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ABSTRACT OF THE DISSERTATION 

Structure design and properties study of inorganic organic hybrid materials for energy 

related applications 

By YANG FANG 

Dissertation Director:  

Dr. Jing Li 

 

 Global energy consumption has escalated dramatically with continuing 

consumption and population increase trends. It is one of the biggest challenge in the world 

to satisfy growing energy demand in an environmentally-benign manner. Solar cells have 

attracted a significant amount of attention because of its inexpensive, clean and sustainable 

renewable energy source nature. Although great progress has been made in solar cells, 

there are a lot of challenges such as high manufacturing cost, loss of material for crystal 

silicon and low efficiency. In addition, compared to traditional incandescent, energy-

efficient lightbulbs, such as compact fluorescent lamps (CFLs) and light-emitting diodes 

(LEDs), save about 25% - 80% energy with 3 ï 25 times longer lifetime. While rare-earth 

element (REE) based phosphors currently dominate the lighting market, developing low-

cost, high-performance and REE free phosphors has becoming increasingly important, due 

to the potential cost and supply risks of REEs, as well as their negative impact on the 

environment and human health.  

In this thesis I describe the design and synthesis of a family of high-performance 

inorganic-organic hybrid phosphor materials composed of extended and robust one-, two- 

and three-dimensional networks. Following a bottom-up solution-based synthetic approach, 
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these structures are constructed by connecting highly emissive Cu4I4 cubic clusters via 

carefully selected ligands that form strong Cu-N bonds. They emit intensive yellow-orange 

light with high luminescence quantum efficiency, coupled with large Stokes shift which 

greatly reduces self-absorption. They also demonstrate exceptionally high framework- and 

photo-stability, comparable to those of commercial phosphors.  

As a continuing effort, I have designed a unique type of multiple-stranded one-

dimensional (1D) structures as robust and efficient lighting phosphors. Following a 

systematic ligand design strategy, these structures are constructed by forming multiple 

coordination bonds between copper iodide based clusters (e.g. dimer, tetramer and 

hexamer) and strong-binding bidentate organic ligands which lead to extended 1D chains 

of high stability. The multiple-stranded chain structures display significant improvements 

in thermal stability, largely attributed to the multi-dentate nature and enhanced Cu-N 

bonding. The luminescence mechanism of these compounds are studied by temperature 

dependent photoluminescence experiments. High internal quantum yields (IQYs) are 

achieved for these compounds under blue excitation, marking one of the highest values 

reported so far for crystalline inorganic-organic hybrid yellow phosphors.      

I have also developed a series of new copper iodide based hybrid compounds with 

tunable narrow-bandgaps. Large single crystals are grown and used incharge transport 

measurements. They exhibit low state trap density on the order of 1010 per cubic centimetre 

as well as long carrier diffusion length. The high water stability coupled with with good 

conductivity making these materails a promising candidate for potential optoelectronic 

applications.   
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1. Introduction 

According to statement of the International Energy Agency (IEA) in 2012, global 

total primary energy supply (TPES) was 13,371 Mtoe, electricity generation was 22,688 

TWh, and final consumption was 8,979 Mtoe1. These numbers are expected to escalate 

dramatically with continuing consumption and population increase trends. However, it is 

estimated that 81.7% of the global TPES, 67.9% of global electricity generation, and 

78.29% of global total final consumption were met by fossil fuels, which have limited 

nature2. The release of carbon dioxide (CO2) and other greenhouse gas (GHGs) due to the 

consumption of fossil fuels could cause global average temperatures to increase by another 

4 °C or more by 2100 and by 1.5 to 2 times as much in many midcontinent and far northern 

locations3. It is one of the biggest challenge in the world to satisfy growing energy demand, 

especially in rapidly developing countries, in an environmentally-benign manner.  

Solar cells, the devices to convert sunlight to electricity, have attracted a significant 

amount of attention because of its inexpensive clean and sustainable renewable energy 

source nature. The solar photovoltaic (PV) market have been growing dramatically and 38 

GW of PV modules were installed in 2013, making the total installed capacity reached 

137GW worldwide4. Several solar cell technologies, like wafer, thin film and organic, have 

achieved reliability, cost-effectiveness and high efficiency with huge success. For example, 

the most successful solar cell ï crystalline silicon has made up to 90% of global solar cell 

market5. The highest efficiency of 25.6% was achieved for crystalline silicon 

heterojunction solar cell4. However, there are a lot of challenges involved in their use in 

the cells such as high manufacturing cost, loss of material for crystal silicon while issues 

affecting the efficiency negatively in terms of amorphous silicon6. Organic photovoltaics 
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was created as a new possibility to decrease the manufacturing cost of solar devices. 

Organic polymer solar cell materials exhibit excellent solution-processability and 

impressive development have been achieved in terms of their power conversion 

efficiencies. In spite of these advantages and achievements, there are still important 

obstacles to circumvent before their wide applications in solar cells. Bulk heterojunction 

polymer-containing organic solar cell have produced devices with power conversion 

efficiency values exceeding 10.2%7-9, which is one of the highest values in organic solar 

cell. It still lag behind crystalline silicon solar cell counterparts in efficiency.  

Compared to traditional incandescent, energy-efficient lightbulbs, such as compact 

fluorescent lamps (CFLs) and light-emitting diodes (LEDs) generate high-efficient light 

sources, typically use about 25%-80% less energy than conventional light source10 with 3-

25 times longer lifetime11. Among all the electric consumers, lighting has one of the highest 

shares in the residential and commercial sector with approximately 20% to 30% of the 

electricity consumption worldwide12, 13. According to U.S. Department of Energy, by 

switching towards more energy efficient lighting technologies, $250 billion in energy cost 

can be saved and 1,800 million metric tons of carbon emission can be avoided.  

LEDs became commercially available in the 1960s, when the early devices emitted 

red light14. The introduction of LEDs of shorter wavelength, i.e. orange, yellow and green 

followed the early devices. Then blue LEDs were first brought to market in the mid-1980s. 

Currently, white light-emitting diode (WLED) has played a crucial role in general lighting 

applications, like indicator, backlight, automobile headlight and general illumination. In 

general, there are two primary ways of creating white light in LEDs: (1) white light come 

from bleeding of three monochromatic red, green and blue (RGB) LEDs; (2) phosphors-
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converted WLEDs, in which a blue or UV LED chip is coated with a yellow or 

multichromatic color phosphor, and the mixture of light from the phosphor and the LED 

chip induces white to human eyes. Presently, commercially available WLEDs are 

predominantly produced by the second method. The current leading phosphor-converted 

WLEDs normally use a 450-470 nm blue chip and yellow-emitting phosphor, which is 

usually made of (YAG):Ce3+. Although YAG: Ce3+ type phosphors are cheaper than RGB 

diodes, they are still suffering high cost and environmental pollution issues because of its 

rare earth elements (REEs) components: a) the rare earth-associated strontium and uranium 

are highly radioactive and are the main raw materials of nuclear weapons; b) although the 

fluorocarbon antimony ore is relatively low in radioactivity relative to monazite, there is 

still radioactive pollution in its mining and refining; c) rare earth ore refining and separation 

needs to use and produce a large amount of sulfuric acid and liquid alkali, causing serious 

pollution to the environment. In addition, low solution processability, poor color rendering 

index (CRI) and high correlated color temperature (CCT) also limit widespread application 

of YAG: Ce3+ type phosphors15.  

Crystalline inorganic-organic hybrid materials have attracted great interests 

because they combine the stability, rigidity of inorganic crystal structure and flexibility, 

structural diversity, processability of organic compounds into a single-crystal lattice16, 17. 

We and others have made great effort to develop a number of structure systems to explore 

their energy related applications. Hybrid inorganic-organic perovskites (HOIPs) are one of 

the most famous subclass. Perovskite refers to the mineral CaTiO3 and any structure 

adopting the same ABX3 three-dimensional structural framework (Figure 1). In the case of 

HOIPs, at least one of the ñAò, ñBò, or ñXò components are organic. The organic 



4 

 

 

 

components in the structure of these HOIPs introduce additional functionalities and 

structural flexibility that cannot be achieved in purely inorganic perovskites. In addition, 

their diverse structural and chemical variability offers substantial opportunities for tuning 

and modulating their physical properties by facile chemical modifications18. One of the 

most notably perovskites hybrid materials are CH3NH3(Pb,Sn)(I,Br)3, have taken a 

dominant position because they offer promise for future high performance and low cost 

photovoltaic devices.  It was first reported in 2009 to apply perovskite CH3NH3PbI3 as 

sensitizers in dye-sensitized solar cells. However, the power conversion efficiency (PCE) 

and cell stability were too poor for practical applications19. A key advanced was made in 

2012 when a solid hole transporting layer was introduced in the solar cell devices, which 

gave a high PCE of 9.7% and enhanced cell stability20. Since then, a variety of cell 

structures have been reported with the PCEs up to 20.1%21. However, since the ionic 

conductivity which is intrinsic to the materials lead to space-charge effects, charge 

collection efficiency will decrease significantly22. Moreover, their poor chemical and 

thermal stability, and the presence of lead are the main issues that need addressing, and 

will have great impact on future applications23-25.  
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Figure 126. The structure is three-dimensional ABX3 perovskites.  A, B, and X atoms are 

shown as gold, cyan, and red spheres, respectively. (Reprinted with permission from ref 

26. Copyright (2016) American Chemical Society.) 

Our group have been developing unprecedented classes of inorganic-organic hybrid 

materials since 2000. We have reported a family of inorganic-organic hybrid materials 

based on IIïVI semiconductors with a general formula of MQ(L)x (M = Zn, Cd; Q = S, Se, 

Te; L = mono- or diamine, x = 0.5 or 1). In these single crystal structures, inorganic 

modules and organic amines were combined into the same crystal lattice through 

coordinate bonds, forming a series of 1D, 2D, and 3D frameworks. They exhibit a number 

of enhanced properties compared to their parent IIīVI semiconductors, as well as new 

phenomena, including strong structure-induced quantum confinement effect (QCE), high 

absorption power, direct white light emission, anisotropic zero thermal expansion, and 

temperature-dependent phase transitions, to name a few27-30. One of the most notably IIï

VI semiconductors based highly crystalline hybrid materials are composed of two-

dimensional layers of inorganic semiconductor motifs that are bonded by amine molecules 
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to form perfectly ordered crystal lattices30. In addition to enhanced semiconductor 

properties with respect to their parent binary compounds, they are also capable of 

generating direct white light and are promising for use as a single-material white-light-

emitting sources in LEDs. However, since their quantum efficiencies are very low (< 5%), 

these systems only serve as initial concept proving case. Efforts are contributed to develop 

performance enhanced hybrid materials that can be use as single-phase white-light-

emitting phosphors with high quantum efficiency. Mn doped ZnS-based crystalline 

inorganic-organic hybrid semiconductor are developed that have well-defined and 

precisely controllable crystal structure as well as composition. They have varying optical 

properties and fluorescence quantum yields as high as 37%31. Although these materials 

have advantages of REEs free, excellent solution-processability, low-temperature, and 

cost-effective one-pot synthesis, issues such as low quantum efficiency and color quality 

remain to be solved. 

Inspired by the success obtained from IIïVI semiconductors based hybrid materials, 

we are further looking into new hybrid system derived from metal oxides. The binary 

MoO3 and WO3 have been extensively studied for potential applications in photovoltaic 

devices32, 33. A family of periodically ordered 1D, 2D and 3D perovskite-like modules of 

hybrid semiconductors are designed and synthesized with unique properties34 (Figure 2). 

Through controlling the dimensionality and topology of the inorganic component as well 

as selection of organic ligands, a large number of structures are obtained with tunable and 

significantly improved properties (Figure 3). These hybrid materials show largely reduced 

thermal conductivity, greatly enhanced dielectric constant, and negative thermal expansion, 

which all approve that blending of inorganic and organic modules within a crystal lattice 
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is a unique and promising approach in developing multifunctional materials for energy 

related applications.  

 

Figure 234. Design and construction of 1D, 2D, and 3D MO3(L) hybrid semiconductors 

based on perovskite-like layers of MoO3 or WO3 (ReO3 type structure) and organic linkers: 

red ball, O; blue ball, N; gray ball, C; light blue ball in the center of octahedron, W or Mo. 

(Reprinted with permission from ref 34. Copyright (2013) American Chemical Society.) 

 



8 

 

 

 

 

Figure 334. Dielectric constants and of 2D-MoO3(py) (black), 3D-MoO3(4,4ô-bpy)0.5 

(red), and MoO3 (blue) as a function of frequency (ac electric field). (Reprinted with 

permission from ref 34. Copyright (2013) American Chemical Society.) 

Inorganic-organic hybrid materials of particular attraction are based on I-VII 

binary metal halides (e.g. CuI). They represent one of the most promising material 

classes for use as low-cost, REE free lighting phosphors due to their solution 

processability, structural diversity, earth abundance, and high luminescence35-38. 

Various structure motifs have been prepared by mixing copper iodide and organic 

ligands of different ratios and under different reaction conditions. These structures 

can be grouped into three types based on the nature of chemical bonding (Figure 4): 

if the inorganic and organic part in the structure are neutral, and they are connected 

through coordination bonds, we call it Type I structures; if the inorganic and organic 

part in the structure are charged, we call it Type II structure; and if both the inorganic 

and organic part are charged and they are connected through coordination bonds, we 

call it Type III .  Rhomboid dimers, cubic tetramers and staircase-like chains are the 
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three most common building units of this material family.[16] Most of these 

compounds are luminescent and emit within the visible light region. Our previous 

work on staircase-like 1D-CuI(L) structures show that their band gap and emission 

wavelength can be systematically tuned by using organic ligands with suitable 

LUMO energies and white phosphors can be obtained through ligand doping.[15] Not 

until recently, our group developed a new type III  structures or all-in-one(AIO) 

structures37. These materials generally exhibit interesting luminescence properties 

which are decided by their inorganic motifs and organic ligands. Detailed 

luminescent mechanism study have been carried out among these inorganic organic 

hybrid materials, and widely accepted explanations are from metal-to-ligand charge 

transfer (MCLT), halide-to-ligand charge transfer (XLCT) or cluster centered (CC). 

Our previous work on staircase-like 1D-CuI(L) structures show that their band gap 

and emission wavelength can be systematically tuned by using organic ligands with 

suitable LUMO energies and white phosphors can be obtained through ligand 

doping.[15] However, this type of structures suffers from low fluorescence quantum 

yield (QY). On the other hand, Cu2I2 dimer-based molecular structures show high 

QYs comparable to commercial phosphors, but their photo and thermal stabilities 

are generally poor.[8] We have designed and synthesized a series of new 1D, 2D, and 

3D network structures of CuI(L) hybrid phosphors built on Cu4I4 cubic module using 

a solution-based, bottom-up, and systematic precursor approach. We have 

demonstrated that by incorporating strongly emissive Cu4I4 molecular clusters into 

extended network structures via exchange of monodentate ligand with bidentate 

ligands that form strong Cu-N bonds, not only the strong emission of the Cu4I4 core 
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is retained but their thermal and photo stability is also increased by multi-fold. The 

results will be summarized in chapter 2. In an attempt to develop highly-stable, blue-

light excitable yellow phosphors, we have synthesized a group of unique multiple-

stranded 1D hybrid structures with specially designed ligands, which will be detailed 

described in chapter 3.  

Copper iodide have been considered to be a good alternative of organic hole 

transport material (HTM) in perovskite solar cells in order to solve issues associated with 

organic HTM, such as high manufacturing cost, the necessity of external doping and long 

term stability39. CuI based perovskite solar cells can retain 90% of its initial PCE after 

storage in air for 14 days40 and even after 90 days in dark, it can retain 92% of its initial 

PCE41. In addition, in terms of conductivity, CuI exhibits two orders of magnitude higher 

than that of spiro-MeOTAD, a common used organic HTM in perovskite solar cells42. In 

addition of the advantages of high conductivity, low cost, excellent stability, CuI has wide 

band gap and high solution processability, making it an extraordinary promising HTM.  

When the CuI was first applied in perovskite solar cells as the HTM, only 6% of PCE was 

achieved.1 Through facile spray deposition approach, PCE of the perovskite solar cells was 

reported to be 17.6%, which was significantly improved41. Although some progress have 

been made, there are still some issues needed to be solved. For example, the maximum 

PCE of CuI contained solar cell is far from the maximum theoretical Shockley-Queisser 

limit (31.4%)43, 44, and there is no reported study on their applications of light absorbers in solar 

cells. Inspired by the success in the I-VII binary metal halides based hybrid phosphor materials,  

we firstly present a new type of CuI-based hybrid semiconductor, demonstrating a long diffusion 

length, exceptional stable, lead-free, and bandgap tuneable materials, which possess significant 

potential in future photovoltaic fields. The results will be summarized in chapter 5.       
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Figure 445. Conceptual  representation  of  Types  I,  II,  and  III  structures.  Green  ball:  

inorganic  module;  purple  ball:  organic  ligand;  yellow  rod:  coordinate  bond.  Type  I  

structures  are  neutral  CuI(L)n  species  made  of  Cu-L dative bond only. Type II 

structures are ionic CuI(L) species com-posed of ionic bond only. Type III structures are 

AIO CuI(L) species pos-sessing both bonds. (Reproduced with permission from ref 39. 

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.) 
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2. Precursor approach for the synthesis of Cu4I4 cubane based structures and their 

applications 

2.1 Introduction 

In the lighting industry, phosphors are important components for both 

fluorescent lamps (FLs) and light-emitting diodes (LEDs)46, 47. Yellow phosphor-

converted (PC) white LEDs (WLEDs) serve as a good example. These are made by 

coating a yellow phosphor (YAG:Ce3+) onto a blue LED chip to generate white 

light48. However, white light obtained by this approach usually has a low color 

rendering index (CRI) and a high correlated color temperature (CCT), and is thus 

too ñcoldò for indoor illumination49. High quality white light may be achieved by 

use of white phosphors, which are either single- or multi-component based11, 30, 50-52. 

The single-component system involves a single-phase white light phosphor having 

emission covering the entire visible region, and a multi-component system contains 

a mixture of two or more monochromatic phosphors52-54. The latter option is more 

attractive because of its high luminescence efficiency and tunable light quality, 

which often cannot be achieved by the other system55, 56. While rare-earth element 

(REE) based phosphors currently dominate the lighting market, developing low-cost, 

high-performance and REE free phosphors has becoming increasingly important, 

due to the potential cost and supply risks of REEs, as well as their negative impact 

on the environment and human health57. The design of more efficient, stable, and 

environmental friendly phosphors has been the focus of current phosphor research. 

Several groups of materials, such as nanocrystals, quantum dots, metal organic 

frameworks (MOFs), show promising results as alternatives to the commercial REE 
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based phosphors58-62. However, low efficiency, complex procedure, and thermal 

and/or moisture instability remain to be the main drawbacks that limit their practical 

applications.  

Crystalline inorganic-organic hybrid materials combine the good features of 

both constituents in a single crystal lattice, thereby giving rise to significant 

enhancement of their overall optical properties29, 34, 63-65. Some of these hybird 

materials have been reported for their strong luminescence52, 66, 67. Among them, 

compounds made of copper(I) halides (mostly iodides) and mono-dentate or bi-

dentate N-containing ligands are of particular interest due to their solution 

processability, structural diversity, earth abundance, and high luminescence. As a 

result they are considered as one of the most promising material groups as low-cost 

and REE-free phosphor candidates38, 55, 68. Various structure motifs have been 

prepared by mixing copper iodide and organic ligands of different ratios and under 

different reaction conditions.  Rhomboid dimers, cubic tetramers and staircase-like 

chains are the three most common building units of this material family69-73. Most of 

these compounds are luminescent and emit within the visible light region. Our 

previous work on staircase-like 1D-CuI(L) structures show that their band gap and 

emission wavelength can be systematically tuned by using organic ligands with 

suitable LUMO energies and white phosphors can be obtained through ligand 

doping38. However, this type of structures suffers from low fluorescence quantum 

yield (QY). On the other hand, Cu2I2 dimer-based molecular structures show high 

QYs comparable to commercial phosphors, but their photo and thermal stabilities 

are generally poor55.  



14 

 

 

 

2.2 Synthesis Strategy  

In attempt of resolving these issues and achieving yellow and orange 

phosphors with both high QY and framework stability, we have developed a 

synthetic strategy that involves a two-step process: (1) synthesis of highly emissive 

Cu4I4 cubic molecular clusters as soluble precursors, and (2) construction of robust 

and extended network structures using these molecular precursors (as building 

blocks) and ligands that form strong Cu-N bonds (as linkers) (Figure 5).   

Among various CuxIx based molecular species, the Cu4I4 tetramers 

demonstrate the strongest emission in yellow-orange region, making them attractive 

phosphor candidates for ñwarmò WLEDs (low CCT, high CRI)74. The geometry of 

the Cu4I4 is usually a distorted cubane, which can also be considered as two Cu2I2 

dimer fragments oriented perpendicular to each other75. A well-studied example of 

this structure type, 0D-Cu4I4(py)4 (py  = pyridine), emits strong yellow light (560 

nm) under UV irradiation at room temperature, with an impressively high QY of 

92%. The emissions of various tetranuclear Cu4I4(L)4  clusters (in various solutions 

and at different temperatures) have been attributed to several different mechanisms, 

including cluster centered (CC), metal to ligand charge transfer (MLCT), halide to 

ligand charge transfer (XLCT), and sometimes a combination of these76. However, 

the thermal stability of 0D-Cu4I4(py)4 (or other 0D-Cu4I4(L)4 clusters) is simply too 

low for any practical applications, as it decomposes at a temperature as low as 60 

C̄.  To address this issue, we have applied a two-step precursor approach described 

above and designed and synthesized a series of new Cu4I4 based extended network 

structures by substituting the mono-dentate (terminal) ligand of the Cu4I4 molecular 
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precursor with selected bidentate ligands while keeping highly emissive Cu4I4 core 

intact. The extended 1D, 2D and 3D network structures so-obtained exhibit greatly 

enhanced framework stability (Figure 5, Tables 1-2, Figures 12-17).  

 

Figure 5. (a) Illustration of the design and incorporation of molecualr Cu4I4 core into an 

extended network structure. Representative 1D, 2D and 3D structures of (b) 1D-

Cu4I4(msmbi)2; (c) 2D-Cu4I4(dipe)2 and (d) 3D-Cu4I4(dipe)2. Color scheme: Cu: cyan; I: 

purple; N or mono-dentate N-ligands: blue; S: yellow; C: grey; bi-dentate ligands: yellow 

rods with blue ends.  

The 0D-Cu4I4(py)4 was chosen as a molecular precursor for the synthesis. It 

was well dispersed in ethanol solution prior to ligand substitution. The stability of 

the cluster in ethanol was confirmed via UV-Vis absorption spectroscopy (Figure 

21). Ligand substitution was accomplished through the addition of a multi-dentate 
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ligand to the solution accompanied by heating. A variety of ligands with different 

types, lengths and functional groups (including several imidazole derivatives 

specially designed for this study) successfully exchanged with py of the precursor. 
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The details of the syntheses, which differ from previously reported procedures77-84, 

are described in the experimental section.  

Figure 6. Scheme of the ligand synthesis. 
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2.3 Synthesis and Structure Description 

Synthesis of 3-(benzyloxy)pyridine (3-bzo-py) 85: To a mixture of CuI (76 

mg, 0.40 mmol), 1,10-phenanthroline (144 mg, 0.80 mmol), cesium carbonate (1.9 

g, 6.00 mmol), and 3-bromopyridine (4.00 mmol) in a dry Schlenk flask (evacuated 

and nitrogen purged) were added toluene (5 mL) and benzyl alcohol (40 mmol) and 

heated in an oil bath at 110 ÁC for 24 h. The reaction mixture was filtered and solvent 

removed under reduced pressure. The crude residue obtained was subjected to flash 

chromatography (eluent: ethyl acetate/hexanes) and the purified product 

characterized by 1H NMR (300MHz, CDCl3, ŭ):5.11(s, 2H), 7.16-7.44(m, 7H), 8.22-

8.40(m, 2H), yield 80%. 

Synthesis of 1-propyl-1H-benzo[d]imidazole (prbi) 86: NaOH (1.2 g, 30 

mmol) was added to a solution of benzimidazole (1.18 g,10 mmol)  in DMSO (20 

mL), the mixture was stirred at 70 ÁC for 2 hours, then 1-bromopropane (910 ɛL, 1 

mmol)  was injected into the solution. The reaction mixture was heated around 100 

ÁC overnight. Then poured the solution into cold water (150 mL) after cooling to 

room temperature. The solution was extracted with methylene chloride three times, 

and the combined organic phases were concentrated in vacuum to give prbi as grey 

oil. High yield (90%) pure product was obtained. 1H NMR (300MHz, CDCl3, ŭ): 

0.95-1.00(t, J = 7.5 Hz, 3H), 1.88-2.00(m, 2H), 4.13-4.17(t, J = 6 Hz, 2H), 7.29-

7.44(m, 3H), 7.82-7.85(m, 2H). 

Synthesis of 1,5-bis(1H-benzo[d]imidazol-1-yl)pentane (bbipe) 87: NaOH 

(1.2 g, 30 mmol) was added to a solution of benzimidazole (1.18 g, 10 mmol) in 

DMSO (20 mL), the mixture was stirred at 70 ÁC for 2 hours, then 1,5-
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dibromopentane (540 ɛL, 4 mmol) was injected into the solution. The reaction 

mixture was heated around 100 ÁC overnight. Then poured the solution into cold 

water (150 mL) after cooling to room temperature. The solution was extracted with 

methylene chloride three times, and the combined organic phases were concentrated 

in vacuum to give bbipe as white solid. Pure product of high yield (90%) was 

obtained after recrystallization with acetone/hexanes. 1H NMR (300MHz, CDCl3, 

ŭ):1.31-1.42(m, 2H), 1.86-1.96(m, 4H), 4.12-4.17(m, 4H), 7.26-7.32(m, 6H), 7.80-

7.84(m, 4H). 

Synthesis of 1,5-bis(6-methyl-1H-benzo[d]imidazol-1-yl)pentane (bmbipe): 

The compound was synthesized in a similar way as bbipe using 6-methyl-1H-

benzo[d]imidazole affording compound bmbipe as grey solid, yield 85%. 1H NMR 

(300MHz, CDCl3, ŭ): 1.33-1.39(m, 2H), 1.86-1.89(m, 4H), 2.50(s, 6H), 4.07-

4.13(m, 4H), 7.10-7.24(m, 4H), 7.27-7.67(m, 2H), 7.70-7.79(m, 2H). 

Synthesis of 1,5-di(1H-imidazol-1-yl)pentane (dipe): The compound was 

synthesized in a similar way as bbipe using imidazole affording compound dipe as 

colorless oil, yield 90%.1H NMR (400MHz, CDCl3, ŭ): 1.26-1.30(m, 2H), 1.59-

1.81(m, 4H), 3.88-3.92(m,4H), 6.89-7.07(m, 4H), 7.34-7.44(m, 2H).  

Synthesis of 1-((methylthio)methyl)-1H-benzo[d]imidazole (msmbi) 88: 

NaOH (1.2 g, 30 mmol)  was added to a solution of benzimidazole (1.18 g, 10 mmol) 

in DMSO (20 mL), the mixture was stirred at 150 ÁC for 24 hours. Then poured the 

solution into cold water(150 mL) after cooling to room temperature. The solution 

was extracted with methylene chloride three times, and the combined organic phases 

were concentrated in vacuum to give msmbi as grey oil. Yield (50%) pure product 
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was obtained. 1H NMR (300MHz, CDCl3, ŭ): 2.04(s, 3H), 5.18(s, 2H), 7.27-7.34(m, 

2H), 7.50-7.84(m, 2H), 7.98(s, 1H). 

Synthesis of 0D-Cu4I4(py)4.  The synthesis of 0D-Cu4I4(py)4 was carried out 

by a modified version of the reported method[30]. CuI (0.19 g, 1.0 mmol) was well-

dispersed in ethanol (20 ml) in a closed reaction vail, excess py (0.32 g, 4.0 mmol) was 

added directly into the reaction solution under magnetic stirring at room temperature. After 

30 minutes, the precipitate was filtered out and washes with ethanol for three times. Then 

it was died in vacuum oven overnight before characterization. The identical washing and 

drying procedures were applied for other compounds except otherwise mentioned. (80% 

yield based on Cu).    

Synthesis of 0D-Cu4I4(3-bzo-py)4.  It was synthesized by precursor method. 0D-

Cu4I4(py)4 precursor (0.11 g, 0.1 mmol) and excess 3-bzo-py (0.07 g, 0.4 mmol) were mixed 

in ethanol in a closed reaction vial at room temperature under magnetic stirring. Single 

crystals that are suitable for analysis were obtained by keeping the reaction at 100 C̄ for 5 

days in thick-wall Pyrex tubes. Yellow rod-shaped crystals were obtained (76% yield based 

on Cu). 

Synthesis of 0D-Cu4I4(3-pc)4 
89.  The synthesis of pure powder sample of 0D-

Cu4I4(3-pc)4 was similar to that of 0D-Cu4I4(3-bzo-py)4 except the ligand, precursor 0D-

Cu4I4(py)4 (0.1 mmol) and 3-pc (0.4 mmol) mixture was stirred in ethanol at room 

temperature for 1 h (92% yield based on Cu), which was different from previous reported 

method.   

Synthesis of 0D-Cu4I4(4-bz-py)4 (4-bz-py = 4-benzyl-pyridine).  The synthesis of 

pure powder sample of 0D-Cu4I4(4-bz-py)4 was similar to that of 0D-Cu4I4(3-bzo-py)4 
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except the ligand. Orange cubic crystals were obtained after precursor 0D-Cu4I4(py)4 (0.1 

mmol) and 4-bz-py (0.4 mmol) mixture was heated at 100 C̄ for 5 days in a thick-wall 

Pyrex tube (90% yield based on Cu).   

Synthesis of 0D-Cu4I4(4-ph-py)4  (4-ph-py = 4-phenyl-pyridine). Differed from 

reported method90, the synthesis of pure powder sample of 0D-Cu4I4(4-ph-py)4 was similar 

to that of 0D-Cu4I4(3-bzo-py)4, which was made by mixing and stirring precursor 0D-

Cu4I4(py)4 (0.1 mmol) and 4-ph-py (0.4 mmol) in ethanol for 2 h (86% yield based on Cu). 

Synthesis of 0D-Cu4I4(prbi)4  (prbi = 1-propyl-1H-benzo[d]imidazole).  Pure 

powder sample of 0D-Cu4I4(prbi)4  was obtained through similar precursor method as used 

in synthesizing 0D-Cu4I4(3-bzo-py)4. Precursor 0D-Cu4I4(py)4 (0.1 mmol) and prbi (0.4 

mmol) were stirred in methanol. The transparent crystal was obtained after reaction in 

sealed Pyrex tube at 100 C̄ for 2 days (90% yield based on Cu). 
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Figure 7. Crystal image of 0D-Cu4I4(3-bzo-py)4. 

 

Figure 8. Crystal image of 0D-Cu4I4(4-bz-py)4. 

Synthesis of 1D-Cu4I4(bbipe)2 
91.  Single crystals of 1D-Cu4I4(bbipe)2 were grown 

by reaction of precursor 0D-Cu4I4(py)4 (0.14 g, 0.1 mmol) and bbipe (0.15 g, 0.5 mmol) at 

120 C̄ in methanol for 3 days. The yellow crystals were isolated by filtration and washing 

(66% yield based on Cu). 

Synthesis of 1D-Cu4I4(msmbi)2 (msmbi =1-((methylthio)methyl)-1H-

benzo[d]imidazole).  Pure powder sample of 1D-Cu4I4(msmbi)2 was prepared by heating 

the precursor 0D-Cu4I4(py)4 (0.1 mmol) and msmbi (0.3 mmol) at 120 C̄ in ethanol for 3 

days (58% yield based on Cu). 
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Synthesis of 2D-Cu4I4(pda)2 
92 (pda = 1,3-propandiamine).  Similar precursor 

method and procedures as that of 1D-Cu4I4(bbipe)2  were used except ligand, precursor 

0D-Cu4I4(py)4 (0.14 g, 0.1 mmol) and pda (0.15 g, 0.5 mmol) at 120 C̄ in methanol for 3 

days (72% yield based on Cu). 

Synthesis of 2D-Cu4I4(dipe)2.  Similar precursor method and procedures as that of 

1D-Cu4I4(bbipe)2 with dipe. Single crystals were obtained in methanol after precursor 0D-

Cu4I4(py)4 (0.1 mmol) and dipe (0.5 mmol) mixture was heated for 3 days at 150 C̄ (72% 

yield based on Cu). 

Synthesis of 2D-Cu4I4(bmbipe)2. Excess bmbipe (0.25 mmol) was added to the 

precursor 0D-Cu4I4(py)4 (0.14 g, 0.1 mmol) in ethanol solution under stirring at room 

temperature. Powders of 2D-Cu4I4(bmbipe)2 were formed after 1 hour of stirring. Single 

crystals were obtained in methanol after heating for 3 days at 150 C̄ (74% yield based on 

Cu). 

Synthesis of 2D-Cu4I4(bpp)2 
93.  Precursor method was used and detailed procedure 

was similar as that of 1D-Cu4I4(msmbi)2, precursor 0D-Cu4I4(py)4 (0.1 mmol) and bpp (0.3 

mmol) was heated at 120 C̄ in ethanol for 3 days (85% yield based on Cu). 
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Synthesis of 2D-Cu4I4(5-me-pm)2. Single crystals of 2D-Cu4I4(5-me-pm)2 were 

collected from the reaction of precursor (0.14 g, 0.1 mmol) and excess amount of 5-me-pm 

(0.047 g, 0.05 mmol) in 10 ml ethanol at 120 C̄ for 1 day. Green cubic crystals, along with 

pure phase of powders were isolated and washed (71% yield based on Cu). 

Synthesis of 2D-Cu4I4(4,4ô-dps)2 
94(4,4ô-dps = 4,4'-dipyridyl sulfide).  The detailed 

synthesis process of 2D-Cu4I4(4,4ô-dps)2 was similar to that for 8, powder sample of 2D-

Cu4I4(4,4ô-dps)2 was prepared by heating the precursor 0D-Cu4I4(py)4 (0.1 mmol) and 4,4ô-

dps (0.3 mmol) at 120 ̄C in ethanol for 3 days (81% yield based on Cu).  

 

Figure 9. From bottom to top: PXRD pattern of simulated 0D-Cu4I4(py)4, 

experimental 0D-Cu4I4(py)4, simulated 0D-Cu4I4(3-bzo-py)4, experimental 0D-

Cu4I4(3-bzo-py)4, simulated 0D-Cu4I4(3-pc)4, experimental 0D-Cu4I4(3-pc)4, 

simulated 0D-Cu4I4(4-bz-py)4, and experimental 0D-Cu4I4(4-bz-py)4. 








































































































































































