboxaldehyde to form CN-4 and CN-5 is presented in Scheme 

5-4. The synthetic route of CN-6 to CN-8 is shown in Scheme 5-5. 2,5-

Thiophenedicarboxaldehyde was used to react with different acetonitriles such as 

Tert-TPA-CH2CN, MeO-Phz-CH2CN and Tert-CBZ-CH2CN. 

 

Scheme 5-3 The synthetic route of CN-1 to CN-3 using MeO-TPA-CH2CN 
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Scheme 5-4 The synthetic route of CN-4 and CN-5 using TPA-CH2CN 
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Scheme 5-5 The synthetic route of CN-6 to CN-8 using 2,5-

thiophenedicarboxaldehyde 
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5.3. Spectroscopic and Structural Characterization of Bis-Cyanostyryl 

Derivatives 

All new bis-cyanostyryl compounds were characterized by 1H and 13C NMR 

spectroscopy and mass spectrometry (MS) except for CN-3 and CN-7 whose 13C 

NMR spectra cannot be obtained due to its poor solubility in deuterated solvents. 

The experimental data are summarized in Chapter 7. All the signals and MS data 

are consistent with the structure of the compounds. From their 1H NMR spectra 

shown in Figure 5-2Figure 5-9, the absence of peaks at around 10 and 3.5 ppm 

indicates that the aldehydes and nitrile ions are completely reacted, or the residuals 

are completely removed. For fluorogens containing methoxy groups, an intense 

signal at 3.8 ppm is observed in 1H NMR, while an intense singlet peak is present 

at 1.3 ppm for tert-butyl substituted compounds. Moreover, the presence of signal 

at around 109 ppm in 13C NMR spectrum (Figure 5-10) is attributed to the cyano-

units on bis-cyanostyryl compounds. 
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Figure 5-2 1H NMR spectrum of CN-1 in CDCl3 
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Figure 5-3 1H NMR spectrum of CN-2 in CDCl3 

 

Figure 5-4 1H NMR spectrum of CN-3 in CDCl3 
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Figure 5-5 1H NMR spectrum of CN-4 in CDCl3 

 

Figure 5-6 1H NMR spectrum of CN-5 in CDCl3 
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Figure 5-7 1H NMR spectrum of CN-6 in CDCl3 
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Figure 5-8 1H NMR spectrum of CN-7 in (CD3)2SO 
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Figure 5-9 1H NMR spectrum of CN-8 in CDCl3 

 

Figure 5-10 13C NMR spectrum of CN-4 in CDCl3 
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The single crystals of CN-4 and CN-5 were grown by solvent-exchange 

method using dichloromethane and methanol as the good and poor solvents 

respectively. The crystal data and structure refinement for CN-4 and CN-5 are 

shown in Table 5-1 and Table 5-2 respectively. The crystal system of CN-4 is 

triclinic, which means two molecules are present in the unit cell with space group 

P-1 (a = 9.350 Å, b = 9.564 Å, c = 20.624 Å; α = 98.71°, β = 99.03°, γ = 103.35°). 

The crystal structure of CN-5 has monoclinic crystal system, with eight molecules 

in the unit cell with the space group Cc (a = 10.0045 Å, b = 50.188 Å, c = 19.764 

Å; α = 90°, β = 104.54°, γ = 90°). The single crystal structure and packing are shown 

in Figure 5-11 and Figure 5-12. The selected torsion angles for CN-4 and CN-5 are 

shown in Table 5-3. CN-5 has a more twisted cyanostilbene backbone with 118° 

between vinylene and anthracene ring, while CN-4 has an almost planar 

cyanostilbene backbone. The latter is similar to that of β-CN-APV under the same 

TPA electron donor.[30] These results show that the bulky anthracene can lead to a 

larger torsion angle in the bis-cyanostyryl compounds. Unlike β-CN-APV, the 

single crystal structure of CN-4 shows that the nitrogen atoms in nitriles pointed to 

the same direction towards sulfur atom. Strong intermolecular CN…H interaction 

with a distance of 2.734 Å exists between nitriles and vinylene protons in CN-4 
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molecules. Strong CH… interactions (2.83 to 2.88 Å) between TPA units and the 

distance between thiophene plane (3.644 or 4.478 Å) were observed in plane-to-

plane packing. The long distance between thiophenes reveals that there is no typical 

… stacking between the molecules, which promotes efficient solid state emission. 

On the other hand, the shortest distance between carbon atoms in anthracene units 

was around 3.6 Å, which means no significant … stacking occurs inside the 

crystal packing of CN-5. Many strong CH… interactions (2.554 or 2.897 Å) 

between vinylene and anthracene (2.554 or 2.897 Å) and TPA units (3.276 to 3.346 

Å) were found in the crystal packing, which hold the molecules tightly to prevent 

non-radiative … stacking. 

Table 5-1  Crystal data and structure refinement for CN-4 

Identification code  CN-4 

Empirical formula  C46H32N4S 

Formula weight  672.81 

Temperature  173(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 9.350(4) Å      = 98.71(2)°. 

 b = 9.564(4) Å = 99.03(2)°. 

 c = 20.624(8) Å      = 103.35(2)°. 

Volume 1738.2(13) Å3 

Z 2 

Density (calculated) 1.286 Mg/m3 
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Absorption coefficient 1.130 mm-1 

F(000) 704 

Theta range for data collection 4.427 to 40.220°. 

Index ranges -7<=h<=7, -7<=k<=7, -17<=l<=17 

Reflections collected 7308 

Independent reflections 2064 [R(int) = 0.0428] 

Completeness to theta = 40.220° 96.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7480 and 0.4880 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2064 / 0 / 460 

Goodness-of-fit on F2 1.021 

Final R indices [I>2sigma(I)] R1 = 0.0317, wR2 = 0.0769 

R indices (all data) R1 = 0.0385, wR2 = 0.0809 

Extinction coefficient n/a 

Largest diff. peak and hole 0.124 and -0.213 e.Å-3 

 

Table 5-2  Crystal data and structure refinement for CN-5 

Identification code  CN-5 

Empirical formula  C58H40Cl6N4 

Formula weight  1005.64 

Temperature  173(2) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  Cc 

Unit cell dimensions a = 10.0045(10) Å   = 90°. 

 b = 50.188(8) Å     = 104.54(2)°. 

 c = 19.764(3) Å  = 90°. 

Volume 9606(2) Å3 

Z 8 

Density (calculated) 1.391 Mg/m3 
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Absorption coefficient 3.612 mm-1 

F(000) 4144 

Crystal size 0.40 x 0.08 x 0.03 mm3 

Theta range for data collection 1.760 to 47.173°. 

Index ranges -9<=h<=9, -47<=k<=47, -18<=l<=18 

Reflections collected 35152 

Independent reflections 8601 [R(int) = 0.0307] 

Completeness to theta = 47.173° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7493 and 0.5204 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8601 / 44 / 1178 

Goodness-of-fit on F2 1.024 

Final R indices [I>2sigma(I)] R1 = 0.0531, wR2 = 0.1570 

R indices (all data) R1 = 0.0578, wR2 = 0.1642 

Absolute structure parameter 0.40(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.655 and -0.518 e.Å-3 
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Figure 5-11 Crystal packing (upper) and single crystal structure (lower) with 

thermal ellipsoids at 50% probability of CN-4 in which hydrogen atoms are omitted 
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for clarity 

 

 

 

Figure 5-12 Unit cell (upper), crystal packing (middle) and single crystal 
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structure (lower) with thermal ellipsoids at 50% probability of CN-5 in which 

hydrogen atoms are omitted for clarity 

 

Table 5-3  Selected torsion angles in the crystal structures of CN-4 and CN-5 

CN-4 CN-5 

Torsion angles Degrees (°) Torsion angles Degrees (°) 

C2C3C4S1 1.9 C1C2C21C22 -24 

C2C3C4C5 -179.3 C1C2C21C26 158.9 

C1C2C3C4 -0.6 C2C3C4C5 118 

C1C2C11C12 -44.5 C2C3C4C13 -65 

C1C2C11C16 138.6 C10C11 C18C19 64 

S1C7C8C9 5.2 C12C11C18C19 -116 

C6C7C8C9 -177.6 C20C19C39C40 21 

C7C8C9C10 3.2 C20C19C39C44 -162.3 

C10C9C29C30 171.7 C1C2C3C4 -3 

C10C9C29C34 -7.2 C11C18C19 C20 0 
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5.4. Photophysical Properties of Bis-Cyanostyryl Derivatives 

5.4.1. Absorption and Emission Properties  

The UV/Vis absorption spectra of fluorophores were measured in THF 

solution at 10-5 M shown in Figure 5-13 and the data are summarized in Table 5-4. 

Intense peaks ranging from 250 nm to 350 nm are attributed to the local -* 

transition. Another strong absorption maxima are shown from 420 to 550 nm, which 

are assigned to the intramolecular charge transfer (ICT) from electron donors to the 

acceptors.  

In comparison of the absorption properties of CN-1 to CN-3, thiophene-

containing CN-2 showed the most red-shifted absorption band at 522 nm, while 

CN-1 and CN-3 gave peaks at 473 and 430 nm respectively. Moreover, the ICT 

band intensity in CN-3 was significantly lower than that of -* transition, while 

CN-1 and CN-2 were not. Similar trend was also observed for CN-4 (497 nm), CN-

5 (420 nm) and β-CN-APV (447 nm) using TPA as electron donor. These results 

suggest that using thiophene as a bridge in bis-cyanostyryl compound provides a 

stronger ICT transition with a notable bathochromic shift in absorption properties. 

The heteroaromatic thiophene provides a stronger conjugation and electron-

donating effect compared to benzene ring. Although more aromatic rings are fused 

in anthracene compared to the others, the -electrons are localized in anthracene 
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moiety due to large torsional strain between the adjacent aryl groups, resulting in 

poor conjugation in CN-3 and CN-6.[36] Such poor conjugation leads to increasing 

the energy band gap between electron donors and acceptors and blue-shift in 

absorption band. 

The nature of electron donors also affected the absorption properties of a 

molecule using the same -linker. The absorption maxima of ICT bands were red-

shifted in the order of CN-7 (524 nm) > CN-2 (522 nm) > CN-6 (511 nm) > CN-4 

(497 nm) > CN-8 (461 nm). These values correlated to the strength of electron-

donating ability of electron donors in the order of phenothiazine > methoxy-

substituted TPA > tert-butyl substituted TPA > TPA > carbazole. 
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Figure 5-13 UV-Vis absorption spectra of CN-1CN-8 at 10-5 M concentration 

in THF 

 

 The photoluminescence (PL) spectra of CN-1 to CN-8 in 10-5 M THF and solid 

state were measured and are shown in Figure 5-14 and Figure 5-15 respectively. 

The data are summarized in Table 5-4. The trend of emission wavelength in solution 

and solid state also followed the strength of electron donation under the same 

thiophene -bridge in the order of CN-7 > CN-2 > CN-6 > CN-4 > CN-8. There 

was a remarkable red-shifted emission in these fluorophores and CN-1 in solid state 

compared to those in solution state.  
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In comparison of luminogens with different -linkers, the λsolid
em  is red-shifted 

sharply from anthracene to thiophene, while λsoln
em  values are similar among CN-1 

to CN-3. Significant TICT state might be present in highly twisted CN-3 and CN-

5 in polar solvent to give red-shifted emission, which would be verified in 

solvatochromic study. A planar structure in bis-cyanostyryl thiophene verified in 

single crystal analysis provides stronger conjugation to promote low band gap 

excitation and solid state emission in CN-2 and CN-4, while the twisted bis-

cyanostyryl anthracene allows limited conjugation in CN-3 and CN-5 to achieve 

blue-shifted solid state emission. 
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Figure 5-14 PL spectra of CN-1 to CN-8 in 10-5 M THF solution 
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Figure 5-15 PL spectra of CN-1 to CN-8 in the solid state 

 

Table 5-4  Absorption and emission data of CN-1 to CN-8  

Compound 𝛌𝐚𝐛𝐬 (nm) 𝛌𝐬𝐨𝐥𝐧
𝐞𝐦  (nm) 𝛌𝐬𝐨𝐥𝐢𝐝

𝐞𝐦  (nm) 

CN-1 473 648 674 

CN-2 522 655 701 

CN-3 430 653 614 

CN-4 497 612 650 

CN-5 420 616 606 

CN-6 511 631 659 

CN-7 524 690 716 

CN-8 461 598 630 

aAbbreviations: λabs  = absorption maximum and λsoln
em   = emission maximum 

under 10-5 M concentration in THF, λsolid
em  = emission maximum in the solid state 
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5.4.2. Solvent Effect 

The optical properties of bis-cyanostyryl derivatives were further studied by 

investigation of their solvatochromic effects. Each fluorophore was dissolved in 

solvents with different polarities for measurement of their absorption and emission 

data. The absorption and PL spectra are shown in Figure 5-16 and the data are 

summarized in Table 5-5 to Table 5-8. 
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Figure 5-16 The absorption (left) and PL (right) spectra of CN-1 to CN-8 under 

different solvents at 10-5 M concentration 

 

Table 5-5  Optical transitions of CN-1 and CN-2 in different solvents a 

  CN-1 CN-2 

Solvent f λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

Hexane 0.0012 469 549 3107 77.2 507 584 2601 77.2 

Cyclohexane 0.006 470 554 3226 51.2 509 591 2726 65.2 

Toluene 0.014 477 610 4571 20.9 520 623 3179 59.5 

Diethyl ether 0.167 470 625 5277 4.2 512 632 3708 7.7 

Ethyl acetate 0.2 466 641 5859 0.2 515 648 3985 0.2 

THF 0.21 473 648 5710 0.2 522 655 3890 0.1 

CH2Cl2 0.217 477 659 5790 0.1 530 673 4009 0.3 
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DMF 0.276 470 n.d.  0.0 527 n.d.  0.0 

Acetone 0.284 467 n.d.  0.0 518 n.d.  0.0 

Acetonitrile 0.305 458 n.d.  0.0 518 n.d.  0.0 

 

Table 5-6  Optical transitions of CN-3 and CN-4 in different solvents a 

  CN-3 CN-4 

Solvent f λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

Hexane 0.0012 420 609 7389 28.9 488 553 2409 62.5 

Cyclohexane 0.006 425 609 7109 81.0 492 556 2340 31.1 

Toluene 0.014 430 625 7256 29.2 501 579 2689 36.5 

Diethyl ether 0.167 424 641 7984 6.5 492 581 3113 33.1 

Ethyl acetate 0.2 426 647 8018 0.5 486 608 4129 21.0 

THF 0.21 430 653 7942 0.7 497 612 3781 31.9 

CH2Cl2 0.217 432 674 8311 0.5 504 625 3841 26.8 

DMF 0.276 432 n.d.  0.0 504 649 4433 1.2 

Acetone 0.284 424 n.d.  0.0 495 636 4479 3.6 

Acetonitrile 0.305 424 n.d.  0.0 498 651 4719 0.9 

 

Table 5-7  Optical transitions of CN-5 and CN-6 in different solvents a 

  CN-5 CN-6 

Solvent f λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

Hexane 0.0012 413 584 7090 12.3 502 568 2315 49.5 

Cyclohexane 0.006 415 580 6855 22.4 503 573 2429 41.9 

Toluene 0.014 421 597 7003 9.4 514 601 2816 42.5 

Diethyl ether 0.167 413 598 7491 3.2 505 603 3218 38.6 

Ethyl acetate 0.2 413 612 7873 2.3 505 623 3751 17.7 
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THF 0.21 420 616 7576 1.9 511 631 3722 17.5 

CH2Cl2 0.217 424 628 7661 1.5 523 654 3830 8.1 

DMF 0.276 422 635 7949 0.0 518 657 4084 0.1 

Acetone 0.284 416 643 8486 0.2 510 656 4364 0.4 

Acetonitrile 0.305 417 651 8620 0.1 508 673 4826 0.1 

 

Table 5-8  Optical transitions of CN-7 and CN-8 in different solvents a 

  CN-7 CN-8 

Solvent f λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

λmax
abs  

(nm) 

λmax
em  

(nm) 

Stokes 

shift 

(cm-1) 

F 

(%) 

Hexane 0.0012 513 605 2964 44.8 464 523 2431 41.9 

Cyclohexane 0.006 511 607 3095 48.7 463 528 2659 42.9 

Toluene 0.014 523 646 3641 23.1 473 550 2960 89.4 

Diethyl ether 0.167 516 658 4182 6.1 458 568 4228 84.9 

Ethyl acetate 0.2 508 685 5086 1.2 456 589 4952 39.5 

THF 0.21 524 690 4591 0.7 461 598 4970 16.8 

CH2Cl2 0.217 529 707 4759 0.3 467 617 5206 9.3 

DMF 0.276 525 n.d.  0.0 463 625 5598 0.0 

Acetone 0.284 516 n.d.  0.0 457 634 6109 0.4 

Acetonitrile 0.305 517 n.d.  0.0 454 646 6547 0.1 

aAbbreviations: f = the orientational polarizability of solvent[34], λmax
abs  = 

absorption maximum and λmax
em  = emission maximum under 10-5 M concentration 

from corresponding absorption maxima for excitation, F = fluorescence quantum 

yield estimated by Rhodamine B as standard (F = 70% in ethanol)], n.d. = not 

detectable as signals are too weak to be determined 

 

Only a little change of absorption spectra is displayed with the change in 
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solvent polarity for all compounds, since the electronic structure in ground-state 

and small dipole moments associated with ICT transitions are independent of the 

change in solvent polarity.[37] However, they show significant red-shift in PL spectra 

upon increasing the solvent polarity from hexane to acetonitrile, ranging from 65 to 

123 nm. Moreover, the PL spectra are broadened and the Stokes shifts are increased 

with increasing solvent polarity in all compounds. These results indicate that strong 

ICT character is present in all bis-cyanostyryl compounds. The strength of ICT 

effect is determined from the range of red-shift from non-polar (hexane) to polar 

(acetonitrile) solvents. The fluorophore CN-8 shows the most significant red-shift 

of 123 nm from hexane to acetonitrile while CN-5 gives the least red-shift of 71 

nm. In addition, luminogens generally show higher quantum efficiencies in non-

polar solvents but the values drop with increasing solvent polarities. Methoxy-

containing luminogens do not emit in polar DMF, acetone or acetonitrile. These 

effects may be attributed to the formation of TICT state to achieve non-radiative 

decay.[24,38] In a non-polar solvent, the molecule adopts a planar conformation as 

stabilized by electronic conjugation, and such planar geometry is triggered by the 

locally excited (LE) state of a compound, resulting in an intense, narrow emission 

spectrum with shoulder peak. However, intramolecular rotation of luminogen is 

induced by polar media to achieve an equilibrium state, leading to a loss in 



 

233 

 

electronic conjugation. Moreover, twisted molecular geometry and total charge 

separation between D and A units is obtained by stabilization of polar solvents. 

Since the D and A units are partially charged and the molecule is twisted, TICT state 

gives rise to a broad, weak and red-shifted emission.  

To get more details in their solvatochromic behaviors of each fluorophore, the 

data in Table 5-5 and Table 5-8 were used to get a plot of f (x-axis) against the 

Stokes shift (y-axis) for each compound. The linear correlation of each compound 

is shown in Figure 5-17. The dipole moment of excited state (ue) is directly 

proportional to the slope of the plot on the basis of the Lippert–Mataga relation in 

equation (1).[39] 

hc(𝑣a − 𝑣f) = hc(𝑣a
0 − 𝑣f

0) −
2(𝜇e−𝜇g)2

𝑎3 𝑓   (1) 

where f is the orientational polarizability of solvent, (𝑣a
0 − 𝑣f

0) is the Stokes shift 

when f is zero, 𝜇e and 𝜇g is the dipole moment at excited state and ground state 

respectively, a is the solvent cavity (Onsager) radius 

CN-1, CN-2, CN-3 and CN-7 showed one straight line in the plot of 

correlation, which means they have single excited-state dipole moment in both low 

and high solvent polarities. It indicates that only LE or CT excited state is dominant 

inside the molecule.[30] However, CN-4, CN-5, CN-6 and CN-8 showed two 

independent straight lines with different slopes. The smaller slope is present at low 
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solvent polarities and higher slope is observed at high solvent polarities. The 

smaller ue is attributed to the LE excited state, which is dominant when the molecule 

is excited in solvents with low polarity. The larger ue can be attributed to CT excited 

state which is dominant when the molecule is in polar media to achieve broad and 

red-shifted emission. As a result, a HLCT excited state exists in these luminogens 

due to the intercrossing of LE and CT excited states in moderately polar solvents 

with f value between 0.15 to 0.2.[30]  
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Figure 5-17 The fitted linear correlation of the stokes shift vs solvent polarities 

for CN-1 to CN-8 

 

To further verify the existence of an intercrossed HLCT state in some 

fluorophores, lifetime measurements were carried out in moderately polar diethyl 

ether using 337 nm nitrogen laser followed by time-correlated single-photon 

counting method. The data are summarized in Table 5-9. The fitted decay curves 

shown in Figure 5-18 gave a single exponential lifetime, showing that the singlet 

excited state for fluorescent emission comes from one single HLCT state instead of 

a mixture of separate LE and CT state.[31]  
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Table 5-9  Fluorescent lifetime of CN-1 to CN-8 estimated from the decay 

curves in a solution of diethyl ether at a 10-5 M concentration at 298 K 

Compound Lifetime (ns) 

CN-1 1.54 

CN-2 1.81 

CN-3 1.6 

CN-4 2.74 

CN-5 1.38 

CN-6 2.83 

CN-7 1.75 

CN-8 3.2 

 

 

Figure 5-18 The decay curves of CN-4, CN-5, CN-6 and CN-8 in 10-5 M diethyl 
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ether at 298 K 

 

5.4.3. AIE Properties 

Since all the dyes are soluble in THF but insoluble in water, they form 

aggregates easily upon addition of a large amount of water in THF solution. 

Therefore, the AIE effect was studied by measurements of dye solutions with 

different water fractions (fw) in THF. Figure 5-19 to Figure 5-22 present the PL 

spectra of fluorophores and the corresponding PL intensity and emission maxima 

under different water fractions.  

For CN-1 to CN-3, they are weakly emissive in pure THF solution. Upon 

addition of water from 0 to 60 % fraction, the emission intensities drop 

progressively with increasing water fraction. The emission wavelengths are blue-

shifted by increasing water fraction. The increasing solvent polarity stabilizes the 

twisted geometry in molecules, resulting in loss of conjugation and non-radiative 

decay. However, dramatic enhancements of emission intensity among three dyes 

are observed at 70 % water fraction and they reach maximum intensity at 95 % 

water fraction. More surprisingly, thiophene-bridged CN-2 exhibits near-infrared 

emission at 680 nm, while CN-1 and CN-3 emit red colour at 647 and 645 nm. 

Bathochromic shift in emission is observed from 60 to 95 % water fraction. Nano-
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aggregate information rather than solvation is preferred at high water fractions since 

these dyes are insoluble in water. Restriction of intramolecular motion (RIM) is 

triggered in aggregated state to prevent twisting of molecules from non-radiative 

decay. The planar geometry and the whole -conjugation of the molecule is restored 

to exhibit bright and long wavelength emission. To prove the existence of formation 

of nano-aggregates in 95 % water fraction in THF to achieve AIE, the transmission 

electron microscopy (TEM) image of CN-2 under 95 % water fraction taken and is 

shown in Figure 5-20 as an example. The shape of nano-aggregates formed by CN-

2 is irregular with size ranging from 10 to 60 nm and the mean size is 31 nm. These 

findings reveal that the formation of nano-size particles of AIEgens in large amount 

of water triggers bright emission. 
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Figure 5-19 PL spectra (left) and PL intensity/emission wavelength (right) of 

CN-1 to CN-3 in different water fractions at 10-5 M concentration 

 

 

Figure 5-20 The TEM image (left) and size distribution (right) of CN-2 under 95 
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% water fraction in THF at a 10-5 M concentration 

 

AIE behavior in CN-4 is different compared to CN-1 to CN-3 but similar to 

β-CN-APV. Although the emission intensity decreases sharply with increasing fw 

to 60 %, the emission wavelength is red-shifted to 640 nm from 608 nm. These 

observations are also present in some AIEgens with D-A units such as 

fumaronitriles or BODIPYs. TICT state exists in high solvent polarity which forms 

partially charged D and A units to cause weak and red-shifted emission.[23,38] Upon 

70 to 80 % fw, the emission intensity is increased and the peak is blue-shifted to 610 

nm. The nano-aggregate formation overcomes the solvation of molecule in high 

solvent polarity at high water fraction to achieve RIM and bright emission. However, 

the intensity is dropped again above 90 % water accompanied with a bathochromic 

shift. Unlike crystallization, the morphology of nano-aggregates may be amorphous 

rather than ordered and tightly packed crystalline state is shown in Figure 5-11, and 

the dye concentration is decreased by precipitation of nano-aggregates.[40–42] 

CN-5 shows typical AIE effect when fw exceeds 60 % and TICT effect upon 

addition of a small amount of water. The non-emissive behavior in THF is the result 

of TICT state with multiple non-radiative decay. A trend of increasing emission 

wavelength but decreasing intensity from pure THF to 50 % fw reveals the presence 
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of TICT state from the twisted TPA, nitrite and anthracene units. A notable emission 

enhancement is induced in fw above 60 %. RIM is triggered to result in bright 

emission at 608 nm in aggregated state. Significant emission enhancement in CN-

3 and CN-5 shows that sterically bulky anthracene unit in bis-cyanostyryl 

compounds is a powerful backbone to design AIE-active materials. 

 

Figure 5-21 PL spectra (left) and PL intensity/emission wavelength (right) of 

CN-4 and CN-5 in different water fractions at 10-5 M concentration 

 

Similar AIE properties are seen in CN-6 to CN-8 compared with CN-4 and β-

CN-APV. They also show a V-shape graph in fw against PL intensity with similar 
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trend of emission variation. These suggest that TICT and AIE effect are present at 

low and high fw separately. The emission maxima in 95 % fw are found at 639, 712 

and 613 nm for CN-6, CN-7 and CN-8 respectively. 

 

Figure 5-22 PL spectra (left) and PL intensity/emission wavelength (right) of 
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CN-6 to CN-8 in different water fractions at 10-5 M concentration 
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5.5. Electrochemical Properties of Bis-Cyanostyryl Derivatives 

Cyclic Voltammetry (CV) was performed to investigate the electrochemical 

properties of bis-cyanostyryl derivatives. The dyes were separately dissolved into 

0.1 M deoxygenated tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) 

electrolyte in dichloromethane, glassy carbon as working electrode, platinum wire 

as counter electrode and saturated silver chloride electrode as reference electrode. 

The ferrocene/ferrocenium couple was used as the standard under a scan rate of 100 

mV s-1. Under these conditions, the E1/2 of ferrocene was 0.24 V vs. Ag/Ag+. The 

Eox (onset) vs. Ag/Ag+ data of each fluorophore are summarized in Table 5-10. The 

highest occupied molecular orbital (HOMO) could be estimated by the equation of 

EHOMO = -(Eox + 4.56) eV, while the lowest unoccupied molecular orbital (LUMO) 

could be estimated by the band gap estimated from the onset of the UV-visible 

absorption spectra measured in dichloromethane and the corresponding HOMO 

value. 

The cyclic voltammograms and electrochemical data of bis-cyanostyryl 

compounds are summarized in Figure 5-23 and Table 5-10. The HOMO values of 

dyes increase with the strength of electron donors as the electrons are easier to be 

excited. Methoxy-substituted TPA and phenothiazine-based compounds have 

higher HOMO value at -5 to -5.04 eV, while the HOMO value of others follows the 
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increasing order of electron-donating strength in dyes: CN-6 (tert-TPA) > CN-

4/CN-5 (TPA) > CN-8 (carbazole). Moreover, the nature of -linker also affects the 

HOMO level as the value in thiophene-containing CN-4 is higher than that in 

anthracene-containing CN-5 by only 0.04 eV, as well as CN-2 and CN-3, but such 

difference is much smaller than that by varying the electron donors. These results 

suggest that the contribution of HOMO value comes from electron donors while -

linkers show little contribution to the HOMO value.  

The LUMO levels of dyes are varied notably although same nitrile moiety is 

applied in all dyes as well as band gap values. It shows that the -linker between 

two cyanostilbene moieties plays a critical role in varying the -conjugation among 

these units to tune the LUMO value of a molecule. The optical band gap of CN-2 

(2.02 eV) is much lower than CN-1 (2.17 eV) and CN-3 (2.37 eV) with the same 

electron donors and nitrile electron acceptors. Similar trend in increasing Eg value 

between CN-4 (2.13 eV), β-CN-APV (2.36 eV), and CN-5 (2.41 eV) is also 

obtained.[30] These results verify the importance of thiophene linker in decreasing 

Eg and LUMO value, while anthracene limits the -conjugated system by 

localization of electrons. The LUMO values of dyes show varying electron donors 

with the same thiophene linker are below -3 eV except for CN-2. CN-4 and CN-8 

have lower LUMO values as TICT seems to exist in dichloromethane to cause small 
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HOMO-LUMO overlap.[37] 

 

Figure 5-23 Cyclic voltammograms of CN-1 to CN-8 in 0.1 M Bu4NPF6/CH2Cl2 

at a scan rate of 100 mVs-1 

 

Table 5-10 Electrochemical properties of CN-1 to CN-8 

Compound 𝐄𝐨𝐱
𝐨𝐧𝐬𝐞𝐭(V) 𝛌𝐚𝐛𝐬

𝐨𝐧𝐬𝐞𝐭(nm) 

𝐄𝐠,𝐨𝐩𝐭 

(eV)b 

𝐄𝐇𝐎𝐌𝐎 

(eV)a 

𝐄𝐋𝐔𝐌𝐎 

(eV)c 

CN-1 0.4473 571 2.17 -5.01 -2.84 

CN-2 0.4382 614 2.02 -5.00 -2.98 

CN-3 0.4838 524 2.37 -5.04 -2.68 

CN-4 0.6861 583 2.13 -5.25 -3.12 

CN-5 0.7335 514 2.41 -5.29 -2.88 

CN-6 0.5561 609 2.04 -5.12 -3.08 

CN-7 0.4548 623 1.99 -5.01 -3.02 

CN-8 0.9208 539 2.30 -5.48 -3.18 

Abbreviations: 𝐸ox
onset = the first oxidation potential; λabs

onset = absorption onset; 

𝐸g,opt = optical bandgap; 𝐸HOMO = HOMO energy level; 𝐸LUMO = LUMO energy 
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level; a: 𝐸HOMO = −(𝐸ox + 4.56) ; b: 𝐸g,opt = 1240

𝑜𝑛𝑠𝑒𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
; c: 

𝐸LUMO = 𝐸HOMO + 𝐸g,opt 
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5.6. Thermal Properties of Bis-Cyanostyryl Derivatives 

The thermal properties of bis-cyanostyryl AIEgens were examined by thermal 

gravimetric analysis (TGA) at a heating rate of 20 °C/min under a nitrogen 

atmosphere. The decomposition temperature (Td) corresponds to 5% weight loss. 

The experimental results are summarized in Table 5-11. The Td of all bis-

cyanostyryl compounds exceeds 350°C, which means they are thermally stable and 

reveals that they are promising candidates for OLEDs applications fabricated by 

vacuum deposition. On the other hand, differential scanning calorimetry (DSC) 

measurements were also performed to investigate their thermal properties. All bis-

cyanostyryl molecules show glass transition temperature (Tg) above 80 ° C, 

indicative of good thermal stability under the Joule heat generated during the 

operation of OLED devices.[31] 

 

Table 5-11  Thermal properties of bis-cyanostyryl compounds 

Compound Tg (°C) Td (5% wt loss) (°C) 

CN-1 88.1 351.2 

CN-2 115.5 391.5 

CN-3 126.5 404.0 

CN-4 99.5 404.5 

CN-5 132.2 407.4 
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CN-6 145.9 418.4 

CN-7 131.3 388.7 

CN-8 185.8 424.0 
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5.7. OLED Devices  

CN-2 and CN-4 were chosen as the emitter for fabrication of non-doped 

OLED devices with the following structure: ITO/HATCN (20 nm)/NPB (40 

nm)/emitter (30 nm)/TPBi (50 nm)/LiF (1 nm)/Al(100 nm). 1,4,5,8,9,11-

Hexaazatriphenylenehexacarbonitrile (HATCN) was employed as hole-injection 

material; N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) 

served as the hole-transporting material, 2,2′,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-

1-H-benzimidazole) (TPBi) was served as electron-transporting material. 

The EL spectrum, EQE versus luminance, current density–voltage–luminance 

(J–V–L) characteristics for the device of CN-2 and CN-4 are shown in Figure 5-24 

and Figure 5-25 respectively. The key device data are summarized in Table 5-12. 

The device of CN-2 exhibited an NIR emission with peak at 685 nm and a 

Commission International de l’Eclairage (CIE) of (0.674, 0.289). The device 

showed a turn-on voltage (Von) of 4.9 V and the best EQE of 0.23 %, current 

efficiency (CEmax) and power efficiency (PEmax) is 0.05 cd/A and 0.019 lm/W 

respectively, with the highest brightness (Lmax) of 965 cd/m2 at 19.8 V. On the other 

hand, the device of CN-4 showed a deep-red emission at 654 nm and a CIE of 

(0.670, 0.327). The device gave maximum EQE of 2.90 % with Von of 3.50 V. It 

showed the CEmax of 1.90 cd/A, PEmax of 1.47 lm/W, and Lmax of 4279 cd/m2 at 15.0 
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V. Thanks to the AIE properties of bis-cyanostyryl compounds, the non-doped 

electroluminescence spectra are nearly close to those in the solid state. Both of them 

show low Von with deep-red to NIR emission, suggesting that the bis-

cyanostyrylthiophenes with strong electron-donors are a promising approach to 

design NIR AIE-active emitters. 

 

 

Figure 5-24 (From left to right, top to bottom) The EL spectrum, EQE versus 

luminance, current density and luminance versus voltage and current efficiency and 

power efficiency versus luminance of CN-2 based OLED device 
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Figure 5-25 (From left to right, top to bottom) The EL spectrum, EQE versus 

luminance, current density and luminance versus voltage and current efficiency and 

power efficiency versus luminance of CN-4 based OLED device 

 

Table 5-12 Electroluminescence properties of CN-2 and CN-4 

Materials λEL (nm) V (V) 
CE 

(cd/A) 

PE 

(Im/W) 

Lmax 

(cd/m2) 

EQE 

(%) 

CN-2 685 

4.9a 

12.1b 

 

0.050 

(max) 

0.049b 

0.019 

(max) 

0.013 

965 

0.23 

(max) 

0.22b 

CN-4 654 

3.5a 

5.7b 

10.1c 

1.90 

(max) 

0.97b 

1.47 

(max) 

0.54b 

4279 

2.90 

(max) 

1.46b 
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0.71c 0.22c 1.06c 

Abbreviations: λEL: Peak of electroluminescence; V: Voltage; CE: Current 

efficiency; PE: Power efficiency; Lmax: Maximum luminance; a: At the luminance 

of 1 cd/m2, b: At the luminance of 100 cd/m2, c: At the luminance of 1000 cd/m2, 

max: Maximum value 
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5.8. Concluding Remarks 

In this chapter, eight bis-cyanostyryl derivatives bearing different electron 

donors and central -conjugated units were synthesized and characterized. 

Methoxy-substituted TPA or phenothiazine with bis-cyanostyrylthiophene, CN-2 

and CN-7, exhibit NIR emission in the solid state and aggregated state in poor 

solvent. Single crystal study of CN-4 and CN-5 reveals that bis-

cyanostyrylthiophene or bis-cyanostyrylanthracene can effectively prevent severe 

non-radiative - stacking. All of them are AIE-active with emission ranging from 

orange to NIR region. Upon investigation of solvatochromic properties, they are 

highly sensitive to the change of solvent polarity due to the strong ICT character, in 

which CN-4, CN5, CN-6 and CN-8 may bear HLCT excited state to promote highly 

efficient emission. TGA and DSC studies of these compounds suggest that they are 

thermally stable for vacuum deposition in OLED fabrication or resistance of joule 

heating during the operation of devices. The OLED device of CN-2 exhibits NIR 

emission with low turn-on voltage, and OLED device of CN-4 shows efficient 

deep-red emission with EQE of 2.9 % and a low turn-on voltage. These results 

suggest that the AIE-active bis-cyanostyryl units are a promising approach to design 

red to NIR emissive materials in optoelectronics or bioprobes. 
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6. Chapter 6 Concluding Remarks and Future Work 

AIE-active materials developed via different strategies were successfully 

designed, synthesized and characterized using common spectroscopic methods. 

They exhibited remarkable emission properties, thermal stability and 

biocompatibility, indicative of the promising applications in bioimaging and 

organic light-emitting diodes (OLEDs). 

 In Chapter 2, simple D-- A structure was applied in a series of cyanostilbenes. 

Cyanostilbenes with diaryl sulfone-acceptor, A1 to A4, exhibit remarkable AIE 

effect with intense green to orange emission via aggregate formation. They had high 

quantum efficiencies with significant emission enhancement in aggregated 

solutions compared to those under dilute THF solution. Green-emissive A4 showed 

the highest quantum yield of near unity, indicative of the contribution of diphenyl 

sulfone unit. On the other hand, cyanostilbenes bearing dicyanovinylene acceptors 

gave orange to deep red emission under 95 % water fraction in THF. Although the 

single crystal structure of B1 exhibited planar geometry in cyanostilbene unit, most 

of them are AIE-active except for B2. B1 showed a deep red emission peak at 645 

nm in aggregate formation. These results show that the introduction of twisted 

sulfone and highly electron-withdrawing dicyanovinylene unit is a promising 
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approach to further improve the quantum efficiencies and colour tuning for red-

shifted emission. Based on these surprising results, these cyanostilbenes would be 

further fabricated into OLED devices to study their electroluminescence properties. 

Furthermore, the SEM images of cyanostilbenes with these acceptors in aggregated 

solution reveal of their uniform nano-aggregate formation with diameter below 100 

nm, indicative of their potential usages in bioimaging. 

 In Chapter 3, a series of N-substituted phenothiazine-based cyanostilbenes 

with terminal aldehyde or carboxylic acids were synthesized and characterized. 

These luminogens exhibited large Stokes shift and strong orange emission. They 

also showed AIE effect, but different morphologies were formed as shown from 

TEM images of their aggregated solutions. Phz-1a showed uniform spherical shape 

with 90.6 nm diameter, while Phz-2a was highly irregular with large size at around 

112 nm. Acid-containing Phz-1b and Phz-2b were smaller in size with 44 and 34 

nm respectively, but they were partially spherical with ribbon-like structure in TEM 

images. These dyes exhibit clear and strong fluorescence in CLSM images of BEL-

7402 tumor cells, and Phz-2a showed excellent biocompatibility even when the 

concentration was increased to 150 M. These results demonstrated the excellent 

performance for bioimaging using small molecule without further chemical 

modifications. Therefore, cytotoxicity of the remaining dyes would also be 
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investigated, and the photostability and long-term tracing ability of these AIE-

active compounds would also be performed. 

In Chapter 4, Pt(II) complexes constructed from tetrafluorinated (Pt-1a to Pt-

1d) and naphthyl (Pt-2a to Pt-2d) C^N^C ligands with different monodentate 

pyridyl ligands were synthesized and characterized. The single crystal structures of 

Pt-1a and Pt-1b showed that the difference in dimethylamino group resulted in the 

loss of Pt…Pt interactions in Pt-1b, and multiple CH…F interactions were 

observed in these crystal packing structures. These Pt(II) complexes were non-

emissive in dilute MeCN solution, but phosphorescent emissions were brightened 

up in 90 % water fraction in all complexes except for Pt-2c. Pt-1a gave the highest 

quantum efficiency with 18.3 % in 90 % water fraction. Moreover, under the same 

C^N^C ligand applied, the Pt(II) complexes exhibited different emission colours 

upon changing of the pyridyl units. The morphological studies of the aggregates of 

complexes by SEM or TEM showed that the change of pyridyl ligand resulted in 

huge differences in size and shape of nano-aggregates in Pt(II) complexes with the 

same C^N^C ligand. Such differences in morphology also brought about different 

emission properties. Pt-1a and Pt-1b (intense, yellow emission) showed nanorod 

formation in high water fraction in MeCN while Pt-1c and Pt-1d (weak, red 

emission) were spherical in shape. On the other hand, the aggregates of Pt-2a and 
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Pt-2b (red emission) were perfectly spherical while Pt-2c (non-emissive) and Pt-

2d (yellow emission) showed ribbon-like structures. These results indicated the AIE 

effect was present in commonly non-emissive Pt(II) C^N^C complexes by simple 

modifications of tridentate ligand as well as monodentate ligand. Such attractive 

features in Pt(II) complexes make them potential candidates for bioimaging 

applications to resist oxygen quenching upon aggregate formations. Moreover, the 

self-assembly behavior of Pt-1a and Pt-1b would also be further investigated. 

In Chapter 5, a series of bis-cyanostyryl units combined with various electron 

donors and central -conjugated units were designed and synthesized. They were 

emissive in solid with colour range from orange to NIR region. Furthermore, they 

are AIE-active and some of them may contain hybridized local and charge transfer 

(HLCT) excited state to achieve highly efficient emission upon solvatochromic 

investigation. Using thiophene as -conjugated unit in bis-cyanostyryl derivatives 

they exhibited the most significant red-shifted absorption and emission, while 

anthracene-based bis-cyanostyryl derivatives showed the most impressive TICT 

effect in polar solvents. Phenothiazine (CN-7) and methoxy-substituted TPA (CN-

2) donors brought the emission of bis-cyanostyryl thiophenes into NIR region in 

both aggregated and solid state. Some bis-cyanostyryl thiophenes fabricated in 

nondoped OLED devices show deep-red to NIR emission. The best performance 
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was achieved by CN-4 with the luminous efficiency of 1.90 cd/A, power efficiency 

of 1.47 lm/W and external quantum efficiency of 2.90 %. Such surprising results 

indicated that bis-cyanostyryl unit was a promising way to design solid-state NIR-

emissive compounds. 
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7. Chapter 7 Experimental Section 

7.1 General Procedures 

7.1.1. General Information 

All reactions were carried out under a nitrogen atmosphere and magnetically 

stirred with the use of Schlenk lines. Commercially available reagents were used 

without purification, which were purchased from Acros Organics, Dieckmann, 

Sigma-Aldrich, and Tokyo Chemical Industry Co., Ltd (TCI). Solvents were 

purified and dried by distillation over appropriate drying agents. Thin-layer 

chromatography (TLC) with Merck pre-coated aluminum foil sheet was used to 

monitor the reaction progress. DAVISIL® chromatographic silica gel (70-200 m 

particle size) was used for column chromatography. 1H NMR and 13C NMR spectra 

were measured in deuterated solvents by Bruker NMR Ultrashield 400 MHz FT-

NMR spectrometer. Mass spectra were obtained by Bruker Autoflex matrix assisted 

laser desorption/ionization time of flight mass spectrometer (MALDI-TOF MS). 

 

7.1.2. Physical Measurements 

UV-visible absorption spectra were taken in HP 8453 spectrophotometer. 

Photoluminescence spectra were recorded in Perkin Elmer LS55B spectrometer. 
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Quantum efficiencies of all dissolved compounds were measured in Perkin Elmer 

LS55B with appropriate standards, such as 4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran (DCM) ( = 43% in methanol), rhodamine B ( 

= 70% in ethanol) and fac-Ir(ppy)3 ( = 40% in dichloromethane).[1–3] The 

absorbance of all solutions was kept below 0.1 to avoid the internal filter effect 

during the measurement quantum efficiencies.[4] The luminescence lifetime was 

measured by luminescence lifetime scanning spectrometer (PTI time master model 

C-720) with excitation by a pulsed 355 nm line of a Q-switched Nd:YAG laser. 

Cyclic voltammetry (CV) measurements were performed by CH Instrument 

Model 600 D Series Potentialstat with electrodes of glassy carbon, platinum wire 

and Ag/Ag+ reference under a nitrogen atmosphere. Compounds were dissolved in 

0.1 M tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) solution in degassed 

acetonitrile or dichloromethane. 

Thermal gravimetric analysis (TGA) was performed by Perkin Elmer TGA-6 

from 30 to 500 °C at a heating rate of 20°C/min under a nitrogen atmosphere. The 

decomposition temperature (Td) corresponds to 5% weight loss. Differential 

scanning calorimetry (DSC) was performed on a Perkin Elmer Pyris Diamond DSC 

from 30 to 300 °C at a heating rate of 10°C/min under a nitrogen atmosphere. 

SEM images were taken by LEO 1530 Field Emission SEM. TEM images 
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were taken by Tecnai G2 20 S-TWIN Transmission Electron Microscope and EDX 

spectrum was also taken in TEM. The single crystal structure was obtained by 

single-crystal X-ray diffractometer (Smart 1000 and Bruker APEX II with CCD 

area detector). 

7.1.3. Cell Culture and Imaging in Chapter 3 

The BEL-7402 cell line was supplied by College of Life Sciences, Shenzhen 

University. The cells were grown in RPMI (Roswell Park Memorial Institute’s 

Medium)1640 supplemented with 10% FBS (Fetal Bovine Serum) and 1 % 

Penicillin-Streptomycin liquid at 37 °C and 5% CO2 in air jacketed CO2 incubator 

for 24 hours. Cells (1~5 ×105) were plated on confocal dish. Upon 90 % cell 

proliferation, 10-5 M solutions of Phz-1a to Phz-2b were added followed by 

incubation for 4-5 hours. The culture medium was removed and rinsed with PBS 

solution. 4 % PFA solution was added into cultured dishes followed fixation under 

4 °C for 10 minutes. PFA was then removed and the dishes were rinsed with PBS 

solution several times. The images were taken in Zeiss laser scanning microscope 

(LSM) 710 NLO under 405 nm excitation. 

7.1.4. OLED Fabrication in Chapter 5 

Pre-patterned indium tin oxide (ITO) was used to fabricate the OLED devices. 

The ITO glass substrates were cleaned in ultrasonic bath followed by the ozone 
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treatment for 20 min. Then, HATCN was vacuum-deposited on ITO glass substrates 

for 30 min followed by deposition of NPB for hole injection and hole transporting 

layer respectively. Bis-cyanostyryl compounds were then deposited for another 30 

min. Afterwards, TPBI, an electron injection layer with 50 nm thick was thermally 

deposited by vacuum. 1 nm layer of LiF as the electron 

injection cathode and 100 nm of Al protection layer were thermally deposited 

subsequently. The deposition was carried out in a vacuum chamber with a pressure 

less than10-6 Pa without breaking vacuum in every vacuum deposition processes. 

All experiments and measurements were taken under ambient condition at room 

temperature. The EL spectra and CIE coordinates were measured in a PR650 

Spectra colorimeter. Keithley 2400/2000 source meter was used to obtain the J-V-

L curves. The luminance of devices was recorded by a PR650 SpectraScan 

spectrometer.  

 

7.2 Synthesis of D--A Cyanostilbene Molecules for Chapter 2 

Synthesis of carboxyaldehydes with electron donor 

TPA-CHO: Phosphoryl chloride (5.7 ml, 61.1 mmol) and dimethylformamide 

(DMF) (4.7 ml, 61.1 mmol) were added into a two-necked flask with bubbling of a 

nitrogen gas, followed by stirring for 5 minutes. Triphenylamine (5.0 g, 20.3 mmol) 
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in 30 ml dichloromethane was added into the mixture and heated overnight at 75°C. 

Sodium hydroxide solution was then added into reaction mixture under an ice bath, 

where the neutralized mixture was extracted with dichloromethane and dried by 

anhydrous sodium sulphate. Solvent was removed under vacuum and the crude 

product was purified by silica gel-column chromatography eluted with 

hexane/dichloromethane (1:2, v/v). Pale yellow solid. 4.33 g, 78%. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 9.81 (s, 1H, CHO), 7.707.66 (m, 2H, Ar), 

7.367.32 (m, 4H, Ar), 7.197.15 (m, 6H, Ar), 7.027.00 (m, 2H, Ar). 13C NMR 

(CDCl3, 100 MHz),  (TMS, ppm): 190.47 (CHO), 153.38, 146.17, 131.32, 129.75, 

129.11, 126.34, 125.13, 119.36 (Ar). 

MeO-TPA: Iodobenzene (1.75 ml, 15.7 mmol), 4 4'-dimethoxydiphenylamine 

(3 g, 13.1 mmol), potassium t-butoxide (2.93 g, 26.2 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (Pd2dba3) (238 mg, 0.26 mmol) and tri-

tert-butylphosphonium tetrafluoroborate (P(t-Bu)3HBF4) (0.267 g , 0.92 mmol) in 

100 ml toluene were mixed together in a two-neck flask with N2 bubbling. The 

mixture was refluxed overnight, followed by cooling it down to room temperature 

and by filtration with zeolite. Solvent in filtrate was removed by reduced pressure 

and the product was purified by column chromatography (silica) with 

hexane/dichloromethane (1:1, v/v). White solid. 3.5 g, 87.4 % 1H NMR (CDCl3, 
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400 MHz),  (TMS, ppm): 7.20 – 7.12 (m, 2H, Ar), 7.07 – 7.01 (m, 4H, Ar), 6.97 – 

6.90 (m, 2H, Ar), 6.87 (m, 1H, Ar), 6.84 – 6.79 (m, 4H, Ar), 3.79 (s, 6H, alkyl). 13C 

NMR (CDCl3, 100 MHz),  (TMS, ppm): 155.67, 148.77, 141.16, 128.92, 126.39, 

120.91, 120.56, 114.63 (Ar), 55.50 (alkyl). 

MeO-TPA-CHO: The procedures were identical to TPA-CHO using MeO-

TPA (4 g, 13.8 mmol) as starting reagent. 4.09 g, 88.7 % yield. 1H NMR (CDCl3, 

400 MHz),  (TMS, ppm): 9.75 (s, 1H, CHO), 7.67 – 7.58 (m, 2H, Ar), 7.18 – 7.09 

(m, 4H, Ar), 6.94 – 6.80 (m, 6H, Ar), 3.82 (s, 6H, alkyl). 13C NMR (CDCl3, 100 

MHz),  (TMS, ppm): 190.32 (CHO), 157.32, 154.08, 138.82, 131.45, 128.08, 

127.77, 116.76, 115.07 (Ar), 55.52 (alkyl). 

 TPE-CHO: 2-Bromo-1,1,2-triphenylethylene (2.0 g, 5.97 mmol), 4-

formylphenylboronic acid (1.12 g, 7.46 mmol), and 12 ml 2 M K2CO3 solution were 

dissolved into 40 ml tetrahydrofuran (THF) in a round bottom flask bubbled with 

nitrogen for 5 minutes, followed by addition of 

tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (340 mg, 0.3 mmol) and the 

mixture was refluxed overnight. The reaction mixture was extracted with 

dichloromethane. The organic layer was dried with anhydrous Na2SO4 and purified 

by silica gel-column chromatography (hexane/dichloromethane, 1:2, v/v). Pale-

yellow solid. 2.05 g, 95.3%. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 9.90 (s, 
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1H, CHO), 7.627.60 (d, J = 8.4 Hz, 2H, Ar), 7.207.18 (d, J = 8 Hz, 2H, Ar), 

7.137.11 (m, 9H, Ar), 7.047.00 (m, 6H, Ar). 13C NMR (CDCl3, 100 MHz),  

(TMS, ppm): 191.93 (CHO), 150.58, 143.05, 143.00, 142.90, 139.77, 134.28, 

131.96, 131.30, 131.29, 131.24, 129.17, 127.94, 127.75, 127.06, 126.90, 126.87 

(Ar). 

Tert-CBZ: 3,6-Di-tert-butylcarbazole (4.0 g, 14.32 mmol), 1-bromo-4-

iodobenzene (6.08 g, 21.5 mmol), copper(I) iodide (1.9 g, 9.98 mmol), 1,10 

phenanrothaline (1.84 g, 9.98 mmol) and sodium hydroxide (4.1 g, 100.2 mmol) 

were mixed with 40 ml p-xylene with vigorous stirring in a round bottom flask, 

followed by heating at 140°C for 2 days. The mixture was cooled down and filtered, 

and solvent of the filtrate was removed under reduced pressure. The product was 

purified by silica gel-column chromatography using hexane as eluent. White solid. 

6.21 g, 99.8%. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.138.12 (d, J = 1.6 

Hz, 2H, Ar), 7.727.68 (m, 2H, Ar), 7.477.42 (m, 4H, Ar), 7.327.30 (d, 2H, J = 

8.4 Hz, Ar), 1.46 (s, 18H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 

143.10, 138.92, 137.28, 132.94, 128.23, 125.81, 123.60, 120.22, 116.42, 108.95 

(Ar), 34.70, 31.96 (alkyl). 

Tert-CBZ-CHO: Tert-CBZ (3 g, 7 mmol) was dissolved in 60 ml anhydrous 

THF inside a dry two-necked flask and the solution was cooled down to -78 oC. 2.4 
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M n-BuLi (4.1 ml, 9.8 mmol) was added into the solution at 78 oC. After 15 minutes, 

anhydrous DMF (1.08 ml, 14 mmol) was added at 78 oC and the mixture was stirred 

for 2 hours. 2 M HCl solution was then added to quench the reaction and the mixture 

was extracted with dimethyl ether and water. The organic layer was obtained and 

dried under vacuum. The crude product was purified under silica gel-

chromatography using dichloromethane as eluent. Pale yellow solid. 1.67 g, 62.2%. 

1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 10.10 (s, 1H, CHO), 8.148.13 (d, J 

= 1.2 Hz, 2H, Ar), 8.128.10 (d, J = 8.4 Hz, 2H, Ar), 7.787.77 (d, J = 8.4 Hz, 2H, 

Ar), 7.507.49 (d, J = 8.4 Hz, 2H, Ar), 7.487.44 (m, 2H, Ar), 1.47 (s, 18H, alkyl). 

13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 191.04 (CHO), 143.93, 138.38, 

134.60, 131.38, 126.24, 124.07, 123.95, 116.47, 109.31 (Ar), 34.80, 31.96 (alkyl). 

 

General procedure for the synthesis of Ar-CN-Br 

Ar-CHO (1 equiv), 4-bromophenylacetonitrile (1.2 equiv) and a few pellets 

of sodium hydroxide were dissolved in 30 ml ethanol inside a round bottom flask. 

The mixture was then heated at 80°C for 2 hours with stirring. After cooling, solvent 

was removed under reduced pressure followed by silica gel-column 

chromatography with eluent of hexane/dichloromethane to afford Ar-CN-Br.  

TPA-CN-Br: TPA-CHO (2 g, 7.34 mmol) and 4-bromophenylacetonitrile 
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(1.73 g, 8.8 mmol) were used to afford an orange-yellow solid. 3.1g, 93.6% yield. 

1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.777.75 (d, J = 8.8 Hz, 2H, Ar), 

7.557.49 (m, 4H, Ar), 7.39 (s, 1H, CNC=CH), 7.347.30 (t, 4H, Ar), 7.177.11 

(m, 6H, Ar), 7.057.03 (d, 2H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 

150.20, 146.48, 142.04, 134.05, 132.11, 130.77, 129.61, 127.16, 125.99, 125.81, 

124.53, 122.59, 120.67, 118.46 (Ar), 106.35 (CN). 

MeO-TPA-CN-Br: MeO-TPA-CHO (0.9 g, 2.7 mmol) and 4-

bromophenylacetonitrile (635 mg, 3.24 mmol) were used to afford an orange-

yellow solid. 1.22 g, 88.4 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

7.74 – 7.69 (m, 2H, Ar), 7.53 – 7.45 (m, 4H, Ar), 7.35 (s, 1H, Ar), 7.14 – 7.08 (m, 

4H, Ar), 6.90 – 6.85 (m, 6H, Ar), 3.80 (s, 6H, alkyl). 13C NMR (CDCl3, 100 MHz), 

 (TMS, ppm): 156.96, 151.03, 142.25, 139.25, 134.28, 132.06, 130.90, 127.72, 

127.06, 124.36, 122.28, 118.74, 117.89, 114.98 (Ar), 105.00 (CN), 55.55 (alkyl). 

TPE-CN-Br: TPE-CHO (1 g, 2.77 mmol) and 4-bromophenylacetonitrile 

(650 mg, 3.3 mmol) were used to afford an yellow solid. 1.37 g, 92.0% yield. 1H 

NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.667.64 (d, 2H, Ar), 7.567.54 (d, J = 

8.4 Hz, 2H, Ar), 7.517.48 (d, J = 8.8 Hz, 2H, Ar), 7.39 (s, 1H, Ar), 7.157.09 (m, 

11H, Ar), 7.087.014 (m, 6H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 

146.85, 143.30, 143.13, 142.50, 142.26, 139.05, 133.71, 132.22, 131.99, 131.36, 
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131.32, 131.28, 128.83, 127.92, 127.88, 127.70, 127.39, 126.94, 126.76, 123.24, 

117.78 (Ar), 109.49 (CN). 

Tert-CBZ-CN-Br: Tert-CBZ-CHO (990 mg, 2.61 mmol) and 4-

bromophenylacetonitrile (615 mg, 3.13 mmol) were used to obtain a yellow solid. 

1.13 g, 77.1% yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.158.14 (d, J 

= 1.6 Hz, 2H, Ar), 8.148.12 (d, J = 8.4 Hz, 2H, Ar), 7.737.70 (d, J = 8.4 Hz, 2H, 

Ar), 7.617.60 (d, J = 2 Hz, 5H, Ar), 7.517.44 (m, 4H, Ar), 1.48 (s, 18H, alkyl). 

13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 143.59, 141.43, 140.48, 138.57, 

133.41, 132.33, 131.45, 130.90, 127.50, 126.43, 123.85, 123.57, 117.73, 116.41, 

110.44 (Ar), 109.31 (CN), 34.81, 32.01 (alkyl). 

 

General procedure for the synthesis of Ar-CN-Bpin 

8. Ar-CN-Br (1 equiv), bis(pinacolato)diboron (1.2 equiv), potassium acetate (3 

equiv) and anhydrous THF were added into a two-neck flask with N2 bubbling and 

stirring.  [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II) 

(Pd(dppf)Cl2) (5% equiv) was then added with refluxed overnight. The reaction 

mixture was cooled, extracted with CH2Cl2/water and passed through silica-gel 

column chromatography eluted by CH2Cl2 to afford the target compound. 

TPA-CN-Bpin: TPA-CN-Br (1.3 g, 2.88 mmol), bis(pinacolato)diboron (876 
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mg, 3.45 mmol), potassium acetate (848 mg, 8.64 mmol) and Pd(dppf)Cl2 (105 mg, 

0.14 mmol) were used to afford a yellow solid. 1.24 g, 86.4 % yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 7.87 – 7.82 (m, 2H, Ar), 7.81 – 7.76 (m, 2H, 

Ar), 7.67 – 7.62 (m, 2H, Ar), 7.48 (s, 1H, Ar), 7.35 – 7.29 (m, 4H, Ar), 7.18 – 7.10 

(m, 6H, Ar), 7.07 – 7.02 (m, 2H, Ar), 1.36 (s, 12H, alkyl). 13C NMR (CDCl3, 100 

MHz),  (TMS, ppm): 150.08, 146.57, 142.18, 137.51, 135.38, 130.82, 129.58, 

126.31, 125.76, 124.81, 124.44, 120.78, 118.68 (Ar), 107.57 (CN), 84.01, 24.89 

(alkyl). 

MeO-TPA-CN-Bpin: MeO-TPA-CN-Br (0.6 g, 1.17 mmol), 

bis(pinacolato)diboron (356 mg, 1.40 mmol), potassium acetate (345 mg, 3.51 

mmol) and Pd(dppf)Cl2 (43 mg, 0.06 mmol) were used to afford an orange solid. 

0.5 g, 76.5 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.88 – 7.79 (m, 

2H, Ar), 7.79 – 7.71 (m, 2H, Ar), 7.68 – 7.60 (m, 2H, Ar), 7.46 (s, 1H, Ar), 7.15 – 

7.08 (m, 4H, Ar), 6.91 – 6.86 (m, 6H, Ar), 3.81 (s, 6H, alkyl), 1.36 (s, 12H, alkyl). 

13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 156.88, 150.90, 142.39, 139.31, 

137.73, 135.36, 130.93, 127.67, 124.70, 124.62, 118.97, 117.95, 114.95, 114.91 

(Ar), 106.18 (CN), 83.99, 55.53, 24.93 (alkyl). 

TPE-CN-Bpin: TPE-CN-Br (1.01 g, 1.87 mmol), bis(pinacolato)diboron 

(521 mg, 2.05 mmol), potassium acetate (548 mg, 5.60 mmol) and Pd(dppf)Cl2 (69 
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mg, 0.93 mmol) were used to afford a yellow solid. 959 mg, 87.6 % yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 7.89 – 7.81 (m, 2H, Ar), 7.69 – 7.61 (m, 4H, 

Ar), 7.47 (s, 1H, Ar), 7.15 – 7.10 (m, 11H, Ar), 7.05 (m, 6H, Ar), 1.36 (s, 12H, 

alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 146.64, 143.32, 143.26, 

143.14, 142.40, 142.36, 139.99, 137.09, 135.40, 131.93, 131.53, 131.36, 131.31, 

131.29, 128.88, 127.90, 127.85, 127.68, 126.91, 126.72, 125.04, 118.06 (Ar), 

110.50 (CN), 84.07, 24.90 (alkyl). 

Tert-CBZ-CN-Bpin: Tert-CBZ-CN-Br (250 mg, 0.445 mmol), 

bis(pinacolato)diboron (142 mg, 0.556 mmol), potassium acetate (132 mg, 1.34 

mmol) and Pd(dppf)Cl2 (20 mg, 0.03 mmol) were used to afford a yellow solid. 201 

mg, 74.1 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.18 – 8.08 (m, 4H, 

Ar), 7.95 – 7.86 (m, 2H, Ar), 7.76 – 7.63 (m, 5H, Ar), 7.49 – 7.43 (m, 4H, Ar), 1.47 

(s, 18H, alkyl), 1.37 (s, 12H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 

143.55, 141.61, 140.33, 138.62, 136.85, 135.56, 131.71, 130.99, 128.12, 126.39, 

125.20, 123.88, 123.86, 118.03, 116.40, 111.52 (Ar), 109.39 (CN), 84.14, 34.81, 

32.04, 25.06 (alkyl). 

 

Synthesis of Ph-SO2-Ph-Br 

4-Bromothiophenol (2 g, 10.6 mol), iodobenzene (1.302 ml, 11.7 mmol), 
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potassium hydroxide (1.19 g, 21.2 mmol), glycine (160 mg, 2.12 mmol), copper(I) 

iodide (100 mg, 0.53 mmol) and mCPBA (8.22 g, 47.7 mmol) were used according 

to the procedures in the literature.[5] White solid. 2.58 g, 82 % yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 7.96 – 7.89 (m, 2H, Ar), 7.85 – 7.77 (m, 2H, 

Ar), 7.68 – 7.62 (m, 2H, Ar), 7.61 – 7.55 (m, 1H, Ar), 7.55 – 7.49 (m, 2H, Ar). 13C 

NMR (CDCl3, 100 MHz),  (TMS, ppm): 141.16, 140.68, 133.47, 132.62, 129.43, 

129.21, 128.48, 127.67 (Ar). 

 

General procedure for the synthesis of A1 – A4  

Ph-SO2-Ph-Br (1 equiv) and boronate ester Ar-CN-Bpin (1.25 equiv) were 

stirred in 30 ml THF and 2 M K2CO3 solution (4 equiv) with N2 bubbling. Pd(PPh3)4 

(8% mol) was then added after 15 minutes. The mixture was heated under reflux in 

a N2 atmosphere overnight. The cooled mixture was washed and extracted with 

CH2Cl2 and water followed by drying with anhydrous Na2SO4 and concentrated 

under reduced pressure. The product was purified by column chromatography 

(silica) with various solvent mixtures (A1: hexane/ethyl acetate (3:1), A2: 

hexane/ethyl acetate (3:1), A3: dichloromethane/hexane (2:1), A4: 

dichloromethane/hexane (2:1)). Further recrystallization in CH2Cl2 and diethyl 

ether was applied for some products if necessary. 
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A1: TPA-CN-Bpin (300 mg, 0.602 mmol) and Ph-SO2-Ph-Br (149 mg, 0.502 

mmol) were used to afford an orange solid. 230 mg, 77.8 % yield. 1H NMR (CDCl3, 

400 MHz),  (TMS, ppm): 8.057.95 (m, 4H, Ar), 7.80 (d, J = 8.8 Hz, 2H, Ar), 

7.767.71 (m, 4H, Ar), 7.63 (d, J = 8.5Hz, 2H, Ar), 7.58 (m, 1H, Ar), 7.567.51 (m, 

2H, Ar), 7.48 (s, 1H, Ar), 7.32 (t, J = 7.9 Hz, 4H, Ar), 7.16 (m, 6H, Ar), 7.05 (d, J 

= 8.8 Hz, 2H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm):150.24, 146.51, 

145.04, 142.08, 141.66, 140.09, 139.09, 135.38, 133.28, 131.28, 130.85, 129.63, 

129.57, 129.38, 128.35, 128.00, 127.87, 127.80, 127.69, 126.29, 126.12, 125.83, 

124.56, 120.73, 120.23, 118.61(Ar), 106.62 (CN). HRMS (MALDF-TOF): m/z 

588.1863 [calcd. 588.1866]. 

A2: MeO-TPA-CN-Bpin (200 mg, 0.358 mmol) and Ph-SO2-Ph-Br (85.1 

mg, 0.286 mmol) were used to afford a red solid. 127 mg, 68.4 % yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 8.00 (m, 4H, Ar), 7.74 (m, 6H, Ar), 7.65-7.48 

(m, 6H, Ar), 7.45 (s, 1H, Ar), 7.12 (d, J = 8.9 Hz, 4H, Ar), 6.89 (m, 6H, Ar), 3.82 

(s, 6H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm):156.98, 151.06, 145.09, 

142.29, 141.68, 140.42, 139.27, 138.81, 135.62, 133.26, 130.95, 129.37, 128.33, 

127.82, 127.76, 127.71, 127.68, 126.16, 124.49, 118.87, 117.92, 114.98 (Ar), 

105.31 (CN), 55.53 (alkyl). HRMS (MALDF-TOF): m/z 648.2033 [calcd. 

648.2077]. 



 

278 

 

A3: TPE-CN-Bpin (300 mg, 0.512 mmol) and Ph-SO2-Ph-Br (129 mg, 0.427 

mmol) were used to afford a yellow solid. 231 mg, 80.0 % yield. 1H NMR (CDCl3, 

400 MHz),  (TMS, ppm):m, 4H), 7.71 (m, 4H, Ar), 7.67 (d, J = 8.4 

Hz, 2H, Ar), 7.61 (d, J = 8.5 Hz, 2H, Ar), 7.56 (d, J = 7.2 Hz, 1H, Ar), 7.51 (m, 2H, 

Ar), 7.46 (s, 1H, Ar), 7.15-7.01 (m, 17H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, 

ppm):144.90, 143.32, 143.30, 143.16, 142.51, 142.31, 141.62, 140.63, 139.99, 

139.61, 134.95, 133.32, 132.01, 131.47, 131.39, 131.35, 129.41, 128.93, 128.36, 

127.95, 127.91, 127.85, 127.74, 127.69, 127.39, 126.97, 126.80, 126.56, 117.98 

(Ar), 109.73 (CN). HRMS (MALDF-TOF): m/z 675.2261 [calcd. 675.2227]. 

A4: Tert-CBZ-CN-Bpin (200 mg, 0.329 mmol) and Ph-SO2-Ph-Br (81 mg, 

0.274 mmol) were used to afford a green-yellow solid. 182 mg, 95.0 % yield. 1H 

NMR (CDCl3, 400 MHz),  (TMS, ppm): d, J = 8.8 Hz, 4H, Ar), 8.05 (d, J = 

8.5 Hz, 2H, Ar), 8.027.99 (m, 2H, Ar), 7.83 (d, J = 8.5 Hz, 2H, Ar), 7.77 (s, 1H, 

Ar), 7.74 (d, J = 6.1 Hz, 2H, Ar), 7.71 (d, J = 5.0 Hz, 2H, Ar), 7.68 (s, 2H, Ar), 

7.627.58 (m, 1H, Ar), 7.577.52 (m, 2H, Ar), 7.517.44 (m, 4H, Ar), 1.47 (s, 18H, 

alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm):144.86, 143.61, 141.62, 

141.47, 140.74, 140.49, 138.59, 134.69, 133.32, 131.56, 131.34, 130.97, 129.68, 

129.40, 128.40, 128.05, 127.95, 127.89, 127.72, 126.68, 126.45, 126.10, 123.86, 

123.79, 117.92, 116.42, 110.70, 109.33 (Ar), 109.21 (CN), 34.80, 31.97 (alkyl). 
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HRMS (MALDF-TOF): m/z 682.8055 [calcd. 698.2967]. 

 

General procedure for the synthesis of Ar-CN-CHO 

Corresponding Ar-CN-Br (1 equiv), 4-formylphenylboronic acid (1.2 equiv), 

2 M K2CO3 (4 equiv) and 30 ml THF were added into a two-neck flask in a N2 

atmosphere. Pd(PPh3)4 (5% equiv) was then added followed by reflux overnight. 

The cooled mixture was washed and extracted with CH2Cl2/water, dried over 

anhydrous Na2SO4 and purified by silica gel-column chromatography using 

hexane/CH2Cl2 (1:2 v/v). 

TPA-CN-CHO: TPA-CN-Br (1.2 g, 2.66 mmol) and the corresponding 

amount of 4-formylphenylboronic acid (406 mg, 2.71 mmol), 2 M K2CO3 solution 

(5 ml), Pd(PPh3)4 (160 mg, 0.13 mmol) and THF were used to afford a orange solid. 

1.08 g, 85.2%. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 10.07 (s, 1H, CHO), 

7.907.97 (d, J = 8.4 Hz, 2H, Ar), 7.827.76 (m, 6H, Ar), 7.727.69 (d, J = 8.8 Hz, 

2H, Ar), 7.50 (s, 1H, Ar), 7.357.31 (m, 4H, Ar), 7.197.12 (m, 6H, Ar), 7.077.05 

(d, J = 8.8 Hz, 2H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 191.83 (CHO), 

150.19, 146.51, 146.01, 141.96, 139.66, 135.44, 135.23, 130.83, 130.38, 129.61, 

127.88, 127.54, 126.25, 126.17, 125.80, 124.52, 120.72, 118.64 (Ar), 106.75 (CN). 

MeO-TPA-CN-CHO: MeO-TPA-CN-Br (200 mg, 0.38 mmol) and the 
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corresponding amount of 4-formylphenylboronic acid (70 mg, 0.47 mmol), 2 M 

K2CO3 solution (0.8 ml), Pd(PPh3)4 (37 mg, 0.03 mmol) and THF were used to 

afford an orange-red solid. 164 mg, 80.2%. 1H NMR (CDCl3, 400 MHz),  (TMS, 

ppm): 10.07 (s, 1H, CHO), 8.02 – 7.94 (m, 2H, Ar), 7.80 – 7.73 (m, 6H, Ar), 7.72 

– 7.66 (m, 2H, Ar), 7.47 (s, 1H, Ar), 7.17 – 7.09 (m, 4H, Ar), 6.89 (dq, J = 10.2, 3.6, 

2.8 Hz, 6H, Ar), 3.82 (s, 6H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 

191.84 (CHO), 156.92, 150.98, 146.01, 142.14, 139.30, 139.23, 135.35, 130.94, 

130.37, 127.81, 127.69, 127.62, 127.48, 126.09, 124.49, 118.91, 117.89, 114.96 

(Ar), 105.34 (CN), 55.53 (alkyl). 

TPE-CN-CHO: TPE-CN-Br (1.0 g, 1.86 mmol), 4-formylphenylboronic 

acid (335 mg, 2.23 mmol), 2 M K2CO3 solution (4 ml), Pd(PPh3)4 (110 mg, 0.09 

mmol) and THF were used to afford a yellow solid (0.58 g, 55.4%). 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 10.07 (s, 1H, CHO), 7.997.97 (d, J = 8.4 Hz, 

2H, Ar), 7.7807.75 (m, 4H, Ar), 7.727.68 (m, 4H, Ar), 7.49 (s, 1H, Ar), 7.177.08 

(m, 17H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 191.81 (CHO), 146.81, 

145.89, 143.32, 143.29, 143.16, 142.49, 142.18, 240.24, 139.98, 135.55, 134.84, 

132.00, 131.49, 131.38, 131.34, 131.29, 130.39, 128.90, 127.95, 127.94, 127.89, 

127.71, 127.60, 126.94, 126.77, 126.51, 118.00 (Ar), 109.86 (CN). 

Tert-CBZ-CN-CHO: Tert-CBZ-CN-Br (0.6 g, 1.07 mmol), 4-
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formylphenylboronic acid (210 mg, 1.39 mmol), 2 M K2CO3 solution (2.2 ml), 

Pd(PPh3)4 (70 mg, 0.05 mmol) and THF to afford 10 (0.49 g, 78.0%). 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 10.09 (s, 1H, CHO), 8.188.15 (m, 4H, Ar), 

8.027.99 (d, J = 8.4 Hz, 2H, Ar), 7.877.72 (m, 8H, Ar), 7.70 (s, 1H, Ar), 

7.497.45 (m, 4H, Ar), 1.48 (s, 18H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, 

ppm): 191.80 (CHO), 145.83, 143.61, 141.35, 140.55, 140.47, 138.61, 135.62, 

134.55, 131.62, 130.96, 130.42, 128.06, 127.65, 126.65, 126.46, 123.87, 117.95, 

116.42, 110.83 (Ar), 109.33 (CN), 34.80, 32.00 (alkyl). 

 

General procedure for the synthesis of B1 – B4 

Each of the corresponding aldehyde Ar-CN-CHO (1 equiv), malononitrile (9 

equiv), ammonium acetate (15 equiv) and 2 g silica gel in 

dichloromethane/methanol (5:1) were added in a round bottom flask with stirring 

under reflux in a N2 atmosphere for 4 hours. The mixture was cooled and the 

remaining solvent was removed under reduced pressure. The final product was 

purified by column chromatography (silica) with dichloromethane/hexane (2:1). 

They were further purified by recrystallization in CH2Cl2 and ethanol and dried 

under vacuum. 

B1: TPA-CN-CHO (150 mg, 0.314 mmol), malononitrile (187 mg, 2.83 mmol) 
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and ammonium acetate (370 mg, 4.72 mmol) were used according to the general 

procedures to afford a red solid. 105.4 mg, 71.0%. 1H NMR (CDCl3, 400 MHz),  

(TMS, ppm): 8.038.00 (d, J = 8.4 Hz, 2H, Ar), 7.827.77 (m, 7H, Ar), 7.727.70 

(d, J = 8.4 Hz, 2H, Ar), 7.51 (s, 1H, Ar), 7.357.31 (m, 4H, Ar), 7.197.12 (m, 6H, 

Ar), 7.077.05 (d, J = 8.8 Hz, 2H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, 

ppm):159.01, 150.32, 146.49, 146.14, 138.77, 135.80, 131.50, 130.91, 130.11, 

129.63, 127.88, 127.77, 126.38, 126.06, 125.86, 124.60, 120.65, 113.86, 112.77 

(Ar), 106.54, 82.30 (CN). HRMS (MALDF-TOF): m/z 524.1976 [calcd. 

524.1995]. 

B2: MeO-TPA-CN-CHO (75 mg, 0.139 mmol), malononitrile (83 mg, 1.25 

mmol) and ammonium acetate (161 mg, 2.09 mmol) were used according to the 

general procedures to afford a deep-red solid. 57.8 mg, 71.0%. 1H NMR (CDCl3, 

400 MHz),  (TMS, ppm):8.01 (d, J = 8.4 Hz, 2H, Ar), 7.827.74 (m, 7H, Ar), 

7.727.68 (m, 2H, Ar), 7.47 (s, 1H, Ar), 7.167.11 (m, 4H, Ar), 6.926.87 (m, 6H, 

Ar), 3.82 (s, 6H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 159.06, 

157.01, 151.13, 146.17, 142.38, 139.22, 138.45, 136.01, 131.51, 131.01, 130.05, 

127.82, 127.73, 126.23, 124.42, 118.84, 117.88, 114.99, 113.90, 112.81 (Ar), 

105.16, 82.15 (CN), 55.53 (alkyl). HRMS (MALDF-TOF): m/z 584.2233 [calcd. 

584.2207]. 
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B3: TPE-CN-CHO (128 mg, 0.226 mmol), malononitrile (135 mg, 2.04 

mmol) and ammonium acetate (370 mg, 4.72 mmol) were used according to the 

general procedures to afford a yellow solid. 98.1 mg, 71.0%. 1H NMR (CDCl3, 400 

MHz),  (TMS, ppm): 8.038.00 (d, J = 8.4 Hz, 2H, Ar), 7.807.76 (m, 5H, Ar), 

7.727.68 (m, 4H, Ar), 7.50 (s, 1H, Ar), 7.167.11 (m, 11H, Ar), 7.087.02 (m, 6H, 

Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 158.97, 146.93, 145.97, 143.28, 

143.13, 142.53, 142.40, 139.94, 139.33, 135.33, 132.01, 131.48, 131.40, 131.36, 

131.33, 131.27, 130.20, 128.93, 127.92, 127.88, 127.83, 127.70, 126.94, 126.77, 

126.63, 117.91, 113.81, 112.73 (Ar), 109.67, 82.45 (CN). HRMS (MALDF-TOF): 

m/z 611.2402 [calcd. 611.2356]. 

B4: Tert-CBZ-CN-CHO (220 mg, 0.375 mmol), malononitrile (222 mg, 3.37 

mmol) and ammonium acetate (434 mg, 5.62 mmol) were used according to the 

general procedures to afford an orange solid. 185 mg, 77.7%. 1H NMR (CDCl3, 400 

MHz),  (TMS, ppm): 8.188.15 (m, 4H, Ar), 8.048.02 (d, J = 8.4 Hz, 2H, Ar), 

7.887.86 (d, J = 8.4 Hz, 2H, Ar), 7.837.78 (m, 4H, Ar), 7.767.74 (d, J = 6.4 Hz, 

2H, Ar), 7.727.70 (d, J = 6.4 Hz, 2H, Ar), 7.527.46 (m, 4H, Ar), 1.48 (s, 18H, 

alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 158.97, 145.89, 143.64, 

141.56, 140.54, 139.62, 138.55, 135.02, 131.50, 131.00, 130.26, 127.96, 127.94, 

126.76, 126.42, 123.87, 117.88, 116.43, 113.82, 112.74, 110.61(Ar), 109.33, 82.50 
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(CN), 34.82, 32.01 (alkyl). HRMS (MALDF-TOF): m/z 634.3401 [calcd. 

634.3091]. 

 

7.3 Synthesis of Phenothiazine-Based Cyanostilbenes for Chapter 3 

Synthesis of Tol-Phz  

It was synthesized according to the literature using 4-bromotoluene (6.18 g, 

36.2 mmol), phenothiazine (6g, 30.2 mmol), potassium t-butoxide (6.8g, 60.4 

mmol), tris(dibenzylideneacetone)dipalladium(0) (Pd2dba3) (1.1g, 1.2 mmol) and 

tri-tert-butylphosphonium tetrafluoroborate (P(t-Bu)3HBF4) (1.22g , 4.22 mmol) in 

100ml toluene.[6] 6.61 g, 75.9 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm) 

7.427.40 (d, 2H, J = 8.4 Hz, Ar), 7.297.26 (m, 2H, Ar), 7.027.00 (m, 2H, Ar), 

6.866.77 (m, 4H, Ar), 6.226.20 (m, 2H, Ar), 2.48 (s, 3H, Alkyl). 

 

Synthesis of n-but-Phz  

It was synthesized according to the literature using 1-bromobutane (3.9 ml, 

36.1 mmol), phenothiazine (6g, 30.2 mmol), sodium hydroxide (12.04g, 0.3 mol) 

in 100 ml DMSO and 20 ml water.[7] 7.64 g, 99.2 % yield. 1H NMR (CDCl3, 400 

MHz),  (TMS, ppm) 7.177.12 (m, 4H, Ar), 6.926.90 (m, 2H, Ar), 6.876.85 (m, 

2H, Ar), 3.873.83 (t, 2H, J = 7.2 Hz, Alkyl), 1.831.75 (m, 2H, Alkyl), 1.491.41 
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(m, 2H, Alkyl), 0.960.92 (t, 3H, J = 7.2 Hz, Alkyl). 

 

Synthesis of Tol-Phz-CHO 

Upon stirring of phosphorus (V) oxychloride (0.97 ml, 10.41 mmol) and N,N-

dimethylformamide (1 ml, 10.41 mmol) in a two-neck flask at 0 °C for 5 minutes, 

Tol-Phz (1 g, 3.46 mmol) dissolved in 30 ml dichloromethane was added slowly 

into the mixture. After stirring for 30 minutes at room temperature, the reaction 

mixture was refluxed overnight. After cooled down to room temperature, the 

mixture was poured into ice bath, followed by extraction with dichloromethane and 

column chromatography using hexane/dichloromethane (1:1) as eluent. Yellow 

solid, 815 mg, 74.2% yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm) 9.69 (s, 

1H, CHO), 7.467.43 (m, 2H, Ar), 7.297.24 (m, 2H, Ar), 6.986.95 (m, 1H, Ar), 

6.846.82 (m, 2H, Ar), 6.196.13 (m, 2H, Ar), 2.48 (s, 3H, Alkyl).  

 

Synthesis of n-but-Phz-CHO 

It was synthesized according to the synthesis of Tol-Phz-CHO using n-but-

Phz (10.5 g, 41.1 mmol), phosphorus (V) oxychloride (11.5 ml, 0.123 mol) and 

N,N-dimethylformamide (9.5 ml, 0.123 mol). Yellow oily liquid, 8.68 g, 74.6% 

yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm) 9.79 (s, 1H, CHO), 7.657.63 
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(m, 1H, Ar), 7.597.58 (d, 1H, J = 2.0 Hz, Ar), 7.177.14 (m, 1H, Ar), 7.127.10 

(m, 1H, Ar), 6.996.94 (m, 1H, Ar), 6.926.88 (m, 2H, Ar), 3.923.88 (t, 2H, J = 

7.2 Hz, Alkyl), 1.841.77 (m, 2H, Ar), 1.521.42 (m, 2H, Ar), 0.970.94 (t, 3H, J 

= 7.2 Hz, Alkyl). 

 

Synthesis of Tol-Phz-CN-Br 

Tol-Phz-CHO (996 mg, 3.14 mmol), 4-bromophenylacetonitrile (738 mg, 

3.77 mmol) and 200 mg NaOH were dissolved in 30 ml ethanol into a round-bottom 

flask. Upon reflux for 2 hours under nitrogen, the solvent was removed under 

reduced pressure and the mixture was purified by column chromatography (silica) 

using hexane/dichloromethane (2:3) as eluent. Orange solid, 1.23 g, 78.8% yield. 

1H NMR (CDCl3, 400 MHz),  (TMS, ppm) 7.547.52 (m, 2H, Ar), 7.497.42 (m, 

6H, Ar), 7.277.25 (m, 3H, Ar), 6.986.97 (m, 1H, Ar), 6.836.81 (m, 2H, Ar), 

6.186.14 (m, 2H, Ar), 2.48 (s, 3H, Alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, 

ppm): 146.32, 143.07, 140.88, 138.92, 137.24, 133.78, 132.11, 131.73, 130.52, 

128.48, 127.59, 127.55, 127.18, 127.05, 126.65, 123.14, 122.77, 119.93, 118.93, 

118.10, 116.13, 115.43 (Ar), 106.96 (CN), 21.35 (Alkyl). LRMS (MALDF-TOF): 

m/z 496.1464 [calcd. 496.0432]. 
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Synthesis of n-but-Phz-CHO 

The synthesis was like that of Tol-Phz-CN-Br using n-but-Phz-CHO (1.10 g, 

3.88 mmol) and 4-bromophenylacetonitrile (913 mg, 4.66 mmol). Red solid, 1.49 

g, 83.2% yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm) 7.827.79 (m, 1H, Ar), 

7.567.53 (m, 3H, Ar), 7.517.48 (m, 2H, Ar), 7.33 (s, 1H, Ar), 7.187.14 (m, 1H, 

Ar), 7.127.10 (m, 1H, Ar), 6.966.92 (m, 1H, Ar), 6.896.86 (m, 2H, Ar), 

3.903.86 (t, 2H, J = 7.2 Hz, Alkyl), 1.8441.770 (m, 2H, Alkyl), 1.5221.429 (m, 

2H, Alkyl), 0.980.95 (t, 3H, J = 7.2 Hz, Alkyl). 13C NMR (CDCl3, 100 MHz),  

(TMS, ppm): 147.47, 143.89, 141.16, 133.82, 132.16, 128.68, 128.57, 127.64, 

127.55, 127.49, 127.25, 124.92, 123.73, 123.17, 122.88, 118.09, 115.63, 115.14 

(Ar), 107.37 (CN), 47.48, 28.87, 20.13, 13.79 (Alkyl). LRMS (MALDF-TOF): 

m/z 462.1829 [calcd. 462.0588]. 

 

Synthesis of Tol-Phz-CN-COOEt 

4-Ethoxycarbonylphenylboronic acid pinacol ester (111 mg, 0.427 mmol), 

Tol-Phz-CN-Br (176 mg, 0.36 mmol), 1.0 ml 2M K2CO3 and 20 ml THF were 

added into a two-neck flask with nitrogen flushing. 

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (22 mg, 0.019 mmol) was 

then added and refluxed overnight. After cooled to room temperature, the reaction 
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mixture was extracted with dichloromethane, dried with anhydrous Na2SO4 

followed by column chromatography (silica) using hexane/dichloromethane (1:1). 

Orange-red solid, 183 mg, 90.0% yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

8.148.12 (m, 2H, Ar), 7.737.66 (m, 6H, Ar), 7.497.43 (m, 4H, Ar), 7.34 (s, 1H, 

Ar), 7.287.27 (m, 2H, Ar), 7.006.97 (m, 1H, Ar), 6.856.80 (m, 2H, Ar), 

6.206.15 (m, 2H, Ar), 4.444.38 (q, 2H, J = 7.2 Hz, Alkyl), 2.49 (s, 3H, Alkyl), 

1.441.40 (t, 3H, J = 6.8 Hz, Alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 

166.42 (C=O), 146.19, 144.26, 143.10, 140.59, 140.13, 138.91, 137.30, 134.54, 

131.74, 130.55, 130.19, 129.62, 128.50, 127.75, 127.64, 127.05, 126.91, 126.85, 

126.66, 126.19, 123.12, 119.91, 118.98, 118.34, 116.14, 115.45 (Ar), 107.44 (CN), 

61.09, 21.34, 14.41 (Alkyl). LRMS (MALDF-TOF): m/z 564.3240 [calcd. 

564.1871]. 

 

Synthesis of n-but-Phz-CN-COOEt 

The procedure was similar to that of Tol-Phz-CN-COOEt using 4-

ethoxycarbonylphenylboronic acid pinacol ester (294 mg, 1.13 mmol), n-but-Phz-

CN-Br (400 mg, 0.87 mmol), 2.0 ml 2 M K2CO3, 20 ml THF and Pd(PPh3)4 (50 

mg, 0.043 mmol). Red solid, 237 mg, 51.3% yield. 1H NMR (CDCl3, 400 MHz),  

(TMS, ppm): 8.148.12 (d, 2H, J = 8.4 Hz, Ar), 7.837.83 (m, 2H, Ar), 7.727.65 
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(m, 6H, Ar), 7.557.55 (d, 1H, J = 2.0 Hz, Ar), 7.39 (m, 1H, Ar), 7.187.09 (m, 2H, 

Ar), 6.966.92 (m, 1H, Ar), 6.876.85 (d, 2H, J = 8.8 Hz, Ar), 4.444.38 (q, 2H, J 

= 10.8 Hz, Alkyl), 3.873.83 (t, 2H, J = 7.2 Hz, Alkyl), 1.831.76 (m, 2H, Alkyl) 

1.501.41 (m, 5H, Alkyl), 0.980.95 (t, 3H, J = 7.6 Hz, Alkyl). 13C NMR (CDCl3, 

100 MHz),  (TMS, ppm): 166.42 (C=O), 147.27, 144.25, 143.86, 140.85, 140.19, 

134.52, 130.21, 129.65, 128.74, 128.57, 127.82, 127.77, 127.52, 126.86, 126.24, 

124.74, 123.65, 123.14, 118.38, 115.61, 115.10 (Ar), 107.75 (CN), 61.09, 47.47, 

31.63, 28.83, 22.70, 20.15, 14.41, 14.18, 13.83 (Alkyl). LRMS (MALDF-TOF): 

m/z 530.1390[calcd. 530.2028]. 

 

Synthesis of Phz-1a 

To a 100 ml two-neck flask, 4-formylphenylboronic acid (153 mg, 1.02 mmol), 

Tol-Phz-CN-Br (390 mg, 0.79 mmol), 1.6 ml 2 M K2CO3 and 20 ml THF were 

added. Upon stirring and nitrogen flushing, Pd(PPh3)4 (50 mg, 0.04 mmol) was then 

added and refluxed overnight. After cooled to room temperature, the reaction 

mixture was extracted with dichloromethane, in which the organic layer was dried 

with anhydrous Na2SO4, followed by column chromatography (silica) using 

hexane/dichloromethane (1:2) to afford Phz-1a. Orange solid, 254 mg, 61.5% yield. 

1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 10.07 (s, 1H, CHO), 7.987.96 (d, 2H, 
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J = 8.0 Hz, Ar), 7.797.77 (d, 2H, J = 8.0 Hz, Ar), 7.747.68 (m, 4H, Ar), 7.487.48 

(m, 2H, Ar), 7.477.43 (m, 1H, Ar), 7.35 (s, 1H, Ar), 7.277.25 (d, 3H, J = 8.0 Hz, 

Ar), 6.996.97 (m, 1H, Ar), 6.846.82 (m, 2H, Ar), 6.206.14 (m, 2H, Ar), 2.49 (s, 

3H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 191.81 (CHO), 146.31, 

145.96, 143.10, 139.83, 138.93, 137.32, 135.49, 134.97, 131.73, 130.54, 130.37, 

128.50, 127.88, 127.73, 127.68, 127.55, 127.05, 126.66, 126.30, 123.14, 119.97, 

118.97, 118.27, 116.15, 115.47 (Ar), 107.40 (CN), 21.31 (Alkyl). HRMS 

(MALDF-TOF): m/z 520.1611 [calcd. 520.1604]. 

 

Synthesis of Phz-2a 

The route was similar to that of Phz-1a using 4-formylphenylboronic acid (580 

mg, 3.87 mmol), n-but-Phz-CN-Br (1.37 g, 2.97 mmol), 6.0 ml 2 M K2CO3 and 

Pd(PPh3)4 (180 mg, 0.16 mmol). Orange solid, 990 mg, 68.5% yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 10.07 (s, 1H, CHO), 7.997.97 (d, 2H, J = 8.4 

Hz, Ar), 7.877.84 (m, 1H, Ar), 7.807.75 (m, 4H, Ar), 7.727.70 (m, 2H, Ar), 

7.597.59 (d, 1H, J = 2.0 Hz, Ar), 7.43 (s, 1H, Ar), 7.197.18 (d, 1H, J = 1.6 Hz, 

Ar), 7.177.11 (m, 2H, Ar), 6.976.88 (m, 3H, Ar), 3.913.88 (m, 3H, alkyl), 

1.8571.783 (m, 2H, alkyl), 1.5331.440 (m, 2H, alkyl), 0.9900.954 (t, 3H, J = 

7.2 Hz, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 191.85, 147.43, 145.96, 
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143.90, 141.09, 139.91, 135.49, 134.95, 130.40, 128.73, 128.64, 128.01, 127.92, 

127.79, 127.58, 127.50, 126.35, 124.89, 123.72, 123.17, 118.31, 115.64, 115.16 

(Ar), 107.72 (CN), 47.49, 28.87, 20.14, 13.81 (Alkyl). HRMS (MALDF-TOF): 

m/z 486.1819 [calcd. 486.1771]. 

 

Synthesis of Phz-1b 

Tol-Phz-CN-COOEt (156 mg, 0.276 mmol) and NaOH (45 mg, 1.13 mmol) 

were dissolved in 30 ml THF:water (1:1) solution with 20 ml ethanol in a round-

bottom flask, followed by reflux for 2 hours, while the hydrolysis process was 

monitored by TLC. After cooling to room temperature, the mixture was extracted 

with ethyl acetate and water, where the solvent of organic layer was removed under 

reduced pressure. The product was purified by flash column (silica) using 

methanol/dichloromethane (1:9) and recrystallization in methanol/diethyl ether to 

afford Phz-1b. Orange solid, 87 mg, 58.7% yield. 1H NMR ((CD3)2SO, 400 MHz), 

 (TMS, ppm): 8.048.02 (d, 2H, J = 8.2 Hz, Ar), 7.90 (s, 1H, Ar), 7.887.85 (m, 

4H, Ar), 7.827.80 (d, 2H, J = 8.0 Hz, Ar), 7.687.68 (d, 1H, J = 1.8 Hz, Ar), 

7.527.50 (d, 3H, J = 8.0 Hz, Ar), 7.357.33 (d, 2H, J = 8.0 Hz, Ar), 7.097.07 (d, 

1H, J = 7.2 Hz, Ar), 6.956.86 (m, 2H, Ar), 6.176.15 (d, 1H, J = 8.8 Hz, Ar), 

6.106.08 (d, 1H, J = 8.0 Hz, Ar), 2.44 (s, 3H, alkyl). 13C NMR ((CD3)2SO, 100 
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MHz),  (TMS, ppm): 167.07, 145.40, 143.03, 142.50, 141.02, 139.06, 138.63, 

136.72, 133.77, 131.83, 130.23, 129.99, 129.94, 129.23, 127.90, 127.57, 127.51, 

126.85, 126.71, 126.64, 126.04, 123.30, 118.81, 118.12, 117.93, 116.02, 115.23 

(Ar), 106.48 (CN), 20.80 (Alkyl). HRMS (MALDF-TOF): m/z 536.1540 [calcd. 

536.1553]. 

 

Synthesis of Phz-2b 

The synthetic procedure was similar to that of Phz-1b using n-but-Phz-CN-

COOEt (123 mg, 0.23 mmol) and NaOH (46 mg, 1.16 mmol) instead. Orange-red 

solid, 82 mg (70.9%). 1H NMR ((CD3)2SO, 400 MHz),  (TMS, ppm): 8.078.05 

(d, 2H, J = 7.6 Hz, Ar), 8.02 (s, 1H, Ar), 7.907.86 (m, 7H, Ar), 7.79 (s, 1H, Ar), 

7.277.19 (m, 3H, Ar), 7.117.09 (d, 1H, J = 8.0 Hz, Ar), 7.037.00 (m, 1H, Ar), 

3.96 (m, 2H, alkyl), 1.71 (m, 2H, alkyl), 1.471.43 (t, 2H, J = 6.4 Hz, alkyl), 

0.940.90 (t, 3H, J = 7.2 Hz, alkyl). 13C NMR ((CD3)2SO, 100 MHz),  (TMS, 

ppm): 167.09, 146.77, 143.37, 142.99, 141.40, 139.11, 133.87, 130.15, 130.00, 

129.44, 127.92, 127.82, 127.65, 127.60, 127.25, 126.72, 126.09, 123.28, 123.21, 

122.33, 118.26, 116.20, 115.72, 106.41 (Ar), 46.41, 28.24, 19.31, 13.60 (Alkyl). 

HRMS (MALDF-TOF): m/z 520.1745 [calcd. 520.1709]. 
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7.4 Synthesis of Neutral Platinum(II) Complexes for Chapter 4 

Synthesis of Pt-1 and Pt-2 

L1: 2, 4-Difluoroboronic acid (2.0 g, 12.7 mmol), 2,6-dibromopyridine (1.0 g, 

4.22 mmol), 2 M K2CO3 solution (12 ml) and 30 ml 1,2-dimethoxyethane (DME) 

were added into a two-neck flask with magnetic stirring and bubbling N2. Pd(PPh3)4 

(0.3 g, 0.3 mmol) was then added and the mixture was refluxed overnight. Organic 

solvent was removed from the mixture, and the crude product was extracted by 

dichloromethane and purified under silica gel column chromatography using 

hexane and dichloromethane (2:1, v/v) to afford L1. White solid. 1.2 g, 93.8 % yield. 

1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.178.11 (m, 2H, Ar), 7.857.81 (t, 

J = 8 Hz, 1H, Ar), 7.757.73 (m, 2H, Ar), 7.057.00 (m, 2H, Ar), 6.966.90 (m, 

2H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 164.61164.48, 

162.11162.04, 159.64159.52, 152.29, 137.11, 132.32132.18, 123.76122.75, 

112.01111.76, 104.66104.14 (Ar). 

L2: Synthetic procedures of L1 were adopted using 2-naphthylboronic acid 

(1.7 g, 9.76 mmol), 2,6-dibromopyridine (650 mg, 3.71 mmol), 2 M K2CO3 solution 

(8 ml) and Pd(PPh3)4 (0.25 g, 0.22 mmol) to afford L2. White solid. 740 mg, 60.2 

% yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.65 (dd, J = 1.7, 0.8 Hz, 2H, 

Ar), 8.38 (dd, J = 8.6, 1.8 Hz, 2H, Ar), 8.06 – 7.97 (m, 4H, Ar), 7.90 (ddd, J = 7.8, 
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5.4, 4.2 Hz, 5H, Ar), 7.59 – 7.48 (m, 4H, Ar).13C NMR (CDCl3, 100 MHz),  (TMS, 

ppm): 156.89, 137.59, 136.87, 133.75, 133.53, 128.77, 128.40, 127.71, 126.49, 

126.38, 126.26, 124.82, 119.04 (Ar). 

Pt-1: L1 (200 mg, 0.65 mmol) and potassium tetrachloroplatinate(II) (261 mg, 

0.63 mmol) was added into 100 ml acetic acid and the mixture was stirred and 

heated for three days in N2 atmosphere under reflux. The greenish-yellow solid was 

collected by filtration, washed with water and diethyl ether. It was then dried in 

vacuum. The dried solid was dissolved in 1 ml DMSO, followed by addition of 140 

mg K2CO3 and few drops of water at 90°C for two hours with stirring. The greenish-

yellow solid was precipitated by adding water and collected with washing with 

acetone and diethyl ether. The solid was dissolved in CH2Cl2 for filtration, and the 

filtrate was dried to afford Pt-1. Greenish yellow solid. 140 mg, 38% yield. 1H 

NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.757.69 (m, 3H, Ar), 7.347.31 (m, 

2H, Ar), 6.576.51 (m, 2H, Ar), 3.703.63 (t, J = 13.2 Hz, 6H, alkyl). 

Pt-2: Synthetic procedures of Pt-1 were adopted using each corresponding 

amount of L2 (210 mg, 0.63 mmol) and potassium tetrachloroplatinate(II) (250 mg, 

0.60 mmol). Yellow solid. 287 mg, 79.4 % yield. 1H NMR (CDCl3, 400 MHz),  

(TMS, ppm): 8.28 (t, J = 12.5 Hz, 2H, Ar), 8.06 (s, 2H, Ar), 7.83 (dd, J = 8.5, 7.4 

Hz, 1H, Ar), 7.76 (dd, J = 8.1, 4.0 Hz, 4H, Ar), 7.69 (d, J = 7.9 Hz, 2H, Ar), 7.43 
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(ddd, J = 8.0, 6.8, 1.3 Hz, 2H, Ar), 7.36 (ddd, J = 8.1, 6.8, 1.3 Hz, 2H, Ar), 3.87 (t, 

J = 13.1 Hz, 6H, alkyl). 

 

Synthesis of pyridiyl ligands 

TEG-Ts: It was synthesized according to the literature using triethylene glycol 

monomethyl ether (2 g, 12.2 mmol), p-toluenesulfonyl chloride (2.44 g, 12.8 mmol) 

and potassium hydroxide (1.36 g, 24.4 mmol) to afford a colourless liquid.[8] 2.7 g, 

69.5 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.84 – 7.74 (m, 2H, Ar), 

7.38 – 7.30 (m, 2H, Ar), 4.20 – 4.12 (m, 2H, alkyl), 3.72 – 3.65 (m, 2H, alkyl), 3.65 

– 3.56 (m, 6H, alkyl), 3.56 – 3.49 (m, 2H, alkyl), 3.37 (s, 3H, alkyl), 2.44 (s, 3H, 

alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 144.80, 132.94, 129.82, 127.99 

(Ar), 71.91, 70.75, 70.58, 70.56, 69.25, 68.68, 59.07, 21.69 (alkyl). 

Py-1: TEG-Ts (1 g, 3.14 mmol), K2CO3 (518 mg, 3.75 mmol) and 4-

hydroxypyridine (300 mg, 3.14 mmol) were added into a round-bottom flask with 

15 ml MeCN with stirring. The mixture under N2 protection was heated under reflux 

overnight. MeCN in mixture was removed under reduced pressure followed by 

washing and extraction with CH2Cl2 and water. Column chromatography using 

silica gel was used to obtain the product eluted by ethyl acetate and methanol (9:1 

v/v). Brown liquid. 440 mg, 58.1 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, 
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ppm): 78.48 – 8.39 (m, 2H, Ar), 6.86 – 6.79 (m, 2H, Ar), 4.22 – 4.14 (m, 2H, alkyl), 

3.88 (m, 2H, alkyl), 3.74 (s, 2H, alkyl), 3.71 – 3.63 (m, 4H, alkyl), 3.59 – 3.51 (m, 

2H, alkyl), 3.38 (s, 3H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 164.82, 

151.04, 110.35 (Ar), 71.93, 70.92, 70.67, 70.61, 69.34, 67.22, 59.07 (alkyl). 

Py-2: 1-Bromooctane (4.4 ml, 25.2 mmol), K2CO3 (8.7 g, 63 mmol) and 4-

hydroxypyridine (2 g, 21 mmol) were added into a round-bottom flask with 50 ml 

DMF with stirring. The mixture under N2 protection was heated at 100°C for 6 hours. 

The mixture was poured into 200 ml 10 % NaOH solution followed by extraction 

with CH2Cl2 and solvent removal by rotary evaporation. Column chromatography 

using silica gel was used to obtain the product eluted by hexane and CH2Cl2 (1:1 

v/v). Yellow liquid. 3.73 g, 85.7 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, 

ppm): 78.44 – 8.38 (m, 2H, Ar), 6.83 – 6.76 (m, 2H, Ar), 4.00 (t, J = 6.6 Hz, 2H, 

alkyl), 1.79 (dq, J = 8.1, 6.6 Hz, 2H, alkyl), 1.51 – 1.41 (m, 2H, alkyl), 1.39 – 1.23 

(m, 8H, alkyl), 0.93 – 0.84 (m, 3H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, 

ppm): 165.25, 150.78, 110.34 (Ar), 67.99, 31.79, 29.29, 29.20, 28.88, 25.93, 22.66, 

14.11 (alkyl). 

 

General procedure for the synthesis of Pt-1a to Pt-2d 

Pt-1 or Pt-2 and the corresponding pyridyl ligand in 1:1 molar ratio in 20 ml 
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anhydrous CH2Cl2 were added into a round bottom flask under a N2 atmosphere. 

The reaction mixture was stirred overnight at room temperature. Upon removal of 

CH2Cl2, the products were purified by column chromatography in neutral alumina 

for some Pt-1 based complexes and precipitation for Pt-2 based complexes. 

Pt-1a: Pt-1 (50 mg, 0.087 mmol) and pyridine (7.6 mg, 0.096 mmol) were 

used and the product was purified by precipitation in CH2Cl2/hexane. Yellow solid. 

40 mg, 80 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.978.85 (m, 2H, 

Ar), 7.937.89 (t, J = 7.6 Hz, 1H, Ar), 7.58 7.55 (m, 3H, Ar), 7.467.43 (m, 2H, 

Ar), 6.476.41 (m, 2H, Ar), 6.286.24 (m, 2H, Ar). HRMS (MALDF-TOF): m/z 

575.0605 [calcd. 575.0584]. 

Pt-1b: Pt-1 (30 mg, 0.05 mmol) and DMAP (6.4 mg, 0.05 mmol) were used 

and the product was purified by precipitation in CH2Cl2/hexane. Yellow solid. 30.4 

mg, 98.3 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.47 – 8.32 (m, 2H, 

Ar), 7.60 (q, J = 6.0 Hz, 3H, Ar), 6.63 – 6.56 (m, 2H, Ar), 6.52 – 6.39 (m, 4H, Ar), 

3.16 (s, 6H, alkyl). HRMS (MALDF-TOF): m/z 619.1057 (M+1) [calcd. 619.1081 

(M+1)].  

Pt-1c: Pt-1 (52 mg, 0.09 mmol) and Py-1 (21.7 mg, 0.09 mmol) were used 

and the product was purified by column chromatography in neutral alumina using 

CH2Cl2 as eluent. Yellow solid. 62.7 mg, 94.4 % yield. 1H NMR (CDCl3, 400 MHz), 
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 (TMS, ppm): 8.72 – 8.58 (m, 2H, Ar), 7.50 (d, J = 2.7 Hz, 3H, Ar), 6.92 – 6.85 

(m, 2H, Ar), 6.40 (ddd, J = 12.3, 9.0, 2.4 Hz, 2H, Ar), 6.23 (dd, J = 7.3, 2.4 Hz, 2H, 

Ar), 4.26 (dd, J = 5.6, 3.7 Hz, 2H, alkyl), 3.95 – 3.88 (m, 2H, alkyl), 3.77 – 3.74 

(m, 2H, alkyl), 3.71 – 3.64 (m, 4H, alkyl), 3.57 – 3.52 (m, 2H, alkyl), 3.38 (s, 3H, 

alkyl). HRMS (MALDF-TOF): m/z 575.0605 [calcd. 575.0584].  

Pt-1d: Pt-1 (58 mg, 0.1 mmol) and Py-2 (21 mg, 0.1 mmol) were used and the 

product was purified by column chromatography in neutral alumina using 

hexane/CH2Cl2 (1:1 v/v) as eluent. Yellow solid. 48.5 mg, 68.9 % yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 8.73 – 8.57 (m, 2H, Ar), 7.58 – 7.47 (m, 3H, 

Ar), 6.88 – 6.80 (m, 2H, Ar), 6.41 (ddd, J = 12.3, 9.1, 2.4 Hz, 2H, Ar), 6.34 – 6.19 

(m, 2H, Ar), 4.08 (t, J = 6.5 Hz, 2H, alkyl), 1.86 (p, J = 6.7 Hz, 2H, alkyl), 1.55 – 

1.44 (m, 2H, alkyl), 1.42 – 1.28 (m, 8H, alkyl), 0.95 – 0.86 (m, 3H, alkyl). HRMS 

(MALDF-TOF): m/z 703.1765 [calcd. 703.1783].  

Pt-2a: Pt-2 (40 mg, 0.066 mmol) and pyridine (5.51 mg, 0.069 mmol) were 

used and the product was purified by precipitation in CH2Cl2/diethyl ether. Orange-

yellow solid. 40 mg, 99.9 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

9.25 – 9.10 (m, 2H, Ar), 7.95 (s, 2H, Ar), 7.88 (tt, J = 7.7, 1.6 Hz, 1H, Ar), 7.76 – 

7.71 (m, 2H, Ar), 7.59 – 7.53 (m, 3H, Ar), 7.45 (d, J = 7.9 Hz, 2H, Ar), 7.41 – 7.36 

(m, 2H, Ar), 7.35 – 7.23 (m, 6H, Ar). HRMS (MALDF-TOF): m/z 604.1350 (M+1) 



 

299 

 

[calcd. 604.1350 (M+1)].  

Pt-2b: Pt-2 (35 mg, 0.0581 mmol) and DMAP (7.1 mg, 0.0581 mmol) were 

used and the product was purified by precipitation in CH2Cl2/diethyl ether. Orange-

yellow solid. 34 mg, 90.5 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

8.78 – 8.66 (m, 2H, Ar), 8.02 (s, 2H, Ar), 7.75 (dd, J = 7.8, 1.4 Hz, 2H, Ar), 7.73 – 

7.69 (m, 1H, Ar), 7.60 (dd, J = 10.3, 7.9 Hz, 4H, Ar), 7.49 (s, 2H, Ar), 7.33 (ddd, J 

= 8.1, 6.7, 1.5 Hz, 2H, Ar), 7.30 – 7.26 (m, 2H, Ar), 6.66 (d, J = 6.5 Hz, 2H, Ar), 

3.19 (s, 6H, alkyl). HRMS (MALDF-TOF): m/z 647.1779 (M+1) [calcd. 647.1772 

(M+1)]. 

Pt-2c: Pt-2 (64 mg, 0.105 mmol) and Py-1 (25.4 mg, 0.105 mmol) were used 

and the product was purified by precipitation in CH2Cl2/diethyl ether. Orange-

yellow solid. 60.5 mg, 75.2 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

8.42 (s, 1H, Ar), 8.03 (s, 1H, Ar), 7.96 – 7.91 (m, 2H, Ar), 7.86 – 7.81 (m, 2H, Ar), 

7.80 – 7.76 (m, 4H, Ar), 7.74 (dd, J = 8.1, 1.3 Hz, 1H, Ar), 7.68 – 7.63 (m, 2H, Ar), 

7.49 (m, 1H, Ar), 7.43 (m, 2H, Ar), 7.34 (m, 1H, Ar), 5.97 (s, 2H, Ar), 3.68 – 3.63 

(m, 9H, alkyl), 3.58 – 3.54 (m, 2H, alkyl), 3.53 – 3.46 (m, 1H, alkyl), 3.38 (s, 3H, 

alkyl). HRMS (MALDF-TOF): m/z 766.2207 (M+1) [calcd. 766.2242 (M+1)]. 

Pt-2d: Pt-2 (44.2 mg, 0.073 mmol) and Py-2 (15.2 mg, 0.073 mmol) were 

used and the product was purified by precipitation in CH2Cl2/diethyl ether. Yellow 
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solid. 32.8 mg, 61.4 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.42 (s, 

1H, Ar), 8.05 (s, 1H, Ar), 7.99 – 7.93 (m, 2H, Ar), 7.89 – 7.82 (m, 2H, Ar), 7.81 – 

7.77 (m, 3H, Ar), 7.75 (d, J = 8.1 Hz, 1H, Ar), 7.67 (dd, J = 8.4, 2.7 Hz, 2H, Ar), 

7.51 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H, Ar), 7.43 (m, 2H, Ar), 7.34 (ddd, J = 8.1, 6.8, 

1.3 Hz, 1H, Ar), 5.95 (s, 2H, Ar), 3.51 (m, 1H, alkyl), 3.36 (m, 1H, alkyl), 1.61 (m, 

3H, alkyl), 1.33 (d, J = 3.8 Hz, 10H, alkyl), 0.96 – 0.84 (m, 3H, alkyl). HRMS 

(MALDF-TOF): m/z 732.2530 (M+1) [calcd. 732.2552 (M+1)].  

 

7.5 Synthesis of Bis-Cyanostyryl Compounds for Chapter 5 

Synthesis of R-CHO 

Tert-TPA: Aniline (3 ml, 32.9 mmol), 4-bromo-tert-butylbenzene (16 ml, 92 

mmol), sodium t-butoxide (7.9 g, 82.3 mmol) and palladium(II) acetate (Pd(OAc)2) 

(295 mg, 1.32 mmol) in 100 ml anhydrous toluene were stirred and bubbled with 

N2 in a two-neck flask. P(t-Bu)3HBF4 (950 mg, 3.29 mmol) was then added and the 

mixture was heated under reflux overnight. The cooled reaction mixture was filtered 

by zeolite and solvent in filtrate was removed under reduced pressure.The product 

was purified by column chromatography (silica) using hexane as eluent followed 

by recrystallization in methanol. White crystalline solid. 9.8 g, 83.3 % yield. 1H 

NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.27 – 7.20 (m, 6H, Ar), 7.10 – 7.06 (m, 
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2H, Ar), 7.05 – 7.00 (m, 4H, Ar), 6.96 (tt, J = 7.2, 1.2 Hz, 1H, Ar), 1.32 (s, 18H, 

alkyl).  

Tert-TPA-CHO: Synthetic procedures were identical to that of TPA-CHO 

using Tert-TPA (5 g, 14 mmol). Pale yellow solid. 4.66 g, 86.3 % yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 9.77 (s, 1H, CHO), 7.72 – 7.57 (m, 2H, Ar), 

7.40 – 7.28 (m, 4H, Ar), 7.17 – 7.05 (m, 4H, Ar), 7.05 – 6.90 (m, 2H, Ar), 1.33 (s, 

18H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 190.40 CHO), 153.69, 

148.19, 143.22, 131.31, 128.31, 126.56, 125.98, 118.25 (Ar), 34.53, 31.42 (alkyl). 

MeO-Phz: Synthetic procedures were similar to Tert-TPA using 

phenothiazine (5 g, 25.1 mmol), 4-bromoanisole (3.8 ml, 30.1 mmol), sodium t-

butoxide (4.83 g, 50.2 mmol), Pd(OAc)2 (225 mg, 1.04 mmol), P(t-Bu)3HBF4 (437 

mg, 1.51 mmol). The product was purified by column chromatography (silica) 

using hexane and CH2Cl2 (8:1 v/v) followed by recrystallization in methanol. White 

crystalline solid. 4.47 g, 58.5 % yield. 1H NMR (CD3CN, 400 MHz),  (TMS, ppm): 

7.38 – 7.26 (m, 2H, Ar), 7.22 – 7.13 (m, 2H, Ar), 7.02 (dd, J = 7.5, 1.7 Hz, 2H, Ar), 

6.89 (ddd, J = 8.3, 7.4, 1.7 Hz, 2H, Ar), 6.82 (td, J = 7.4, 1.3 Hz, 2H, Ar), 6.20 (dd, 

J = 8.2, 1.3 Hz, 2H, Ar), 3.89 (s, 3H, alkyl). 

MeO-Phz-CHO: Synthetic procedures were identical to that of TPA-CHO 

using MeO-Phz (4.5 g, 14.7 mmol). Yellow solid. 2.41 g, 49.1 % yield. 1H NMR 
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(CDCl3, 400 MHz),  (TMS, ppm): 9.69 (d, J = 1.7 Hz, 1H, CHO), 7.45 (d, J = 1.9 

Hz, 1H, Ar), 7.28 (dt, J = 9.1, 1.9 Hz, 3H, Ar), 7.17 – 7.11 (m, 2H, Ar), 6.99 – 6.93 

(m, 1H, Ar), 6.83 (ddd, J = 5.3, 3.2, 2.1 Hz, 2H, Ar), 6.19 (dd, J = 8.6, 1.9 Hz, 1H, 

Ar), 6.18 – 6.13 (m, 1H, Ar), 3.91 (d, J = 1.1 Hz, 3H, alkyl). 

 

Synthesis of R-CH2CN 

In a two neck flask, p-toluenesulfonylmethyl isocyanide (TosMIC) (1.05 equiv) 

in DME was added dropwise into sodium or potassium t-butoxide (2.1 equiv) in 

DME at -55°C with stirring. R-CHO (1 equiv) dissolved in DME was then added 

to the mixture dropwise at -55°C and the mixture was stirred for an hour kept at -55

°C. 50-80 ml methanol was added to the mixture followed by heating at 80°C for 30 

minutes. After removal of solvents, the mixture was washed with 2 ml acetic acid 

in 50 ml water, followed by extraction with CH2Cl2 and washing with 10 % 

NaHCO3 solution. Silica-gel column chromatography was run using 

hexane/CH2Cl2 to purify the R-CH2CN. 

TPA-CH2CN: TPA-CHO (1 g, 3.66 mmol), TosMIC (860 mg, 4.4 mmol) and 

potassium t-butoxide (990 mg, 8.8 mmol) were used to afford a dark yellow solid. 

583 mg, 55.9 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.26 (dd, J = 

8.6, 7.2 Hz, 4H, Ar), 7.18 (d, J = 8.4 Hz, 2H, Ar), 7.12 – 6.99 (m, 8H, Ar), 3.69 (s, 
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2H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 147.82, 147.44, 129.36, 

128.83, 124.49, 123.86, 123.23, 123.21 (Ar), 118.12 (CN), 23.06 (alkyl). 

MeO-TPA-CH2CN: MeO-TPA-CHO (1 g, 3 mmol), TosMIC (640 mg, 3.3 

mmol) and potassium t-butoxide (750 mg, 6.6 mmol) were used to afford a dark 

yellow solid. 876 mg, 84.8 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

7.11 – 7.07 (m, 2H, Ar), 7.06 – 7.02 (m, 4H, Ar), 6.92 – 6.88 (m, 2H, Ar), 6.85 – 

6.81 (m, 4H, Ar), 3.80 (s, 6H, alkyl), 3.65 (s, 2H, alkyl). 13C NMR (CDCl3, 100 

MHz),  (TMS, ppm): 156.04, 148.70, 140.61, 128.59, 126.68, 121.00, 120.62, 

118.32 (Ar), 114.77 (CN), 55.51, 22.91 (alkyl). 

Tert-TPA-CH2CN: Tert-TPA-CHO (1.5 g, 3.89 mmol), TosMIC (835 mg, 

4.28 mmol) and sodium t-butoxide (822 mg, 8.56 mmol) were used to afford a dark 

yellow solid. 640 mg, 41.5 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

7.27 (d, J = 2.1 Hz, 2H, Ar), 7.25 (d, J = 2.1 Hz, 2H, Ar), 7.15 – 7.12 (m, 2H, Ar), 

7.05 – 7.02 (m, 2H, Ar), 7.02 – 6.99 (m, 4H, Ar), 3.68 (s, 2H, alkyl), 1.31 (s, 18H, 

alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 148.15, 146.07, 144.73, 

128.65, 126.13, 124.13, 122.98, 122.30 (Ar), 118.20 (CN), 34.32, 31.44, 23.01 

(alkyl). 

MeO-Phz-CH2CN: MeO-Phz-CHO (1.5 g, 4.5 mmol), TosMIC (966 mg, 

4.95 mmol) and potassium t-butoxide (1.11 g, 9.9 mmol) were used to afford an 
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orange solid. 660 mg, 41.3 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

7.29 – 7.23 (m, 2H, Ar), 7.13 – 7.07 (m, 2H, Ar), 6.95 (dd, J = 7.3, 1.8 Hz, 1H, Ar), 

6.90 (d, J = 2.2 Hz, 1H, Ar), 6.85 – 6.75 (m, 2H, Ar), 6.73 (dd, J = 8.4, 2.2 Hz, 1H, 

Ar), 6.19 – 6.10 (m, 2H, Ar), 3.88 (s, 3H, alkyl), 3.53 (s, 2H, alkyl). 13C NMR 

(CDCl3, 100 MHz),  (TMS, ppm): 159.40, 144.50, 144.24, 132.92, 132.09, 127.09, 

126.66, 126.36, 125.89, 123.52, 122.58, 120.79, 118.95, 117.87, 116.07, 115.88 

(Ar), 115.78 (CN), 55.60, 22.47 (alkyl). 

Tert-CBZ-CH2CN: Tert-CBZ-CHO (0.8 g, 2.09 mmol), TosMIC (448 mg, 

2.30 mmol) and sodium t-butoxide (440 mg, 4.60 mmol) were used to afford a 

yellow solid. 446 mg, 54.1 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

8.16 (d, J = 2.0 Hz, 2H, Ar), 7.50 – 7.46 (m, 2H, Ar), 7.44 – 7.41 (m, 2H, Ar), 7.39 

(d, J = 8.3 Hz, 2H, Ar), 7.27 (d, J = 8.6 Hz, 2H, Ar), 3.65 (s, 2H, alkyl), 1.45 (s, 

18H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 143.27, 139.11, 138.22, 

129.50, 128.57, 127.26, 123.87, 123.66, 117.75, 116.45 (Ar), 109.20 (CN), 34.86, 

32.14, 23.30 (alkyl). 

Synthesis of CN-1 to CN-8 

R-CH2CN (2.2-2.4 equiv), the corresponding dicarboxaldehyde (1 equiv), 

200 mg of NaOH and 20 ml ethanol were added into a small round-bottom flask 

with stirring and N2 protection. The reaction was heated at 80°C for two hours. After 
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cooling to room temperature, the precipitates were filtered, washed with methanol 

and dried. The solid was then purified by silica-gel column chromatography using 

hexane/CH2Cl2/THF as eluents. Further purification would be needed by 

recrystallization in THF/methanol if necessary. 

CN-1: MeO-TPA-CH2CN (300 mg, 0.87 mmol), terephthalaldehyde (51 mg, 

0.38 mmol) were used to afford a deep purple solid. 235 mg, 78.6 % yield. 1H NMR 

(CDCl3, 400 MHz),  (TMS, ppm): 7.90 (s, 4H, Ar), 7.49 – 7.44 (m, 4H, Ar), 7.34 

(s, 2H, Ar), 7.11 – 7.06 (m, 8H, Ar), 6.94 – 6.90 (m, 4H, Ar), 6.88 – 6.84 (m, 8H, 

Ar), 3.80 (s, 12H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 156.57, 

149.94, 139.92, 137.13, 135.40, 129.40, 127.24, 126.81, 125.37, 119.25, 118.09, 

114.92 (Ar), 112.14 (CN), 55.53 (alkyl). HRMS (MALDF-TOF): m/z 786.3222 

[calcd. 786.3201]. 

CN-2: MeO-TPA-CH2CN (300 mg, 0.87 mmol) and 2,5- 

thiophenedicarboxaldehyde (53 mg, 0.38 mmol) were used to afford a deep purple 

solid. 245 mg, 81.1 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 7.72 (s, 

2H, Ar), 7.45 (dd, J = 6.8, 2.2 Hz, 6H, Ar), 7.13 – 7.10 (m, 8H, Ar), 6.95 – 6.92 (m, 

4H, Ar), 6.91 – 6.88 (m, 8H, Ar), 3.84 (s, 12H alkyl). 13C NMR (CDCl3, 100 MHz), 

 (TMS, ppm): 156.58, 149.82, 140.78, 139.80, 131.00, 129.07, 127.27, 126.55, 

124.61, 119.20, 118.25, 114.90 (Ar), 109.75 (CN), 55.52 (alkyl). HRMS 
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(MALDF-TOF): m/z 796.3045 [calcd. 796.3078]. 

CN-3: MeO-TPA-CH2CN (300 mg, 0.87 mmol) and anthracene-9,10-

dicarboxaldehyde (88 mg, 0.38 mmol) were used to afford an orange solid. 205 mg, 

53.7 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.25 (d, J = 1.1 Hz, 2H, 

Ar), 8.17 – 8.09 (m, 4H, Ar), 7.71 – 7.65 (m, 4H, Ar), 7.58 – 7.52 (m, 4H, Ar), 7.18 

– 7.11 (m, 8H, Ar), 7.05 – 7.00 (m, 4H, Ar), 6.93 – 6.86 (m, 8H, Ar), 3.83 (s, 12H, 

alkyl). HRMS (MALDF-TOF): m/z 886.3518 [calcd. 886.3514]. 

CN-4: TPA-CH2CN (285 mg, 1.00 mmol) and 2,5- 

thiophenedicarboxaldehyde (67 mg, 0.477 mmol) were used to afford a deep red 

crystalline solid. 181 mg, 63.9 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

7.74 (s, 2H, Ar), 7.49 (d, J = 8.2 Hz, 6H, Ar), 7.34 – 7.27 (m, 8H, Ar), 7.16 – 7.04 

(m, 16H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 149.05, 146.87, 140.84, 

131.25, 129.98, 129.51, 126.65, 126.43, 125.24, 123.99, 122.18, 118.08 (Ar), 

109.82 (CN). HRMS (MALDF-TOF): m/z 672.2303 [calcd. 672.2348]. 

CN-5: TPA-CH2CN (285 mg, 1.00 mmol) and anthracene-9,10-

dicarboxaldehyde (111 mg, 0.477 mmol) were used to afford an orange solid. 167 

mg, 45.7 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 8.32 (s, 2H, Ar), 

8.15 (dd, J = 6.7, 3.3 Hz, 4H, Ar), 7.75 (d, J = 8.6 Hz, 4H, Ar), 7.57 (dd, J = 6.8, 

3.2 Hz, 4H, Ar), 7.37 – 7.32 (m, 8H, Ar), 7.22 – 7.16 (m, 12H, Ar), 7.13 (t, J = 7.3 
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Hz, 4H, Ar). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 149.57, 147.01, 130.38, 

129.57, 129.25, 127.05, 126.53, 126.01, 125.23, 125.11, 124.01, 122.44, 121.21, 

116.53 (CN). HRMS (MALDF-TOF): m/z 766.30823[calcd. 766.3091]. 

CN-6: Tert-TPA-CH2CN (200 mg, 0.5 mmol) and 2,5- 

thiophenedicarboxaldehyde (30 mg, 0.219 mmol) were used to afford a deep red 

crystalline solid. 143 mg, 72.7 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

7.72 (d, J = 2.1 Hz, 2H, Ar), 7.49 – 7.42 (m, 6H, Ar), 7.33 – 7.28 (m, 8H, Ar), 7.10 

– 7.00 (m, 12H, Ar), 1.33 (s, 36H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, 

ppm): 149.40, 146.97, 144.09, 140.83, 131.09, 129.49, 126.53, 126.33, 125.60, 

124.92, 121.23, 118.20 (Ar), 109.89 (CN), 34.42, 31.44 (alkyl). HRMS (MALDF-

TOF): m/z 896.4872 [calcd. 896.4846]. 

CN-7: MeO-Phz-CH2CN (243 mg, 0.706 mmol) and 2,5- 

thiophenedicarboxaldehyde (44.6 mg, 0.318 mmol) were used to afford a black 

solid. 154 mg, 61.1 % yield. 1H NMR (DMSO-d6, 400 MHz),  (TMS, ppm): 8.15 

(s, 2H, Ar), 7.75 (s, 2H, Ar), 7.47 (d, J = 2.3 Hz, 2H, Ar), 7.41 – 7.31 (m, 4H, Ar), 

7.22 (dd, J = 9.4, 2.5 Hz, 6H, Ar), 7.07 (dd, J = 7.4, 1.7 Hz, 2H, Ar), 6.89 (m, 4H, 

Ar), 6.25 – 6.01 (m, 4H, Ar), 3.86 (s, 6H, alkyl). HRMS (MALDF-TOF): m/z 

792.1718 [calcd. 792.1721]. 

CN-8: Tert-CBZ-CH2CN (321 mg, 0.815 mmol) and 2,5- 
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thiophenedicarboxaldehyde (47.6 mg, 0.34 mmol) were used to afford a red 

crystalline solid. 125 mg, 41.2 % yield. 1H NMR (CDCl3, 400 MHz),  (TMS, ppm): 

8.15 (t, J = 2.3 Hz, 4H, Ar), 7.90 (d, J = 8.9 Hz, 6H, Ar), 7.75 (s, 2H, Ar), 7.72 – 

7.65 (m, 4H, Ar), 7.50 (dd, J = 8.7, 2.0 Hz, 4H, Ar), 7.42 (d, J = 8.6 Hz, 4H, Ar), 

1.48 (s, 36H, alkyl). 13C NMR (CDCl3, 100 MHz),  (TMS, ppm): 143.49, 141.18, 

139.51, 138.73, 132.52, 132.23, 131.65, 127.30, 126.93, 123.84, 123.76, 117.82, 

116.42, 109.99 (Ar), 109.20 (CN), 34.80, 32.01 (alkyl). HRMS (MALDF-TOF): 

m/z 892.4579 [calcd. 892.4533]. 
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