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Abstract 

The concept of “aggregation-induced emission” (AIE) effect has induced a 

great deal of attention these days. Now, exploration of new AIE-active molecular 

system and multiple high technique applications for AIE materials are the two 

research hotspots. Cyanostilbene, as a classical structural unit in photoelectric 

functional materials, also exhibited this unique luminescence behavior. The 

research background was illustrated in Chapter 1, which mainly introduced the 

development of this subject. In this project, Chapter 2 and Chapter 3 presented 

two classes of functionalized AIE-active molecules based on cyanostilbene moiety, 

and their applications were investigated, while Chapter 4 demonstrated a series of 

donor-acceptor (D-A) molecules with highly emissive unit, and their 

photophysical properties were studied.  

In Chapter 2, four different donor-substituted cyanostilbene-based dipyrrins 

were synthesized and characterized. The investigation of photophysical properties 

confirms that these molecules are AIE-active, which should be attributed to the 

cyanostilbene moiety. The introduction of different donor groups showed little 

impact on their luminescence. Furthermore, the emission properties of these 

molecules were found to be sensitive to Zn
2+

, that is, addition of Zn
2+

 enormously 

enhanced its fluorescence in THF. The titration experiments proved they showed 

good selectivity and sensitivity for Zn
2+ 

detection with relatively low limit of 
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detection. Job‟s curve and spectral studies of their corresponding zinc complex 

indicated that the ratio for dipyrrins and Zn
2+ 

is 2:1, which suggested the 

formation of zinc complex by chelation-enhanced fluorescence (CHEF) effect 

should be the reason of the enhanced fluorescence. By combining dipyrrin with 

typical AIE-active moiety tetraphenylethylene (TPE), an AIE-active TPE-based 

dipyrrin was prepared. The studies of its fluorogenic Zn
2+

 detection confirmed 

that the CHEF effect together with AIE effect are responsible for the intense 

fluorescence, indicating the potential application as a Zn
2+

 detector in aqueous 

media. 

In Chapter 3, the cyanostilbene backbone was functionalized with a terpyridine 

unit to construct four terpyridine-based cyanostilbene molecules with different 

donor substitutents. The investigation of their photophysical properties confirms 

that they are AIEE-active. With the effect of different electron-donating groups, 

their solid-state fluorescence color was adjusted from blue to orange-red 

successfully. According to the calculation results of their frontier molecular 

orbitals, terpyridine has little impacts on their luminescence, but would influence 

their solid-state emission obviously owing to its large steric hindrance. This class 

of molecules displayed higher luminescence efficiency in solid state than in their 

dissolved state. The twisted molecular conformation in single crystal, which 

effectively avoids close π-π stacking, was assumed to be responsible for the high 

luminescence efficiency in solid state. This kind of molecules show distinct 
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switched fluorescence by stimuli of acid/base vapors, and this phenomenon 

derives from the protonation effect of nitrogen atoms in the terpyridine unit. 

Moreover, three of these molecules exhibit good electroluminescence properties. 

Especially, the crystal of non-donor substituted molecule show amplified 

spontaneous emission (ASE) properties, indicating this blue-emissive material can 

be used in multiple areas such as chemical sensor, organic light emitting diodes 

(OLEDs) and organic laser media. 

In Chapter 4, two highly emissive units (triphenylimidazole and 

phenanthroimidazole) were introduced to the D-A combination constructed by 

different donor groups and cyanostilbene moiety. The investigation of the 

photophysical properties suggested that all the molecules were AIEE-active. The 

introduction of imidazole induces another charge transfer (CT) state between 

imidazole and cyanostilbene groups. Quantum theory calculations for their 

frontier orbitals indicated hybridized local and charge transfer (HLCT) state with 

high luminescent efficiency may dominate the radiative process for all the 

molecules and the solvatochromic experiments with consistent PL spectral 

changes further confirmed the strong CT state in their emission process, which are 

mainly originated from the D-A structure. Furthermore, the imidazole-based 

donor-substituted cyanostilbene derivatives with high efficiency and thermal 

stability were thought to be potential emitters in the prospective applications of 

OLEDs. The two corresponding symmetric imidazole-containing 
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cyanostilbene-based molecules were prepared, which emit yellow fluorescence in 

the solid state owing to the extended conjugation length relative to their 

asymmetric ones. The triphenylimidazole-containing molecule showed a quicker 

growth rate than the phenanthroimidazole-containing one, indicating that more 

rotators make the molecule more AIE-active, and proved again, that the restricted 

intramolecular rotation (RIR) process is the main cause for the AIE phenomenon. 

The electronic cloud distribution from their calculated frontier orbitals indicated 

they are D-A-D structure with the side imidazole units as donor groups and the 

middle cyanostilbene as the acceptor part. The solvent effect of them 

demonstrated there was a charge transfer transition between imidazole and 

cyanostilbene in their excited state. Furthermore, both of the two molecules show 

good electroluminescence properties. 
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Chapter 1 

Introduction 

1.1 Aggregation-induced Emission (AIE): Phenomenon and Mechanism 

During the last three decades, great efforts have been devoted to the 

development of high performance organic luminogens, which can be used in 

many fields, such as organic light-emitting diodes (OLEDs), organic lasers, cell 

imaging and chemo-sensors.
[1]

 However, for a long time, most of the organic 

luminogens suffer from “aggregation-caused quenching” (ACQ) effect. That is, 

their aggregates or solids show drastic emission quenching due to the adverse 

intermolecular interactions.
[2]

 This phenomenon has seriously restricted their 

applications in the solid state. Although multiple approaches have been taken into 

account to tackle this problem, which mainly obstruct or avoid the aggregation of 

luminogens, these measures have met with limited success.
[3]

 In fact, some 

methods based on physical separation can only partially or temporarily control the 

aggregation. This is because of the fact that the aggregate formation is an intrinsic 

process for luminogens when they are in the condensed phase. 

In 2001, Tang et al. discovered a molecule 1, in which aggregation played an 

important role during the light-emitting process: it was non-luminescent in 
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solution but emissive in its aggregate state (as nanoparticle suspensions in poor 

solvents, Figure 1-1).
[4]

 This novel phenomenon was coined „aggregation-induced 

emission‟ (AIE). For some molecules, they fluoresce when dissolved and emit 

more intensely when aggregated, we named this phenomenon 

“aggregation-induced enhanced emission” (AIEE). The discovery of AIE opens 

an avenue to improving the fluorescence quantum yield of organic molecules in 

the aggregate/solid state.
 

 

Figure 1-1 Chemical structure of 1 and its quantum yield in different EtOH/H2O 

mixture. (Chem. Commun., 2001, 1740) 

Although the reason of the enhanced emission is still debated now, it is 

assumed that the extraordinary luminescence phenomenon is related to the effects 

of intramolecular planarization, the formation of specific aggregation, and 

blockage of non-radiative relaxation pathways of excited species. At present, the 

restricted intramolecular rotation (RIR) process has been proposed to be the main 

cause for most of the reported AIE-active molecular systems.
[5]
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Attracted by their outstanding feature, many research groups have worked on 

the design and synthesis of new AIE-active luminogens, control and regulation of 

their aggregated states, investigation of their luminescence behaviors and 

development of their applications. As a result of these research efforts, a variety of 

AIE-active molecular systems have been developed, including their diverse 

mechanic information and multiple practical applications. 

1.2 Typical AIE Systems 

After the first AIE-active molecule was reported, a series of small organic 

molecules with AIE activity have been designed and synthesized. Among them, 

silole-type and TPE-type are the two most popular molecular systems. In general, 

based on characteristics of molecular structure, here we introduce AIE-active 

molecules with the following three types: small organic molecules, polymers and 

organometallic luminogens.  

1.2.1 AIE-active Small Organic Molecules 

As shown in Figure 1-2, these reported AIE-active silole derivatives share 

similar photophysical behavior: In good solvents or aqueous mixtures with low 

water content, they are non-emissive, while in solvent mixtures with a certain 

water fraction, their emission gradually strengthen with increasing water 
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content.
[6]

  

 

Figure 1-2 Chemical structures of some silole derivatives. 

Taking compound 2 (HPS) as an example, the photoluminescence (PL) of HPS 

in pure acetonitrile is nearly non-emissive, with a low fluorescence quantum yield 

(F) of 0.22%. Its PL intensity remains unchanged until the water content rises to 

50%, as shown in Figure 1-3. When the water fraction exceeds 50%, the PL 

intensity and quantum yield grow obviously. HPS molecules form 

nano-aggregates as the water fraction further increases, and the quantum yield 

boosts to 56% for solution with 99% water, which is nearly 260-fold higher than 

that in its pure acetonitrile solution. As expected, the AIE activity endowed HPS 

with high performance in the solid state: the fluorescence efficiency of its thin 

film was measured to be 78%.
[6b]
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Figure 1-3 Photographs of HPS solutions in acetonitrile/water mixtures with 

different water fractions under illumination of UV light (365 nm). Corresponding 

PL spectra of HPS solution (A) and corresponding F versus water content (B). 

(Chem. Mater., 2003, 15, 1535) 

Another important typical AIE-active system is based on tetraphenylethene 

(TPE), which is an archetypical AIE unit. The fast rotation of phenyl rings 

quenches its fluorescence in dilute solution, while intermolecular interactions 

obstruct the rotated motions of the phenyl groups and restrain non-radiative 

transitions in its aggregation state.
[7]

 The unique luminescence behavior of TPE 

has been widely used to construct solid-state emissive materials, as shown in 

Figure 1-4. 
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Figure 1-4 Chemical structures of some TPE derivatives. 

Two triphenylamine-containing TPE-typed molecules (TPATPE and 2TPATPE) 

were reported by Tang et al., as shown in Figure 1-5, both of the two compounds 

can easily dissolve in common organic solvents such as acetonitrile and THF but 

are insoluble in water. From their dilute solution in THF to aggregate suspension 

in solvent mixture with 95% water, the fluorescence efficiency of TPATPE and 

2TPATPE increased by 103- and 192-fold, respectively. The AIE effect has 

endowed them with high emission efficiency in the solid state, their thin films 

show high fluorescence efficiency of almost 100% at 486 (TPATPE) and 505 nm 

(2TPATPE), which are more than 2-fold higher than that of TPE (49.2%). As 

triphenylamine unit is a common ACQ unit, the results suggest that combining 

ACQ and AIE units in one molecule may be as a good approach to overcome 

ACQ problem.
[8]
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Figure 1-5 PL spectra of TPATPE (A) and 2TPATPE (B) in THF/water mixture 

with different water fractions. (Chem. Mater. 2011, 23, 2536-2544) 

According to the same idea, Sun et al. prepared two perylene bisimide (PBI) 

molecules linked with one and two TPE units (Figure 1-6).
[9]

 The investigations 

on the fluorescent behaviors of three cases, non-, mono- and di-TPE substituted 

PBI derivatives, have confirmed the feasibility to control the fluorescence 

performance of PBIs from ACQ to AIE. Different from those small conjugated 

molecules such as triphenylamine, as mentioned above, whose fluorescence 

behavior can be completely switched from ACQ to AIE by combining with a 

single TPE unit, the modification of the larger conjugated PBI core with one TPE 

moiety can only partially affect its luminescence behavior. The mono-TPE 

substituted PBI (12) in dilute CH2Cl2 solution shows weak luminescence with 

quantum yield as low as 2.2%, while its aggregates suspension in hexane/CH2Cl2 
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mixture with 90% hexane emit stronger red fluorescence with a quantum yield of 

9.0%. For the di-TPE linked PBI (13), its dilute solution is nearly non-emissive, 

but the formed aggregates in solvent mixture (hexane fraction = 90%) display an 

efficient near infrared luminescence with a higher quantum yield of 18.9%.  

 

Figure 1-6 PL spectra of 12 (A) and 13 (C) in hexane/CH2Cl2 mixtures with 

different hexane fractions. Corresponding variation of quantum yields versus 

hexane fractions (, D). (Chem. Commun., 2012, 48, 11671-11673) 

1.2.2 AIE-active Polymers 

A series of conjugated polymers that show AIE or AIEE phenomenon have 

been developed in recent years, including poly(1-phenyl-1-alkyne)s (14) and 

poly(diphenylacetylene)s (15) (Figure 1-7).
[10]

 Similar to TPE, a common 

structural feature of the two kinds of polymers is that both of their repeat units 
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include phenyl rotor and olefin stator. For TPE unit, as discussed above, the RIR 

process is known to be responsible for its AIE effect due to the freely rotated 

phenyl rings. For these polymer systems, the intramolecular rotations of the 

phenyl rings are already partly restricted at the molecular level because of the 

steric hindrance of polymer chains. Therefore, these polymers can fluoresce in the 

solution state. When their rotators are further restricted in the aggregate/solid state, 

these polymers emit more intensely, which should account for their AIEE effect. 

 

Figure 1-7 Chemical structures of AIEE-active polyacetylenes. 

Chujo‟s laboratory reported AIE phenomenon of a group of polymers 

consisting of repeat units of o-carborane and p-phenyleneethynylene.
[11]

 Due to its 

well-known three-dimensional aromatic structure, the boron cluster of carborane 

was chosen as the structural unit. The carborane model compound 16 (Figure 1-8) 

displays AIE activity, with an enhanced blue emission in the solid state. The 

distorted angle between the two phenyl rings linked to the carborane core in 
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model molecule 16 is very large (58 
o
), which can effectively avoid the formation 

of intra- and intermolecular excimers. Polymerization of monomer yields its 

boron-containing polymer (17), which is also AIE-active. Benefited from AIE 

effect, the film prepared by polymer emits a bright orange light, due to the 

extended conjugation. 

 

Figure 1-8 Molecular structures of o-carborane 16 and carborane-containing 

polymer 17. (Macromolecules, 2009, 42, 1418) 

1.2.3 AIE-active Organometallic Luminogens  

For the above discussed organic luminogenic systems, their emissions are 

fluorescent in nature, because the radiative decays are associated with the 

transitions of singlet excited states.
 
In the organometallic luminogen systems, 

whose emissions are from triplet excited states, aggregation-induced 

phosphorescence has also been observed.
[12] 

In 2002, Lu et al. first reported the phenomenon of emission enhancement due 

to self-aggregation of supramolecules containing metal ions.
[13]

 To the Re(I) 
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complex system (Figure 1-9), obvious enhancements in the PL intensity was 

observed during the process of converting the medium from an organic phase to 

an aqueous phase. The similar phenomenon was also observed by Che et al. for a 

Pt(II) complex (19).
[14]

 In its good solvent (acetonitrile) solution, the complex was 

actually non-phosphorescent, however, when a large amount of poor solvent 

(water) was added into its acetonitrile solution, the PL intensity of 19 increased by 

almost 7.5-fold. In aqueous mixtures, the molecules of the Pt(II) complex form 

nano-aggregates, which thereby turn off the non-radiation pathways and enhance 

the phosphorescence. 

 

Figure 1-9 Up: chemical structure of 18 and its PL spectra in different mixture. 

Down: chemical structure of 19. (Inorg. Chem., 2002, 41, 5323 and Chem.-Eur. J., 

2008, 14, 9736) 

Phosphorescent Ir(III) complexes have been widely studied, many of which, 

however, are on their emission behaviors in the dissolved state. Li et al. and Park 

et al. discovered aggregation-induced phosphorescence in a series of Ir(III) 

complex systems, although the origin of the effect is still under debate.
[12b-d]
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Park‟s laboratory prepared a group of Ir(III) complexes containing imine-based 

ancillary ligands, as shown in Figure 1-10. The complexes emit weakly in their 

molecular dilute solution but brightly in the solid state, with a more than 100-fold 

enhancement in emission efficiency. Significantly boosted phosphorescence was 

also observed at low temperature (77 K), at which the solution of 20 was frozen 

and intramolecular rotations were restricted. Based on these experimental results, 

the researchers drew a conclusion: the RIR process of the N-aryl unit was the 

main cause for the observed AIE activity.
[15]

 

 

Figure 1-10 Chemical structure of 20 and photographs of solutions and films of 

Ir(III) complexes taken under illumination of a UV lamp. (Chem. Commun., 2009, 

1243) 

1.3 Application of AIE Luminogens 

Since the concept of AIE has been employed to design efficient luminescent 

materials in the solid state, a number of AIE luminogens have been developed.
 

Now, many laboratories have worked on the exploration of high-tech applications 

of the AIE effect and much of the effort has been devoted to its utilities in 

optoelectronic and sensory systems. Taking the advantage of their unique 
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luminescence behaviors, AIE luminogens are widely applied in bio-imaging, 

bio-probes for specific protein or DNA. Based on their high emission in aggregate 

state, promising AIE materials have been used for the fabrication of efficient 

organic light-emitting diodes (OLEDs).
[8,16]

 Some AIE materials can switch their 

solid-state fluorescence by environmental stimuli (such as light, temperature, 

pressure and pH), which can be potential candidates for stimuli-responsive 

materials.
[17]

 Recently, the studies of organic lasers based on AIE materials were 

also reported, which broadened their crystal‟s application.
[18]

 However, it is still a 

challenging task to develop organic molecules exhibiting highly efficient 

solid-state luminescence, especially towards multipurpose applications. For now, 

much current interest is focused on the exploration of their utilities in bio-system, 

here we will introduce their developments in electroluminescence devices, 

chemical sensors, biological applications and organic lasers. 

1.3.1 Electroluminescence Devices 

The luminescence efficiency in solid-state is a key factor for organic 

luminogens utilized in electroluminescence. At present, the requirement of red 

and green glowing materials have been satisfied from some phosphors. However, 

the blue-emitters still mainly depend on fluorophors. AIE luminogens with high 

fluorescence efficiency have made some progress in the field of OLED. 
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As shown in Figure 1-11, the device of AIE-active compound 21 displays a 

sky-blue emission with a maximum luminescence of 36300 cd/m
2
. Its power 

efficiency is 7.0 lm/W and the external quantum efficiency is calculated to be 5%. 

Recently, an AIE-active molecule 22 conducted by phenanthro[9,10-d]imidazole 

and triphenylethene unit, was noticed by its high performance in OLED. The 

electroluminescence device fabricated from 22 displayed a deep blue emission 

with outstanding luminance, current efficiency, power efficiency and external 

quantum efficiency of 20300 cd/m
2
, 5.9 cd/A, 5.3 lm/W and 4.4%, respectively. 

So far, these results are the best data for deep blue AIE-active emitters reported. 

Moreover, for the first time, an efficient AIE-based white OLED using 22 as deep 

blue emitter was fabricated and achieved, whose pure white light shows CIE 

coordinates of (0.33, 0.33).
[19]

 

 

Figure 1-11 Chemical structures of 21 and 22, and their electroluminescence 

devices. (Chem. Commun., 2010, 46, 2221-2223; Chem. Mater., 2015, 27, 

3892-3901) 
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1.3.2 Chemical Sensors 

AIE luminogens are useful analytical tools and have been utilized as sensitive 

and selective chemo-sensors. In many of these sensing systems, the freely rotated 

AIE molecules in the solutions generate aggregates by analytes through 

electrostatic attraction or coordination processes, which then turn on the light 

emissions. 

Chatterjee et al. recently reported an AIE-based “turn-on” fluorescent 

compound for the selective detection of lead ions.
[20]

 As shown in Figure 1-12, the 

TPE-based compound of 29 displays AIE effect in THF/water mixture. In solvent 

mixture with 95% water, it was observed that the fluorescence signal from the 

system gradually increased upon addition of lead ions. The authors thought the 

sensing mechanism is related to the following two effects: on the one hand, 

TPE-derived phosphoric acid 29 has a strong affinity towards Pb
2+

 ions; On the 

other hand, the forming lead phosphate is insoluble in water or the working media. 

The probe forms water insoluble phosphate salt spontaneously, therefore, the 

detection of lead ions in aqueous media by “turn-on” type fluorescence response 

was observed. The probe is extremely sensitive and highly selective to lead ions. 

The limit of detection (LOD) of this probe 29 was calculated to be 10 ppb. The 

reported method that uses AIE luminogens as detectors opens a simple and 
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efficient way for detection of metal ions in aqueous media. 

 

Figure 1-12 (Left) Chemical structure of 23 and fluorescence response of probe 

23 in different solvent compositions of THF/water. (Right) Fluorescence response 

to lead ions
 
in THF/water (5/95). (RSC Adv., 2014, 4, 47076) 

Multi-stimuli-responsive fluorescence switching, which is induced by external 

stimuli such as pressure, heat, pH and organic solvent vapor, is also a hotspot in 

the research of AIE luminogens. Modification of AIE-active molecules enables 

molecules with multiple intermolecular interactions, which always induce 

different aggregate states. It is well known that solid-state emission of luminogens 

is sometimes connected with their aggregate state. For highly emissive AIE 

luminogens, the controllable switched fluorescence of single material is beneficial 

to use the materials efficiently. For example, an AIE-active boron-difluoride 

complex 24, which displays switched fluorescence ranging from yellow to red by 

multiple external stimuli including grinding, organic solvent vapors, as well as 

acid and base vapors (Figure 1-13).
[21]
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Figure 1-13 Chemical structure and photographs of 24 in response to mechanical 

grinding, fuming with organic vapor and protonation with acid under irradiation 

of UV light. (Chem. Commun., 2014, 50, 12951-12954) 

1.3.3 Biological Probes and Cell Imaging 

Fluorescent molecules have been widely used in biological systems, which can 

form nanoparticles such as spherical micelles by self-assembly and further 

indicate their location by fluorescence. It has been regarded as a particularly 

promising strategy for various technological applications in biological system, 

such as cell imaging and drug delivery. The unique enhanced luminescence of AIE 

luminogens makes them promising candidates for biological probes and cell 

imaging applications.  

For example, by modifying TPE with a maleimide group, a probe 25a for thiol 

detection was developed.
[22]

 Due to the photo-induced electron transfer (PET) 
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effect, the compound 25a was non-luminescent in both solution and solid state, 

but its thiolated derivative 25b displayed obvious AIE effect. By the thiolene click 

reaction, aggregates of 25a such as samples deposited on TLC plates can be 

utilized as cysteine detector from other amino acids. Due to the rapid and efficient 

click reaction, 25a can also be used to mark proteins carrying cysteine residues in 

the physiological system and in the poly(acrylamide) gel electrophoresis assays. 

 

Figure 1-14. (A) Fluorescence “turn-on” probe for thiol detection. (B) 

Differentiation of cysteine from other amino acids of 25a on TLC plates. 

(Chem.-Eur. J., 2010, 16, 8433) 

AIE-based fluorescent organic nanoparticles have attracted great research 

interest because they can surmount ACQ effect. As shown in Figure 1-15, a 

TPE-based AIE fluorescent organic molecule (26) was reported for the first time. 

Compound 26 was water soluble and showed obvious AIE phenomenon. Its 

aggregate suspension is homogeneous with uniform morphology (100-200 nm). 

The cell imaging experiments demonstrate the AIE-based fluorescent organic 
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nanoparticles are biocompatible with cells. When excited by UV light, the cells 

carrying nanoparticles of 26 can be clearly observed because they were 

successfully stained by these AIE-based nanoparticles.
[23]

 

 

Figure 1-15 Chemical structure and confocal laser scanning microscopy images 

of A549 cells: (A) bright-field, (B) fluorescent image and (C) merged images. 

(Colloids Surfaces B Biointerfaces, 2013, 112, 81-86) 

1.3.4 Organic Lasers 

Organic laser, as an important research topic, has been highly concerned. There 

are many advantages for organic fluorescent materials as laser gain medium, such 

as intrinsic four-level system, high non-radiative decay rate, large Stokes shift and 

high luminescent efficiency. Organic single crystals with long-range ordered 

arrangement, has been considered to be the ideal object for establishing laser 

emission. Recently, some AIE-active crystals with amplified spontaneous 

emission (ASE) phenomenon, which is inherent in the field of lasers, have been 
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reported. 

In 2008, an AIE-active crystal of 27 has drawn attention due to its polarized 

self-waveguided emission and ASE with low threshold value of 30.5 kW/cm
2
 and 

high net gain coefficient of 55 cm
-1

. The crystal is high-quality slab-like and has 

regular uniaxial orientation, which the authors thought to be suitable to amplify 

emitted light and achieve the laser with low threshold.
[24]

 

 

Figure 1-16 Chemical structure, crystal graph, ASE spectrum and packing mode 

of 27. (Chem. Mater., 2008, 20, 7312-7318) 

Yang et al. reported two AIE-active crystals of 28 based on 

9,10-distyrylanthracene, which has a typical AIE-active structure. The small 

manipulation of end group results in different packing modes for the two crystals, 

left is J-aggregation and right is H-aggregation, respectively. Compared to its 

homologue, the crystal (28a) displays higher fluorescence efficiency (59.4%) and 

ASE properties with the threshold value of 97.5 kW/cm
2
. Authors ascribe the 
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unique photophysical properties for 9,10-distyrylanthracene crystal (28a) to its 

specific packing mode, J-aggregation.
[25]

 

 

Figure 1-17 Chemical structure and packing mode of 28. (J. Phys. Chem. C 2012, 

116, 15576-15583) 

Recently, Evans et al. reported a cholesteric liquid crystal (CLC) laser with AIE 

dye (29) as its gain medium. According to their preliminary studies, this AIE 

dye-doped CLC is capable of lasing action with unusually large Stokes shift at 

moderate threshold (600 μJ/mm
2
), and this value can be further reduced by 

adjusting AIE dye concentration. In this paper, the authors suggested that 

AIE-active molecules with unique luminescence behaviors are especially suitable 

for acting as gain materials in liquid crystal lasers where defect structures lower 

the threshold for nano-aggregation effects.
[26]
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Figure 1-18 Chemical structure of the chiral dopant and 29, and time-dependent 

lasing emission spectra of the AIE-dye-doped chiral dopant. (Opt. Express, 2015, 

23, 33938.) 

1.4 π-Conjugated Cyanostilbene Derivatives 

Cyanostilbene-based compound is another typical AIE-active molecular system. 

On the one hand, distyrene has been widely used to construct photoelectric 

functional materials; on the other hand, due to its structural simplicity and high 

polarizability, the cyano group is welcome to be induced in advanced optical 

materials. As a result, a great number of AIE luminogens based on cyanostilbene 

have been developed. Although they belong to the small organic molecules 

structurally, we discuss them separately in this subsection, because of their unique 

luminescence behaviors and properties.  

Ma et al. reported a cyanostilbene compound 30 with AIE properties, in which 

the integrated effects of steric and electronic factors from cyano groups affect the 

emission process.
[27]

 As shown in Figure 1-19, the molecule of 30 takes a twisted 

conformation, because there are steric repulsions between the cyano groups and 
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phenyl rings. In dilute solution, the intramolecular rotational motions of 30 induce 

non-radiative relaxations and weak fluorescence. In crystals, such intramolecular 

motions are restricted, and the formed H-N hydrogen bonds between the 

neighboring molecules further rigidify the molecules, which result in their 

enhanced light emissions.  

 

Figure 1-19 Chemical structure and crystal packing of 30. (Chem. Commun., 

2007, 231) 

Based on the steric effect from cyano groups, cyanostilbene compounds display 

AIE activity by intermolecular N-H interactions in aggregate state. By 

consideration of its electronic effect, the introduction of electron-donating groups 

can construct donor-acceptor (D-A) structure and should enable the development 

of AIE luminogens with color tunability. With guidance of this strategy, Chen et 

al.
[28]

 and Neckers et al.
[29]

 have prepared a variety of cyanostilbene-based 

luminogens, examples of which are shown in Figure 1-20. The emission colors 

from the crystals or aggregates of these molecules can be easily tuned from purple 

to red by altering the electron-donating groups on the phenyl rings. The results 

demonstrate that, upon increasing electron-donating ability of the substituent 
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groups (31a-31d), the emission color is red-shifted. The reported work again 

proved the importance of the D-A interaction to light emitters and offered a 

guidance to design cyanostilbene-based AIE luminogens with different emission 

colors. 

 

Figure 1-20 Chemical structure and photographs of crystals taken under 

illumination of UV lamp of diphenylfumaronitrile derivatives 31. (Chem. Soc. 

Rev., 2011, 40, 5361-5388) 

 To the development of this molecule system, Park and co-workers have done a 

lot of important works. They have designed a series of molecules by connecting 

terminal functional groups to cyanostilbene backbone, and further studied their 

luminescence behaviors.
[30]

 As shown in Figure 1-21, the molecule 32 shows AIE 

activity owing to its unique twist elasticity. In solution, terminal phenyl rings and 

cyanostilbene units are obviously twisted with the torsional angle of 47 
o
. This 

twisted conformation avoids the planar conformation in the S1 state and activates 

torsion-induced non-radiative deactivation, resulting in non-luminescence in 

solution. In the condensed state, however, as observed for the nanoparticles of 32, 

strong intermolecular interactions contributed by the cyano groups cause 

conformational planarization of the twisted biphenyl and cyanostilbene units. The 
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aggregation-induced molecular planarization extends the effective conjugation 

length and inhibits non-radiative relaxation pathways. Meantime, the bulky cyano 

moiety effectively prevents π-π stacking in aggregate state, and is in favor of 

J-aggregation for this molecule. Therefore, the molecular planarization 

significantly increases fluorescence quantum yield of 32 from solution (~0) to 

nano-aggregates (0.69).  

 

Figure 1-21 Molecular structure and PL photo in THF and nanoparticles of 32, 

and proposed mechanism of enhanced emission in nanoparticles. (Acc. Chem. Res. 

2012, 45, 544-554) 

Therefore, according to Park‟s investigation, the synergistic effects of 

aggregation-induced molecular planarization and specific intermolecular 

interactions are related to the enhanced emission for cyanostilbene-based AIE 

molecules, and the AIE activity should be a common feature of conjugated 

cyanostilbene molecular system. However, the situation may be different when 

there are more complicated functional groups substituted in the molecular 
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backbone. Therefore, it is accepted that the molecular planarization and specific 

aggregation mode contribute to their AIE effect at an extent, but the restricted 

intramolecular rotation (RIR) process is still thought to be the dominant factor for 

common AIE-active molecules. 

1.5 Conclusion 

AIE materials are a kind of molecules whose enhanced emissions are mainly 

induced by restricted intramolecular rotational motions in the aggregate/solid state. 

We have presented typical examples of different groups of AIE luminogens, 

discussed their structure-property relationship and luminescence mechanism, as 

well as their applications in various fields. The study of the AIE phenomenon is of 

academic value and the AIE luminogens have great practical value.  

Cyanostilbene-based AIE molecules have displayed interesting luminescence 

behaviors and their solid emissions have been investigated in multiple 

applications. The particular molecular skeleton endows them various changes in 

conformation, multi intermolecular interactions and aggregate states. Therefore, it 

is meaningful to study structure-property relationship of cyanostilbene-based AIE 

luminogens with different substituent groups. In this thesis, we mainly studied the 

cyanostilbene-based AIE molecules with different functional groups, as well as a 

small part of necessary analogues. 
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Chapter 2  

Dipyrrin-based AIE-active Molecules: Synthesis, Photophysical 

Properties and Fluorogenic Zn
2+

 Detectors 

2.1. Introduction 

Aggregation-induced emission (AIE), as a new concept in developing highly 

efficient fluorescent materials in aggregation state, opens up a possibility of 

detection in aqueous media.
[1,2] 

For instance, tetraphenylethene (TPE) is an 

archetypical AIE luminogen, whose fluorescence is quenched by the fast rotation 

of the four peripheral phenyl rings linked to the vinyl group in dilute solution, 

while in its aggregation state, the rotation of the phenyl groups is obstructed by 

the intermolecular interactions between adjacent molecules, and this effectively 

restrains the non-radiative transitions of the excited state, resulting in highly 

efficient fluorescence in the solid state.
[3]

 The unique luminescent behavior of 

TPE or other AIE-active groups can be harnessed for the development of 

chemical sensors.
[4-6]

 In aqueous media, they commonly aggregate to form 

nanoparticles, and this helps to detect relevant analytes with strong fluorescence 

signals. Therefore, preparation of AIE-type sensors may be an effective way to 

achieve detection in aqueous solution.  
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Dipyrrin moieties, composed of two pyrrins connected by a methyl linkage, 

have acted as a novel organic functional structure in research areas such as 

fluorescent dyes, metal chemosensors, supramolecules, coordination polymers, 

and so on.
[7]

 From the viewpoint of molecular structure configuration, the two 

intramolecular pyrrin rings can rotate freely without large steric hindrance. Thus, 

after the linkage with the AIE-active moiety (such as cyanostilbene or TPE), a 

strong AIE phenomenon should be expected in the combined molecule. Moreover, 

as a free base, dipyrrins can also react with a wide range of metal salts to form the 

corresponding stable bis(dipyrrinato)metal(II) or tris(dipyrrinato)metal(III) 

complexes
[8]

, opening the AIE-dipyrrin-type molecules as a promising candidate 

for metal chemo-sensors and strong AIE-based luminescent metal complexes.
 
 

In this chapter, we will construct organic molecules by combining dipyrrins and 

AIE-active units (cyanostilbene and tetraphenylethene), and investigate their 

photophysical properties and applications as fluorogenic Zn
2+

 detectors. 

2.2 Cyanostilbene-based Dipyrrins: AIE Properties and Fluorogenic Zn
2+

 

Detectors 

In this section, we synthesized and characterized four cyanostilbene-based 

dipyrrins with different donors, and investigated their photophysical properties, 

AIE behaviors, and applications as fluorogenic detectors for Zn
2+

. For better 
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understanding their photophysical properties and Zn
2+

 detecting process, we also 

synthesized and obtained their model Zn-complex as references. 

2.2.1 Synthesis and Spectroscopic Characterization 

The synthetic routes for the preparations of the terminal dipyrrin compounds as 

well as their zinc complexes for comparison are illustrated in Scheme 2-1. The 

key precursors Br-(1-4) were prepared through the Knoevenagel condensation 

reactions, and CNCHO-(1-4) was prepared through palladium-catalyzed Suzuki 

coupling reactions from Br-(1-4). The aldehyde compounds (CHO-2 and CHO-4) 

were prepared according to the Ullmann reaction, and compound CHO-3 was 

obtained from POCl3/DMF. The final products were easily synthesized by the 

simple oxidation of the corresponding dipyrromethanes. The Zn-complex were 

obtained by the coordination reaction of dipyrrins and Zn(CH3COO)2. All the 

compounds were fully characterized by 
1
H and 

13
C NMR spectroscopy and 

MALDI-TOF mass spectrometry. All the NMR spectral data of the intermediates 

and terminal products are summarized in the experimental part of Chapter 6. 
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Scheme 2-1 Synthesis of cyanostilbene-based compounds. 

Analyses of 
1
H and 

13
C NMR spectra clearly demonstrate the well-defined 
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structure for the terminal molecules (P1-P4), as shown in Figures 2-1 to 2-4. All 

the proton signals of aromatic rings are located in the downfield range (δ, above 

6.30 ppm), and those of the dipyrrin lie in the field (δ: 6.3 ppm (dd), 6.6 ppm (dd) 

and 7.9 ppm (d)). The sharp single peaks at around 7.4-7.6 ppm are attributed to 

the proton signal of CN-C=C-H.  

 

Figure 2-1 
1
H NMR spectrum of P1 in CDCl3 at room temperature. 
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Figure 2-2 
1
H NMR spectrum of P2 in CDCl3 at room temperature. 

 

Figure 2-3 
1
H NMR spectrum of P3 in CDCl3 at room temperature. 
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Figure 2-4 
1
H NMR spectrum of P4 in CDCl3 at room temperature. 

2.2.2 Photophysical Properties 

The UV-vis absorption and photoluminescence (PL) spectra of P1-P4 are 

presented in Figure 2-5. Compound P1 shows two main absorption bands at about 

340 nm and 430 nm. The higher-energy absorption band at the shorter wavelength 

(340 nm) in P1 molecule should be assigned to the conjugated π-π absorption of 

the whole cyanostilbene moiety, while the lower-energy absorption band at the 

longer wavelength of about 430 nm should be attributed to that of dipyrrin 

according to the literature report.
[9]

 The photophysical data are presented in Table 

2-1. After the introduction of donor moieties, all the three compounds P2, P3 and 

P4 showed a strong absorption band at around 400 nm in the UV-vis spectra. It 
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indicates that the introduction of donor moieties into the cyanostilbene derivatives 

may enhance the whole molecular conjugation of the donor-acceptor (D-A) type 

cyanostilbene derivatives. The possible charge transfer (CT) transition between 

donor and cyanostilbene part is also believed to occur. Thus the low-energy broad 

absorption bands at 400-500 nm is thought to be assigned to a mixture of the π-π* 

transitions in the whole conjugated molecular structure (mainly dominated by the 

dipyrrin moiety) and the possible intramolecular charge transfer (ICT) between 

the donor moieties and the acceptor cyanostilbene. PL measurements showed that, 

in comparison to P1, all the D-A compounds exhibited a similar broad emission 

with maximum peaks at around 500-530 nm, indicating that donor moieties did 

not dominate the luminescence obviously. Thus the introduction of the donor 

moieties impacts largely on the ground state properties (absorption spectra) but 

little on their excited state properties (PL spectra). 

 

Figure 2-5 Normalized absorption (a) and PL (b) spectra of P1-P4 at a 

concentration of ~10
-4

 M in THF at 298 K. 
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The absorption and PL spectra for their corresponding Zn-complexes are 

illustrated in Figure 2-6. Compared to their ligands, the absorption spectra of all 

the complexes show red-shifts and are extended to form a new absorption band at 

around 483 nm. For the PL spectra, all the four complexes show a common 

emission band at around 510 nm, which is narrower than that of their ligands. For 

Zn-3 and Zn-4, there is a long-wavelength emission band at around 630 nm, 

which is very weak in intensity in the case of Zn-4. This emission shoulder in the 

lower energy range may be induced by ICT state in Zn-3 and Zn-4 molecules 

because of the existence of strong donor moieties (diphenylamine and 

phenothiazine). 

 

Figure 2-6 Normalized absorption (a) and PL (b) spectra of Zn-complex at a 

concentration of ~10
-5

 M in THF at 298 K. 

Table 2-1 Absorption and emission data for compounds 

Compound P1 P2 P3 P4 Zn-1 Zn-2 Zn-3 Zn-4 

Absorption 

λabs (nm) 

348, 

435 

385, 

435 

330, 

424 

364, 

410 

345, 

483 

380, 

484 

421, 

483 

362, 

484 

Emission 

λem (nm) 

521 503 529 502 508 512 

519, 

630 

515 
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In order to further understand the electronic transition properties, the frontier 

molecular orbitals of four molecules were calculated by using B3LYP method, as 

shown in Figure 2-7. For P1, the highest occupied molecular orbital (HOMO) is 

mainly located on the dipyrrin moiety and the lowest unoccupied molecular 

orbital (LUMO) is spread over the whole molecule. The frontier molecular orbital 

results indicate that the lower-energy dipyrrin part dominates the electronic 

transition. Meanwhile, the HOMO-LUMO transition in P1 actually consists of a 

CT transition between cyanostilbene and dipyrrin together with a localized 

transition on dipyrrin, and thus it may generate one possible result that CT 

transition in P1 molecule will cause a quenching effect on the radiation decay. 

The relatively weaker emission may be a reflection of it.  

The calculated frontier molecular orbitals showed that introduction of donors 

into cyanostilbene derivatives surely influences largely the electronic transitions. 

For all dipyrrin substituted cyanostilbene derivatives (P2-P4), the introduction of 

donor results in a trend that electronic cloud starts to expand to the donor side and 

the HOMOs are mainly located on the donor part. This is consistent to the 

previous UV and PL spectral results that introduction of donors will enhance the 

molecular conjugation to result in the largely increased molecular orbital overlap 

between HOMO and LUMO in these donor-substituted molecules. From the 

frontier molecular orbitals, it can be observed that dipyrrin part contributes much 
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to the molecular orbital distribution (mainly on LUMOs), and it still affects 

electronic transition a lot in the donor-substituted cyanostilbene derivatives. It is 

worth mentioning that, unlike P2 and P3, the HOMO in P4 is only located on the 

single donor phenothiazine segment. This distribution showed a fully separated 

feature of HOMO and LUMO and will produce a strong CT transition between 

phenothiazine and other part.  

 

Figure 2-7 Theoretical calculated frontier orbitals of P1-P4. 

2.2.3 Aggregation-induced Emission Properties 

All the four cyanostilbene compounds are soluble in tetrahydrofuran (THF) and 

completely insoluble in water. To evaluate the AIE effect of this kind of molecules, 

we carried out the measurement of their PL spectra in pure THF solution and 
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THF/water mixture. As shown in Figure 2-8, when 90% water was added into 

THF solution, the PL intensity of P1 at around 520 nm increased more than 10 

times, which indicated an obvious AIE effect was observed for P1. It is believed 

that the AIE properties in P1 molecule should mainly depend on the cyanostilbene 

moiety in it. On one hand, the luminescent cyanostilbene moiety with strong AIE 

property may transfer the photons to the dipyrrin through Förster energy transfer 

to enhance the PL emission in the solid state.
[10-12]

 On the other hand, the 

non-radiative charge transfer transition between cyanostilbene and dipyrrin may 

be weakened in the solid state due to inhibited intramolecular vibration and 

torsion movements.  

For the other three compounds, the similar phenomenon has also been observed, 

as shown in Figure 2-8 (b-d). From the PL spectral features, the corresponding 

donor-substituted P1 derivatives exhibited the similar AIE behaviors with a large 

increase of intensity in their PL spectra from solution to aggregated state 

(THF/water = 1:9, v/v).  
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Figure 2-8 PL spectra of P1-P4 in THF and THF/water mixture (1:9, v/v) at a 

concentration of ~10
-4

 M. 

We also measured their PL spectra at low temperature (77 K), as shown in 

Figure 2-9. The emission at low temperature increased significantly from that at 

room temperature for all of these compounds, similar to the AIE behavior of PL 

emission in this kind of molecules. This indicates that the AIE behavior in 

dipyrrin-substituted cyanostilbene compounds should mainly derive from the 

strong intramolecular vibration relaxation in solution which is inhibited 

effectively in aggregated state (THF/water = 1:9, v/v) or at low temperature. 
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Figure 2-9 PL spectra of P1-P4 at a concentration of ~10
-5

 M in THF at room 

temperature and low temperature. 

For the zinc complex, we also explored their AIE behaviors. Due to the 

destructive effect of water to these metal complexes, we chose hexane as poor 

solvent and dichloromethane as good solvent to replace the water and THF 

respectively. As shown in Figure 2-10, the emission of all the four complexes 

gradually increased with the increase of hexane fraction, suggesting they are 

AIE-active. Different from other three compounds, for P3, the short wavelength 

emission at 510 nm increased with the long wavelength emission at around 630 

nm decreasing in intensity as the fraction of hexane increased, and this change 

should be due to the weakened intramolecular charge transfer state when the 
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solvent polarity was reduced. 

 

Figure 2-10 PL spectra of Zn-1 to Zn-4 in dichloromethane and 

dichloromethane/hexane mixture at a concentration of ~10
-5

 M. 

2.2.4 Fluorogenic Zn
2+

 Detector 

As the second most abundant transition metal ion, Zn
2+

 is well known to play 

an important role in life activities and ecological environment. The detection of 

trace amounts of Zn
2+

, which has gained intensive interest from scientists, is a 

significant issue in environmental and biological analysis.
[13, 14]

 Detectors based 

on chelation-enhanced fluorescence (CHEF) effect are simple to prepare, since 

they require only a single chromophore containing the necessary chelating 
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atoms.
[15-18]

 It is well known that dipyrrins exhibit weak fluorescence, but they can 

coordinate with many metal ions to form metal complexes with strong 

emissions.
[19-21]

 Currently, several dipyrrin-typed Zn
2+

 detectors based on CHEF 

effect have been reported, which show good selectivity and sensitivity.
[22-24] 

 

Due to destructive effect of water to these Zn-complexes, we carried out the 

detecting experiments in THF, with their corresponding zinc complex as 

references. The change of the UV-vis absorbance versus Zn
2+

 concentration is 

shown in Figure 2-11a. Upon titration of Zn
2+

 to its solution, the peak centered at 

430 nm in its UV-vis spectrum gradually decreased, with the concurrent 

appearance of a new band at 483 nm. The clear isosbestic point for P1 is at 455 

nm, which indicates the only active zinc complex with P1. As shown in Figure 

2-11b, addition of Zn
2+

 ions into the THF solution gradually increases the 

emission. When 1 equiv. Zn
2+

 was added, there was an almost 30-fold 

enhancement in PL intensity observed. It is noted that the spectral changes in both 

of the absorption and emission are highly consistent to those of its corresponding 

zinc complex Zn-1 (Figure 2-6). Consequently, the reason for fluorescence 

enhancement could be attributed to the chelation of P1 and Zn
2+

, which resulted in 

the formation of a more stable and emissive zinc complex.  
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Figure 2-11 UV-vis spectral (a) and fluorescence emission spectral (b) changes 

during the titration of P1 (10 M) with Zn
2+

 in THF upon excitation at 460 nm. 

To determine the binding stoichiometry of P1 and Zn
2+

, Job‟s method for the 

fluorescence was carried out. The total concentration of the two species was kept 

at 2.0 × 10
-5

 M, while the molar fraction of P1 and Zn
2+

 were varied. The change 

of the PL intensity at 530 nm with the different molar fractions of Zn
2+

 is shown 

in Figure 2-12. When the molar fraction of Zn
2+

 was closed to 0.5, the 

fluorescence intensity at 510 nm for the system of P1 and Zn
2+

 reached the 

maximum level (intersection between the two fitting straight lines). This result 

indicates that 2:1 stoichiometry is expected for the chelation mode of P1 and Zn
2+

, 

which has once again proved the formation of complex Zn-1 during the titration 

process.  
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Figure 2-12 Job‟s plot by fluorescence method for P1 and Zn
2+

. The total 

concentration is 2.0 × 10
-5

 M. 

P1 also shows good selectivity for Zn
2+

. As shown in Figure 2-13, when 1 

equiv. of different cations was added separately, Zn
2+

 significantly enhanced the 

fluorescence and Fe
3+

 exhibited a red-shifted emission that is much weaker 

compared to that of Zn
2+

, whereas other metal cations only induced negligible 

fluorescence changes or even obvious quenching effect. Competition experiments 

were also carried out to further elucidate the interference from other cations. As 

we can see, apart from Fe
3+

, the addition of competing cations did not interfere 

much with Zn
2+

 sensing. It is assumed that the disturbance of Fe
3+

 may be due to a 

larger coordination ability of Fe
3+

 associated with the inherent quenching effect, 

as well as absorbance of ferric ion.
[25-27]
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Figure 2-13 a) Fluorescence emission spectral changes of 10 M P1 in THF upon 

excitation at 460 nm in the presence of various metal ions: b) Alternate metal 

screen with P1. White bars: fluorescence of P1 and fluorescence of P1 with 

addition of 1 equiv. of alternate metal ions; Black bars represent the addition of 1 

equiv. of Zn
2+

 mixed with 1 equiv. of indicated metal ions. 

For practical applications, it is important to detect target ions at extremely low 

concentration. Based on the fluorescence titration measurements, the fluorescence 

intensity of P1 increased linearly upon addition of Zn2+ (0-0.9 µM). The limit of 

detection (LOD) for Zn2+ was found to be 2.98×10
-8

 M (LOD = 3B/k; where k is 

the slope of fitting line, and 3 is equal to three standard deviations of the blank, 

Figure 2-13).
[28]

 It indicates this kind of cyanostilbene-modified dipyrrin 

compounds can be established as a promising type of highly sensitive and 

selective “turn-on” fluorescent Zn
2+

 detectors. 
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Figure 2-14 A plot of PL intensity vs [Zn
2+

] and the calculated detection limit of 

detector is 2.98 × 10
-8

 M. 

Based on the studies of P1, we carried out the same detection experiments in 

THF for other three dipyrrin-compounds. Upon addition of Zn2+, the initial 

absorbance at the long wavelength range for P2-P4 (P2: 438 nm; P3: 425 nm; P4: 

410 nm) decreased, with the concomitant formation of new peaks at 483 nm and 

465 nm (Figures 2-15a, 2-16a and 2-17a). The isosbestic points for these 

compounds are still at 455 nm, indicating the only zinc complex formation with 

these detectors. The fluorescence emission spectra for P2-P4 show similar change 

to P1. Addition of Zn2+ (1.0 equiv.) produced a new emission band centered at 

around 515 nm with a 30-fold increase for P2 and P4, and 6-fold increase for P3 

in PL intensity (Figures 2-15b, 2-16b and 2-17b). The fluorescence enhancement 

can be ascribed to the CHEF effect associated with larger rigidity and planarity of 
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these molecules after chelation of Zn
2+

. All the spectral change characteristics can 

match their corresponding zinc complexes, and even the obvious absorption 

growth for P3 at the long wavelength (at around 630 nm) can also be observed, 

which may derive from intramolecular charge transfer state in Zn-3 and should be 

responsible for the relatively smaller enhancement than other detectors. 

These three molecules also show good selectivity for Zn
2+

, as shown in Figures 

2-15c, 2-16c and 2-17c. When 1 equiv. of cation was added, only Zn
2+

 can 

significantly enhance the fluorescence, whereas other metal cations only induce 

negligible fluorescence changes or even obvious quenching effect. Competition 

experiments were also carried out to further elucidate the interference from other 

cations. In the solution of these three compounds, the addition of competing 

cations did not interfere significantly with Zn
2+

 sensing. To investigate the 

potential interference of other metal ions to the binding of dipyrrins with Zn
2+

, the 

same concentration of thirteen other metal ions were added to the solution of 

dipyrrins (10 μM) in the presence of 1 equiv. of Zn
2+

. The results are similar to P1, 

and only Fe
3+

 can quench their fluorescence.  

The last two pictures (c and d) in Figures 2-15 to 2-17 showed that the Job‟s 

curve supported their 2:1 binding mode, and the LOD of P2, P3 and P4 were 

found to be 3.78 × 10
-8

 M, 3.11 × 10
-8

 M and 4.63 × 10
-8

 M, respectively. 
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Figure 2-15 a) UV-vis spectral changes during the titration of P2 (10 M) with 

Zn
2+

 in THF. b) Corresponding fluorescence emission spectral changes upon 

excitation at 460 nm. c) Fluorescence emission spectral changes of 10 M P2 in 

THF in the presence of various metal ions. d) Alternate metal screen with P2. 

White bars: fluorescence of P2 and fluorescence of P2 with addition of 1 equiv. of 

alternate metal ions; Black bars: P2 with addition of 1 equiv. of alternate metal 

ions and Zn
2+

. e) Job‟s plot by fluorescence method for P2 and Zn
2+

. The total 

concentration is 2.0 × 10
-5

 M. f) A plot of PL intensity vs [Zn
2+

] and the calculated 

detection limit of detector is 3.78 × 10
-8

 M. 
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Figure 2-16 a) UV-vis spectral changes during the titration of P3 (10 M) with 

Zn
2+

 in THF. b) Corresponding fluorescence emission spectral changes upon 

excitation at 460 nm. c) Fluorescence emission spectral changes of 10 M P3 in 

THF in the presence of various metal ions. d) Alternate metal screen with P3. 

White bars: fluorescence of P3 and fluorescence of P3 with addition of 1 equiv. of 

alternate metal ions; Black bars: P3 with addition of 1 equiv. of alternate metal 

ions and Zn
2+

. e) Job‟s plot by fluorescence method for P3 and Zn
2+

. The total 

concentration is 2.0 × 10
-5

 M. f) A plot of PL intensity vs [Zn
2+

] and the calculated 

detection limit of detector is 3.11 × 10
-8

 M. 
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Figure 2-17 a) UV-vis spectral changes during the titration of P4 (10 M) with 

Zn
2+

 in THF. b) Corresponding fluorescence emission spectral changes upon 

excitation at 460 nm. c) Fluorescence emission spectral changes of 10 M P4 in 

THF in the presence of various metal ions. d) Alternate metal screen with P4. 

White bars: fluorescence of P4 and fluorescence of P4 with addition of 1 equiv. of 

alternate metal ions; Black bars: P4 with addition of 1 equiv. of alternate metal 

ions and Zn
2+

. e) Job‟s plot by fluorescence method for P4 and Zn
2+

. The total 

concentration is 2.0 × 10
-5

 M. f) A plot of PL intensity vs [Zn
2+

] and the calculated 

detection limit of detector is 4.63 × 10
-8

 M. 



55 

 

2.2.4 Summary 

Four dipyrrin-containing cyanostilbene compounds with different donors were 

synthesized and characterized. The spectroscopic experiments confirmed that the 

introduction of different donor groups impacted little for their luminescence, but 

obvious AIE phenomenon also can be observed for this kind of molecules. Upon 

addition of 1 equiv. Zn
2+

 in THF solution, these compounds displayed a 

remarkable enhancement of the fluorescence intensity. Detection experiments 

further demonstrated that these compounds possessed the excellent selectivity and 

sensitivity, which render them potential detector for Zn
2+

. 

2.3 A Tetraphenylethene-based Dipyrrin: A “Turn-on” Fluorogenic Detector 

of Zn
2+

  

In this section, as an excellent molecular system in the AIE area, TPE was also 

functionalized with dipyrrin moiety as a TPE-containing dipyrrin (TPEpy) for 

excellent Zn
2+

 detector. For better studying its photophysical and detecting 

properties, we also synthesized a simple phenyl-substituted dipyrrin (Ppy) as a 

reference. 

2.3.1 Synthesis and Spectroscopic Characterization 

(Z)-2-((2H-Pyrrol-2-ylidene)(4-(1,2,2-triphenylvinyl)phenyl)methyl)-1H-pyrrol
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e (TPEpy) was prepared according to the synthetic routes as shown in Scheme 

2-2. 2,2'-((4-(1,2,2-Triphenylvinyl)phenyl)methylene)bis(1H-pyrrole) (1) was 

synthesized from 4-(1,2,2-triphenylvinyl)benzaldehyde (TPE-CHO) and pyrrole 

under a nitrogen atmosphere, and then the product was oxidized by 

dichlorodicyanobenzoquinone (DDQ) to generate TPEpy. The Zn-complex of 

TPEpy was obtained by the coordination reaction of TPEpy and Zn(CH3COO)2. 

The reaction intermediates and target products were fully characterized by 

spectroscopic methods from which satisfactory analytical data were obtained.  

 

Scheme 2-2 Synthesis of TPEpy, Ppy and Zn(TPEpy)2. 

All the compounds were fully characterized by 
1
H and 

13
C NMR spectroscopy, 

and MALDI-TOF mass spectrometry. All the NMR spectral data of the 

intermediates and terminal products are summarized and illustrated in the 

experimental part of Chapter 6. Analysis of 
1
H NMR spectra clearly demonstrates 



57 

 

a well-defined structure for the target molecule TPEpy, as shown in Figures 2-18. 

All the proton signals of aromatic rings for tetraphenylethene are located in the 

range (δ, 7.24-7.04 ppm), and those of the dipyrrin lie in the field as well (δ, 

6.3-6.6 ppm and 7.6 ppm).  

 

Figure 2-18 
1
H NMR spectrum of TPEpy in CDCl3 at room temperature. 

2.3.2 Aggregation-induced Emission Properties 

The UV-vis absorption and photoluminescence (PL) spectra of TPEpy and Ppy 

are presented in Figure 2-19a. Compared with Ppy, TPEpy shows a stronger 

absorbance and broader emission with little change in the peak position. To study 

its AIE properties, we measured its PL spectra in THF/water mixture. As shown in 
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Figure 2-19b, after linking with TPE group, the TPE-containing dipyrrin still 

gives a weak emission until the water fraction is less than 70%. However, its 

fluorescence intensity enhanced significantly when water fraction reached over 

70%. The enhanced emission in water suggests TPEpy is an AIE-active molecule. 

 

Figure 2-19 a) Normalized UV-vis absorption and PL spectra of TPEpy and Ppy. 

b) PL spectra (Inset) and the plot of PL intensity of TPEpy in THF/water with 

different water fraction. 

For the corresponding zinc complex Zn(TPEpy)2, the absorption and PL 

spectrum are similar to that of cyanostilbene-substituted dipyrrins (such as Zn-1), 

with the main absorption and emission located at 483 nm and 520 nm, 

respectively. Fortunately, different from cyanostilbene-substituted ones, this 

complex cannot be destroyed by water. As shown in Figure 2-20b, when water 

was added less than 50%, the emission was quenched gradually. When the water 

fraction exceeded 60%, the emission enhanced obviously, and this should be 

caused by the aggregation of the dye molecules Zn(TPEpy)2. The stability of 

Zn(TPEpy)2 in water indicates the dye of TPEpy can be used to detect Zn
2+

 in 
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aqueous system. 

 

Figure 2-20 a) UV-vis and PL spectrum of Zn(TPEpy)2 complex. b) PL intensity 

of Zn(TPEpy)2 complex in THF/water with different water fraction. 

2.3.3 Fluorogenic Zn
2+ 

Detector 

We carried out the titration studies in THF/water mixture (1/9, v/v), as shown in 

Figure 2-21a. Upon addition of Zn
2+

 to TPEpy solution, the peak centered at 430 

nm in its UV-vis spectrum gradually decreased, with the concurrent appearance of 

a new absorbance band at around 480 nm. Meanwhile, the emission intensity was 

significantly enhanced with the addition of Zn
2+

. There was a remarkable 70-fold 

enhancement of PL intensity for TPEpy when 1 equiv. Zn
2+

 was added (Figure 

2-21b). These spectral changes, which are consistent with spectral features of the 

corresponding zinc complex (Figure 2-20a), should be attributed to the formation 

of Zn(TPEpy)2 complex of dipyrrin by CHEF effect. 
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Figure 2-21 a) UV-vis spectral changes during the titration of TPEpy (10 M) 

with Zn
2+

 in THF/water (1:9, v/v). b) Corresponding fluorescence emission 

spectral changes upon excitation at 460 nm. 

It is worth noting that the PL intensity only showed 16-fold increase when 1 

equiv. of Zn
2+

 was added into the organic phase (THF solution) of TPEpy (Figure 

2-22a), meaning an effective CHEF effect from dipyrrin unit. Furthermore, for 

Ppy, whose PL intensity can also be enhanced by coordination with Zn
2+

 in the 

organic phase, its fluorescence signals were even quenched in THF/water mixture 

(Figure 2-22b). It is assumed that TPEpy molecules aggregate into nanoparticles 

in THF/water mixture (1/9, v/v), which bind with Zn
2+

 and then emit fluorescence 

as Zn-complex aggregates. The results indicate aqueous media is more beneficial 

to detecting Zn
2+

 than organic media for TPEpy, which means the enhancement 

of emission in THF/water mixture should be ascribed to CHEF effect associated 

with the AIE effect of Zn-complex. 
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Figure 2-22 a) PL spectra of TPEpy and Ppy and their mixture with 1 equiv. of 

Zn
2+

 in THF. b) Fluorescence emission spectral changes during the titration of 

Zn
2+

 for TPEpy and Ppy in THF and THF/water (1:9, v/v) upon excitation at 460 

nm. 

From the fluorescence images (Figure 2-23), we can see the aggregates of 

TPEpy and those affected by Zn
2+

 display green fluorescence, and the former is 

weaker than the latter. TEM images show regular and uniform spheres with 

diameter of ~120 nm for TPEpy aggregates, and the single particle is ideally 

spherical and smooth-faced. When 1 equiv. Zn
2+

 was added, the particles became 

irregular and inhomogeneous. As shown in Figure 2-23b, the surface of sphere 

turned out to be rough with some sags and crests on it, which should be due to the 

influence of Zn
2+

. The results demonstrate that the molecules of TPEpy can 

aggregate in aqueous media as water dispersible nanoparticles, and the attachment 

of Zn
2+

 on surface destroy the surface smoothness of nanoparticles by 

coordination effect. Therefore, the rough nanoparticles were endowed with a 

synergistic effect of AIE and CHEF.  
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Figure 2-23 Fluorescence images and TEM images (inset) of fluorescent 

nanoparticles dispersed in THF/water (1:9, v/v). a) TPEpy. b) TPEpy with 1 

equiv. of Zn
2+

. 

The detection limit of TPEpy was also determined by instrumental signal 

associated with detector/Zn
2+

 concentration, which shows good linear relationship 

at low concentration, as shown in Figure 2-24. Using the same approach as 

mentioned in the previous section, the limit of detection of TPEpy was found to 

be ~0.09 M in the presence of Zn
2+

, which is favorable enough for 

the practical requirements. 

 

Figure 2-24 A plot of PL intensity vs [Zn
2+

] in THF/water, and the calculated 

detection limit of detector TPEpy is 8.96 × 10
-8

 M. 
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The detector shows good selectivity for Zn
2+

. In the case of TPEpy in 

THF/water mixture (1/9, v/v), when 1 equiv. of metal cation was added, only Zn
2+

 

can significantly enhance the fluorescence, while other metal cations only induce 

negligible fluorescence change or even quenching (Figure 2-25a). Competition 

experiments were also carried out to further study the interference from other 

metal cations. As shown in Figure 2-25b, the titration of Na
+
, K

+
, Mg

2+
, Mn

2+
, 

Co
2+

, Ni
2+

, Ag
+
 did not interfere significantly with Zn

2+
 detection. However, for 

Fe
2+

, Fe
3+

 and Hg
2+

, the PL intensity was partly quenched, while Cu
2+

 almost 

quenched the fluorescence emission due to the intrinsic paramagnetic properties 

of Cu
2+

.
[29, 30]

 The results are different from those of cyanostilbene-based dipyrrins 

in last section, in which the Fe
3+

 can interfere Zn
2+

 detection. In this system, Fe
3+

 

just partly quenches the fluorescence and will not influence the detecting results. 

 

Figure 2-25 a) Fluorescence emission spectral changes of 10 M TPEpy in 

THF/water (1:9, v/v) in the presence of various metal ions. b) Alternate metal 

screen with detectors. White bars: fluorescence of TPEpy and fluorescence of 

TPEpy with the addition of 1 equiv. of alternate metal ions; Black bars: TPEpy 

with the addition of 1 equiv. of alternate metal ions and Zn
2+

. 
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2.3.4 Summary  

In summary, we present a TPE-based dipyrrin with AIE properties. By 

combining CHEF effect and AIE properties, TPEpy shows enormous 

fluorescence enhancement upon the addition of Zn
2+

 in THF/water mixture, and it 

also displays good selectivity and sensitivity for Zn
2+

. The results indicate that it 

can be used as a potential “turn-on” detector for Zn
2+

 in relevant aqueous medium. 
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Chapter 3 

Terpyridine-substituted Cyanostilbene-based Molecules: 

Photophysical Properties and Applications 

3.1 Introduction 

2,2′:6′,2″-Terpyridine has been widely investigated as a ligand for d-block 

metal ions, owing to its strong electron affinity. It can be used to prepare highly 

stable complexes with interesting optical, electronic, and magnetic properties.
[1-4]

 

The large steric hindrance in this type of ligand usually induces special 

aggregation state without tight π-π stacking. Additionally, pyridine is also a 

common pH sensitive group, because the nitrogen in it is easy to be protonated. 

Therefore, apart from being widely applied in metal ion detection, terpyridine has 

also been appended to luminogens to study the relationship between configuration 

and luminescence behaviors.
[5-7]

 As a highly emissive luminogen in the solid state, 

AIE-active materials can play more important role in practical applications by 

linking with functional groups. Nowadays, some terpyridine-based AIE 

luminogens with multi-stimuli-responsive properties aimed at the applications as 

metal ion detection and chemical sensors have been reported.
[8, 9]

 

In this chapter, we introduce the terpyridine moiety into the cyanostilbene 
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backbone to build AIE-active molecules, study their photophysical properties and 

investigate their practical applications in different aspects. Based on the obvious 

AIE effect, the outstanding high-efficiency solid-state emissions of these 

terpyridine-substituted cyanostilbene compounds have been considered to be 

applied as solid emitters in OLEDs and organic laser. In addition, the protonation 

effect of terpyridine induced fluorescence switching in these compounds has also 

been studied, and thereby the reversible emission switching in different acid-base 

atmosphere for this kind of molecules was observed. 

3.2 Synthesis, Spectroscopic Characterization and Crystal Structures 

4‟-(4-Bromophenyl)-2,2‟:6‟,2”-terpyridine (Br-tpy) and 

4‟-(4-pinacolatoboronphenyl)-2,2‟:6‟,2‟‟-terpyridine (BO-tpy) were synthesized 

according to the literature procedures.
[10-12]

 The method for preparing compounds 

CHO-(1-4) and Br-(1-4) are the same as that in Chapter 2. All the final products 

were prepared through the palladium-catalyzed Suzuki coupling reactions. Then 

all the compounds were fully characterized by 
1
H and 

13
C NMR spectroscopy and 

MOLDI-TOF mass spectrometry. 
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Scheme 3-1 Synthesis of four cyanostilbene-based compounds (T1-T4). 

All the NMR spectra of the intermediates and final products are illustrated in 

the experimental part of Chapter 6. 
1
H NMR analyses clearly confirm a 

well-defined structure for the four compounds. The 
1
H NMR spectra of four 
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compounds are shown in Figure 3-1 to Figure 3-4. All the proton signals of 

aromatic rings in the four compounds are in the downfield region (δ, above 6.80 

ppm). The characteristic terpyridine signals at the range of 8.7-8.9 ppm can be 

observed, and the sharp signal of H-C=C-CN in every compound is located at 

around 7.7 ppm. 

 

Figure 3-1 
1
H NMR spectrum of T1 in CDCl3. 
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Figure 3-2 
1
H NMR spectrum of T2 in CDCl3. 

 

Figure 3-3 
1
H NMR spectrum of T3 in CDCl3. 
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Figure 3-4 
1
H NMR spectrum of T4 in CDCl3. 

Single crystal, which possesses a highly ordered molecular packing structure, is 

a basic and important media to study the relationship between molecular 

aggregate state and luminescence properties. By the slow diffusion of hexane or 

methanol vapor into chloroform or dichloromethane solution of compounds, four 

single crystals of these compounds (T1, T2, T3 and T4) suitable for X-ray 

structural analysis were obtained. Their crystal structures and structure 

refinements are shown in Figure 3-5 and Table 6-1.  
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Figure 3-5 Molecular conformation and packing structure of single crystals of 

T1-T4. 

The unit cell of T1 is monoclinic with space group P 21/n. As shown in Table 

3-1, the molecular configuration in crystal of T1 is very twisted. The 
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cyanostilbene group is highly distorted with a large torsional angle of about 50 º 

between the terminal phenyl ring 1 and ring 2, and the phenyl ring 1 is almost 

perpendicular to ring 3 plane with a dihedral angle of 89.1 º. The terpyridine 

moiety almost shows as a plane, with a twisted angle of 59.8 º to the terminal 

phenyl ring 1. For T2 and T3, there are solvents co-crystallizing in their crystals, 

both of which belong to triclinic system with space groups of P-1. Similar to T1, 

the dihedral angle between ring 2 and 4 in crystal T2 is 84.4 º, indicating a 

highly distorted structure. Compared to T1 and T2, the twist in extent of T3 

shows a certain decrease. The largely twisted molecular configuration makes 

molecules stack loosely with large distance and nearly no effective π overlap 

between each other, owing to the large molecular steric hindrance. The major 

intermolecular interactions are the CH-π, which are all relatively weak, and there 

is no close π-π interaction between the terpyridine planes of the neighboring units. 

Such special stacking mode can ensure the high efficiency to avoid the strong 

quenching effect, and indicates that the aggregation state of T1, T2 and T3 should 

give highly efficient fluorescence emission.
[13-16]

 T4 with the same space group to 

T1, however, shows different packing mode. There are small dihedral angles close 

to 0 º between phenyl rings 2, 3 and 4, which keeps the conjugated parts from 

rings 2 to 4 almost in one plane. The adjacent molecules shows a short distance 

with 3.52 Å, meaning a certain π-π interaction formed in crystal T4, and that 
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should render its fluorescence efficient. 

Table 3-1 Selected dihedral angles (deg) in crystal structures of T1-T4 

Crystal θ12 (°) θ13 (°) θ14 (°) θ23 (°) θ24 (°) θ34 (°) 

T1 49.8 89.1 59.8 39.4 70.5 31.1 

T2 64.1 70.2 34.4 46.0 84.4 39.0 

T3 17.2 19.9 18.0 33.5 1.1 33.9 

T4 29.6 30.9 30.0 1.6 4.9 3.4 

3.3 Photophysical Properties 

The photophysical properties of the four compounds were investigated by 

UV-vis and photoluminescence (PL) spectroscopy in their THF solution and solid 

samples. The relevant data are summarized in Table 3-2. 

Table 3-2 Absorption and emission data for T1-T4 

Compound 

λabs (nm) λem (nm) ΦF 

In THF In THF  Solid In THF
a)

 Solid
b)

 

T1 338 420 436 0.11 0.45 

T2 320, 375 483 495 0.24 0.73 

T3 300, 400 518 549 0.02 0.22 

T4 328, 400 483 575 0.01 0.17 

a) Fluorescence quantum yields were measured in THF using quinine sulfate as 

references; b) Solid state PL efficiencies were measured using an integrating 

sphere. 
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As shown in Figure 3-6, compound T1 shows a single absorption band at 338 

nm and the other three compounds show two main absorption bands located in the 

range of 300-330 nm and 350-400 nm. The former short-wavelength absorption 

band should be attributed to the π-π transition of cyanostilbene part, while the 

latter long-wavelength one may be assigned to the charge transfer (CT) transition 

between donors and cyanostilbene part together with a certain π-π transition of the 

whole molecular conjugation backbone. 

 

Figure 3-6 Absorption (a) and normalized PL (b) spectra of T1-T4 in THF at 298 

K. 

In solution, T1 exhibits a strong deep blue emission with λmax at 420 nm, while 

T2, T3 and T4 show large red-shifts of PL spectra as expected, because of the CT 

transition between donor and cyanostilbene part. It is worth mentioning that T4 

with a stronger donor phenothiazine exhibited the same PL spectra as T2 with a 

weaker donor carbazole. Perhaps it is due to the nearly non-emissive CT state in 

T4 in THF solution. When measured in the solid state, PL spectra of all three 
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compounds (T1, T2 and T3) display the similar character to those in solution, 

except for T4, in which a very large red-shift of about 90 nm was observed 

(Figure 3-7). It is possible that the nearly non-emissive CT state in solution 

recovers light in the solid state due to the lack of a polar solvent.  

 

Figure 3-7 Normalized PL spectra of T1-T4 in the solid state. 

According to the theory of frontier molecular orbitals, for the four molecules, 

their HOMOs are mainly located on the donor moiety and the LUMOs are spread 

over the middle part (cyanostilbene moiety). There are nearly no distribution of 

electronic cloud density on the terpyridine unit in the HOMO and LUMO, 

suggesting that the terpyridine unit affects quite little or does not affect their 

radiative transition energy. 
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Figure 3-8 Theoretical calculated frontier orbitals of T1-T4. 

3.4 Aggregation-induced Emission Properties  

From their emission efficiency data in Table 3-1, we can see all the compounds 

possess higher efficiencies in the solid state than those in solution. The quantum 

yields for T1 and T2 in solution are 0.11 and 0.24, which are enhanced by more 

than 3-folds in solid with 0.45 and 0.73, respectively. For T3 and T4, they are 

nearly no-luminescence in solution with fairly low quantum yield close to 0, 

however, the values increased over 10-folds in the solid state. The results 

demonstrate they are AIEE-active. Here we further investigate their AIEE 

behaviors.  
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All the four compounds show weak luminescence when dissolved in good 

solvents, such as THF. Addition of poor solvents (water) into their solutions 

drastically boosts their light emissions. A dilute THF solution of T1, for example, 

emits faintly at ~420 nm when being excited at 330 nm (Figure 3-9a). In 

THF/water mixture with 90 vol % of water, the resultant mixture shows an intense 

fluorescence spectrum with a peak at 430 nm under the same measurement 

condition. As water is a poor solvent of T1, its molecules should aggregate in the 

aqueous mixtures with high water fractions. The mixture is transparent and 

homogeneous, suggesting the aggregates suspended in THF/water mixture are 

nano-sized. T1 therefore showed enhanced emission by aggregate formation; in 

other words, it is AIEE-active. All the other three derivatives showed the very 

similar PL spectral behavior to T1, indicating them all to be AIEE-active. In dilute 

THF solution, the phenyl rings in their whole molecular structure can rotate freely 

to make molecular configuration twist and vibrate, which non-radiatively 

deactivates the excited species and decrease the luminescence efficiency. The 

intramolecular motions are restricted in the nano-aggregates in the THF/water 

mixture with high water fraction, which block the nonradiative decay channels 

and make molecules highly luminescent. 
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Figure 3-9 PL spectra of four compounds (a: T1; b: T2; c: T3 and d: T4) in THF 

solution and THF/water mixture at a concentration of ~10
-5

 M. 

We also measured the PL spectra of all the four compounds in dilute solution at 

low temperature by using liquid nitrogen cooling system (shown in Figure 3-10). 

As compared to those at room temperature, PL intensity of all four compounds at 

low temperature increased enormously. These results further indicate that 

intramolecular vibrational and rotational motion in the solution of the four 

compounds lead to fast non-radiative relaxation at room temperature, which 

quenches the radiative emission. The low temperature photophysical experiments 

indicate that the inhibition of vibrational relaxation in the aggregate state should 

be the origin for the high quantum yield in solid in this molecular system, relating 
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to the aggregation-induced enhanced emission (AIEE) properties. 

 

Figure 3-10 PL spectra of T1-T4 at a concentration of ~10
-5

 M in THF solution at 

room temperature and low temperature. 

3.5 Protonation Effect 

A notable feature of the present compounds is that the samples showed 

pronounced protonation effect. As shown in Figure 3-11a, the as-synthesized 

sample of T1 exhibits a strong blue emission peaking at 436 nm, while after being 

fumed by hydrogenchloride (HCl) vapor for several seconds, the emission turned 

yellow and shifted to 559 nm under 365 nm UV illumination. Meanwhile, the PL 

intensity decreased significantly. Interestingly, after being fumed by triethylamine 

(TEA), the re-fumed sample recovered to blue emissive state and the emission 
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peak was close to that obtained from the as-synthesized sample. The switching 

between blue and yellow emission can be repeated by alternately being fumed 

with HCl and TEA vapor. The shift of 123 nm in fluorescence and the recovery 

towards the initial state demonstrates the significant fluorescence switching 

properties of the T1 as-synthesized sample under protonation-deprotonation 

stimuli.  

The protonation/deprotonation processes of other three compounds (T2, T3 and 

T4) were also investigated. T2 showed the same phenomenon as T1, with a 123 

nm red-shift after fumigation of acid vapor, and the fluorescent color switched 

between green and red (Figure 3-11b). For T3, the HCl-fumed sample showed 

almost no emission, thus we cannot observe its PL spectrum, but its emission can 

be recovered after treating with TEA. Due to the high crystallinity for T4 

as-synthesized sample, the size of particle is big and its fluorescence was little 

influenced in a short time. As shown in Figure 3-11d, after fuming with HCl 

vapor, the outside proton of T4 crystalline sample was protonated with decreased 

emission, but the inside one still kept its initial state, so the emission was little 

changed. Moreover, owing to the strong electron-donating groups in them, there is 

a stronger charge transfer transition in the protonated molecules of T3 and T4, 

which can quench their luminescence. 
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Figure 3-11 PL spectra of the initial, HCl fumed and TEA fumed samples (a: T1; 

b: T2; c: T3 and d: T4). (Inset: sample photos under 365 nm UV light) 

For their solution samples, the same red-shift was also observed in both 

absorption and emission spectra. As shown in Figure 3-12, when HCl was added 

into their THF solution, all the four samples showed obvious red-shift in their 

absorbance spectra. For T1, its emission mainly switched from 420 nm to 548 nm 

with a small part still around the original emission peak, while for other three ones, 

a part of the emission shifted to the long wavelength at around 600 nm and more 

emission was still from the original position. This is to be expected that the HCl 

protonated sample to form hydrochloride, which is poorly soluble in THF, so 

protonated samples together with the remaining unprotonated molecules 



85 

 

contribute the emission. 

 

Figure 3-12 Normalized UV-vis absorption and PL spectra of four compounds in 

THF and in THF solution with excess HCl (a: T1; b: T2; c: T3 and d: T4). 

To investigate the protonation process, we compared the 
1
H NMR spectra of 

their solution samples before and after protonation. As shown in Figure 3-13, 

when trifluoroacetic acid (TFA) was added, the shifts towards the low field in 
1
H 

NMR spectrum revealed the decreased electron cloud density on hydrogen atoms, 

which confirms the protonation of terminal pyridine moieties. Therefore, the 

increased electron-withdrawing ability of pyridine moieties is beneficial to the 

electron delocalization, which leads to the formation of the intramolecular charge 

transfer (ICT) state and results in the red-shift of absorption and 
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fluorescence.
[17,18]

  

 

Figure 3-13. 
1
H NMR spectra of T1-T4 in CDCl3 (down) and CDCl3 with TFA 

(up) expanded in the 7-9 ppm region. 

To gain more insights into the origin of the switched emission for their solid 

samples, powder X-ray diffraction (PXRD) experiments were conducted (Figure 

3-14). The diffraction patterns of the as-synthesized samples of T1 and T4 agree 

well with the simulated XRD patterns from their single crystal data, suggesting 

that the initial sample of T1 and T4 should adopt the same molecular arrangement 

as that of their single crystals. For T2 and T3, their as-synthesized samples show 

lower crystallinity with fewer peaks in comparison to their crystals. After being 

fumed by HCl, T1 sample shows weak and altered diffraction pattern, indicating 
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the significant decrease of crystallinity and formation of different molecular 

aggregation structure of T1 sample. Due to the big size of particle, the packing 

mold of T4 sample is partly destroyed with several peaks in its PXRD. For T2 and 

T3 samples, the fuming of HCl vapor leads them to be in the amorphous state. 

When treated with TEA, the refumed samples of T1, T2 and T4 show sharp 

reflections, which are just partly consistent with the initial sample, while T3 

sample almost still keeps its amorphous state just with several very weak peaks 

appeared. The PXRD patterns indicate that protonation/deprotonation process 

results in the change of the degree of crystallinity and different aggregation state 

of the samples, which may contribute to their switched emission phenomemon. 

 

Figure 3-14. PXRD patterns of T1-T4: fumed samples, initial sample and the 

simulated pattern obtained from the data of crystal. 
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To sum up, the fluorescence switching of the fumed solid samples arises mostly 

from protonation/deprotonation process, which changes electron cloud density of 

the molecules and influences their frontier molecular orbitals. Additionally, due to 

the nitrogen atom in pyridine ring, molecular system with pyridine commonly is 

easy to form supramolecular interactions like N-H hydrogen bond, further 

resulting in multiple crystal phases.
[19]

 Thus, during protonation process, some 

new supramolecular forces may be formed, which lead to different aggregation 

state and the emission variation.  

3.6 Electroluminescence 

The efficient light emission of T1-T4 in the solid state prompts us to investigate 

their electroluminescence (EL) properties. Before their device preparation, we 

studied their thermal and electrochemistry properties. The details of their physical 

properties are illustrated in Table 3-3. 

Table 3-3 Summary of the physical properties of T1-T4 

Compounds Tg/Tm/Td (°C) EHOMO/ELUMO (eV)
a)

 Eg (eV) 

T1 86/260/439 -5.85/-2.70 3.15 

T2 138/243/465 -5.48/-2.69 2.79 

T3 120/131/467 -5.18/-2.65 2.53 

T4 128/281/441 -5.05/-2.39 2.66 

a) HOMO was derived from the onset of oxidation potentials, LUMO was 

deduced from HOMO and Eg. 
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The thermal properties of T1-T4 investigated by thermal gravimetric analyzer 

(TGA) and differential scanning calorimetry (DSC) analyses are illustrated in 

Figure 3-15. From their TGA curves, we can see all the four compounds exhibit 

high thermal stability with decomposition temperature (Td) of more than 400 
o
C. 

DSC analysis of T1-T4 during the second heating cycle reveals that their 

glass-transition temperatures (Tg) are located at 86 
o
C, 138 

o
C, 120 

o
C and 128 

o
C, 

respectively. These results suggest that all the four compounds possess high 

thermal stability. In consideration of their efficient solid-state emission, the 

compounds are thus kind of promising electroluminescence materials. The energy 

levels of T1-T4 were estimated by cyclic voltammetry (see Table 3-3). Their 

HOMOs were calculated to be 5.9, 5.2, 5.1 and 5.0 eV, respectively. Their 

LUMOs were obtained by subtraction of the optical band gap energies from the 

HOMO values, which are lying close to 2.74 eV for T1-T3 and 2.39 eV for T4. 
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Figure 3-15 TGA and DSC (second heating cycle) thermograms of T1-T4 

recorded under N2 at a heating rate of 20 
o
C/min. 

Devices were fabricated with the structure: ITO/ZnO (40 nm)/PEI (5 

nm)/emitting layer (30 nm)/TCTA (20 nm)/MoO3/Au, where MoO3 was used as 

the hole-injection material, tris(4-carbazoyl-9-ylphenyl)amine (TCTA) as the 

hole-transport material, cyanostilbene derivatives as the emitting layer and ZnO/ 

polyethyleneimine (PEI) as the electron-transport material. Figure 3-16 shows the 

current-voltage-luminance characteristics curve of the device of T1. The device 

exhibited a blue-green emission with a maximum peak at 497 nm in the EL 

spectrum, accompanied with a turn-on voltage of 3.7 V. The maximum current 

and power efficiencies of 0.84 cd A
-1

 and 0.42 lm W
-1 

respectively were obtained, 
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and the maximum brightness could reach 1281 cd m
-2

.  

 

Figure 3-16 a) The electroluminescence (EL) spectra of the fabricated OLED 

device; b) The current efficiency-current density-power efficiency curves for 

device. (Inset) The current-voltage-luminance curves. 

The same devices of T2 and T3 have also been obtained, as shown in Figure 

3-17. Device of T2 exhibited a green emission with a maximum peak at 503 nm in 

the EL spectrum. Its maximum brightness, current efficiency and power efficiency 

were found to be 5192 cd m
-2

, 1.96 cd A
-1

 and 0.92 lm W
-1

. Device of T3 showed 

a yellow emission at 535 nm in the EL spectrum with the maximum brightness of 

4479 cd m
-2

, and its current efficiency and power efficiency were measured to be 

0.80 cd A
-1

 and 0.52 lm W
-1

. The electroluminescence of T4 was not detected, 

probably because of its low quantum yield. The detailed data for these devices are 

shown in Table 3-4. 
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Figure 3-17 a) The electroluminescence (EL) spectra of the fabricated OLED 

devices; b) The current efficiency-current density-power efficiency curves for 

devices. (Inset) The current-voltage-luminance curves. (Up: T2; Down: T3) 

Table 3-4 Electroluminescence properties of the devices 

Device λmax (nm) Von (V) Lmax (cd m
-2

) ηC (cd A
-1

) ηP (lm W
-1

) 

T1 497 3.5 1281 0.84 0.42 

T2 503 3.9 5192 1.96 0.92 

T3 535 3.2 4479 0.80 0.52 

Device configuration: ITO/ZnO (40 nm)/PEI (5 nm)/emitting layer (30 nm)/TCTA 

(20 nm)/MoO3/Au. Abbreviations: Von = turn-on voltage, Lmax = maximum 

luminance, ηC = current efficiency, ηP = power efficiency. 
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3.7 Amplified Spontaneous Emission 

The application of crystal is a very important research topic for solid emitters. 

For crystal samples of these compounds, we also tried their laser properties, and 

fortunately, we observed the amplified spontaneous emission (ASE) phenomenon 

from T1 crystal. From the crystal photo under UV light, crystal of T1 exhibits a 

stronger blue emission at the edge than its body, indicating that its emission is 

highly confined inside the crystal. This phenomenon reflects that self-waveguided 

emission may occur in crystal and thus this crystal is a possible candidate as 

organic blue laser media.
[20-22]

 To test this possibility, one isolated single crystal of 

T1 was excited with a pulsed laser and the PL spectra were subsequently detected 

from its edge area. 

The ASE spectra of sample were collected, as shown in Figure 3-18a. At low 

pump energy of 1.5 mJ cm
-2

, the emission spectrum was initially featured as a 

broad band with a full width at half-maximum (FWHM) of ~57 nm. When the 

pump energy was gradually increased, the emission showed obviously narrowed 

bands with the FWHMs decreased to 20 nm in this system. Figure 3-18b shows 

the dependence of the emission intensity and FWHM on the pump energy. The 

peak intensity displays a sharp increase accompanied with a decrease of FWHM, 

and the nonlinear curves demonstrate the ASE behavior of crystal T1. The 

threshold value was determined to be about 1.5 mJ cm
-2

, which was calculated by 
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the slope change of FWHM/PL intensity versus pump energy curves. Over this 

threshold value, spontaneous emission can effectively stimulate emission as its 

propagation in the crystal sample, and then the amplification occurs in the 

stimulated-emission region.
[23-25]

  

 

Figure 3-18 a) Normalized PL spectra of a single crystal at various pulse 

excitation energies. (Inset: Crystal photo under 365 nm UV light) b) A plot of PL 

intensity versus pump energy and the calculation of threshold value. (Inset: 

Dependence of PL intensity and FWHM on pump laser energy) 

In addition, the gain coefficient of this crystal was also determined by a 

successively variable pump stripe method, in which the lengths of pump stripe 

were adjusted by a slit. As shown in Figure 3-19a and 3-19b, exponentially grown 

peak intensity and gradually narrowed emission band were observed as the 

increase of pump stripe length. Also, the higher pump energy can accelerate the 

emission band narrowing, which is in consistent with the ASE theory. Figure 

3-19c displays that the maximum of the gain coefficient is about 42 cm
-1

 at 2.741 

mJ cm
-2

 pump intensity. The loss coefficient was also calculated by measuring the 
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emission at the tip of crystal. As shown in Figure 3-19d, the loss is around 17 cm
-1

 

at the peak of 436 nm. Generally, the optical loss is caused by both scattering and 

self-absorption, and lower loss is beneficial to the high net gain.  

 

Figure 3-19 a) Peak intensity of the emission as a function of pump stripe length 

under different pump energies; b) The dependence of the FWHM of PL spectra on 

pump stripe length; c) Nett gain coefficients as a function of wavelength; d) Loss 

coefficient as a function of wavelength. 

3.8 Summary 

In this work, four terpyridine-containing cyanostilbene derivatives were 

synthesized and characterized. Photophysical characterization indicates that they 

behave as AIEE materials. The introduction of terpyridine has little impact on the 

luminescence properties, but ensures them to avoid close π-π stacking, which 
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induce a high fluorescence yield for these compounds. Furthermore, the 

terpyridine unit enables the four compounds with protonation/deprotonation 

induced emissive color change. The fumigation of HCl/TEA vapor leads to the 

different distinct emissions, which suggests that this kind of molecules may be a 

potential candidate for stimuli-responsive luminescent materials. To explore their 

applications as solid state emitters, we constructed EL devices for these 

compounds. Three compounds (T1, T2 and T3) show good electroluminescence 

properties. We also studied the laser application for their crystals, and found T1 

crystal exhibited ASE properties, which suggests T1 can be as a potential emitter 

with multiple applications. 
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Chapter 4 

Imidazole-containing Cyanostilbene-based Molecules: 

Photophysical and Electroluminescence Properties 

4.1 Introduction 

The imidazole moiety, as a nonlinear optical fragment, is an important and 

basic structural unit in the design of photoelectric functional materials. Organic 

molecules based on imidazole have been reported to display varied intermolecular 

or intramolecular interactions such as hydrogen bonding, excited state 

intramolecular proton-electron transfer, π-π stacking and so on.
[1-3]

 Therefore, the 

5-membered imidazole ring has been regarded as an effective unit with specific 

electronic nature, which can impact the physical properties such as luminescence 

for imidazole-containing materials. For example, phenanthroimidazole-based 

molecular systems have been widely explored in optoelectronics and molecular 

biology currently.
[4,5]

 Especially, some molecular materials based on 

phenanthroimidazole were also reported to display AIE activity,
[6,7]

 which expands 

the AIE family. 

Triphenylimidazole with three freely rotated phenyl rings linked to the 

imidazole core, may offer a new structural basis for the AIE activity, while 
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phenanthroimidazole with a fluorescence chromophore phenanthrene is 

conductive to generate strong luminescence. In this work, we designed a series of 

new molecules by linking triphenylimidazole/phenanthroimidazole and different 

donor groups to cyanostilbene, and investigated their photophysical properties, 

AIE effect and applications in electroluminescence. 

4.2 D-A-Type Imidazole-containing Cyanostilbene-based Molecules: 

Photophysical and Electroluminescence Properties 

Donor-acceptor (D-A) combinations in one molecule have been widely used in 

designing photoelectric functional materials, since electron-donating and 

-withdrawing moieties may enable the molecular materials potentially new and 

united ability such as the balanced hole- and electron-transporting abilities.
[8,9]

 

Furthermore, through reasonable selection of D-A substituents, the energy levels 

of the D-A luminogens can be finely modulated, which can make them possess the 

wider range of emission colors and achieve high performance in practical 

applications such as electroluminescence. With these considerations, combination 

of AIE advantages with a D-A system is expected to be a constructive approach 

for creating effective solid-state emissive materials.
[10-12]

  

Herein, three conventional donors (carbazole, diphenylamine and phenothiazine) 

are introduced to build a D-A structure with cyanostilbene. Then, this kind of 
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D-A-type molecules was further tailored with triphenylimidazole and 

phenanthroimidazole to synthesize two classes of AIE luminogens, C series and D 

series, respectively, as shown in Scheme 4-1. The molecular design principle is 

listed as follows. On the one hand, cyanostilbene moiety is an intriguing 

AIE-active unit with a simple molecular structure and is a strong 

electron-withdrawing moiety owing to the presence of the cyano group, while 

carbazole, diphenylamine and phenothiazine are good electron-rich groups and are 

widely used to construct hole-transporting materials, which are conducive to 

improving the hole- and electron-transporting ability of molecules. On the other 

hand, imidazole is a highly emissive group and is a favorable building block to 

construct efficient solid-state emitters. By combining a highly emissive group 

with the D-A-type cyanostilbene AIE luminogen, this may bring some excellent 

luminescence behaviors. The results show that both groups of luminogens (C and 

D series) possess AIEE activities and highly efficient fluorescence in the solid 

state. Moreover, the significant impacts of D-A interaction on the PL and EL 

properties of the molecules were investigated and elucidated, which deserves 

judicious consideration in the design of multifunctional light emitters in the 

future. 

4.2.1 Synthesis, Spectroscopic Characterization and Crystal Structures 
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2-(4-(2,4,5-Triphenyl-1H-imidazol-1-yl)phenyl)acetonitrile (CN-1) and 

2-(4-(2-phenyl-1H-phenanthro[9,10-d]imidazol-1-yl)phenyl)acetonitrile (CN-2) 

were synthesized according to the literature procedures. The methods for 

preparing compounds CHO-2, CHO-3 and CHO-4 are the same as those in 

Chapter 2. All the products (C1-C4, D1-D4 and M1-M4) were prepared through 

Knoevenagel condensation reactions. Then all the compounds were fully 

characterized by 
1
H and 

13
C NMR spectroscopy and MOLDI-TOF mass 

spectrometry. 

 

Scheme 4-1 Synthesis of three classes of compounds. 

By slow diffusion of hexane (or methanol) into chloroform (DMF or 
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dichloromethane) solution of compounds, some single crystals (M1-M4, C3 and 

D1-D4) suitable for X-ray structural analysis were obtained. The corresponding 

crystal data and structure refinements for them are illustrated in Table 6-2, 6-3 and 

6-4. Here we show the crystal structures of molecules (D1-D4) in Figure 4-1.  

 

Figure 4-1 Crystal configuration and packing structure of single crystals of 

D1-D4. (Unit of distance: Å) 
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As we can see, the phenanthroimdazole unit can be regarded as a plane, and the 

other aromatic rings are twisted to the plane. The molecular conformation in these 

crystals is highly torsional with large dihedral angles between aromatic rings, as 

shown in Table 4-1. The largely torsional structure effectively avoids π-π 

interactions between molecules. The main intermolecular forces in these crystals 

are weak C-H
…

π interactions and hydrogen bond (C-H
…

N), by which all the 

molecules with twisty conformation closely stack to each other and form the 

stable packing mode. 

Table 4-1 Selected dihedral angles (deg) in crystal structures of D1-D4 

Crystal θ12 (°) θ13 (°) θ14 (°) θ23 (°) θ24 (°) θ34 (°) 

D1 40.36 62.21 72.96 40.44 57.64 52.39 

D2 54.91 68.10 87.61 75.23 74.77 29.32 

D3 58.92 71.42 75.15 78.19 47.21 36.05 

D4 48.01 74.85 67.00 88.13 45.83 49.12 

4.2.2 Photophysical Properties 

Photophysical properties of the two classes of compounds (C and D series) 

together with their model molecules (M1-M4) were investigated by UV-vis and 

PL spectroscopic methods in both THF solutions and solid state. Their related 

photophysical data are summarized in Table 4-2. Generally, the corresponding 

structurally similar molecules in two groups (C1-C4 and D1-D4) display the 

similar photophysical properties both in solution and solid state.  
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Table 4-2 Photophysical data for all the compounds 

Compound 

Absorption 

λabs (nm) 

Emission 

 λem (nm) 

Fluorescence quantum yield 

ΦF 

In THF In THF  solid In THF
a)

 Solid
b)

 

M1 320 397 435 ~0 0.01 

M2 300, 366 467 487 0.04 0.99 

M3 300, 392 505 504 0.02 0.36 

M4 324, 379 453 521 ~0 0.07 

C1 300 543 466 0.17 0.26 

C2 300, 377 503 519 0.25 0.42 

C3 300, 408 518 536 0.02 0.32 

C4 300, 372 489 612 0.01 0.06 

D1 315 549 496 0.16 0.23 

D2 310, 381 504 514 0.24 0.47 

D3 300, 418 539 549 0.01 0.21 

D4 313, 393 481 619 0.01 0.11 

a) Fluorescence quantum yields were measured in THF using quinine sulfate 

(M1-M4, C2, C4, D2 and D4) and rhodamine (C1, C3, D1and D3) as references; 

b) Solid state PL efficiencies were measured using an integrating sphere. 

In solution, non-donor-substituted compounds (M1, C1 and D1) show one 

absorption band at around 320 nm, while the other donor-containing compounds 

show two absorption bands: the short-wavelength absorption at around 300 nm 

should be attributed to π-π* transition and the long-wavelength one can be mainly 

assigned to the charge transfer transition from donor (imidazole, carbazole, 

diphenylamine or phenothiazine) to the cyanostilbene part. In regard to their 
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emission behavior, as compared to the model molecules (M1-M4), these 

corresponding imidazole-based compounds show red-shifts in the PL spectra, 

which may be due to the increased conjugation or newly generated lower-energy 

charge transfer state between imidazole and cyanostilbene. For model molecules, 

M2 and M3 show the reasonable red-shift relative to M1 because of the 

introduction of donor group (carbazole and diphenylamine), which may enhance 

the whole molecular conjugation and simultaneously induce a low-energy charge 

transfer transition between donor group and cyanostilbene. The 

phenothiazine-substituted compound M4, as expected, does not exhibit the 

biggest red-shift, though associated with the strongest electron-donating ability. It 

may be ascribed to its special structural configuration, in which phenothiazine 

group adopts a large twist angle towards the cyanostilbene plane (the detailed data 

will be shown in the following discussion).  

 

Figure 4-2 Normalized absorption and PL spectra of M1-M4 in THF at 298 K. 

For imidazole-based compounds, both C1 and D1 show a broad emission band 
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at around 550 nm, which are more red-shifted in comparison to the other 

donor-substituted ones. This indicates that there is a stronger charge transfer state 

for non-donor substituted imidazole-based cyanostilbene compounds (C1 and D1). 

But it is worthy to mention that both C1 and D1 exhibited the rather low 

fluorescent quantum yield. 

 

Figure 4-3 a) Normalized absorption spectra and b) normalized PL spectra of two 

classes of compounds in THF at 298 K. (Up: C series, down: D series) 

When measured in their solid state, as shown in Figure 4-4, the situation for the 

PL spectra of all the compounds are quite different. For all the three classes of 

molecules (M, C and D series), the desired red-shift was observed as the 

electron-donating ability of their substituted-donors increased. All the 
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imidazole-based molecules (C and D series) also display the red-shifted PL 

spectra in contrast to their corresponding model molecules (M series).  

 

Figure 4-4 Normalized PL spectra of three classes of compounds in the solid 

state. 

Additionally, their fluorescent quantum yields in solution and solid state were 

obtained by using the quinine sulfate as reference and integrating sphere system, 

respectively. The values of quantum yield for all the compounds in the solid state, 

as assumed, are higher than those in their dilute solution. The results demonstrate 

that the introduction of highly emissive imidazole group keeps the inherent AIEE 

activity from cyanostilbene moiety for the M series compounds. The single 
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cyanostilbene molecule M1 exhibits low quantum yield due to its relatively short 

conjugation length, while the phenothiazine-substituted compounds (M4, C4 and 

D4) display the rather lower luminescence efficiencies, which may be due to the 

strong charge transfer transition to quench the radiative transition. 

4.2.3 Theoretical Calculations  

To gain insight into the electronic structures of the compounds, a DFT 

calculation was performed by the B3LYP methods. Figure 4-5 show their 

theoretical calculated frontier orbitals contribution. For the two classes of 

molecules, the same donor-substituted compounds show similar electron cloud 

distribution. For C1-C3 and D1-D3, their HOMOs are mainly located on the 

imidazole group, while in C4 (D4), the HOMO is found to be completely 

populated on the phenothiazine group with nearly no distribution of electron cloud 

on the imidazole part. But when we figured out the lower-energy orbital of 

HOMO-1, different situations were found in their electron cloud distribution. For 

C1 and D1, the HOMO-1 orbitals are located on the cyanostilbene and 

phenanthrene part, and the HOMO-1 orbitals in C2 (D2) and C3 (D3) are mainly 

located on the donor groups (carbazole and triphenylamine), while in C4 (D4) the 

HOMO-1 is found to be completely populated on the imidazole group. All the 

LUMOs of these compounds are delocalized at the middle cyanostilbene part. It is 

worthy to mention that large twist angles (> 60 º) are found between the 



111 

 

cyanostilbene and imidazole (as well as phenothiazine). It is obvious that there are 

nearly no overlap between HOMO and LUMO in all the molecules, while all the 

molecules exhibit large overlaps between their HOMO-1 and LUMO orbitals 

(except for phenothiazine-substituted molecules C4 and D4). These results 

indicate that the transitions between HOMO and LUMO in all the molecules form 

strong charge transfer state and may be very weak with low quantum yield or even 

inhibited in theory because of no orbital overlap. By contrast, the transitions 

between HOMO-1 and LUMO possess large oscillator strengths and are allowed 

in theory, which is similar to the reported hybridized local and charge transfer 

(HLCT) state with high luminescent efficiency and may dominate the radiative 

process for all the molecules.
[13-15]

 Thus, from the electronic orbital distributions 

of HOMO-1 and LUMO, it is predicted that all the imidazole-based molecules (C 

and D series) display the similar PL spectra to their corresponding model 

molecules (M series), but with lower quantum efficiency because of the 

quenching effect from lower-efficiency charge transfer state between imidazole 

and cyanostilbene (HOMO and LUMO). It is reasonable that 

phenothiazine-substituted molecules (M4, C4 and D4) exhibit very low quantum 

efficiency, due to the strong charge transfer state deriving from phenothiazine and 

cyanostilbene with no orbital overlap (HOMO and LUMO).  
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Figure 4-5 Theoretical calculated frontier orbitals of two classes of compounds. 

4.2.4 Solvent Effect 

Solvatochromic fluorescence emission behavior is the phenomenon of PL 



113 

 

spectral redshift for a luminogen as the solvent polarity changes. The degree of 

redshift of PL spectra in the solvents depends on the difference in dipole moment 

between the ground and excited states of the luminogen. Thus, it is usually 

observed in the luminogens with charge transfer excited state being of large dipole 

moment. In these molecules presented here, nearly all the transitions of HOMO-1 

or HOMO to LUMO possess the intramolecular charge transfer (ICT) from the 

imidazole or donor groups to the cyanostilbene part. Thus ICT state may be 

formed in the excited state of all the molecules. The ICT state results in a large 

dipole moment in the excited state as compared to that of the ground state, which 

surely will render its fluorescence emission sensitive to solvent polarity.
[16, 17]

 

In order to investigate the electronic transition character, the solvatochromic 

experiments were carried out for all the compounds. The PL spectra of these two 

molecular systems (C and D series) in different solvents are shown in Figure 4-6. 

In different polar solvents, the solvent effect of these compounds was obviously 

observed from their PL spectra. When the solvent polarity was increased gradually 

from low-polarity hexane to high-polarity acetonitrile, all the compounds 

exhibited large red-shifts by 100 nm in their PL spectra. For example, C1 

exhibited a very large red-shift of 155 nm in PL spectra from the lowest polarity 

hexane to the highest polarity acetonitrile: 447 nm in hexane, 476 nm in toluene, 

499 nm in diethyl ether, 515 nm in ethyl acetate, 532 nm in dichloromethane and 
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602 nm in acetonitrile. These large solvatochromic shifts, which are commonly 

consistent with the large dipole moments of the twist intramolecule charge 

transfer (TICT) state, indicates that the low-lying excited states (S1) of all the 

molecules possess the CT-state character.
[18]

 This is consistent with their 

calculated electronic transition results of charge transfer character from HOMO or 

HOMO-1 to LUMO. 

Unlike the other molecules, the CT character of C4 and D4 showed some 

different and special solvatochromic phenomenon in the fluorescent 

measurements. In the three solvents of hexane, toluene and diethyl ether, the PL 

spectra show the dual emission character. With the increase of solvent polarity, 

both the two emission bands show a red-shift to some extent, along with relatively 

stronger emission at the short wavelength and gradually weaker emission at the 

long wavelength. But the short-wavelength emission band displayed little shifts of 

maximum peaks in all the different polar solvents. Thus the short-wavelength 

emission band should be the local excited emission of cyanostilbene part, while 

the long-wavelength one is from TICT state between phenothiazine and 

cyanostilbene. When the solvent polarity further increased, the PL spectra showed 

only one emission band with local excited emission at the short-wavelength area 

remaining there, while the TICT emission disappeared at the long-wavelength 

area. The disappeared TICT emission, which possesses low efficiency in nature 
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due to the non-overlap of electronic transition orbitals, should be ascribed to the 

high solvent polarity induced quenching effect. 

 

Figure 4-6 PL spectra of two classes of compounds (C1-C4 and D1-D4), 

measured in different solvents with increasing polarity. 
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Though C1 (D1) displayed the similar PL spectral redshifts to C2 (D2) and C3 

(D3) in solvatochromic experiment, they belonged to the different situations. For 

C1 (D1), the redshift in solvatochromic experiment should derive from the charge 

transfer state between imidazole and cyanostilbene part corresponding to the 

transition of HOMO to LUMO. As for C2 (D2) and C3 (D3), the redshift should 

be attributed to the charge transfer state between donor groups (carbazole and 

diphenylamine) and cyanostilbene corresponding to the transition of HOMO-1 to 

LUMO. The sole charge transfer state between cyanostilbene and imidazole in C1 

(D1) molecule showed no overlap of electronic orbitals and resulted in a quite low 

fluorescent efficiency, which would be further quenched and afforded a quite low 

efficiency emission as the solvent polarity increased. This is fully consistent with 

the obtained solvatochromic experimental results, confirming our above 

suppositions to be true. In the electronic transition distribution of C2 (D2) and C3 

(D3), though the charge transition between imidazole and cyanostilbene also 

existed to be the lowest-energy transition as HOMO to LUMO, the non-overlap 

orbitals made them possess low quantum efficiency. The transition between donor 

group and cyanostilbene from HOMO-1 to LUMO also belonged to the charge 

transfer character and possess high efficiency with large orbital overlap. Thus, the 

high-efficiency charge transfer state between cyanostilbene and donor groups may 

dominate the luminescent process and surely the solvatochromic spectra as well. 
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Different from those of C1 (D1), the intensity change of PL spectra in different 

polar solvents for C2 (D2) and C3 (D3) was observed to remain at high quantum 

efficiencies in the experimental results.   

To reveal the electronic transition character in the solid state of these molecules, 

their PL emissions in solution and solid state are compared. The PL emission of 

C1 and D1 in solid state (466 nm and 496 nm) is close to that in the weakly-polar 

toluene (476 nm and 487 nm), which indicates that the electronic transition 

characters in the solid state of C1 and D1 to some extent are close to the localized 

excited state. For C2 and D2 in the solid state, their emission (519 nm and 514 nm) 

is close to that in dichloromethane (509 nm and 511 nm). Similar results were also 

found in C3 and D3, whose solid-state emission (536 nm and 549 nm) is close to 

that in dichloromethane (542 nm and 548 nm). These four compounds were found 

to be of relatively high efficiencies in the solid state, indicating that the electronic 

transition in the solid states of C2, D2, C3 and D3 molecules should derive from 

the high-efficiency TICT state corresponding to that from HOMO-1 to LUMO. 

On the contrary, the PL emission of phenothiazine-substituted C4 and D4 in the 

solid state (612 nm and 619) is similar to the charge transfer emission at the 

long-wavelength area in toluene (600 nm and 627 nm), indicating their strong 

charge transfer electronic transition character in the solid state which are 

consistent with their low solid-state quantum efficiencies below 10%.  
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Table 4-3 Absorption and emission maxima of compounds of C series and D 

series in different solvents 

Solvent Hexane Toluene 

Diethyl 

ether 

Ethyl 

acetate 

Dichloro- 

methane 

Acetonitrile 

C1 

λabs (nm) 303 319 305 310 315 300 

λem (nm) 447 476 498 515 532 601 

C2 

λabs (nm) 375 377 378 378 375 379 

λem (nm) 446 472 472 497 509 526 

C3 

λabs (nm) 393 400 414 393 404 392 

λem (nm) 462 494 505 520 542 562 

C4 

λabs (nm) 363 366 388 369 373 365 

λem (nm) 450, 540 460, 600 464, 634 468 479 480 

D1 

λabs (nm) 315 310 314 313 314 310 

λem (nm) 443 487 508 547 560 593 

D2 

λabs (nm) 388 387 380 372 382 370 

λem (nm) 450 470 479 500 511 547 

D3 

λabs (nm) 417 422 410 415 422 410 

λem (nm) 468 500 516 534 548 572 

D4 

λabs (nm) 391 395 389 390 396 386 

λem (nm) 443, 566 471, 627 463, 642 471 488 492 
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4.2.5 Aggregation-induced Emission Properties  

To evaluate the AIEE effect of these compounds, we choose acetonitrile as a 

good solvent and water as a poor solvent to measure their PL spectra at different 

water fractions. As shown in Figure 4-7 and Figure 4-8, all the PL intensity 

increased obviously when the water content exceeded a certain value, revealing a 

typical AIEE phenomenon. The PL spectra of their suspended aggregate particles 

in acetonitrile/water mixture with high water fraction are similar to those in the 

solid state. The PL spectra under low temperature of 77 K also exhibit the similar 

phenomenon to that in the acetonitrile/water mixture with obviously increased 

intensity. The solid state and the low temperature both can confine the 

intramolecular rotation and torsion. Thus, it can be predicted that the restricted 

intramolecular rotation should be mainly responsible to their AIEE properties. 

Considering their special electronic orbitals and excited state properties, some 

other factors such as excited state transformation should be also discussed that 

would affect the AIEE behaviors of some compounds. C1 exhibited large 

blue-shifts of PL spectra and huge enhancement in the PL intensity from 

acetonitrile to acetonitrile/water mixture (1/9). The lower-energy charge transfer 

state with low luminescent efficiency corresponding to the HOMO-LUMO 

transition, which is allowed in acetonitrile owning to the solvent-assisted 

structural relaxation, is seriously weakened or even forbidden in the 
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acetonitrile/water mixture due to the steric hindrance effect in the aggregated state. 

Thus, the higher-energy high-efficiency localized excited state corresponding to 

the (HOMO-1)-LUMO transition dominates the radiative process, resulting in the 

blue-shift of PL spectra and huge enhancement of PL intensity. D1 should undergo 

the similar excited state transformation to C1 for the AIEE behavior. As for C4 

and D4 molecules, they behaved just in the inverse way for the AIEE behavior. 

From the solvatochromic experimental results, we could see that in acetonitrile 

they exhibited the single emission from localized excited state at the 

short-wavelength area with the charge transfer emission at the long-wavelength 

area disappeared, due to the quenching effect of polar solvents to the strong 

charge transfer state between phenothiazine and cyanostilbene. While in the 

aggregate state in acetonitrile/water mixture without enough good solvents, the 

charge transfer state emission emerged again at the long-wavelength area, 

resulting in the AIEE effect of PL spectra. The strong charge transfer character 

makes the PL intensity of C4 and D4 to enhance a little in the AIEE experiments.  
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Figure 4-7 PL spectra of compounds (C1-C4) in acetonitrile and 

acetonitrile/water mixture at a concentration of ~10
-5

 M (Left), and their PL 

spectra in acetonitrile at room temperature and low tempetature (Right). 
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Figure 4-8 PL spectra of compounds (D1-D4) in acetonitrile and 

acetonitrile/water mixture at a concentration of ~10
-5

 M (Left), and their PL 

spectra in acetonitrile at room temperature and low temperature (Right). 
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4.2.6 Thermal and Electrochemical Properties 

The thermal properties of the two classes of compounds were investigated by 

thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

under a nitrogen atmosphere, and data of their thermal properties are summarized 

in Table 4-4. As shown in Figure 4-9 and Figure 4-10, thermal-decomposition 

temperatures (Td), defined as the temperature at 5% weight loss in the TGA 

measurement, were found to be 418, 468, 423, 447 and 432 °C for C1-C4, and 

420, 435, 468 and 412°C for D1-D4 respectively. Melting temperatures (Tm) of 

these compounds were observed upon heating up to 350 °C by digital instrument 

of melting. From the second-heating DSC cycles, we obtained the glass-transition 

temperatures (Tg) of C1-C4 and D1-D4 to be 89, 128, 117, 122 °C and 101, 150, 

132, 134 °C, respectively. Obviously, D series molecules showed better thermal 

properties than C series molecules, which may be due to the rigid molecular 

structure of phenanthrene in D series molecules. From the thermal properties, we 

could see that all the compounds exhibited good thermal stability, which makes 

them proper for the applications in organic light emitting diodes. 
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Figure 4-9 TGA (left) and DSC (second heating cycle, right) thermograms of 

C1-C4 recorded under N2 at a heating rate of 20 
o
C/min. 
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Figure 4-10 TGA (left) and DSC (second heating cycle, right) thermograms of 

D1-D4 recorded under N2 at a heating rate of 20 
o
C/min. 
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Cyclic-voltammetry analysis, which can give the experimental electronic 

energy levels for these compounds, was also carried out. The HOMO levels were 

measured by cyclic-voltammetry method and the LUMO levels were calculated 

by the onset energy of UV absorption curve, which are illustrated in Table 4-4. 

Generally, the change of electrochemistry data for these two classes of compounds 

is consistent. For C1-C3 and D1-D3, the increased HOMOs and decreased 

LUMOs were observed as electron-donating ability increased. For C4 and D4, 

both their HOMOs and LUMOs show a large growth, which should originates 

from the complete charge separation in the phenothiazine-substituted compounds. 

Table 4-4 Summary of the physical properties of two classes of compounds 

Compound Tg/Tm/Td (°C) EHOMO/ELUMO (eV)
a)

 Eg (eV) 

C1 89/218/418 -5.57/-2.65 2.92 

C2 128/138/468 -5.50/-2.92 2.58 

C3 117/259/447 -5.31/-2.97 2.34 

C4 122/218/432 -5.03/-2.41 2.62 

D1 101/265/420 -5.56/-2.55 3.01 

D2 150/225/435 -5.50/-2.80 2.70 

D3 132/225/468 -5.31/-2.88 2.43 

D4 134/282/412 -5.02/-2.46 2.56 

a) HOMO was measured from the onset of oxidation potentials, LUMO was 

deduced from HOMO and Eg. 
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4.2.7 Electroluminescence Properties 

Considering the high fluorescent efficiency with AIEE properties, good thermal 

stability, and suitable electronic energy levels, the electroluminescent (EL) 

properties of the new compounds were investigated. Here we prepared two EL 

devices based on diphenylamine-substituted molecules (C3 and D3) and measured 

their EL properties. The devices were fabricated with the following structure: 

ITO/NPB (30nm)/emitting layer (20nm)/TPBi (40nm)/LiF/Al, where NPB was 

used as the hole-transporting material, cyanostilbene derivertives as the emitting 

layer and TPBi as the electron-transporting material.  

Figure 4-11 shows the electroluminescence characteristics of the unoptimized 

devices of C3 and D3. Both of the two devices gave a yellow emission with a 

maximum peak at 524 nm (C3) and 548 nm (D3) in their EL spectra. The turn-on 

voltage, defined as the voltage when the luminance is 1 cd m
-2

, was found to be 

3.0 V (C3) and 7.5 V (D3), respectively. For the device of C3, the maximum 

current and power efficiencies of 1.59 cd A
-1

 and 1.19 lm W
-1 

were obtained, and 

the maximum brightness was measured to be 250 cd m
-2

. Similarly, for the device 

of D3, its maximum brightness, current efficiency and power efficiency were 

found to be 116 cd m
-2

, 0.93 cd A
-1

 and 0.37 lm W
-1

, respectively. The preliminary 

data for the two devices are shown in Table 4-5. 
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Table 4-5 Electroluminescence properties of the devices based on C3 and D3 

Device λmax (nm) Von (V) Lmax (cd m
-2

) ηC (cd A
-1

) ηP (lm W
-1

) 

C3 524 3.0 250 1.59 1.19 

D3 548 7.5 116 0.93 0.37 

Device configuration: ITO/NPB (30nm)/emitting layer (20nm)/TPBi 

(40nm)/LiF/Al. Abbreviations: Von = turn-on voltage, Lmax = maximum luminance, 

ηC = current efficiency, ηP = power efficiency. 

 

Figure 4-11 a) The electroluminescence (EL) spectrum of the fabricated OLED 

device; b) Current efficiency-current density-power efficiency curves for device. 

(Inset) The current-voltage-luminance curves. (Up: C3; Down: D3) 

4.2.8 Summary 

In this section, eight imdazole-containing cyanostilbene derivatives were 

synthesized and characterized. Photophysical characterization indicates that they 
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behave as AIEE-active materials. The solvation experiments confirmed the strong 

charge transfer state in their emission process, which mainly originates from the 

D-A structure. The introduction of imidazole induces another charge transfer state 

between imidazole and cyanostilbene groups. This high-luminescence-efficiency 

imidazole moiety can quench the luminescence in non-donor substituted 

cyanostilbene derivatives and bring a larger enhancement of PL intensity in AIEE 

behaviors. Meantime, in the imidazole-based donor-substituted cyanostilbene 

derivatives, highly efficient and thermally stable luminescent materials were 

obtained indeed to be potential emitters in the prospective applications of organic 

light emitting diodes. 

4.3 Symmetrical Imidazole-containing Cyanostilbene-based AIE Molecules: 

Photophysical and Electroluminescence Properties 

Referred to those photophysical properties stated above, the imidazole units can 

act as a donor with electron-donation ability similar to those conventional donor 

groups, and the intrinsic freely rotational phenyl ring can provide more structural 

possibility in their aggregated state. In addition, a more conjugated distyrylarylene 

backbone with two cyano groups has been confirmed to possess “elastic” 

conformation, which can impact the photophysical properties and applications. In 

this section, two symmetrical imidazole-substituted cyanostilbene compounds 

were synthesized. Their photophysical properties and electroluminescence 
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application were also investigated.  

4.3.1 Synthesis, Spectroscopic Characterization and Crystal Structure 

The methods for preparing compound C5 and D5 are similar to those in 

previous section, through Knoevenagel condensation reactions from CN-1, CN-2 

and terephthalaldehyde. Both the two compounds were fully characterized by 
1
H 

and 
13

C NMR spectroscopy and MOLDI-TOF mass spectrometry. 

 

Scheme 4-2 Synthesis of two compounds (C5 and D5). 

Through the solution vaporing method, single crystal of D5 suitable for XRD 

analysis was obtained. The unit cell of D5 single crystal is triclinic with space 

group P-1. As shown in Figure 4-12, similar to the above molecules, the single 

molecular configuration in the crystal of D5 is very twisted. Table 4-6 gives the 

selected dihedral angles in its crystal structure. There is a large dihedral angle of 

83.7 º  between the imidazole ring (2) and phenyl ring (3) and the side 

phenanthroimidazole units are almost perpendicular to the middle cyanostilbene 

moiety. The largely twisted molecular conformation endows molecules a big steric 
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hindrance, which obstructs effective overlap between each other. The major 

intermolecular interactions are the N-H interactions contributed by the cyano 

groups, which link the neighboring molecules in the crystal. There is no close π-π 

interaction between the phenanthroimidazole planes of the neighboring units 

because of the larger relative deformation. Such packing mode avoids the strongly 

quenching effect, and indicates that the aggregation state of D5 should be highly 

fluorescent.  

 

Figure 4-12. Crystal structure of D5. 

Table 4-6 Selected dihedral angle (deg) in the crystal structure of D5 

Crystal θ12 (°) θ13 (°) θ14 (°) θ23 (°) θ24 (°) θ34 (°) 

D5 53.2 77.6 77.3 83.7 72.8 12.9 

4.3.2 Photophysical Properties 

The UV-vis and PL spectra of the two symmetric molecules both in THF 

solution and solid state were investigated, as shown in Figure 4-13. The specific 

photophysical data are summarized in Table 4-7.  
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Table 4-7 Photophysical properties of C5 and D5 

Compound 

Absorption  

λabs (nm) 

Emission  

λem (nm) 

Fluorescence quantum yield 

 ΦF 

In THF In THF  Solid In THF 
a)

 Solid 
b)

 

C5 379 609 570 0.01 0.20 

D5 362 614 577 0.01 0.33 

a) Fluorescence quantum yields were measured in THF using rhodamine as 

references; b) Solid state PL efficiencies were measured using an integrating 

sphere. 

As we can see from their absorption spectra, C5 displays two clear absorption 

bands at around 300 nm and 380 nm, while D5 shows a continuous absorption 

band in the range of 300 to 400 nm. The relatively strengthened absorption 

spectrum for D5 should be due to its larger conjugation plane of the phenanthrene 

structure. For their PL spectra, both compounds show orange emissions in THF 

solution at around 610 nm. However, their emission spectra in the solid state both 

show a blue-shift of about 40 nm in contrast to that in solution. The phenomenon 

of blue-shifted luminescence is similar to the asymmetric compounds of C1 and 

D1, which may arise from inhibition of molecular structural relaxtion for the 

low-energy charge transfer state in their solid state, but compared to C1 and D1, 

C5 and D5 with two imidazole groups in the molecular structure, exhibited nearly 

100 nm red-shifts for the maximum peaks of PL spectra. This is mainly ascribed 

to the stronger acceptor ability of cyanostilbene part in them with two cyano units, 
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which makes the charge transfer state between imidazole and cyanostilbene 

possess lower energy and emit light in the long-wavelength area. 

Additionally, in solution, C5 and D5 actually show very weak luminescence 

with the fluorescence quantum yield as low as 0.01, while in their solid state, the 

enhanced fluorescence quantum yield (0.20 for C5 and 0.33 for D5) suggested 

that they are AIE-active. 

 

Figure 4-13 Normalized absorption and PL spectra of C5 (a) and D5 (b) in THF 

and PL spectra of their solid state. 

4.3.3 Aggregation-induced Emission Properties  

The PL measurement in acetonitrile/water mixture with different ratios for the 

two compounds was conducted to investigate their AIEE properties, as shown in 

Figure 4-14. Initially, both compounds emit weak luminescence in pure 

acetonitrile solution. The PL spectra did not show changes below 60% of water 

content. However, when water content was up to this value, the PL intensity 

gradually increased, indicating that the aggregates were formed in the solution 
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mixtures and both C5 and D5 are AIE-active. Furthermore, the significantly 

enhanced luminescence intensity and large blue-shift of 100 nm in their PL 

spectra at low temperature (Figure 4-15) was also observed, suggesting the 

molecular conformation of them is highly distorted in solution. Notably, the 

growth rate of PL intensity for C5 is obviously higher than that for D5, indicating 

the stronger AIE effect in C5, which is consistent with the fact that there are more 

rotational units in C5. The rotational movements in C5 can be limited during 

aggregating process and induce the stronger AIE effect. 

 

Figure 4-14 PL spectra of C5 (a) and D5 (c) in acetonitrile/water mixtures with 

different water fractions. Plots of relative PL intensity (I/I0) versus the 

compositions of acetonitrile/water mixture of C5 (b) and D5 (d). I0 = PL intensity 

in pure acetonitrile solution. (Inset) Fluorescence images of a solution (in 

acetonitrile) and nanosuspension (in acetonitrile/water (1:9 vol)). 
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Figure 4-15 PL spectra of of C5 and D5 in THF at room temperature and low 

temperature. 

4.3.4 Solvent Effect 

The solvent effect for C5 and D5 was also studied to investigate their excited 

state properties. As shown in Figure 4-16, gradually increased red-shifts can be 

observed with increasing solvent polariy for both molecules. Compared to the 

small changes in absorption spectra, their PL spectra display relatively regular 

red-shift, suggesting an obvious charge transfer transition in their excited state. 

There are 123 nm and 96 nm red-shifts for PL spectra from weakly-polar hexane 

to highly-polar acetonitrile for C5 and D5, respectively, which are smaller than 

those of C1 (155 nm) and D1 (150 nm). This may be ascribed to their symmetrical 

molecular structure which may weaken the dipole moment of charge transfer 

excited state. With reference to the analysis of C1 and D1 in the previous section, 

we believe that the charge transfer state in C5 and D5 should derive from the 

electronic transition between cyanostilbene and imidazole on both sides.  

Their PL emissions in solution and solid state were compared. The PL emission 
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of C5 and D5 in the solid state (570 nm and 577 nm) is relatively close to that in 

diethyl ether (586 nm and 580 nm, respectively). The intramolecular structural 

relaxation is limited for C5 and D5 molecules in the condensed phase, and this 

makes their PL spectra to show little blue-shift compared to their solution state. 

 

Figure 4-16 Normalized absorption and emission spectra of C5 and D5 in 

different solvents. 

Table 4-8 Absorption and emission maxima of C5 and D5 in different solvents 

Solvent Hexane Toluene 
Diethyl 

 ether 

Ethyl 

 acetate 
Dichloromethane Acetonitrile 

C5 
λabs (nm) 372 380 374 375 377 370 

λem (nm) 493 544 586 602 608 628 

D5 
λabs (nm) 362 363 361 360 361 360 

λem (nm) 527 556 580 601 620 623 
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The calculated frontier orbitals for the two compounds are similar, with 

HOMOs located on imidazole and LUMOs spread over conjugated cyanostilbene 

backbone, as shown in Figure 4-17. This orbital distribution is consistent with 

those in C1 and D1, and it is obvious that the charge transfer transition for C5 and 

D5 between imidazole and cyanostilbene was directionally symmetrical. Due to 

the large twist angles between imidazole and cyanostilbene, there are nearly no 

overlap between HOMO and LUMO. Thus the charge transfer state corresponding 

to HOMO-LUMO transition is of low luminescence efficiency. 

 

Figure 4-17 Theoretical calculated frontier orbitals of C5 and D5. 

4.3.5 Thermal and Electrochemiscal Properties 

Figure 4-18 shows the TGA and DSC (second heating cycle) thermograms of 

C5 and D5. The Tg and Td of D5 are 193 and 476 
o
C, which are higher than that of 

C5 (160 
o
C for Tg and 443 

o
C for Td). As compared to the corresponding 
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asymmetric imidazole-containing compounds (C1 and D1), both Tg and Td of the 

two compounds are increased, indicating C5 and D5 with symmetric structure 

possess better thermal stability. 

 

Figure 4-17 TGA (left) and DSC (second heating cycle, right) thermograms of 

C5 and D5 recorded under N2 at a heating rate of 20 
o
C/min. 

The thermal and electrochemistrical properties of C5 and D5 are summarized in 

Table 4-9. According to their electrochemistry data, the HOMO and LUMO of C5 

were found to be -5.56 and -2.85 eV, while the data for D5 were determined to be 

-5.67 and -3.06 eV. The HOMO levels were close to those in C1 and D1, while 

the LUMO levels were obviously lower. This is due to the enhanced 

electron-withdrawing ability deriving from one more cyano group in the 
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cyanostilbene structure. 

Table 4-9 Summary of the physical properties of C5 and D5 

Compound Tg/Tm/Td (°C) EHOMO/ELUMO (eV)
a)

 Eg (eV) 

C5 160/336/443 -5.56/-2.85 2.71 

D5 193/286/476 -5.67/-3.06 2.61 

a) HOMO was measured from the onset of oxidation potentials, LUMO was 

deduced from HOMO and Eg. 

4.3.6 Electroluminescence Properties 

For the two symmetrical cyanostilbene compounds, we also studied their 

electroluminescence properties. The devices were fabricated with the following 

structure: ITO/HATCN (5nm)/NPB (40nm)/TCTA (5nm)/emitting layer 

(20nm)/TPBi (40nm)/LiF/Al, where HATCN was utilized as a hole-injecting layer, 

NPB and TCTA as hole-transporting and buffer layers, cyanostilbene derivatives 

as the emitting layer and TPBi as the electron-transporting material.  

Figure 4-19 depicts their electroluminescence spectra and their current 

efficiency-current density-power efficiency curves. Both of the two devices 

exhibited orange-yellow emission peaking at 584 and 596 nm, accompanied with 

the turn-on voltage of 4.2 and 3.8 for C5 and D5, respectively. For the device 

based on C5, the maximum luminance of 3157 cd m
-2

 was obtained, and the 

current efficiency and power efficiency were found to be 0.78 cd A
-1

 and 0.42 lm 
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W
-1

. Compared to C5, D5 displayed better EL properties with the maximum 

brightness, current efficiency and power efficiency of 11560 cd m
-2

, 2.24 cd A
-1

 

and 0.92 lm W
-1

. The results demonstrate the more rigid conformation of D5 with 

higher fluorescence quantum efficiency is beneficial to electroluminescence. 

 

Figure 4-19 a) The electroluminescence (EL) spectrum of the fabricated OLED 

device; b) Current efficiency-current density-power efficiency curves for device. 

(Inset) The current-voltage-luminance curves. (Up: C5; Down: D5) 

Table 4-10 Electroluminescence properties of the devices based on C5 and D5 

Device λmax (nm) Von (V) Lmax (cd m
-2

) ηC (cd A
-1

) ηP (lm W
-1

) 

C5 584 4.2 3157 0.78 0.45 

D5 596 3.8 11560 2.24 1.54 

Device configuration: ITO/ HATCN (5nm)/ NPB (40nm)/ TCTA (5nm)/ emitting 
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layer (20nm)/ TPBi (40nm)/ LiF/ Al. Abbreviations: Von = turn-on voltage, Lmax = 

maximum luminance, ηC = current efficiency, ηP = power efficiency. 

4.3.7 Summary 

In this section, two symmetric imidazole-contained cyanostilbene molecules 

were conducted. The orange-yellow emission in their solid state enriches the 

fluorescence spectra for this kind of D-A molecules. For 

triphenylimidazole-linked molecule (C5), there are more freely rotated phenyl 

rings in the conformation, which results in an obvious AIE effect over the  

phenanthroimidazole-substituted one (D5). Moreover, to explore their applications, 

the unoptimized devices were fabricated and it is found that D5 showed better 

electroluminescence properties than C5. 
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Chapter 5 

Conclusion and Future Works 

Cyanostilbene, as an effective AIE-active moiety, can be readily tailored to fit 

multiple functional luminogens by combining specific functional groups. Owing to 

the strong electron-withdrawing ability, this moiety offers a possibility to incorporate 

electron donor-acceptor combination into the same molecule through linking with 

electron-donating groups. In this thesis, based on the cyanostilbene moiety, three 

classes of AIE-active compounds with D-A system have been synthesized and 

characterized, and all of them show AIE or AIEE activity.  

For dipyrrin-substituted cyanostilbene compounds in Chapter 2, their emission is 

weak both in solution and aggregated state mainly due to photochemical 

stereomerization at the exocyclic double bond of dipyrrin, though their inherent AIE 

activity has been confirmed. However, they can work as good fluorescent sensors for 

Zn
2+

 because of the strong chelating capability of the dipyrrin unit. Their 

corresponding Zn-complexes show similar emission with weak intensity in dilute 

solution, but enhanced fluorescence in the solid state in different extent, which 

indicates different donor groups do influence solid-state emission of these 

Zn-complexes. Though these dipyrrins cannot be used as Zn
2+

 detector in water, the 

TPE-based one overcomes this weakness and exhibits a good Zn
2+

 detecting ability in 

aqueous medium, confirming the strategy of integrating AIE and CHEF effect is 
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workable. 

For terpyridine-substituted cyanostilbene compounds in Chapter 3, they avoid the 

photochemical effect in dipyrrins and show luminescence both in solution and 

aggregated state with AIEE activity. The introduction of terpyridine endows these 

molecules protonation effect, which induce different emission colors under acid/base 

atmosphere. Furthermore, they also exhibit good electroluminescence properties. 

Especially for non-donor-substituted molecule (T1), its crystal with blue 

luminescence displays amplified spontaneous emission (ASE) phenomenon, 

indicating this molecule can be used as the laser media. 

In Chapter 4, different from the functionalization of AIE-active molecules in the 

previous chapters, we connected good chromophore of imidazole to these D-A-type 

cyanostilbene compounds and their photophysical properties were investigated. The 

introduction of imidazole results in another charge transfer state for this kind of 

molecules, which affects the radiative process for them. Especially for the two 

symmetric molecules (C5 and D5), the investigation of their AIE effect again 

confirmed the restricted intramolecular rotation (RIR) is an important factor for AIE 

phenomenon. Though the unoptimized electroluminescence devices for C3 and D3 

did not show good EL properties, the better data for C5 and D5 with different device 

structure suggested this kind of molecules may give better EL properties by 

optimizing the devices. 

During the investigation on these molecules, we found that different donor 
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substitution to the cyanostilbene moiety can form a D-A molecular structure, which 

can affect their emission both in color and intensity, especially for their aggregate 

states. By modification with different donor groups, their solid emission color can be 

modified from blue to red, such as in T1-T4 and D1-D4. These results provide us 

with the reference basis for preparing cyanostilbene-based AIE materials and are 

beneficial to build the relationship between structure and properties for this kind of 

molecules. 

In the future, on one hand, for the molecules in Chapter 3, the common special 

packing mode in their crystals may be a key factor for ASE. Thus, the preparation of 

high quality crystal by other methods will be a way to realize their application in laser. 

On the other hand, because of the diverse emitting colors, high solid-state efficiency 

and stability of molecules presented in Chapter 4, we will further study their 

electroluminescence properties by optimizing their device structures. Furthermore, 

based on these results in this thesis, we can design new molecules with this D-A 

structure to construct high performance luminescence materials and further 

functionalize them with specific groups to achieve better application for them.  
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Chapter 6 

Experimental Section 

6.1 General Procedures 

Materials. All starting materials were purchased from either Dieckmann or 

Aldrich Chemical Co. and used without further purification. The inorganic salts 

including  Zn(CH3COO)2, Cu(CH3COO)2, Co(CH3COO)2, Ni(CH3COO)2, 

CH3COONa, CH3COOK, MgSO4, MnCl2, PbSO4, FeCl2, FeCl3, HgCl2, AgCl and 

CdCl2 were purchased from Aldrich. 

Instrumentation. The NMR spectra were recorded on a Bruker Ultrashield 400 

MHz FT-NMR spectrometer with tetramethylsilane as the internal standard. The 

time of flight mass spectra were recorded using a Kratos MALDI-TOF mass 

system. UV-vis absorption spectra were recorded on a Hewlett Packard 8453 

spectrophotometer. Photoluminescence spectra were collected on a Perkin Elmer 

LS 55B spectrophotometer and Maya 2000Pro. optical fiber spectrophotometer. 

Solid state PL efficiencies were measured with an integrating sphere (C-701, 

Labsphere Inc.), with a 405 nm Ocean Optics LLS-LED as the excitation source, 

and the laser was introduced into the sphere through the optical fiber. 

Thermogravimetric analysis (TGA) was performed on a Thermal Gravimetric 
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Analyzer (PE TGA-6) instrument by detecting the weight loss of materials, which 

were heated at a rate of 20 °C min
-1

 from 25 to 800 °C under nitrogen. Differential 

scanning calorimetry (DSC) measurements were conducted on a Perkin Elmer 

Pyris Diamond DSC instrument at the heating rate of 20 °C min
-1

 in the range of 

25 to 390 °C under nitrogen. Electrochemical measurements were conducted by a 

BAS CV 50W workstation, with Pt as the working electrode, platinum wire as the 

auxiliary electrode and Ag/Ag
+
 as the reference electrode. 

X-ray crystallography. The diffraction experiments were carried out on a 

Single-Crystal X-ray Diffractometer (APEX DUO and Smart 1000 with CCD 

Area Detector) equipped with a IS CuK copper microfocus tube ( = 1.54184 Å) 

at 173 K. The absorption corrections were applied (SADABS) to collect 

reflections. The structure was solved with direct methods of SHELXTL programs 

and refined with a full-matrix least-squares technique on F
2
, respectively. 

Anisotropic thermal parameters were refined for all the non-hydrogen atoms. The 

hydrogen atoms were generated in idealized position and refined with isotropic 

displacement. The powder X-ray diffraction patterns were recorded by a Bruker 

AXS D8 Advance X-Ray Diffractometer with Cu Kα radiation. 

ASE measurement. The crystal was fixed on a quartz substrate by vacuum 

grease and irradiated by a Nd:YAG (yttrium-aluminum-garnet) laser (355 nm) at a 

repetition rate of 10 Hz and pulse duration of about 10 ns. The beam was adjusted 
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to a strip with the area of 3.6 × 0.5 mm
2
 by a cylindrical lens and a slit. The edge 

emission of crystal was detected by an optical fiber connected with Maya2000pro 

optical fiber spectrophotometer. All the measurements were carried out at room 

temperature under ambient conditions. The PL intensity enhances exponentially 

with increasing pump stripe length according to the following equation: I(λ) = 

A(λ)P0(e
g(λ)l

-1)/g(λ), where A is a parameter proportional to the photoluminescence 

quantum yield, P0 is the pump intensity, g is the net gain coefficient (the 

difference between optical gain and loss) and l is the pump stripe length. The loss 

coefficient was calculated according to the following equation: I = I0 e
- α x

: where 

I0 is the emission from the end of the pump stripe and is a constant, α is the loss 

coefficient and x is the distance between the crystal tip and the pump stripe. 

Electroluminescence device fabrication for Chapter 3. Before device 

fabrication, the indium tin oxide (ITO) glass substrate was precleaned carefully 

and treated in UV-ozone for 15 min. Then ZnO nanocrystal solution was 

spin-coated onto the substrate which was transferred into a glove box later. PEI 

solution was subsequently spin-coated onto the ZnO film and then the substrate 

was annealed at 110 ºC for 10 min. Then the substrate was transferred to the 

vacuum deposition system and emitters, TCTA, MoO3 and Au were thermally 

evaporated in sequence in vacuum at a pressure of 5×10
-7

 Torr. The Keithley 2400 

source meter was used to measure the current-voltage characteristics of the device. 
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The light output was detected by a calibrated Newport power meter (model 

1936-R) with a Newport silicon photodetector (918D-SL-0D3R) placed at a fixed 

distance and directed toward the ITO glass side of the device, while the brightness 

was determined from the light reaching photodetector. The electroluminescence 

(EL) spectrum was recorded by a Maya spectrometer (Ocean Optics) connected 

with an optical fiber.  

Electroluminescence device fabrication for Chapter 4. The devices were 

fabricated by vacuum deposition of the materials at ITO glass one by one, as 

mentioned above. The EL spectra of these devices were measured by PR650 

spectra scan spectrometer. The luminance-current density-voltage characteristics 

was simultaneously measured with a Keithley 2400 Source meter and a Keithley 

2000 Source multimeter equipped with a calibrated silicon photodiode. All 

measurements were carried out at room temperature under ambient conditions. 

6.2 Synthesis of Chapter 2 

4-(9H-Carbazol-9-yl)benzaldehyde (CHO-2) According to the methods in the 

literature,
[1]

 carbazole (5.00 g, 30 mmol), 4-bromobenzaldehyde (5.55 g, 30 

mmol), potassium carbonate (6.20 g, 44.86 mmol), copper iodide (0.68 g, 3.57 

mmol) and 18-crown-6 (0.55 g, 2.08 mmol) were added to 1,2-dichlorobenzene 

(30 mL), and then the mixture was refluxed for 48 h. After cooling down to room 
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temperature, the mixture was filtered and the product was purified by column 

chromatography on silica gel using CH2Cl2/hexane (1/4) as eluent, which gave 

CHO-2 as a pale yellow powder (yield: 51%).
 1

H NMR (400 MHz, CDCl3, 

δ/ppm): 10.12 (s, 1H, Ar), 8.15 (d, J = 8.0 Hz, 2H, Ar), 8.14 (d, J = 8.0 Hz, 2H, 

Ar), 7.81 (q, J = 8.0 Hz, 2H, Ar), 7.51 (d, J = 8.0 Hz, 2H, Ar), 7.44 (t, J = 8.0 Hz, 

2H, Ar), 7.33 (t, J = 8.0 Hz, 2H, Ar). 
13

C NMR (100 MHz, CDCl3, δ/ppm): 190.99, 

143.43, 140.09, 134.68, 131.41, 126.87, 126.31, 123.99, 120.84, 120.53, 109.78. 

4-(Diphenylamino)benzaldehyde (CHO-3) The product was prepared 

according to the reported literature.
[2]

 To a solution of phosphorus oxychloride 

(0.93 mL, 10 mmol) in dimethylformamide (2.8 mL, 37 mmol) at 0 
o
C under 

nitrogen, triphenylamine (2.50 g, 10 mmol) was added. After heating for 24 hours 

at 70 
o
C, the residue was poured into ice water and neutralized with sodium 

carbonate. The mixture was extracted with CH2Cl2, and further purified by silica 

gel flash chromatography to give the product as a white solid (2.11 g, 77%). 
1
H 

NMR (400 MHz, CDCl3, δ/ppm): 9.81 (s, 1H, Ar), 7.68 (d, J = 8.0 Hz, 2H, Ar), 

7.35 (d, J = 8.0 Hz, 2H, Ar), 7.33 (q, J = 8.0 Hz, 2H, Ar), 7.18-7.16 (m, 6H, Ar), 

7.44 (d, 2H, Ar). 
13

C NMR (100 MHz, CDCl3, δ/ppm): 190.6, 153.5, 146.3, 131.4, 

129.9, 129.2, 126.4, 125.2, 119.5. 

4-(10H-Phenothiazin-10-yl)benzaldehyde (CHO-4) The product was 

prepared using the same procedure as CHO-2. The mixure of phenothiazine, 
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4-bromobenzaldehyde, potassium carbonate, copper iodide and 18-crown-6 

dissoved in 1,2-dichlorobenzene was heated for 48 h. The residue was filtered and 

the crude product was further purified by column chromatography to give the 

product as a brown oil (yield: 32%).
 1

H NMR (400 MHz, CDCl3, δ/ppm): 9.84 (s, 

1H, Ar), 7.74 (d, J = 8.0 Hz, 2H, Ar), 7.41 (d, J = 8.0 Hz, 2H, Ar), 7.31-7.25 (m, 

4H, Ar), 7.19-7.14 (m, 4H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 190.55, 

150.30, 141.25, 132.59, 131.67, 130.46, 128.77, 127.31, 125.97, 125.52, 116.95. 

(Z)-2-(4-Bromophenyl)-3-phenylacrylonitrile (Br-1) To a solution of 

benzaldehyde (1.0 g, 3.40 mmol) and 2-(4-bromophenyl)-acetonitrile (1.0 g, 2.4 

mmol) in 125 ml of ethanol, hot sodium hydroxide solution (1.09 g, 1.0 mmol) 

was added. The mixture was refluxed for 2 hours. After being cooled to room 

temperature, the mixture was filtered and washed with ethanol. The crude product 

was purified by chromatography on a silica gel column using n-hexane/CH2Cl2 

(4:1) as eluent. Then product was obtained as a white solid. (0.79 g, yield: 77%). 

1
H NMR (400 MHz, CDCl3, δ/ppm): 7.88 (d, J = 8.0 Hz, 2H, Ar), 7.56 (q, J = 8.0 

Hz, 4H, Ar), 7.53 (s, 1H, -CH=CCN-), 7.47 (m, 3H, Ar); 
13

C NMR (100 MHz, 

CDCl3, δ/ppm): 142.64, 133.45, 132.26, 132.13, 130.88, 129.37, 129.07, 127.51, 

123.46, 117.66, 110.57; HRMS (m/z): 285.00 [M]
+
.  

(Z)-3-(4-(9H-Carbazol-9-yl)phenyl)-2-(4-bromophenyl)acrylonitrile (Br-2) 

As for the same synthesis procedure of Br-1, the Knoevenagel reaction was 
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applied between 4-(9H-carbazol-9-yl)benzaldehyde (0.65 g, 2.4 mmol) and 

2-(4-bromophenyl)acetonitrile (1.0 g, 2.4 mmol) to prepare the product as a 

green-yellow solid with a yield of 66%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 8.16 

(d, J = 8.0 Hz, 2H, Ar), 8.14 (d, J = 8.0 Hz, 2H, Ar), 7.73 (d, J = 8.0 Hz, 2H, Ar), 

7.61 (m, 5H, Ar and -CH=CCN-), 7.52 (d, J = 8.0 Hz, 2H, Ar), 7.45 (t, J = 8.0 Hz, 

2H, Ar), 7.33 (t, J = 8.0 Hz, 2H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 

141.264, 140.245, 139.388, 133.284, 132.356, 132.035, 130.938, 127.532, 

126.991, 126.206, 123.779, 123.688, 120.563, 120.473, 117.650, 110.934, 

109.818; HRMS (m/z): 448.06 [M]
+
. 

 (Z)-2-(4-Bromophenyl)-3-(4-(diphenylamino)phenyl)acrylonitrile (Br-3) 

As for the same synthesis procedure of Br-1, the Knoevenagel reaction was 

applied between 4-(diphenylamino)benzaldehyde (0.66 g, 2.4 mmol) and 

2-(4-bromophenyl)acetonitrile (1.0 g, 2.4 mmol) to prepare the product as a 

yellow solid with a yield of 66%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 7.77 (d, J 

= 8.0 Hz, 2H, Ar), 7.53 (q, J = 8.0 Hz, 4H, Ar), 7.40 (s, 1H, -CH=CCN-), 7.33 (d, 

J = 8.0 Hz, 2H, Ar), 7.31 (d, J = 8.0 Hz, 2H, Ar), 7.17 (d, J = 8.0 Hz, 4H, Ar), 

7.13 (t, J = 8.0 Hz, 2H, Ar), 7.04 (d, J = 8.0 Hz, 2H, Ar); 
13

C NMR (100 MHz, 

CDCl3, δ/ppm): 150.23, 146.51, 142.03, 134.08, 132.13, 130.81, 129.64, 127.18, 

126.02, 125.84, 124.57, 122.62 120.69, 118.46, 106.38; HRMS (m/z): 450.08 

[M]
+
. 
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(Z)-3-(4-(10H-Phenothiazin-10-yl)phenyl)-2-(4-bromophenyl)acrylo-nitrile 

(Br-4) As for the same synthesis procedure of Br-1, the Knoevenagel reaction 

was applied between 4-(10H-phenothiazin-10-yl)benzaldehyde (0.73 g, 2.4 mmol) 

and 2-(4-bromophenyl)acetonitrile (1.0 g, 2.4 mmol) to prepare product as yellow 

solid with a yield of 66%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 7.92 (d, J = 8.0 

Hz, 2H, Ar), 7.56 (q, J = 8.0 Hz, 4H, Ar), 7.49 (s, 1H, -CH=CCN-), 7.28 (m, 4H, 

Ar), 7.15 (t, J = 8.0 Hz, 2H, Ar), 7.06 (t, J = 8.0 Hz, 2H, Ar), 6.92 (d, J = 8.0 Hz, 

2H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 145.82, 142.32, 141.61, 133.64, 

132.23, 131.29, 129.26, 128.22, 128.03, 127.34, 127.14, 124.75, 123.16, 122.44, 

122.15, 117.97, 108.80; HRMS (m/z): 481.4 [M]
+
. 

(Z)-2-(4'-Formylbiphenyl-4-yl)-3-phenylacrylonitrile (CNCHO-1) To a 

solution of Br-1 (1.00 g, 3.52 mmol) and 4-formylphenylboronic acid (0.79 g, 

5.28 mmol) in 30 ml tetrahydrofuran, Pd(PPh3)4 (0.20 g, 5%) and 2 M K2CO3 (6.8 

mL, 13.60 mmol) were added. The mixture was heated at reflux temperature for 

two days. After being cooled to room temperature, water was added and the 

solution mixture was extracted with ethyl acetate. The combined organic layer 

was dried by Na2SO4 and was filtered. Afterwards, the mixture was concentrated 

under reduced pressure. The residue was purified by chromatography on a silica 

gel column using n-hexane/CH2Cl2 (1/2) as eluent. The product was obtained as a 

white solid (yield: 77%). 
1
H NMR (400 MHz, CDCl3, δ/ppm): 10.08 (s, 1H, 
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-CHO), 7.99 (d, J = 8.0 Hz, 2H, Ar), 7.93 (d, J = 8.0 Hz, 2H, Ar), 7.84-7.77 (m, 

4H, Ar), 7.73 (d, J = 8.0 Hz, 2H, Ar), 7.63 (s, 1H, -CH=CCN-), 7.51-7.45 (m, 3H, 

Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 191.84, 145.86, 142.58, 140.43, 135.57, 

134.58, 133.59, 130.83, 130.41, 129.41, 129.07, 127.64, 126.64, 117.86, 110.97; 

HRMS (m/z): 309.4 [M]
+
. 

(Z)-3-(4-(9H-Carbazol-9-yl)phenyl)-2-(4'-formylbiphenyl-4-yl)acrylonitrile 

(CNCHO-2) As for the same synthesis procedure of CNCHO-1, the 

palladium-catalyzed Suzuki coupling reaction was applied between Br-2 and 

4-formylphenylboronic acid to prepare the product as a yellow-green solid with a 

yield of 66%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 10.09 (s, 1H, -CHO), 8.19 (d, J 

= 8.0 Hz, 2H, Ar), 8.16 (d, J = 8.0 Hz, 2H, Ar), 8.01 (d, J = 8.0 Hz, 2H, Ar), 7.87 

(d, J = 8.0 Hz, 2H, Ar), 7.82 (d, J = 8.0 Hz, 2H, Ar), 7.78 (d, J = 8.0 Hz, 2H, Ar), 

7.75 (d, J = 8.0 Hz, 2H, Ar), 7.72 (s, 1H, -CH=CCN-), 7.53 (d, J = 8.0 Hz, 2H, 

Ar), 7.45 (t, J = 8.0 Hz, 2H, Ar), 7.33 (t, J = 8.0 Hz, 2H, Ar); 
13

C NMR (100 MHz, 

CDCl3, δ/ppm): 191.76, 145.79, 141.16, 140.65, 140.31, 139.89, 135.65, 134.43, 

132.22, 130.98, 130.41, 128.07, 127.64, 127.02, 126.68, 126.20, 123.81, 120.58, 

120.48, 117.83, 111.35, 109.82; HRMS (m/z): 474.6 [M]
+
. 

(Z)-3-(4-(Diphenylamino)phenyl)-2-(4'-formylbiphenyl-4-yl) acrylonitrile 

(CNCHO-3) As for the same synthesis procedure of CNCHO-1, the 

palladium-catalyzed Suzuki coupling reaction was appled between Br-3 and 
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4-formylphenylboronic acid to prepare the product as a yellow solid with a yield 

of 66%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 10.07 (s, 1H, -CHO), 7.82-7.76 (m, 

6H, Ar), 7.71 (d, J = 8.0 Hz, 2H, Ar), 7.50 (s, 1H, -CH=CCN-), 7.35-7.30 (m, 4H, 

Ar), 7.18-7.16 (m, 4H, Ar), 7.13 (t, J = 8.0 Hz, 2H, Ar), 7.06 (d, J = 8.0 Hz, 2H, 

Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 191.86, 150.15, 146.51, 145.98, 141.97, 

139.61, 135.22, 135.12, 130.83, 130.39, 129.61, 127.88, 127.55, 126.25, 126.16, 

125.80, 124.52, 120.72, 111.40, 106.78; HRMS (m/z): 476.6 [M]
+
. 

(Z)-3-(4-(10H-Phenothiazin-10-yl)phenyl)-2-(4'-formylbiphenyl-4-yl)acrylo

nitrile (CNCHO-4) As for the same synthesis procedure of CNCHO-1, the 

palladium-catalyzed Suzuki coupling reaction was applied between Br-4 and 

4-formylphenylboronic acid to prepare the product as an orange solid with a yield 

of 66%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 10.08 (s, 1H, -CHO), 7.99 (d, J = 

8.0 Hz, 2H, Ar), 7.97 (d, J = 8.0 Hz, 2H, Ar), 7.80 (d, J = 8.0 Hz, 4H, Ar), 7.73 (d, 

J = 8.0 Hz, 2H, Ar), 7.59 (s, 1H, -CH=CCN-), 7.31-7.27 (m, 4H, Ar), 7.14 (t, J = 

8.0 Hz, 2H, Ar), 7.06 (t, J = 8.0 Hz, 2H, Ar), 6.91 (d, J = 8.0 Hz, 2H, Ar); 
13

C 

NMR (100 MHz, CDCl3, δ/ppm): 191.81, 145.90, 145.74, 142.38, 141.54, 140.20, 

135.56, 134.77, 131.36, 130.40, 129.50, 128.07, 128.02, 127.98, 127.60, 127.15, 

126.47, 124.72, 122.65, 122.04, 118.19, 109.22; HRMS (m/z): 506.6 [M]
+
. 

(Z)-2-(4'-((Z)-(1H-Pyrrol-2-yl)(2H-pyrrol-2-ylidene)methyl)-biphenyl-4-yl)-

3-phenylacrylonitrile (P1) To a stirred solution of CNCHO-1 (5.0 g, 24.2 mmol) 
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in pyrrole (84 mL, 1.2 mol) at room temperature under nitrogen, a catalytic 

amount of trifluoroacetic acid (0.180 mL, 2.40 mmol) was added. After 30 

minutes, the reaction mixure was evaporated under reduced pressure. The residue 

was dissolved in dichloromethane (70 mL) and washed with a 1.0 M solution of 

NaOH (aq) (100 mL). The aqueous layer was extracted with dichloromethane (70 

mL) and the combined organic layers were dried (MgSO4) and concentrated under 

reduced pressure. The residue was purified by silica gel chromatography (ethyl 

acetate/hexane = 1/4) to give a crude dipyrrole product as a yellow solid. To a 

stirred solution of crude dipyrrole (200.0 mg) in dichloromethane (50 mL) at 

room temperature under nitrogen, a solution of DDQ (182.9 mg, 0.74 mmol) in 

dichloromethane (20 ml) was added gradually. After 1 h, the reaction mixture was 

evaporated under reduced pressure and the residue was then purified by silica gel 

chromatography (ethyl acetate/hexane = 1/10) and gave the product as a yellow 

solid [72.6 mg, 16% (for both steps)]. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 7.93 (d, 

J = 8.0 Hz , 2H), 7.79 (q, J = 8.0 Hz, 4H, Ar), 7.71 (d, J = 8.0 Hz, 2H, Ar), 7.67 (s, 

2H, Ar), 7.62 (d, J = 8.0 Hz, 2H, Ar), 7.60 (s, 1H, -CH=CCN-), 7.53-7.44 (m, 3H, 

Ar), 6.68 (dd, J = 4.0 Hz, 1.0 Hz, 2H, Ar), 6.43 (dd, J = 4.2 Hz, 1.5 Hz, 2H, Ar); 

13
C NMR (100 MHz, CDCl3, δ/ppm): 143.76, 142.11, 141.41, 141.16, 140.86, 

140.49, 136.87, 133.78, 133.71, 131.52, 130.68, 129.36, 129.04, 128.76, 127.71, 

126.56, 126.22, 117.98, 117.75, 111.20; HRMS (m/z): 423.17 [M]
+
. 
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(Z)-2-(4'-((Z)-(1H-Pyrrol-2-yl)(2H-pyrrol-2-ylidene)methyl)-biphenyl-4-yl)-

3-(4-(9H-carbazol-9-yl)phenyl)acrylonitrile (P2) As for the same synthesis 

procedure of P1, by using compound CNCHO-2, the product was obtained as a 

green solid (0.79 g, yield: 77%). 
1
H NMR (400 MHz, CDCl3, δ/ppm): 8.19 (d, J = 

8.0 Hz, 2H, Ar), 8.17 (d, J = 8.0 Hz, 2H, Ar), 7.84 (d, J = 8.0 Hz, 4H, Ar), 

7.74-7.70 (m, 7H, Ar and -CH=CCN-), 7.63 (d, J = 8.0 Hz, 2H, Ar), 7.53 (d, J = 

8.0 Hz, 2H, Ar), 7.46 (t, J = 8.0 Hz, 2H, Ar), 7.33 (t, J = 8.0 Hz, 2H, Ar), 6.70 (d, 

J = 4.0 Hz, 2H, Ar), 6.45 (dd, J = 4.2 Hz, 1.4 Hz, 2H, Ar); 
13

C NMR (100 MHz, 

CDCl3, δ/ppm): 143.77, 141.82, 141.34, 140.76, 140.55, 140.32, 139.73, 136.92, 

133.65, 132.35, 131.58, 130.93, 129.16, 127.80, 126.61, 126.25, 123.78, 120.53, 

120.46, 117.96, 117.73, 111.56, 109.84; HRMS (m/z): 589.24 [M]
+
. 

(Z)-2-(4'-((Z)-(1H-Pyrrol-2-yl)(2H-pyrrol-2-ylidene)methyl)-biphenyl-4-yl)-

3-(4-(diphenylamino)phenyl)acrylonitrile (P3) As for the same synthesis 

procedure of P1, by using compound CNCHO-3, the product was obtained as a 

yellow solid (0.79 g, yield: 15%). 
1
H NMR (400 MHz, CDCl3, δ/ppm): 7.82 (d, J 

= 8.0 Hz, 2H, Ar), 7.76 (q, J = 8.0 Hz, 4H, Ar), 7.71 (d, J = 8.0 Hz, 2H, Ar), 7.67 

(s, 2H), 7.60 (d, J = 8.0 Hz, 2H, Ar), 7.51 (s, 1H, -CH=CCN-), 7.33-7.31 (m, 4H, 

Ar), 7.18 (d, J = 8.0 Hz, 4H, Ar), 7.14 (t, J = 8.0 Hz, 2H, Ar), 7.07 (d, J = 8.0 Hz, 

2H, Ar), 6.69 (dd, J = 4.2 Hz, 1.0 Hz, 2H, Ar), 6.43 (dd, J = 4.2 Hz, 1.5 Hz, 2H, 

Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 171.21, 150.07, 146.59, 143.73, 141.59, 
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140.76, 140.45, 136.71, 134.43, 131.54, 131.29, 130.77, 129.61, 128.88, 127.63, 

126.37, 126.21, 126.18, 125.77, 124.46, 120.85, 118.75, 117.72, 107.10; HRMS 

(m/z): 591.26 [M]
+
. 

(Z)-3-(4-(10H-Phenothiazin-10-yl)phenyl)-2-(4'-((Z)-(1H-pyrrol-2-yl)(2H-p

yrrol-2-ylidene)methyl)biphenyl-4-yl)acrylonitrile (P4) As for the same 

synthesis procedure of P1, by using compound CNCHO-4, the product was 

obtained as a brown-red solid (0.79 g, yield: 20%). 
1
H NMR (400 MHz, CDCl3, 

δ/ppm): 7.99 (d, J = 8.0 Hz, 2H, Ar), 7.78 (q, J = 8.0 Hz, 4H, Ar), 7.71 (d, J = 8.0 

Hz, 2H, Ar), 7.67 (t, 2H, Ar), 7.61 (d, J = 8.0 Hz, 2H, Ar), 7.60 (s, 1H, 

-CH=CCN-), 7.32 (d, J = 8.0 Hz, 2H, Ar), 7.27 (d, J = 8.0 Hz, 2H, Ar), 7.13 (t, J = 

8.0 Hz, 2H, Ar), 7.04 (t, J = 8.0 Hz, 2H, Ar), 6.87 (d, J = 8.0 Hz, 2H, Ar), 6.68 (dd, 

J = 4.2 Hz, 1.0 Hz, 2H, Ar), 6.43 (dd, J = 4.2 Hz, 1.5 Hz, 2H, Ar); 
13

C NMR (100 

MHz, CDCl3, δ/ppm): 145.41, 143.74, 142.54, 141.09, 141.01, 140.91, 140.90, 

140.54, 136.88, 133.94, 131.52, 131.33, 129.95, 128.74, 127.72, 127.48, 127.14, 

126.43, 126.20, 124.56, 123.33, 121.61, 118.26, 117.74, 109.72; HRMS (m/z): 

620.76 [M]
+
. 

Zinc complex with P1 as ligand (Zn-1) A solution of ligand P1 and 

Zn(CH3COO)2 (1:0.7) in THF was treated with triethylamine (TEA) (0.01 equiv.). 

The reaction mixture was stirred overnight at 50 
o
C. Removal of the solvent 

followed by recrystallization afforded the metal complex Zn-1 (red solid, yield: 
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90%).
 1

H NMR (400 MHz, CDCl3, δ/ppm): 7.94 (d, J = 8.0 Hz , 4H), 7.85-7.80 (m, 

8H), 7.72 (q, J = 8.0 Hz, 8H, Ar), 7.65 (s, 2H, -CH=CCN-), 7.59 (s, 4H, Ar), 

7.53-7.47 (m, 6H, Ar), 6.81 (d, J = 4.0 Hz, 4H, Ar), 6.45 (d, J = 4.0 Hz, 4H, Ar); 

13
C NMR (100 MHz, CDCl3, δ/ppm): 149.92, 148.27, 142.10, 141.29, 140.52, 

140.13, 138.65, 133.74, 132.94, 131.40, 130.68, 129.37, 129.05, 127.74, 126.57, 

125.81, 118.01, 117.24, 111.26; HRMS (m/z): 909.27 [M+H]. 

Zinc complex with P2 as ligand (Zn-2) Using the same procedure as Zn-1, the 

product was prepared by incorporation of P2 and Zn(CH3COO)2 to give an orange 

solid (yield: 70%).
 1

H NMR (400 MHz, CDCl3, δ/ppm): 8.19 (d, J = 8.0 Hz, 4H, 

Ar), 8.16 (d, J = 8.0 Hz, 4H, Ar), 7.84 (d, J = 8.0 Hz, 8H, Ar), 7.76-7.73 (m, 10H, 

Ar and -CH=CCN-), 7.63 (d, J = 8.0 Hz, 4H, Ar), 7.53 (d, J = 8.0 Hz, 4H, Ar), 

7.45 (t, J = 8.0 Hz, 4H, Ar), 7.33 (t, J = 8.0 Hz, 4H, Ar), 6.70 (d, J = 4.0 Hz, 4H, 

Ar), 6.44 (d, J = 4.0 Hz, 4H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 143.79, 

141.40, 140.90, 140.74, 140.45, 140.34, 139.73, 136.98, 133.63, 132.38, 131.56, 

130.95, 129.53, 128.75, 127.81, 127.02, 126.62, 126.25, 126.22, 123.80, 120.55, 

120.48, 117.98, 117.78, 111.58, 109.87; HRMS (m/z): 1239.66 [M]
+
. 

Zinc complex with P3 as ligand (Zn-3) Using the same procedure as Zn-1, the 

product was prepared by incorporation of P3 and Zn(CH3COO)2 to give a yellow 

solid (yield: 75%).
 1

H NMR (400 MHz, CDCl3, δ/ppm): 7.82 (d, J = 8.0 Hz, 4H, 

Ar), 7.78 (s, 4H), 7.71 (d, J = 8.0 Hz, 8H, Ar), 7.59 (s, 4H), 7.53 (s, 1H, 
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-CH=CCN-), 7.35-7.32 (m, 8H, Ar), 7.20-7.12 (m, 10H, Ar), 7.08 (d, J = 8.0 Hz, 

4H, Ar), 6.81 (d, J = 4.0 Hz, 2H, Ar), 6.45 (d, J = 4.0 Hz, 4H, Ar); 
13

C NMR (100 

MHz, CDCl3, δ/ppm): 150.07, 149.90, 148.34, 146.61, 141.55, 140.53, 140.27, 

138.50, 134.36, 132.95, 131.39, 130.77, 129.61, 127.65, 126.41, 126.22, 125.77, 

124.46, 120.88, 118.78, 117.21, 107.17; HRMS (m/z): 1245.41 [M+H]. 

Zinc complex with P4 as ligand (Zn-4) Using the same procedure as Zn-1, the 

product was prepared by incorporation of P4 and Zn(CH3COO)2 to give an orange 

solid (yield: 80%).
  1

H NMR (400 MHz, CDCl3, δ/ppm): 8.00 (d, J = 8.0 Hz, 4H, 

Ar), 7.85-7.79 (m, 8H, Ar), 7.71 (q, J = 8.0 Hz, 8H, Ar), 7.62 (s, 2H, -CH=CCN-), 

7.59 (s, 4H, Ar), 7.33 (d, J = 8.0 Hz, 4H, Ar), 7.27 (d, 4H, Ar), 7.14 (t, J = 8.0 Hz, 

4H, Ar), 7.05 (t, J = 8.0 Hz, 4H, Ar), 6.88 (d, J = 8.0 Hz, 4H, Ar), 6.81 (d, J = 4.0 

Hz, 4H, Ar), 6.46 (d, J = 4.0 Hz, 4H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 

149.90, 148.27, 145.35, 142.51, 141.06, 140.50, 140.14, 138.60, 133.85, 132.93, 

131.39, 131.33, 129.94, 127.92, 127.72, 127.44, 127.14, 126.42, 125.77, 124.55, 

123.32, 121.59, 118.30, 117.23, 109.71; HRMS (m/z): 1304.33 [M]
+
. 

4-(1,2,2-Triphenylvinyl)benzaldehyde (TPE-CHO) The product was 

synthesized according to the reported procedure.
[3]

 To a mixture of THF (20 ml) 

and 2 M potassiuim carbonate aqueous (12 ml) , bromotriphenylethylene (1.68 g, 

5.0 mmol), 4-formylphenylboronic acid (0.91 g, 6.0 mmol) and Pd(PPh3)4 (0.31 g, 

0.5 mmol) were added. After refluxing the mixture for 48 h at 80 
o
C under 
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nitrogen, the residue was cooled down and extracted by CH2Cl2. The crude 

product was further purified by column chromatography to afford TPE-CHO as a 

white solid (yield: 85%). 
1
H NMR (400 MHz, CDCl3, δ/ppm): 9.90 (s, 1H), 7.61 

(d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H, Ar), 7.13-7.10 (m, 9H, Ar), 7.04-7.00 

(m, 6H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 191.8, 150.8, 143.4, 143.3, 

143.2, 140.1, 134.6, 132.3, 131.7, 131.6, 131.5, 130.3, 129.8, 129.5, 129.3, 129.0, 

128.8, 128.7, 128.3, 127.4, 127.2, 127.1. 

(Z)-2-((2H-Pyrrol-2-ylidene)(4-(1,2,2-triphenylvinyl)phenyl)methyl)-1H-py

rrole (TPEpy) As for the same synthesis procedure of P1, by using 

4-(1,2,2-triphenylvinyl)benzaldehyde (TPE-CHO), the product was obtained as a 

green solid (0.79 g, yield: 17%). 
1
H NMR (400 MHz, CDCl3, δ/ppm): 7.91 (br, 

2H), 7.22 (d, J = 8.0 Hz, 2H, Ar), 7.15-7.07 (m, 14H, Ar), 7.06-7.00 (m, 4H, Ar), 

6.64 (d, J = 4.0 Hz, 2H, Ar), 6.50 (d, J = 4.0 Hz, 2H, Ar); 
13

C NMR (100 MHz, 

CDCl3, δ/ppm): 171.29, 153.36, 148.18, 146.88, 144.05, 143.36, 142.98, 142.78, 

139.88, 135.18, 134.70, 133.99, 131.40, 131.28, 131.25, 130.66, 129.95, 128.00, 

127.78, 127.02, 126.90, 117.18, 116.00, 98.93; HRMS (m/z): 474.6 [M]
+
. 

(Z)-2-(Phenyl(2H-pyrrol-2-ylidene)methyl)-1H-pyrrole (Ppy) As for the 

same synthesis procedure of TPEpy, the product was obtained as a dark yellow 

solid (yield: 28%). 
1
H NMR (400 MHz, CDCl3, δ/ppm): 7.65 (s, 2H, pyrrole), 

7.51-7.42 (m, 5H, Ar), 6.60-6.59 (d, J = 4.0 Hz, 2H, pyrrole), 6.40-6.39 (d, J = 4.0 
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Hz, 2H, pyrrole); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 143.62, 141.96, 140.98, 

137.28, 130.77, 128.88, 128.82, 127.59, 117.60; HRMS (m/z): 220.10 [M]
+
. 

Bis[(Z)-2-((2H-pyrrol-2-ylidene)(4-(1,2,2-triphenylvinyl)phenyl)methyl)-1H

-pyrrole]Zinc(Ⅱ) [Zn(TPEpy)2] A solution of ligand TPEpy and Zn(CH3COO)2 

(1:0.7) in THF was treated with triethylamine (TEA) (0.01 equiv.). The reaction 

mixture was stirred overnight at 50 
o
C. Removal of the solvent followed by 

recrystallization afforded the metal complex Zn(TPEpy)2.
 1

H NMR (400 MHz, 

CDCl3, δ/ppm): 7.49 (s, 4H, pyrrole), 7.29 (d, J = 8.0 Hz, 4H, Ar), 7.17-7.08 (m, 

34H, Ar), 6.66-6.65 (d, J = 4.0 Hz, 4H, pyrrole), 6.41-6.40 (d, J = 4.0 Hz, 4H, 

pyrrole); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 149.60, 148.81, 144.35, 143.67, 

143.39, 143.23, 141.82, 140.55, 140.47, 137.08, 132.80, 131.43, 131.35, 130.19, 

130.03, 127.83, 127.74, 127.67, 126.73, 126.67, 116.94; HRMS (m/z): 1011.34 

[M+H]. 

6.3 Synthesis of Chapter 3 

4'-(4-Bromophenyl)-2,2':6',2''-terpyridine (Br-tpy) According to the 

literature reported methods,
[4]

 4-bromobenzaldehyde (3 g, 16.2 mmol) and 

2-acetylpyridine (3.9 g, 32.4 mmol) were stirred into methanol (360 mL) followed 

by addition of sodium hydroxide (NaOH) (0.66 g, 16.2 mmol) and ammonium 

hydroxide (NH4OH) (90 mL). The mixture was refluxed for 24 h, and then cooled 
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down to room temperature. The precipitate was filtered and washed by using 

methanol and water to obtain a white powder (2.5 g, 40%). 
1
H NMR (400 MHz, 

CDCl3, δ/ppm) 8.74−8.72 (m, 2H), 8.71 (s, 2H), 8.68 (d, J = 8.0 Hz, 2H), 7.89 (td, 

J = 8.0 Hz, J = 2.0 Hz, 2H), 7.79−7.77 (m, 2H), 7.66−7.63 (m, 2H), 7.37 (ddd, J = 

7.5 Hz, J = 4.8 Hz, J = 1.2 Hz, 2H); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 156.0, 

155.9, 149.1, 148.9, 137.3, 136.9, 132.0, 128.8, 123.9, 123.4, 121.3, 118.5; 

HRMS (m/z), 388.03 [M-H]
 +

. 

4’-(4-Pinacolatoboronphenyl)-2,2’:6’,2’’-terpyridine (BO-tpy) A Schlenk 

tube was charged with Pd(dppf)Cl2 (32 mg, 0.03 equiv.), potassium acetate (379 

mg, 3.29 mmol) and bis(pinacolato)diboron (344 mg, 1.35 mmol). Dry 

tetrahydrofuran (5 mL) and compound Br-tpy (500 mg, 1.29 mmol) were then 

added. The mixture was stirred at 80 
o
C for 24 h under nitrogen. After being 

cooled to room temperature, the product was extracted with ethyl acetate. The 

organic layer was dried over anhydrous MgSO4 and the solvent removed by rotary 

evaporation. The crude product was purified by chromatography on a silica gel 

column using n-hexane/CH2Cl2 as eluent to give a white solid (0.24 g, yield: 42%). 

1
H NMR (400 MHz, CDCl3, δ/ppm): 8.76 (s, 2H), 8.75 (d, J = 8.0 Hz, 2H), 8.67 

(d, J = 8.0 Hz, 2H), 7.96-7.91 (q, J = 4.0 Hz, 4H), 7.89 (td, J = 8.0 Hz, J = 2.0 Hz, 

2H), 7.36 (m, 2H), 1.39 (s, 12H); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 156.3, 

156.0, 150.1, 149.2, 141.0, 136.9, 135.4, 126.6, 123.9, 121.4, 118.9, 84.0, 24.9.  
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(Z)-2-(4'-([2,2':6',2''-Terpyridin]-4'-yl)-[1,1'-biphenyl]-4-yl)-3-phenylacrylo

nitrile (T1) BO-tpy (2.30 g, 5.28 mmol), Pd(PPh3)4 (0.20 g, 0.17 mmol, 5%) and 

2 M K2CO3 (12 mL) were added into a solution of Br-1 (1.0 g, 3.52 mmol) in 30 

ml of tetrahydrofuran. The mixture was heated at reflux temperature for two days. 

After being cooled to room temperature, water was added and the solution 

mixture was extracted with ethyl acetate. The combined organic layer was dried 

by Na2SO4 and concentrated under reduced pressure. The residue was purified by 

chromatography on a silica gel column using CH2Cl2 as eluent. T1 was obtained 

as a white crystal (yield: 46%). 
1
H NMR (400 MHz, CDCl3, δ/ppm): 8.80 (s, 2H, 

tpy), 8.75 (m, 2H, Ar), 8.69 (d, J = 8.0 Hz, 2H, Ar), 8.02 (d, J = 7.0 Hz, 2H, Ar), 

7.92-7.87 (m, 4H, Ar), 7.78-7.74 (m, 6H, Ar), 7.61 (s, 1H, -CH=C(CN)-), 

7.49-7.47 (m, 3H, Ar), 7.37-7.35 (m, 2H, Ar); 
13

C NMR (100 MHz, CDCl3, 

δ/ppm): 156.24, 156.05, 149.57, 149.17, 142.01, 141.21, 140.52, 137.90, 136.90, 

133.75, 133.71, 130.61, 129.35, 129.00, 127.89, 127.67, 127.50, 126.50, 123.88, 

121.40, 118.69, 117.94, 111.27; HRMS (m/z): 513.21 [M-H]
+
. 

(Z)-3-(4-(9H-Carbazol-9-yl)phenyl)-2-(4'-([2,2':6',2''-terpyridin]-4'-yl)-[1,1'

-biphenyl]-4-yl)acrylonitrile (T2) As for the same synthesis procedure of T1, the 

palladium-catalyzed Suzuki coupling reaction was applied between Br-2 and 

BO-tpy to prepare the product as a yellow-green solid with a yield of 47%. 
1
H 

NMR (400 MHz, CDCl3, δ/ppm): 8.82 (s, 2H, tpy), 8.76 (m, 2H, Ar), 8.70 (d, J = 
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8.0 Hz, 2H, Ar), 8.19 (d, J = 8.0 Hz, 2H, Ar), 8.16 (d, J = 8.0 Hz, 2H, Ar), 8.05 (d, 

J = 8.0 Hz, 2H, Ar), 7.91 (td, J = 8.0 Hz, J = 2.0 Hz, 2H, Ar), 7.86 (d, J = 8.0 Hz, 

2H, Ar), 7.81 (d, J = 8.0 Hz, 4H, Ar), 7.76 (s, 1H, -CH=C(CN)-), 7.73 (d, J = 8.0 

Hz, 2H, Ar), 7.53 (d, J = 8.0 Hz, 2H, Ar), 7.46 (td, J = 8.0 Hz, J = 2.0 Hz, 2H, Ar), 

7.36-7.31 (m, 4H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 155.05, 155.87, 

149.61, 149.01, 141.39, 140.65, 140.50, 140.32, 139.66, 137.87, 137.13, 133.53, 

132.39, 130.92, 127.95, 127.75, 127.54, 126.98, 126.55, 126.19, 123.97, 123.76, 

121.52, 120.51, 120.44, 118.83, 117.95, 111.61, 109.85; HRMS (m/z): 678.26 

[M-H]
+
. 

(Z)-2-(4'-([2,2':6',2''-Terpyridin]-4'-yl)-[1,1'-biphenyl]-4-yl)-3-(4-(diphenyl

amino)phenyl)acrylonitrile (T3) As for the same synthesis procedure of T1, the 

palladium-catalyzed Suzuki coupling reaction was applied between Br-3 and 

BOtpy to prepare the product as a yellow solid with a yield of 36%. 
1
H NMR 

(400 MHz, CDCl3, δ/ppm): 8.82 (s, 2H, tpy), 8.76 (d, J = 8.0 Hz, 2H, Ar), 8.70 (d, 

J = 8.0 Hz, 2H, Ar), 8.19 (d, J = 8.0 Hz, 2H, Ar), 8.16 (d, J = 8.0 Hz, 2H, Ar), 

8.05 (d, J = 8.0 Hz, 2H, Ar), 7.91 (d, J = 8.0 Hz, 2H, Ar), 7.86 (d, J = 8.0 Hz, 2H, 

Ar), 7.81 (d, J = 8.0 Hz, 4H, Ar), 7.76 (s, 1H, -CH=C(CN)-), 7.73 (d, J = 8.0 Hz, 

2H, Ar), 7.53 (d, J = 8.0 Hz, 2H, Ar), 7.46 (t, J = 8.0 Hz, 2H, Ar), 7.36-7.31 (m, 

4H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 156.00, 155.77, 150.01, 149.67, 

148.95, 146.60, 141.49, 140.71, 140.46, 137.58, 137.19, 134.32, 130.75, 129.59, 
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127.88, 127.57, 127.47, 126.42, 126.15, 125.74, 124.42, 123.97, 121.55, 120.88, 

118.84, 118.73, 107.17; HRMS (m/z): 680.29 [M-H]
+
. 

(Z)-3-(4-(10H-Phenothiazin-10-yl)phenyl)-2-(4'-([2,2':6',2''-terpyridin]-4'-y

l)-[1,1'-biphenyl]-4-yl)acrylonitrile (T4) As for the same synthesis procedure of 

T1, the palladium-catalyzed Suzuki coupling reaction was applied between Br-4 

and BO-tpy to prepare the product as an orange crystal with a yield of 56%. 
1
H 

NMR (400 MHz, CDCl3, δ/ppm): 8.81 (s, 2H, tpy), 8.75 (m, 2H, tpy), 8.70 (d, J = 

8.0 Hz, 2H, tpy), 8.84 (d, J = 8.0 Hz, 2H, Ar), 8.00 (d, J = 8.0 Hz, 2H, Ar), 7.90 (t, 

J = 8.0 Hz, 2H, Ar), 7.76-7.79 (m, 6H, Ar), 7.60 (s, 1H, -CH=C(CN)-), 7.37 (t, J = 

8.0 Hz, 2H, Ar), 7.33 (d, J = 8.0 Hz, 2H, Ar), 7.25 (d, J = 8.0 Hz, 2H, Ar), 7.11 (t, 

J = 8.0 Hz, 2H, Ar), 7.03 (t, J = 8.0 Hz, 2H, Ar), 6.85 (d, J = 8.0 Hz, 2H, Ar); 
13

C 

NMR (100 MHz, CDCl3, δ/ppm): 156.22, 156.03, 149.58, 149.16, 145.24, 142.57, 

141.05, 141.00, 140.55, 137.88, 136.93, 133.82, 131.33, 130.06, 127.90, 127.87, 

127.68, 127.50, 127.18, 127.12, 126.37, 124.47, 123.90, 123.60, 121.42, 121.39, 

118.70, 118.24, 109.84; HRMS (m/z): 709.96 [M]
+
. 

6.4 Synthesis of Chapter 4 

(Z)-3-Phenyl-2-p-tolylacrylonitrile (M1) To a solution of benzaldehyde (0.50 

g, 4.70 mmol) and 2-p-tolylacetonitrile (0.62 g, 4.70 mmol) in 125 ml of ethanol, 

hot sodium hydroxide solution (0.19 g, 4.70 mmol) was added. The mixture was 
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refluxed in the dark for 2 hours. After being cooled to room temperature, the 

mixture was filtered and washed with ethanol. The crude product was purified by 

chromatography on a silica gel column using n-hexane/CH2Cl2 (4/1) as eluent. 

Then the product was obtained as a white solid (0.79 g, yield: 77%). 
1
H NMR 

(400 MHz, CDCl3, δ/ppm): 7.88 (d, J = 8.0 Hz, 2H, Ar), 7.58 (d, J = 8.0 Hz, 2H, 

Ar), 7.51 (s, 1H, -CH=CCN-), 7.45 (m, 3H, Ar), δ = 7.26 (d, J = 8.0 Hz, 2H, Ar), 

2.40 (s, 3H, CH3). 
13

C NMR (100 MHz, CDCl3, δ/ppm): 141.23, 139.43, 133.87, 

131.66, 130.33, 129.76, 129.19, 128.93, 125.88, 118.11, 111.68, 21.26 (alkyl); 

HRMS (m/z): 219.01 [M]
+
. 

(Z)-3-(4-(9H-Carbazol-9-yl)phenyl)-2-p-tolylacrylonitrile (M2) As for the 

same synthesis procedure of M1, the Knoevenagel reaction was applied between 

4-(9H-carbazol-9-yl)benzaldehyde (0.50 g, 1.84 mmol) and 2-p-tolyl- acetonitrile 

(0.24g, 1.84 mmol) to prepare the product as a green-yellow solid with a yield of 

76%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 8.14 (t, J = 8.0 Hz, 4H, Ar), 7.70 (d, J 

= 8.0 Hz, 2H, Ar), 7.63 (d, J = 8.0 Hz, 2H, Ar), 7.59 (s, 1H, -CH=CCN-), 7.51 (d, 

J = 8.0 Hz, 2H, Ar), 7.44 (t, J = 8.0 Hz, 2H, Ar), 7.32 (d, J = 8.0 Hz, 2H, Ar), 7.29 

(d, J = 8.0 Hz, 2H, Ar), 2.42 (s, 3H, CH3). 
13

C NMR (100 MHz, CDCl3, δ/ppm): 

140.39, 139.89, 139.72, 139.43, 132.61, 131.54, 130.76, 129.87, 127.00, 126.17, 

125.95, 123.74, 120.46, 120.43, 118.10, 112.12, 109.85, 21.28 (alkyl); HRMS 

(m/z): 384.21 [M]
+
. 
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(Z)-3-(4-(Diphenylamino)phenyl)-2-p-tolylacrylonitrile (M3) As for the 

same synthesis procedure of M1, the Knoevenagel reaction was applied between 

4-(diphenylamino)benzaldehyde (0.50 g, 1.80 mmol) and 2-p-tolyl-acetonitrile 

(0.24 g, 1.80 mmol) to prepare the product as a yellow solid with a yield of 69%. 

1
H NMR (400 MHz, CDCl3, δ/ppm): 7.76 (t, J = 8.0 Hz, 2H, Ar), 7.53 (d, J = 8.0 

Hz, 2H, Ar), 7.38 (s, 1H, -CH=CCN-), 7.31 (t, J = 8.0 Hz, 4H, Ar), 7.23 (d, J = 

8.0 Hz, 2H, Ar), 7.15 (d, J = 8.0 Hz, 4H, Ar), 7.11 (t, J = 8.0 Hz, 2H, Ar), 7.05 (d, 

J = 8.0 Hz, 2H, Ar), 2.38 (s, 3H, CH3). 
13

C NMR (100 MHz, CDCl3, δ/ppm): 

149.74, 146.68, 140.76, 138.72, 132.19, 130.52, 129.80, 129.69, 127.82, 126.66, 

125.58, 124.28, 121.06, 118.87, 107.81, 21.24 (alkyl); HRMS (m/z): 386.5 [M]
+
. 

(Z)-3-(4-(10H-Phenothiazin-10-yl)phenyl)-2-p-tolylacrylonitrile (M4) As for 

the same synthesis procedure of M1, the Knoevenagel reaction was applied 

between 4-(10H-phenothiazin-10-yl)benzaldehyde (0.50 g, 1.60 mmol) and 

2-p-tolyl- acetonitrile (0.21 g, 1.60 mmol) to prepare the product as a yellow solid 

with a yield of 66%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 7.96 (d, J = 8.0 Hz, 2H, 

Ar), 7.58 (d, J = 8.0 Hz, 2H, Ar), 7.49 (s, 1H, -CH=CCN-), 7.32 (d, J = 8.0 Hz, 

2H, Ar), 7.26 (d, J = 8.0 Hz, 2H, Ar), 7.22 (d, J = 8.0 Hz, 2H, Ar), 7.08 (td, J = 

8.0 Hz, 2H, Ar), 7.00 (td, J = 8.0 Hz, 2H, Ar), 6.75 (d, J = 8.0 Hz, 2H, Ar), 2.40 (s, 

3H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 144.71, 142.82, 140.17, 139.37, 

131.74, 131.20, 130.75, 129.80, 127.72, 127.09, 126.27, 125.82, 124.69, 124.21, 

120.66, 118.32, 110.70, 21.23 (alkyl); HRMS (m/z): 416.34 [M]
+
. 
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2-(4-(2,4,5-Triphenyl-1H-imidazol-1-yl)phenyl)acetonitrile (CN-1) The 

product was prepared by refluxing benzil (1.68 g, 8 mmol), benzaldehyde (0.81 

mL, 8 mmol), 2-(4-aminophenyl)acetonitrile (5.28 g, 40 mmol) and ammonium 

acetate (3 g, 40 mmol) in glacial acetic acid (60 mL) for 24 hours under a nitrogon 

atmosphere. After cooling to room temperature, the mixture was poured into an 

ice water mixture under stirring. The precipitated solid was filtered off and 

washed with methanol, and then dried to give a pale crude product. The crude 

product was further purified by column chromatography (Hexane/CH2Cl2, 1/2). 

The product was finally obtained as a pale yellow powder (2.53 g, yield: 77%). 
1
H 

NMR (400 MHz, DMSO, δ/ppm): 7.46 (d, J = 8.0 Hz, 2H, Ar), 7.37 (d, J = 8.0 

Hz, 2H, Ar), 7.31-7.21 (m, 14H, Ar), 7.18-7.14 (m, 1H, Ar), 4.03 (s, 2H, alkyl); 

13
C NMR (100 MHz, DMSO, δ/ppm): 146.59, 137.34, 136.45, 134.77, 132.26, 

131.70, 131.61, 130.78, 130.75, 129.72, 129.27, 129.01, 128.83, 128.68, 128.64, 

126.96, 126.79, 119.40, 22.46 (alkyl) ; HRMS (m/z): 412.13 [M]
+
. 

(Z)-3-Phenyl-2-(4-(2,4,5-triphenyl-1H-imidazol-1-yl)phenyl)acrylonitrile 

(C1) The product was prepared by the Knoevenagel reaction. In an ethanol 

solution of benzaldehyde (0.15 ml, 1.46 mmol) and CN-1 (0.50 g, 1.22 mmol), 

sodium hydroxide (0.06 g, 1.46 mmol) was added. After refluxing for 2 hours, the 

solution was cooled down to room temperature. The solid was filtered and further 

purified by column chromatography (hexane/ethyl acetate, 10/1) to give the 

product as a white solid with a yield of 76%. 
1
H NMR (400 MHz, DMSO, δ/ppm): 
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8.09 (s, 1H, Ar), 7.91 (d, J = 8.0 Hz, 2H, Ar), 7.71 (d, J = 8.0 Hz, 2H, Ar), 

7.57-7.25 (m, 19H, Ar), 7.22-7.18 (m, 1H, Ar); 
13

C NMR (100 MHz, DMSO, 

δ/ppm): 146.98, 143.06, 138.63, 137.78, 134.25, 134.11, 133.37, 131.14, 130.95, 

130.64, 130.46, 130.36, 129.36, 129.07, 128.96, 128.58, 128.51, 128.28, 128.24, 

128.19, 127.41, 126.73, 126.53, 117.62, 110.46; HRMS (m/z): 500.81 [M+1]
+
.  

(Z)-3-(4-(9H-Carbazol-9-yl)phenyl)-2-(4-(2,4,5-triphenyl-1H-imidazol-1-yl)

phenyl)acrylonitrile (C2) As for the same synthesis procedure of C1, the 

Knoevenagel reaction was applied between 4-(9H-carbazol-9-yl)benzaldehyde 

(0.50 g, 1.84 mmol) and CN-1 (0.63 g, 1.53 mmol) to prepare the product as a 

green-yellow solid with a yield of 69%. 
1
H NMR (400 MHz, DMSO, δ/ppm): 

8.29 (d, J = 8.0 Hz, 2H, Ar), 8.23 (d, J = 8.0 Hz, 2H, Ar), 8.23 (s, 1H, CNC=CH-), 

7.87 (d, J = 8.0 Hz, 2H, Ar), 7.79 (d, J = 8.0 Hz, 2H, Ar), 7.54-7.45 (m, 10H, Ar), 

7.39-7.27 (m, 12H, Ar), 7.23-7.19 (m, 1H, Ar); 
13

C NMR (100 MHz, CDCl3, 

δ/ppm): 147.03, 141.75, 140.26, 140.02, 138.68, 137.94, 134.25, 133.96, 131.94, 

131.19, 130.97, 130.67, 130.46, 130.36, 129.13, 129.07, 128.64, 128.59, 128.35, 

128.32, 128.25, 127.45, 126.97, 126.81, 126.61, 126.23, 123.83, 120.63, 120.50, 

117.66, 110.74, 109.84; HRMS (m/z): 665.27 [M+H]
+
.  

(Z)-3-(4-(Diphenylamino)phenyl)-2-(4-(2,4,5-triphenyl-1H-imidazol-1-yl)ph

enyl)acrylonitrile (C3). As for the same synthesis procedure of C1, the 

Knoevenagel reaction was applied between 4-(diphenylamino)benzaldehyde (0.50 
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g, 1.80 mmol) and CN-1 (0.62 g, 1.50 mmol) to prepare the product as a yellow 

solid with a yield of 66%. 
1
H NMR (400 MHz, DMSO, δ/ppm): 7.74 (d, J = 8.0 

Hz, 2H, Ar), 7.59 (d, J = 8.0 Hz, 2H, Ar), 7.51 (d, J = 8.0 Hz, 2H, Ar), 7.46-7.43 

(m, 2H, Ar), 7.39 (s, 1H, -CH=CCN-), 7.34-7.12 (m, 21H, Ar), 7.07 (d, J = 8 Hz, 

2H, Ar), 7.02 (d, J = 8.0 Hz, 2H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 

149.83, 146.37, 144.83, 134.20, 133.59, 131.28, 131.14, 130.83, 129.82, 129.69, 

129.63, 129.32, 129.06, 128.99, 128.85, 128.54, 128.46, 128.21, 128.18, 127.43, 

127.28, 126.71, 126.10, 125.90, 125.03, 124.81, 124.63, 120.48, 119.58; HRMS 

(m/z): 667.28 [M+H]
+
. 

(Z)-3-(4-(10H-Phenothiazin-10-yl)phenyl)-2-(4-(2,4,5-triphenyl-1H-imidazo

l-1-yl)phenyl)acrylonitrile (C4) As for the same synthesis procedure of C1, the 

Knoevenagel reaction was applied between 

4-(10H-phenothiazin-10-yl)benzaldehyde (0.50 g, 1.60 mmol) and CN-1 (0.55 g, 

1.33 mmol) to prepare the product as an orange solid with a yield of 66%. 
1
H 

NMR (400 MHz, DMSO, δ/ppm): 8.07 (s, 1H, Ar), 8.00 (d, J = 8.0 Hz, 2H, Ar), 

7.68 (d, J = 8.0 Hz, 2H, Ar), 7.48 (d, J = 8.0 Hz, 2H, Ar), 7.42-7.39 (m, 4H, Ar), 

7.34-7.16 (m, 17H, Ar), 7.07 (t, J = 8.0 Hz, 2H, Ar), 6.81 (d, J = 8.0 Hz, 2H, Ar); 

13
C NMR (100 MHz, CDCl3, δ/ppm): 146.99, 146.22, 142.12, 138.61, 137.47, 

134.36, 134.27, 131.67, 131.30, 131.15, 130.66, 130.48, 130.38, 129.12, 129.08, 

128.93, 128.69, 128.57, 128.50, 128.29, 128.20, 127.42, 127.17, 126.73, 126.33, 

125.00, 122.85, 121.37, 118.08, 108.24; HRMS (m/z): 697.24 [M+H]
+
. 
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2-(4-(2-Phenyl-1H-phenanthro[9,10-d]imidazol-1-yl)phenyl)acetonitrile 

(CN-2) As for the same synthesis procedure of CN-1, the CN-2 was prepared by 

reacting phenanthrene-9,10-dione (1.66 g, 8 mmol), benzaldehyde (0.81 mL, 8 

mmol) and 2-(4-aminophenyl)acetonitrile (5.28 g, 40 mmol) to give the product as 

a pale-yellow solid with a yield of 56%. 
1
H NMR (400 MHz, CDCl3, δ/ppm): 8.92 

(d, J = 8.0 Hz, 1H, Ar), 8.86 (d, J = 8.0 Hz, 1H, Ar), 8.67 (d, J = 8.0 Hz, 1H, Ar), 

7.76 (t, J = 8.0 Hz, 1H, Ar), 7.73 (d, J = 8.0 Hz, 2H, Ar), 7.68 (t, J = 8.0 Hz, 1H, 

Ar), 7.62 (d, J = 8.0 Hz, 2H, Ar), 7.57-7.53 (m, 3H, Ar), 7.38-7.31 (m, 4H, Ar), 

7.08 (d, J = 8.0 Hz, 1H, Ar), 4.26 (s, 2H, alkyl); 
13

C NMR (100 MHz, CDCl3, 

δ/ppm): 151.29, 137.93, 136.92, 133.85, 130.60, 130.36, 130.18, 129.72, 129.58, 

128.96, 128.72, 128.15, 128.00, 127.17, 127.10, 126.30, 125.78, 125.02, 124.14, 

122.87, 122.49, 120.57, 119.49, 22.78 (alkyl); HRMS (m/z): 409.18 [M+1]
+
. 

(Z)-3-Phenyl-2-(4-(2-phenyl-1H-phenanthro[9,10-d]imidazol-1-yl)phenyl)a

crylonitrile (D1) As for the same synthesis procedure of C1, the Knoevenagel 

reaction was applied between benzaldehyde (0.15 ml, 1.47 mmol) and CN-2 (0.50 

g, 1.22 mmol) to prepare the product as a white solid with a yield of 66%. 
1
H 

NMR (400 MHz, DMSO, δ/ppm): 8.93 (d, J = 8.4 Hz, 1H, Ar), 8.87 (d, J = 8.4 

Hz, 1H, Ar), 8.68 (dd, J = 8.0 Hz, 1H, Ar), 8.30 (s, 1H, -CH=CCN-), 8.04 (d, J = 

8.8 Hz, 2H, Ar), 8.00-7.98 (m, 2H, Ar), 7.85 (d, J = 8.8 Hz, 2H, Ar), 7.77 (t, J = 

7.6 Hz, 1H, Ar), 7.68 (t, J = 8.4 Hz, 1H, Ar), 7.60-7.51 (m, 6H, Ar), 7.40-7.36 (m, 

4H, Ar), 7.17 (d, J = 4.0 Hz, 1H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 
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151.25, 145.15, 139.12, 137.03, 135.52, 134.04, 131.51, 130.57, 130.51, 129.81, 

129.76, 129.63, 129.53, 128.98, 128.80, 128.17, 128.01, 127.91, 127.34, 127.09, 

126.33, 125.82, 125.03, 124.16, 122.85, 122.52, 120.69, 118.17, 109.74; HRMS 

(m/z):: 498.19 [M+1]
+
. 

(Z)-3-(4-(9H-Carbazol-9-yl)phenyl)-2-(4-(2-phenyl-1H-phenanthro[9,10-d]i

midazol-1-yl)phenyl)acrylonitrile (D2) As for the same synthesis procedure of 

C1, the Knoevenagel reaction was applied between 

4-(9H-carbazol-9-yl)benzaldehyde (0.50 g, 1.84 mmol) and CN-2 (0.63 g, 1.53 

mmol) to prepare the product as a yellow-green solid with a yield of 66%. 
1
H 

NMR (400 MHz, DMSO, δ/ppm): 8.89 (d, J = 8.0 Hz, 1H, Ar), 8.81 (d, J = 8.0 

Hz, 1H, Ar), 8.73 (d, J = 8.0 Hz, 1H, Ar), 8.21 (d, J = 8.0 Hz, 2H, Ar), 8.17 (d, J 

= 8.0 Hz, 2H, Ar), 7.95 (d, J = 8.0 Hz, 2H, Ar), 7.79-7.75 (m, 4H, Ar), 7.68 (t, J = 

8.0 Hz, 1H, Ar), 7.63 (d, J = 4.0 Hz, 2H, Ar), 7.61-7.54 (m, 5H, Ar), 7.47 (t, J = 

8.0 Hz, 2H, Ar), 7.36-7.28 (m, 7H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 

151.07, 142.43, 140.22, 139.47, 137.64, 135.52, 131.83, 131.12, 130.32, 129.93, 

129.56, 129.37, 129.10, 128.42, 128.33, 127.98, 127.54, 127.41, 127.15, 127.02, 

126.45, 126.25, 125.80, 125.10, 124.29, 123.86, 123.16, 122.87, 122.82, 120.75, 

120.66, 120.51, 117.72, 110.60, 109.84; HRMS (m/z): 663.25 [M+1]
+
.  

(Z)-3-(4-(Diphenylamino)phenyl)-2-(4-(2-phenyl-1H-phenanthro[9,10-d]im

idazol-1-yl)phenyl)acrylonitrile (D3) As for the same synthesis procedure of C1, 
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the Knoevenagel reaction was applied between 4-(diphenylamino)benzaldehyde 

(0.66 g, 2.40 mmol) and CN-2 (0.82 g, 2.0 mmol) to prepare the product as a 

yellow solid with a yield of 64%. 
1
H NMR (400 MHz, DMSO, δ/ppm): 8.95 (d, J 

= 8.0 Hz, 1H, Ar), 8.90 (d, J = 8.0 Hz, 1H, Ar), 8.71 (d, J = 8.0 Hz, 1H, Ar), 8.14 

(s, 1H, -CH=CCN-), 8.01 (d, J = 8.0 Hz, 2H, Ar), 7.93 (d, J = 8.0 Hz, 2H, Ar), 

7.83 (d, J = 8.0 Hz, 2H, Ar), 7.80 (t, J = 8.0 Hz, 1H, Ar), 7.72 (t, J = 8.0 Hz, 1H, 

Ar), 7.64-7.58 (m, 3H, Ar), 7.45-7.40 (m, 8H, Ar), 7.24-7.19 (m, 7H, Ar), 6.98 (d, 

J = 8.0 Hz, 2H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 151.09, 150.56, 146.40, 

143.18, 138.56, 137.55, 136.42, 131.04, 130.36, 129.68, 129.53, 129.33, 129.02, 

128.37, 128.32, 128.02, 127.36, 127.17, 127.07, 126.44, 125.99, 125.72, 125.03, 

124.75, 124.22, 123.13, 122.93, 122.80, 120.81, 120.41, 118.57, 105.88; HRMS 

(m/z): 665.27 [M+1]
+
. 

(Z)-3-(4-(10H-Phenothiazin-10-yl)phenyl)-2-(4-(2-phenyl-1H-phenanthro[9

,10-d]imidazol-1-yl)phenyl)acrylonitrile (D4) As for the same synthesis 

procedure of C1, the Knoevenagel reaction was applied between 

4-(10H-phenothiazin-10-yl)benzaldehyde (0.73 g, 2.40 mmol) and CN-2 (0.82 g, 

2.00 mmol). The product was obtained as an orange solid (yield: 67%). 
1
H NMR 

(400 MHz, DMSO, δ/ppm): 8.96 (d, J = 8.0 Hz, 1H, Ar), 8.91 (d, J = 8.0 Hz, 1H, 

Ar), 8.71 (d, J = 8.0 Hz, 1H, Ar), 8.29 (s, 1H, -CH=CCN-), 8.10 (d, J = 8.0 Hz, 

2H, Ar), 7.05 (d, J = 8.0 Hz, 2H, Ar), 7.87 (d, J = 8.0 Hz, 2H, Ar), 7.80 (t, J = 8.0 

Hz, 1H, Ar), 7.72 (t, J = 8.0 Hz, 1H, Ar), 7.64-7.58 (m, 3H, Ar), 7.44-7.36 (m, 8H, 
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Ar), 7.26 (t, J = 8.0 Hz, 2H, Ar), 7.22 (t, J = 8.0 Hz, 1H, Ar), 7.15 (t, J = 8.0 Hz, 

2H, Ar), 6.95 (d, J = 8.0 Hz, 2H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 

151.08, 146.65, 142.85, 141.97, 138.93, 137.59, 136.00, 131.46, 130.35, 129.81, 

129.77, 129.54, 129.35, 129.05, 128.39, 128.32, 128.29, 128.00, 127.38, 127.25, 

127.23, 127.17, 126.44, 125.76, 125.22, 125.06, 124.24, 123.39, 123.14, 122.91, 

122.81, 120.78, 120.64, 118.20, 107.82; HRMS (m/z): 695.23 [M+1]
+
. 

(2Z,2'Z)-3,3'-(1,4-Phenylene)bis(2-(4-(2,4,5-triphenyl-1H-imidazol-1-yl)phe

nyl)acrylonitrile) (C5) As for the same synthesis procedure of C1, the 

Knoevenagel reaction was applied between terephthalaldehyde (0.07 g, 0.51 

mmol) and CN-1 (0.50 g, 1.22 mmol) to prepare C5 as a yellow solid with a yield 

of 50%. 
1
H NMR (400 MHz, DMSO, δ/ppm): 8.11 (s, 2H, Ar), 8.00 (s, 4H, Ar), 

7.71 (d, J = 8.0 Hz, 4H, Ar), 7.47 (d, J = 8.0 Hz, 4H, Ar), 7.40 (d, J = 8.0 Hz, 8H, 

Ar), 7.33-7.22 (m, 20H, Ar), 7.19-7.15 (m, 2H, Ar); 
13

C NMR (100 MHz, CDCl3, 

δ/ppm): 146.98, 141.27, 138.66, 132.14, 135.38, 134.14, 133.67, 131.13, 130.57, 

130.37, 130.26, 129.89, 129.10, 129.05, 128.60, 128.31, 128.22, 127.42, 126.80, 

126.67, 117.36, 119.96; HRMS (m/z): 921.37 [M+1]
+
.  

(2Z,2'Z)-3,3'-(1,4-Phenylene)bis(2-(4-(2-phenyl-1H-phenanthro[9,10-d]imid

azol-1-yl)phenyl)acrylonitrile) (D5) As for the same synthesis procedure of C5, 

the Knoevenagel reaction was applied between terephthalaldehyde (0.07 g, 0.51 

mmol) and CN-2 (0.50 g, 1.22 mmol) to prepare D5 as a yellow solid with a yield 
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of 63%. 
1
H NMR (400 MHz, DMSO, δ/ppm): 8.88 (d, J = 8.0 Hz, 2H, Ar), 8.81 

(d, J = 8.4 Hz, 2H, Ar), 8.73 (d, J = 8.4 Hz, 2H, Ar), 8.12 (s, 4H, Ar), 7.96 (d, J = 

8.8 Hz, 4H, Ar), 7.78-7.74 (m, 4H, Ar), 7.68 (t, J = 8.0 Hz, 2H, Ar), 7.64 (d, J = 

8.8 Hz, 4H, Ar), 7.60-7.54 (m, 6H, Ar), 7.38-7.32 (m, 8H, Ar), 7.27 (d, J = 8.0 Hz, 

2H, Ar); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 151.10, 141.94, 137.69, 135.54, 

135.26, 130.13, 129.99, 129.56, 129.39, 129.10, 128.42, 127.66, 127.42, 127.18, 

126.43, 125.82, 125.09, 124.31, 123. 14, 122.84, 120.72; HRMS (m/z): 917.34 

[M+1]
+
. 
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6.5 Crystal Data and Structure Refinements 

Table 6-1: Crystal data and structure refinements of Chapter 3 (T1-T4) 

Compound T1 T2 T3 T4 

empirical formula C36 H24 N4 C48 H31 N5 C50 H39 Cl2 N5 O C48 H31 N5 S 

formula wt 512.59 762.70 796.76 709.84 

T, K 173(2)  173(2)  173(2) 173(2) 

crystal system monoclinic triclinic  triclinic monoclinic 

space group P21/n P-1 P-1 P21/n 

a, Å 11.5480(10)  10.3600(10) 9.375(3) 8.5274(10) 

b, Å 9.7030(10)  13.9016(10)  10.993(4) 27.035(3) 

c, Å 24.206(2) 14.6517(10)  19.883(8) 15.409(2) 

, deg 90 97.35(2) 79.97(3) 90 

, deg 101.97(2) 101.41(2) 89.42(3) 100.62(2) 

, deg 90 111.76(2) 88.40(3) 90 

V, Å3 2653.3(5) 1873.5(4) 2017.0(13) 3491.6(8) 

Z 4 2 2 4 

density, Mg/m
3
 1.283 1.352  1.312 1.350 

Μ (Mo K ), mm
-1

 0.076 0.218  0.207 0.138 

θ range, deg 1.829-25.687 2.196-30.355 2.55-26.05 2.63-31.58 

no. of reflcns collected 10625 20750 21861 45700 

no. of unique reflcns 5003 11140 7988 11738 

R(int) 0.0511 0.0160 0.0202 0.0227 

GOF 0.975 1.042 1.053 1.017 

R1 [I > 2σ(I)] 0.0474 0.0428 0.0778 0.0631 

wR2 [I > 2σ(I)] 0.1049 0.1160 0.2419 0.1709 

R1 (all data) 0.1140 0.0537 0.0886 0.0808 

wR2 (all data) 0.1356 0.1247 0.2518 0.1885 
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Table 6-2: Crystal data and structure refinements of Chapter 4 (M1-M4) 

Compound M1 M2 M3 M4 

empirical formula C16 H13 N C28 H20 N2 C28 H22 N2 C28 H20 N2 S 

formula wt 219.27 384.46 386.47 416.52 

T, K 173(2)  173(2) 173(2)  173(2) 

crystal system monoclinic monoclinic triclinic  triclinic 

space group C2/c P21/c P-1 P-1 

a, Å 15.900(2) 9.1734(10) 10.5763(10) 8.0601(10) 

b, Å 6.6100(10) 13.5149(10) 14.1486(10) 10.4268(10) 

c, Å 23.591(3) 16.274(2) 15.0780(10) 12.8078(10) 

, deg 90 90 76.16(2) 92.41(2) 

, deg 96.64(2) 98.49(2) 76.83(2) 91.32(2) 

, deg 90 90 88.06(2) 103.51(2) 

V, Å3 2462.8(6) 1995.5(4) 2132.7(4) 1045.1(2) 

Z 8 4 4 2 

density, Mg/m
3
 1.183 1.280 1.204 1.324 

Μ (Mo K ), mm
-1

 0.069 0.075 0.070  0.173 

θ range, deg 2.58-22.16 2.53-31.82 2.86-26.73 2.89-30.50 

no. of reflcns collected 5656 26194 16941 11150 

no. of unique reflcns 1557 6834 9268 6202 

R(int) 0.0170 0.0196 0.0246 0.0164 

GOF 1.089 1.025 1.029 1.042 

R1 [I > 2σ(I)] 0.0452 0.0476 0.0495 0.0414 

wR2 [I > 2σ(I)] 0.1278 0.1301 0.1312 0.1151 

R1 (all data) 0.0513 0.0629 0.0815 0.0470 

wR2 (all data) 0.1347 0.1462 0.1525 0.1230 
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Table 6-3: Crystal data and structure refinements of Chapter 4 (D1-D4) 

Compound D1 D2 D3 D4 

empirical formula C36 H23 N3 
C48.50 H31 Cl 

N4 

C48.66 H33.33 Cl1.33 

N4 

C48 H30 N4 

S 

formula wt 497.57 705.22 721.09 694.82 

T, K 173(2)  173(2)  173(2) 173(2) 

crystal system triclinic triclinic  monoclinic triclinic 

space group P-1 P-1 P21/n P-1 

a, Å 8.7173(10)  9.7090(10) 9.307(2) 9.802(2) 

b, Å 10.0100(11)  18.827(2) 42.763(7) 9.955(2) 

c, Å 15.1938(16) 20.776(2) 9.622(2) 19.993(6) 

, deg 77.22(2) 100.20(2) 90 86.39(2) 

, deg 87.25(2) 98.75(2) 98.23(2) 88.39(2) 

, deg 88.99(2) 98.37(2) 90 64.37(2) 

V, Å3 1291.4(3) 3635.6(7) 3790.1(13) 1755.4(8) 

Z 2 4 4 2 

density, Mg/m
3
 1.280 1.288 1.264 1.315 

Μ (Mo K ), mm
-1

 0.075 0.147 1.410 1.139 

θ range, deg 2.34-34.19 2.51-23.23 4.76-50.45 4.43-65.05 

no. of reflcns collected 29027 23996 12797 8425 

no. of unique reflcns 7850 10353 3937 5272 

R(int) 0.0306 0.0220 0.0383 0.0227 

GOF 1.033 1.055 1.047 1.038 

R1 [I > 2σ(I)] 0.0467 0.0624 0.0739 0.0421 

wR2 [I > 2σ(I)] 0.1237 0.1646 0.2190 0.1105 

R1 (all data) 0.0644 0.0799 0.0781 0.0504 

wR2 (all data) 0.1363 0.1816 0.2244 0.1160 
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Table 6-4: Crystal data and structure refinements of Chapter 4 (C3, D5) 

Compound C3 D5 

empirical formula C48.50 H31 Cl N4 C72 H54 N8 O2 

formula wt 705.22 1063.23 

T, K 173(2)  173(2) 

crystal system triclinic  triclinic 

space group P-1 P-1 

a, Å 9.7090(10) 10.123(2) 

b, Å 18.827(2) 11.857(2) 

c, Å 20.776(2) 12.208(2) 

, deg 100.20(2) 107.99(2) 

, deg 98.75(2) 99.32(2) 

, deg 98.37(2) 97.49(2) 

V, Å3 3635.6(7) 1349.7(5) 

Z 4 1 

density, Mg/m
3
 1.288 1.308 

Μ (Mo K ), mm
-1

 0.147 0.080 

θ range, deg 2.51-23.23 2.50-28.32 

no. of reflcns collected 23996 9082 

no. of unique reflcns 10353 6357 

R(int) 0.0220 0.0153 

GOF 1.055 1.027 

R1 [I > 2σ(I)] 0.0624 0.0516 

wR2 [I > 2σ(I)] 0.1646 0.1427 

R1 (all data) 0.0799 0.0632 

wR2 (all data) 0.1816 0.1543 
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