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ABSTRACT: Copper(I) iodide (CuI)-based inorganic−organic hybrid
materials in the general chemical formula of CuI(L) are well-known for
their structural diversity and strong photoluminescence and are therefore
considered promising candidates for a number of optical applications. In this
work, we demonstrate a systematic, bottom-up precursor approach to
developing a series of CuI(L) network structures built on CuI rhomboid
dimers. These compounds combine strong luminescence due to the CuI
inorganic modules and significantly enhanced thermal stability as a result of
connecting individual building units into robust, extended networks.
Examination of their optical properties reveals that these materials not only
exhibit exceptionally high photoluminescence performance (with internal
quantum yield up to 95%) but also that their emission energy and color are
systematically tunable through modification of the organic component.
Results from density functional theory calculations provide convincing
correlations between these materials’ crystal structures and chemical compositions and their optophysical properties. The
advantages of cost-effective, solution-processable, easily scalable and fully controllable synthesis as well as high quantum
efficiency with improved thermal stability, make this phosphor family a promising candidate for alternative, RE-free phosphors in
general lighting and illumination. This solution-based precursor approach creates a new blueprint for the rational design and
controlled synthesis of inorganic−organic hybrid materials.

■ INTRODUCTION

The gradual replacement of traditional energy-costly incandes-
cent light bulbs by compact fluorescent lamps (CFLs) and
more recently by white light-emitting diodes (WLEDs) has
been a crucial step toward reducing overall electrical
consumption worldwide.1 Incandescent lamps are extremely
inefficient, as they convert only 3−5% of electric energy into
light. A 60 W incandescent bulb is equivalent to a 14 W CFL or
a 6 W WLED. In addition, the lifespans of CFLs and LEDs, up
to 10,000 and 60,000 h, respectively, are significantly longer
than that of an incandescent bulb, which is <3000 h.2,3 Single or
multicomponent phosphors are used in combination with
either a glass tube filled with inert gas and a small amount of
mercury (in the case of CFLs) or a blue, UV or near-UV LED
chip (in the case of WLEDs) to generate white light of high
quality.4,5 A common example of this type of WLEDs, termed
phosphor converted WLEDs or PC-WLED,6,7 is made of a
blue-emitting (455 nm) InGaN/GaN diode and a yellow-
emitting (540 nm) YAG:Ce3+ phosphor, namely Ce3+-doped
yttrium aluminum garnet (YAG).8 Similarly to YAG:Ce3+,
almost all commercial phosphors used in today’s CFL and LED
market are rare-earth (RE) metal-doped inorganic materials,
including oxides, sulfides, oxysulfides, oxynitrides, and
nitrides.9,10 Advantages of these phosphors are high quantum

efficiency and stability.11 However, their dependence on RE
elements, in particular europium, terbium, and yttrium, can
become critical due to potential supply risk and cost issues.12 In
addition, their synthesis is often energy intensive, nonsolution
processable, complex, and in need of high temperature (e.g.,
>1000 °C).13,14 Because of these drawbacks, the development
of new types of low-cost, energy-efficient, solution-processable,
and RE-free phosphors is of immense importance.
Several groups of RE-free inorganic phosphors have been

reported recently, such as ZnS, CdSe, nanocrystals, or quantum
dots.15−19 However, complicated synthetic procedure, relatively
low quantum efficiency, and particle size dependence may limit
their practical usages.20−22 Hybrid materials built on inorganic
semiconductor nanomodules and organic molecules combine
the useful features of both components, giving rise to significant
enhancement in their optical properties.23−35 Among them,
copper halide (I−VII) based hybrid materials are of particular
interest due to their earth abundance (e.g., earth crust and
seawater),36 facile synthesis, structural diversity, and optical
tunability and are thus considered promising phosphors for
general lighting technologies.37−40 However, there remain some
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difficulties that must be resolved before their commercialization
can be realized. For example, our previous investigations of
one-dimensional (1D)-CuI(L) staircase-like chain structures
showed that their internal quantum yields (IQY) are typically
<40%, considerably lower than those of RE-based commercial
phosphors (>70%).7,39 Additionally, reactions often yield
mixture phases containing different CuI modules. Therefore,
developing a fully controllable synthesis to attain target
structures with significantly improved IQYs has been the
main focus of our most recent study.
In this work, we describe the design and rational synthesis of

a family of copper iodide (CuI) hybrid structures built on Cu2I2
rhomboid dimer unit by a solution-based, bottom-up precursor
approach. All compounds are constructed from highly emissive
zero-dimensional (0D)-Cu2I2(L)4 molecular precursors and
have a general formula of Cu2I2(L1)m(L2)n (L1, L2 = ligand). A
range of structure types has been achieved, including 0D
molecular clusters, 1D single- and double-chains, and two-
dimensional (2D) layered networks. The precursor approach
facilitates the formation of robust, extended network structures
built on preselected inorganic modular units, while preventing
the production of byproducts often unavoidable when using
metal salt as reagent. The targeted hybrid structures have
exceptionally high IQY (some >90%), well comparable to those
of commercial phosphors. In addition, the band gaps and
optical properties of the new Cu2I2(L1)m(L2)n family can be
systematically tuned, and their thermal and moisture stabilities
are increased substantially from those of precursors, bringing
them one step closer to the phosphor market.

■ EXPERIMENTAL SECTION
Materials. CuI (98%, Alfa Aesar), acetonitrile (>99%, Alfa Aesar),

bulk acetone (>99%, Alfa Aesar), 3,5-dimethylpyridine (>98%, Alfa
Aesar), 3-picoline (99%, Alfa Aesar), 3-cloro-pyridine (99%, Alfa
Aesar), 1,2-bis(4-pyridyl)ethane (99%, Sigma-Aldrich), 1,3-bis(4-
pyridyl)propane (98%, Alfa Aesar), 4,4′-dipyridyl sulfide (98%,
TCI), 4,6-dimethyl-pyrimidine (>98%, TCI), (5-methyl-pyrimidine
(98%, Alfa Aesar), 3,3′-bipyridine (98%, Alfa Aesar), 4,4′-bipyridine
(98%, Alfa Aesar), triphenylphosphine (99%, Aldrich), pyrazine (98%,
Alfa Aesar), 5-methyl-pyrimidine (98%, Alfa Aesar), 5-bromopyr-
imidine (98%, Alfa Aesar), sodium salicylate (99%, Merck), YAG:Ce3+

type 9800 (Global Tungsten & Powders Corp), and PolyOx N750
(Dow Chemical).
Synthesis of 0D-Cu2I2(3-pc)4 (3-pc = 3-Picoline) (1). The synthesis

of 1 was carried out by a modified version of the reported method.41

CuI (0.19 g, 1.0 mmol) was first well-dispersed in 10 mL acetone in an
open reaction vial, and 3-pc (0.37 g, 4.0 mmol) was slowly added
under magnetic stirring at room temperature. Pure phase of the sample
was collected by filtration after 10 min of continuous stirring. This
compound was used as the precursor and was premade in large
quantity for the synthesis of other structures. (Yield is 83% based on
Cu.)
Synthesis of 0D-Cu2I2(3,5-dm-py)4 (3,5-dm-py = 3,5-Dimethyl-

pyridine) (2). Compound 2 was synthesized by a new precursor
method developed in this work, which differs from the reported
method.42 0D-Cu2I2(3-pc)4 (1) was presynthesized as the precursor. 1
(0.15 g, 0.2 mmol) was first fully dissolved in 10 mL acetone in a glass
vial to form a clear solution. Excess 3,5-dm-py (0.11 g, 1.0 mmol) in 2
mL acetone solution was slowly added under magnetic stirring at room
temperature. The vial was then capped closely. Precipitate formed
immediately and was collected after 10 min of stirring. (Yield is 70%
based on Cu.) The same reaction set up was used for all other
compounds unless otherwise mentioned.
Synthesis of 0D-Cu2I2(3-Cl-py)4 (3-Cl-py = 3-Chloro-pyridine) (3).

Single crystals of 3 were grown by leaving the mixed precursor/
acetone with the 3-Cl-py solution in the open air undisturbed instead

of stirring. Yellow rod-shaped crystals formed as acetone slowly
evaporated. In a typical synthesis, 1 (0.15 g, 0.2 mmol) was fully
dissolved in 10 mL acetone to form a clear solution. Then 3-Cl-py
(0.50 g, 4.0 mmol) was slowly added. The reaction vial was sealed by
plastic parafilm with some holes manually punched for the solvent to
dry slowly. Pure phase of the sample formed when acetone was almost
dried in 2 days. (Yield is 52% based on Cu.)

Synthesis of 0D-Cu2I2(tpp)2(3-pc)2 (tpp = Triphenylphosphine)
(4). Compound 1 (0.15 g, 0.2 mmol) was dissolved in 10 mL acetone
and mixed with tpp (0.13 g, 0.5 mmol) in 2 mL toluene. The solution
remained clear after the mixing. Cubic crystals formed in several
minutes at the bottom. High-quality crystals suitable for single-crystal
X-ray diffraction (SCXRD) were collected after 6 h. Pure powder
samples were obtained by directly mixing 1 (0.15 g, 0.2 mmol)/
acetone (10 mL) solution with excess amount of tpp (0.13 g, 0.5
mmol) in 2 mL toluene under magnetic stirring. Precipitate formed
within several minutes and was kept under stirring for 2 h before
collected by filtration. This compound was used as the precursor for
the preparation of powder samples of tpp-based structures. (Yield is
79% based on Cu.)

Synthesis of 0D-Cu2I2(tpp)2(4,6-dm-pm)2 (4,6-dm-pm = 4,6-
Dimethyl-pyrimidine) (5). Compound 1 (0.15 g, 0.2 mmol) was
first dissolved into 10 mL acetone, and then tpp (0.13 g, 0.5 mmol)
and 4,6-dm-pm (0.06 g, 0.5 mmol) in 5 mL toluene solution was then
added slowly. Crystals suitable for SCXRD were formed after 1 day.
Pure phased powder samples were synthesized by directly mixing 4
(0.11 g, 0.1 mmol)/toluene with excess 4,6-dm-pm (0.06 g, 0.5 mmol)
in toluene under magnetic stirring. Pure phase of sample was collected
after 6 h. (Yield is 57% based on Cu.)

Synthesis of 1D-Cu2I2(tpp)2(bpp) (bpp = 1,3-bis(4-Pyridyl)-
propane) (6). Single crystals of 6 were obtained by the precursor
method described above. Compound 1 (0.15 g, 0.2 mmol) was used as
the precursor and was first dispersed in 10 mL acetone. Excess tpp
(0.13 g, 0.5 mmol) and bpp (0.10 g, 0.5 mmol) were then added to the
solution, and cubic crystals formed in 2 days at 80 °C. Pure powder
samples were obtained by mixing 4 (0.11 g, 0.1 mmol) with excess bpp
(0.10 g, 0.5 mmol) in 10 mL toluene under stirring at 80 °C. The
targeted product was collected after 6 h. (Yield is 75% based on Cu.)

Synthesis of 1D-Cu2I2(tpp)2(4,4′-dps) (4,4′-dps = 4,4′-Dipyridyl
sulfide) (7). Compound 1 (0.15 g, 0.2 mmol) was used as the
precursor and dissolved in 10 mL acetone. Then tpp (0.13 g, 0.5
mmol) and 4,4′-dps (0.09 g, 0.5 mmol) in 2 mL toluene was added to
the above solution. The reaction solution remained clear after the
mixing, and rod-shaped crystals formed in 1 h. Pure powder sample
was obtained by directly mixing 4 (0.11 g, 0.1 mmol) with 4,4′-dps
(0.09 g, 0.5 mmol) in toluene under magnetic stirring at room
temperature. The product formed in 10 min and was collected after 3
h of stirring. (Yield is 81% based on Cu.)

Synthesis of 1D-Cu2I2(tpp)2(4,4′-bpy) (4,4′-bpy = 4,4′-Bipyridine)
(8). Precursor method, which is different from the reported method,
was used to synthesize this compound.43 Pure powder sample was
obtained by mixing 4 (0.11 g, 0.1 mmol) with excess 4,4′-bpy (0.08 g,
0.5 mmol) in 10 mL toluene followed by heating at 80 °C for 12 h.
(Yield is 75% based on Cu.)

Synthesis of 1D-Cu2I2(tpp)2(5-Br-pm)2 (5-Br-pm = 5-Bromo-
pyrimidine) (9). Compound 1 (0.15 g, 0.2 mmol) was first dissolved
in 10 mL acetone, and then mixed with tpp (0.13 g, 0.5 mmol) and 5-
Br-pm (0.08 g, 0.5 mmol) in 10 mL toluene. The reaction was kept at
80 °C for 1 day. (Yield is 52% based on Cu.)

Synthesis of 1D-Cu2I2(tpp)2(pz) (pz = Pyrazine) (10). Phase-pure
powder sample was obtained by precursor method similar to the above
and different from the reported procedure.44 Compound 4 (0.11 g, 0.1
mmol) was mixed with excess pz (0.04 g, 0.5 mmol) in 10 mL toluene
and kept at 80 °C for 1 day. (Yield is 67% based on Cu.)

Synthesis of 1D-Cu2I2(5-me-pm)2 (5-me-pm = 5-Methyl-pyrimi-
dine) (11). Single crystals were prepared by slow diffusion of 5-me-pm
(0.05 g, 0.5 mmol) with 1 (0.15 g, 0.2 mmol) in 10 mL acetone
solution. Rod-shaped crystals formed in 2 days. Pure powder sample
was obtained by directly mixing 5-me-pm (0.09 g, 1.0 mmol) with 1
(0.76 g, 1.0 mmol)/acetone under magnetic stirring. The reaction was
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kept overnight and was collected by filtration. (Yield is 64% based on
Cu.)
Synthesis of 1D-Cu2I2(5-Br-pm)2 (12). Slow diffusion of an 5-Br-pm

(0.08 g, 0.5 mmol) and 1 (0.15 g, 0.2 mmol) in 10 mL acetone
solution at room temperature led to the formation of pure-phased
sample containing rod-shaped crystals in 3 days. (Yield is 58% based
on Cu.)
Synthesis of 2D-Cu2I2(bpe)2 (bpe = 1,2-bis(4-Pyridyl)ethane) (13).

Different from the reported method, the precursor approach was
applied.45 1 (0.15 g, 0.2 mmol) was fully dissolved in 10 mL acetone
and slowly added to bpe (0.38 g, 2.0 mmol) in 2 mL acetone solution
at room temperature under stirring in a closely capped reaction vial.
Excess amount of ligand was used to ensure complete ligand exchange.
Precipitate formed quickly and was collected by filtration after 30 min
of continuous stirring. (Yield is 60% based on Cu.)
Synthesis of 2D-Cu2I2(3,3′-bpy)2 (3,3′-bpy = 3,3′-Bipyridine) (14).

Single crystals of 14 were grown by slow diffusion of 3,3′-bpy (0.16 g,
1.0 mmol) in 2 mL CH2Cl2 into 1 (0.15 g, 0.2 mmol) in 10 mL
acetone solution. Green plate-like crystals suitable for SCXRD analysis
formed in 3 days. Pure powder sample was obtained by directly mixing
3,3′-bpy (0.16 g, 1.0 mmol) with 1 (0.76 g, 1.0 mmol)/acetone
solution. (Yield is 65% based on Cu.)
Synthesis of 2D-Cu2I2(4,4′-dps)2 (4,4′-dps = 4,4′-Dipyridyl sulfide)

(15). In contrast to the previous method, single crystals of 16 were
prepared by mixing 1 (0.38 g, 0.5 mmol)/acetone with excess 4,4′-dps
(0.19 g, 1.0 mmol)/acetone and leaving the reaction mixture
undisturbed.46 Rod-shaped crystals formed in 2 days. Pure powder
sample was prepared by mixing 4,4′-dps (0.38 g, 2.0 mmol)with 1
(0.38 g, 0.5 mmol) in 20 mL acetone under magnetic stirring. (Yield is
68% based on Cu.)
Synthesis of 2D-Cu2I2(4,4′-bpy)2 (16). Precursor method was used

for synthesis this compound, which is different from reported
method.47 Pure powder sample was prepared by slowly mixing 1
(0.15 g, 0.2 mmol) in 10 mL acetone with 4,4′-bpy (0.08 g, 0.5 mmol)
in 10 mL acetone under magnetic stirring at room temperature for 30
min. (Yield is 88% based on Cu.)
Preparation of Blue and Yellow Phosphor Blend (17).White light-

emitting samples can be achieved by blending a blue emitting
phosphor (6) with a yellow emitting phosphor (8). In a typical case,
different weight ratio of compounds 6 and 8 were mixed mechanically
in solid state. An optimum mixture phase was achieved at 75 wt % of 6
and 25 wt % of 8, which was labeled as compound 17.
Scale-up Synthesis. Larger amount of powder sample of

compound 1 can be obtained by directly mixing bulk CuI with an
excess amount of the ligand. CuI (19 g, 0.1 mol) was well dispersed in
100 mL acetone and excess 3-pc (37 g, 0.4 mol) was added. The
reaction mixture was kept under magnetic stirring at room
temperature for 30 min and then let acetone slowly dry out. Final
product was collected after filtration, washing, and drying. (Yield is
76% based on Cu.) Other compounds can also be prepared in large
scale using 1 as precursor. Take compound 4 as an example. Tpp (1.31
g, 5 mmol) in acetone was added to 1 (1.52 g, 2 mmol) in 100 mL
acetone solution under magnetic stirring. Precipitate formed in several
minutes, and the product was collected after 2 h of continuous stirring.
(Yield is 71% based on Cu.)
Sample Washing and Drying. Upon completion of reactions,

powder samples were collected by filtration from the reaction solution
and washed with a small amount of acetone three times. These
samples were then dried in a vacuum oven overnight before other
measurements were made.
Single Crystal X-ray Diffraction (SCXRD). Single crystal X-ray

diffraction data of 4, 11, 12, and 14 were collected at low temperature
(100 K) on a Bruker-AXS smart APEX CCD diffractometer with
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). Single
crystal data of 3, 5, 6, 7, and 9 were collected at 150 K for 3, 5, and 9;
298 K for 6; and 230 K for 7 on a D8 goniostat equipped with a
Bruker PHOTON100 CMOS detector at the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory, using synchrotron
radiation (λ = 0.7749 Å for 3, 5, and 6; λ = 0.7085 Å for 7 and λ =
0.7293 Å for 9). The structures were solved by direct methods and

refined by full-matrix least-squares on F2 using the Bruker SHELXTL
package. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via https://summary.ccdc.
cam.ac.uk/structure-summary-form. The structures were deposited in
Cambridge Structural Database (CSD) with numbers: 1062130−
1062137 and 1062286. A brief summary of crystal data of all nine
compounds are listed in Tables S1 and S2.

Powder X-ray Diffraction (PXRD). PXRD patterns of all
compounds were collected on a Rigaku Ultima-IV automated
diffraction system with Cu Kα radiation (λ = 1.5406 Å). Measure-
ments were made in a 2θ range of 3−50° at room temperature with a
step of 0.02° (2θ) and a counting time of 0.2 s/step. The operating
power was 40 kV/44 mA.

Optical Diffuse Reflectance Measurements. Optical diffuse
reflectance spectra were obtained on a Shimadzu UV-3600
spectrophotometer at room temperature. Data were collected in the
wavelength range of 300−1000 nm. BaSO4 powder was used as a
standard (100% reflectance). The same analysis procedure was used to
collect and convert the data using the Kubelka−Munk function. The
scattering coefficient (S) was treated as a constant as the average
particle size of the samples used in the measurements was significantly
larger than 5 μm.

Thermogravimetric (TG) Analysis. TG analyses of the
compounds were performed on a computer-controlled TG Q5000IR
analyzer (TA Instrument). Pure powder samples were loaded into
platinum pans and heated with a ramp rate of 10 °C/min from room
temperature to 400 °C under nitrogen flow.

Photoluminescence (PL) Emission Measurements. Photo-
luminescence experiments were performed on a Varian Cary Eclipse
spectrophotometer at room temperature. Samples were uniformly
coated onto glass slides which do not emit in the visible light region.

Internal Quantum Yield (IQY)Measurements. The IQY of
samples in powder form was measured on a C9920−03 absolute
quantum yield measurement system (Hamamatsu Photonics) with a
150 W xenon monochromatic light source and 3.3 in. integrating
sphere. Sodium salicylate and YAG:Ce3+ were chosen as the standards
with an IQY of 60% and 95% at 360 and 455 nm, respectively.48,49

Their IQY values were measured to be 64% and 97%, respectively.
Luminescence Decay Measurements. Luminescence lifetime

was measured at room temperature by a FLS920 Edinburgh
fluorimeter (Edinburgh Instruments, Livingston, United Kingdom)
with a microsecond μF900 xenon flash lamp as the excitation resource
and by time-correlated single photon counting. Instrumental response
function (IRF) was applied to eliminate the influence from excitation
source.

DFT Calculations. Band structure (BS) and density of states
(DOS) calculations were performed on selected 0D, 1D, and 2D
structures employing density functional theory (DFT). The electronic
properties of ligands were evaluated with the DFT computation using
Gaussian 09 at B3LYP/6-311++G(3df,3pd).50−52

Phosphor Coating and Fabrication of LED Bulbs. A water
solution of binder (PolyOx N-750, 0.2 wt %) was made and stirred at
room temperature for 6 h. In a typical preparation, selected phosphor
(5.0 g) was added into 10 mL solution and well dispersed by stirring.
The solution mixture was then applied onto the internal surface of a
glass bulb and allowed to dry in open air. Mild heating was helpful to
accelerate the drying process. This process was then repeated three
times to ensure uniform coating.

■ RESULTS AND DISCUSSION

Designing Strategy and Bottom-Up Synthetic Ap-
proach. Our previous work shows reactions of CuI with
pyridine-based ligands may lead to a number of different
products, including 0D-Cu2I2(L)4 dimers, 0D-Cu4I4(L)4
tetramers, and 1D-CuI(L) staircase-like chain structures.
Among them, 0D-Cu2I2(L)4 dimers generally have the highest
emission intensity and IQY, while higher-dimension com-
pounds (e.g., 1D and 2D structures) are more stable. However,
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direct mixing of CuI (in either KI saturated solution or
acetonitrile) and ligand often results in mixture phases of
several products, making it difficult to isolate the targeted
compound. In order to achieve new hybrid structures that
combine the desirable properties while avoiding the formation
of unwanted phases, we have developed a bottom-up and
precursor-based synthetic approach in this study. Our strategy
is to construct extended network structures using 0D-Cu2I2(L)4
dimers as molecular precursors. We anticipate that these
compounds will be strongly emissive, as the dimeric identity is
retained in the final product, and highly stable, as a result of
high dimensionality. Specifically, the proposed synthesis can be
realized by ligand exchange. As shown in Figure 1, ligands with
different binding sites, functional groups, shape and size can be
selected to control the dimensionality and structure types, while
keeping the inorganic motif unchanged. In addition, judiciously
selecting ligands with suitable electronic properties (e.g.,
LUMO energy levels) will allow a systematic tuning of the
energy gap of the resulting hybrid compounds as well as their
optical emission properties.39

0D-Cu2I2(3-pc)4 (1) was preselected as the precursor, and
acetone was selected as the solvent. The latter can effectively
dissolve the molecular dimers and allows reactions to proceed
in solution and under mild conditions. To confirm that the
dimers remain intact in the solution, the solvent was
evaporated, and the precipitate was identified by PXRD
analysis. This is also fully supported by the absorption spectra
taken on both the solid and solution samples of 1 (see Figure
S24). Exchange of 3-pc with excess amount of monodentate
ligands (L) led to new 0D-Cu2I2(L)4 structures (Figure 1a),
such as 0D-Cu2I2(3,5-dm-py)4 (2) and 0D-Cu2I2(3-Cl-py)4 (3).
Phosphines are commonly used to make 0D-Cu4I4(L)
tetramer-based clusters.53 In this study we used a common
phosphine, triphenylphosphine (tpp), to replace two 3-pc
molecules in precursor 1 to form 0D-Cu2I2(tpp)2(3-pc)2 (4).
Compound 4 was also used as a precursor to synthesize other
0D-Cu2I2(tpp)2(L)2 (e.g., 5) and 1D-Cu2I2(tpp)2(L) (e.g., 10)
compounds simply by ligand exchange.
The 1D structures were synthesized by two pathways, as

illustrated in Figure 1b,c. The 1D single-chain structures can be

Figure 1. Schematic illustrating the design and construction of CuI(L) hybrid structures with a Cu2I2 molecular dimer precursor: (a) 0D cluster,
(b)1D single chain, (c) 1D double chain, and (d) 2D layered network. Color scheme of the balls: purple, I; cyan, Cu; dark blue, N; gray, C; light
green, Cl; small green, P; large green, tpp molecule.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b04840
J. Am. Chem. Soc. 2015, 137, 9400−9408

9403

http://dx.doi.org/10.1021/jacs.5b04840


obtained using 0D-Cu2I2(tpp)2(L)2 as the precursor. These
include 1D-Cu2I2(tpp)2(bpp) (6), 1D-Cu2I2(tpp)2(4,4′-dps)
(7), 1D-Cu2I2(tpp)2(4,4′-bpy) (8), 1D-Cu2I2(tpp)2(5-Br-pm)
(9), and 1D-Cu2I2(tpp)2(pz) (10). In these structures, the
Cu2I2 motifs are interconnected by the bidentate nitrogen
ligands. The tpp ligand with a stronger Cu−P bond remains
unchanged and acts as a terminal ligand in all resulting
structures. The 1D double-chain structures were synthesized
using 0D-Cu2I2(3-pc)4 as the precursor. The four monodentate
ligands were exchanged with bidentate ligands, giving rise to
1D-Cu2I2(5-me-pm)2 (11) and 1D-Cu2I2(5-Br-pm)2 (12).
The 2D-layered compounds 2D-Cu2I2(bpe)2 (13), 2D-

Cu2I2(3,3′-bpy)2 (14), 2D-Cu2I2(4,4′-dps)2 (15), and 2D-
Cu2I2(4,4′-bpy)2 (16) were obtained by exchanging 3-pc in
precursor 1 with rod-like bidentate N-ligands (Figure 1d).
Usually an excess amount of ligand was used to ensure
complete transformation.
As demonstrated above, the precursor approach has two

obvious advantages. First, it preserves Cu2I2 dimer motifs and
their strong luminescence in forming robust network structures.
Second, it facilitates the reactions leading to targeted
compounds (Figures S5−S7) and effectively eliminates the
formation of other types of structures built on different CuI
modules which sometimes cannot be avoided using CuI salt as
the starting material (see Figure S7a). Phase purity of selected
samples was also examined by elemental analysis. Excellent
agreement was found between experimental and calculated
results (Table S7). In addition, all materials can be synthesized
within several hours, and in some cases, in minutes, at room
temperature and in solution. The synthesis can easily be scaled
up to produce large quantities with only minor modifications.
Compared to the previously reported procedures, this method
is much more predictable, facile, and energy efficient.
Structure Description. All CuI-based hybrid structures

have the general formula Cu2I2(L1)m(L2)n. Each Cu in the
Cu2I2 motif is tetrahedrally coordinated to two iodine atoms
and two organic ligands. Depending on the geometry and
coordination modes of the ligands, the resulting structures have
various dimensionalities, ranging from 0D clusters to 1D single-
or double-chains, to 2D networks (see Table 1). The 0D
molecular clusters have a general formula of either 0D-
Cu2I2(L)4 or 0D-Cu2I2(tpp)2(L)2, where both tpp and L are
monodentate ligands coordinated to the inorganic motif
through either Cu−P or Cu−N bond. Both 1D and 2D
structures are built on Cu2I2 and bidentate ligands, with a
general formula of 1D-Cu2I2(tpp)2L and 1D-Cu2I2(L)2,
respectively. All 2D structures can be formulated as 2D-
Cu2I2(L)2.
Thermal Stability. High thermal stability is an important

criterion for phosphors. Thermal stability of the new hybrid
compounds was evaluated by TG analysis (Figure 2a and
Figures S15−18). Having decomposition temperatures typically
below 100 °C (e.g., 50−60 °C), the molecular (0D) clusters
without tpp have the lowest stability (Table 2). Including tpp as
the terminal ligand generally enhances structure stability, as a
result of the stronger Cu−P bond. Decomposition of structures
usually begins with loss of the organic ligand. The remaining
residue is identified as copper iodide. As expected, the extended
1D and 2D compounds are significantly more thermally stable
than the 0D molecular species due to their extended network
structures. Most of them are stable above 150 °C, with some
approaching 200 °C (Table 2). The overall trend is 0D < 1D <
2D (Figure 2a). These compounds are also air-stable. Our tests

show that samples left in air for several months retain their
structures and emission intensity. Their water stability was
examined by immersing samples in water for an extended
period of time. For example, 200 mg each of 1D-
Cu2I2(tpp)2(4,4′-dps) (7) and 2D-Cu2I2(4,4′-dps)2 (15) was
immersed in water for 24 h and recollected. PXRD analysis
confirmed the structural stability with a <5% decrease in
luminescence intensity.

Band Gaps and Optical Tunability. Experimental optical
absorption spectra of selected 0D, 1D, and 2D structures are
plotted in Figure 2b. The band gap values estimated from the
absorption data are listed in Table 2. DFT calculations were
conducted on several selected structures, and the results are
summarized in Figure 3 and Supporting Information. From
both sets of data the same trend is derived (Figure 3, Figures
S19−S23, and Table S3). As in the case of staircase-like chain
structures of 1D-CuI(L),39 the valence band maximum (VBM)
consists primarily of the atomic states of inorganic components
(Cu 3d and I 5p), while the conduction band minimum (CBM)
is composed mainly of the atomic states that make up the

Table 1. List of New Cu2I2-Based Compounds with Their
Unit Cell Parameters and Space Groups

compound unit cell constants (Å) space group

0D-Cu2I2(3-Cl-py)4 (3) a =7.8020(4) P-1
b = 8.6628(4)
c = 9.4711(5)
α = 90.919(2)
β = 94.251(3)
γ = 102.751(2)

0D-Cu2I2(tpp)2(3-pc)2 (4) a = 25.9199(15) C2/c
b =14.9505(9)
c = 11.5468(7)
β = 97.115(2)

0D-Cu2I2(tpp)2(4,6-dm-pm)2 (5) a = 9.3886(3) P-1
b = 11.5199(4)
c = 11.5849(4)
α = 79.129(2)
β = 69.089(2)
γ = 72.439(2)

1D-Cu2I2(tpp)2(bpp) (6) a = 13.2151(5) P21/c
b =13.5525(5)
c = 25.3512(9)
β = 94.613(2)

1D-Cu2I2(tpp)2(4,4′-dps) (7) a = 26.0237(10) C2/c
b =9.3012(4)
c = 20.2799(8)
β = 117.533(2)

1D-Cu2I2(tpp)2(5-Br-pm) (9) a = 17.2033(7) C2/c
b =17.7719(7)
c = 14.9470(6)
β = 122.467(2)

1D-Cu2I2(5-me-pm)2 (11) a = 8.4063(4) Cmca
b =21.6785(10)
c = 16.5331(7)

1D-Cu2I2(5-Br-pm)2 (12) a = 8.437(2) Cmca
b = 21.875(6)
c = 16.757(4)

2D-Cu2I2(3,3′-bpy)2 (14) a = 9.4898(13) P21/n
b = 9.7370(18)
c = 12.2051(18)
β = 111.784(2)
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lowest unoccupied molecular orbitals (LUMOs) of organic
ligands (C 2p and N 2p). As the photo excitation process in
these hybrid compounds involves electron transfer from the
VBM (mostly inorganic) to CBM (mostly organic) states, their
emission energies correlates to the LUMOs of the ligands.
Therefore, incorporating ligands with suitable LUMO energies
allows us to systematically tune the energy gap of resulting
hybrid structures and, consequently, their photoluminescence
(PL). Taking compounds 13−16 as an example, all belong to
the 2D-Cu2I2(L)2 structure type. Their experimental band gaps

are estimated to be 2.8, 2.6, 2.5, and 2.0 eV, respectively,
correlating fully with the decreasing LUMO energy of the
corresponding ligands, −1.244, −1.654, −1.790, and −2.044
eV, calculated using the 6-311++G(3df,3pd) basis set (Tables
S4 and S6). Similarly, calculations on another selected group of
0D structures, 2−4, gave the same matching trend for their
energy gaps, emission energies, and the LUMOs of the ligands
(Tables S5 and S6 and Figures S19−S21). For structures
containing tpp and N-ligand, both molecules contribute to the
CBM region (Figure 3a, Figure S21), and as a result, the energy
levels of CBM are affected by both ligands.

Photoluminescence, Quantum Efficiency, and Color
Quality. Experimental PL data collected at room temperature
show that the emission of these hybrid compounds is typically
single band, with a full width at half-maximum (fwhm) of
∼around 100 nm (Figure 2c). The emission color ranges from
blue to red, spanning the entire visible region (Figures 2c and
4b and Table 2). The emission energies are in trend with their
band gap values with a stoke shift in the range from 70 to 100
nm. Note that the high IQYs observed in molecular Cu2I2
dimers are retained in most of the dimer-based extended 1D
and 2D structures with similar band/energy gaps, with a
majority of them exceeding 70% and as high as 92% (Table 2).
For a given structure type, compounds with higher band gaps
have higher IQYs than those with lower band gaps, in
accordance with the energy gap law.54 For example, among
the 1D-Cu2I2(tpp)2(L) structures, members with higher band
gaps such as 6 and 7 (band gap: 2.6−2.8 eV) have IQYs of
91.7% and 80.0%, respectively, while for the members with
lower band gaps such as 9 and 10 (band gap: 2.1−2.3 eV), the
values are significantly lower at only 26.1 and 30.8%. Based on
Φ = krτ (where Φ is quantum yield, τ is lifetime, kr is radiative
rate constant),55 quantum yield is directly proportional to the
lifetime. Luminescence decay measurements were carried out
on selected compounds 6 and 15 and also compared with
reported values of 8 and 10.44 Their τ values are 13.1, 6.5, 4.0,
and 1.7 μs for 6, 15, 8, 10, respectively, in trend with their
deceasing band gap values of 2.8, 2.5, 2.4, and 2.1 eV as well as
their quantum yield values of 6 > 8, 15 ≫ 10 (Figures S25 and
S26 and Table S5).
As blue-excitable yellow phosphors are an essential

component for the current WLED technologies, we have paid
special focus to developing these compounds as possible
alternatives for the commercial RE-based yellow phosphor
YAG:Ce3+ (Ce-doped yttrium aluminum garnet). Several
members of the family represent promising candidates,
including compounds 8 and 15, with IQYs as high as ∼70%
when excited by blue light (455 nm). As a comparison, the
emission spectra of 15 and YAG:Ce3+ are plotted in Figure 4a.
Both have a broad band emission in the yellow region with a
slight red shift in emission energy for 15 (“yellower”). The CIE
coordinates were calculated to be (0.40, 0.54) and (0.41, 0.56)
for 15 and YAG:Ce3+, respectively.
A series of thermal, moisture, and photo stability experiments

were further performed to test the suitability of 15 as a
candidate for WLED (Figures S27 and S28). The PXRD
analysis on a sample of 15 exposed to air for 6 months or
dispersed in water for 1 day revealed no structure change and
emission intensity dropped <5%. Similarly, a sample under blue
light (455 nm) for a week showed no obvious changes either in
its PXRD pattern or emission intensity. Furthermore, heating
the sample at 80 °C for 1 week did not lead to apparent

Figure 2. (a) TG profiles of selected 0D, 1D, and 2D structures: 1
(black), 8 (blue), and 14 (red). (b) Optical absorption spectra of
selected 0D (bottom), 1D (middle), and 2D (upper) structures.
Bottom: 4 (blue), 1 (cyan), 3 (orange). Middle: 7 (green), 11
(orange), 12 (red). Top: 13 (cyan), 14 (green), 15 (orange). These
colors coincide with their emission colors. (c) PL spectra (λex = 360
nm) of compounds given in (b).
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structure change, and the decrease in the emission intensity was
negligible.
In addition to yellow phosphors, RE-free phosphors of other

colors are also highly desirable for the general lighting industry,
such as blue, green and red phosphors commonly used in
CFLs.56 Red phosphors are also commonly used in
combination with YAG:Ce3+ in WLEDs to achieve warmer
white light.57 The Cu2I2-based hybrid phosphors have the

unique advantage of optical tunability achieved by using ligands
with targeted LUMO energies. This gives rise to a full color
spectrum covering the entire visible region (Figure 4b and
Table 2).
Two-component white phosphors were made by mechan-

ically blending a blue-emitting phosphor (e.g., 6) with a yellow-

Table 2. Estimated Band Gaps, Emission Energies and IQY, Emission Color of Cu2I2-Based Compounds, and LUMO Energies
of Organic Ligands Calculated at the Level of B3LYP/6-311++G(3df,3pd)

compounds band gap (eV) λem (nm) emission color CIE IQY (%) decomposition temp. (°C)

0D-Cu2I2(3-pc)4 (1) 2.6 496 blue-green 0.21, 0.40 95.2 ± 1.4 60
0D-Cu2I2(3,5-dm-py)4 (2) 2.8 479 blue 0.17, 0.24 81.5 ± 1.1 60
0D-Cu2I2(3-Cl-py)4 (3) 2.5 530 green 0.38, 0.58 85.6 ± 1.2 50
0D-Cu2I2(tpp)2(3-pc)2 (4) 3.0 455 blue 0.14, 0.15 90.3 ± 0.4 135
0D-Cu2I2(tpp)2(4,6-dm-pm)2 (5) 2.9 465 blue 0.15, 0.17 72.3 ± 0.2 120
1D-Cu2I2(tpp)2(bpp) (6) 2.8 458 blue 0.15, 0.15 91.7 ± 0.5 180
1D-Cu2I2(tpp)2(4,4′-dps) (7) 2.6 532 green-yellow 0.33, 0.54 80.0 ± 1.2 150
1D-Cu2I2(tpp)2(4,4′-bpy) (8) 2.4 540 yellow 0.38, 0.58 76.2 ± 0.9 160
1D-Cu2I2(tpp)2(pz) (10) 2.1 631 red 0.55, 0.30 26.1 ± 0.3 120
1D-Cu2I2(5-me-pm)2 (11) 2.3 570 orange 0.43, 0.53 30.8 ± 0.8 130
2D-Cu2I2(bpe)2 (13) 2.8 494 blue-green 0.20, 0.37 82.3 ± 0.4 170
2D-Cu2I2(3,3′-bpy)2 (14) 2.6 515 green 0.26, 0.50 77.3 ± 0.6 210
2D-Cu2I2(4,4′-dps)2 (15) 2.5 547 yellow 0.40, 0.54 70.8 ± 0.3 160
Two-component white phosphor (17) − 458, 540 white 0.31, 0.36 62.6 ± 0.2 160

Figure 3. Calculated DOS for (a) 8 and (b) 15: total DOS (black); Cu
3d orbitals (light blue); I 5p orbitals (red); N 2p orbitals (blue); P 3p
orbitals (orange); C from N-ligand 2p orbitals (light gray); and C
from tpp 2p orbitals (gray). The maximum of the valence band is set at
0 eV.

Figure 4. (a) Excitation (red, λem = 543 nm) and emission (black, λex
= 455 nm) spectra of 15 compared with emission spectrum of
YAG:Ce3+ (blue, λex = 455 nm). Inset: powder sample of 15 under
natural light (left) and blue light (right, 455 nm). (b) PL spectra of
selected compounds, spanning the whole visible light region. From left
to right: 4, 13, 7, 15, 9, and 10. Inset: coating of these samples on
black substrate, exposed to UV light. λex 360 nm.
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emitting phosphor (e.g., 8). The two compounds have very
similar structures and thus are highly compatible. Depicted in
Figure 5a are the emission spectra of three mixtures with

selected compositions as well as those of pure 6 and 8. The
overall emission profile and white color depend on the relative
amount of the two phosphors. An optimum composition was
found to be 25 wt % of 8 or compound 17. Its IQY, CIE, color
rendering index, and correlated color temperature are 62.6%,
(0.31, 0.36), 73.8, and 4512 K, respectively, representing a well-
balanced white color (Figure 5b and Table S6).
To further evaluate the performance of hybrid phosphors,

LED bulbs were fabricated using the remote phosphor coating
design, where the phosphors were physically separated from the

LED chip. A water-soluble binder (PolyOx N-750) was used for
the phosphor coating. The phosphors were coated on the inner
surface of 25 mm diameter glass globes. Violet (405 nm) or
blue (455 nm) LEDs were used as the excitation source inside
the bulb. A schematic of this system is illustrated in Figure S29.
Figure 5c is the image of the bulbs taken at the working
condition.

■ CONCLUSION
In summary, we have developed a bottom-up precursor
approach to aid in the rational design pathway for the creation
of copper iodide based RE-free hybrid phosphors. This
approach allows integration of three important and targeted
properties in the new hybrid series formed: (a) exceptionally
strong luminescence and high quantum yield as a result of
preservation of highly emissive Cu2I2 module; (b) systematic
optical tunability due to the incorporation of a vast number of
organic ligands; and (c) significantly enhanced framework
stability by means of formation of extended networks. The new
phosphors have a number of apparent advantages in
comparison with commercial phosphors, as they can be
synthesized by low-cost, solution-based, easily scalable, and
fully controllable routes at room temperature. They are totally
free of rare-earth elements, and their emission energy and color
can be systematically and finely tuned. Their high quantum
efficiency (up to 95%) is comparable to that of the commercial
phosphors. This work demonstrates the potential to develop
highly efficient, rare-earth-free phosphor alternatives made of
inexpensive earth abundant elements that are promising for use
in general lighting technologies.
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