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Abstract 

Molecular self-assembly or ligand-metal assembly is a process in which several 

individual molecules and metal ions organize themselves into an ordered 

arrangement without external stimuli, the defined structures can lead to distinctive 

electronic and photonic performances. In the meantime, as the scale of materials 

decreases, various unique properties arise from their minute scaled dimensions, 

such as surface effect, volume effect, quantum effect and dielectric confinement 

effect, etc. Therefore, the design and fabrication of the micro- and nanomaterial 

via the technique of molecular self-assembly or ligand-metal assembly is 

becoming an emerging research field, for the purpose of meeting the increased 

demands of multi-functional materials. 

Chapter 1 gives an overview of the advanced materials prepared by either 

molecular self-assembly or ligand-metal assembly. We described the interaction 

nature in detail, and enumerated the applications as well as developments of this 

scientific field. Furthermore, the detailed classifications as well as previous work 

of these advanced materials we researched on, such as two dimensional 

nanosheets, hetero-structured materials and cyclometalated iridium(Ⅲ) complexes 

were also amply summarized. 

  Two-dimensional nanosheets have always been a research hotspot since 

graphene was discovered and isolated. In contrast, molecule-based organometallic 

nanosheets through bottom-up method exhibit more inner structures. In Chapter 2, 

we constructed two classes of organometallic nanosheets with different 
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intermolecular forces, one is metal–ligand coordination, while the other one is the 

aromatic (π-π) interaction. Two-dimensional nanosheets with Hg-acetylide 

linkages, bis(dipyrrinato)metal linkages as well as bis(terpyridine)metal linkages 

were synthesized and characterized by UV-Vis absorption spectroscopy, FT-IR 

spectroscopy, optical and electron microscopy, photoluminescence spectroscopy, 

thermal gravimetric analysis, X-ray photoelectron spectroscopy and so on. In 

addition, the potential applications were explored as well, including the tests of 

charge mobility and current capacitance. Meanwhile we also investigated the 

two-dimensional nanosheets self-assembled by aromatic (π-π) interaction. The 

morphology characterizations, crystal form measurements, besides elemental 

analyses were conducted. By means of surface control, the hybrid nanosheets 

could achieve many superior performances, like super hydrophobicity, high 

conductivity and soft magnetism. 

In Chapter 3, we firstly mentioned that organic hetero-structured micro- or 

nanomaterials are widely attractive on account of its extensive applications in 

lasers, bipolar transistors, field effect transistors and solar cells. In our work, we 

focus on the diverse microrods assembled from π-conjugated small molecules, 

especially in the construction of heterogeneous organic heterojunction materials 

with specific components distribution. Two novel kinds of heterostructure, 

multilayer core-shell structured heterojunction and heterogeneous rod-tail helix 

were fabricated and developed both via a stepwise seeded-growth route, in which 

the different constituents possess different colors of luminescence. Through the 
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media of fluorescence microscopy and confocal microscopy, the core-shell hetero- 

structures can be observed, testified and recorded quite distinctly. Furthermore, 

the prepared method by employing seeded-precursor could give us a revelation 

about constructing more sophisticated and functional organic luminescent 

heterogeneous materials. 

Chapter 4 focuses on the syntheses and characterization of eight cyclometalated 

iridium(Ⅲ) complexes, Ir(TPY)2(Dipyrrinato), Ir(PIQ)2(Dipyrrinato), Ir(Ligand 

1)2(Dipyrrinato), Ir(Ligand 2)2(Dipyrrinato), Ir(Ligand 3)2(Dipyrrinato), Ir(PPY)2 

(Dipyrrinato), Ir(m-PPY)2(Dipyrrinato) and Ir(PPY-m)2(Dipyrrinato). As is known, 

iridium(Ⅲ) complexes can exploit the energy of both 25% singlet and 75% triplet 

excited states. Due to their highly efficient applications in phosphorescent OLEDs, 

these materials are considered as one of the potential candidates for flexible 

display screen as well as clearing luminary. Among those full-color light-emitting 

iridium(Ⅲ) phosphors, near-infrared (NIR) phosphors are broadly utilized in 

phototherapy as well as biosensors. Herein, our eight synthetic cyclometalated 

iridium(Ⅲ) complexes all gave photoluminescence at 680 - 700 nm in solution, 

which could be attributed to the NIR region. We continuously tune the extensive 

conjugation on the C^N ligands in order to make longer wavelength emitting 

phosphors. The HOMO and LUMO of eight synthetic iridium(Ⅲ) phosphors were 

also calculated according to their cyclic voltamograms (CV). The design and 

preparation strategy in this thesis can inspire us to develop near-infrared as well as 

higher-performance organometallic phosphors. 
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Chapter 1: Introduction 

1.1 Background 

With the rapid development of science and technology, widespread attention as 

well as interest in the research area of self-assembly especially in the molecular 

dimension is a current phenomenon. The construction of supramolecules with 

micro- or nanostructure is an emerging scientific field which is associated with 

precise manipulation of materials that possess micrometer to nanometer sized 

structural features. As a consequence, this kind of advanced materials could 

achieve more elaborated or sophisticated performance. Molecular self-assembly is 

one of the most commonly used avenues to obtain the supramolecular 

architecture.1 Through this process, the disordered molecules adopt an ordered 

arrangement without guidance or effect from outside field, forming a specific and 

organized structure.2 In this thesis, we mainly talked about self-assembled metal 

complex structures as well as organic heterostructured constructions. Unlike the 

traditional arylene-alkylene unit containing organic polymers, our alkynyl-metal 

conjugated complexes show special properties such as photovoltaic behavior, 

optical nonlinearity responses and liquid crystal properties due to plentiful 

diversity of oxidation states, coordination numbers and geometries in the 

transition metals and rigid conjugation in C≡C bond, specifically speaking, it is 

the hybridization of metal 5d and 6p states with the π and π* orbitals in the 

conjugated ligand to bring about a series of properties.3,4 On the other hand, 

intermolecular overlapping of p-orbitals in π-conjugated systems causes the π-π 
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interaction, with the aid of this interaction, molecules can be stacked layer by 

layer forming specific crystal type supramolecule, by taking advantage of both 

superior properties. The assemblies possess bipolar or dual-synergetic applications 

in photonics, electronics as well as spintronics.5,6 

 

Scheme 1.1 The process of dehydrohalogenation. 

Simultaneously, nanotechnology provides the technique to attain microstructure 

with the scale among nanometers.7 In the academic description, nanomaterial is 

defined as the structure of object with at least one dimension sized between 0.1 

and 100 nanometers. To achieve this, top down & bottom up methods are created 

by scientists with totally opposite approaches to fabricate nanostructrues, one is 

exploited in descending order, the other is assembled in ascending order. As the 

scale of materials decreases, plenty of unique properties arise from their subtle 

scaled dimensions, followed by spacious range of applications, for example, 

nanophotonics,8 nanoelectronics,9 nanomotor,10 nanomedicine11 and so on. No 

wonder people say that nanoscience would bring a revolution to human society,12 

including the area of energy, medicine, manufacture, consumption, etc. 

Accordingly, combining self-assembly with nanotechnology is going to be a 

topical direction in the scientific community.13 To design and prepare micro- or 

nanomaterial which can meet the growing demands of multifunctional 
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applications by the technique of molecular self-assembly will be an inevitable 

trend.14,15 

  

Figure 1.1 “Top-down” and “bottom-up” synthesis of nanofabrication. Copyright 

2015 Institute of Physics. 

1.2 Molecular self-assembly to form supramolecules 

1.2.1 Nature of molecular self-assembly interactions 

  The interaction of molecular self-assembly is a relatively weaker acting force 

with respect to the traditional bonds, like covalent bonds, which belongs to the 

category of supramolecular chemistry that also includes intramolecular folding, 

intermolecular recognition, guest with host chemistry, besides the mechanically 

interlocked molecular architectures and so on. By means of different interactions, 

various shapes and formation of supramolecules with different sizes can be 

produced, commonly e.g. vesicles, micelles and Langmuir few-layered film; 

complicatedly e.g. Borromean rings, DNA origami,89 etc. In general, there are 

approximately eight classes of supramolecular interactions.16 

Ion-dipole interaction can be recognized as the first type of interaction. It is a 

kind of binding between ions and polar molecules, including coordinative bonds. 

Mostly the interaction in nature belongs to electrostatic force, and anion-dipole 
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self-assembly and cation-dipole self-assembly are two main kinds of 

organizations.16 

 

Figure 1.2 Representative structure of ion-dipole interactions: Molecular syringe 

with moving Ag+ by adding acid or base reagent. 

  The second class of interaction, ion-ion interaction, can also be described as 

electrostatic force, a relatively strong interaction even in aqueous solution. The 

receptor’s charges are usually constrained by a cyclic or rigid system which 

creates a cavity that the effector can be bound to it.16 

  For the third acting force, hydrogen bonding is a kind of force that must be 

mentioned. When a hydrogen (H) atom binds to a highly electronegative atom for 

example nitrogen (N), oxygen (O), or fluorine (F), this electrostatic attraction can 

be defined as hydrogen bond. It is quite normal in both inorganic and organic 

molecules, for example water and hydrogen fluoride as well as glycerol and 

carboxylic acid. Moreover it is also the crucial constituent part of organisms, such 

as DNA and proteins.17 
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Figure 1.3 Representative structure of hydrogen bonding in DNA 

The most investigated interaction is supposed to be the metal-ligand 

interactions, in which certain ligands coordinate to the unoccupied orbital of metal 

ions. Detailed classes of metal-ligand complexes are shown in the figure below.16 

In this thesis, the metal-ligand bonds primarily involved are π-donor coordination, 

in which the unpaired or non-bonding electrons donate to the metal unoccupied 

orbitals, forming alkylidyne multiple bond which is called carbyne in terminology. 

  

Figure 1.4 Most common structures of metal-ligand complexes with multiple 

bonds. 

Van der waals force is the fifth interaction, taking an effect between permanent 

dipoles or between instantaneously induced dipoles, or even between a permanent 
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dipole and a homologous induced dipole.16 

Aromatic interaction is also a widely studied force in supramolecule chemistry, 

which consists of cation-π interaction and π-π interaction. The former normally 

exists in the transition metal cations with aromatic and olefinic hydrocarbons like 

ferrocene. The latter one is usually found in π-conjugated system that is caused by 

intermolecular overlapping of p-orbitals.16 

 

Figure 1.5 Crystal structure of a charge-tranfer complex with π-π interaction 

In addition, the hydrophobic effect and miscellaneous effect are another two 

forms of manifestation in supramolecular interactions with no further spreading 

discussion here due to the limited length of the thesis.16 

1.2.2 Applications of molecular self-assembled materials 

  In terms of the applications, molecular self-assembled materials are playing an 

increasingly significant role in a wide variety of domains.16,17 Proceeding from 

chemical compounds, its impacts involve from physics to biology, from energy to 

medicine, the self-assembled structures can be found in the essential components 

of lives, e.g. protein and deoxyribonucleic acid. Additionally, block copolymer 
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melts and lattices of nanocrystal are frequently related to self-assembly as well.2 

Organometallic complexes used for solar cells, biological probe and organic 

light-emitting diodes are all the instances of the self-assembled materials’ 

applications. The 2016 Nobel Prize for chemistry was awarded to three scientists, 

Jean-Pierre Sauvage, J. Fraser Stoddart and Bernard L. Feringa, for their design 

and synthesis of molecular machines, concretely referring to molecular motor and 

nano-robot.18 Nano machines19 can be utilized for energy storage, electronic 

memories, drug delivery and molecular sensor, etc.20 Speaking in detail, the 

scientists can employ the pulses of chemical molecule fuel to transport substrates, 

components and materials into the given orientation. This whole process depends 

on an energy ratchet mechanism (Fig), which is easily and efficiently operated 

with producing poorly waste products.90 Furthermore, self-assembled materials 

are also acting new functions on certain traditional sectors, for example chiral 

catalysis,21 semiconductor and optical devices.17 

 

Figure 1.6 Illustration of molecular rotary motor. Copyright Johannes Richers, 
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www. jorichers.com. 

1.2.3 Developments of molecular self-assembled materials 

To take full advantage of molecular self-assembly as an approach to produce 

various structures of functional materials has attracted considerable interest, and it 

designates the future direction of this field. Some early work is devoted to 

developing and designing systematic methodologies with morphology control for 

the self-assembly of predesigned architecture,1,2 such as grids, helices and other 

infinite ensembles. Recently, more and more researchers focus on the finite closed 

systems, two-dimensional and three-dimensional supramolecular structures with 

well-defined appearance and scale.1 In addition, early chemists comprehensively 

investigate the synthetic process of abiotic and coordination-guided self-assembly, 

nowadays we should rethink and explore the practical values.2 Metallacycles and 

metallacages via molecular self-assembly has been applied in recognition 

chemistry and host-guest chemistry.13 Moreover, ideas acting as microreactors to 

catalyze synthetic reaction has already been proposed and carried out. Biology 

requires superior instruments and tools to implement more complicated operation 

in cells, and these would promote the development of molecular self-assembled 

materials. Further advances in topics like multicomponent self-assembly22 with 

functionalized capabilities are expected to be grown and witnessed. 

In summary, future developments of molecular self-assembled materials will 

continue to concentrate on being capable of performing catalyzer, receptor, 

monitor, driver, transmitter, energy generator, memory reservoir, which would 
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also function on the molecular level, 23 such as building molecular machines and 

engines. 

1.3 Two-dimensional nanosheets 

1.3.1 Categories of nanosheets 

In 2010, Andre Geim and Konstantin Novoselov, the professors of the 

University of Manchester, won the Nobel Prize in Physics “for groundbreaking 

experiments regarding the two-dimensional material graphene”.24 Following this, 

transition-metal chalcogenides have also drawn much attention in the scientific 

community. Actually besides these two types of nanosheets, there are about other 

at least six classes of nanosheets. 

Graphene and graphdiyne must be the most famous two-dimensional 

nanosheets in the carbon family. Due to their tiny overlap between valence and 

conductance band, they show ambipolar electric field effect and excellent charge 

mobility. The devices based upon them are vastly fabricated and investigated for 

the utilizations in the fields of electronics,25,26 photonics,27 plasmonics,28 

spintronics29,30 and so forth. 
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Figure 1.7 Representative structures of carbon family. Copyright 2010 Royal 

Society of Chemistry. 

Boron nitride31 and carbon nitride nanosheet32 is another type of 

two-dimensional material with remarkable mechanical strength and chemical 

stability, but the difficulty of large-scale preparation restricts the practical 

application. 

Phosphorene is a very new two-dimensional semiconductor material reported 

by Chinese scientists in 2014.33 As a member of pnicogen group, allotrope of 

phosphorus, it was successfully used to make the device of field effect transistor 

(FET),34,35 which means phosphorene may become a favorable replacement for 

the conventional silicon materials in electronics. On the other aspect, its optical 

performance36,37 is evidently better than materials like silicon and molybdenum 

sulfide. Photons can directly couple with phosphorene, making it an alternative 

material for the photoelectric devices of next generation. 

 

Figure 1.8 Chemical structures of phosphorene. Copyright 2014 Macmillan 

Publishers Limited. 

The broad applications and creditable functions of two-dimensional 



11 

nano-material have stimulated research into other molecular structures, e.g. metal 

oxides and metal sulfides, which are collectively called transition-metal 

dichalcogenides (TMDCs).38,39 The layer by layer interaction of TMDCs is the 

weak Van der Waals force, while the co-plane bonding is the intense covalent 

bond. Hence, similar to graphene, the bulk TMDCs could be exfoliated down to 

few-layered nanosheets. 

 

Figure 1.9 (a) Schematic illustration of two-dimensional nanosheet-superlattice 

structure: the cyan and violet colored layers refer to MS2/MSe2 and MoS2 

nanosheets. (b) Side view of the MoS2/MX2 superlattice. (c) Top view of the 

MoS2/MX2 superlattice. Copyright 2014 Royal Society of Chemistry. 

The fifth class of nanosheet is the two-dimensional organometallic 

complexes with metal-ligand interaction. Carboxylate–metal coordination is the 

most commonly used bond in metal–organic frameworks (MOFs),40 in which 

appropriate structure can make up two-dimensional extended framework.41,42,43 

Besides, organometallic complexes with the hydroxyl–metal binding and cyano–

metal binding44 can form two-dimensional metal–organic coordination networks 

(MOCNs). The ligands with pyridyl45 as well as thiol46 coordination with metal 

ions are also available alternatives for the construction of two-dimensional 
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architecture. Later on, our group cooperated with Professor Nishihara Hiroshi’s 

research group, reporting an innovative nanosheet consisting of the organic 

component, trilateral semi-porphyrin, and the metallic ion, zinc cation, which is 

called bis(dipyrrinato)zinc (II) nanosheet,47 and the nanosheet comprised by this 

two dimensional complex is the first nanosheet reported with the photofunctional 

property produced by the bottom-up method. 

 

Figure 1.10 (a) Chemical structure of the two-dimensional organometallic 

nanosheet composed of trilateral-thiol ligand with nickel cation. (b) Chemical 

structure of the two-dimensional organometallic nanosheet composed of pyridyl 

ligands with metal ions. Copyright 2014 American Chemical Society. 
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Accompanied by the development of two-dimensional metal–organic 

frameworks (MOFs), corresponding covalent organic frameworks (COFs) have 

been explored as well.48 The strategy of utilizing COFs material offers an 

approach for assembling and arranging organic semiconductors into stable 

networks with molecular precision and wide-bound order.49 Fig. 1.10 presents a 

typical structure of two-dimensional metal–organic frameworks (COFs), and the 

material possesses broad absorbance over the optical spectrum, microporous 

composition proved by nitrogen-adsorption and ability for efficient charge 

transport via the stacked phthalocyanines, showing the prospect for application in 

organic photovoltaic devices.50 

 

Figure 1.11 (a) Reaction route and chemical structure of the two-dimensional 

covalent organic framework, Pc-PBBA COF. (b) Ideal laminated structure with 

square lattice. Copyright 2010 Macmillan Publishers Limited. 

Except two-dimensional metal–organic frameworks (MOFs) and covalent 
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organic frameworks (COFs), in recent years a newly emerging nanomaterial, 

two-dimensional supramolecular organic frameworks (SOFs) gives many 

researchers deep impressions as well. In 2013, Zhang et al. reported a 

solution-phase method of self-assembly to achieve the construction of a 

mono-layered 2D supramolecular organic framework (SOF) with periodic 

hexagonal shape in water.51 They utilized three-way symmetrical ligand with end 

group 4,4′-bipyridin-1-ium (BP) unit to combine with cucurbit[8]uril (CB[8]), 

leading to the formation of in-plane extended and self-assembled framework. The 

interactions between units contain aromatic interactions, Van der Waals forces and 

hydrophobic effect.52 

 

Figure 1.12 (a) Self-assembled process and chemical structure of the 

two-dimensional supramolecular organic framework (SOF) in hexagonal 

extension. Copyright 2013 American Chemical Society. (b) Self-assembled 

process, chemical structure and emitting enhancement of the two-dimensional 
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supramolecular organic framework (SOF) in quadrilateral extension. Copyright 

2015 Royal Society of Chemistry. 

The last description of 2D nanosheet technically refers to thin sheets prepared 

by self-assembled method whose height of the third dimension is much smaller 

than sizes of the other two dimensions. It is not necessary for having the 

analogous 2D extended chemical structure in the molecular scope like the 

above-mentioned seven classes of nanosheet. Just the 2D extended morphology is 

the reason for its classification in 2D nanosheet. Furthermore, the constituents of 

this nanosheet are diverse, according to chemical compositions, and it is divided 

into organic53 and organometallic5,54 sheets. Besides on account of the component 

number, it can be split into single-component53 and multi-component5,54 2D 

nanosheets. 

1.3.2 Preparation method of nanosheets 

There are two main preparation methods towards nanoscale materials, which is 

distinguished by the originated source of materials, the top-down approach and 

the bottom-up approach, respectively. As the term suggests, the top-down 

approach refers to the process of preparing nanostructures starting with the bulk 

structures and taking parts away, while the bottom-up approach means building 

the nanostructures beginning with nanoscale components such as atoms, 

molecules.55 For the top-down approach, the well-known techniques include 

exfoliation, chemical vapor deposition (CVD), physical vapor deposition (PVD),88 

nano slicing, supersonic spray, etc. By contrast, the technique of bottom-up 
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approach is lesser, mainly referring to chemical reaction via binding56 or 

self-assembly via interaction.57,58 Langmuir-Blodgett film-forming method (Fig. 

1.11) is the most representative bottom-up technique to prepare nanosheets.59 

  

Figure 1.13 (a) Schematic illustration of chemical vapor deposition (CVD), 

physical vapor deposition (PVD). (b) Nickel-bis(dithiolene) nanosheet preparation 

by employing Langmuir-Blodgett method at the air/water interface. Copyright 

2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

1.3.3 Applications and developments of nanosheets 

As far as the application of nanosheets is concerned, graphene must be the first 

material that should be emphasized. Its properties are so versatile that it does not 

lose in any material discovered on the earth. Experiments have testified that 

graphene can be recognized as the lightest and the strongest material, with its 

capability of electrical and thermal conductivity better than anything else.60,61 The 

Website of the University of Manchester, the home of graphene, has a pretty 
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brilliant comment, “No other material has the breadth of superlatives that 

graphene boasts making it ideal for countless applications.” To be specific, firstly 

using them as membranes is a meaningful application,61 graphene can effectively 

separate organic contaminants from water and remove liquid from gas to the 

proper standard. Secondly, to combine graphene with existing products, e.g. sport 

equipment, weatherproofing and packaging materials, forming the composite 

materials is another good way to explore its vast potential.61 Next, energy is a 

momentous field to harness the potential of graphene.62 Researchers are dedicated 

to produce graphene batteries and supercapacitors to exert its power for the 

society. Similarly, electronics is also an ample scope for graphene’s talent,60 and 

its bendable and flexible properties are just suitable for the wearable technology. 

Graphene transistors60,61 and semiconductors are manufactured, achieving 

exceptional results. Moreover, scientists have also devoted to develop 

graphene-based sensors as well as miniature biomedical device.62 Accompanied 

by the developments of graphene, researches on the other 2D nanosheets are 

entering a new stage, and people are pleased to compare other 2D materials like 

black phosphorus33, transition-metal dichalcogenides (TMDCs)38 with graphene, 

despite the fact that these materials have their respective specialties. Plenty of 

homologous studies have been carried out,63 here I just give a couple of examples. 

In 2016, a research article in Nature Materials focused on the first work about 

exploiting conductive 2D metal–organic frameworks (MOF) as electrodes for 

supercapacitor. The MOF-based device presents a higher capacitance than those of 
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most carbon-based materials and better capacity retention over ten thousand 

cycles than 90% commercial devices.64 Another example is that Wakahara et al. 

reported utilizing the liquid−liquid interfacial precipitation method to gain a novel 

supramolecular nanosheet composed of C60/Co porphyrin.5 When the C60/ 

CoTMPP nanosheets are incorporated in the field-effect transistors (FETs), they 

show the ambipolar transport characteristics with almost balanced hole/electron 

mobilities. With regard to the developments, turning research into viable 

commercial applications is the most pressing demand of the day, making science 

and technology beneficial for huge areas of industry. 

 

Figure 1.14 a, Structural schematics of the two-dimensional metal–organic 

framework (MOF), Ni3(HITP)2. b, Performance of Ni3(HITP)2 electrodes in the 

supercapacitor cell: cyclic voltammetry at an increasing cell voltage. Copyright 

2016 Macmillan Publishers Limited. 

1.4 Heterostructured materials 

1.4.1 Concept of heterojunction 

Heterojunction means the region that non-analogous crystalline semiconductors 

contact, or more commonly the interface that exists between two layers. Generally, 
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there are two primary descriptions of heterostructure according to different 

interface behaviors, namely homogeneous and heterogeneous heterojunction.  

For the highly efficient energy-transfer pair,65,66 molecular level heterojunction 

cocrystal67,68 with the characteristics of both p-type and n-type semiconductors, 

doping strategy applied in the emitting layer of organic light-emitting diode 

devices (OLEDs)69,70 as well as in the charge-transfer (CT) complex71 for 

luminescent regulation and control, these all could be attributed to the domain of 

homogeneous heterostructured materials. 

 

Figure 1.15 a, Representative heterogeneous heterostructure: device architecture 

of the bulk heterojunction solar cell. Copyright 2013 WILEY-VCH Verlag GmbH 

& Co. KGaA. b, Representative homogeneous heterostructure: schematic 

representation of the architecture of doped energy-transfer pair and the energy 

transfer pathways inside. Copyright 2005 American Chemical Society. 

Meanwhile the dye monolayer or the dye particles deposited on the surface of 

TiO2 in dye-sensitized solar cells (DSSCs)72,73 for absorbing photons and 

producing charge carriers, the multilayered architecture in organic light-emitting 
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diode devices (OLEDs)74 in order to balance charge transport and confine excitons, 

additionally bulk heterojunction solar cells,75,76 multilayer deposition77 of 

inorganic compounds,78 multi-block organic architecture for applications of 

imaging probes and multicolor luminescence6 all could belong to heterogeneous 

heterojunction. 

1.4.2 Manufacture of heterojunction 

Doping method and synchronous crystal growth are the two main strategies to 

realize homogeneous heterojunction, while spin coating, chemical vapor 

deposition (CVD), physical vapor deposition (PVD) and molecular beam epitaxy 

(MBE) technologies are the most usually employed in the construction of 

heterostructure for the sake of accurately controlling height of the deposition as 

well as creating a proper lattice-matched interface. In the recent years, 

heterogeneous heterojunction composed of organic molecules also emerges. 

Graphene derivatives assemble into an organic nanoscale heterostructured 

supramolecule in liquid-phase.79 Tetracyanobenzene combined with polycyclic 

aromatic hydrocarbons (PAHs)6 that could constitute charge-transfer (CT) 

complexes actualize dual-color-luminescent heterogeneous microdumbbells via 

stepwise seeded-growth method. Furthermore, through the way of sequential 

crystallization, the facet-selective growth of π-conjugated molecules coronene and 

perylene forming heterostructured architectures was realized recently.80 

1.4.3 Applications and developments of heterojunction 

Foregoing paragraphs have already mentioned the extensive applications about 
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heterostructured materials, for instance, in the homogeneous heterojunction, 

doping with organic dye molecules in the emitter layer69,70 of organic 

light-emitting diode devices (OLEDs) allows energy to transfer from the host to 

the guest molecule, with the result of tuning the emission wavelength or 

enhancing the efficiency. Furthermore, high-performance organic light-emitting 

diode devices (OLEDs) typically comprise five layers between cathode and 

anode,74 namely hole injecting layer (HIL), hole transporting layer (HTL), 

emitting layer (EML), electron transporting layer (ETL), electron injecting layer 

(EIL). Scientists design and fabricate this architecture with the aim of accurately 

controlling the hole and electron transport as well as confining the diffusion of 

exciton, by this means the energy loss could be reduced to the minimum and 

consequently the optimum device efficiency would be achieved. Thus, the 

structure of organic light-emitting diode devices (OLEDs) simultaneously consists 

of homogeneous heterojunction and heterogeneous heterojunction. In addition, in 

the heterogeneous structure of dye-sensitized solar cells (DSSCs), photon excites 

the sensitizer that is adsorbed into the mesoporous TiO2 to generate exition, then 

the exition dissociates to electron and hole, the electron is injected to the 

conduction band of TiO2, and the hole is transported through electrolyte solution 

to the anode.72 As a result, a complete circuit cycle is formed and the 

heterostructure plays an important role. More than these applications, the 

molecular level cocrystals with photoresponsivity and ambipolar transport 

properties show a promising path to design and develop new versatile materials 
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and devices.73 Dumbbell-like nanoparticles, no matter they are inorganic or 

organic constituents, have exhibited application potentials in catalysis, 

biomedicine and luminescence.81 Recently, Janus TiO2/Si nanotree driven by the 

photoelectrochemical reaction was achieved and it is a big progress of the 

artificial microengine.82 In summary, the developments of heterostructured 

materials are progressing towards more sophisticated and functional direction,83,84 

followed by the industrialization and commercialization.85,86,87 

 

Figure 1.16 (a) Schematic illustration of host–guest structure and energy transfer 

process. Copyright 2013 Royal Society of Chemistry. (b) Schematic device 

structures for the standard bottom-emitting architecture. Copyright 2011 Society 

of Photo-Optical Instrumentation Engineers. (c) Schematic illustration of the 

operation principle for dye-sensitized photovoltaic cell. Copyright 2009 American 

Chemical Society. 
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1.5 Luminescent metal dipyrrinato complexes 

1.5.1 Category of metal dipyrrinato complexes 

Despite the uncoordinated dipyrrins (dipyrromethenes) do not intensively 

luminesce, particular dipyrrinato complexes combined with zinc(II) and BF2 are 

well known to be strongly luminescent complexes. Not only coordinated to zinc 

and BF2 ions, many other metal ions no matter bivalent or trivalent could combine 

with dipyrrinato ligands as well. For example, Van S. Thoi et al. reported that two 

new dipyrrinato fluorescent complexes with green light emission, based upon 

group 13 metal ions: gallium(III) and indium(III).91 To improve the relatively low 

luminescent efficiencies of homoleptic indium(III) tris(dipyrrinato) complexes, 

Shinpei Kusaka et al. designed and synthesized a series of indium(III) complexes 

bearing two new types of dipyrrinato ligands, one structure exhibits a high 

fluorescence quantum yield (QY=0.41) in toluene, which exceeds that value of the 

corresponding BF2 combined complex.92 

 

Figure 1.17 X-ray structures of [Ga(mesdpm)3] (left) and [In(mesdpm)3] (right). 

Copyright 2006 American Chemical Society. 
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  No only group 13 metal ions, but also group 8 to 10 metal ions can combine 

with dipyrrinato ligands, these group elements are generally called platinum group 

metals as well. Raphael H. Lam et al. reported a novel rhodium(I) dipyrrinato 

complex that serves as a catalyst for the terminal alkynes’s hydroalkoxylation 

between molecules.93 Sara R. Halper et al. prepared homoleptic cobalt(III) and 

iron(III) tris(dipyrrinato) complexes, moreover they functionalized the terminal 

atom into nitrogen playing the role of the bridging unit and used silver(I) ions as 

the linking unit to form a novel class of dual-metallic metal-organic frameworks 

(MOFs).94 Seth M. Cohen’s group synthesized heteroleptic dipyrrinato-copper(II) 

complexes from three different dipyrrinato ligands, these complexes could self- 

assemble into linear coordination polymers as well as disconnected hexagonal 

rings during the process of crystallization.95 Besides, Guocan Li et al. reported 

ruthenium(II) complexes bearing dipyrrinato, terpyridine and NCS− ligands. 

These complexes show intensely light-absorbing at visible light region, and can be 

applied as the photosensitive dyes in dye-sensitized solar cell (DSSC).96 Rakesh 

Kumar Gupta et al. reported heteroleptic Ni(II) complexes combined with 

dipyrrinato ligand containing meso-pyridyl substituents, and they were used as 

capping agent during the prepared process of Ag nanoparticles(NPs) as the 

nitrogen element on the dipyrrin core plays the role of functionalizing and 

stabilizing the whole system of nanoparticles.97 The applying example of nickel(II) 

dipyrrinato complexes is not firstly published, early in 2012, Prof. Daya Shankar 

Pandey’s lab synthesized 5‑ferrocenyldipyrromethene and utilized it as an 
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energetic ligand to react with precursor metal complexes [Ni/Pd(dtc)2] (dtc = 

dedtc, dipdtc or dbdtc), resulting in the coordination between dipyrrinato ligands 

and group 10 metal ions.98 

 

Figure 1.18 a, Selected periodic table of metal elements that could combined with 

dipyrrinato ligand. b, X-ray structures of Cu(II) dipyrrinato complexes. c, X-ray 

structure of Co(III) dipyrrinato complex. d, X-ray structure of Fe(III) dipyrrinato 

complex. e, X-ray structure of Ru(II) dipyrrinato complex. f, X-ray structure of 

Rh(I) dipyrrinato complex. g, X-ray structure of Ni(II) dipyrrinato complex. 

Copyright American Chemical Society and Royal Society of Chemistry. 
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Even the group 7 metal ion such as rhenium(I) was firstly reported to combine 

with dipyrrinato ligand by Shane G. Telfer’s lab, leading to making a novel class 

of organometallic complexes. Via several steps of reactions, the reactant started 

from [Re(CO)5Cl] to [ReL(CO)3Cl]−, then transferred to [ReL(CO)3PR3], and 

finally [ReL(CO)2(PR3)(PR′3)]. All the complexes exhibit visible light region 

absorbance at 472−491 nm and show different luminescent properties.99 

 

Figure 1.19 Synthetic routes of rhenium(I) dipyrrinato complexes (left) and 

corresponding crystal structures (right). Copyright 2012 American Chemical 

Society. 

1.5.2 Iridium(III) dipyrrinato complexes 

Although there is a number of reports on various metal dipyrrinato complexes, 

the research on Ir(III) dipyrrinato complexes are rarely published, only Kenneth 

Hanson et al. reported a series of seven dipyrrinato coordinated bis-C^N-ligands 

cyclometalated iridium(III) complexes, and their electrochemical as well as 

photophysical properties were characterized. The cyclic voltamograms of these 

complexes all show onefold, irreversible oxidation wave as well as at least one 

reversible reduction wave. The photoluminescence spectra exhibit deep red light 

emission from 658 to 685 nm at room temperature, besides the high quantum 
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yield is up to 11.5% on account of dipyrrin-based metal center’s triplet state 

phosphorescence. The organic light emitting diodes (OLEDs) performance were 

also measured, therein the device with iridium(III) 5-phenyldipyrrinato complex 

combined to another two 1’-(4,5-methylenedioxophenyl)pyrazolato-C^N ligands 

acting as emitting layer displays emission at 682 nm with maximum external 

quantum efficiencies as high as 1.0%.100 

 

Figure 1.20 Structures of Ir(III) dipyrrinato complexes and corresponding crystal 

structures. Copyright 2010 American Chemical Society. 

1.5.3 Applications of metal dipyrrinato complexes 

  The most common metal dipyrrinato complex is Zn(II) dipyrrinato complex, by 

designing and synthesizing bi(dipyrrinato) or tri(dipyrrinato) ligands. Regarding 

metal Zn(II) as the linker, this kind of complex can be used as chiroptical wire 

which possesses one-dimensional (1D) topological structure101 or photoelectric 
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nanosheet that has two-dimensional (2D) topological structure.43 The complex 

wire performs circularly polarized luminescence while the complex sheet shows 

the photoelectric conversion performance. Compared with Zn(II) ion, group 13 

metal ions, gallium(III) and indium(III), combined with dipyrrinato ligands could 

form more stable organometallic luminescent complexes,91 with well-behaved 

fluorescent properties as well as longer life-time, these kinds of complexes show a 

great potential as fluorophores. One particular example was reported by Hiroshi 

Nishihara’s group that synthesized a heteroleptic indium(III) complex containing 

the dipyrrinato ligand with frontier orbitals that are associated to suppression of 

nonemissive charge-separated states, exhibits a high fluorescence quantum yield 

(QY=0.41) in toluene,92 which exceeds that value of the corresponding BF2 

combined complex. Let’s move our attention to the group 8 to 10 metal ions, Rh(I) 

dipyrrinato complex can act as catalyst to achieve terminal alkynes’ 

intermolecular hydroalkoxylation.93 The MOF structures based on Fe(III) or 

Co(III) tris(dipyrrinato) complex with silver(I) ions as the linker demonstrate the 

potential applications on incorporating magnetic or fluorescence irradiated area.94 

In addition, Ru(II) dipyrrinato complex could be applied as the photosensitive 

dyes in dye-sensitized solar cell (DSSC) with a very long wavelength 

photoresponse.96,102 Meanwhile the nickel-based or palladium-based dipyrrinato 

complexes can show selective redox and chromogenic sensing for Pb2+ or Hg2+ 

ions.98 What’s more, by means of fluorine-fluorine interactions, 

[Cu(II)(dipyrrinato)(acac)] can self-assemble to linear coordination polymers or 
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disconnected hexagonal rings, which provides a strategy to well tune the structure 

of crystalline materials, probably influences the solid-state absorbance and 

emission.95 Group 7 metal ion Re(I) dipyrrinato complexes possessing photostable 

visible light luminescence with tunability of ligand coordinated structures have 

been proved, therefore the investigation of these materials as components of 

photochemical devices are ongoing.99 Last but not least, Ir(III) bis-cyclometalated 

complexes with different functional group modified dipyrrinato ligands could 

actualize deep red or near infrared emission, the practice and application for the 

organic light emitting diodes (OLEDs) have been conducted, and more explicit 

information will be discussed in Chapter 4.100 
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Chapter 2: Two-dimensional Nanosheets with Functional Performances 

Assembled by Metal-ligand or Aromatic (π-π) Interaction 

2.1 Introduction 

Two-dimensional nanomaterial is one of the current research hotspots, having 

already drawn considerable attention and interest in the scientific community. 

Among them the most famous material must be the member of carbon family, 

graphene.1 Due to the nanoscale in the third dimension, graphene possesses plenty 

of superior properties, for example as excellent conductors applied in plasmonics,2 

spintronics,3,4 photonics5 and electronics.6,7 In contrast molecule-based 

organometallic nanosheets through bottom-up method exhibit more inner 

structures as well as more versatile performances.8-14 Among them the 

two-dimensional nanosheet assembled by metal-ligand interaction is a primary 

type. As have described in the first chapter, reaction-driven or coordination-driven 

is the two main power sources of self-assembly in the metal-ligand interaction, 

and because of this, the field is very vibrant and plentiful.  

In this chapter, I will dwell on the work about two-dimensional nanosheets 

assembled by metal-ligand interactions, which comprise two kinds of two- 

dimensional nanosheets, the nanosheet with Hg-acetylide linkages as well as 

nanosheet with Pt-triethyl/butylphosphine-acetylide linkages, respectively. The 

synthetic procedure of ligands, the preparation method of interfacial reaction, 

related characterization and potential application would be introduced in detail. 

Here I will show the mechanism of reaction. 
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Scheme 2.1 The reaction mechanism of dehydrohalogenation between terminal 

acetylene and platinum halides catalyzed by copper iodide in amine solvents. 

In the meantime, aromatic (π-π) interaction is another common acting force in 

self-assembly, comprising cation-π interaction and π-π interaction. The π-π 

interaction is usually found in π-conjugated system that is caused by 

intermolecular overlapping of p-orbitals. Through given induction, we can 

assemble molecules into specified orientation, especially if controlled growth in 

two dimensions, the final morphology will receive the sheet or film appearance. 

For example, frequently-used 8-hydroxyquinoline zinc (Znq2) can readily realize 

two-dimensional (2D) hexagonal microsheets through a mixed solvent induced 

self-assembly method, which possesses 2D optical waveguiding properties.15 In 

addition, with the assistance of surfactant CTAB templates, the two-dimensional 

single-crystalline nanosheets of perylene with different uniform shapes were 

prepared by a simple reprecipitation method.16 These are typical mono-component 

thin sheets that are organometallic sheet and pure organic sheet respectively. 

Meanwhile, the liquid-liquid interfacial precipitation method can achieve 

supramolecular nanoarchitecture, hybrid nanosheets composed of fullerene and 

ferrocene.17 Besides, fullerene and cobalt porphyrin hybrid nanoarchitecture is 
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also reported, which is prepared by liquid-liquid interfacial precipitation method 

as an ambipolar charge transporting material.18 

Herein, inspired by this strategy, some novel systems constituted by new donor 

and acceptor molecules were designed and prepared. Furthermore, the prepared 

nanosheets were fully characterized by SEM, TEM, XRD and so on, together with 

the test measured in hydrophobicity, ferromagnetism and conductivity, showing 

their potential application in spintronics and electronics. 

2.2 Two-dimensional nanosheet with extensive Hg-acetylide linkages 

2.2.1 Ligands synthesis 

General information: All the reactions were carried out under an atmosphere of 

nitrogen using standard Schlenk Techniques, and the reactions were monitored by 

thin-layer chromatography (TLC) with Merck pre-coated glass plates. Compounds 

were visualized under UV light irradiation at 254 nm or 365 nm. Purification of 

the products was achieved through the silica column chromatography with 

hexane/dichloromethane mixed solvents. 1H NMR and 13C NMR spectra were 

recorded in CDCl3 or DMSO-d6 solvent on a Bruker AM400 spectrometer, which 

are calibrated using residual undeuterated solvent peaks as an internal reference. 

Chemical shift (δ) is reported in ppm and coupling constant (J) is expressed in 

Hertz (Hz), besides the following abbreviations are used to indicate the 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 

broad. Mass spectra were obtained on a Bruker Autoflex matrix assisted laser 

desorption ionization time-of-flight mass spectrometer (MALDI-TOF MS). 
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Materials: All the reagents were purchased from Aldrich, TCI or DKM, and 

used without further purification. All the solvents were used directly without any 

treatment but anhydrous reactions use solvents which were dried and distilled 

from appropriate drying agents if necessary. 

For the nanosheet with extensive Hg-acetylide linkages, we synthesized 

trilateral acetylenic ligand L1, 1,3,5-triethynylbenzene and quadrilateral acetenyl 

ligand L2, 5,10,15,20-tetra(4-ethynylphenyl)porphyrin-zinc(II) to react with 

mercury ions for the purpose of forming the Hg-acetylide linkages, the chemical 

structures and synthetic route of 1,3,5-triethynylbenzene L1 and 5,10,15,20- 

tetra(4-ethynylphenyl)porphyrin-zinc(II) L2 is outlined in Scheme 2.2 and 2.3. 

 

Scheme 2.2 Synthesis route and chemical structure of 1,3,5-triethynylbenzene L1. 

1,3,5-Triethynylbenzene L1. Tribromobenzene (1.28 g, 4 mmol), PdCl2(PPh3)2 

(0.14 g, 0.2 mmol) and CuI (38 mg, 0.2 mmol) were placed into a round bottom 

flask and was degassed with nitrogen for 0.5 h. Then 75 mL THF and 10 mL 

iPr2NH were added, and the mixture was continuously blown with nitrogen. Then 

ethynyltrimethylsilane (1.57g, 16 mmol) was added and the mixture was heated to 

60oC overnight. The reaction was quenched with water and extracted with DCM. 

The organic layer was washed with 2 M HCl (aq), water and dried over NaSO4. 

The crude mixture was purified by column chromatography (hexane) affording 

the intermediate, 1,3,5-tris[(trimethylsilyl)ethynyl]benzene in 80% yield (white 
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crystals, 1.2 g, 3.27 mmol). 1H NMR (400 MHz, CDCl3): δ 7.49 (s, 3H), 0.24 (s, 

27H). 13C NMR (100 MHz, CDCl3): δ 135.1, 123.8, 103.3, 95.7, -0.0. 

Then the product, 1,3,5-tris((trimethylsilyl)ethynyl)benzene (1.2g, 3.27 mmol) 

was dissolved in a 50 mL 1:1 mixture of THF:MeOH, this solution was degassed 

with nitrogen before K2CO3 was added and the mixture stirred at room 

temperature for 3 hr, after which time it was passed through a short-plug of SiO2, 

and solvent was removed, providing a white solid with 62% yield (white solid, 

304.7 mg, 2.03 mmol). 1H NMR (400 MHz, CDCl3): δ 7.57 (s, 3H), 3.10 (s, 3H). 

13C NMR (100 MHz, CDCl3): δ 135.8, 123.1, 81.7, 78.8. 

 

 

Figure 2.1 1H NMR spectrum of 1,3,5-tris((trimethylsilyl)ethynyl)benzene in 

CDCl3. 
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Figure 2.2 13C NMR spectrum of 1,3,5-tris((trimethylsilyl)ethynyl)benzene in 

CDCl3. 

 

Figure 2.3 1H NMR spectrum of 1,3,5- triethynylbenzene in CDCl3. 
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Figure 2.4 13C NMR spectrum of 1,3,5- triethynylbenzene in CDCl3. 
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Scheme 2.3 Synthesis route and chemical structure of 5,10,15,20-tetra(4- 

ethynylphenyl)porphyrin-zinc(II) L2. 

5,10,15,20-Tetra(4-ethynylphenyl)porphyrin-zinc(II) L2 A solution of CuI 
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(0.28 g, 1.5 mmol), PdCl2(PPH3)2 (1.4 g, 2 mmol)and 4-bromobenzaldehyde (7.6 

g, 41 mmol) in a mixture of 135 mL dry THF and 15 mL triethylamine was 

prepared in a round-bottom flask degassed and stirred under N2 at room 

temperature. Trimethylsilylacetylene was added, and the reaction was stirred at 65 

oC overnight. The crude mixture was worked-up as well as purified by silica gel 

column chromatography providing 4-[(trimethylsilyl)ethynyl]-benzaldehyde in 75% 

yield (pale yellow solid, 6.2 g, 30.6 mmol). 1H NMR (400 MHz, CDCl3): δ 9.69 (s, 

-HCO, 1H), 7.51-7.49 (d, 2H, J = 8.4 Hz), 7.30-7.28 (d, 2H, J = 8 Hz), 0.00 (s, 

Si-(CH3)3, 9H). 

4-[(trimethylsilyl)ethynyl]-benzaldehyde (4.6g, 22.7 mmol) was added into 

propionic acid in the dark. Pyrrole was added and the reaction was stirred and 

refluxed at 140oC for 2 h. Then the solution was cooled down to room temperature, 

filtered and washed with methanol until the filtrate turned colorless. Finally the 

purple filter cake (50%, 2.83g, 2.84 mmol) was obtained. 1H NMR (400 MHz, 

CDCl3): δ 8.82 (s, 8H, β-pyrrole), 8.15-8.13 (d, 8H, o-ArH, J = 8.4 Hz), 7.88-7.86 

(d, 8H, m-ArH, J = 8.4 Hz), 0.38 (s, 36H, SiMe3), -2.84 (s, 2H, pyrrole NH). 13C 

NMR (100 MHz, CDCl3): δ 0.21, 31.09, 95.81, 105.07, 119.75, 122.88, 130.52, 

134.51, 142.38. 

Intermediate 5,10,15,20-tetrakis-(4-[(trimethylsilyl)ethynyl]phenyl)porphyrin 

(2 g, 2 mmol) was then dissolved in dry dichlormethane (25 mL) under nitrogen 

and excessive Zn(OAc)2 in dry methanol (5 mL) was added to the solution. The 

reaction was stirred at room temperature overnight, washed with 5% NaHCO3 
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(3×200 mL), water (2×200 mL), and dried over anhydrous Na2SO4. The solvent 

was evaporated to afford the pre-product 5,10,15,20-tetrakis-(4-[(trimethylsilyl) 

ethynyl]phenyl)porphyrin-zinc(II) in 71% yield (purple solid, 1.5 g), which was 

further reacted to the final product without purification procedure. 1H NMR (400 

MHz, CDCl3): δ (ppm) 0.38 (Si-CH3, s, 36H), 7.86 (m-ArH, d, 8H, J = 8.4 Hz), 

8.13 (σ-ArH, d, 8H, J = 8.4 Hz), 8.91 (Pyrrole-H, s, 8H); 13C NMR (100 MHz, 

CDCl3): δ (ppm) 0.01, 95.39, 104.95, 120.48, 122.38, 130.17, 131.90, 134.16, 

142.82, 149.83. 

Tetrabutylammonium fluoride (1.83 g, 7 mmol, 5 eq) in dry THF was added to 

a solution of 5,10,15,20-tetrakis-(4-[(trimethylsilyl)ethynyl]phenyl)porphyrin-zinc 

(II) (1.5 g, 1.4 mmol) in dry THF under a nitrogen atmosphere with vigorous 

stirring. After 2 h, glacial acetic acid was added and the reaction mixture was 

extracted with CHCl3, solvent evaporated to afford the final product in 73% yield 

(purple solid, 0.8 g). 1H NMR (400 MHz, DMSO-d6): δ (ppm) 4.45 (s, 4H), 

7.89-7.91 (m-ArH, d, 8H, J = 8 Hz), 8.17- 8.19 (o-ArH, d, 8H, J = 8 Hz), 8.81 (s, 

8H); 13C NMR (100 MHz, DMSO-d6): δ (ppm) 81.19, 82.99, 119.05, 120.4, 129.4, 

131.15, 133.79, 142.63, 148.46. MS (MALDI-TOF) [m/z]: found 772.0451, 

calculated 772.1605 (C52H28N4Zn). 
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Figure 2.5 1H NMR spectrum of 4-[(trimethylsilyl)ethynyl]-benzaldehyde in 

CDCl3. 

 

Figure 2.6 1H NMR spectrum of intermediate 5,10,15,20-tetrakis-(4-[(trimethyl 

silyl)ethynyl]phenyl)porphyrin in CDCl3. 
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Figure 2.7 13C NMR spectrum of intermediate 5,10,15,20-tetrakis-(4-[(trimethyl 

silyl)ethynyl]phenyl)porphyrin in CDCl3. 

 

Figure 2.8 1H NMR spectrum of 5,10,15,20-tetrakis-(4-[(trimethylsilyl)ethynyl] 

phenyl)porphyrin-zinc(II) in CDCl3. 
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Figure 2.9 13C NMR spectrum of 5,10,15,20-tetrakis-(4-[(trimethylsilyl)ethynyl] 

phenyl)porphyrin-zinc(II) in CDCl3. 

 

Figure 2.10 1H NMR spectrum of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin- 

zinc(II) in DMSO-d6. 
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Figure 2.11 13C NMR spectrum of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin- 

zinc(II) in DMSO-d6. 

2.2.2 Prepared and transferred method of the two-dimensional structured 

materials 

Our group once reported a series of thermally stable platinum(II) and 

mercury(II) poly-yne polymers by Hagihara dehydrohalogenation reaction of the 

corresponding metal chloride precursors with organic ligands with bilateral 

acetylene.19,20 Following this strategy, the two pre-synthetic acetylenic ligands 

was used to react with mercury ions by means of two prepared methods, one is 

bulk reaction, the other is synthesis at the water/oil interface. 
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Figure 2.12 Schematic illustration of the water/oil interfacial syntheses as well as 

bulk reactions of nanosheets. 

The bulk reaction is simply reaction in one homogeneous phase, while the 

detailed implementation of two phase synthesis is using an aqueous mercury(II) 

chloride solution (lower layer) and a n-hexane solution of 1,3,5-triethynylbenzene 

or a toluene solution of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin-zinc(II) 

(upper layer) to synthetize a polymeric sheet. Then a spontaneous reaction at room 

temperature led to the generation of polymeric sheet at the two-phase interface. 
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Figure 2.13 a. Photograph of synthetic process and the polymeric sheet S1 with 

trilateral extension at the two-phase interface; b. Photograph of synthetic process 

and the polymeric sheet S2 with quadrilateral extension at the two-phase interface. 

The polymeric sheet S1 synthesized by 1,3,5-triethynylbenzene and mercury 

ions appeared as a white film, by contrast the polymeric sheet S2 synthesized by 

5,10,15,20-tetra(4-ethynylphenyl)porphyrin-zinc(II) and mercury ions appeared as 

a purple film, and as time goes on, the thickness increased. The photograph of 

synthetic process and the polymeric sheet at the two-phase interface is shown in 

Figure 2.13, the upper figure shows the process of 1,3,5-triethynylbenzene 

reacting with mercury ions while the lower one shows the process of porphyrin 

ligands reacting with mercury ions. 

After synthesis of the two-dimensional nanosheet, there are also two methods to 

transfer the sheets onto the substrate. As shown in the figure, one is transfer the 

sheet top down, move the substrate from the upside and make it attach to the sheet 

at the interface, then due to the physical interaction of similar compatibility, some 

layers exfoliated from the bulk sheet will stick to the substrate, the other approach 

is to put the substrate at the bottom of vial beforehand, after the formation of the 

interfacial sheet, using the needle cylinder to draw away the solvent, then the 

sheet will settle down onto the substrate spontaneously. Even having transferred 

the nanosheets on the substrate, the work is not yet finished, and the uncleared 

sheets should be immersed in ethanol for over 48 hours before further 

characterizations in order to remove the residual ligand and metal salt. 
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Figure 2.14 Schematic illustration of transferring the nanosheet on the substrate. 

2.2.3 Characterization of the two-dimensional structured materials 

Besides the preparation of these two kinds of polymeric nanosheets, S1 and S2, 

the corresponding polymeric powders P1 and P2 are also synthesized in order to 

compare the properties. The chemical structures of the three-way acetylenic ligand 

L1 and its corresponding Hg-acetylide complex nanosheet S1 as well as the 

four-way acetylenic ligand L2 and its corresponding Hg-acetylide complex 

nanosheet S2 are shown in Figure 2.15. 

 



60 

Figure 2.15 Chemical reactions and structures of the three-way acetylenic ligand 

L1 and its corresponding Hg-acetylide complex nanosheet S1, as well as the 

four-way acetylenic ligand L2 and its corresponding Hg-acetylide complex 

nanosheet S2. 

Related characterizations were conducted. The UV-vis absorption spectra of 

two ligands and their corresponding two-dimensional structures were measured. 

For the 1,3,5-triethynylbenzene L1, as a small conjugated molecule, it shows a 

typical absorption in the ultraviolet range from 200 to 260 nm, by comparison, the 

5,10,15,20-tetra(4-ethynylphenyl)porphyrin-zinc(II) L2 shows a typical porphyrin 

absorption in the visible light region due to their highly conjugated skeleton, one 

major peak at 420 nm known as the Soret or B band, followed by two minor peaks 

at 550 and 580 nm referred to as the Q bands.21 Moreover, the insertion/change of 

metal atoms into the porphyrin ring core, protonation of the two inner nitrogen 

atoms or large-scale polymerization of porphyrin monomers usually strongly 

change the visible absorption spectrum. So let’s see the Figure 2.14c, we can find 

that the corresponding two-dimensional structures show a highly different 

absorption band but remain the diagnostic feature, which remain the ultraviolet 

absorption for the 1,3,5-triethynylbenzene based three-way 2D structure and three 

diagnostic absorption bands for the porphyrin ligand based four-way 2D structure, 

but both much wider band with the red shift feature. These may possibly suggest 

the layer by layer aggregation or Hg···Hg or π-π stacking interactions among the 

two-dimensional structures. 
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Figure 2.16 a. UV-vis absorption spectrum of 1,3,5-triethynylbenzene L1 in DCM 

solution; b. UV-vis absorption spectrum of 5,10,15,20-tetra(4-ethynylphenyl) 

porphyrin-zinc(II) L2 in DCM solution; c,d. UV-vis absorption spectra of L1 

based three-way structure and L2 based four-way structure in solid state. 

The thermal properties of as-prepared organometallic polymers were explored 

by thermal gravimetric analysis (TGA). The testing samples were dried in oven at 

60oC for 24 h beforehand in order to remove trapped solvents and moisture. From 

the TGA curves, we can see that the decomposition temperatures of polymeric 

powder P1 and sheet S1 are similar, at about 230 oC. This is the proof that they 

possess the same structure, with extensive Hg-acetylide linkages. It was also 

found that four way structured powder P2 and sheet S2 share the similar 

decomposition temperature with three way structured P1 and S2, which also 

decompose simultaneously as the temperature is close to 230oC. Combining the 

thermal results of two configurations, we suppose the decomposition temperature 

of Hg-acetylide structure is around 230 oC. 
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Figure 2.17 TGA plots of the trilateral polymeric powder P1 and sheet S1, as well 

as the quadrilateral polymeric powder P2 and sheet S2 with a heating rate of 10 oC 

min-1 under an N2 atmosphere. 

Since acetenyl group can easily react with mercury ions and the resulting 

polymers are insoluble in organic solvent, Fourier transform infrared (FT-IR) 

spectrometer was used to explore the structural information. According to the 

reference, two characteristic peaks in the spectrum of metal porphyrin assigned to 

C−H stretching and C≡C triple bond vibration would disappear after the 

formation of polyporphyrin polymers. However, in the organometallic polymers 

the formation of Hg-acetylide linkages can be confirmed by the peak at 2145 cm-1 

corresponding to triple bond vibration in C≡C−Hg group. The peak at 800 cm−1 

~ 880 cm−1 is the characteristic peak of δ C-H on the benzene ring. In the 

spectrum of P1, ~ 3289 cm−1 is the characteristic peak of ≡C−H, but it does not 

exist in the S1. We can infer the two-dimensional extended structure in S1 is 
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comparatively broader than the powder P1 so that the feature of ≡C−H does not 

emerge. The peak at 1600 cm−1 ~ 1450 cm−1 and around 3000 cm−1 are the 

characteristic peak of benzene ring’s framework vibration, C=C stretch in phenyl, 

C=C stretch in porphyrin and the C−H stretch in phenyls, respectively. For P2 and 

S2, the peak at 3450 cm−1 is the characteristic peak of pyrrolyl ring as well as 

remnant water in KBr. 

 

Figure 2.18 FT-IR spectra of two-dimensional organometallic polymers. Three- 

way structured materials P1 (black) and S1 (red), four-way structured materials P2 

(blue) and S2 (magenta). 

XPS was conducted for the organometallic polymers to assess its characteristic 

element (Hg) and their bonding properties by using CasaXPS Software to analyze 

the spectra with calibration of C 1s peak at 284.6 eV. Binding energy of 

organometallic polymers P1 and S1 with trilateral extension, by contrast, is 

approximately 1.4 eV larger than four-way polymers P2 and S2. The extra 

coulombic interaction between the core of ion and the X-ray emitted electron 
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results in a higher binding energy, representing a higher positive oxidation state. 

Thus the chemical shift could be explained by the greater degree of electron 

conjugation in the three-way structure. It can be also inferred that the shared 

electron pair of Hg-acetylide in the three-way organometallic polymer is more 

partial to the acetylide group than in the four-way organometallic polymer. What 

is more, for both the three-way and four-way polymers, the relative intensity of 

Hg 4f7/2 in powder is always higher than that in film, probably because of the 

more layered stacking and greater electron density in the powder. Besides the 

atomic concentration integrated from the peak area is roughly consistent with the 

theoretical value of C:Hg = 8:1 (88.62:11.38 and 86.01:13.99) for three-way 

polymeric sheet S1. In terms of powder, the mercury concentration is slightly 

lower possibly due to the imperfect structure which is not as extensive as 

anticipated, or the small size is not large enough to achieve the theoretical value. 

 

Figure 2.19 Narrow-scan XPS focusing on the Hg 4f7/2 region. Three-way 

polymer P1 (black) and S1 (blue), four-way polymer P2 (magenta) and S2 (cyan). 
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Figure 2.20 Morphology and microscopic analysis of organometallic polymer 

with trilateral extension. (a) Optical microscopic image of S1 on a slide substrate. 

(b) Scanning electron microscopic images of S1 on silicon wafer. (c) Transmission 

electron microscopic images of S1 on Cu grid (no carbon film covered). (d) TEM 

energy dispersive spectrometer (EDS) elemental analysis of S1. 

Optical microscopic images (Figure 2.20, a) reflect trilateral polymeric sheet S1 

which has a flat, uniform, film-like morphology and the sheet structure can be 

confirmed by the appearance of cracks and wrinkles as well, which is consistent 

with the result of scanning electron microscope (Figure 2.20, b). According to 

transmission electron microscopic images, the appearance of multilayered stack 

and fold (Figure 2.20, c) exhibits more evidence for the sheet morphology. 

Furthermore, energy dispersive spectrometer (EDS) elemental analysis reveals 

that the polymeric sheet S1 consists of carbon (C), copper (Cu) and mercury (Hg) 

(Figure 2.20, d). The height and its nano feature were characterized by atomic 
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force microscope (AFM) as well. It revealed the flat sheet texture of both 

multilayered and few-layered sheet. A cross section analysis traversing the edges 

of sheets demonstrated that the height of multilayered sheet is about 50 to 60 nm, 

while the height of few-layered sheet is just as high as 2 nm, which can be 

considered as single-layer. 

 

Figure 2.21 Atomic force microscopy for polymeric sheet S1 with trilateral 

extension: a, Atomic force microscopic image of multilayered sheet on Si 

substrate and its cross-section analysis along four colored lines. b, Atomic force 

microscopic image of few-layered sheet on Si substrate and its cross-section 

analysis along four colored lines. 

In terms of quadrilateral polymeric sheet S2, as we can see the polymerization 

process is distinct to observe, after adding the initiator iPr2NH, the upper violet 

solution started to turn colorless from the top down. The color is concentrated at 

the oil/water interface, meaning that the interfacial reaction attracts the ligand in 

the whole solution and draw them to react with mercury ions at the interface 

(Figure 2.22, b). And then when we transfer the sheet out of the vessel, it is 

interesting that the multi-layered sheet S2 can even be clamped by the tweezers 

(Figure 2.22, a), illustrating the impressive strength of the sheet. Transmission 
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electron microscopic images show the similar feature as sheet S1 with 

multilayered stack and fold. Moreover, elements such as carbon (C), nitrogen (N), 

zinc (Zn), mercury (Hg) were detected from energy dispersive spectrometer 

(Figure 2.22, c). 

 

Figure 2.22 Morphology and microscopic analysis of organometallic polymer 

with trilateral extension. (a) Photographs of the polymeric sheet S2 clamped by 

tweezers. (b) Photographs of synthetic process of S2. (c) Transmission electron 

microscopic images of S2 on Cu grid (no carbon film covered) and its energy 

dispersive spectrometer (EDS) elemental analysis of S2. 

Furthermore, SEM/EDS mapping results also prove our deduction. Elemental 

maps can be obtained for every element we are interested and utilize varying color 

intensities to visually exhibit the concentrations of a specific element across the 

area being selected. From Figure 2.23 it can clearly identify the distribution as 

well as concentration of the element of interest, silicon, carbon and mercury. The 

area without our nanosheet cover shows the intense signal of substrate Si, while 

the area attached with our nanosheet with extensive Hg-acetylide linkages diplays 
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the intense signal of constituent C & Hg. We did parallel measurements three 

times with different prepared samples, and the coincident results indicate synthetic 

repeatability of the two dimensional structures. 

 

Figure 2.23 SEM/EDS mapping of phenyl-acetylide-Hg and porphyrin-acetylide- 

Hg nanosheets for the element Si, C & Hg. 

2.2.4 Potential application and device fabrication 

For the potential application of the sheets with extensive Hg-acetylide linkages, 

because of the large plane conjugation, we measured the sheets’ charge mobility 

as well as supercapacitor performance. The charge mobility measurement was 

implemented by Professor Tsuneaki Sakurai in Kyoto University and the 

technique utilized to test the samples is called flash-photolysis time-resolved 

microwave conductivity which can also be abbreviated as FP-TRMC. Meanwhile 

the supercapacitor performance of two two-dimensional structures was measured 

at the CHI800D electrochemical analyzer of CH Instruments Ins. at room 

temperature under air atmosphere in solid state. 
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Figure2.24 Conductivity transients observed for C-Hg-G (polymeric sheets with 

trilateral extension) and C-Hg-w (polymeric sheets with quadrilateral extension) 

upon exposure to 355 nm pulses at 9.1 × 1015 photons cm-2. 

In a typical TRMC experiment separated charge-carriers, which are generated 

by a laser pulse, lead to a perturbation of the initial microwave absorbance. The 

temporal decay of the conductivity signal (i.e. microwave absorbance) reflects the 

lifetime of the photo-generated carriers. The samples were prepared by dispersing 

the solids in a toluene solution of polymethyl methacrylate (PMMA), and then the 

mixture was drop-casted onto a quartz plate, The role of PMMA is to stick to the 

quartz substrate as the powder itself cannot stick to the substrate, besides PMMA 

does not affect the electrical property of the target powder samples. For insoluble 

powder samples, transient absorption spectroscopy measurements are unavailable, 

thus it is difficult to evaluate the exact value of hole/electron mobility. For the 

polymeric sheets with trilateral extension, there is an average value, 4.9 × 10-6 

cm2/Vs for reference, while for the polymeric sheets with quadrilateral extension, 

the value is 4.7 × 10-7 cm2/Vs. Though the charge mobility is not as high as 
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expected, and it may indicate that this type of materials which possesses 

Hg-acetylide linkages has the potential application in the semiconductor field. 

On the other hand, in order to test the supercapacitor performance of designed 

≡C-Hg-C≡ organometallic materials, we also prepared the nickel(Ⅱ) centric and 

cobalt(Ⅱ) centric porphyrin ligand coordinated two-dimensional structured bulk 

products with Hg-acetylide linkages, the chemical structures are shown as follows, 

and detailed synthetic process is given in section 2.3 for reference. 

 

Figure 2.25 Chemical structures of Porphyrin-Ni(II)alkynyl-Hg and Porphyrin- 

Co(II)alkynyl-Hg two-dimensional framework materials. 

Electrode Fabrication. Electrodes for supercapacitors were prepared by mixing 

the bulk materials Hg-acetylide linkages, acetylene black (carbon black) and 

poly(tetrafluoroethylene) (PTFE, 60% dispersion in H2O) in a mass ratio of 

80:10:10 with ethanol using a mortar and pestle. Acetylene black and PTFE were 

used as a conductive agent and binder, respectively. The appropriate amount of 

ethanol was added to this mixture in order to make slurry. The mixture was rolled 

into 10 − 20 μm thick sheets and discs. After drying for 12 h under vacuum at 
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60 °C, each pair of discs was weighed, and their mass then punched into 5 mm 

diameteres were determined to be ca. 3 mg. The dried electrodes were soaked in 1 

M tetrabutylammonium hexafluorophosphate in acetonitrile for at least 24 hours. 

Finally, the prepared electrodes were used to measure the three-electrode 

supercapacitance. 

Electrochemical Measurements. Electrochemical studies were carried out in a 

conventional three-electrode supercapacitor setup under room temperature in 1 M 

H2SO4 aqueous solution as the electrolyte. All solutions were prepared with 

deionized water purified with a Milli-Q system (18.2 MΩ cm). Briefly, in 

three-electrode system prepared composite materials was pressed on a platinum 

(Pt) grid as the working electrode, while Pt wire and Ag/AgCl electrodes were 

used as counter and reference electrodes, respectively. The electrochemical 

performance of the electrodes ware studied on a CHI800D Serials electrochemical 

workstation using cyclic voltammetry (CV) under a potential in the range from 

-0.4 to 0.6 V 1 M tetrabutylammonium hexafluorophosphate in acetonitrile. 

 



72 

Figure 2.26 CV curves of CB, HgL2, ZnHg, CoHg and NiHg bulk materials at the 

scan rate of 10 mV/s (electrolyte: 1 M tetrabutylammonium hexafluorophosphate 

in acetonitrile) in three electrode system. 

To calculate the specific capacitance of these two-dimenional materials in three 

electrode system by the equation:  

Cs= ʃIdv/2νm ΔV 

where Cs is the specific capacitance (F/g), ʃIdv is the integrated area under the CV 

curve loop; ν is the scan rate (V/s); m is the mass of the electroactive material (g); 

ΔV is the voltage window (V). 

  Therefore the integrated area under the CV curve loop is the most distinct index 

to identify the capacitance of materials, in other words, the area of the curve 

represents the capacitance of the electrode materials. The Porphyrin-Co(II)alkynyl 

-Hg two-dimensional materials have the best performance of capacitance. We 

further explored the galvanostatic charge-discharge (GCD) performance and 

measured the electrochemical impedance spectroscopy (EIS) of Porphyrin-Co(II) 

alkynyl-Hg, for more information please refer to section 2.3. 

2.2.5 Theoretical calculation of C-Hg-C organometallic intermediates  

Based on concept of applying dehalogenative homocoupling reactions to 

accomplish the construction of low-dimensional carbon surface nanostructures, 

we build three organometallic intermediates model consisting C-Hg-C bond with 

acetylenic feature, which are shown in Figure 1 - Figure 3. All the models have 

been built and placed in the crystal box to operate the geometry optimization. 
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Model 1 and Model 2 are built in cubic structure with lattice parameters of 

30.0×10.0×10.0 Å and 18.0×10.0×10.0 Å to fit the size of the compound. Because 

of the special net structure of Model 3, this model is built in hexagonal crystal 

structure with lattice parameters of 20.0×20.0×10.0 Å to achieve the linkage 

between lattices. For the clearness of the net structure, hexagonal lattice is shown 

as dashed line in Figure 3(a).  

The formation energies of these three models have been calculated through the 

following Eq. (1) and shown in Table 1: 

 𝐸 =  𝐸 + ∑( 𝑛 𝜇 )                      (1) 

Ebulk is the total energy of the cell after relaxation. The Ei means the normalized 

energy of the elements that is calculated from their pure standard state and μi 

means the chemical potential of each component species which have also been 

calculated.   

Model Chemical Formula 
Formation Energy 

(eV) 

1 C28H18Hg 1.168 

2 C16H8Hg 6.118 

3 C24H6Hg 15.216 

Table 2.1 The formation energies of three C-Hg-C structured models. 

From Model 1 to Model 3, the structure from 0D nano-structure to 1D chain 

structure and then to 2D net structure with energy increase abruptly as the 

structure become more complicated. This also suggests that low-dimensional 
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nanostructure will be a more stable structure, which is also proved by the structure 

after relaxation.  

  

Figure 2.27 Structure of Model 1(left) and Model 2 (right) after relaxation (Grey 

ball= C, White ball= H, Yellow Ball= Hg). 

From Figure 1(a), we can clearly see that all the atoms are in the same plane 

after relaxation. Model 2 (shown in Figure 2(a)) can be considered as a periodic 

structure of Model 1 and all the atoms in this chain structure basically remain at 

the same plane after relaxation. Between the periodic structures, some vibration 

with slight angle of the C-C bond rather than complete flat structure has been 

revealed. For Model 3 with a larger net structure, the vibration becomes much 

more obvious as shown in Figure 3(a), which mainly attains contribution from the 

connecting C-Hg bond with a sharp displacement angle. The degree of vibration 

of these three models can further prove the stability of structure and support the 

formation energies results. The electronic structures of these three models are also 

shown in PDOS (Projected density of states) in Figure 2. All the DOS show very 

symmetric pattern with main contribution from p bands of C atoms. The 
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contribution from d bands of Hg are located at 6.0 eV below Ev (EV denotes the 

level of valence band maximum, VBM). Further comparison may still be needed 

for more information. 

 

Figure 2.28 Structure of Model 3 after relaxation (Grey ball= C, White ball= H, 

Yellow Ball= Hg). 

 

Figure 2.29 Diagram of Density of States for Model 1-Model 3. 
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2.3 Two-dimensional structured materials composed of porphyrin-acetylide 

ligands with Pt/Hg linkages 

2.3.1 Ligands synthesis 

General information: All the reactions were carried out under an atmosphere of 

nitrogen using standard Schlenk Techniques, and the reactions were monitored by 

thin-layer chromatography (TLC) with Merck pre-coated glass plates. Compounds 

were visualized under UV light irradiation at 254 nm or 365 nm. Purification of 

the products was achieved through the silica column chromatography with 

hexane/dichloromethane mixed solvents. 1H NMR and 13C NMR spectra were 

recorded in CDCl3 or DMSO-d6 solvent on a Bruker AM400 spectrometer, which 

are calibrated using residual undeuterated solvent peaks as an internal reference. 

Chemical shift (δ) is reported in ppm and coupling constant (J) is expressed in 

Hertz (Hz), besides the following abbreviations are used to indicate the 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 

broad. Mass spectra were obtained on a Bruker Autoflex matrix assisted laser 

desorption ionization time-of-flight mass spectrometer (MALDI-TOF MS). 

Materials: All the reagents were purchased from Aldrich, TCI or DKM, and 

used without further purification. All the solvents were used directly without any 

treatment but anhydrous reactions use solvents which were dried and distilled 

from appropriate drying agents if necessary. 

For the nanosheet with extensive Pt-triethyl/butylphosphine-acetylide linkages, 

we designed and synthesized two quadrilateral acetenyl ligands L3, 5,10,15,20- 
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tetra(4-ethynylphenyl)porphyrin-nickel(II) and ligand L4, 5,10,15,20-tetra 

(4-ethynylphenyl)porphyrin-cobalt(II) to react with platinum(II) triethyl- or 

tributyl-phosphine precursors for the purpose of forming the Pt-triethyl/ 

butylphosphine-acetylide linkages. Scheme 2.2 shows the chemical structures and 

synthetic routes of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin-nickel(II) L3 and 

5,10,15,20-tetra(4-ethynylphenyl)porphyrin-cobalt(II) L4 as well as the metal 

precursors. 

 



78 

 

Scheme 2.4 Synthesis routes and chemical structures of 5,10,15,20-tetra(4- 

ethynylphenyl)porphyrin-nickel(II)/cobalt(II) L3/L4. 

A solution of CuI (0.28 g, 1.5 mmol), PdCl2(PPh3)2 (1.4 g, 2 mmol)and 

4-bromobenzaldehyde (7.6 g, 41 mmol) in a mixture of 135 mL dry THF and 15 

mL triethylamine was prepared in a round-bottom flask degassed and stirred under 

N2 at room temperature. Trimethylsilylacetylene was added, and the reaction was 

stirred at 65oC overnight. The crude mixture was worked-up as well as purified by 

silica gel column chromatography providing 4-[(trimethylsilyl)ethynyl]- 

benzaldehyde in 75% yield (pale yellow solid, 6.2 g, 30.6 mmol). 1H NMR (400 

MHz, CDCl3): δ 9.69 (s, -HCO, 1H), 7.51-7.49 (d, 2H, J = 8.4 Hz), 7.30-7.28 (d, 

2H, J = 8 Hz), 0.00 (s, Si-(CH3)3, 9H). 

4-[(Trimethylsilyl)ethynyl]-benzaldehyde (4.6 g, 22.7 mmol) was added into 

propionic acid in the dark. Pyrrole was added and the reaction was stirred and 

refluxed at 140oC for 2 h. Then the solution was cooled down to room temperature, 

filtered and washed with methanol until the filtrate turned colorless. Finally the 

purple filter cake (50 %, 2.83 g, 2.84 mmol) was obtained. 1H NMR (400 MHz, 

CDCl3): δ 8.82 (s, 8H, β-pyrrole), 8.15-8.13 (d, 8H, o-ArH, J = 8.4 Hz), 7.88-7.86 



79 

(d, 8H, m-ArH, J = 8.4 Hz), 0.38 (s, 36H, SiMe3), -2.84 (s, 2H, pyrrole NH). 

5,10,15,20-Tetra(4-ethynylphenyl)porphyrin-nickel(II) L3 Intermediate 5,10, 

15,20-tetrakis-(4-[(trimethylsilyl)ethynyl]phenyl)porphyrin (2g, 2 mmol) was then 

dissolved in dimethylformamide (25 mL) under nitrogen and excessive nickel(II) 

acetate tetrahydrate in dry methanol (5 mL) was added to the solution. The 

reaction was stirred at room temperature overnight, washed with 5% NaHCO3 

(3×200 mL), water (2×200 mL), and dried over anhydrous Na2SO4. The solvent 

was evaporated to afford the pre-product 5,10,15,20-tetrakis-(4-[(trimethylsilyl) 

ethynyl]phenyl)porphyrin-nickel(II) in 71% yield (scarlet solid, 1.5g), which was 

further reacted to give the final product without purification procedure. 1H NMR 

(400 MHz, CDCl3): δ (ppm) 0.35 (Si-CH3, s, 36H), 7.78-7-80 (m-ArH, d, 8H, J = 

8 Hz), 7.930-7.949 (σ-ArH, d, 8H, J = 7.6 Hz), 8.70 (Pyrrole-H, s, 8H). 

Tetrabutylammonium fluoride (1.83 g, 7 mmol, 5 eq) in dry THF was added to 

the solution of 5,10,15,20-tetrakis-(4-[(trimethylsilyl)ethynyl]phenyl)porphyrin- 

nickel (II) (1.5 g, 1.4 mmol) in dry THF under a nitrogen atmosphere with 

vigorous stirring. After 2 h, glacial acetic acid was added and the reaction mixture 

was extracted with CHCl3, solvent evaporated to afford the final product in 73% 

yield (red solid, 0.8 g). 1H NMR (400 MHz, DMSO-d6): δ (ppm) 4.44 (s, 4H), 

7.85-7.87 (m-ArH, d, 8H, J = 8 Hz), 8.01-8.03 (o-ArH, d, 8H, J = 8 Hz), 8.76 

(Pyrrole-H, s, 8H); 13C NMR (100 MHz, DMSO-d6): δ 82.01, 83.34, 118.34, 

121.05, 130.54, 132.82, 133.66, 140.36, 142.06. MS (MALDI-TOF) [m/z]: found 

766.1662, calculated 766.1652 (C52H28N4Ni). 
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Figure 2.30 1H NMR spectrum of 5,10,15,20-tetrakis-(4-[(trimethylsilyl)ethynyl] 

phenyl)porphyrin-nickel(II) in CDCl3. 

 

Figure 2.31 1H NMR spectrum of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin- 

nickel(II) in DMSO-d6. 
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Figure 2.32 13C NMR spectrum of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin- 

nickel(II) in DMSO-d6. 

 

Figure 2.33 MALDI-TOF mass spectrum of 5,10,15,20-tetra(4-ethynylphenyl) 

porphyrin-nickel(II). 
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5,10,15,20-Tetra(4-ethynylphenyl)porphyrin-cobalt(II) L3 Intermediate 5,10, 

15,20-tetrakis-(4-[(trimethylsilyl)ethynyl]phenyl)porphyrin (2g, 2 mmol) was then 

dissolved in dimethylformamide (25 mL) under nitrogen and excessive cobalt(II) 

chloride hexahydrate in dry methanol (5 mL) was added to the solution. The 

reaction was stirred at room temperature overnight, washed with 5 % NaHCO3 (3 

× 200 mL), water (2 × 200 mL), and dried over anhydrous Na2SO4. The solvent 

was evaporated to afford the pre-product 5,10,15,20-tetrakis-(4-[(trimethylsilyl) 

ethynyl]phenyl)porphyrin-cobalt(II) in 71 % yield (bright red solid, 1.5 g), which 

was further reacted to give the final product without purification procedure. 

Tetrabutylammonium fluoride (1.83 g, 7 mmol, 5 eq) in dry THF was added to 

the solution of 5,10,15,20-tetrakis-(4-[(trimethylsilyl)ethynyl]phenyl)porphyrin- 

cobalt(II) (1.5g, 1.4 mmol) in dry THF under a nitrogen atmosphere with vigorous 

stirring. After 2 h, glacial acetic acid was added and the reaction mixture was 

extracted with CHCl3, solvent evaporated to afford the final product in 73 % yield 

(red solid, 0.8 g). While the NMR spectrum of cobalt complex cannot be obtained, 

the final MALDI-TOF mass spectrum shows the product is pure with the right 

molecular weight. MS (MALDI-TOF) [m/z]: found 767.1640, calculated 

767.1693 (C52H28N4Co). 
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Figure 2.35 MALDI-TOF mass spectrum of 5,10,15,20-tetra(4-ethynylphenyl) 

porphyrin-cobalt(II). 

Moreover, the synthetic routes of metal precursors trans-PtCl2(PEt3)2 and 

trans-PtCl2(PBu3)2 are shown as follows: 

K2PtCl4 + 2PEt3
H2O

RT
PtCl2(PEt3)2

150oC Trans-PtCl2(PEt3)2

K2PtCl4 + 2 PBu3
H2O

RT
PtCl2(PBu3)2

150oC
Trans-PtCl2(PBu3)2

Scheme 2.5 Synthesis routes and chemical structures of trans-PtCl2(PBu3)2 and 

trans-PtCl2(PEt3)2. 

  A deionized water solution of K2PtCl4 (2.1 g, 5 mmol) was added with 2.5 

equivalent PEt3/PBu3 (12.5 mmol), and the mixture in a round-bottom flask was 

degassed and stirred for 12 h under N2 at room temperature. Then a large amount 

of precipitation was generated, washed with water and extracted with DCM, 

adding anhydrous sodium sulfate, followed by filtration and evaporation. The next 



84 

step is to heat the solid directly until 150 oC, Keeping this temperature for 6 h, we 

can observe the solids to turn yellow even black during the process. Then the 

crude mixture was worked up and purified by silica gel column chromatography 

using the eluent (Hexane:DCM = 5:2) to provide the pale yellow solids of  

trans-PtCl2(PEt3)2 (1.14 g in 45 % yield) and trans- PtCl2(PBu3)2 (1.97 g, in 58 % 

yield). The solids were characterized by 1H NMR and 31P NMR to confirm their 

structures. For the trans-PtCl2(PEt3)2, 
1H NMR (400 MHz, CDCl3): δ (ppm) 

1.16-1.22 (CH3, dd, 6H), 1.88-1.91 (CH2, dd, 4H), while for the trans- 

PtCl2(PBu3)2, 
1H NMR (400 MHz, CDCl3): δ (ppm) 0.92 (CH3, dd, 6H), 1.42-1.47 

(CH2, dd, 4H), 1.52-1.58 (CH2, m, 4H), 1.82-1.86 (CH2, m, 4H). 

 

Figure 2.35 1H NMR spectrum of trans-dichloro-bis(triethylphosphine)-platinum 

(II) in CDCl3. 



85 

 

Figure 2.36 31P NMR spectrum of trans-dichloro-bis(triethylphosphine)-platinum 

(II) in CDCl3. 

 

Figure 2.37 1H NMR spectrum of trans-dichloro-bis(tributylphosphine)-platinum 

(II) in CDCl3. 
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Figure 2.38 31P NMR spectrum of trans-dichloro-bis(tributylphosphine)-platinum 

(II) in CDCl3. 

2.3.2 Bulk reactions and interfacial synthesis of two-dimensional structured 

materials 

After synthesizing these two porphyrin ligands L3 and L4, a mixture of ligand 

(1.5 g, 1 eq), trans-[PtCl2(PEt3)2] (2 g, 2 eq), and CuI (20 mg, 0.05 eq) in 45 mL 

iPr2NH/CHCl3 (1:2 v/v) was stirred at room temperature under nitrogen overnight. 

A dark purple solid and a black solid were precipitated respectively from the two 

systems, which correspond to Porphyrin-Ni(II)alkynyl-Pt(PEt3)2 and Porphyrin- 

Co(II)alkynyl-Pt(PEt3)2 two-dimensional framework materials. 

Similarly, another two homogeneous reactions were conducted, the mixture of 

ligands L3 and L4 (1.5 g, 1 eq), trans-[PtCl2(PBu3)2] (2.6 g, 2 eq), and CuI (20 
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mg, 0.05 eq) in 45 mL iPr2NH/CHCl3 (1:2 v/v) solvent were stirred at room 

temperature under nitrogen overnight, which prepared related tributyl bonded 

two-dimensional framework materials, all the products were purified by washing 

methanol, acetonitrile and chloroform in turn. 

Interfacial synthesis of two-dimensional structure with Pt-triethylphosphine- 

acetylide linkages was tried as well; it is not easy to find two immiscible solvents 

meanwhile well dissolved for our ligand and precursor. According to the reference 

reported by Ryota Matsuoka et al.,22 I chose the proper organic solvents to set up a 

two phase system. For the upper solvent we chose ethylene glycol, as it can 

dissolve CuI, the catalyst of dehydrohalogenation. 1,2,4-trichlorobenzene is 

chosen as the solvent of the lower layer, on account of its fine dissolution of our 

ligand and metal precursor trans-PtCl2(PEt3)2. Then as the two-phase system is 

stable, trace organic base iPr2NH was added into the system and initiate the start 

of reaction. Within a few hours, a thin and flat film was generated at the interface, 

and could be transferred onto substrate for further investigation. 

 

Figure 2.39 Schematic illustration and photograph of the two-phase synthesis. 
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Meanwhile, in order to make a contrast, I also prepared the two-dimensional 

structured bulk products based on the ligand L3 and ligand L4 with Hg-acetylide 

linkages. The detailed synthesis routes are shown as below: 

Scheme 2.6 Synthesis routes and chemical structures of Porphyrin-Ni(II)alkynyl 

-Pt(PEt3)2 and Porphyrin-Co(II)alkynyl-Pt(PEt3)2 two dimensional framework 

materials, Porphyrin-Ni(II)alkynyl-Pt(PBu3)2 and Porphyrin-Co(II)alkynyl-Pt 
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(PBu3)2 two dimensional framework materials besides Porphyrin-Ni(II)alkynyl- 

Hg and Porphyrin-Co(II)alkynyl-Hg two dimensional framework materials. 

2.3.2 Characterization of two-dimensional structures 

For the convenience to compare these materials’ structures, properties and 

performances, I chose four bulk products of Porphyrin-Metal(II)alkynyl- Pt(PEt3)2 

as well as Porphyrin-Metal(II)alkynyl-Hg to analyze their variable composition. 

Firstly, we tested their thermal stabilities; it is obvious that framework with 

Pt-triethylphosphine-acetylide linkages showed higher decomposition temperature 

than framework with Hg-acetylide linkages. The decomposition temperature is as 

high as 380oC, which indicate that it needs more potential energy to overcome 

reaction barrier for forming the bond of Pt-triethylphosphine-acetylide linkages. 

This should also be noted that at around 420 oC there is another inflexion, I 

suppose it’s attributed to the decomposition of porphyrin rings. 

 

Figure 2.40 TGA plots of Porphyrin-Ni(II)alkynyl-Pt(PEt3)2 & Porphyrin-Co(II) 

alkynyl-Pt(PEt3)2 and Porphyrin-Ni(II)alkynyl-Hg & Porphyrin-Co(II)alkynyl-Hg 
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with a heating rate of 10 oC min-1 under a N2 atmosphere. 

  Then we measured these materials on Fourier transform infrared spectroscopy. 

The formation of Hg-acetylide linkages can be confirmed by the peak at 2140 

cm-1 corresponding to triple bond vibration in C≡C−Hg group, by contrast, the 

formation of Pt-triethylphosphine-acetylide linkages can be confirmed by the peak 

at 2080 cm-1, therefore we can get a conclusion, the change of linkages between 

the ligands result in the spectra alteration. In addition, the peak at 800 cm−1 ~ 880 

cm−1 is the characteristic peak of δ C-H on the benzene ring. The peak at 1600 

cm−1 ~ 1450 cm−1 and around 3000 cm−1 are the characteristic peak of benzene 

ring’s framework vibration, C=C stretch in phenyl, C=C stretch in porphyrin and 

the C−H stretch in phenyls, respectively. 

 

Figure 2.41 FT-IR spectra of Porphyrin-Ni(II)alkynyl-Pt(PEt3)2 & Porphyrin-Co 

(II)alkynyl-Pt(PEt3)2 and Porphyrin-Ni(II)alkynyl-Hg & Porphyrin-Co(II)alkynyl- 

Hg. 

Furthermore, we explored their difference in Powder XRD patterns, as we can 
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see, the crystallinity of these two-dimensional framework products are not very 

good but similar. For Porphyrin-Metal(II)alkynyl-Pt(PEt3)2 structure, in the 

pattern there are two peaks at around 9o and 24o, by comparison, Porphyrin- 

Metal(II)alkynyl-Hg structure only shows a characteristic peak at around 24o. 

These demonstrate the difference of inner structure. We can know that the metal 

core does not change the pattern so much. What’s more, all the peaks are wide and 

not sharp, it means the inter-planar spacing among these two directions are in a 

certain range, this is the typical pattern of polymer, thus this could indirectly 

prove the generation of two- dimensional frameworks. 

 

Figure 2.42 XRD pattern of Porphyrin-Ni(II)alkynyl-Pt(PEt3)2 & Porphyrin-Co(II) 

alkynyl-Pt(PEt3)2 and Porphyrin-Ni(II)alkynyl-Hg & Porphyrin-Co(II)alkynyl-Hg. 

2.3.2 Application and device fabrication 

The Porphyrin-Metal(II)alkynyl-Pt(PEt3)2 structures are applied in making 

thermoelectric generators (TEG), via the Seebeck effect. This kind of materials 

could convert temperature differences into electrical voltages. The output energy 
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of electricity divided by input energy of thermo is the energy conversion 

efficiency (η), which is related with the materials’ figure-of-merit (ZT), and 

temperature difference between the hot and cold boundaries, etc. Among those 

influencing factors, figure-of-merit (ZT) dominates the conversion efficiency (η); 

the function of thermoelectric materials’ figure-of-merit can be expressed by the 

following formula: 

ZT = S2σT/κ 

S (V K−1) is Seebeck coefficient, σ (S m−1) is conductivity of electricity, T is 

absolute temperature, besides κ (W m−1 K−1) is thermal conductivity.23 

 

Figure 2.43 (a) A measurement set-up for Seebeck coefficients (S = ΔV/ΔT). (b) 

Schematic illustration of a device composed of p-type and n-type thermoelectric 

materials. The diffusion of carriers under temperature gradient results in the 

generation of current in the circuit. Copyright 2014 WILEY-VCH Verlag GmbH 

& Co. KGaA, Weinheim. 

Normally, a good performance thermoelectric material should possess three 

criteria: one is the possession of lower thermal conductivity, second is having the 
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Seebeck coefficient as high as possible that is aimed at achieving bigger Seebeck 

voltage, the last criterion is higher conductivity of electricity that could lead to 

larger short-circuit current. The concrete procedures of measuring the 

thermoelectric parameters for my samples Porphyrin-Ni(II)alkynyl-Pt(PEt3)2 and 

Porphyrin-Co(II)alkynyl-Pt(PEt3)2 are that mixing my samples with single walled 

carbon nanotubes (SWCNT) for 24h in chlorobenzene by mass ratio 1:1, then 

dripped the solution on glass to cast the composite film. Their corresponding 

electrical conductivity and Seebeck coefficient are measured on JouleYacht 

MRS-3, the thin-film thermoelectric parameter test system machine, at room 

temperature. Each sample is tested for four trials, the results are shown in table 

2.1 and table 2.2. 

 

Table 2.2 Electrical conductivity and Seebeck coefficient of Porphyrin-Ni(II) 

alkynyl-Pt(PEt3)2. 

Compared with classical thermoelectric materials reported, such as conjugated 

polymers, the electrical conductivity of our Porphyrin-Metal(II)alkynyl-Pt(PEt3)2 

structure and single walled carbon nanotubes (SWCNT) mixtures are at a high 

level, Porphyrin-Ni(II)alkynyl-Pt(PEt3)2 shows a better conductive value than 

Porphyrin-Co(II)alkynyl-Pt(PEt3)2, which can cause a larger short-circuit current. 
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In terms of Seebeck coefficient, the values are detected as high as 41.44 μV/K for 

NiPt metallopolymer and as high as 49.12 μV/K for CoPt metallopolymer. Among 

conjugated polymers, these values mean higher Seebeck voltage can be produced 

in unit temperature gradient. Here we just explored their potential application in 

thermoelectric direction; further investigation on thermoelectric device fabrication 

will be done later. 

 

Table 2.3 Electrical conductivity and Seebeck coefficient of Porphyrin-Co(II) 

alkynyl-Pt(PEt3)2. 

Not only applied in thermoelectric generators, we also applied our materials in 

photochemical catalysis, After the bulk reaction of generating the Porphyrin-Ni(Ⅱ) 

alkynyl-platinum(Ⅱ)triethylphosphine besides Porphyrin-Co(Ⅱ)alkynyl-platinum 

(Ⅱ)triethylphosphine products, these materials were applied for preparing the NiPt 

as well as CoPt alloy by direct pyrolysis under given atmosphere. As Ni/Co and Pt 

are homogenously distributed at molecular dimension in the organic framework, 

the organic constituent would transform to a carbon network meanwhile the metal 

ion is in situ aggregated to the final NiPt or CoPt NPs during the pyrolysis. 

 

Figure 2.44 Prepared procedure and schematic diagram of NiPt NPs. 
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The metallopolymer containing NiPt was placed in a muffle furnace and the 

heating cavity was purged with N2 or mixed atmosphere of Ar/H2. Afterwards the 

cavity was heated to the desired temperature 800 oC at a rate of 10 oC/min and 

held for 0.5 h. Then cooling to room temperature, NiPt NPs was formed. CoPt 

NPs were synthesized similarly by the pyrolysis of corresponding metallopolymer 

Porphyrin-Co(Ⅱ)alkynyl-platinum(Ⅱ)triethylphosphine. 

 

Figure 2.45 Transmission electron microscopic (TEM) images, high-resolution 

TEM images and energy-dispersive X-ray (EDX) result of NiPt NPs. 

From the high-resolution TEM images, we can see the significant crystalline 

fringes with lattice distance of 234 nm, which is according to fct phase (111) plane. 

The EDX results of two different locations show the similar elemental distribution, 

which contain Ni&Pt, as well as P. They also indicate that an almost average 4:1 

atomic ratio of Fe and Pt atoms (28:72 or 23:77) was formed in NiPt NPs. 

Element Weight % Atomic % Uncert. % Correction k-Factor 

C(K)       4.41    18.95     0.10     0.26       3.940 
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O(K)       8.13    26.23     0.10     0.49       1.974 

Si(K)      1.21     2.23     0.02     0.92       1.000 

P(K)      13.73    22.85     0.13     0.90       1.068 

Ni(K)      6.30     5.53     0.06     0.99       1.511 

Cu(K)     12.21     9.90     0.09     0.99       1.667 

Pt(L)     53.97    14.26     0.29     0.75       5.547 

Element Weight % Atomic % Uncert. % Correction k-Factor 

C(K)       4.83    24.68     0.10     0.26       3.940 

O(K)       3.83    14.70     0.06     0.49       1.974 

P(K)      10.95    21.67     0.12     0.90       1.068 

S(K)       1.43     2.75     0.02     0.93       1.021 

Ni(K)      5.56     5.81     0.05     0.99       1.511 

Cu(K)     11.27    10.86     0.08     0.99       1.667 

Pt(L)     62.09    19.50     0.28     0.75       5.547 

Table 2.4 Elemental distribution and proportion in NiPt NPs. 

The above TEM images, EDX analyses, lattice measurements as well as SAED 

patterns are the results of NiPt NPs prepared by the pyrolysis of 2D structured 

material: Porphyrin-Ni(Ⅱ)alkynyl-platinum(Ⅱ)triethylphosphine. At the same time, 

we prepared the homologous CoPt NPs adhere to the same approach; the obtained 

CoPt NPs are also viewed with the aid of transmission electron microscope. 

From the high-resolution TEM images, we found the significant crystalline 

fringes with lattice distance of 225 nm and 477 nm, which is also according to 
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(111) plane and (001) plane, respectively. 

 

Figure 2.46 Transmission electron microscopic (TEM) images, high-resolution 

TEM images and energy-dispersive X-ray (EDX) result of CoPt NPs. 

The EDX results of two different locations show the elemental composition, 

which contain Co and Pt, as well as P. It exhibits that an almost average 3:1 

atomic ratio of Co and Pt atoms (67:23 or 66:24) was formed in CoPt NPs. 

Element Weight % Atomic % Uncert. % Correction k-Factor 

C(K)      22.78    57.93     0.33     0.26       3.940 

O(K)       2.64     5.04     0.08     0.49       1.974 

Si(K)      1.01     1.09     0.03     0.92       1.000 

P(K)       3.82     3.76     0.11     0.90       1.068 

Ca(K)      2.79     2.12     0.05     0.98       1.083 

Co(K)      4.33     2.24     0.07     0.99       1.495 

Cu(K)     55.46    26.65     0.26     0.99       1.667 

Pt(L)      7.14     1.11     0.20     0.75       5.547 
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Element Weight % Atomic % Uncert. % Correction k-Factor 

C(K)       6.28    16.58     0.18     0.26       3.940 

O(K)      19.09    37.85     0.19     0.49       1.974 

P(K)      18.32    18.76     0.22     0.90       1.068 

Ca(K)      3.03     2.40     0.05     0.98       1.083 

Co(K)      4.18     2.25     0.07     0.99       1.495 

Cu(K)     42.04    20.99     0.23     0.99       1.667 

Pt(L)      7.03     1.14     0.23     0.75       5.547 

Table 2.5 Elemental distribution and proportion in CoPt NPs. 

The selected area electron diffraction (SAED) pattern of NiPt NPs was also 

measured. The diffraction patterns are not uniform and clear, and it possibly 

indicates the polycrystalline surface properties. The SAED pattern of CoPt NPs is 

similar to the NiPt NPs, which is not so clear and differentiated. However, the 

multi-spotted diffraction indicates the good crystallization during the process of 

pyrolysis, which is also the process of organic metallopolymer turning inorganic 

nanoparticles. 

 

Figure 2.47 Selected area electron diffraction (SAED) patterns of NiPt NPs (left) 
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and CoPt NPs (right). 

  Powder XRD patterns proved our inference, the patterns changed from the 

previous typical polymer patterns to current typical inorganic materials with many 

sharp peaks, different pyrolysis condition will result in different XRD patterns, 

which means injection of reducing gas or inactive gas will affect the inner atomic 

composition and configuration. Based on the reference published by our group,25 I 

labeled specific lattice plane to the corresponding peak. According to Braggs law 

nλ=2dsinθ, the same lattice plane (111), the same wavelength of the incident wave 

λ, but scattering angle θ of NiPt/CoPt-800oC-N2 NPs is smaller than NiPt/CoPt- 

800oC-Ar/H2 NPs, which means the interplanar distance d in NiPt/CoPt-800oC-N2 

NPs is longer than NiPt/CoPt- 800oC-Ar/H2 NPs, indicating the NiPt/CoPt NPs 

undergoing pyrolysis with reducing gas have more compact conformation. 

 

Figure 2.48 Powder XRD patterns of NiPt/CoPt-800oC-N2 NPs and NiPt/CoPt- 

800oC-Ar/H2 NPs. 

After preparing these inorganic NiPt and CoPt nanoparticles, my lab cooperated 
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with Dr. Zhu Xunjin’s lab to test their potential application in photocatalysis for 

producing methane. We chose Porphyrin-Metal(II)alkynyl-Pt(PEt3)2 bulk products 

before pyrolysis as parallel to compare their ability to reduce CO2 into CH4, the 

conclusion is that before pyrolysis, the Porphyrin-Metal(II)alkynyl-Pt(PEt3)2 bulk 

products hardly have the ability to reduce CO2 into CH4, for NiPt is 0.85, for CoPt: 

is 0.38 (μmol/g) while after pyrolysis the ability of reducing CO2 into CH4 of NiPt 

and CoPt NPs improved by a big margin, reaching 15.74 and 21.23 respectively. 

The reason is closely linked with crystalline materials, through observing their 

XRD patterns, crystalline quality of materials increase significantly, metal cations 

aggregate into compactly arranged nanoparticles during the process of pyrolysis, 

in which the band gap between conduction band and valence band could match 

photon energy from visible light range, and then oxidize water into hydrogen 

radical. Reduction of carbon dioxide make it carry electron, and finally reduced 

carbon dioxide combined with hydrogen radical to generate organic methane with 

the following chemical equation: CO2+8e-+8H+=CH4+2H2O. 

 

Figuer 2.49 a. Mechanism of photocatalytic reduction of CO2 to CO/CH4; b. CH4 

evolution rate catalyzed by porphyrin-Metal(II)alkynyl-Pt(PEt3)2 bulk products 
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and corresponding NPs. 

Among those two-dimensional organometallic materials, the Porphyrin-Co(II) 

alkynyl-Hg two-dimensional (2D) materials possess the superior performance of 

capacitance, therefore we take this 2D structured material as the example to 

comprehensively investigate the capacitive performance. 

Electrode Fabrication. Electrodes for supercapacitors were prepared by mixing 

the bulk materials Hg-acetylide linkages, acetylene black (carbon black) and 

poly(tetrafluoroethylene) (PTFE, 60% dispersion in H2O) in a mass ratio of 

80:10:10 with ethanol using a mortar and pestle. Acetylene black and PTFE were 

used as a conductive agent and binder, respectively. The appropriate amount of 

ethanol was added to this mixture to make slurry. The mixture was rolled into 

10−20 μm thick sheets and discs. After drying for 12 h under vacuum at 60 °C, 

each pair of discs was weighed, and their mass then punched into 5 mm 

diameteres were determined to be ca. 3 mg. The dried electrodes were soaked in 1 

M tetrabutylammonium hexafluorophosphate in acetonitrile, 1 M H2SO4 and 6 M 

KOH aqueous solution respectively for at least 24 h. Finally, the CoHg electrodes 

were used to measure the three-electrode supercapacitance. 

Electrochemical Measurements. Electrochemical studies were carried out in a 

conventional three-electrode supercapacitor setup under room temperature in 1 M 

H2SO4 aqueous solution as the electrolyte. All solutions were prepared with 

deionized water purified with a Milli-Q system (18.2 MΩ/cm). Briefly, in 

three-electrode system CoHg film was pressed on a platinum (Pt) grid as the 
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working electrode, and Pt wire and Ag/AgCl electrodes were used as counter and 

reference electrodes, respectively. The electrochemical performance of the 

electrodes ware studied on a CHI800D Serials electrochemical workstation using 

cyclic voltammetry (CV) under a potential in the range from -0.4 to 0.6 V 1 M 

tetrabutylammonium hexafluorophosphate in acetonitrile, and from -0.2 to 0.8 V 

in 1 M H2SO4 and 6 M KOH aqueous solution. Galvanostatic charge-discharge 

(GCD) curves in the potential range from 0 to 1.0 V at different current densities 

from 50 to 1000 mA/g. The EIS measurements were obtained using the classical 

three electrodes setup at an applied potential of 0 V with 5 mV of signal amplitude 

and frequency range of 0.01 Hz to 106 Hz. Nyquist plots were collected at room 

temperature. 

 

Figure 2.50 CV curves of CoHg bulk materials at the scan rate of 10 mV/s in the 

electrolytes of 1 M Tetrabutylammonium Hexafluorophosphate in ACN, 1 M 

H2SO4 and 6 M KOH, respectively. 

Firstly, we tried different electrolytes and found the capacitive performance is 

best in 1 M H2SO4. The reason is that the nearly eclipsed stacked layered 

structures containing continuous ordered pores in molecular level may facilitate 
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H+ ion from the electrolyte transport to the redox-active groups.26 Then utilizing 

this given electrolyte, we conducted the cyclic voltammetry under different scan 

rate from 2 to 5000 mV/s. It’s obvious to see there are oxidative and reductive 

waves in CV curves, the peak separation (ΔVp) of redox couple is between 210 

mV to 520 mV, and the values are located in a reasonable range, suggesting a fast 

electron transfer between the electrode and porphyryl and alkynyl units. Actually 

if the plot of normalized peak current versus the square root of the scan rate shows 

a linear relationship, according to the Randles–Sevcik equation,27 this linear plot 

could induce the diffusion coefficient of active species. Galvanostatic charge- 

discharge curves (GCD) corroborate with the above CV results, as the specific 

capacitance is calculated through charge and discharge profiles via equation: 

Cs = (IΔt)/(mΔV) 

within I (unit: A) refers to the discharge current, ΔV (unit: V) is the potential 

window, Δt (unit: s) is the discharge time, and m (unit: g) refers to the mass of 

active materials on one electrode. 

  On the basis of our calculations, the specific capacitance showed a capacitance 

of 43.5 F/g for Porphyrin-Co(II)alkynyl-Hg at current density of 50 mA/g, 26 F/g 

at current density of 100 mA/g, 14 F/g at current density of 200 mA/g, 7 F/g at 

current density of 500 mA/g, 1.6 F/g at current density of 1000 mA/g. Nyquist 

plot exhibits a semi-circular pattern in high and middle frequency range while a 

linear appearance in the low-frequency range, indicating the process of electrode 

is controlled by diffusion as well as a relatively high charge transfer resistance. 
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The resistance is mainly caused by ionic resistance of the electrolyte inside the 

porous inner structure, the electrode material’s electronic resistance as well as the 

carrier transfer resistance related to pseudocapacitive performance. As the linker 

element Hg is also not an outstanding conductive metal, all these impact factors 

contribute to not so excellent capacitive performance but still good enough for the 

common application. 

  

Figure 2.51 Electrochemical performance of CoHg bulk materials in the three 

electrode system (electrolyte: 1 M H2SO4). Left, Galvanostatic charge-discharge 

(GCD) curves in the potential range from 0 to 1.0 V at different current densities 

from 50 to 1000 mA/g. Right, electrochemical impedance spectroscopy (EIS) 

measurements at an applied potential of 0 V with 5 mV of signal amplitude and 

frequency range of 0.01 Hz to 106 Hz. 

2.3.5 Extension work: Nanosheets with bis(terpyridine)metal linkages and 

bis(dipyrrinato)metal linkages 

For the two-dimensional nanosheet with bis(terpyridine)metal linkages, we 

designed and synthesized two terpyridine ligands based on triphenylamine, one is 

4,4',4''-tri[4-(2,2':6',2''-terpyridinyl)]triphenylamine called ligand L5, another is 
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4,4',4''-tri[4-(2,2':6',2''-terpyridinyl)phenyl]triphenylamine L6 with three more 

phenyl on trilateral skeleton. The terminal group terpyridine can coordinate with 

metal ions such as Fe2+, Co2+, Ni2+, Zn2+, for the purpose of forming the 

bis(terpyridine)metal linkages.  

The synthetic route of 4,4',4''-tri[4-(2,2':6',2''-terpyridinyl)]triphenylamine L1 

and 4,4',4''-tri[4- (2,2':6',2''-terpyridinyl)phenyl]triphenylamine L2 is outlined in 

Scheme 1.3. 

 

 

Scheme 2.7 Synthesis route and chemical structures of 4,4',4''-tri[4-(2,2':6',2''- 
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terpyridinyl)]triphenylamine L5 and 4,4',4''-tri[4-(2,2':6',2''-terpyridinyl)phenyl] 

triphenylamine L6. 

4,4',4''-Tri[4-(2,2':6',2''-terpyridinyl)]triphenylamine L5 In a round-bottom 

flask equipped with a stirring bar and a condenser were placed triphenylamine 

(2.84 g), excessive potassium iodide and potassium iodate. Then acetic acid was 

added and the mixture was heated at 110 °C for 12 h, the products precipitate 

from the reaction solution, washed with mixed solution of DCM/hexane, followed 

by recrystallization from ethanol to afford tris(4-iodophenyl)amine in 66% yield 

(white solid, 4.76 g). 1H NMR (CDCl3, 400 MHz) δ 7.53-7.55 (d, 6H, Ar-H, J = 

8.8 Hz, meta to N), 6.80-6.82 (d, 6H, Ar-H, J = 8.8 Hz, ortho to N); 13C NMR 

(CDCl3, 100 MHz) δ 146.7, 138.6, 126.2, 86.7. 

To an anhydrous THF solution of tris(4-iodophenyl)amine (2.3 g, 3.7 mmol), 

n-BuLi was added dropwise under N2 at –78 °C. After the addition of nBuLi, the 

temperature of the mixture was allowed to increase to room temperature, and the 

mixture was stirred for another 30 min. The mixture was cooled to –78 °C again 

and anhydrous DMF was added by syringe. Then stirring was continued at room 

temperature for 24 h, using dilute HCl to quench and the precipitated solid was 

collected by the filtration. The crude product was separated by column 

chromatography over silica gel column using dichloromethane and hexane (3:1) to 

get 36% yield 0.44 g 4,4',4''-nitrilotrisbenzaldehyde (TPA-TA) as yellow solid. 1H 

NMR (CDCl3): δ 9.95 (s, 3H), 7.84 (d, 6H, J = 8.8 Hz), 7.26 (d, 6H, J = 8.4 Hz). 

Four Aquivalent of 2-acetylpyridine were added into an ethanol solution of 
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0.44g 4,4',4''-nitrilotrisbenzaldehyde (TPA-TA). Then NaOH pellets were added to 

the solution. The mixture was stirred at 50 oC for 24 h. Followed by cooling down 

to 20oC, yellow solid was collected by filtration and washed with ice-cold ethanol. 

Finally the crude product was recrystallized from ethanol and dichloromethane to 

furnish the final product 4,4',4''-tri[4-(2,2':6',2''-terpyridinyl)] triphenylamine L5 

in 76% yield (deep yellow solid, 0.95g). 1H NMR (CDCl3): δ 8.65-8.69 (m, 18H), 

7.83-7.90 (m, 12H), 7.34-7.36 (m, 12H). MS (MALDI-TOF) [m/z]: found 

939.3686, calculated 939.3667. 

4,4',4''-Tri[4-(2,2':6',2''-terpyridinyl)phenyl]triphenylamine L6 In a round- 

bottom flask equipped with a stirring bar and a circulating water condenser were 

placed triphenylamine (2.84 g), excessive potassium iodide and potassium iodate. 

Then acetic acid was added and mixture was heated at 110 °C for 12 h. The 

products precipitate from the reaction solution, washed with mixed solution of 

DCM/hexane, followed by recrystallization from ethanol to afford 66% yield 

tris(4-iodophenyl)amine (white solid, 4.76 g). 1H NMR (CDCl3, 400 MHz) δ 

7.53-7.55 (d, 6H, Ar-H, J = 8.8 Hz, meta to N), 6.80-6.82 (d, 6H, Ar-H, J = 8.8 Hz, 

ortho to N); 13C NMR (CDCl3, 100 MHz) δ 146.7, 138.6, 126.2, 86.7. 

Tris(4-iodophenyl)amine (2.3 g, 3.7 mmol) and 4-formylphenylboronic acid 

(2.2 g, 14,7 mmol) were dissolved in 50 mL THF. Aqueous solution of potassium 

carbonate was added into the solution under N2. After the addition of 10% 

equivalent bis(triphenylphosphine)palladium(II) dichloride, the mixed solution 

was refluxed for 12 h. Then the mixture was extracted twice with dichloromethane 
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(3×100 mL). The obtained organic layer was washed with plenty of water and the 

solvent was removed under reduced pressure. The residue was chromatographed 

on a silica gel column to give tri(4-formylbiphenyl)amine (yellow solid, 1.7 g) in 

82% yield. 1H NMR (400 MHz, CDCl3): δ 10.05 (s, 3H, −CHO), 7.95 (d, 6H, J = 

8.4 Hz, Ar−H), 7.77 (d, 6H, J = 8.4 Hz, Ar−H), 7.60 (d, 6H, J = 8.4 Hz, Ar−H), 

7.30 (d, 6H, J = 8.4 Hz, Ar−H). 

Four equivalents of 2-acetylpyridine was added into an ethanol solution of 1.5 g 

tri(4-formylbiphenyl)amine. Then NaOH pellets were added to the solution. The 

mixture was stirred at 50oC for 24 h. Followed by cooling down to 20oC, and then 

yellow solid was collected by filtration and washed with ice-cold ethyl-alcohol. 

Finally the crude product was recrystallized from ethanol and dichloromethane 

(3:1, ratio) to furnish the final product 4,4',4''-tri[4-(2,2':6',2''-terpyridinyl)phenyl] 

triphenylamine L2 (yellow solid, 1.57 g) in 50% yield. 1H NMR (400 MHz, 

CDCl3): δ (ppm) 7.30-7.32 (d, 6H, J = 8 Hz, benzene-H), 7.36 (t, 6H, benzene-H), 

7.63-7.65 (d, 6H, J = 8 Hz, benzene-H), 7.76-7.78 (d, 6H, J = 8 Hz, pyridyl-H), 

7.89 (t, 6H, benzene-H), 8.00-8.02 (d, 6H, J = 8 Hz, pyridyl-H), 8.68-8.70 (d, 6H, 

J = 8 Hz, pyridyl-H), 8.74-8.75 (d, 6H, J = 4 Hz, pyridyl-H), 8.80 (s, 6H); 13C 

NMR (100 MHz, CDCl3): δ 118.77, 121.51, 123.97, 124.69, 127.26, 127.88, 

128.11, 132.16, 134.03, 137.02, 141.34, 147.19, 149.29, 149.91, 156.11, 156.43. 

MS (MALDI-TOF) [m/z]: found 1167.4622, calculated 1167.4606. 
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Figure 2.52 1H NMR spectrum of tris(4-iodophenyl)amine in CDCl3. 

 Figure 2.53 13C NMR spectrum of tris(4-iodophenyl)amine in CDCl3. 
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Figure 2.54 1H NMR spectrum of 4,4',4''-nitrilotrisbenzaldehyde (TPA-TA) in 

CDCl3. 

 

 

Figure 2.55 1H NMR spectrum of tri(4-formylbiphenyl)amine in CDCl3. 
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Figure 2.56 1H NMR spectrum of ligand L4 4,4',4''-tri[4-(2,2':6',2''-terpyridinyl)] 

triphenylamine in CDCl3. 

 

Figure 2.57 1H NMR spectrum of ligand L5 4,4',4''-tri[4-(2,2':6',2''-terpyridinyl) 

phenyl]triphenylamine in CDCl3. 
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Figure 2.58 13C NMR spectrum of ligand L5 4,4',4''-tri[4-(2,2':6',2''-terpyridinyl) 

phenyl]triphenylamine in CDCl3. 

Using the same strategy, the bis(terpyridine)metal complex nanosheets were 

prepared by liquid-liquid interfacial synthesis. A dichloromethane (DCM) solution 

of terpyridine ligands (upper layer) and an aqueous zinc(II) or cobalt(II) solution 

(lower layer) constitute the system of sheet preparation. A spontaneous reaction 

occurred at the two-phase interface that led to the generation of polymeric sheet.  

 

Figure 2.59 Schematic illustration of bis(terpyridine)metal complex structure. 
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What's more, two transfer methods are mentioned here. The first one is the top- 

down approach, the substrate is mobile so that it can be put down into the solution 

of the upper layer, and posted slightly on the surface of the polymeric sheet at the 

two-phase interface, then the nanosheet can be exfoliated on the substrate from 

the bulk induced by Van der Waals' force, this is usually the way to obtain the 

few-layered sheet, while another method is called deposition approach, in which 

the stationary substrate is placed at the bottom of vessel beforehand, followed by 

the generation of polymeric sheet at the interface, and utilized a syringe to take 

out the system’s solution and consequently the polymeric sheet deposited onto the 

substrate. The second way is usually how we get the multilayered sheet. 

 

Figure 2.60 Schematic illustration of water/oil interfacial synthesis and transfer 

process of bis(terpyridine)metal complex nanosheet. 

The structure of prepared bis(terpyridine)metal complex nanosheet is shown in 

Figure 2.28. Two terpyridyl groups coordinate to one metal center, which can 

form the large-area trilateral extension. Scanning electron microscopic images 

show features of sheet with appearance of cracks and wrinkles. We also exploit 

the energy dispersive spectrometer (EDS) elemental analysis in transmission 
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electron microscope to probe the elemental compositions. It reveals that the 

polymeric sheet consists of carbon (C), nitrogen (N) and the corresponding metal 

ions (Zn/Co). The sample transferred to substrate was subjected to AFM (atomic 

force microscopy) characterization; the smooth locality shows a height less than 7 

nm up and down amplitude while the large-area view shows a flat but partial 

wrinkled appearance. Above data testify the successful preparation of 

bis(terpyridine)metal complex nanosheet. 

 

Figure2.61 Scanning electron microscopic images and atomic force microscopic 

images of bis(terpyridine)metal sheets. 

On the other hand, for the two-dimensional functional nanosheet with 

bis(dipyrrinato)metal linkages, we designed and synthesized two dipyrrinato 

ligands, one is 1,3,5-tris[4-(2,2':6',2'-dipyrrinatoyl)phenyl]benzene called ligand 

L7, another is 1,3,5-tris[4-(2,2':6',2''-dipyrrinatoyl)phenyl]triphenylamine L8 with 

three more phenyl ring on trilateral skeleton. The terminal group terpyridine can 
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coordinate with metal ions such as Fe2+, Co2+, Ni2+, Zn2+, for the purpose of 

forming the bis(dipyrrinato)metal linkages.  

The synthetic route of 1,3,5-tris[4-(2,2':6',2'-dipyrrinatoyl)phenyl]benzene L7 

and 1,3,5-tris[4-(2,2':6',2''-dipyrrinatoyl)phenyl]triphenylamine L8 is outlined in 

Scheme 1.3. 
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Scheme 2.8 Synthesis route and chemical structure of 1,3,5-tris[4-(2,2':6',2'- 



116 

dipyrrinatoyl)phenyl]benzene L7 and 1,3,5-tris[4-(2,2':6',2''-dipyrrinatoyl)phenyl] 

triphenylamine L8. 

1,3,5-Tris[4-(2,2':6',2'-dipyrrinato)phenyl]benzene L7 Tribromobenzene (2 g, 6 

mmol) and 4-formylphenylboronic acid (3.6 g, 24 mmol) were dissolved in 50 mL 

distilled tetrahydrofuran. Aqueous solution of potassium carbonate was added into 

the solution under nitrogen and stirred for 0.5 h. Then the 0.1 equivalent 

tetrakis(triphenylphosphine)palladium(0) was added and the mixed solution was 

refluxed for 24 h. After the reaction, the mixture was extracted twice with 

dichloromethane (3×100 mL). The obtained organic layer was washed with plenty 

of brine and the solvent was removed at reduced pressure. The residue was 

chromatographed on a silica gel column with dichloromethane as the eluent to 

give 1,3,5-tri-(4-formylphenyl)benzene in 72% yield (white solid, 1.7 g). 1H NMR 

(CDCl3, 400 MHz) δ (ppm) 10.11 (s, 3H, -CHO), 8.04-8.02 (d, 6H, J = 8.4 Hz, 

-ArH), 7.91 (s, 3H, -ArH), 7.89-7.87 (m, 6H, J = 8.4 Hz, -ArH); 13C NMR (CDCl3, 

100 MHz) δ (ppm) 191.94, 146.41, 141.70, 135.83, 130.58, 128.11, 126.61. 

Then to a solution of 1.7 g 1,3,5-tri-(4-formylphenyl)benzene in anhydrous 

dichloromethane under N2 was added 7 equivalents of 2-methylpyrrole (2.47g, 30 

mmol), the mixed solution was stirred at ice-salt bath for 0.5 h, then 3 drops of 

CF3COOH were added into the mixture. Immediately the colour of system was 

changed into deep red and the reaction was continued for 2 h under N2. Followed 

by rapid filtration, then 3.6 eq of C8Cl2N2O2 (DDQ) was separately added (three 

times) into the solution, the mixture was stirred at ice-salt bath for another 0.5 h 
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under N2, rotary evaporation of solvents and the residue was purified by alkaline 

silica gel flash chromatography with the eluent (dichloromethane/triethylamine = 

100/1) to give the final product 0.7 g 1,3,5-tris[4-(2,2':6',2''-dipyrrinatoyl)phenyl] 

benzene ligand L7 in 20% yield. 1HNMR (400 MHz, CDCl3): δ (ppm) 7.95 (s, 

3H), 7.81-7.79 (d, J = 8.4 Hz, 6H), 7.61-7.59 (d, J = 8.0 Hz, 6H), 6.57-6.56 (d, J = 

3.6 Hz, 6H), 6.20-6.19 (d, J = 4.0 Hz, 6H), 2.47 (s, 18H); 13C NMR (CDCl3, 100 

MHz,) δ (ppm) 165.18, 153.21, 152.34, 151.11, 149.17, 148.21, 142.72, 140.23, 

137.69, 136.63, 128.81, 22.80. MS (MALDI-TOF) [m/z]: found 817.4013, 

calculated 817.4015 (C57H48N6). 

1,3,5-Tris[4-(2,2':6',2''-dipyrrinato)phenyl]triphenylamine L8 1,3,5-Tris(4- 

bromophenyl)amine (1.8 g, 3.7 mmol) and 4-formylphenylboronic acid (2.2 g, 

14.7 mmol) were dissolved in 50 mL THF. Aqueous solution of potassium 

carbonate was added into the solution under N2 and stirred for 30 min. After the 

addition of 0.1 equivalent of tetrakis(triphenylphosphine)palladium(0), the mixed 

solution was refluxed for 24 h. Then the mixture was extracted twice with 

dichloromethane (3×100 mL). The obtained organic layer was washed with plenty 

of brine and the solvent was removed at reduced pressure. The residue was 

chromatographed on a silica gel column with dichloromethane as the eluent to 

give tri(4-formylbiphenyl)amine in 82% yield (yellow solid, 1.7 g). 1H NMR (400 

MHz, CDCl3): δ (ppm) 10.05 (s, 3H, −CHO), 7.95 (d, 6H, J = 8.4 Hz, Ar−H), 7.77 

(d, 6H, J = 8.4 Hz, Ar−H), 7.60 (d, 6H, J = 8.4 Hz, Ar−H), 7.30 (d, 6H, Ar−H). 
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13C NMR (100 MHz, CDCl3): 191.86, 147.47, 146.32, 134.97, 134.46, 130.41, 

128.41, 127.12, 124.66. 

Then to a solution of 1.5 g 1,3,5-tri(4-formylbiphenyl)amine (2.7 mmol) in 

anhydrous dichloromethane under nitrogen was added 2-methylpyrrole (1.5 g, 19 

mmol). The mixed solution was stirred at ice-salt bath for 0.5 h, and then 3 drops 

of CF3COOH were added into the mixture. Immediately the colour of system was 

changed into deep red and the reaction carrying on for 2 h under N2. Followed by 

rapid filtration and C8Cl2N2O2 (DDQ) was separately added into the solution for 

three times. The mixture was stirred in a ice-salt bath for another 0.5 h under N2. 

After rotary evaporation of solvents, the residue was purified by alkaline silica gel 

flash chromatography with the eluent (dichloromethane/triethylamine = 100/1) to 

give the final product 1,3,5-tris[4-(2,2':6',2''-dipyrrinatoyl)phenyl]triphenylamine 

ligand L8 in 18 % yield (0.5 g). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.27 (s, 6H, 

NH), 7.66-7.61 (m, 12H, Ar−H), 7.55-7.52 (d, 6H, Ar−H), 7.31-29 (d, 6H, Ar−H), 

6.55-6.54 (d, 6H, Ar−H), 6.19-6,18 (d, 6H, Ar−H), 2.25 (s, 18H, Py−Me); 13C 

NMR (100 MHz, CDCl3): δ (ppm) 175.49, 153.92, 139.92, 132.81, 131.32, 

130.00, 130.51, 129.09, 128.07, 127.76, 125.79, 117.57, 105.61, 103.86 and 19.90. 

MS (MALDI- TOF) [m/z]: found 948.4748, calculated 948.4714 (C69H57N7). 
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Figure 2.62 1H NMR spectrum of 1,3,5-tri-(4-formylphenyl)benzene in CDCl3. 

 

Figure 2.63 13C NMR spectrum of 1,3,5-tri-(4-formylphenyl)benzene in CDCl3. 
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Figure 2.64 1H NMR spectrum of 1,3,5-tris[4-(2,2':6',2''-dipyrrinato)phenyl] 

benzene in CDCl3. 

 

Figure 2.65 13C NMR spectrum of 1,3,5-tris[4-(2,2':6',2''-dipyrrinato)phenyl] 

benzene in CDCl3. 
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Figure 2.66 MALDI-TOF MS spectrum of 1,3,5-tris[4-(2,2':6',2''-dipyrrinato) 

phenyl]benzene. 
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Figure 2.67 1H NMR spectrum of 1,3,5-tris[4-(2,2':6',2''-dipyrrinato)phenyl] 

triphenylamine in CDCl3. 

 

Figure 2.68 13C NMR spectrum of 1,3,5-tris[4-(2,2':6',2''-dipyrrinato)phenyl] 

triphenylamine in CDCl3. 
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Figure 2.69 MALDI-TOF MS spectrum of 1,3,5-tris[4-(2,2':6',2''-dipyrrinato) 

phenyl]triphenylamine. 

Ligand 1,3,5-tris[4-(2,2':6',2''-dipyrrinato)phenyl]benzene L7 was used to react 

with metal ions Zn2+ and Ni2+ in one-phase synthesis. Add 0.1 ml saturated 

ethanol solution of zinc acetate and nickel acetate tetrahydrate into two 3 ml 

dichloromethane solution (5 mM) of 1,3,5-tris[4-(2,2':6',2''-dipyrrinatoyl)phenyl] 

benzene individually, allowing them to react for 24 h without stirring or 

disturbance.  

 

Figure 2.70 a. Schematic illustration of one-phase synthesis; b. DCM solution of 

ligand L2 before reaction(left); the changing process after adding 0.1 ml saturated 
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ethanol solution of zinc acetate and nickel acetate tetrahydrate into 3 ml DCM 

solution (5mM) of the ligand L2 individually. 

Then the yellow floc-like solid and red floc-like solid were precipitated from 

the solution respectively. The SEM characterization was conducted. We can see 

the different metal ions react with the same ligand can form particles of different 

shapes because of their coordinated modes. As 1,3,5-tris[4-(2,2':6',2''-dipyrrinato) 

phenyl]benzene coordinate with Zn2+, small and crude sphaerolitic nanoparticles 

were precipitated from the solution, while when it coordinated with Ni2+, the red 

floc-like solids were bigger and smoother micro- particles, as the coordinated 

mode of Zn2+ ion is pyramidal and the coordinated mode of Ni2+ ion is planar. 

 

Figure 2.71 SEM images of Ligand L7 1,3,5-tris[4-(2,2':6',2''-dipyrrinato)phenyl] 

benzene reacting with Zn2+ ions. 
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Figure 2.72 SEM images of Ligand L7 1,3,5-tris[4-(2,2':6',2''-dipyrrinato)phenyl] 

benzene reacting with Ni2+ ions. 

  Most importantly, the syntheses of dipyrrinato ligands enlighten me to develop 

a series of iridium(Ⅲ) complexes which are assembled by iridium dimers with 

various functionalized dipyrrinato ligands, these assembled metal complexes can 

exploit the energy of both singlet and triplet excitation to achieve high external 

quantum efficiency (EQE) in the performance of organic light-emitting diodes 

(OLEDs). For the detailed information please see Chapter 4. 

 



126 

2.4 Two-dimensional nanosheet composed of ferrocene and fullerene 

2.4.1 Preparation process and morphology control 

In 2009, Takatsugu Wakahara et al. reported a supramolecular nanoarchitecture, 

fullerene and ferrocene hybrid hexagonal nanosheet, which was prepared by a 

readily liquid-liquid interfacial precipitation way.17 The experiment was repeated 

and it was found that this is a facile method to get substantial nanosheets. Then 

two controlled techniques were proposed to change their morphology, within one 

is high-temperature pyrolysis, and the other is called solvent etching. 

 

Figure 2.73 Schematic illustration of the preparation process and morphology 

control of fullerene/ferrocene hybrid nanosheets to achieve various functional 

performances 

The fullerene and ferrocene hybrid nanosheets were prepared following a 

published procedure according to the literature method with small modifications.17 

Under the condition of stirring, same equivalent poor solvent isopropanol was 

added into the toluene solution of fullerene and ferrocene. When the IPA is mixed 
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with the toluene solution, sparking nanosheets started to emerge, and as the 

content of IPA in the mixture increased, more and more sparking nanosheets 

suspended in the solution, and then this was followed by filtration or 

centrifugation to furnish the target product, fullerene and ferrocene hybrid 

hexagonal nanosheets. 

2.4.2 Characterization of nanosheet 

We designed two approaches to regulate and control the morphology of 

ferrocene and fullerene hybrid nanosheets and performed the corresponding 

characterizations. The first approach I’d like to introduce is that by means of 

high-temperature pyrolysis at 800oC under an atmosphere of Ar(95%)/H2(5%), the 

surface of nanosheets can be turned into porous morphology, we can see that the 

surface of hybrid hexagonal nanosheets became rough with the different-sized 

cavities. The melting point of fullerene (C60) is over 600oC, so in the process of 

heating-up, ferrocene molecules begin the pyrogenic decomposition firstly, due to 

the existence of reducing gas H2. Fe(II) was supposed to be reduced into iron and 

wrapped by the carbon. From the scanning electron microscopic images, it can be 

seen that before the pyrolysis, the fullerene/ferrocene hybrid nanosheets are very 

smooth and flat while after pyrolysis at 800oC under Ar/H2, the surface becomes 

full of bumps and hollows that are made up of nano-particles, in which aggregate 

to around 30 nm. The shape of hexagonal nanosheet is still retained with a little 

fragment. The nanosheet after pyrolysis mainly turns into Fe nano-particles and C 

basement, thus it has the potential applications in magnetic and electronic areas 
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which have been verified in the following test. Transmission electron microscopic 

images also reveal the morphology of nanoparticles, and the black nanoparticles 

are aggregated Fe nanoparticles that can reveal the lattice from high-resolution 

TEM images. The surroundings are carbon basement which I deduce from the 

elemental analysis of the Energy Dispersive Spectrometer (EDX) measurement. 

  

Figure 2.74 Scanning electron microscopic images: a, Fullerene and ferrocene 

hybrid hexagonal nanosheets without any treatment; b, Fullerene and ferrocene 

hybrid hexagonal nanosheets after dichloromethane etching; c, Fullerene and 

ferrocene hybrid hexagonal nanosheets after m-xylene etching; d, Fullerene and 



129 

ferrocene hybrid hexagonal nanosheets after pyrolysis at 800oC under Ar/H2 

(95:5). 

 

Figure 2.75 Transmission electron microscopic images: a, b, c, Fullerene and 

ferrocene hybrid hexagonal nanosheets after pyrolysis at 800oC under Ar/H2 (95:5) 

with different scale bar; d, High-resolution TEM images of fullerene and 

ferrocene hybrid hexagonal nanosheets after pyrolysis at 800oC under Ar/H2 

(95:5); e, f, Fullerene and ferrocene hybrid hexagonal nanosheets after m-xylene 

etching with different scale bar; g, Energy dispersive spectrometer (EDS) 

elemental analysis of fullerene and ferrocene hybrid hexagonal nanosheets after 

pyrolysis at 800oC under Ar/H2 (95:5). 

The second approach to tune the morphology is solvent etching, it’s very 

interesting that just by immersing the smooth and flat sheets into pure 
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dichloromethane for only one minute, followed by extraction and observation 

under the microscope, the surface has been etched into densely bristle-shaped 

pattern. Then these pretreated hexagonal nanosheets were put into m-xylene 

saturated solution of fullerene, the whole piece of nanosheet regrows into 

pilotaxitic grid. I describe this change as a process of re-assembly, in which firstly 

DCM carries the ferrocene molecules, opening holes on the surface; then since the 

m-xylene is saturated with fullerene molecules and the crystal structure is 

matching among them, the m-xylene will convey fullerene to the sheet to 

re-assemble, which forms grid pattern finally. As a result, the grid pattern of 

nanosheet brings about the superhydrophobic property. 

 

Figure 2.76 Schematic illustration of supposed process of solvent etching and 

reassembly growth. 

The XRD patterns of the hybrid nanosheets are completely changed before and 

after pyrolysis. Before the pyrolysis the nanosheet is a kind of organometallic 

supramolecular self-assembly. Through burning at a high temperature, it turns into 

the inorganometallic nanomaterial and its crystallinity is destructed, hence the 

peak intensity is weak. Besides, after each step of solvent etching, the X-ray 

diffraction pattern alters a little, different morphology corresponds to different 

peak pattern. We can see from Figure 2.77, the characteristic peak of C60/Fc 



131 

nanosheets before any disposition is around 12, 13 and 19 2θ/degree, by contrast 

the characteristic peak of bristle-shaped pattern using dichloromethane to etch is 

about 8-11 and 18 2θ/degree, while the characteristic peak of C60/Fc nanosheets 

with grid-shaped pattern is located at 10-12, 17.5 and 21 2θ/degree. This may 

indicate the change of crystal forms in the different shaped C60/Fc nanosheets. 

 

Figure 2.77 Powder XRD patterns of C60/Fc hybrid nanosheets with different 

dispositions: C60/Fc nanosheet (magenta); Dichloromethane etched C60/Fc 

nanosheet (red); m-xylene etched C60/Fc nanosheet (blue); C60/Fc nanosheet after 

pyrolysis (black). 

2.4.3 Measurement and potential application 

  The aim of morphology control of fullerene/ferrocene hybrid nanosheet is to 

apply for multifunctional purpose. We prepared two samples by dispersing the 

nanosheet before and after pyrolysis in a toluene solution of PMMA and then 

dropcast onto a quartz plate. The role of PMMA is to stick to the quartz substrate; 

powder itself cannot stick to the substrate. PMMA does not affect the electrical 

property of the target powder samples. Then emission at 355 nm was used to 
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excite the prepared samples, followed by recording their conductivity at the 

moment by means of flash-photolysis time-resolved microwave conductivity 

technique. Briefly speaking, the sample named "Fc-C60-fire" showed a 

significantly large conductivity transient upon photo excitation at 355 nm, which 

is as high as 9.3 × 10-5 cm2/Vs, while the sample "Fc-C60" showed about half 

value of maximum conductivity, 4.3 × 10-5 cm2/Vs, and its decay time (carrier 

lifetime) was much smaller than that of "Fc-C60-fire". 

 

Figure 2.78 Conductivity transients observed for Fc-C60 (blue, non-pyrolysis) and 

Fc-C60-fire (red, after pyrolysis) upon exposure to 355 nm pulses at 9.1 × 1015 

photons cm–2 (left). Conductivity transient for Fc-C60-pyrolysis in long time range 

upon exposure to 355 nm pulses at 9.1 × 1015 photons cm–2 (right). 

In consideration of nanosheet turning into Fe nanoparticles after pyrolysis, with 

spreading over carbon based network, the magnetism performance of nanosheet 

will strengthen during the organic co-crystal transferring into inorganic mineral 

process. As expected, the nanosheet containing Fe NPs shows the property of 
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diamagnetic matrix plus material ferromagnetism, in addition low coercivity and 

high permeability, the material is likely to be a soft-magnetic material. 

 

Figure 2.79 Magnetic hysteresis loop of fullerene/ferrocene hybrid nanosheets 

after pyrolysis. 

  More than that, after solvent etching to control morphology of nanosheet, we 

tested the hydrophobicity of material. As the process of morphology control is 

divided into two steps, we measured hydrophobicity of the nanosheet etched after 

dichloromethane and nanosheet etched after m-xylene, respectively. As has 

described above, bristle-shaped pattern formed after dichloromethane etching, so 

when water touched the surface of nanosheet, the contact area decreased 

drastically but contact density increased drastically as well. On the basis of Young 

equation, the liquid surface tension plus interface surface tension is much bigger 

than solid surface tension, thus the nanosheet exhibited superhydrophobicity 

properties, afterwards that we immersed the nanosheet into m-xylene saturated 
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solution of fullerene, m-xylene will convey fullerene to the sheet to re-assemble, 

forming grid pattern finally, which also shows favourable hydrophobicity. 

 

Figure 2.80 Schematic illustration of surface tension and contact angle test of 

nanosheet after dichloromethane etching (up) besides nanosheet reassembled in 

m-xylene saturated solution of fullerene (down). 

2.4.4 Extension work: Nanosheet composed of platinum(Ⅱ)-salphen and 

octafluoronaphthalene 

Donor molecule: 

N N

O O
Pt

  Acceptor molecule: 

F

F

F

F F

F

F

F

 

An acetonitrile solution of Pt(II)-salphen and octafluoronaphthalene in which 

the stoichiometric ratio is 1:1 was prepared by ultrasonic dissolution, then 1 mL of 

the mixture was added to 5 mL poor solvent (Ethanol:H2O=1:1) solution for the 

purpose of precipitating the solute. Then sparkling solids were separated out from 

the mixture, followed by observation under the microscope and characterization. 
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Figure 2.81 Schematic illustration of the preparation process. 

From Figure 2.82 we can see the precipitate of single Pt(II)-salphen is the red 

rodlike crystal, while the self-assembled nanosheet containing two constituents 

exhibits orange color. This means the adding of octafluoronaphthalene can tune 

the color of luminescence. Moreover, the dual-component nanosheet was also 

characterized by transmission electron microscopy (TEM), and energy dispersive 

spectrometer (EDS) elemental analysis shows it comprises fluorine element and 

platinum element with the atomic ratio 5:1. This may suggest the stoichiometric 

ratio of self-assembled complex is about 2:1. 

 

Figure 2.82 Optical microscopic images of sparkling solids precipitated from 

mixed Pt(II)-salphen and octafluoronaphthalene solution. 
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Figure 2.83 TEM photographs of nanosheet self-assembled by Pt(II)-salphen and 

octafluoronaphthalene. 

  According to the research communication reported by Takatsugu Wakahara et 

al.,18 this kind of nanosheet containing donor and acceptor constituents may take 

advantage of both constituents’ properties, such as hole transporting characteristic 

as well as electron transporting characteristic. A bottom-gate and bottom-contact 

field-effect transistors (FETs) can be fabricated by using e.g. gold source-drain 

electrodes and silicon dioxide as the gate dielectric in order to investigate the 

charge carrier transporting properties. Usually, the acceptor molecule only showed 
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n-type behavior in the FETs device while the donor molecule would exhibit 

superior p-type behavior, but good crystalline molecular structure comprising 

D−A configuration ought to have ambipolar charge transporting characteristics. 

 

Figure 2.84 Spectrum of energy dispersive spectrometer (EDS) elemental analysis 

of nanosheet self-assembled by Pt(II)-salphen and octafluoronaphthalene. 

Element  Weight %  Atomic %   Uncert. % Correction  k-Factor 

C(K)      53.56    83.52     0.39     0.26       3.940 

F(K)      10.30    10.15     0.10     0.62       1.601 

Cu(K)     14.32     4.22     0.11     0.99       1.667 

Pt(L)     21.81     2.09     0.21     0.75       5.547 

Table 2.6 Elemental distribution and proportion of nanosheet self-assembled by 

Pt(II)-salphen and octafluoronaphthalene. 

In summary, we designed and prepared a binary assembled nanosheet containing 

the platinum complex and fluoride compound, its morphology and composition 

were revealed by the microscopic and EDS elemental analyses, moreover we 

discussed its potential application in the ambipolar organic field effect transistor 

based on the similar material reported by other researchers.18 
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Chapter 3: Formation of Hetero-structured Microrods with Multi-coloured 

Luminescent Properties by Molecular Self-assembly 

3.1 Introduction 

Organic heterostructured micro- or nanomaterials are attracting increasing 

attention on account of its extensive applications in lasers,1 organic light-emitting 

diode devices (OLEDs),2,3 bipolar transistors,4,5 field effect transistors,6,7 

biomedical diagnostics,8,9 artificial motor10 and dye-sensitized solar cells 

(DSSCs).11,12  

Although great successes have been made, almost all of the related works on 

organic heterojunctions focus on their amorphous thin-film forms. In contrast, the 

successful synthesis of crystalline organic heterostructed nanomaterials with 

precisely distributed domains still remains a problem because of the great 

difficulty of rational selection of each material and dynamic assembly control. 

Actually, it also seems reasonable that the nanoscale organic heterojunctions 

exhibit superior properties due to the creation of unique interfacial structures. As a 

result, efficient energy and electron transfer would occur across the interfaces 

between different domains, leading to novel and/or improved photonic and 

electronic performances, such as multi-colour fluorescent barcodes and ambipolar 

p-n diodes. For instance, linear heterojunctions composed of two- and three-block 

nanotubular segments have been elaborately designed and developed by stepwise 

tubular assembly of two structural-matching graphene-like molecules with 

dissimilar semiconducting properties. The generated interfaces between two 
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blocks favour charge transfer from one p-type molecule to another n-type 

molecule and thus suppress charge recombination. It should be noted that 

specially designed molecular pairs with well-matched structures are necessary to 

realize the complex configurations. 

From the viewpoint of crystal engineering, a cocrystal strategy formed by 

simply integrating together two common π-conjugated materials may be a 

promising alternative, avoiding complicated multistep synthetic procedures. A 

representative example has been demonstrated that luminescent TCNB-based CT 

co-crystals can be used to achieve two-colour-emitting microdumbbells by a 

simple two-step seeded growth method. These CT cocrystals were formed readily 

by slightly tuning the types of π-conjugated electron donors, which makes it 

become possible to form multi-colour barcodes. On the basis of the structural 

understanding of two-component CT cocrystals, more complex organic 

topological configurations may be designed using preformed heterostructed 

materials rather than pure CT crystals as seeds, providing a rational design 

strategy for precise assembly of multi-level luminescent organic heterojunctions. 

On the other hand, from the viewpoint of alloy engineering, organic alloy 

strategy formed by simply integrating together two similar structured molecules 

may be another promising alternative to prepare sophisticated configuration, 

avoiding complicated multistep synthetic procedures. Organic alloy which is also 

called solid solution, the isostructural organic guest molecules randomly disperse 

into the crystal lattice of organic host molecules over a wide range of proportions.  
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In this chapter, I mainly concentrate on certain microrods assembled from 

π-conjugated small molecules, especially introducing on the construction of 

heterogeneous organic heterojunction materials with specific components 

distribution. Speaking specifically, two novel kinds of heterostructure, the 

multi-segment heterojunction and heterogeneous rod-tail helix, were fabricated 

and developed both via a stepwise seeded-growth route, in which the different 

constituents emit different colors of light. The heterogeneous morphology was 

characterized with the aid of TGA, SEM, TEM and XRD, besides the luminescent 

properties were investigated by means of fluorescence microscope and confocal 

microscopy. What is more important is that the prepared method of employing 

seeded-precursor could give us a revelation about constructing more sophisticated 

and functional organic luminescent heterogeneous materials, and this is actually 

where our work makes real sense. 

3.2 Multi-layer core-shell hetero-structured microrods with multi-coloured 

luminescence 

3.2.1 Frabrication of hetero-structured architecture 

Herein, we first develop luminescent TCNB-based CT cocrystals covering the 

emission colours from blue-green to orange through a simple solution-phase 

assembly route following the previous synthetic procedures. All three CT crystals 

display highly similar molecular packing because the π-conjugated molecules 

with slight structural difference were used as electron donors, providing a 

possibility to integrate them into a heterostructed configuration. Using a 
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blue-green-emitting CT microrod as a seed, core-shell luminescent 

heterojunctions were achieved via a stepwise seeded-growth method. Moreover, 

the resultant core-shell microrods can be further applied as seeds to construct 

more complex multi-shell heterojunctions. The present rational construction of 

core-shell heterostructed materials were realized depending on perfect lattice 

matching of different CT crystals, providing a new sight to understand the effect 

of the structural relationship on the topological configurations. 

 

Figure 3.1 Prepared procedure and schematic illustration of using the 

multi-stepwise seeded-growth method to prepare multi-segment heterostructured 

microrods. 

The heterogeneous multi-layered core-shell microrod heterojunctions consist of 

1,2,4,5-tetracyanobenzene (TCNB) and carbazole-type molecules with the charge 

transfer interaction inside. The prepared procedure is shown in Figure 4.1. 

Precursors as seeds were suspended in a poor solvent (Ethanol/H2O) beforehand, 

followed by fast injection of the second constituent, as a result of the same crystal 

form and the lattice matching, the subsequent constituent could grow on the 
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pre-existing microrod readily, then repeat the preceding process again, the latter 

component would grow on the previously formed heterojunction till the formation 

of multi-layered core-shell microrod. 

3.2.2 Characterization and certification of hetero-structured microrods 

Four carbazole-type molecules with almost same molecular structure, carbazole, 

fluorene, dibenzothiophene and dibenzofuran respectively, can combine with 

1,2,4,5- tetracyanobenzene (TCNB) to form single crystal microrods with the 

same crystal form, as a result their crystal lattices are matching which has been 

proved by the crystal structure (Figure 4.2).  

 

Figure 3.2 Crystal structure of charge transfer complexes formed by 

carbazole-TCNB (a), dibenzothiophene-TCNB (b), dibenzofuran-TCNB (c) and 

fluorene-TCNB (d). 

We choose luminescent organic donor–acceptor (D-A) systems as the model 

materials to study the possibility of formation of multi-shell organic 

heterostructed materials. Typically, TCNB acts as the acceptor, whereas 

dibenzothiophene, fluorene, and carbazole serve as the donors to synthesize three 
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structurally similar CT complexes. To obtain crystalline one-dimensional (1D) CT 

assemblies, an etching assisted CT-induced assembly method was developed by 

adding a CT solution in THF to an ethanol/water mixture, as reported previously. 

Instead of hollow tubes, three solid CT microrods including dibenzothiophene- 

TCNB (S-TCNB), fluorene-TCNB (C-TCNB), and carbazole-TCNB (N-TCNB) 

(Figure 3.3a) were achieved due to the high content of water in the 

THF/ethanol/H2O mixture. As shown in Figure 3.3b-d, scanning electron 

microscopy (SEM) results reveal that all of three rod-like CT structures have a 

rectangular cross section with a diameter of several micrometers, and a length of 

tens of micrometers. The corresponding transmission electron microscopy (TEM) 

images (Figure 3.3e-g) also confirm the formation of highly crystalline CT 

microrods. Even after storing them in the preparative solutions two days, the CT 

microrods almost kept their initial morphologies. 

 

Figure 3.3 a. Schematic showing the molecular structures of 1,2,4,5- 

tetracyanobenzene (TCNB), dibenzothiophene (S), fluorene (C) and carbazole (N); 
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b-d. SEM images of S-TCNB, C-TCNB and N-TCNB microrods; e-g. The 

corresponding TEM images. 

The powder X-ray diffraction (XRD) tests of the five CT microrods were also 

performed to reveal their molecular packing (Figure 3.4a). Obviously, the XRD 

patterns are almost identical, indicating all of CT crystals have similar crystal 

structures, including the two-layered and three-layered core-shell microstructures. 

Thus, the slight structural differences of π-conjugated donors enable highly 

similar molecular packing of the resulting CT crystals as well as their structural 

consistency. When excited by an UV lamp (365 nm), S-TCNB, C-TCNB, and 

N-TCNB microrod films deposited on quartz substrates show uniform and strong 

blue-green, green, and orange light (inset in Figure 3.4b), respectively. The 

corresponding steady-state photoluminescence (PL) spectra were further studied 

and the broad and structureless PL bands of the three CT microrods correspond to 

490, 540, and 610 nm (Figure 3.4b), respectively. In addition, the fluorescence 

microscopy images of these CT microrods (Figure 3.4 c-e) also reveal their 

emission colours ranging from blue-green through green to orange. Interestingly, 

slight structural differences of S-TCNB, C-TCNB, and N-TCNB lead to such 

dramatic differences in luminescence performances. That is, the luminescence 

natures of the three TCNB-based microrods can be easily tailored by simply 

varying the electron-donating abilities. As reported previously, highly similar 

crystal structures and physicochemical properties of the TCNB-based CT crystals 

bring the possibility to construct organic heterojunctions. Their obvious different 
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emission colours can be used to recognize the composition of each domain of the 

heterostructed materials. 

 

Figure 3.4 a. Powder XRD patterns of S-TCNB, C-TCNB, N-TCNB microrods, 

three-layered and two-layered core-shell microstructures; b. Photoluminescence 

(PL) spectra of S-TCNB, C-TCNB, and N-TCNB microrods; c-e. Fluorescence 

microscopy images of S-TCNB, C-TCNB, and N-TCNB microrods upon 

excitation with UV light. 

  To construct the single-layer core-shell microstructures, blue-green-emitting 

S-TCNB and orange-emitting N-TCNB crystals were specially selected as a seed 

and growing unit, respectively (Figure 3.5a). Specifically, the seed suspension was 

achieved by dispersion of S-TCNB microrods into an ethanol/water mixture. 

Upon mixing the suspension with N-TCNB solution in THF, N-TCNB may serve 

as the shell layer to form S-TCNB@N-TCNB core-shell structures. Fluorescence 
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microscopy tests were performed to examine the configuration because different 

layers may be distinguished by their different emission colours. Figure 3.5b and 

3.5c shows the corresponding images excited by UV and green light, respectively. 

As expected, a yellow-emitting thin layer is deposited onto the surface of a 

blue-green-emitting microrod upon excitation with UV light (Figure 3.5b).  

When the excitation light is converted into blue light, the inner core almost 

becomes non-emissive, while the outer layer exhibits a strong red light (Figure 

3.5c). Thus, it is clearly confirmed that N-TCNB layer is uniformly coated onto 

the surface of S-TCNB microrods, forming S-TCNB@N-TCNB core-shell 

structures. Laser confocal fluorescence microscopy (LCFM) test was also carried 

out to further reveal that N-TCNB layer would preferentially grow along 1D 

direction rather than longitudinal axis. We thereby inferred that a large amount of 

exposed TCNB acceptor molecules at the tips of S-TCNB would offer more 

possibilities for the selective deposition of N-TCNB, as described previously. The 

corresponding micro-area PL spectrum of S-TCNB@N-TCNB core-shell 

structures at the core-shell junction shows two PL peaks at 500 and 550 nm at the 

short-wavelength range and a PL peak at 575 nm at the long-wavelength range. 

When compared to the PL peak of the core-shell structure at one tip (575 nm), it 

can be clearly confirmed that the two PL peaks at 500 and 550 nm should be 

derived from the inner S-TCNB core, while the PL peak should be originated from 

the outer N-TCNB layer. The above results further support the formation of 

S-TCNB@N-TCNB core-shell structure. Moreover, green-emitting C-TCNB can 
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also be used as a seed to afford the formation of C-TCNB@N-TCNB core-shell 

structure. 

Inspired by the above success, we wondered whether S-TCNB@N-TCNB 

core-shell structure can be further used as a seed to construct more complex 

two-layered core-shell configuration S-TCNB@N-TCNB@C-TCNB, where 

C-TCNB serves as the second growth component. The present synthetic 

procedures were almost idential to the case of S-TCNB@N-TCNB core-shell 

structure except for the difference of the seed. From the fluorescence microscopy 

results shown in Figure 3.5, we can see that yellow-emitting N-TCNB layer is 

coated by a thin green-emitting C-TCNB layer when excited by UV light, giving 

two-layer S-TCNB@N-TCNB@C-TCNB core-shell structure. Upon excitation 

with blue light, two junctions with clear interface at the tip part were clearly 

revealed, also indicating the formation of two-layer core-shell structure. Even the 

intermost blue-green-emitting S-TCNB can also be observed, as confirmed by 

single typical two-layer core-shell structure. LCFM results further confirm that a 

tip of two-layer core-shell structure involves two junctions at the core-shell 

interfaces. The corresponding micro-area PL spectrum shows the PL band of the 

position “4” at 540 nm, which corresponds to C-TCNB. While the position “3” 

has a PL band at 575 nm, while corresponds to C-TCNB and N-CTNB. Obviously, 

the PL bands of the positions “1” and “2” have almost same spectral profiles, 

indicating that both of them were composed of all three constituent materials. The 
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above results clearly confirm the formation of two-layer S-TCNB@N-TCNB@ 

C-TCNB core-shell structure. 

 

Figure 3.5 a. Schematic illustration of the synthetic procedure of single-layer 

core-shell microrods by using a stepwise seeded growth method. b,c. 

Fluorescence microscopy images of the corresponding rods excited by UV and 

green light, respectively. d-k. LCFM photographs of different positions upon the 

excitation with blue light (λex = 405 nm) and micro-area PL spectra recorded from 

the selected areas that are marked in black circles on the core-shell rod. 

Next, we also expect to construct three-layer S-TCNB@N-TCNB@C-TCNB 

@N-TCNB by using S-TCNB@N-TCNB@C-TCNB core-shell structure as a 

seed and N-TCNB as the second growing unit (Figure 3.6a). Similar to the case of 

S-TCNB@N-TCNB@C-TCNB core-shell structure, the three-layer core-shell 
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structure can also be synthesized by a stepwise seeded growth method. As 

expected, each tip of the 1D microstructure has three junctions with different 

colours when excited by UV light, as the fluorescence microscopy results shown 

in Figure 3.6b-g. Upon converting the excitation light to blue light, two 

orange-emitting junctions would become red, while the green-emitting junction 

would turn into non-emissive. Hence, the multi-junction structure can be regarded 

as multiple core-shell structure. The sequence of each component from inner to 

outer in core-shell structure should be S-TCNB@N-TCNB@C-TCNB@N-TCNB. 

 

Figure 3.6 Schematic illustration of prepared procedure using the stepwise 

seed-reduced growth method to prepare the three-layered core-shell micro-rods 
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S-TCNB@N-TCNB@C-TCNB@N-TCNB; b-g. Fluorescence microscopy images 

of the three-layered core-shell rods excited by UV and green light. h. Schematic 

illustration of prepared procedure using the stepwise seed-reduced growth method 

to prepare the three-layered core-shell structured rods C-TCNB@N-TCNB@ 

S-TCNB@N-TCNB; i-n. Fluorescence microscopy images of the three-layered 

core-shell rods excited by UV and green light. 

 

3.3 Rod-tail helix core-shell hetero-structured microrods with dual-colored 

luminescence 

3.3.1 Frabrication of hetero-structured architecture 

The organic alloy (solid solution) can be regarded as the microcosmic 

heterojunction with homogeneous constituent, the isostructural organic guest 

molecules randomly disperse into the crystal lattice of organic host molecules 

over a wide range of proportions,13 this can not only unite the advantages of 

containing organic components, but also via such a broad and continuously 

tunable varying in chemical constitution it could bring improved and/or 

unexpected properties, for example, organic alloys (solid solutions) of 

TSeFxTTF1-xTCNQ were synthesized and due to isostructurality of two donor 

molecules TSeF&TTF, the value of x is permitted to vary from 0 to 1 and gaining 

creditably electrical properties.14 Applying the supramolecular approach to 

prepare three or four-component organic alloys and further investigation about 

modulating their relative properties by gradual alteration of constituents’ ratio 
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were also conducted.15 Besides the solid solution are utilized in ambipolar organic 

thin film transistors as well as tuning luminescent performance.16  

On the other hand, though heterogeneous heterojunction has been studied for a 

long time in inorganic materials field17, however, for organic materials to 

construct sophisticated heterogeneous architecture the control and growth are 

more unexpected and unprecise owing to the analogy of hydrocarbon. The fresh 

interfaces that created between inorganic or organic components could result in 

novel and superior functionalities because of the synergistic effects among 

individual constituents18, e.g. the research on depositing CdS and CdSe 

nanostructures on TiO2
19, ZnSe20, and ZnO21 for harnessing solar energy in the 

broader wavelength regions, employment of electron transfer across the 

nanometer contact at the interface between dumbbell-like nanoparticles (DBNPs) 

for use in reaction catalyst22 imaging probes23 and multicolor optical 

performance18b, Janus TiO2/Si nanotree driven by the photoelectrochemical 

reaction achieving the artificial micro-engine24. We can see that the cases about 

taking advantage of organic heterostructure are significantly rare. Not to mention 

the combination of the organic alloy and organic heterogeneous structure, as far as 

our current knowledge, the successful mircoscale fabrication towards organic 

mono-component core with dual-component organic alloy shell is seldomly 

reported. 

Herein, we report an unprecedented novel configuration of heterogeneous 

heterojunction: rod-tail helix, BPEA@BPEAxBPEN1-x, a core-shell organic 
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structure constructed by two step precursor-induced-growth approach, in which 

the shell is composed of two isostructural polycyclic aromatic hydrocarbons: 

BPEAx and BPEN1-x through π-π interaction, in contrast to dual-component shell, 

the core comprises single BPEA molecule. In addition, during the formation 

process the ribbon-shaped alloyed shell BPEAxBPEN1-x wrap up the side face of 

BPEA core with stretching to the end of rod, and extend out with screwing into 

bundles of helices, finally forming the structure as we called rod-tail helix. 

Schematic illustration of the stepwise seeded-growth process is shown in Figure 

3.7. 

 

Figure 3.7 Schematic illustration of the stepwise seeded-growth process of 

rod-tail helix, BPEA@BPEAxBPEN1-x. 

The detailed operation is convenient and facile, firstly make the BPEA seeds, 

suspending in the poor solvent (EtOH/H2O) beforehand, then inject the second 

constituent that is the mixed BPEAxBPEN1-x solution, into the suspension fleetly, 

waiting for a while and then rod-tail helices were found to formed in the mixture. 

Then the samples were taken out by dropper and transferred onto substrates for 

the following characterization. 
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Figure 3.8 Operation and illustration of the stepwise seeded-growth method of 

rod-tail helix, BPEA@BPEAxBPEN1-x. 

3.3.2 Characterization and certification of hetero-structured microrods 

We used two structurally similar conjugated molecules, 9,10-bis(phenylethynyl) 

anthracene (BPEA) and 5,12-bis(phenylethynyl)naphthacene (BPEN) to construct 

the heterogeneous rod-tail helix. Individual BPEA and BPEN molecules can form 

straight rods by π-π interaction among themselves, however what is amazing is 

that with appropriate proportion of blending or mixing, BPEA and BPEN can 

make up DNA-shaped building, which is the organic alloy intrinsically. I suppose 

the reason is the plane conjugated harmony between collocation and dislocation in 

molecular level. By contrast, the self-assemblies of these two molecules possess 

totally different morphologies; single BPEA can assemble into microrods while 

single BPEN can assemble into the hollow microtube. The SEM and TEM 

photographs in Figure 3.9 exhibit the concrete scale, surface topography as well as 

inner construction. 
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Figure 3.9 Chemical structures of BPEA and BPEN molecules (a) besides 

scanning and transmission electron microscopic images of the assembled rods: (b), 

SEM photograph of individual BPEA rods; (c), SEM photograph of individual 

BPEN rod; (d), SEM photograph of BPEA and BPEN blending helixes; (e), TEM 

photograph of individual BPEA rod; (f), TEM photograph of individual BPEN rod; 

(g), TEM photograph of BPEA and BPEN blending helixes. 

Then our group characterized the fluorescent property of each self-assembly. 

Their solid emission spectra show that each assembly possesses distinct emission 

peak from 550 nm to 700 nm, in which the emission wavelength of helices is 

situated between the single BPEA micro-rods and single BPEN micro-tubes. We 

suppose these PL data can prove the formation of organic alloy from another point 
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of view as the emission of mixture lies between those components. Furthermore, 

due to the high efficiency of Förster resonance energy transfer (FRET), as BPEA 

molecules are excited, the energy of excited state can be transfered to BPEN 

molecules through nonradiative dipole–dipole coupling process in the solid 

solution. As a result, the emission wavelength of alloy is much closer to the 

emission wavelength of single BPEN. 

For getting the detailed crystalline information of the rods, helices and their 

combination, we further conducted the XRD measurements. As expected, the 

XRD pattern of the helices is different from that of individual BPEA or BPEN 

rods, totally new peaks at 7.5°, 10.3°, 11.3°, 15.2°, 16.3° as well as 22.8° appear. 

In addition, the XRD results clearly demonstrate the pattern of rod-tail helix 

heterojunction is the combined pattern of individual rods and helices. For 

convenience, Figure 3.10 b marks every peak of helix@BPEA core-shell structure 

to the corresponding peak of contained components specially. We can properly 

prove the successful preparation of hererojunction from the perspective of 

structural crystallography. 

Besides we also measured their decomposition temperature in order to compare 

the thermal stabilities of heterostructured assemlies with mono-component rods 

and dual-component alloys. It is interesting to find the TGA curve of BPEA/ 

BPEN rod-tail helix heterojunction lies between those of rod and alloy. According 

to this result, the existence of heterostructured framework can be indirectly 

verified. There is another point worthy of note, the decomposition temperature of 
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alloy is 35 oC lower than individual rods and the weight loss percentage is as 

much as 20 % larger, so consequently this test demonstrates the thermal stability 

of alloy material is not as good as the monocomponent material, we reckon 

probably due to the slight intermolecular dislocation among stacking. 

 

Figure 3.10 a. Emission spectra of assembled rods upon excitation with the laser 

(λex = 405 nm); b. Powder XRD patterns of different assembled rods: Individual 

BPEN rods (black); Individual BPEA rods (red); BPEA and BPEN blending 

helixes (blue); BPEA/BPEN rod-tail helix heterojunction (magenta); c. TGA plots 

of individual BPEA rods (green), BPEA and BPEN blending helixes (red) and 

BPEA/BPEN rod-tail helix heterojunction (blue) with a heating rate of 10 min s-1 

under an N2 atmosphere; d. Laser confocal fluorescence microscopic images of 

assembled rods. 

Next is to focus on characterizing the BPEA/BPEN assembled rod-tail helix 

heterojunction, SEM shows the specific morphology, the ribbon-shaped 

constituents wrap up the side face of the first constituent here which refers to the 
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seeded precursor, then stretch to the end of rod and extend out with screwing into 

bundles of helixes. Meanwhile TEM data verify our speculation. It reveals the 

existence of core-shell structure; the core is compact that presents dark shade, 

while the shell ribbon is thin that exhibits light shade. Furthermore, fluorescence 

microscopy shows the dual-color luminescent property more intuitively. The core 

rod emits green light, while the shell ribbon and tailed helix possess the red 

luminescence. This is the most direct evidence to verify the construction of 

rod-tail helix heterojunction. 

 

Figure 3.11 Scanning, transmission electron and fluorescence microscopic images 

of BPEA/BPEN assembled rod-tail helix heterojunction: (a), SEM photographs of 

BPEA/BPEN assembled rod-tail helix heterojunction with different scale bar; (b), 

TEM photographs of BPEA/BPEN assembled rod-tail helix heterojunction in 

different position; (c), Fluorescence microscopic photographs of BPEA/BPEN 

assembled rod-tail helix heterojunction with different scale bar. 
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In order to further investigate the dual-color-emitting performance of BPEA 

and BPEN assembling rod-tail helix heterojunction, the laser select-excited 

micro-area luminescent spectrometer of laser confocal fluorescence microscopy is 

used to record the PL data of each component. Shown in Figure 3.12a and 3.12d, 

we firstly excited the whole heterostructured rod-tail helix with the laser (λ = 405 

nm), and found that it exhibits two characteristic peaks which stay at 546 nm and 

665 nm respectively (Figure 3.12g), what should be noted is that the intensity of 

latter peak is higher than the former peak. Afterwards the scope of the laser was 

reduced and moved onto the central section of heterojunction shown in Figure 

3.12e, when excited it emits the same wavelength-ranged lights as well. However 

the intensity of latter peak is lower than the former peak due to the concentration 

of constituents, in which the core constituent occupies the majority and shell 

constituent occupies the minority (Figure 3.12h). Likewise when the laser focuses 

on the tail section stretched out, the micro-area PL spectrum only shows the peak 

at 663 nm, which is just the luminescent feature of BPEA and BPEN blending 

helices. (Figures 3.12f and 3.12i) This proves the formation of rod-tail helix 

heterojunction from the aspect of optical spectroscopy. 

To sum up, we realized the controlled growth of organic helical alloy onto 

mono-component microrod to fabricate heterogeneous rod-tail helix with dual- 

color-emitting performance, and its morphology as well as thermal, crystal, 

optical properties was characterized by SEM, TEM, TGA, XRD, laser confocal 

and fluorescence microscopy. 
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Figure 3.12 Laser confocal fluorescence microscopic (LCFM) images and the 

laser select-excited microarea PL spectra of the BPEA/BPEN rod-tail helix 

heterojunction. 
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Chapter 4: Cyclometalated Iridium(Ⅲ) Dipyrrinato Complexes 

4.1 Introduction 

Inspired by the design of bis(dipyrrinato)metal linkages in the two-dimensional 

framework in Chapter 2, I continue to develop a series of iridium(Ⅲ) dipyrrinato 

complexes which combine with other two C^N ligands. What an encouraging 

discovery is that this kind of iridium(Ⅲ) complexes was the property of deep red 

or even near-infrared (NIR) emission. Herein, I am going to give a brief 

introduction about the mechanism and structural design of the deep red or even 

near-infrared (NIR) emitting iridium(Ⅲ) complexes as well as their applications 

in biologic technology and light-emitting device. 

As we know, when an organic molecule is excited by absorbing the energy of 

photons, the exciton inside the molecule will go into two excited states, 25% in 

singlet the excited state (S1) and 75% assigned to the triplet excited state (T1).
1 

For most of the pure organic molecules, the energy of T1 will rapidly decay to 

ground state (S0) through non-radiative relaxation because of its negligible spin- 

orbit coupling (SOC)2 and short lifetime (τ), which result in great energy waste.3 

The radiation from singlet excited state is fluorescence, leading to a maximum 

photoluminescence quantum yield (PLQY) or internal quantum efficiency (IQE) 

of 25%.4 On the other hand, transition metal complexes possess strong spin-orbit 

coupling (SOC) and fast intersystem crossing (ISC)5 from the highest excited 

singlet metal-to-ligand charge transfer (1MLCT) to the lowest triplet metal-to- 

ligand charge transfer (3MLCT),6 which can facilitate phosphorescence releasing 
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the energy of 75% exciton in T1 to S0 in radiative emitting way. With exploitation 

of both 25% S1 and 75% T1 excitons, the metal phosphorescent complexes could 

achieve a theoretical 100% PLQY and IQE.7 Besides, there are other two highly 

efficient fluorescent approaches; one is two triplet excitons forming one extra 

singlet exciton which is called triplet-triplet annihilation (TTA),8 the other is 

thermally activated delayed fluorescence (TADF) with the reverse intersystem 

crossing (RISC) between T1 and S1 if their energy gap (△ES-T) is small enough, 

like < 0.1 eV.9 

The transition metals, such as ruthenium (Ru), osmium (Os) and iridium (Ir), 

adopt ML6 (L = ligand), octahedral coordination geometry. The ligands normally 

possess more than one pair of electrons or ions that could be donated to metal 

center forming organometallics via coordination bonds or ionic bonds. Most 

common ligand for iridium(Ⅲ) complexes is the ligand with two active sites, 

which is described as chelate ligand as it looks like a claw when the coordination 

forms between it and metal core. Crystal field is usually taken to explain the effect 

of ligands on the d orbitals of metal center. Among the six octahedral directions 

(+x, -x, +y, -y, +z and -z) the d orbitals of metal adopt five forms shown in Figure 

4.1. The head to head contacts through the directions of x, y and z are described as 

dz
2 and dx

2
-y

2, the bonds distributing in these directions are relatively strong σ 

bonds that need more energy to form as the ligands contribute their negative 

charges to these orbitals. The other three orbitals (dxy, dyz and dxz) along the 

directions shown in Figure 4.1 are more stabilized as they have less interaction 
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with the ligands, which are forming π-bonds by donating their electrons to the 

unoccupied π-orbitals of ligands.10 

  

Figure 4.1 The schematic diagram of octahedral crystal field splitting. 

Molecular orbital (MO) theory is also proposed to explain the configuration of 

the electrons and orbitals between metal and ligand. It is more sophisticated and 

comprehensive than crytal field theory. Take an example of Ir(3+, 5d6)L6 complex, 

when the M-L bond is formed, there are totally 18 electrons, six e- are from Ir3+ 

and twelve e- come from the ligands. These 18 electrons would fill in the orbitals 

on both the metal core and organic ligands, in which nine orbitals are from the 

metal that one s orbital, three p orbitals besides five d orbitals while six lone-pair 

orbitals come from the organic ligands. As the ligands are coordinated to the 

metal, for the minimum energy principle, the nine orbitals from the metal core 

overlap with the six lone-pair orbitals from the ligands, the stabilizd orbitals form 

bonding (M-L σ bonds) and the destabilizd orbitals form the antibonding (M-L σ* 

bonds), besides there are also three nonbonding orbitals (dπ) that do not hybridize 

with the six orbitals of ligands. 18 electrons fill in the bonding and nonbonding 
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orbitals to form the stable organometallic complex, in which the highest energy 

level occupied by the outermost electron is the highest occupied molecular 

orbitals (HOMO) while the first empty molecular orbital is the lowest unoccupied 

molecular orbitals (LUMO), they are collectively referred to as frontier orbitals.11 

 

Figure 4.2 The schematic diagram of molecular orbitals splitting (left) and the 

corresponding orbital diagram of Ir(Ⅲ, 5d6)L6 complex (right). 

As iridium(Ⅲ) complexes have the octahedral geometry which Ir connects with 

the ligands through six bonds, there are several configurations of iridium(Ⅲ) 

complexes. First of all is the tris-bidentate and homoleptic configuration, the 

complex possesses the same three bidentate cyclometalated ligands, the typical 

example is tris-(phenylpyridinato)iridium(Ⅲ), known as Ir(PPY)3.
12 The second 
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configuration is the tris-bidentate and heteroleptic complex13 that bears two same 

bidentate ligands and a third ancillary ligand, like Ir(PPY)2(acac). The third kind 

is tris-bidentate and heteroleptic complex with three different structured ligands 

coordination.14 Fourthly, bis-tridentate and homoleptic complex are composed by 

Ir metal core and the same two tridentate ligands.15 The last one is the composite 

of two different tridentate cyclometalated ligands with iridium ion, we define it as 

bis-tridentate and heteroleptic complex.16 Remarkably, for the tris-bidentate and 

homoleptic complex, two common layouts exist among the final products of the 

same molecular formula,17 facial (fac-) configuration besides meridional (mer-) 

configuration, respectively. 

The reasons why iridium complexes are extensively used in optoelectronic field 

are their highly efficient harnessing of input energy, long-lived excited states and 

intense absorption in the visible light spectrum; they could be investigated as 

photosensitizers that transfer the energy of sunlight to the energy acceptor at the 

time they are excited,18 then the photosyntheses such as reduction of carbon 

dioxide19 or water splitting20 can be carried forward following the energy transfer; 

the cationic iridium(Ⅲ) complexes show superior preformace in bioimaging 

technique,21 this kind of organometallics possess the features of weak photo- 

bleaching for imaging, intensive photoluminescence in cells, low cytotoxicity for 

organism and good permeability of cell membranes, indicating cationic iridium(Ⅲ) 

complex can be regarded as one advanced tool for bioimaging applications in live 

cells, as the living cells usually could not endure relatively high energy excitation, 



174 

thus deep red and near infrared (NIR) iridium phosphors are more appropriate for 

the cellular research; they are also widely used in solid-state emitting displays, 

well known as organic light-emitting diodes (OLEDs),22 the efficient Ir(Ⅲ) 

complexes can achieve full color and NIR emissions whose light wavelengths 

cover from 400 to 800 nm. Generally speaking, the emission colors of Ir(Ⅲ) 

complexes are determined by the energy gap (Eg) between their HOMO and 

LUMO energy levels,11 in other words, the energy gap between their group state 

and triplet state energy levels would also affect the emitting wavelengths. The 

energy of photons can be calculated by the equation: E = hc / λ, in which c is the 

light speed around 3 × 108 m/s, h is the Planck constant (6.626 × 10-34 J s). 

According to the equation, we can calculate that the typical blue emitting complex 

with 450 nm emission hold the photo energy of 4.42 × 10-19 J, corresponding to 

2.76 eV. For the typical green and red phosphors, when the emitting wavelength is 

520 nm the value of energy is 2.39 eV; when the emitting wavelength is 625 nm, 

value of energy is 1.99 eV. To tune these erergy gaps of organometallic complexes 

in order to change the energy level of emitting light is the key to realize different 

emission colors. Of course, this is the simplified description, actual situation is 

more complicated.23 The frontier orbitals often overlap; a bigger overlapping 

degree reults in a smaller energy gap (Eg) exhibiting a red–shift phosphorescence; 

while the more separated level of HOMO and LUMO leads to a bigger energy gap 

(Eg) with a blue–shift emission. The fluorination approach is uauslly taken to 

realize blue emission,24 the electron-withdrawing fluorine (F) and fluoro 
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substituents on phenyl rings will pull the electrons of ligands to concentrate on the 

phenyl part, making the HOMO localized on phenyl rings and make a bigger 

separation of HOMO and LUMO erengy levels.25 Some other 

electron-withdrawing gourps,26 for example benzoyl (C=O), sulfonyl (S=O) and 

phosphoryl (P=O) groups can also lower the HOMO erergy level of iridium 

complexes, making the emission a slight blue-shift. We can arrive at a conclusion 

that the substitution of electron-withdrawing groups on the phenyl moieties can 

enlarge the energy gap to get the blue emitting phosphors. If the pyrazole ring 

replaces the pyridine ring, the MLCT transitions of iridium complexes will raise 

significantly,27,28 which could also achieve deep blue phosphorescence. Unlike the 

fluorinaton tactics to reduce the HOMO energy levels of Ir(Ⅲ) complexes, the 

stronger ligand field of N-heterocyclic carbene (C^C) ligands could increase the 

LUMO energy levels observably so that a broad energy gap is generated and the 

complexes emit blue or even violet luminescence.29 

On the other hand, to add electron-donating groups on the phenyl part and 

increase the degree of conjugation on pyridyl moiety is the main method to design 

and develop red, deep red and near infrared iridium complexes.30 Sometimes, 

adding the electron-withdrawing trifluoromethyl (CF3) substituent on pyridyl ring 

will also make a distinct red-shifted emission, since the electron-withdrawing 

functional groups can help the electrons move from cathode to the emitter.30 In 

theory, no matter the functional group is electron-withdrawing or donating, it 

could promote the charge carrier’s recombination inside the emitting layer (EML) 
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to attain an efficient and balanced radiation. Besides enlarging the conjugation of 

C^N ligands, thiophene as well as its derivatives are commonly used for replacing 

phenyl moiety in the syntheses of red phosphors.12a 
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Figure 4.3 Typical chemical structures for the NIR iridium complexes. 

However, the near-infrared (NIR) emitting iridium complexes are out of the 

ordinary, this kind of phosphors is rarely reported. Through designing the 

extensively conjugated cyclometalated ligands a few NIR iridium phosphors were 

fabricated. Qiao et al. found that employing benzo[g]quinoline and its analogue as 

the pyridine moiety is capable of tuning the emission to the longer wavelength 
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region; they also revealed that the more nitrogen atoms on the benzo[g]quinolone 

ring, the more red-shifted emitting property is actualized.32,33 To sum up, in order 

to synthesize NIR iridium(Ⅲ) complex, what we should do is to extend the 

conjugation of cyclometalated ligands as large as possible. Nevertheless, three 

consequent problems follow, one is that the large conjugation system decreases 

the solubility and stability of both ligands and iridium(Ⅲ) complex, another one is 

that more sophisticated synthetic procedure is required to make these ligands. The 

third issue is that one should consider the steric hindrance for the configuration of 

complex on account of the large conjugated space and length. 

In order to solve the above problems, the combination of high degree of 

conjugation, readily accessible synthesis and enough steric stabilization will make 

a ligand meet the condition for designing the deep red or NIR phosphorescent 

iridium(Ⅲ) complex, and exactly we found an ideal solution. That is the 

dipyrrinato ligand, which has been mentioned in Chapter one. It not only 

possesses large enough conjugation, but is also easy to synthesize within three 

steps, besides its conjugation does not require so huge steric space. Therefore, we 

initiate this project to investigate the influence of ligand structures to the 

photophysical, electrochemical and thermal properties of iridium(Ⅲ) dipyrrinato 

complexes. For more detailed information please see below sections. 

 

 Figure 4.4 Structure of dipyrrinate and its conjugated swing. 
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4.2 Design, synthesis and characterization of iridium complexes by altering 

C^N ligands 

4.2.1 Synthetic procedures of C^N ligands and corresponding iridium(Ⅲ) 

dipyrrinato complexes 

General information: All the reactions were carried out under an atmosphere of 

nitrogen using standard Schlenk Techniques, and the reactions were monitored by 

thin-layer chromatography (TLC) with Merck pre-coated glass plates. Compounds 

were visualized under UV light irradiation at 254 nm or 365 nm. Purification of 

the products was achieved through the silica column chromatography with 

hexane/dichloromethane mixed solvents. 1H NMR and 13C NMR spectra were 

recorded in CDCl3 or DMSO-d6 solvent on a Bruker AM400 spectrometer, which 

are calibrated using residual undeuterated solvent peaks as an internal reference. 

Chemical shift (δ) is reported in ppm and coupling constant (J) is expressed in 

Hertz (Hz), besides the following abbreviations are used to indicate the 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 

broad. Mass spectra were obtained on a Bruker Autoflex matrix assisted laser 

desorption ionization time-of-flight mass spectrometer (MALDI-TOF MS). 

Materials: All the reagents were purchased from Aldrich, TCI or DKM, and 

used without further purification. All the solvents were used directly without any 

treatment but anhydrous reactions use solvents which were dried and distilled 

from appropriate drying agents if necessary. 
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  Particularly, the conventional ligands such as 1-phenylisoquinoline (PIQ), 2- 

(2-thienyl)pyridine (TPY), 2-phenylpyridine (PPY), 2-(4-methylphenyl)pyridine 

(PPY-m) and 3-methyl-2-phenylpyridine (m-PPY) were bought from commercial 

sources, other C^N ligands with various functional groups are synthesized via 

Stille coupling or Suzuki-Miyaura coupling. In detail, the synthetic routes of three 

ligands (Ligand 1–Ligand 3) are shown as follows: 

Scheme 4.1 Chemical structures and synthetic routes of Ligands 1-3. 

Ligand 1. To a 50 mL THF stirred solution of 1,4-dibromobenzene (2 g, 8.5 mmol) 

under –78 oC add 2.5 M n-BuLi (3.2 mL, 8 mmol) with a syringe dropwisely. The 

solution was stirred for 0.5 h at –78 oC before the addition of dimesitylboron 

fluoride (2.1 g, 8 mmol). Afterwards the mixture was allowed to revert to 25oC 

and reacted for 3 h before being quenched by adding water (15 mL). The mixed 

was extracted with DCM (3  50 mL). The organic ingredient was combined and 
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dried with Na2SO4. After removing the solvents using rotary evaporator, the 

residue was purified by silica gel chromatography to afford a white solid (2.2 g, 

68%). 1H NMR (400 MHz, CDCl3) δ 7.54-7.52 (d, J = 8.0 Hz, 2H, Ar), 7.43-7.41 

(d, J = 8.4 Hz, 2H, Ar), 6.87 (s, 4H, Ar), 2.35 (s, 6H, Me), 2.05 (s, 12H, Me). 

Under a nitrogen atmosphere, the product of the previous step (2 g, 4.9 mmol) 

and 2-(tributylstannyl)pyridine (1.84 g, 5 mmol) were added in dry toluene (50 

mL) with the catalyst Pd(PPh3)4 (0.57 g, 0.5 mmol). The mixture was reacted at 

110 C for 24 h. Then the reaction was cooled to room temperature and the 

mixture was extracted with DCM (200 mL) and the organic solution was washed 

with water (3  150 mL). The organic portion was dried over Na2SO4. The solvent 

was then removed using rotary evaporator followed by purification via silica gel 

column chromatography eluting with DCM/hexane (3:1, v/v). The Ligand 1 was 

obtained as a white solid (1.98 g, 70%). 1H NMR (400 MHz, CDCl3) δ 8.72–8.70 

(m, 1H, Ar), 8.01-7.98 (d, J = 8.4 Hz, 2H, Ar), 7.75–7.73 (m, 2H, Ar), 7.69–7.64 

(m, 2H, Ar), 7.19–7.16 (m, 1H, Ar), 6.84 (s, 4H, Ar), 2.31 (s, 6H, Mes), 2.05 (s, 

12H, Mes); 13C NMR (100 MHz, CDCl3) δ 157.17, 149.84, 146.53, 142.43, 

141.83, 140.90, 138.79, 136.89, 128.35, 126.53, 122.55, 121.01 (Ar), 23.58, 21.34 

(Mes). MS (MALDI-TOF) [m/z]: found 404.2562, calculated 404.2579 

(C29H30BN). 

Ligand 2. 4-(Diphenylamino)phenylboronic acid (2 g, 6.9 mmol) and 2-bromo- 

pyridine (1.3 g, 8.2 mmol) were dissolved in 50 mL tetrahydrofuran. Aqueous 

solution of potassium carbonate was added into the solution under N2. After the 
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addition of 0.48 g bis(triphenylphosphine)palladium(II) dichloride, the mixed 

solution was refluxed for 12 h. Then the mixture was extract twice with 

dichloromethane (3×100 mL). The obtained organic layer was washed with plenty 

of water and the solvent was removed under reduced pressure. The residue was 

chromatographed on a silica gel column to give Ligand 2 (pale yellow solid, 1.6 g) 

in 71% yield. 1H NMR (400 MHz, CDCl3) δ 7.05 (t, 2H, ArH), 7.13-7.16 (m, 7H, 

ArH), 7.27-7.29 (m, 4H, ArH), 7.70-7.72 (m, 2H, ArH), 7.85-7.87 (d, 2H, ArH, J 

= 8.8 Hz), 8.64-8.66 (d, 1H, ArH, J = 4.4 Hz). 13C NMR (100 MHz, CDCl3) δ 

120.06, 121.61, 122.93, 123.30, 123.36, 124.86, 127.86, 129.17, 129.44, 133.10, 

136.86, 147.56, 148.83, 149.62, 157.16; MS (MALDI-TOF) [m/z]: found 

323.1504, calculated 323.1542 (C23H18N2). 

Ligand 3. 4-(Diphenylamino)phenylboronic acid (2.9 g, 10 mmol) and 1-chloro- 

isoquinoline (2 g, 12 mmol) were added in 70 mL THF. Aqueous solution of 

potassium carbonate was added into the solution under N2. After the addition of 

10% equivalent of bis(triphenylphosphine)palladium(II) dichloride, the mixed 

solution was refluxed for 12 h. Then the mixture was extracted twice with 

dichloromethane (3×100 mL). The obtained organic layer was washed with plenty 

of water and the solvent was removed under reduced pressure. The residue was 

purified on a silica gel column to give Ligand 3 (pale gray solid, 1.9 g) in 50 % 

yield. 1H NMR (400 MHz, CDCl3) δ 8.58 (d, J = 5.6 Hz, 1H, Ar), 8.22 (d, J = 8.4 

Hz, 1H, Ar), 7.86 (d, J = 8.4 Hz, 1H, Ar), 7.71–7.67 (m, 1H, Ar), 7.62–7.54 (m, 

4H, Ar), 7.31–7.18 (m, 10H, Ar), 7.08–7.04 (m, 2H, Ar). 13C NMR (100 MHz, 
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CDCl3) δ 160.44, 148.50, 147.67, 142.31, 137.10, 133.35, 131.38, 130.12, 129.46, 

129.17, 127.81, 127.21, 127.14 126.76 124.89 123.35 123.08 122.93 119.69; MS 

(MALDI -TOF) [m/z]: found 373.1710, calculated 373.1699 (C27H20N2). 

Meanwhile, the MALDI-TOF mass spectra of Ligand 1 to Ligand 3 are shown 

as follows: 

Figure 4.5 Mass Spectrum of Ligand 1 

Figure 4.6 Mass Spectrum of Ligand 2 
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Figure 4.7 Mass Spectrum of Ligand 3 

General Procedure for the Synthesis of Ir(Ⅲ) Dipyrrinato Complexes. Apart 

from these three ligands, Ligand 1 to Ligand 3, the ligands 1-phenylisoquinoline 

(PIQ), 2-(2-thienyl)pyridine (TPY), 2-phenylpyridine (PPY), 2-(4-methylphenyl) 

-pyridine (PPY-m) and 3-methyl-2-phenylpyridine (m-PPY) were bought from 

commercial sources, the corresponding organic ligands (2.2 equiv) and 

IrCl3•3H2O (1.0 equiv) were added in a mixed solution of 2-ethoxyethanol and 

water (3:1, v/v) under a nitrogen atmosphere. Then the mixture was heated to 

110 °C for 16 h. Afterwards the reaction mixture was cooled to room temperature 

and D.I. water was added. These cyclometalated IrIII μ-chlorobridged dimers were 

formed as precipitates which were collected and dried under vacuum. Without 

further purification, these Ir(III) μ-chloro-bridged dimers were reacted with 

dipyrrinato ligand. 
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Scheme 4.2 Chemical structures and synthetic routes of Ir(III) μ-chloro-bridged 

dimers 1-8. 

  5-Phenyldipyrromethane was synthesized by dissolving the benzaldehyde in 

excessive pyrrole, with stirring for 2 hours at room temperature under a nitrogen 

atmosphere. The crude product was purified by column chromatography on silica 

gel to afford the precursor product. Then 5-phenyldipyrromethane reacted with 

DDQ to give the dipyrrinato ligand, 5-phenyldipyrrin. Without further purification 

the activated ligand was directly added into these six cyclometalated IrIII 

μ-chloro-bridged dimers 1-8 which were dissolved in the mixed solvents of 
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MeOH & CHCl3, afterwards allow them to react at 60oC under nitrogen for 24 h 

and wash with Na2CO3 saturated aqueous solution, followed by extraction with 

dichloromethane and purification on silica gel to get the corresponding complexes 

Ir(Ligand)2(Dipyrrinato). 

Scheme 4.3 Chemical structures and synthetic routes of eight Ir(III) complexes. 

4.2.2 Characteriztion results of iridium(Ⅲ) dipyrrinato complexes 
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After synthesizing these heteroleptic Ir(III) complexes,1H NMR and 13C NMR 

spectra of these Ir(Ligand)2(Dipyrrinato) were measured and provided as follows: 

 

Figure 4.8 1H NMR spectrum of Ir(Ligand 1)2(HP) in CDCl3. 

 

Figure 4.9 13C NMR spectrum of Ir(Ligand 1)2(HP) in CDCl3. 
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Figure 4.10 1H NMR spectrum of Ir(Ligand 2)2(HP) in CDCl3. 

 

Figure 4.11 13C NMR spectrum of Ir(Ligand 2)2(HP) in CDCl3. 
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Figure 4.12 1H NMR spectrum of Ir(Ligand 3)2(HP) in CDCl3. 

 

Figure 4.13 13C NMR spectrum of Ir(Ligand 3)2(HP) in CDCl3. 
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Figure 4.14 1H NMR spectrum of Ir(PPY)2(HP) in CDCl3. 

 

Figure 4.15 13C NMR spectrum of Ir(PPY)2(HP) in CDCl3. 
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Figure 4.16 1H NMR spectrum of Ir(PPY-m)2(HP) in CDCl3. 

 

Figure 4.17 13C NMR spectrum of Ir(PPY-m)2(HP) in CDCl3. 
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Figure 4.18 1H NMR spectrum of Ir(m-PPY)2(HP) in CDCl3. 

 

Figure 4.19 13C NMR spectrum of Ir(m-PPY)2(HP) in CDCl3. 
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Figure 4.20 1H NMR spectrum of Ir(TPY)2(HP) in CDCl3. 

 

 

Figure 4.21 13C NMR spectrum of Ir(TPY)2(HP) in CDCl3. 
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Figure 4.22 1H NMR spectrum of Ir(PIQ)2(HP) in CDCl3. 

 

Figure 4.23 13C NMR spectrum of Ir(PIQ)2(HP) in CDCl3. 

Not only have the NMR spectra identified the chemical structures of iridium 

complexes we prepared, but alos the MALDI-TOF mass spectra have verified. 
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Figure 4.24 MALDI-TOF mass spectrum of Ir(Ligand 1)2(HP) 
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Figure 4.25 MALDI-TOF mass spectrum of Ir(Ligand 2)2(HP) 
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Figure 4.26 MALDI-TOF mass spectrum of Ir(Ligand 3)2(HP) 
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Figure 4.27 MALDI-TOF mass spectrum of Ir(PPY)2(HP) 
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Figure 4.28 MALDI-TOF mass spectrum of Ir(PPY-m)2(HP) 
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Figure 4.29 MALDI-TOF mass spectrum of Ir(m-PPY)2(HP) 
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Figure 4.30 MALDI-TOF mass spectrum of Ir(m-TPY)2(HP) 
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Figure 4.31 MALDI-TOF mass spectrum of Ir(PIQ)2(HP) 

4.2.3 Crystal structures of iridium(Ⅲ) dipyrrinato complexes 

The single crystals of as-prepared iridium(Ⅲ) dipyrrinato complexes, such as, 

Ir(Ligand 1)2(HP), Ir(PPY-m)2(HP) and Ir(m-PPY)2(HP) were grown via diffusing 

the poor solvent such as methanol, diethyl ether or hexane into the chloroform or 

dichloromethane solution of iridium(Ⅲ) dipyrrinato complexes. As a result, the 

precise compositions of these iridium(Ⅲ) dipyrrinato complexes were confirmed 

as shown in Figure 4.32. 
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Figure 4.32 Crystal structures of iridium(Ⅲ) dipyrrinato complexes, Ir(Ligand 

1)2(HP), Ir(PPY-m)2(HP) and Ir(m-PPY)2(HP). 
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From the bond length between atom and atom we can see the length between 

metal center Ir and N from C^N ligand is obviously less than the length of metal 

center Ir and N from dipyrrinato ligand in these three crystals. For Ir(Ligand 

1)2(HP), the lengths are around 2.05 Å and 2.14 Å; for Ir(PPY-m)2(HP), they are 

around 2.04 Å and 2.11 Å; 2.04 Å and 2.11 Å for Ir-N bond in Ir(m-PPY)2(HP). 

 Ir(Ligand 1)2(HP) Ir(PPY-m)2(HP) Ir(m-PPY)2(HP) 

Empirical formula C73H69B2IrN4 C39H31IrN4 C39H31IrN4 

Formula weight 1216.14 747.88 747.88 

Temperature/K 100.00(10) 99.99(10) 100.00(10) 

Crystal system triclinic triclinic monoclinic 

Space group P-1 P-1 C2/c 

a/Å 11.1597(2) 9.6333(8) 12.8999(4) 

b/Å 12.5006(3) 11.7027(9) 25.9020(10) 

c/Å 22.6538(5) 14.1360(6) 10.6553(4) 

α/° 75.962(2) 88.584(5) 90 

β/° 81.218(2) 85.377(5) 98.942(3) 

γ/° 89.696(2) 72.932(7) 90 

Volume/Å3 3028.29(12) 1518.48(19) 3517.0(2) 

Z 2 2 4 

ρcalcg/cm3 1.334 1.636 1.412 

μ/mm-1 4.609 8.774 3.827 

F(000) 1244.0 740.0 1480.0 

Crystal size/mm3 0.11 × 0.11 × 0.08 0.11 × 0.1 × 0.08 0.12 × 0.11 × 0.08 

Radiation CuKα (λ = 

1.54184) 

CuKα (λ = 1.54184) MoKα (λ = 

0.71073) 

2θ range for data 

collection/° 

4.07 to 147.66 6.272 to 147.326 4.88 to 59.074 

Index ranges -13 ≤ h ≤ 13, -15 ≤ 

k ≤ 11, -27 ≤ l ≤ 24 

-11 ≤ h ≤ 11, -14 ≤ 

k ≤ 13, -16 ≤ l ≤ 17 

-17 ≤ h ≤ 17, -25 ≤ 

k ≤ 35, -14 ≤ l ≤ 10 

Reflections collected 21714 13929 8949 

Independent reflections 11880 [Rint = 

0.0431, Rsigma = 

0.0537] 

5952 [Rint = 0.0968, 

Rsigma = 0.1396] 

4142 [Rint = 0.1104, 

Rsigma = 0.1169] 

Data/restraints/parameters 11880/0/733 5952/42/399 4142/18/202 

Goodness-of-fit on F2 1.003 1.049 1.032 

Final R indexes  

[I>=2σ (I)] 

R1 = 0.0421, 

wR2 = 0.1110 

R1 = 0.0987, wR2 = 

0.2558 

R1 = 0.0713, wR2 = 

0.1691 

Final R indexes [all data] R1 = 0.0455, 

wR2 = 0.1137 

R1 = 0.1150, wR2 = 

0.2711 

R1 = 0.0845, wR2 = 

0.1840 
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Table 4.1 Single crystal data and structure configuration results of iridium(Ⅲ) 

dipyrrinato complexes, Ir(Ligand 1)2(HP), Ir(PPY-m)2(HP) and Ir(m-PPY)2(HP). 

It is interesting to find that if the C^N ligand is a strong electron withdrawing 

ligand, like containing the dimesitylboron group, the bond length from this ligand 

to Ir center won’t make a big difference, but it will remarkably affect the bond 

length between dipyrrinato ligand and Ir center. As we can see by comparing the 

bond length of Ir(Ligand 1)2(HP) and Ir(PPY-m)2(HP), the distance decreases 

from 2.14 Å to 2.11 Å visibly. The position of methyl group could also influence 

the bond length between its combined moiety and Ir center slightly. It will make 

the Ir-N bond or Ir-C bond a little shorter when the methyl group is combined to 

the pyridyl moiety as compared with Ir(PPY-m)2(HP) and Ir(m-PPY)2(HP) (2.05 

Å reduced to 2.04 Å for the Ir-N bond, meanwhile 2.01 Å decreased to 2.00 Å for 

Ir-C bond). While the methyl group is also considered as an electron donating 

group, it will increase the degree of conjugation of combined moiety which results 

in decreasing the σ-donation from combined moiety to Ir core, therefore the 

distance between the moiety and metal Ir will increase a bit. 

Iridium(Ⅲ) complex Bond length Length/Å 
 

Bond angel           Angel/o 
 

Ir(Ligand 1)2(HP) Ir1 N4 2.051(3) 

Ir1 N2 2.141(3) 

Ir1 N3 2.0 6(3) 

Ir1 N1 2.144(3) 

Ir1 C50 2.032(4) 

Ir1 C007 2.043(4) 
 

N4 Ir1 N2 96.53(13) 

N4 Ir1 N3 172.09(13) 

N4 Ir1 N1 90.26(14) 

N2 Ir1 N1 86.47(14) 

N3 Ir1 N2 89.10(13) 

N3 Ir1 N1 95.64(14) 

C50 Ir1 N4 80.11(15) 

C50 Ir1 N2 176.64(14) 

C50 Ir1 N3 94.24(15) 

C50 Ir1 N1 93.57(15) 
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C50 Ir1 C007 87.27(16) 

C007 Ir1 N4 94.02(15) 

C007 Ir1 N2 92.95(15) 

C007 Ir1 N3 80.10(16) 

C007 Ir1 N1 175.72(15) 
 

Ir(PPY-m)2(HP) Ir01 N1 2.044(9) 

Ir01 N2 2.050(9) 

Ir01 N4 2.116(10) 

Ir01 N3 2.106(10) 

Ir01 C1 2.003(11) 

Ir01 C13 2.010(12) 
 

N1 Ir01 N2 175.8(3) 

N1 Ir01 N4 89.1(4) 

N1 Ir01 N3 97.5(4) 

N2 Ir01 N4 94.8(4) 

N2 Ir01 N3 84.3(4) 

N3 Ir01 N4 85.9(4) 

C1 Ir01 N1 80.7(4) 

C1 Ir01 N2 97.5(4) 

C1 Ir01 N4 94.8(4) 

C1 Ir01 N3 178.0(3) 

C1 Ir01 C13 85.6(5) 

C13 Ir01 N1 95.2(4) 

C13 Ir01 N2 80.9(4) 

C13 Ir01 N4 175.8(4) 

C13 Ir01 N3 93.7(5) 
 

Ir(m-PPY)2(HP) Ir01 N21 2.108(6) 

Ir01 N2 2.108(6) 

Ir01 N11 2.042(7) 

Ir01 N1 2.042(7) 

Ir01 C1 2.003(8) 

Ir01 C11 2.003(8) 
 

N2 Ir01 N21 86.8(3) 

N11 Ir01 N2 90.3(2) 

N1 Ir01 N2 95.9(2) 

N11 Ir01 N21 95.9(2) 

N1 Ir01 N21 90.3(2) 

N11 Ir01 N1 171.5(3) 

C11 Ir01 N2 91.6(3) 

C11 Ir01 N21 176.0(2) 

C1 Ir01 N21 91.6(3) 

C1 Ir01 N2 176.0(2) 

C11 Ir01 N1 93.5(3) 

C1 Ir01 N1 80.5(3) 

C1 Ir01 N11 93.5(3) 

C11 Ir01 N11 80.5(3) 

C11 Ir01 C1 90.3(4) 
 

Table 4.2 The bond lengths and angles of these crystal structures. 

Two kinds of A-Ir-A (A=coordinating atoms) angles exist in the iridium(Ⅲ) 

complexes, first one is formed by Ir center with atoms pointing toward each other 
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along the x, y and z directions, which generates an almost straight line with angle 

of nearly 180o. The second one is formed with certain angle with different extent 

of torsions, these deformations on account of steric hindrance lead to octahedron 

configuration of IrL6 complexes, which should be noted that the second kinds of 

angle are around 80-100o. 

4.3 Photophysical, electrochemical and thermal properties of iridium(Ⅲ) 

dipyrrinato complexes 

4.3.1 Photophysical properties of iridium(Ⅲ) dipyrrinato complexes 

  The UV-vis absorption spectra of synthetic iridium(Ⅲ) dipyrrinato complexes 

in dichloromethane solution were measured on Cary UV-300 spectrophotometer. 

The complex was dissolved in DCM with the concentration of 10-4 mol L-1 (M), 

and using the quartz cuvette as the holder. Before the measurements, the 

background signal was deducted by measuring the pure solvent’s absorption. 

From the UV-vis absorption spectra we can estimate the energy gap (Eg) between 

the HOMO and LUMO energy levels of our synthetic iridium(Ⅲ) dipyrrinato 

complexes. 

  In terms of the photoluminescence property measurements, Perkin-Elmer LS 55 

fluorescence spectrometer was employed to detect the PL spectra of iridium(Ⅲ) 

dipyrrinato complex in DCM solution. Both the excitation and emission spectra 

were measured at the same time under the same condition (room temperature in 

air). Meanwhile, the quantum yield as well as luminescent lifetime of our 

iridium(Ⅲ) dipyrrinato complex were measured by Edinburgh Instruments FS5 
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fluorescence spectrometer which is an all-in-one analytical instrument by means 

of integrating sphere at 25oC under ambient atmosphere without a standard. The 

UV-vis absorption spectra and photoluminescence spectra of all eight synthetic 

iridium(Ⅲ) dipyrrinato complexes were measured. We only chose Ir(TPY)2(HP) 

as a demonstration to evaluate its phosphorescent performance, and the detailed 

results are shown in Figure 4.33. 
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Figure 4.33 UV-vis absorption spectra and photoluminescent spectra (including 

the excitation and emission speactra) of eight synthetic iridium(Ⅲ) dipyrrinato 

complexes. 

  All the UV-vis absorption spectra of eight synthetic iridium(Ⅲ) dipyrrinato 

complexes are shown in Figure 4.33. Normally, the absorption band between 225 

and 350 nm represents high energy excitation corresponding to the ligand center 

transitions (LC, intraligand π-π* transitions). But for the largely conjugated ligand 

2 and ligand 3, the absorption LC transitions are extended to 400 nm or even 450 

nm. The absorption peak at around 480 nm is assigned to metal-to-ligand 

charge-transfer (MLCT) for all eight iridium(Ⅲ) dipyrrinato complexes. The high 

absorption in this region probably indicates highly efficient deep-red phosphor- 

rescence in these compexes. Based on the absoption edge, we can calculate the 

energy gaps (Eg) of the eight synthetic iridium(Ⅲ) dipyrrinato complexes. 

  All the eight synthetic iridium(Ⅲ) dipyrrinato complexes emit similar deep-red 

light at around 685 nm wavelength with a small upper and lower amplitude. The 

more conjugated group substituted on either phenyl or pyridyl moiety, the longer 

red-shifted luminescent wavelength was obtained. I think it’s because the electron 
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donating group increases ISC as well as MLCT, resulting in a red-shifted emission. 

The longest luminescent wavelength is generated by Ir(Ligand 3)2(HP) at 688 nm; 

while the shortest luminescent wavelength is generated by Ir(PPY)2(HP) at 680 

nm. As we found the difference of wavelength between the longest and shortest is 

not so big, we can get a conclusion that the determinant ligand of these iridium(Ⅲ) 

complexes is the dipyrrinato ligand, so the next experimental emphasis is to 

increase the conjugation length of dipyrrinato ligand, like changing the benzene 

ring to triphenylamine or anthracene, or adding carbazole on the 5-phenyldipyrrin. 

 

Figure 4.34 The measured results of phosphorescence lifetime of Ir(TPY)2(HP). 

The quantum yield (QY) and lifetime of Ir(TPY)2(HP) complex were measured 

in SUSTC (South University of Science and Technology of China), after fitting 

analysis, two measured phosphorescent lifetimes of Ir(TPY)2(HP) are 0.35 μs and 

0.36 μs respectively in DCM solution at r.t. under ambient atmosphere. The result 

is a typical performance of phosphorescence of 3MLCT radiation. Besides, the 

quantum yield was also tested. In dichloromethane solution, the QY is 20.85%; as 

a thin film by spin-coating, the QY is 38.96 %. 
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4.3.2 Electrochemical properties of iridium(Ⅲ) dipyrrinato complexes 

All eight Ir(Ⅲ) dipyrrinato complexes were subjected to the electrochemical 

measurements for cyclic voltammetry on CH Instruments CHI800D Serials 

electrochemical analyzer via a set-up of three electrode system (working electrode: 

glassy carbon disk, reference electrode: Ag/AgCl immersed in saturated potassium 

chloride solution before used, counter electrode: Pt wire). The redox couple of 

ferrocene/ferrocenium (Fc/Fc+) was used as the internal standard. The electrolyte 

we chose was dichloromethane solution of 0.1M [Bu4N]PF6 and was degassed 

with nitrogen, in addition all measurements were performed under an nitrogen 

atmosphere. 

As ferrocene/ferrocenium (Fc/Fc+) was chosen to be the calibrant and assuming 

the HOMO energy level of ferrocene/ferrocenium (Fc/Fc+) to be -4.8 eV below 

the vacuum level, all the potentials are calculated with reference to the oxidation 

potential of Fc/Fc+, so the equation of HOMO energy level is  

EHOMO = －(ΔEox+4.8) 

Correspondingly, the LUMO energy level is calculated via the following equation: 

ELUMO = EHOMO + Eg 

The Eg refer to the energy gap that can be estimated from the absorption eages in 

the Uv-vis spectra. 

A series of reversible cyclic voltammetry curves were detected in Figure 4.35 

with both obvious oxidative peak as well as reductive peak, which indicate the 

chemical stability of our synthetic iridium(Ⅲ) dipyrrinato complexes. 
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Figure 4.35 Cyclic voltammograms of eight Ir(Ⅲ) dipyrrinato complexes. (Red 

and blue line: no and adding Fc/Fc+ as the calibrant in electrolyte, respectively.) 
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  In order to calculate the HOMO and LUMO energy levels, we need to calculate 

the potential gap between the complexes and the internal standard ferrocene, for 

the eight iridium(Ⅲ) dipyrrinato complexes, the values of potential gap are 0.45, 

0.28, 0.23, 0.47, 0.43, 0.42, 0.43, 0.48V, respectively. Afterwards according to the 

equation, EHOMO = －(ΔEox+4.8), the HOMO energy levels of eight iridium(Ⅲ) 

dipyrrinato complexes are -5.25, -5.08, -5.03, -5.27, -5.23, -5.22, -5.23, -5.28 eV. 

Furthermore, as the reduction curve on right side is stable, thus we can also 

calculate the LUMO from the CV curves directly, the values of potential gap 

between the oxidation peak and reduction peak are 2.64, 2.6, 2.56, 2.7, 2.58, 2.71, 

2.61, 2.65V. Therefore the LUMO energy levels of eight iridium(Ⅲ) dipyrrinato 

complexes are calculated as -2.61, -2.48, -2.47, -2.57, -2.65, -2.51, -2.62, -2.63eV. 

In another calculated approach, we can use the Uv-vis absorption to get the energy 

gap so that computing the LUMO as well. The detailed data refer to Table 4.3. 

Complex ΔEox 
a/V E HOMO

b/eV λonset
c
 /nm Eg

d
 /eV ELUMO

e/(eV) 

Ir(Ligand 1)2(HP) 0.45 -5.25 526 2.36 -2.89 

Ir(Ligang 2)2(HP) 0.28 -5.08 526 2.36 -2.72 

Ir(Ligang 3)2(HP) 0.23 -5.03 527 2.35 -2.68 

Ir(PPY)2(HP) 0.47 -5.27 523 2.37 -2.90 

Ir(PPY-m)2(HP) 0.43 -5.23 526 2.36 -2.87 

Ir(m-PPY)2(HP) 0.42 -5.22 526 2.36 -2.86 

Ir(TPY)2(HP) 0.43 -5.23 527 2.35 -2.88 

Ir(PIQ)2(HP) 0.48 -5.28 527 2.35 -2.93 

Table 4.3 a. calculated by potential gap between ferrocene/ferrocenium (Fc/Fc+) 

and Ir(Ⅲ) complex; b. calculated from the equation of EHOMO = －(ΔEox+4.8); c. 

read from the absorption edge of Uv-vis spectrum; d. calculated from the equation 

of Eg = 1240 / λonset; e. calculated from the equation of ELUMO = EHOMO + Eg. 
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4.3.3 Thermal properties of iridium(Ⅲ) dipyrrinato complexes 

Before the thermal analyses, the complex samples are dried via vacuum line 

overnight, after that the thermogravimetric experiments were performed under a 

N2 atmosphere on a Perkin-Elmer TGA thermal analyzer with a heating rate of 

10oC/min. As we can see, the thermal stability is pretty good with over 300oC 

decomposition temperature. Notably, the conjugated structure of C^N ligand 

seems to increase the decomposition temperature when comparing Ir(Ligand 

2)2(HP), Ir(Ligand 3)2(HP) and Ir(PIQ)2(HP) with other iridium(Ⅲ) complexes. 

The reason should be the conjugated structure that strengthens the coordination 

between the metal center and cyclo ligands. Therefore, the thermal results signify 

the stability and reliability for the device fabrication via elevated temperature 

evaporation and vacuum deposition process. 

 

Figure 4.36 The thermogravimetric curves of eight iridium(Ⅲ) dipyrrinato 

complexes. 
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4.4 The aggregation-induced emission (AIE) performace of iridium(Ⅲ) 

dipyrrinato complexes 

Most chromophores including small molecules and polymers are intensively 

emissive in solutions but become weakly emitting when turned into solid state due 

to the less generation of emissive excimers. In 2001, Tang Benzhong’s group 

firstly reported the phenomenon of aggregation-induced emission (AIE).33 They 

found a kind of organic molecules, called siloles, which appear mainly as a 

twisted conformer for the purpose of minimizing energy when dissolved in the 

good solvent but exist as a coplanar conformer that leads to a larger conjugation 

when induced by aggregation, showing an opposite trend against the aggregation 

caused quenching phenomenon (ACQ). Totally different luminescent properties 

are exhibited in different spatial configuration, weakly emissive in isolated species 

while red-shifted and intensively emitting in collective species. They further 

investigate more examples, as well as mechanism and applications of AIE 

phenomenon. They firstly identified the restriction of intramolecular rotation to be 

the main reason causing AIE effect. Then on the basis of mechanistic explanation, 

multifarious luminescent AIE materials were designed and synthesized. These 

AIE luminogens are applied in various aspects of science and technology, such as 

the pH and temperature sensor, biological probes for protein and DNA, 

immunoassay markers, monitors for physical change, micelle formative reporters, 

and emitting layers in organic light-emitting diodes and polarized light emitting 

device.34 
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Figure 4.37 Schematic illustration of aggregation-caused quenching (ACQ) and 

aggregation-induced emission (AIE). Copyright The Royal Society of Chemistry 

2009. 

  AIE properties are not only found in organic molecules, but also found in metal 

complexes. Andrea Fermi et al. developed a hexagonal thiobenzene molecule 

containing six terpyridine groups which can coordinate with Mg2+ to form the 

supramolecular 2D structure that restricts the intramolecular rotations as well as 

motions of the central chromophore. As a result, the phosphorescence of the core 

chromophore can turn on with over 90% efficiency, the supramolecular 2D 

structure can be disassembled upon addition of F+, manifesting the potential 

application in ion sensor.35 Moreover, Jiang Zhao and his co-workers designed a 

series of cyclometalated platinum(II) complexes possessing aggregation-induced 

phosphorescent emitting property and this kind of advanced material shows highly 

efficient electroluminescent performance.36 
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Figure 4.38 Schematic illustrations of AIE-active supramolecular polymer (a) and 

PtII complexes (b). Copyright 2014 and 2018 American Chemical Society. 

Inspired by the previous work, the AIE performance of our synthetic iridium(Ⅲ) 

dipyrrinato complexeswas also tested. The particular procedure is confecting a 

series of iridium(Ⅲ) dipyrrinato complexes solutions with concentration gradients, 

the solvent we chose is THF and water as they are mutually miscible, and we set 

up the concentration gradients based on the water fraction, from 0% to 95%. 0% 

water fraction means that the solvent is pure THF and the concentration of 

iridium(Ⅲ) dipyrrinato complex is 10-5 M, keeping the total amount of complex 

unchanged. Therefore when the water fraction increases to 10%, we should mix 

90% volumetric 1.11×10-5 M concentration of iridium(Ⅲ) complex with 10% 

volumetric D.I. water. Following this rule, we sequentially prepared the mixed 

Ir(Ⅲ) complex solution of 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 % and 

95 % water fraction. Perkin-Elmer LS 55 fluorescence spectrometer was used to 

measure the intensity of emission. For Ir(TPY)2(HP), AIE result is shown below: 

 

Figure 4.39 PL spectra of Ir(TPY)2(HP) in THF−H2O mixture with different H2O 

volumetric fractions and PL intensity with different H2O volumetric fractions. 
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Similarly, the AIE performance of Ir(PIQ)2(HP) was also tested under the same 

measurement conditions, and the results are shown in Figure 4.36. Actually not 

only the phenomenon of aggregation-induced emission was detected, but also 

blue-shifted emission was observed. Probably it’s because the aggregation causes 

the intramolecular rigid structure so as to make the excitation energy higher, and 

the emission energy increases correspondingly. 

 

Figure 4.40 PL spectra of Ir(PIQ)2(HP) in THF−H2O mixture with different H2O 

volumetric fractions and PL intensity with different H2O volumetric fractions. 

We proposed possible mechanism for interpreting the AIE effect in these 

iridium(Ⅲ) dipyrrinato complexes. The restrained intramolecular rotation (RIR) 

could be considered a reasonable mechanism for the AIE nature. In the aggregated 

state, the rotation of the dipyrrinato ligand along the linked phenyl moiety can be 

effectively restrained, the nonradiative decay process, hence, is inhibited. While 

radiative decay of the T1 states is enhanced, and through the intersystem crossing, 

intensive phosphorescence emission of these iridium(Ⅲ) dipyrrinato complexes is 

realized. Moreover, restrained structural distortion may be another cause of AIE 

which will be verified in the further work. 
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Figure 4.41 Proposed mechanism of AIE performance in Ir(TPY)2(HP) and 

Ir(PIQ)2(HP). 

  For other application, such as acting as the emitting layer (EML) in organic 

light-emitting diodes (OLEDs), the test is being carried out by our collaborator. 

Furthermore we will investigate NIR emitting iridium(Ⅲ) complexes with more 

conjugated dipyrrinato ligands as far as we achieve the luminescent wavelength 

over 700 nm. 
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Chapter 5: Concluding Remarks and Future Plans 

  Two kinds of organometallic nanosheets with different intermolecular forces 

are constructed, which are metal-ligand coordination and aromatic interaction. For 

the first kind of nanosheets, different ligands as well as various metal ions are 

harnessed to fabricate the two-dimensional metal organic frameworks. As a result, 

the nanosheets with Hg-acetylide, Pt(PBu3/PEt3)2-acetylide, bis(dipyrrinato)metal 

and bis(terpyridine)metal linkages were synthesized via the bulk and interfacial 

reactions and the structures were determined by different characterizations. This 

kind of two-dimensional structured nanomaterials can be applied in thermoelectric 

generator, supercapacitor as well as photocatalysis of reducing CO2 into methane. 

The porphyrin-Co(Ⅱ)acetenylHg(Ⅱ) polymer exhibits superior performance in the 

supercapacitor while the porphyrin-Co(Ⅱ)acetenylPt(Ⅱ)(PEt3)2 polymer shows 

potential in the photocatalysis of producing CH4. For the second π-π interacting 

nanosheets, the facile synthetic approach, large-amount bottom-up preparation, 

multi-component composition and ready control of morphology make this kind of 

nanosheet a good candidate for the organic field-effect transistor application. 

  Moreover, our work is also concentrated on the multi-color-emitting core-shell 

heterostructured microrods assembled by well-matched π-conjugated molecules. 

Two novel configurations of core-shell micromaterials, carbazole typed molecules 

and TCNB comprising multilayer core-shell besides BPEA and BPEN comprising 

BPEA@BPEAxBPEN1-x rod-tail helix are both successfully prepared by stepwise 

seeded growth route in a liquid-phase assembled process. The subjects of organic 



228 

doping as well as organic alloy are involved in these functional heterojunctions, 

too. The present finding provides a promising strategy to investigate the effects of 

the specific structural relationships among several forming molecules on 

complicated topological constructions and inspire us to fabricate more functional 

luminescent heterogeneous materials. 

  Eight cyclometalated Ir(Ⅲ) heteroleptic dipyrrinato complexes, Ir(TPY)2(HP), 

Ir(PIQ)2(HP), Ir(Ligand 1)2(HP), Ir(Ligand 2)2(HP), Ir(Ligand 3)2(HP), Ir(PPY)2 

(HP), Ir(m-PPY)2(HP), Ir(PPY-m)2(HP) have been synthesized and characterized. 

All the iridium(Ⅲ) complexes exhibit 680-700 nm photoluminescence in DCM 

solution and achieve PLQY as high as 38.96 %. Thermal analyses show a good 

thermal stability with over 300 oC decomposition temperature that signifies the 

reliability for device fabrication via the thermal evaporation as well as vacuum 

deposition process. Based on the CV measurments, the HOMO energy level is ca. 

between -5.03 eV and -5.28 eV while the LUMO energy level is around -2.80 eV 

where the highest is -2.68 eV and the lowest is -2.93 eV. To our surprise, this type 

of iridium(Ⅲ) dipyrrinato complexes possesses the aggregation-induced emission 

property with deep-red phosphorescence that can be considered as a good probe or 

marker in biotechnology field. 

  In next step, I plan to continue the design and synthesis of the NIR iridium(Ⅲ) 

complexes with over 700 nm phosphorescent wavelength by not only altering the 

conventional C^N ligands, but also altering the dipyrrinato ligand for example 

substituting the phenyl with triphenylamine, carbazole and anthracene. For the 



229 

utilization on OLEDs device or other biological application of these iridium(Ⅲ) 

dipyrrinato complexes, we are and will be continuously working on it. 
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