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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, energyefficient lightbulbs, such as compact fluorescent lamps (CFLs) and light-emitting diodes
(LEDs), save about 25% - 80% energy with 3 – 25 times longer lifetime. While rare-earth
element (REE) based phosphors currently dominate the lighting market, developing lowcost, 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-, twoand 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 onedimensional (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 – 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 325 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 “A”, “B”, or “X” components are organic. The organic
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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 II–VI 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 II−VI 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 II–
VI semiconductors based highly crystalline hybrid materials are composed of twodimensional 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-lightemitting 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-lightemitting 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 II–VI 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.)
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Figure 334. Dielectric constants and of 2D-MoO3(py) (black), 3D-MoO3(4,4’-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 Cu 4I4 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, bluelight excitable yellow phosphors, we have synthesized a group of unique multiplestranded 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.)

12

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 phosphorconverted (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 “cold” 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 phosphors 52-54. 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,

. Some of these hybird

34, 63-65

materials have been reported for their strong luminescence 52, 66, 67. Among them,
compounds made of copper(I) halides (mostly iodides) and mono-dentate or bidentate 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 family 69-73. 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.
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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 “warm” WLEDs (low CCT, high CRI)74. The geometry of
the Cu4I4 is usually a distorted cubane, which can also be considered as two Cu 2I2
dimer fragments oriented perpendicular to each other 75. 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 these 76. 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
C. To address this issue, we have applied a two-step precursor approach described
above and designed and synthesized a series of new Cu 4I4 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) 1DCu4I4(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 °C 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, δ):5.11(s, 2H), 7.16-7.44(m, 7H), 8.228.40(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 °C for 2 hours, then 1-bromopropane (910 μL, 1
mmol) was injected into the solution. The reaction mixture was heated around 100
°C 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, δ):
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), 7.297.44(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 °C for 2 hours, then 1,5-
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dibromopentane (540 μL, 4 mmol) was injected into the solution. The reaction
mixture was heated around 100 °C 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,
δ):1.31-1.42(m, 2H), 1.86-1.96(m, 4H), 4.12-4.17(m, 4H), 7.26-7.32(m, 6H), 7.807.84(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-1Hbenzo[d]imidazole affording compound bmbipe as grey solid, yield 85%. 1H NMR
(300MHz, CDCl3, δ): 1.33-1.39(m, 2H), 1.86-1.89(m, 4H), 2.50(s, 6H), 4.074.13(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, δ): 1.26-1.30(m, 2H), 1.591.81(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)
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:

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 °C 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, δ): 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 welldispersed 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. 0DCu4I4(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 C 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 0DCu4I4(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 C 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 0DCu4I4(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 C 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 C 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 C 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 C 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 0DCu4I4(py)4 (0.1 mmol) and dipe (0.5 mmol) mixture was heated for 3 days at 150 C (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 C (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 C in ethanol for 3 days (85% yield based on Cu).
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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 0DCu4I4(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.
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 C 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(4,4’-dps)2 94(4,4’-dps = 4,4'-dipyridyl sulfide). The detailed
synthesis process of 2D-Cu4I4(4,4’-dps)2 was similar to that for 8, powder sample of 2DCu4I4(4,4’-dps)2 was prepared by heating the precursor 0D-Cu4I4(py)4 (0.1 mmol) and 4,4’dps (0.3 mmol) at 120 C in ethanol for 3 days (81% yield based on Cu).
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Figure 10. From bottom to top: PXRD pattern of simulated 0D-Cu4I4(4-ph-py)4,
experimental

0D-Cu4I4(4-ph-py)4,

simulated

0D-Cu4I4(prbi)4,

experimental

0D-

Cu4I4(prbi)4, simulated 1D-Cu4I4(bbipe)2, experimental 1D-Cu4I4(bbipe)2, simulated 1DCu4I4(msmbi)2, and experimental 1D-Cu4I4(msmbi)2.
Synthesis of 3D-Cu4I4(1,4-bda)2 (1,4-bda = butane-1,4-diamine). Similar precursor
method as that of 1D-Cu4I4(msmbi)2 was used. High quality plate like crystals were
obtained after precursor 0D-Cu4I4(py)4 (0.1 mmol) and 1,4-bda (0.3 mmol) mixture was
heated in methanol for 3 days under 120 C (75% yield based on Cu).
Synthesis of 3D-Cu4I4(en)2 92 (en = ethylene diamine). Pure phased powder sample
of compound 3D-Cu4I4(en)2 was obtained by heating the precursor 0D-Cu4I4(py)4 (0.1
mmol) and en (0.3 mmol) at 120 C in ethanol for 3 days (70% yield based on Cu).
Synthesis of 3D-Cu4I4(dipe)2. Similar synthesis approach as that of compound 2DCu4I4(dipe)2 was used. Methanol (1 mL) and N,N-dimethylformamide (DMF) (1 mL)
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were used as solvents. Precursor 0D-Cu4I4(py)4 (0.1 mmol) and dipe (0.5 mmol) mixture
was heated for 3 days at 150 C (70% yield based on Cu). Compound 3D-Cu4I4(dipe)2
contains a solvated methanol, with a complete chemical formula of Cu4I4(dipe)2CH3OH.
The PXRD and PL data indicate that the desolvated sample does not alter the structure or
optical properties of the compound.

Figure 11. From bottom to top: PXRD pattern of simulated 2D-Cu4I4(pda)2, experimental
2D-Cu4I4(pda)2, simulated 2D-Cu4I4(dipe)2, experimental 2D-Cu4I4(dipe)2, simulated 2DCu4I4(bmbipe)2, experimental 2D-Cu4I4(bmbipe)2, simulated 2D-Cu4I4(bpp)2, and
experimental 2D-Cu4I4(bpp)2.
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Figure 12. Structure of 0D-Cu4I4(4-bz-py)4.

Figure 13. Structure of single-chain 1D-Cu4I4(msmbi).
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Figure 14. Structure of single-chain 2D-Cu4I4(dipe)2.

Figure 15. Structure of single-chain 3D-Cu4I4(bmbipe)2.
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Figure 16. Structure of single-chain 3D-Cu4I4(1,4-bda)2.

Figure 17. Structure of single-chain 3D-Cu4I4(dipe)2.
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Table 1. List of new Cu4I4 based compounds with their unit cell parameters and space
groups.

Compound

0D-Cu4I4(3-bzo-py)4

0D-Cu4I4(4-bz-py)4

0D-Cu4I4(prbi)4

1D-Cu4I4(msmbi)2

2D-Cu4I4(dipe)2

2D-Cu4I4(bmbipe)2

2D-Cu4I4(5-me-pm)2

3D-Cu4I4(1,4-bda)2

Unit Cell
Constants (Å, )
a = 20.7422 (13)
b = 15.9253 (10)
c = 17.7211 (18)
β = 121.6130 (10)
a = 18.1159 (8)
b = 22.3929 (10)
c = 23.9526 (10)
β = 92.959 (3)
a = 23.8687(8)
b = 23.8070(9)
c = 19.3331(7)
β = 124.010(2)
a = 10.9115(4)
b = 11.0763(4)
c = 12.8694(5)
α = 71.844(2)
β = 85.177(2)
γ = 85.809(2)
a = 8.7880 (4)
b = 20.3211 (11)
c = 18.57702 (9)
β = 99.700 (2)
a = 11.4927 (4)
b = 14.4582 (5)
c = 15.9437 (6)
α = 77.440 (2)
β = 71.127 (2)
γ = 75.992 (2)
a = 13.1679 (4)
b = 10.7065 (4)
c = 14.8078 (5)
β = 105.146 (2)
a = 7.3332(4)
b = 7.3925(4)
c = 20.3805 (10)
α = 85.853 (3)
β = 79.752 (2)
γ = 89.939(10)

Space
Group
C2/c

P21/c

C2/c

P-1

Cc

P-1

C2/c

P-1
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α = 85.853 (3)
β = 79.752 (2)
a
γ = 89.939(10)
3D-Cu4I4(dipe)2
Fdd2
a = 17.5305 (8)
b = 36.1060 (17)
c = 10.7829 (5)
a
Methanol molecule was removed for the formulation consistency.
3-bzo-py = 3-benzyloxy-pyridine, 4-bz-py = 4-benzyl-pyridine, prbi = 1-propyl-1Hbenzo[d]imidazole, msmbi =1-((methylthio)methyl)-1H-benzo[d]imidazole, dipe =
1,5-di(1H-imidazol-1-yl)pentane,

bmbipe

=

1,5-bis(5-methyl-1H-

benzo[d]imidazol-1-yl)pentane, 5-me-pm = 5-methyl-pyrimidine, 1,4-bda = 1,4butanediamine.
Samples of both single crystal and powder forms were obtained for all
compounds. Single crystal data for nine new compounds are summarized in Table
1. The purity of the powder samples was confirmed by powder X-ray diffraction
(PXRD) analysis (Figures 9-11, 18). All these compounds contain Cu4I4 cubane
motif in their structures (Table 2). Each Cu atom in the Cu 4I4 core is tetrahedrally
coordinated to three iodine atoms and one monodentate or bidentate ligand molecule
via Cu-N bond, leading to structures of various dimensionality, including zerodimensional (0D) molecular clusters, one-dimensional (1D) infinite chains or
ribbons, two-dimensional (2D) layers, and three-dimensional (3D) extended
networks. The first six compounds are molecular clusters with monodentate ligands
and have the general formula of 0D-Cu4I4(L)4. Compounds 1D-Cu4I4(bbipe)2 and
1D-Cu4I4(msmbi)2 are 1D chain-like structures, with the general formula of 1DCu4I4(L)2. The following six compounds form extended 2D layer structures and can
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be formulated as 2D-Cu4I4(L)2. 3D-Cu4I4(1,4-bda)2, 3D-Cu4I4(en)2, and 3DCu4I4(dipe)2 are 3D networks, with the formula of 3D-Cu4I4(L)2.
2.4 Electronic and Optical Properties
All compounds display a sharp optical absorption edge, as measured by UVVis absorption spectroscopy (see Figure 19c). The high absorption coefficients
suggest that they are strong energy absorbers, ideal for phosphors. Their band gaps
were estimated from optical absorption spectra and the values are listed in Table 2.
DFT calculations were conducted on selected structures of different dimensionalities
(Figure 19a-b, Figures 25-30). Calculated band gaps are listed in Table 5, along with
experimental values. A close look at the band structures (BS) and density of states
(DOS) of these compounds reveals that for those containing aromatic ligands, the
atomic states that make up the conduction band minimum (CBM) are mostly from
organic ligands (C 2p and N 2p), while the atomic states in the valence band
maximum (VBM) region are mainly from inorganic components (Cu 3d and I 5p).
This suggests a MLCT or XLCT (or a combination of the two) mechanism for such
systems, which resembles what have been observed for 1D-CuI(L) chain and Cu2I2
rhomboid dimer based structures38, 55. On the other hand, for compounds built of
aliphatic ligands (e.g. 2D-Cu4I4(pda)2, 3D-Cu4I4(1,4-bda)2), both VBM and CBM
are composed of inorganic atomic states, therefore the emission is primarily cluster
centered (CC).
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Figure 18. From bottom to top: PXRD pattern of simulated 2D-Cu4I4(5-me-pm)2,
experimental 2D-Cu4I4(5-me-pm)2, simulated 2D-Cu4I4(4,4’-dps)2, experimental 2DCu4I4(4,4’-dps)2, simulated 3D-Cu4I4(1,4-bda)2, experimental 3D-Cu4I4(1,4-bda)2,
simulated 3D-Cu4I4(en)2, experimental 3D-Cu4I4(en)2, simulated 3D-Cu4I4(dipe)2, and
experimental 3D-Cu4I4(dipe)2.

Figure 19. a) Calculated density of states (DOS) for 1D-Cu4I4(bbipe)2; total DOS (black);
Cu 3d orbitals (light blue); I 5p orbitals (red); N 2p orbitals (blue); C 2p orbitals (grey).
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Maximum of the valence band (MVB) is set at 0 eV. (b) Calculated DOS for 3D-Cu4I4(1,4bda)2; total DOS (black); Cu 3d orbitals (light blue); Cu 4s orbitals (red); Cu 4p orbitals
(blue); I 5p orbitals (pink); I 5s orbitals (grey); Maximum of the valence band (MVB) is
set at 0 eV. (c) Optical absorption spectra of 0D-Cu4I4(3-pc)4 (black), 1D-Cu4I4(bbipe)2
(red), 2D-Cu4I4(dipe)2 (blue), 2D-Cu4I4(bmbipe)2 (green), 3D-Cu4I4(1,4-bda)2
(orange), 3D-Cu4I4(dipe)2 (purple). (d) TG profiles of selected structures: 0D-Cu4I4(py)4
(black), 1D-Cu4I4(bbipe)2 (red), 2D-Cu4I4(bmbipe)2 (green), 2D-Cu4I4(bpp)2 (blue),
3D-Cu4I4(dipe)2 (purple).

Figure 20. Photoluminescence spectra (λex = 360 nm) of selected compounds: 0DCu4I4(3-pc)4

(wine), 1D-Cu4I4(bbipe)2

(red), 2D-Cu4I4(dipe)2

(green), 2D-

Cu4I4(bmbipe)2 (black), 3D-Cu4I4(1,4-bda)2 (15) (puple), 3D-Cu4I4(dipe)2 (blue).
Solid state photoluminescence (PL) spectra were collected at room
temperature (RT). The emission spectra confirm that all compounds emit strongly
in the yellow-orange color region (emission maxima: 545-620 nm, Figure 20) and
their emission profile is a single band type. The internal quantum yields (IQYs) of
these compounds were measured at room temperature. The values range from 56%
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to 96%. The results show that high IQYs are largely maintained in extended network
structures (1D-3D). A recent study has provided rationale for the observed high
IQYs of Cu4I4 based structures in the solid state95. Luminescence decay
measurements were conducted on selected compounds (0D-Cu4I4(4-bz-py)4, 1DCu4I4(bbipe)2, 2D-Cu4I4(bmbipe)2 and 3D-Cu4I4(1,4-bda)2). Their room temperature
(298 K) lifetime values are 11.84, 8.30, 2.60 and 11.74 µs, respectively, comparable
with those of the molecular clusters, for example, 16.1 µs for 0D-Cu4I4(py)4 (Figures
22, 31, Tables 3 and 4). The fact that extended structures have similar lifetimes as
the Cu4I4 clusters suggests that the emission behaviors of the two types of structures
are similar.

Figure 21. Optical absorption spectra of the precursor 0D-Cu4I4(py)4 in solid state (blue)
and in ethanol (red), along with that of pure ethanol (black) as blank.
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Table 2. Estimated band gaps, emission energies and colors, IQY values and
decomposition temperatures of Cu4I4-based compounds (λex = 360 nm).
#

Compounds

Band

λem

gap (eV)

(nm)

Color

IQY (%)

Decomp.
Temp. (°C)

1

0D-Cu4I4(py)4

2.7

560

Yellow

92.3±1.1

60

2

0D-Cu4I4(3-bzo-py)4

2.9

590

Yellow

85.6±0.4

130

3

0D-Cu4I4(3-pc)4

2.8

560

Yellow

94.3±1.2

60

4

0D-Cu4I4(4-bz-py)4

2.7

560

Yellow

95.7±1.3

120

5

0D-Cu4I4(4-ph-py)4

2.6

545

Yellow

93.2±0.3

110

6

0D-Cu4I4(prbi)4

2.7

600

Orange

96.1±1.1

160

7

1D-Cu4I4(bbipe)2

2.7

560

Yellow

71.8±1.3

320

8

1D-Cu4I4(msmbi)2

3.2

550

Yellow

70.2±0.3

170

9

2D-Cu4I4(pda)2

3.0

616

Orange

65.3±0.5

200

10

2D-Cu4I4(dipe)2

2.8

620

Orange

64.4±0.7

290

11

2D-Cu4I4(bmbipe)2

2.7

550

Yellow

67.1±0.4

350

12

2D-Cu4I4(bpp)2

2.6

613

Orange

56.2±0.5

240

14

2D-Cu4I4(4,4’-dps)2

2.4

577

Yellow

60.6±1.2

220

15

3D-Cu4I4(1,4-bda)2

3.1

585

Yellow

60.7±1.4

230

16

3D-Cu4I4(en)2

3.0

590

Yellow

70.1±1.2

160

17

3D-Cu4I4(dipe)2

2.9

580

Yellow

65.6±1.3

300

py = pyridine, 3-pc = 3-picoline, 4-ph-py = 4-phenyl-pyridine, bbipe =1,5-bis(1Hbenzo[d]imidazol-1-yl)pentane, pda = 1,3-propandiamine, bpp = 1,3-bis(4pyridyl)propane, 4,4’-dps = 4,4'-dipyridyl sulfide, en = ethylene diamine
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Figure 22. Intensity-normalized photoluminescence (PL) decay curves of (a) 0D-Cu4I4(4bz-py)4, (b) 1D-Cu4I4(bbipe)2 and (c) 2D-Cu4I4(bmbipe)2 measured at temperatures of 293
K and 77 K.

Table 3. PL lifetimes, , of different samples at 293 and 77 K.
Compound

Temperature
(K)

Average
AmplitudeWeighted  (μs)

1 (μs)

2 (μs)

(μs)

293

11.84

12.52
(93.2%) a

2.45
(6.8%)

N.A.

77

25.26

28.82
(84.3%)

6.09
(15.7%)

N.A.

293

8.30

8.92
(91.0%)

1.95
(9.0%)

N.A.

77

7.01

7.52
(91.4%)

1.53
(8.6%)

N.A.

293

2.60

12.57
(14.9%)

1.70
(31.8%)

0.37
(53.3
%)

77

10.63

21.06
(40.3%)

4.48
(45.7%)

0.65
(14.0
%)

0D-Cu4I4(4-bzpy)4

1DCu4I4(bbipe)2

2DCu4I4(bmbipe)2

Table 4. Room temperature luminescence lifetime (τ) of selected structures.
Compound

λem (nm)

τ (µs)

0D-Cu4I4(py)4

560

16.12 a

0D-Cu4I4(4-bz-py)4

560

11.84 b

1D-Cu4I4(bbipe)2

560

8.3 b

3
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2D-Cu4I4(bmbipe)2

550

2.6 b

3D-Cu4I4(1,4-bda)2

585

11.74 a

a

Data were collected on an Edinburgh FL920 photospectrometer system with
microsecond Xenon lamp as excitation source. b Data were collected on a Model 6NSVT
Variable Temperature Optical Top-Loading Nitrogen Cryostat with A Spectra-Physics
MaiTai BB Ti:Sapphire laser (pulse width < 80 ps) as the excitation source.
To further understand the nature of luminescence in these compounds, we have also
carried out PL lifetime measurements for selected compounds at 77K. Their intensitynormalized PL decay curves are shown in Figure 22. The PL decay curves of 1DCu4I4(bbipe)2 at 293 K and 77 K are almost identical (lifetime, τ, of 8.3 μs and 7.0 μs,
respectively; see Table 3), indicating that the observed emission can be attributed to
phosphorescence96. However, for both 0D-Cu4I4(4-bz-py)4 and 2D-Cu4I4(bmbipe)2, the PL
at 293 K decays faster compared to the PL at low temperature (by factors of 2.1 and 4.1,
respectively), which suggests that there is a thermally-activated contribution to the
emission in addition to phosphorescence, possibly due to thermally-activated delayed
fluorescence (TADF) at 293 K96-98.
2.5 Thermal- and Photo-stability.
The most significant improvement achieved upon formation of extended
network structures (1D-3D) from the molecular precursors (0D) is the strong
enhancement of their framework robustness and photostability. Thermogravimetric
(TG) analysis was carried out on powder samples, and their decomposition
temperatures are listed in Table 2. In the case of 0D structures, most compounds
collapse between 60 and 130 C. For extended network structures (1D-3D), the
frameworks remain intact up to a minimum of 200 C and as high as 350 C (Figure
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23, 24, Table 2). The framework stability also depends on the relative Cu-N bond
strength. When comparing structures of the same dimensionality but different types
of ligands (i.e. pyridine vs imidazole derivatives), for example, 1 and 6 (0D), 9 and
11 (2D), and 15 and 17 (3D), the latter group shows substantially higher thermal
stability. This is because imidazole-based ligands are stronger electron donors,
thereby giving rise to stronger Cu-N bond. These observations have been confirmed
by electronic structure calculations described below.

Figure 23. TG plots of (a) 0D-Cu4I4(py)4 (black), 0D-Cu4I4(3-bzo-py)4 (red), 0D-Cu4I4(3pc)4 (blue), 0D-Cu4I4(4-bz-py)4 (dark cyan), 0D-Cu4I4(4-ph-py)4 (magenta), 0DCu4I4(prbi)4 (dark yellow), 1D-Cu4I4(bbipe)2 (navy), 1D-Cu4I4(msmbi)2 (wine), 2DCu4I4(pda)2 (pink)
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Figure 24. 2D-Cu4I4(dipe)2 (black), 2D-Cu4I4(bmbipe)2 (dark cyan), 2D-Cu4I4(bpp)2
(red), 2D-Cu4I4(5-me-pm)2 (blue), 2D-Cu4I4(4,4’-dps)2 (magenta), 3D-Cu4I4(1,4-bda)2
(dark yellow), 3D-Cu4I4(en)2 (navy), 3D-Cu4I4(dipe)2 (wine).

Figure 25. Calculated density of states (DOS) of 0D-Cu4I4(prbi)4: total DOS, black; Cu
3d orbitals, light blue; I 5p orbitals, red; C 2p orbitals, grey; N 2p orbitals, dark blue.
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Figure 26. Calculated density of states (DOS) of 1D-Cu4I4(msmbi)2: total DOS, black; Cu
3d orbitals, light blue; I 5p orbitals, red; C 2p orbitals, grey; N 2p orbitals, dark blue.

Figure 27. Calculated band structure (BS) for 2D-Cu4I4(4,4’-dps)2.
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Figure 28. Calculated density of states (DOS) of 2D-Cu4I4(4,4’-dps)2: total DOS, black;
Cu 3d orbitals, light blue; I 5p orbitals, red; C 2p orbitals, grey; N 2p orbitals, dark blue;
S 3p orbitals, green.

Figure 29. Calculated band structure (BS) for 2D-Cu4I4(pda)2 .
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Figure 30. Calculated density of states (DOS) of 2D-Cu4I4(pda)2. Inorganic component
(top): total DOS, black; Cu 4s orbitals, red; Cu 4p orbitals, blue; Cu 3d orbitals, dark
cyan; I 5s orbitals, pink; I 5p orbitals, dark yellow; Organic component (bottom): total
DOS, black; C 2s orbitals, red; C 2p orbitals, blue; N 2s orbitals, dark cyan; N 2p orbitals,
pink.
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Table 5. Calculated and experimentally estimated band gap values.
Compound

Calculated
B.G. (eV)

Estimate
B.G. (eV)

ΔB.G.
(eV)

0D-Cu4I4(prbi)4

1.710

2.7

0.990

1D-Cu4I4(msmbi)2

2.171

3.2

1.029

2D-Cu4I4(pda)2

1.940

3.0

1.060

2D-Cu4I4(4,4’-dps)2

1.300

2.4

1.100

3D-Cu4I4(1,4-bda)2

1.987

3.1

1.113

Figure 31. Room temperature luminescence decay profiles of selected structures 0DCu4I4(py)4 (pink), 0D-Cu4I4(4-bz-py)4 (black), 1D-Cu4I4(bbipe)2 (red), 2DCu4I4(bmbipe)2 (blue) and 3D-Cu4I4(1,4-bda)2 (green). Data were collected on an
Edinburgh FL920 photospectrometer system with microsecond Xenon lamp as excitation
source.
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Figure 32. Plot of QY ratios (Q0 and Q are QY values measured before and after heating
at each selected temperature for 24 h in air): 0D-Cu4I4(py)4 (violet), 0D-Cu4I4(3-pc)4
(black), 1D-Cu4I4(bbipe)2 (green), 2D-Cu4I4(bmbipe)2 (wine), 3D-Cu4I4(dipe)2 (red),
YAG:Ce3+ (blue). Inset is a zoomed-in plot.
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Figure 33. Plot of QY ratios (Q0 and Q are QY values measured before and after
exposure to UV light as a function of time): 0D-Cu4I4(py)4 (violet), 0D-Cu4I4(3-pc)4
(black), 1D-Cu4I4(bbipe)2 (green), 2D-Cu4I4(bmbipe)2 (wine), 3D-Cu4I4(dipe)2 (red),
YAG:Ce3+ (blue). Inset is a zoomed-in plot.

Figure 34. Plot of QY ratios for the Cu2I2-based BP sample (Q0 and Q are QY values
measured before and after sample exposure to UV light).
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Figure 35. Emission spectra (λex = 360 nm) of composite white phosphors of 3DCu4I4(dipe)2/BP at different weight percentages: 100% BP (blue), 16% BP (black), 12%
BP (cyan), 8% BP (green), 0% BP (red), along with that of a two-component white
phosphor consisted of 15 wt% of commercial BAM:Eu3+ (BAM = BaMg2Al26O27) and 85
wt% of YAG:Ce3+ (grey dash).
Table 6. CIE, CRI, CCT and QY values of 3D-Cu4I4(dipe)2/BP composite phosphors and
YAG:Ce/ BAM:Eu3+ (BAM = BaMg2Al26O27).
QY (%)
BP (wt%)

CIE

CRI

CCT (K)
(ex: 360 nm)

100

0.16, 0.17

N.A.

N.A.

91.1±1.1

30

0.36, 0.40

76.8

5388

85.3±0.7

16

0.34, 0.35

73.9

4988

82.2±0.4

8

0.40, 0.43

62.3

3736

71.7±1.2

0

0.45,0.51

N.A.

N.A.

65.6±1.3

15 (BAM:Eu3+) a

0.35,0.42

67.1

4912

75.5±0.2
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Figure 36. PXRD patterns of 1D-Cu4I4(bbipe)2: simulated (black); as-made sample (red);
sample after photostability test for 1 month (blue).

Figure 37. PXRD patterns of 2D-Cu4I4(bmbipe)2: simulated (black); as-made sample
(red); sample after photostability test for 1 month (blue).
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Figure 38. PXRD patterns of 3D-Cu4I4(dipe)2 : simulated (black); as-made sample (red); sample
after photostability test for 1 month (blue).

Figure 39. Plot of QY ratios (Q0 and Q are QY values measured before and after sample
exposure to UV light): 3D-Cu4I4(dipe)2 powder sample (black open triangle) and 3DCu4I4(dipe)2 coated on LED (red open circle) .
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The calculations show that for materials of the same dimension, ligands
which are better electron donors bind more strongly with the copper core. As
illustrated in Figure 40, three representative Cu4I4(L)4 complexes were selected as
model systems, where L is py (py = pyridine), 5-me-pm (5-me-pm = 5-methylpyrimidine)

or bmbipe (bmbipe = 1,5-bis(5-methyl-1H-benzo[d]imidazol-1-

yl)pentane). The partial charges on nitrogen atom, δ(N), are -0.43, -0.48 and -0.52
for Cu4I4(py)4, Cu4I4(5-me-pm)4 and Cu4I4(bmbipe)4, respectively. As δ(N)
represents the electron densities around the N atoms, these results show that the
ligands’ electron donating abilities are in the order of py < 5-me-pm < bmbipe. This
is consistent with the number of electron-donating groups in the three ligands.
Following the same trend, the binding energies between Cu and each ligand, E b, are
calculated to be 0.2, 0.8 and 2.1 eV for L being py, 5-me-pm, and bmbipe,
respectively, in excellent agreement with the experimentally measured thermal
stability trend.

The positive correlation between δ(N) and E b arises from the

electron-releasing induction effect (+I effect)99: due to the difference in
electronegativity between Cu and N, ligands that donate more electrons provide
better stabilization to the Cu4I4 core and thus lead to stronger Cu-N bonds. Therefore,
the stability of the Cu4I4(L)4 complexes stems from the strength of the Cu-N bond,
which in turn is determined by the electron donating abilities of the ligands.
A series of photostability tests were conducted on these phosphors to evaluate their
suitability for use in lighting devices. Three extended network structures (1D-3D)
with

benzimidazole

or

imidazole

based

ligands,

1D-Cu4I4(bbipe)2,

2D-

Cu4I4(bmbipe)2 and 3D-Cu4I4(dipe)2 (dipe = 1,5-di(1H-imidazol-1-yl)pentane), were
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heated in the oven at various temperatures for 24 hours. The samples were exposed
to air without protection during the heating. Their PXRD patterns remain unchanged
and the decreases in their IQY values are less than 1% after being heated at 180 C,
well comparable to the commercial yellow phosphor YAG:Ce3+ (Figure 32, 36-38).
As a comparison, when 0D-Cu4I4(py)4 and 0D-Cu4I4(3-pc)4 (3-pc = 3-picoline) were
heated under identical conditions, their PXRD patterns showed greatly reduced
crystallinity and IQY values dropped more than 70% at 150 C, indicative of poor
thermal stability as a result of losing crystallinity. A long-term photostability test
was also performed on 1D-Cu4I4(bbipe)2, 2D-Cu4I4(bmbipe)2, 3D-Cu4I4(dipe)2 and
YAG:Ce3+, in which the phosphor samples were coated on a glass plate and exposed
to UV light to mimic the working condition. IQY values were measured before and
after the exposure. The results show that like YAG:Ce3+, the values of all CuI-based
network structures remain essentially unchanged after 30 days of continuous
exposure in air (with a maximum of 2.5% decrease, see Figure 33), significantly
better than the 0D-Cu4I4(py)4 and 0D-Cu4I4(3-pc)4 structures under the identical
conditions. The latter compounds had a decrease up to 70% in their IQYs. The
greatly enhanced framework stability and high quantum efficiency make the Cu 4I4based network structures one of the most suitable candidate groups as REE-free
lighting phosphors.
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Figure 40. Optimized structures of (a) Cu4I4(py)4, (b) Cu4I4(5-me-pm)4 and (c)
Cu4I4(bmbipe)4. Cu, I, N, C and H atoms are shown in cyan, purple, blue, grey and white,
respectively. The average partial charge on N atom (δ(N)) and the binding energy (Eb) are
indicated for each Cu4I4(L)4 complex.

Figure 41. (a) Luminescence spectra of BP (green), 2D-Cu4I4(dipe)2 (red), 3D-Cu4I4(dipe)2
(cyan), M2 (black), M5 (blue). (b) CIE coordinates of the composites (see numbers listed
in Table 3). Inset: composite powder samples under UV irradiation. (c) Illustration of the
thin coating layer of the white phosphor composite with binder. (d) A prototype LED lamps
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at “off” (left) and “on” stages coated with the following phosphors: yellow (3DCu4I4(dipe)2), orange (2D-Cu4I4(dipe)2), blue (BP), white (M4).
2.6 Two-component White Phosphors.
In order to generate white light, highly emissive 1D-Cu2I2(tpp)2(bpp) (tpp =
triphenylphosphine, bpp = 1,3-bis(4-pyridyl)propane) was selected as a blue
phosphor (BP) to blend with yellow- or orange-emitting Cu4I4-based 2D and 3D
compounds as two-component white phosphors. Having two phosphine-based
terminal ligands on each Cu that form strong Cu-P bonds, the 1D-Cu2I2(tpp)2(bpp)
has significantly enhanced thermal and photostability (Figure 34) compared to other
1D-Cu2I2 based compounds with Cu-N bonds. The so selected blue and yellowemitting CuI(L) structures have relatively large Stokes shifts which effectively
prevent self-absorption. The results for various ratios of 2D-Cu4I4(dipe)2/BP and
3D-Cu4I4(dipe)2/BP are summarized in Figure 41a-b, Figure 35, Table 6 and Table
7. The wt% of BP in the composite is usually less than 20%, since the energy loss
of the blue light from self-absorption is effectively prevented. Important color
parameters, such as CIE, CRI and CCT were measured to evaluate their overall color
quality (Table 7). The IQYs of these white phosphors are between 70% and 82%,
among the highest values reported to date. Comparison to a two-component white
phosphor made of commercial yellow phosphor YAG:Ce3+ (75 wt%) and blue
phosphor BAM:Eu3+ (15 wt%) reveals that both 2D-Cu4I4(dipe)2/BP (14 wt%) and
3D-Cu4I4(dipe)2/BP (16 wt%) have higher IQY and CRI values. Compound 2DCu4I4(dipe)2 emits orange light with a large Stokes shift, and as a result its two-com
phosphors emit much warmer white light, with CCT values between 2500 and 3200
K (see Table 7, M4-M6).
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The Cu4I4-based phosphors are solution processable, allowing for facile
coating on various substrates. A solution of water soluble binder PolyOx N-750 and
M4 white phosphor was prepared in bulk ethanol, and subsequently solidified upon
evaporation of the ethanol, producing a thin resin film of uniformly dispersed
phosphor. A prototype lighting device was fabricated using a remote model in which
the phosphor coating layer was not in direct contact with the excitation source
(Figure 41d). To prepare the device, a thin layer of the phosphor with binder was
coated onto the inner surface of a lamp covering. To evaluate the quality of coating,
the coated layer was removed from the surface as uniform thin film (Figure 41c) and
analyzed. A UV LED light bulb was installed inside the lamp to serve as the
excitation source. At working condition, the lamp produces pure warm white light.
The light quality remains unchanged after several weeks of continuous illumination.
Table 7. CIE, CRI, CCT and IQY of composite white phosphors (BP = blue phosphor).
Samp

BP

le

Amount

Label

CIE

CRI

CCT(K)

IQY(%)

(wt%)

--

BP

--

0.16,0.17

--

--

91.1±1.1

M1

3D-Cu4I4(dipe)2/BP

16

0.34,0.35

73.9

4988

82.2±0.4

M2

3D-Cu4I4(dipe)2/BP

12

0.35,0.37

71.2

4613

76.3±0.5

M3

3D-Cu4I4(dipe)2/BP

8

0.40,0.43

62.3

3736

71.7±1.2

M4

2D-Cu4I4(dipe)2/BP

14

0.39,0.34

78.9

3132

80.1±0.5

M5

2D-Cu4I4(dipe)2/BP

11

0.40,0.30

70.3

2712

76.5±1.2

M6

2D-Cu4I4(dipe)2/BP

8

0.41,0.31

72.4

2534

70.3±0.3

2.7 Summary
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In summary, 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 CuN bonds, not only the strong emission of the Cu4I4 core is retained but their thermal and
photo stability is also increased by multi-fold. The enhanced metal-ligand bonds are
confirmed by DFT binding energy and electron density calculations. Two types of emission
mechanisms are observed, depending on the types of ligands and their electronic properties.
All single-component phosphors emit intensive yellow-orange color with high quantum
efficiency, while high quality white phosphors are obtained by forming two-component
(blue/yellow or blue/orange) composites. The excellent optical performance and
exceptional framework stability, coupled with low-cost, solution-based fabrication process,
making these compounds ideal as alternative phosphors for energy-efficient general
lighting devices that are 100% free of rare-earth elements.
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3. Multiple-stranded one-dimensional hybrid chains as blue-excitable yellow
phosphors
3.1 Introduction
Inorganic-organic hybrid materials are a class of crystalline compounds composed
of inorganic and organic modules that possess interesting and unique properties beyond
those of their parent standalone constituents.34, 38, 63, 100-103 For example, methylammonium
lead halide based inorganic-organic perovskites have shown promise for the nextgeneration of solar devices.104-109 Hybrid structures with various dimensionalities have
been developed, many of which exhibiting interesting optical, electrical and magnetic
properties.35, 110-113 Single crystals of one-dimensional (1D) hybrid structures have attracted
enormous attention for their large surface-to-volume ratio and defect-free nature.114 A
number of 1D hybrid materials have been explored with applications in solar cells,
photodetectors and catalysis.114-117 Recently, 1D hybrid materials have also been reported
to be suitable candidates for phosphor based applications due to their highly emissive
properties.38
One family of 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.35-38 These structures range from
molecular (0D) clusters to 1D chains, two-dimensional (2D) layers, and three-dimensional
(3D) networks. 1D staircase-chain based hybrid structures have been studied
systematically, by both experimental and theoretical methods.38 Their optical properties,
such as bandgaps and emission energies, can be deliberately tuned and modified by
incorporation of organic ligands with appropriate lowest unoccupied molecular orbital

57

(LUMO) energies. However, poor thermal stability and low internal quantum yields (IQYs)
hinder their potential for real-world applications. The 1D structures built on Cu2I2 dimers
have been synthesized by a precursor based approach with improved IQY results but suffer
from various drawbacks such as poor framework stability.55 The thermal stability issues
were addressed in 1D chain structures based on Cu4I4 cubane tetramers by forming strong
Cu-N bonds which leads to impressively high photostability.23 However, their main issue
is the lack of blue light excitability largely attributed to the nature of the photoluminescence
mechanism in such systems.
In an attempt to resolve these issues and develop highly stable, blue-light
excitable yellow phosphors, we have synthesized a group of unique multiple-stranded
(MS) 1D hybrid structures with specially designed ligands. All of them are based on
benzotriazole core to insure low LUMO energies and formation of strong, multiple
coordinate bond between N and Cu.36, 38 Three 1D structures involving double- and
triple-strand chains are obtained (see Figure 42). The individual inorganic modules are
dimer, tetramer, and hexamer, respectively, in these structures. The targeted hybrid
compounds have high IQY (>70%) under blue-light excitation, as well as exceptional
thermal- and photo-stability. In addition, their band gaps and optical properties can be
systematically and fine-tuned by incorporating ligands of suitable LUMO energies.
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Figure 42. Schematic illustrating the design and construction of 1D multiple-stranded
hybrid structures: a) 1D single-stranded dimer, b) 1D single-stranded tetramer, c) 1D
single-stranded hexamer, d) 1D double-stranded dimer, e) 1D double-stranded tetramer,
f) 1D triple-stranded hexamer. Color scheme of the balls: cyan ball (Cu); pink ball (I);
orange bending and blue bending (organic ligand).
3.2 Synthesis Strategy
Our early studies have shown that among copper iodide based hybrid compounds
those built on CumIm molecular clusters (e.g. m = 2-6) are much more efficient light
emitters than those made of (CuI) modules (e.g. infinite chains or layers). However, the
molecular structures suffer from low thermal, moisture and photo stability. To tackle such
a problem we have designed a series of multiple-stranded structures (Figure 42d-f). They
can be regarded as one-dimensional (1D) chains built by connecting the neighboring
molecular CumIm (m = 2, 3 and 6) building units through multiple organic ligands. Such
multiple-strand bonding mode greatly enhances their framework stability over singlestranded structures, where the inorganic molecular motifs are interconnected by a single
ligand (Figure 42a-c). We have achieved double- and triple-stranded structures by
designing a series of flexible benzotriazole and imidazole derivatives that contain at least
three carbon atoms in the alkyl chains between two binding sites (N) (Figure 43), as shorter
alkyl chains tend to produce single-stranded structures. Our hypothesis is that multiple-
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stranded structures s not form strong Cu-N bond constructed using low LUMO energy
ligands and highly emissive CumIm molecular motifs will produce robust compounds with
strong blue excitability and high PL efficiency.

Figure 43. Ligand structure

By slow diffusion approach we have synthesized six new multiple-stranded
compounds: 1D-Cu2I2(biprbt)2 (biprbt = 1-(3-(1H-benzo[d]imidazol-1-yl)propyl)-1Hbenzo[d][1,2,3]triazole), 1D-Cu2I2(bbtbu)2 (bbtbu = 1,4-bis(1H-benzo[d][1,2,3]triazol-1yl)butane), 1D-Cu2I2(bihebt)2 (bihebt = 1-(6-(1H-benzo[d]imidazol-1-yl)hexyl)-1Hbenzo[d][1,2,3]triazole), 1D-Cu2I2(bbtpe)2 (bbtpe = 1,5-bis(1H-benzo[d][1,2,3]triazol-1yl)pentane), 1D-Cu4I4(bbtpe)2, 1D-Cu6I6(bmibu)3

(bmibu = 1,4-bis(2-methyl-1H-

imidazol-1-yl)butane). For example, use of CuI and organic ligand bbtpe through interlayer
diffusion at room temperature results in a Cu2I2 dimer based structure 1D-Cu2I2(bbtpe)2,
while heating CuI and bbtpe in a pyrex tube at 120 °C led to the formation of a Cu4I4
staircase tetramer based structure 1D-Cu4I4(bbtpe)2. (Figures 44-49). The phase purity of
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the products were confirmed by powder X-ray diffraction (PXRD) analysis (Figures 5354).
3.3 Synthesis and Structure Description
Preparation of 1,5-bis(1H-benzo[d][1,2,3]triazol-1-yl)pentane (bbtpe). Benzotriazole
(20 mmol) was first dissolved in DMSO (30 ml), then NaOH (20 mmol) and 1,5dibromopentane (10 mmol) were added. The solution was stirred at 80 °C overnight, and
the reaction solution was poured into ice water to form a white precipitate. The crude
product was collected by filtration and purified through column chromatography with
ethyl acetate and hexane as solvent. The yield is 45%.
Preparation of 1,4-bis(1H-benzo[d][1,2,3]triazol-1-yl)butane (bbtbu). The synthesis
of bbtbu was carried out by a modified version of the reported method. Benzotriazole (20
mmol) was added to DMSO (20 ml) containing NaOH (20 mmol). Then 1,4dibromobutane was added and the reaction was stirred at 80 °C overnight. The reaction
was poured into ice water to form white precipitate. After collecting the crude product
through filtration, acetone (30 ml) was used to completely dissolve the white precipitate.
CuCl2 saturated solution in acetone was added into previous resulting solution dropwise,
until there was no more green precipitate formed. The green precipitate was filtered out
again and washed with cold ethanol. Then DMSO (10 ml) was used to dissolve the
obtained green precipitate, and the obtained solution was poured into ice water (100 ml).
Pure product bbtbu was formed as white precipitate in water. Collect pure bbtbu product
through filtration and dried under vacuum. The yield is 43%.
Preparation of 1,4-bis(2-methyl-1H-imidazol-1-yl)butane (bmibu). 2-methyl-1Himidazole (10 mmol) was first dissolved in DMSO (20 ml), then NaOH (20 mmol) and
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1,4-dibromobutane (10 mmol) was added. After heating the reaction in an 80 °C oil bath
for 10 h, the reaction solution was poured into ice water to form white precipitate. The
product was further purified through recrystallization with ethanol. White crystal was
obtained. The yield is 93%.
Preparation of 1-(3-chloropropyl)-1H-benzo[d][1,2,3]triazole (3-Cl-pr-bt).
Benzotriazole (10 mmol) and 1-chloro-3-bromopropane (10 mmol) was dissolved in 40
ml CH3CN. Then K2CO3 (20 mmol) was added into the solution, and the solution was
stirred at room temperature for two days. The reaction solution was filtered, concentrated
and purified via column chromatography with ethyl acetate and hexane. Colorless oil
product was collected. The yield is 50%.
Preparation of 1-(3-(1H-benzo[d]imidazol-1-yl)propyl)-1H-benzo[d][1,2,3]triazole
(biprbt). 3-Cl-pr-bt (5 mmol) and benzimidazole (5 mmol) was dissolved in DMSO (20
ml). Then NaOH (10 mmol) was added. The reaction was kept in an 80 °C oil bath for
one day. After cooling the reaction, the solution was poured into 150 ml of ice water and
white precipitate formed. The precipitate was collected via filtration, washed with hexane
and dried under vacuum. The yield is 95%.
Preparation of 1-(6-(1H-benzo[d]imidazol-1-yl)hexyl)-1H-benzo[d][1,2,3]triazole
(bihebt). The preparation of bihebt is similar to that of biprbt. The yield is 93%.
Synthesis of 1D-Cu2I2(biprbt)2. Acetonitrile (2 ml) was added into KI saturated
solution (2 ml) containing CuI (1 mmol), and then biprbt (0.5 mmol) in methanol (2 ml)
was slowly added. Yellow-green cubic-shaped crystals were obtained after CuI (1 mmol)
and biprbt (1 mmol) layers diffused for two days. Yield is 73%.
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Synthesis of 1D-Cu2I2(bbtbu)2. 1D-Cu2I2(bbtbu)2 was prepared similarly to that of 1DCu2I2(biprbt)2 except of the ligand. Yellow rod-shaped crystals were obtained after CuI
(1 mmol) and bbtbu (1 mmol) layers diffused for two days. Yield is 76%.
Synthesis of 1D-Cu2I2(bihebt)2. Compound 1D-Cu2I2(bihebt)2 was prepared similarly
to that of 1D-Cu2I2(biprbt)2 except of the ligand. Yellow plate-shaped single crystals
were obtained after CuI (1 mmol) and bihebt (1 mmol) layers diffused for three days.
Yield is 70%.
Synthesis of 1D-Cu2I2(bbtpe)2. Compound 1D-Cu2I2(bbtpe)2 was prepared similarly to
that of 1D-Cu2I2(biprbt)2 except of the ligand. Yellow-green plate-shaped single crystals
were obtained after CuI (1 mmol) and bbtpe (1 mmol) layers diffused for one day. Yield
is 76%.
Synthesis of 1D-Cu4I4(bbtpe)2. CuI (1 mmol) and bbtpe (0.5 mmol) was sealed in a
pyrex tube with CH3CN (4 ml) as the solvent. The reaction tube was heated in 120 °C
oven for two days. Yellow cubic-shaped single crystals formed and were collected by
filtration. Yield is 74%.
Synthesis of 1D-Cu6I6(bmibu)3. 1D-Cu6I6(bmibu)3 was prepared similarly as that of
1D-Cu2I2(biprbt)2 except of the ligand. Transparent cubic-shaped crystal of 1DCu6I6(bmibu)3 were obtained after CuI (1 mmol) and bmibu (1 mmol) layers diffused for
three days. Yield is 84%.

63

Figure 44. Crystal image of 1D-Cu2I2(biprbt)2.

Figure 45. Crystal image of 1D-Cu2I2(bbtbu)2.
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Figure 46. Crystal image of 1D-Cu2I2(bihebt)2.

Figure 47. Crystal image of 1D-Cu2I2(bbtpe)2.
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Figure 48. Crystal image of 1D-Cu4I4(bbtpe)2.

Figure 49. Crystal image of 1D-Cu6I6(bmibu)3.
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Figure 50. Crystal structure of 1D-Cu2I2(bbtbu)2.

Figure 51. Crystal structure of 1D-Cu4I4(bbtpe)2.

Figure 52. Crystal structure of 1D-Cu6I6(bmibu)3.
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Figure 53. From bottom to top: PXRD pattern of simulated 1D-Cu4I4(bbtpe)2,
experimental 1D-Cu4I4(bbtpe)2, simulated 1D-Cu2I2(bbtpe)2, experimental 1DCu2I2(bbtpe)2, simulated 1D-Cu2I2(bbtbu)2, and experimental 1D-Cu2I2(bbtbu)2.

Figure 54. From bottom to top: PXRD pattern of simulated 1D-Cu2I2(biprbt)2,
experimental 1D-Cu2I2(biprbt)2, simulated 1D-Cu6I6(bmibu)3, experimental 1DCu6I6(bmibu)3, simulated 1D-Cu2I2(bihebt)2, and experimental 1D-Cu2I2(bihebt)2.
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Crystal structure analysis reveals the formation of 1D structures composed of
inorganic rhomboid dimer, staircase tetramer or hexamer bonded by multiple organic
linkers (Figure 50-52). Single crystal data of the six compounds are summarized in Table
8. All but compound 1D-Cu2I2(bbtbu)2 crystallize in the P-1 space group, with the latter
crystalizes in P4̅2c space group. Dimer compounds have the general formula 1D-Cu2I2(L)2
where each copper metal is tetrahedrally coordinated to two nitrogen atoms from two
ligands and to two iodine atoms. Each Cu2I2 inorganic motif is interconnected by four
bidentate ligands to form a new type of 1D double-stranded chain structure. Different from
previously reported 1D single-strand structures based on the same Cu2I2 module (Figure
42a), here two ligands coordinate to the same Cu atom. While Cu-Cu distances in
compound 1D-Cu2I2(biprbt)2 and 1D-Cu2I2(bbtpe)2 are longer than the sum of van der
Waals radius of Cu atom (2.8 Å), similar to those found in single-stranded 1D structures
containing the same dimer unit, the values are much shorter in compounds 1DCu2I2(bbtbu)2 and 1D-Cu2I2(bihebt)2 (Table 9). In compound 1D-Cu4I4(bbtpe)2 ligand
bbtpe coordinates to the staircase-like Cu4I4 tetramer via a bidentate/monodentate binding
mode of the benzotriazole moiety. The asymmetric unit of compound 1D-Cu4I4(bbtpe)2
contains two crystallographically independent Cu centers, two I- and two bbtpe ligands.
One Cu center is coordinated by two N donors from two different bbtpe ligands, one μ2-I
and one μ3-I bridges, forming a [CuN2I2] tetrahedron. The other Cu center is coordinated
by one N atom, one μ2-I and two μ3-I, forming a CuNI3 tetrahedron. The Cu-Cu distances
in 1D-Cu4I4(bbtpe)2 are 2.61 and 2.78 Å. Similar to double-stranded 1D compounds based
on dimers, compound 1D-Cu4I4(bbtpe)2 is a double-stranded 1D structure composed of
Cu4I4 tetramer. The structure of compound 1D-Cu6I6(bmibu)3 builds from a Cu6I6 staircase
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hexamer and accompanying bidentate ligands with a formula of 1D-Cu6I6(bmibu)3. There
is a crystallographic center of inversion located at the middle of Cu6I6 unit. Each bmibu
ligand in 1D-Cu6I6(bmibu)3 binds to two Cu atoms from two neighboring Cu6I6 units.
Similarly, two types of Cu atoms are founded in the Cu6I6 unit, one of which is coordinated
by one N atom from bmibu ligand, one μ2-I, and one μ3-I atom. The other Cu center is
coordinated by one N, one μ2-I and two μ3-I. Although a few Cu6I6 hexamer based
structures have been reported prior to this work, this 1D triple-stranded structure is
unprecedented27, 118. Cu-Cu distances in 1D-Cu6I6(bmibu)3 contains longer and shorter
value compare to the sum of van der Waals radius of Cu atom (Table 9).
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Table 8. Crystal data of all these compounds.

Compound 1D-Cu2I2(biprbt)2 1D-Cu2I2(bbtbu)2 1D-Cu2I2(bihebt)2 1D-Cu2I2(bbtpe)2
Empirica
l Formula
FW
Space
Group

C17H18CuIN6

1DCu4I4(bbtpe)2

1DCu6I6(bmibu)3

C17H18Cu2I2N6

C18H27Cu3I3N6
898.77

C16H15CuIN5

C16H16CuIN6

C19H21CuIN5

467.77

482.79

509.85

496.81

687.25

P-1

P4̅2c

P-1

P-1

P-1

a (Å)

8.5197(3)

13.8410(8)

9.4723(9)

9.3371(5)

8.3419(5)

10.2612(5)

b (Å)

9.4963(3)

13.8410(8)

10.8047(10)

10.3738(6)

10.1955(6)

10.7326(6)

c (Å)
 ()
 ()
 ()

10.5529(4)
85.8689(12)
77.7990(12)
71.5887(12)

8.7594(6)
90
90
90

10.9194(11)
69.009(3)
64.607(3)
80.659(3)

10.4214(6)
82.819(2)
81.825(2)
63.474(2)

13.6890(8)
76.369(2)
74.522(2)
66.570(2)

11.8422(7)
106.811(3)
90.123(3)
101.770(3)

V (Å3)
Z
T (K)
λ(Å)
R1

791.78(5)
2
100 (2)
0.7288
0.0257

1678.1(2)
4
100(2)
0.7749
0.0484

942.53(16)
2
100 (2)
0.7288
0.0367

891.83(9)
2
100 (2)
0.7293
0.0359

1018.40(11)
2
100 (2)
0.7749
0.0502

1219.58(12)
2
100 (2)
0.7749
0.0406

wR2

0.0483

0.1091

0.0674

0.0741

0.0755

0.0602

Table 9. Shortest Cu-Cu distances in all compounds
Structure

Cu-Cu distance (Å)

1D-Cu2I2(biprbt)2

2.89

1D-Cu2I2(bbtbu)2

2.69

1D-Cu2I2(bihebt)2

2.72

1D-Cu2I2(bbtpe)2

2.93

1D-Cu4I4(bbtpe)2

2.61,2.78

1D-Cu6I6(bmibu)3

2.59, 2.81, 3.06

P-1
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3.4 Optical Properties, Luminescence Efficiency and Emission Mechanism
The photophysical properties of the multiple-stranded 1D structures were first
investigated at room temperature. Optical absorption spectra and room temperature solid
state photoluminescence (PL) data of these compounds are plotted in Figure 55, 56. The
estimated band gap values, as well as emission properties are summarized in Table 10. The
absorption spectra feature sharp slopes, characteristic of efficient light absorption of these
materials. The estimated band gaps range from 2.3 to 2.7 eV. For 1D-Cu2I2(bbtpe)2, a value
of calculation 2.62 eV was estimated from DFT calculations, which is in good agreement
with its optical band gap of ~2.7 eV. Similar to the trend observed in 1D-CuI(L) staircaselike chain structures38 and benzotriazole derivative based CuI AIO structures,37 larger band
gap values correspond to higher energy emission. For example, with the largest
experimental band gap of 2.7 eV, 1D-Cu2I2(bbtpe)2 emits at 508 nm, which is the highest
emission energy among all six compounds. The emission spectra of all 1D structures are
characteristic of a broad single band, and their emission maximum is in the green-orange
region of the visible light spectrum. The room temperature internal quantum yields (IQYs)
are estimated at two excitation energies and the results are also shown in Table 10. The
values range from 56% to 83% and from 20 to 70% under 365 and 450 nm excitation,
respectively. The excitation spectrum of 1D-Cu4I4(bbtpe)2 exhibits a maximum around 450
nm (Figure 75), which correlates well with the maximum IQY value of 70% when excited
by blue light (450 nm). To the best of our knowledge, this represents one of the highest
values achieved to date among any crystalline hybrid phosphors under blue-light
excitation55.
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Table 10. Estimated optical band gaps, emission energies and colors, IQY values and
decomposition temperatures of these compounds
IQY
(EQY)
(ex: 360
nm)

IQY
(EQY)
(ex: 450
nm)

TD (°C)

yellow

56 (39)

20 (15)

260

562

yellow

66 (44)

31 (23)

250

542

yellow

63 (45)

22 (16)

250

2.7

508

blue-green

83 (57)

35 (26)

250

1D-Cu4I4(bbtpe)2

2.4

560

yellow

82 (49)

70 (40)

250

1D-Cu6I6(bmibu)3

2.5

554

yellow

50 (38)

34 (19)

280

#

Structure

Optical
Bandgap
(eV)

1

1D-Cu2I2(biprbt)2

2.3

572

2

1D-Cu2I2(bbtbu)2

2.4

3

1D-Cu2I2(bihebt)2

2.6

4

1D-Cu2I2(bbtpe)2

5
6

λem (nm) Emission Color

Temperature dependent PL experiments were then carried out on selected
compounds. For compound 1D-Cu4I4(bbtpe)2, lowering temperature results in a significant
increase in luminescence intensity. This behavior could be explained by increased
localization of the excited state on the molecular structure and reduced structural torsion,
which acts to increase the luminescence efficiency.119, 120 Besides the observed intensity
changes, the shape and wavelength of the emission spectrum do not change significantly
with temperature (Figure 57, 59).

Figure 55. Optical absorption spectra of 1D-Cu2I2(biprbt)2 (red), 1D-Cu2I2(bbtbu)2
(purple), 1D-Cu2I2(bihebt)2 (blue), 1D-Cu2I2(bbtpe)2 (black), 1D-Cu4I4(bbtpe)2 (olive),
1D-Cu6I6(bmibu)3(orange).
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Figure 56. Photoluminescence spectra (λex = 360 nm) of 1D-Cu2I2(biprbt)2 (red), 1DCu2I2(bbtbu)2 (purple), 1D-Cu2I2(bihebt)2 (blue), 1D-Cu2I2(bbtpe)2 (black), 1DCu4I4(bbtpe)2 (olive), 1D-Cu6I6(bmibu)3 (orange).
Luminescence decay measurements were also conducted on selected compounds,
namely 1D-Cu2I2(biprbt)2 and 1D-Cu4I4(bbtpe)2 (Figure 58, 60, Table 11, 12). The long
average lifetimes (~ 6.6 µs and 2.3 µs, respectively) of the two compounds at room
temperature (293 K or 20 C) suggests that emission proceeds primarily from a triplet
excited electronic state. 1D-Cu4I4(bbtpe)2 has a shorter average lifetime than compound
1D-Cu2I2(biprbt)2. This is consistent with the higher IQY of 1D-Cu4I4(bbtpe)2, as shorter
lifetime is generally consistent with more efficient recombination. Both compounds exhibit
a shortening of their average luminescence lifetime with increasing temperature (between
77 and 293 K). Given the observed reduction in luminescence intensity that also occurs
with increasing temperature (Figure 57), the short lifetime at room temperature may be
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attributed to non-radiative decay rate enhancement possibly due to increased structural
torsion. However, this is at odds with the high IQY of 1D-Cu4I4(bbtpe)2 at room
temperature (>70%). Therefore, the non-optimal excitation wavelength of the
luminescence decay measurements (480 nm), may be responsible for the apparent drop in
luminescence intensity with increasing temperature.
The luminescence decay curves were best fit with bi-exponential decay functions,
suggesting two different recombination pathways, one with a decay time of tens of µs and
the other with a decay time of a few µs. Both the long and short decay components
decreased with increasing temperature; however, their relative contributions to the average
lifetime varied significantly. Compound 1D-Cu2I2(biprbt)2 retains a relatively high
percentage of the longer lifetime decay component with increasing temperature (e.g., ~67%
of the longer ~9 µs component and only 33% of the shorter ~2 µs component at 293 K);
whereas compound 1D-Cu4I4(bbtpe)2 has a significant increase in the shorter lifetime decay
component with increasing temperature (only 29% of the longer 4 µs component and 71%
of the shorter ~1 µs component at 293 K). This significant change in the contributions of
short and long lifetime components with increasing temperature indicates that there is a
thermally-activated recombination pathway. A new defect pathway activated at higher
temperature or a reduction in the efficiency of metal-to-ligand or halide-to-ligand charge
transfer with increasing temperature could lead to this type of strong temperaturedependent luminescence behavior. However, given the high IQY of 1D-Cu4I4(bbtpe)2, it is
also possible that the excited state decays radiatively throughout two channels, one being
phosphorescence (characterized by the long decay components (tens of s) and another
being thermally-activated delayed fluorescence (short, s decay component). The latter can
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occur when the singlet and triplet states are energetically close, which in turn enables
backwards (reverse) intersystem crossing and radiative decay via delayed fluorescence.

Table 11. Lifetime values of 1D-Cu2I2(biprbt)2 at various temperatures
Temperature (K)
77
150
200
273
293

Average
Amplitude
Weighted  (μs)
20.65
16.08
12.14
7.54
6.64

1 (μs)

2 (μs)

23.24 (85.5%)
18.80 (81.0%)
14.46 (78.5%)
9.54 (71.9%)
8.78 (66.8%)

5.39 (14.5%)
4.50 (19.0%)
3.67 (21.5%)
2.44 (28.1%)
2.33 (33.2%)

Table 12. Lifetime values of 1D-Cu4I4(bbtpe)2 at various temperatures.

1 (μs)

2 (μs)

77

Average
Amplitude
Weighted  (μs)
33.85

40.44 (81.5%)

4.89 (18.5%)

150

12.94

18.18 (60.6%)

4.90 (39.4%)

200

5.98

9.78 (46.0%)

2.75 (54.0%)

273

2.41

4.86 (31.9%)

1.26 (68.1%)

293

2.26

4.34 (29.3%)

1.10 (70.7%)

Temperature (K)
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Table 13. Calculated HOMO-LUMO energy levels of ligands
HOMO

LUMO

Ligand

6-

DGDZVP

6-311++G(3df,3pd)

DGDZVP

bbtpe

-6.704

-6.763

-1.563

-1.601

bbtbu

-6.751

-6.808

-1.621

-1.654

biprbt

-6.411

-6.484

-1.661

-1.692

bihebt

-6.309

-

-1.565

-

bmibu

-6.495

-6.551

-0.457

-0.690

311++G(3df,3pd)

Figure 57. Emission spectra of 1D-Cu4I4(bbtpe)2 at various temperatures (λex = 480 nm).
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Figure 58. Luminescence decay profiles of 1D-Cu4I4(bbtpe)2 at various temperatures (λex
= 480 nm).

Figure 59. Emission spectra of 1D-Cu2I2(biprbt)2 at various temperatures (λex = 480 nm).
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Figure 60. Luminescence decay profiles of 1D-Cu2I2(biprbt)2 at various temperatures
(λex = 480 nm).

Band structure (BS) and density of states (DOS) calculations were performed on
selected structures employing DFT method using CASTEP package121. The calculated
density of states (DOS) are shown in Figures 63-69. The contribution to the valence band
maximum (VBM) primarily originates from the inorganic components (e.g. Cu 3d and I
5p), while the atomic states that make up the conduction band minimum (CBM) are mainly
C 2p and N 2p of the organic ligands, similar to the results found in a number of other types
of copper iodide based hybrid structures, including 1D-CuI(L)38 and nD-Cu2I2(Lm) (n = 02) structures.55,

122

Therefore, the band gap of multiple-strand structures can also be

systematically tuned by incorporating organic ligands with suitable LUMO energies to
achieve desired emission wavelengths. For example, compounds 1-4 are all doublestranded dimers, and their experimental band gaps are estimated to be 2.3, 2.4, 2.6 and 2.7
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eV, respectively, correlating with their increasing LUMO energy of the corresponding
ligands, -1.661, -1.621, -1.565, and -1.563 eV (Table 13).
3.5 Thermal- and Photo-stability
The significantly improved thermal stability of these 1D structures was evaluated
by TG analysis (Figure 71). TGA curves show that there is only one major weight loss
stage for all these compounds and all compounds demonstrate stability up to 250 °C (Table
10). Compared to previously reported stability data of 1D-CuI(L) and nD-Cu2I2(Lm) (n =
0-2), these compounds have significantly higher thermal stability. For example, the doublestranded structure 1D-Cu2I2(bbtpe)2 is stable up to 250 °C, while the single-stranded chain
structure 1D-Cu2I2(tpp)2(pz) (tpp = triphenylphosphine, pz =

pyrazine) and 1D-

Cu2I2(tpp)2(4,4’-bpy) (4,4’-bpy = bipyridine) readily undergo thermal decomposition at
120 and 160 °C (Figures 61, 62)55.
To quantitatively assess Cu-N binding energies in these compounds, DFT
calculations123 were performed to compare the Cu-N bonding strength in 1D-Cu2I2(bbtpe)2
as well as the two single-stranded structures based on Cu2I2 dimers, 1D-Cu2I2(tpp)2(pz) and
1D-Cu2I2(tpp)2(4,4’-bpy). As illustrated in Figure 70, the Cu-N binding energies, Eb, are
1.60, 1.36, and 1.29 eV for the ligands bbtpe, pz and 4,4’-bpy, respectively. These values
indicate that the increased stability of 1D-Cu2I2(bbtpe)2 over 1D-Cu2I2(tpp)2(pz) and 1DCu2I2(tpp)2(4,4’-bpy) arises from the stronger bonding interactions between the metal ion
and the ligand nitrogen.

In addition, in double-stranded strucutures such as 1D-

Cu4I4(bbtpe)2, the neighboring Cu2I2 cores are connected through two ligands, whereas in
single-stranded structures such as 1D-Cu2I2(tpp)2(pz) and 1D-Cu2I2(tpp)2(4,4’-bpy), they
are linked by only one ligand. Thus the double-stranded connections are more robust than

80

single-stranded connections. Furthermore, in the crystal structures of 1D-Cu4I4(bbtpe)2, the
neighboring aromatic ligands bbtpe are oriented almost parallelly to each other, thus
enhancing the π-π interactions in the packing of ligands and stabilizing the crystal
structures. In contrast, 1D-Cu2I2(tpp)2(pz) and 1D-Cu2I2(tpp)2(4,4’-bpy) have weaker
intermolecular interactions as the ligand aromatic rings stay almost perpendicular to each
other. These factors combine to make the double-stranded structures thermally more stable
than the single-stranded ones.

Figure 61. Structure of 1D-Cu2I2(tpp)2(4,4’-bpy).

Figure 62. Structure of 1D-Cu2I2(tpp)2(pz).
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To evaluate their suitability for practical lighting applications, compounds 1DCu2I2(biprbt)2 and 1D-Cu4I4(bbtpe)2 were selected to conduct long-term photo stability and
thermal stability tests. After prolonged heating of the two samples in air and at 150 °C for one
month, the IQYs of both samples decreased by less than 10% compared to their initial values
(Figure 72). A similar long-term photostability test was also conducted, in which the IQYs were
measured at selected time intervals upon continuous UV irradiation for one month. Only a 5%
loss was observed for the two compounds (Figure 72 inset). Both compounds retain their
crystallinity after these tests as comfirmed by the PXRD analysis (Figure 73). In contrary,
molecular species 0D-Cu2I2(py)2 and single-stranded 1D-Cu2I2(tpp)2(pz) suffer from a nearly
100% drop in their IQYs after heating at 150 °C for only 1 day. Similarly their IQYs reduced by
∼60% and ∼50% at the end of the photostability experiment.

Figure 63. Calculated density of states (DOS) for 1D-Cu2I2(biprbt)2 (a), 1D-Cu4I4(bbtpe)2
(b), 1D-Cu6I6(bmibu)3 (c). Line color scheme: total DOS (dashed black), Cu 3d orbitals
(cyan), I 5p orbitals (red), N 2p orbitals (blue), C 2p orbitals (black).
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Figure 64. Calculated density of states (DOS) for 1D-Cu2I2(bbtbu)2. Line color scheme:
total DOS (dashed black), Cu 3d orbitals (cyan), I 5p orbitals (red), N 2p orbitals (blue),
C 2p orbitals (black).

Figure 65. Calculated density of states (DOS) for 1D-Cu2I2(bbtpe)2. Line color scheme:
total DOS (dashed black), Cu 3d orbitals (cyan), I 5p orbitals (red), N 2p orbitals (blue),
C 2p orbitals (black).
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Figure 66. Calculated density of states (DOS) for 1D-Cu2I2(biprbt)2. Line color scheme:
total DOS (dashed black), Cu 3d orbitals (cyan), I 5p orbitals (red), N 2p orbitals (blue),
C 2p orbitals (black).

Figure 67. Calculated band structure (BS) for 1D-Cu4I4(bbtpe)2.
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Figure 68. Calculated band structure (BS) for 1D-Cu2I2(bbtpe)2.

Figure 69. Calculated band structure (BS) for 1D-Cu6I6(bmibu)3
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Figure 70. Optimized structures of a) Cu2I2(bbtpe)4, b) Cu2I2(tpp)2(pz)2, c)
Cu2I2(tpp)2(4,4’-bpy)2. Cu, I, N, C, O, P, and H atoms are shown in cyan, purple, blue,
gray, red, green and white, respectively. The binding energy (Eb) are indicated for each
complex.
Table 14. Binding energy calculation summary.
Total Energy

E(Cu2I2)

E(Ligand)

E(tpp)

E(B.E)

(eV)

(eV)

(eV)

(eV)

(eV)

1D-Cu2I2(bbtpe)2

-21249.38

-2975.97

-4566.75

/

1D-Cu2I2(tpp)2(4,4’-bpy)

-13796.18

-2975.43

-2208.07

1D-Cu2I2(tpp)2(pz)

-11814.78

-2975.43

-1217.30

0D-Cu2I2(tpp)3

-12578.74

-2975.70

/

Compound
-1.60 (CuN)

-

-1.29 (Cu-

3198.70

N)

-

-1.36 (Cu-

3198.70

N)

3198.70

-2.31 (Cu-P)
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Figure 71. TG plots of 1D-Cu2I2(biprbt)2 (olive), 1D-Cu2I2(bbtbu)2 (blue), 1DCu2I2(bihebt)2 (cyan), 1D-Cu2I2(bbtpe)2 (red), 1D-Cu4I4(bbtpe)2 (black), 1D-Cu6I6(bmibu)3
(purple).

Figure 72. Plots of IQY ratios (Q0 and Q are IQY values measured before and after heating
the sample at 150 °C in air as a function of time). Inset is the plot of ratios of the IQY
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values after and before exposing to UV light as a function of time. Blue: 0D-Cu2I2(py)4,
cyan: 1D-Cu2I2(tpp)2(pz), black: 1D-Cu2I2(biprbt)2, red: 1D-Cu4I4(bbtpe)2.

Figure 73. PXRD patterns of compounds 1D-Cu2I2(biprbt)2, 1D-Cu4I4(bbtpe)2 after
stability test. From bottom to top: Sample 1D-Cu2I2(biprbt)2 before test, 1DCu2I2(biprbt)2 after thermalstability test, 1D-Cu2I2(biprbt)2 after photostability test;
sample 1D-Cu4I4(bbtpe)2 before test, 1D-Cu4I4(bbtpe)2 after thermalstability test, and 1DCu4I4(bbtpe)2 after photostability test.
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Figure 74. PL spectra of isolated compound 1D-Cu4I4(bbtpe)2 after one month
illumination test (red) and before the test (black).
3.6 Fabrication of White Light-emitting LED Bulb
A white LED (WLED) bulb was assembled by coating a commercial blue LED chip
by compound 1D-Cu4I4(bbtpe)2 as the yellow phosphor. A solution of the phosphor and a
water soluble polymer binder was prepared in ethanol, and the solution was then applied
on a blue LED chip. After drying the phosphor in air for less than 10 minutes, the bulb was
ready for use. A photograph of the WLED and blue LED at working condition were shown
in Figure 76. The quality of the white light remains unchanged after one month of
continuous illumination. After the test, pure phosphor was isolated by washing the polymer
binder contained powder with ethanol. The PL intensity of the isolated yellow phosphor
after the test decreased slightly (Figure 74). IQYs of the phosphor sample were measured
before and after the test. Only a 4.3% loss was observed after the test (Table 15).
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Figure 75. Absorption (red) and emission spectra (black) excited at 455 nm of 1DCu4I4(bbtpe)2.

Figure 76. A prototype whiting emitting bulb before (left) and after (right) coating 1DCu4I4(bbtpe)2.
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Table 15. IQYs of compound 1D-Cu4I4(bbtpe)2 before and after test.
Sample

IQY (EQY)

(ex: 450 nm)

Before Test

70% (40%)

After Test

67% (36%)

3.7 Summary
A series of multiple-stranded one-dimensional inorganic-organic hybrid materials
based on CumIm molecular clusters (m = 2, 3, 6) and benzotriazole derivatives have been
synthesized, guided by rational design strategy and theoretical calculations. These
materials exhibit significantly enhanced thermal stability because they contain strong CuN bonds, double-stranded connections between the CumIm core and ligand, and favorable
π-π interactions between aromatic ligands. The deliberately selected ligands with low-lying
LUMO orbitals are most responsible for the small band gaps and strong blue-light
excitability of the resulting hybrid compounds. The mechanisms of emission in these
compounds are dominated by charge transfer from the CumIm core to the organic ligands,
as examined by temperature dependent photoluminescence and luminescence decay
measurements. The emission measurements indicate a strong temperature dependence in
intensity and lifetime. Further analysis on lifetime was carried out by fitting the lifetime
curves with two-exponential equations. The results demonstrate that phosphorescence
occurs along with a thermally-activated recombination pathway that is either non-radiative
in nature or that proceeds by thermally-activated delayed fluorescence. A prototype white
light bulb was fabricated by coating a yellow phosphor on a blue LED chip. The emission
intensity and quality were well maintained after one month of continuous illumination in
air.
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4. Low band gap inorganic-organic hybrid single crystal for photovoltaic applications
4.1 Introduction
Inorganic-organic hybrid materials have drawn great attention in the recent years
as a result of numerous discoveries of their interesting and unique optical and electrical
properties, which are promising for a wide range of applications. Hybrid organo-lead halide
perovskites MAPbX3 (MA = CH3NH3+, X = Cl-, Br-, or I-) represent one group of such
materials. Because of their excellent charge carrier properties, including high carrier
mobility, low densities of trap states and long carrier lifetimes, these materials have been
investigated extensively in devices such as photodetectors39,

124-126

, solar cells127,

128

,

lasers129, and light-emitting diodes129. Long diffusion length of charge carriers in the
absorber perovskite layer is a key parameter for high-performance perovskite solar cells130.
However, since ionic conductivity is intrinsic to the materials and leads to space-charge
effects, the charge collection efficiency will decrease significantly22. More importantly,
their poor chemical and thermal stability, and the presence of lead are the most serious
issues that will impact future applications and must be addressed 23-25.
In general, single crystals outperform polycrystalline films because of their higher
crystallinity, fewer defects, and superior stability 131-133. MAPbI3 single crystals have been
reported to possess an exceptionally long carrier diffusion length over 175 μm39.
HC(NH2)2PbI3 crystals are also regarded as a promising optoelectronic material for
extended absorption spectrum and enhanced thermal stability134, 135. In addition, single
crystals of bismuth-halide double perovskite with long carrier recombination lifetime has
been reported for photovoltaic applications136. Despite these remarkable properties of
perovskite single crystals, the limit in their framework stability, bandgap tunability
signifies the need for further development of new crystalline materials.
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Copper iodide has been considered as a good alternative for organic hole transport
materials (HTM) in perovskite solar cells in order to solve existing issues associated with
organic HTMs, such as high manufacturing cost, the necessity of external doping and long
term stability39. CuI contained hybrid perovskite solar cells can retain 90% of their initial
PCE after storage in air for 14 days40 and even after 90 days in dark, 92% of its initial PCE
is retained41. In addition, in terms of conductivity, CuI exhibits two orders of magnitude
higher than that of spiro-MeOTAD, a commonly used organic HTM in perovskite solar
cells42. Copper halide (I−VII) based hybrid materials have also been well studied due to
their facile synthesis, earth abundance and optical tunability. Various structure types have
been reported, ranging from molecular to high dimensional compounds. Recently, their
potential for use as lighting phosphors has also been extensively explored38, 55, 137, 138. Here
we present a new type of CuI-based crystalline hybrid semiconductor materials that feature
low trap density, long diffusion length, exceptional framework stability, lead-free, and
broad bandgap tunability. Our findings demonstrate a substantial possibility for their future
applications in photovoltaics.
4.2 Synthesis and Structure Description
Preparation of benzo[c][1,2,5]thiadiazole (bs): bs was synthesized according to a
reported method139. 1, 2-Diaminobenzene (3.250 g, 30.05 mmol) and trimethylamine (18
mL, 130.0 mmol) were dissolved in CH2Cl2 (20 mL). A solution of SOCl2 (7.0 mL, 96.00
mmol) in CH2Cl2 (10 mL) was added dropwise. After removal of the solvent, the
combined organic layer was concentrated under vacuum to give the product. After
recrystallization in methanol, pure white crystal was obtained (3.96 g, 97%).
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Preparation of benzo[c][1,2,5]selenadiazole (bse): bse was prepared from ophenylenediamine according to a previously reported method and obtained as a faint pink
colored solid (98%)140.

Figure 77. Schematic illustrating the design and construction of copper iodide hybrid
structures.
Synthesis of 2D-Cu2I2(bs). Acetonitrile (2 ml) was added into KI saturated
solution (2 ml) containing CuI (1 mmol), and then bs (0.25 mmol) in methanol (2
ml) was slowly added. Dark red plate-shaped single crystal formed after two days
and were collected by filtration. Yield is 76%.
Synthesis of 2D-Cu2I2(bse). Compound 2D-Cu2I2(bse) was prepared
similarly to that of 2D-Cu2I2(bs) except of the ligand. Dark red plate-shaped crystals
were obtained after CuI (1 mmol) and bse (0.25 mmol) layers diffused for two days.
Yield is 80%.
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Table 16. Summary of Crystal Data
Compound

2D-Cu2I2(bs)

2D-Cu2I2(bse)

Empirical Formula

C6H4Cu2I2N2S

C6H4Cu2I2N2Se

FW

517.05

563.95

Space Group

P21

P21/m

a (Å)

4.1794(3)

4.1661(7)

b (Å)

16.2245(13)

16.377(3)

c (Å)

7.9012(6)

8.0052(13)

 ()

90

90

 ()

103.218(4)

104.967(7)

 ()

90

90

V (Å3)

521.58(7)

527.65(16)

Z

2

2

T (K)

100 (2)

100 (2)

λ(Å)

0.7749

0.7288

R1

0.0577

0.0368

wR2

0.1654

0.0990

Table 17. Summary of Cu-Cu distances.
Compound
2D-Cu2I2(bs)
2D-Cu2I2(bse)

Cu-Cu distance (Å)

Cu-Cu distance (Å)

2.65

2.88

2.64

2.83
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Figure 78. Crystal image of 2D-Cu2I2(bs).

Figure 79. Crystal image of 2D-Cu2I2(bse).
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In our early studies, we have developed an effective strategy to systematically tune
the properties of CuI based hybrid materials, such as their bandgaps by incorporating
organic ligands with suitable lowest unoccupied molecular orbital (LUMO) energies36, 38,
55

.

In

this

work,

we

have

selected

benzo[c][1,2,5]thiadiazole

(bs)

and

benzo[c][1,2,5]selenadiazole (bse) as organic ligands for the synthesis of low bandgap
hybrid structures because of their low LUMO energies (Table 21). Single crystals of 2DCu2I2(bs), 2D-Cu2I2(bse) were obtained based on our previously reported layer diffusion
method. With bs and bse, two-dimensional framework composed of one-dimensional (1D)
copper iodide staircase chain and benzolediazole based were obtained (Figure 77-79). In
the 2D structure, Cu remains tetrahedrally coordinated with three halide atoms and one
organic ligand. Single crystal data is summarized in Table 16 and the crystal structure
analysis reveals that both the compound 2D-Cu2I2(bs), 2D-Cu2I2(bse) are crystallized into
space group of P2(1)/m (Figure 81b, 81c). The Cu-Cu distances in these compounds are
significantly longer than that in other CuX-based hybrid structures 36, 38, 55, 76, 141 (Table 17).
Large single crystals of compound 2D-Cu2I2(bse), which were used for electrical
measurements, were synthesized by increasing the reactant ratio of CuI and bse in the
reaction solution. After reacting for three days in a 60 oC oven, larger single crystals with
length of up to 4 mm were isolated by filtration (Figure 81a). One important aspect of solar
cell research and development is manufacturability without large batch-to-batch
variations142. The yield of median-sized (1-2 mm) single crystal (Figure 79) is as high as
85% and that value for large-sized (3-4 mm) single crystals (Figure 1a) of compound 2DCu2I2(bse) is 70%. Their phase purity was examined by powder X-ray diffraction analysis
(Figure 81d).
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4.3 Electronic and Optical Properties
The absorption of compound 2D-Cu2I2(bs) and 2D-Cu2I2(bse) (Figure 81e, 81f)
shows a clear band edge cutoff with no excitonic signature, which has been observed in
MAPbX3 perovskites143. It suggests a minimal number of in-gap defect states. The optical
bandgaps of compound 2D-Cu2I2(bs) and 2D-Cu2I2(bse) are estimated to be 1.80, 1.70,
respectively, corresponding well to the dark color of crystal. All these materials exhibit
substantially narrow band gaps, which lead to promising photocurrent generation143. At
room temperature, compounds 2D-Cu2I2(bs) and 2D-Cu2I2(bse) display weak
photoluminescence centered at 820 nm, 780nm, respectively (Figure 81e, 81f). We also
record temperature dependent PL spectra of titled compounds. Lowering the temperature
results in more intense and slightly redshifted PL in compound 2D-Cu2I2(bs) and 2DCu2I2(bse) (Figure 82a, 82c). To determine the fate of photogenerated carrier in these
hybrid materials, we then obtained time-resolved PL decay data (Figure 82b, 82d). Two
time components are observed for 2D-Cu2I2(bs) and 2D-Cu2I2(bse). A fast component of 𝜏
≈ 19 ns and 𝜏 ≈ 131 ns together with a slower decay of 𝜏 ≈ 81 ns and 𝜏 ≈ 709 ns were
measured for compound 2D-Cu2I2(bs) and 2D-Cu2I2(bse)

at room temperature,

respectively (Table 19, 20). The fast PL decay is assigned to the presence of a surface
component while the slower time scale is for the bulk component143. The relative
contribution of these two terms shows that the fast (tentatively surface) components
amounts to 82.6% and 90.9% for 2D-Cu2I2(bs) and 2D-Cu2I2(bse), respectively. PL decay
curves are the sum of radiative and nonradiative recombination rates136. However, the weak
PL at room temperature of these compounds indicates that the predominant carrier
recombination pathway is nonradiative. Therefore, the PL decay traces give approximately
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the nonradiative decay rate. Longer carrier recombination lifetimes are important indicators
of good photovoltaic performance. Compare to high-quality MAPbBr3 single crystals of
41 ns and 357 ns 143, lifetime value of compound 2D-Cu2I2(bse) is higher and approaches
those for optimized MAPbI3 single crystals of 22 ns to ~ 1032 ns143.

Table 18. Space group and estimated band gap of these compounds
Compound
Space Group
Band Gap (eV)

2D-Cu2I2(bs)

2D-Cu2I2(bse)

P2(1)/m

P2(1)/m

1.80

1.70

Figure 80. Crystal setup image of 2D-Cu2I2(bse)
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Figure 81. (a) Crystal image of 2D-Cu2I2(bse) (2). Crystal structure of (b) 2D-Cu2I2(bs)
(1), (c) 2D-Cu2I2(bse) (2). Color scheme: Cu: cyan; I: pink; N: blue; C: grey; S: yellow;
Se: red. (d) Simulated PXRD pattern of 2D-Cu2I2(bs) (1) (blue) and 2D-Cu2I2(bse) (2)
(black), and PXRD pattern of as made sample of 2D-Cu2I2(bs) (1) (red) and 2D-Cu2I2(bse)
(2) (purple). (e) Optical absorption spectra and photoluminescence spectra of 2D-Cu2I2(bs)
(1). Insets: absorbance versus photon energy for determining band gap. PL excitation
wavelength was 480 nm. (f) Optical oasorption spectra and photoluminescence spectra of
2D-Cu2I2(bse) (2). Insets: absorbance versus photon energy for determining band gap. PL
excitation wavelength was 480 nm.

We estimated the dielectric constant (ε = 814) from the capacitance-frequency
measurement. After determining capacitance of 2D-Cu2I2(bse) single crystals, the relative
dielectric constant was obtained through equation (1):
=

cd
0 A

(1)

where c is the measured capacitance, d is the length of the crystal, A is the crosssectional area, and ε0 is the permittivity constant in free space (8.854 × 10−14 F cm−1).
We investigated the key quantities that directly affect a material’s potential
application in solar cells: carrier mobility μ and carrier diffusion length LD. In general,
many factors, such as crystal size, crystallinity, trap density, compositional band structure,
and crystal orientation, can affect charge-carrier mobilities. Electrical transport and
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photocurrent measurements were performed on single crystal of hybrid compound 2DCu2I2(bse) along the b axis. Single crystal of 2D-Cu2I2(bse) was obtained as described in
the experimental section. Then, the conductive Ag paste was used to tightly fix both ends
of compound 2D-Cu2I2(bse) single crystals on the substrate, which formed a metalsemiconductor-metal structure devices. The Ag paste was used as the source (S) and drain
(D) electrodes in this device. To unveil the physical origins of conductivity of compound
2D-Cu2I2(bse), we studied the concentration of in-gap deep electronic trap states in the
single crystal. We measured the I-V response of the single crystal in space-charge-limited
current (SCLC) regime (Figure 82e) under dark conditions. Interestingly, under dark
conditions, the ohmic and trap-filling regions were clearly separated at a bias voltage of
16.1 V, which is the trap-fill limit (TFL) voltage. Under low electric field (< 16.1 V), the
result fits well with Mott’s SCLC theory. We observed a region showing clear quadratic
dependency of the current on the applied high voltage. By fitting the I-V curves, we can
calculate the carrier mobility and trap densities of single crystal 2D-Cu2I2(bse) as
=

8J D L3
9 0Vb 2

(2)

and
nt 

2 0VTFL
eL2

(3)

separately, where μ, JD, L, ε, ε0, Vb, nt, e are the carrier mobility, dark current, the
length of single crystal, dielectric constant, the vacuum permittivity, applied voltage, trap
density, and the elemental charge. Then we applied our dielectric constant value to estimate
the carrier mobility to be 11.9 cm2V-1s-1 and a trap density of 5.45×1010 cm-3. It is
noteworthy that our estimated results of charge mobility and the trap density from 2D-
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Cu2I2(bse) single crystal are comparable to those previously reported values (2.5-17 cm2V1 -1

s ) for various perovskite single crystals. 109, 143-145. Characteristic I-V trace showed that

the conduction mechanism of 2D-Cu2I2(bse) follows similar mechanism which has been
reported in semiconductors with low defect level single crystal. Analysis of the ohmic
region also reveals a conductivity σ~7.64×10-7 (Ω cm)-1, which is comparable to that of
previously reported MAPbBr3 free-standing single crystals146 and exceptionally higher
than Single-Crystalline Formamidinium-Perovskite Wafer (SFPW) FAPbI3134. Combining
the information on mobility and conductivity, we estimated the carrier concentration as:
nc 


e

(4)

giving 6.84×1010 cm-3. Ultimately, by combining the longer (bulk) carrier lifetimes
with carrier mobility, we obtained a best-case carrier diffusion length through
LD 

k BT 
e

(5)

where kB is Boltzmann’s constant, giving the best value of 0.84 μm in compound 2D-Cu2I2(bse);
use of the shorter lifetime led to an estimate of 0.4 μm. These values are slightly lower than those
for high-quality MAPbBr3 single crystal of 1.3~4.3 μm and those for MAPbI3107 of 1.8~10 μm
while they are comparable to those for FAPbI3 film147 and single crystal144.

Table 19. Lifetime values of 2D-Cu2I2(bs) at various temperatures
Temperature (K)

Average Amplitude
Weighted  (ns)

1 (ns)

2 (ns)

77

2429

4377 (37.03%)

1284 (62.97%)

150

591

1359 (28.07%)

291 (71.93%)

200

247

626 (23.61%)

129 (76.39%)

102
273

59

158 (20.62%)

33 (79.38%)

293

74.0

24.2 (12.06%)

5.1 (87.94%)

Table 20. Lifetime values of 2D-Cu2I2(bse) at various temperatures.
Temperature (K)

Average Amplitude
Weighted  (ns)

1 (ns)

2 (ns)

77

2832

4611 (32.61%)

1971 (67.39%)

150

922

1692 (30.82%)

579 (69.18%)

200

403

866 (22.02%)

272 (77.98%)

273

207

744 (10.19%)

146 (89.81%)

293

183

709 (9.09%)

131 (90.91%)

4.4 DFT Calculation
Band structure (BS) and density of state (DOS) calculations were performed on
compound 2D-Cu2I2(bs) and 2D-Cu2I2(bse) employing DFT method using CASTEP
package121, and the results are summarized. (Figure 82f, 83-84). Similar to previously
reported CuI based hybrid structures36, 38, 148, the calculated DOS shows that the valence
band maximum (VBM) in 1 consists mainly of Cu 3d and I 5p orbitals, from the inorganic
components, whereas conduction band minimum (CBM) are mostly from the N 2p, C 2p
orbitals and partial S 3s and 3p orbitals. Similarly, VBM in 2D-Cu2I2(bse) is also composed
of Cu 3d, I 5p orbitals, and CBM is mainly contributed by N 2p, C 2p and Se 4s, 4p orbitals.
The calculated band gap for compound 2D-Cu2I2(bse) is 0.40 eV, while the experimental
optical band gap is 1.70 eV. This underestimation of band gap can be explained by the
delocalization error of density functional approximations 149-151.
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Table 21. Calculated HOMO-LUMO energy levels of ligands
Ligand

HOMO (eV)

LUMO (eV)

bs

-6.893

-2.654

bse

-6.741

-2.774

Figure 82. (a) Emission spectra and (b) luminescence decay (850nm) profiles of 2DCu2I2(bs) powder sample at various temperatures. (c) Emission spectra and (d)
luminescence decay profiles (850nm) of 2D-Cu2I2(bse) powder sample at various
temperatures (λex = 480 nm). (e) Characteristic I-V trace (black open circle) showing two
regimes for 2D-Cu2I2(bse) (at 298K). A linear ohmic regime (purple line) is followed by
trap-filled regime (green line) and a trap-free Child’s regime (red line) at high voltage. (f)
Calculated density of states (DOS) for 2D-Cu2I2(bse). Line color scheme: total DOS
(dashed black), Cu 3d orbitals (cyan), I 5p orbitals (red), N 2p orbitals (blue), C 2p orbitals
(black)， Se 4s and 4p orbitals (green). (g) Characteristic I-V trace for 2D-Cu2I2(bse)
single crystal before (black open circle) and after (red open square) keeping the device in
water overnight. (h) PXRD pattern of 2D-Cu2I2(bse) before (red) and after (blue) keeping
the powder sample in water for 2 months compare to simulated pattern (black).
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Figure 83. Calculated density of states (DOS) for 2D-Cu2I2(bs). Line color scheme: total
DOS (dashed black), Cu 3d orbitals (cyan), I 5p orbitals (red), N 2p orbitals (blue), C 2p
orbitals (black), S 3s and 3p orbitals (green).

Figure 84. Calculated band structure (BS) for 2D-Cu2I2(bse)
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4.5 Stability and Film Fabrication
As MAPbX3 has been shown to be unstable to moisture 152, 153, we also tested the
stability of both the single crystal device and powder sample of 2D-Cu2I2(bse). There is no
decrease in the electrical performance of 2D-Cu2I2(bse) single crystal device after keeping
the device in water overnight (Figure 82g). Furthermore, we investigate long-term device
stability in normal air at room temperature under 30% relative humidity for one month
without protection, in which the carrier mobility and conductivity were measured at
selected time intervals. The carrier mobility and conductivity values of the device
decreased by less than 3% compared to their initial values (Figure 86). Freshly prepared
powders of 2D-Cu2I2(bse) were kept in DI water for 2 months, and the PXRD pattern was
maintained after filtering the sample from water (Figure 82h). Hence, the high water
stability of this new type of inorganic-organic hybrid material make it a good candidate for
photoelectric applications. Since thermal stability is also crucial for solar-cell absorbers,
we conducted thermogravimetric analysis (TGA) (Figure. 85). The TGA curve of 2DCu2I2(bse) shows that it is stable up to 150 C.
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Figure 85. TGA curve of 2D-Cu2I2(bs) (black), 2D-Cu2I2(bse) (red).

Figure 86. Plots of carrier mobility ratios (μ0 and μ are initial and stability test carrier
mobility values derived from I-V curve at room temperature under 30% humidity
condition without protection as a function of time) (red). Plots of conductivity ratios (σ0
and σ are initial and stability test conductivity values derived from I-V curve at room
temperature under 30% humidity condition without protection as a function of time)
(blue).
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4.6 Summary
In summary, we have synthesized and characterized a new type of crystalline twodimensional inorganic-organic hybrid material. The novel single crystal of 2D-Cu2I2(bse)
exhibits carrier transport properties comparable to heavily studied MAPbX3 single crystals.
We have observed the PL emission at 820, 790 nm for compound 2D-Cu2I2(bs) and 2DCu2I2(bse). The trap density measured for the 2D-Cu2I2(bse) single crystal was superior to
widely used optoelectronic inorganic semiconductor including polycrystalline Si (nt ≈1013
to 1014 cm-3)154, 155, CdTe/CdS (nt ≈1011 to 1013 cm-3)156 and copper indium gallium selenide
(CIGS) (nt ≈1013cm-3)157 thin films. It also shows a long carrier lifetime of 709 ns, a long
carrier diffusion length of 0.84 μm and significantly high conductivity. In addition,
combining desirable features of high stability, these materials represent excellent
candidates for optoelectronic applications.
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