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A B S T R A C T

Two new copper bromide based coordination compounds 0D-Cu2Br2(3,5-dimethyl-pyridine)4 (1) and 1D-
Cu2Br2(5-bromo-pyrimidine)2 (2) have been synthesized and structurally characterized. X-ray diffraction ana-
lyses reveal that the inorganic module of both compounds is Cu2Br2 rhomboid dimer coordinated by the organic
ligands. Compound 1 is a zero-dimensional (0D) molecular complex while compound 2 is one-dimensional (1D)
extended structure. Photoluminescence measurement results show that 1 emits green photoluminescence peaked
at 520 nm, with an IQY of 82.4%. Compound 2 emits red photoluminescence peaked at 630 nm, with an IQY of
2.1%. Both compounds exhibit potential as rare-earth metal free lighting phosphor alternatives.

1. Introduction

Inorganic-organic hybrid structures are composed of inorganic and
organic modules blended at the atomic or molecular scale [1–3]. Such
incorporation of both components into one structure at molecular level
not only combines the properties of either component, but also gen-
erates new and interesting properties [4–12]. These types of materials
have been reported several decades ago, however, they have attracted
tremendous attention these days due to their optoelectronic applica-
tions [13–17]. One of the hybrid structural families, the copper halide
based hybrids, have been found to be excellent luminescent materials
that exhibit potential as efficient and rare-earth element (REE) free
light-emitting phosphors, due to the fact that most of the commercial
phosphors contain rare-earth metals, which have potential supply risk
[18–24].

Most of the previous work on copper halide based inorganic–organic
hybrid structures have been focused on copper iodide based structures
[25–27]. Copper bromide and copper chloride based hybrids have been
much less investigated [8,28]. Various inorganic modules have been
found for copper halide based structures, including CuX monomer,
Cu2X2 rhomboid dimer, Cu4X4 cubane tetramer, CuX staircase chain,

etc. Based on previous studies, Cu2X2 rhomboid dimer based structures
generally exhibiting strong photoluminescence [18,28]. The lumines-
cence mechanism of copper halide dimer based structures is reported to
be a combination of metal-to-ligand charge transfer (MLCT) and halide-
to-metal charge transfer (XLCT) as reported for other copper halide
dimer based structures [29–33]. It is worth mentioning that in recent
years, numerous light-emitting all-inorganic copper halides have been
reported, and their emissions are majorly from self-trapped excitons
[34,35]. They can also be lead-free sensitive X-ray scintillators [36].
Though there are numerous reports on luminescence copper halide
hybrids, compounds with high quantum efficiency are still interesting
due to their potential applications as REE free lighting materials. Also
red-light-emitting hybrid compounds are very rare and is worth
studying since they are useful for generating warm white light [22].

Here, we report the synthesis of two new CuBr based in-
organic–organic hybrid structures as new members of copper halide
rhomboid dimer structural family [17,21]. Two organic ligands with
different aromatic ring and substituted groups have been used, and they
are 3,5-dimethyl-pyridine and 5-bromo-pyrimidine, which forms a
zero-dimensional hybrid structure 0D-Cu2Br2(3,5-dimethyl-pyridine)4
(1) and a one-dimensional (1D) hybrid structure 1D-Cu2Br2(5-bromo-
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pyrimidine)2 (2) (Fig. 1a and b). The two hybrid structures have been
characterized by both single crystal and powder X-ray diffraction
methods. Their thermal and optical properties have also been in-
vestigated. Compound 1 exhibits strong green photoluminescence with
an internal quantum yield (IQY) as high as 82.4% under UV light ex-
citation. Compound 2 is a red-light emitter with an IQY of 2.1%.

2. Experimental

2.1. Materials

CuBr (98%, Aladdin), KBr (> 99%, Aladdin), acetonitrile (> 99%,
Aladdin), 3,5-dimethylpyridine (3,5-dm-py, > 98%, Aladdin), 5-bromo-
pyrimidine (5-Br-pm, > 98%, Aladdin).

2.2. General procedure for the synthesis of (1)

Single crystals of 0D-Cu2Br2(3,5-dm-py)4 (1) were acquired by a
layering method. The reactions were conducted in glass vials. The
bottom, middle and top layers were CuBr (0.015 g, 0.1 mmol)/KBr
saturated aqueous solution (2 mL), acetonitrile (2 mL), and ligand
(0.05 g, 0.5 mmol) in ethanol (2 mL), respectively. Rod-shaped crystals
formed in the middle layer 3 days at room temperature. Pure phase
powder samples were obtained by direct mixing of CuBr (0.015 g,
0.1 mmol) in saturated KBr solution (2 mL) with ligand (0.05 g,
0.5 mmol) in ethanol (2 mL). The pure phase powder generally formed
immediately after stirring. The isolated yield is 64% based on Cu.

2.3. General procedure for the synthesis of (2)

1D-Cu2Br2(5-Br-pm)2 was obtained under the same reaction condi-
tions as 1. The bottom, middle and top layers were CuBr (0.015 g,
0.1 mmol)/KBr saturated aqueous solution (2 mL), acetonitrile (2 mL),
and ligand (0.05 g, 0.5 mmol) in ethanol (2 mL), respectively. Red rod-
shaped crystals formed in 5 days. The isolated yield is 43% based on Cu.
Pure phase powder samples were obtained by direct mixing of CuBr

(0.015 g, 0.1 mmol) in saturated KBr solution (2 mL) with ligand
(0.5 mmol) in ethanol (2 mL). The pure phase powder generally formed
immediately after stirring.

2.4. Sample washing and drying

Upon completion of reactions, powder sample of 1 and 2 were
collected by filtration from the reaction solution and washed with a
small amount of acetonitrile for three times. The sample was then dried
in a vacuum oven overnight before other measurements were made.

2.5. Single crystal X-ray diffraction (SXRD)

Single crystal X-ray diffraction data of 1 and 2 were collected on a
Bruker-AXS smart APEX I CCD diffractometer with graphite-mono-
chromated Mo Kα radiation (λ = 0.71073 Å). The structures were
solved by direct methods and refined by full-matrix least-squares on F2

using the Bruker SHELXTL package. The structures were deposited in
the Cambridge Structural Database (CSD), and the file numbers are
1506743 and 1506744. A summary of the crystal data of the two
compounds are given in Table 1.

2.6. Powder X-ray diffraction (PXRD)

PXRD analyses were carried out on a Bruker D8 Advance automated
diffraction system using Cu Kα radiation (λ = 1.5406 Å). The data
were collected at room temperature in a 2θ range of 3–50° with a scan
speed of 1°/min. The operating power was 40 kV/40 mA.

2.7. UV–vis diffuse reflectance spectra

UV–vis diffuse reflectance spectra were measured at room tem-
perature on a Shimadzu UV-3600 UV/VIS/NIR spectrometer. The re-
flectance data were converted to Kubelka–Munk function, α/S=
(1 − R)2/2R (α is absorption coefficient, S is scattering coefficient and
R is reflectance), and used to estimate the band gap. Samples for

Fig. 1. (a) Structure plot of 0D-Cu2Br2(3,5-dimethyl-pyridine)4 (1). (b) Structural plot of 1D-Cu2Br2(5-bromo-pyrimidine)2 (2). cyan balls: Cu atoms; dark yellow: Br
atoms; grey balls: C atoms.; blue balls: N atoms; hydrogen atoms were hidden for clarity. (c) Crystal image of 1. (d) Crystal image of 2. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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reflectance measurements were prepared by evenly distributing ground
powder sample between two quartz slides.

2.8. Thermogravimetric (TG) analysis

TG analyses of the title compounds were performed on a computer-
controlled TG 550 (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.

2.9. DFT calculation

Band structure (BS) and density of states (DOS) calculations were
performed employing density functional theory (DFT). The electronic
properties of ligands were evaluated with density functional theory
(DFT) computations using the Gaussian 09 suite of programs. A hybrid
functional, B3LYP, was used for all calculations. Ligands were opti-
mized using DGDZVP and 6-31 + G* basis sets, respectively [37,38].

2.10. Photoluminescence measurements

Steady-state photoluminescence spectra were obtained at room
temperature on a FLS1000 spectrofluorometer.

2.11. Time-resolved photoluminescence

Time-Resolved Emission data were collected at room temperature
using the FLS1000 spectrofluorometer. The dynamics of emission decay
were monitored by using the FLS1000’s time-correlated single-photon
counting capability (1024 channels; 10 μs window) with data collection
for 10,000 counts. Excitation was provided by an Edinburgh EPL-360
picosecond pulsed diode laser. The lifetime was obtained by mono-ex-
ponential fitting.

2.12. Internal quantum yield measurements

Internal quantum yield (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.

3. Results and discussion

Compound 1 and 2 have been prepared by direct mixing of the
organic ligands with CuBr/KBr saturated solution at room temperature.
Cm-sized rod-shaped single crystals are obtained (Fig. 1c and d). The
ligand has been added in excess to avoid the formation of staircase
chain based hybrid structure. Single crystal X-ray diffraction analysis
reveals that 1 crystallizes in the monoclinic space group C2/c. The in-
organic module of 1 is Cu2Br2 rhomboid dimer. The copper ions co-
ordinate to two bromide ions and two ligand molecules in a tetrahedral
geometry (Fig. 1). Single crystal X-ray diffraction analysis reveals that
compound 2 crystallizes in the orthorhombic space group Pbcn. The
inorganic module in compound 2 is also Cu2Br2 rhomboid dimer. Each
dimer motif has been connected by the bidentate 5-Br-pm ligands,
forming a 1D extended chain. Detailed crystallographic data are sum-
marized in Table S1. The structures of the two compounds are plotted in
Fig. 1a and b. PXRD analyses have been carried out to confirm the
phase purity of compound 1 and 2 (Figures S1 and S2). The peak po-
sitions of observed PXRD patterns are in good agreement with those
simulated from single crystal X-ray data, indicating that pure phases are
obtained. The compositions of the sample prepared were further con-
firmed by elemental analysis (Table S1). Details of the synthesis and
characterization can be found in the Supporting Information.

The decomposition temperature of this compound 1 was estimated
to be 50 °C while the decomposition temperature of this compound 2
was estimated to be 110 °C (Figures S3 and S4). The higher decom-
position temperature for compound 2 is the result of the formation of
extended structures.

The optical absorption spectra of compounds 1 and 2 were in-
vestigated at room temperature and are plotted in Fig. 2a. Both

Table 1
Single crystal X-ray diffraction data of compound 1 and 2.

Compound 1 2

Formula C28H36Br2Cu2N4 C8H6Br4Cu2N4

Fw 715.51 604.87
Space Group C2/c Pbcn
a (Å) 17.823(11) 16.1765(16)
b (Å) 9.271(6) 8.3154(8)
c (Å) 20.329(13) 21.382(2)
α(°) 90.00 90.00
β(°) 114.054(10) 90.00
γ(°) 90.00 90.00
V (Å3) 3068(3) 2876.2(5)
Z 4 8
T (K) 298(2) 298(2)
λ (Å) 0.71073 0.71073
ρ (g∙cm−3) 1.549 2.794
R1

a [I > 2σ(I)] 0.0423 0.0351
wR2

a[I > 2σ(I)] 0.0868 0.0809
R1

a (all data) 0.0908 0.0530
wR2

a (all data) 0.1063 0.0886

a R1 = Σ||Fo| − |Fc||/Σ|Fo|. wR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2.

Fig. 2. (a) UV–vis absorption spectra of 1 (red) and 2 (black). (b) Calculated density of states (DOS) of 1 by DFT method: total DOS (black); Cu 3d orbitals (cyan); Br
4p orbitals (dark yellow); C 2p orbitals (grey); N 2p orbitals (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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compounds appear to be semiconductors with direct band gap. The
estimated energy gaps between the filled and empty orbitals of com-
pounds 1 and 2 are ~2.5 and ~2.1 eV, respectively.

First-principle calculations of the band structure (BS) and density of
states (DOS) of compound 1 were carried out using the CASTEP code
implemented in the Material studio 5.0 package. Generalized gradient
approximations (GGA) with Perdew–Burke–Ernzerhof (PBE) ex-
change–correlation functional (xc) were used in all calculations. The
calculated band gap for compound 1 is 1.536 eV (Figure S5). DOS
analysis results reveal that in both compounds, the energy states in the
valence band maximum region are majorly from the inorganic com-
ponents (Cu 3d and Br 4p atomic orbitals), while in the region of
conduction band minimum, the major contributions are from the or-
ganic components (C and N 2p atomic orbitals) (Fig. 2b). The band gaps
of 1 and 2 may be tuned by altering the halides or the organic ligands.

The organic ligands and pure CuBr emit no noticeable emission
under UV excitation. Single crystals of 1 emit strong bright green light
while compound 2 emits weak red light under UV irradiation (360 nm).
The room temperature emission and excitation spectra are shown in
Fig. 3a and 3b. The green emission peaked at 520 nm of compound 1 at
room temperature has a full width at half-maximum (FWHM) of around
100 nm. The red mission peaked at 630 nm of compound 2 has a FWHM
of around 110 nm. The Commission Internationale de l’Eclairage (CIE)
chromaticity coordinates for compound 1 and 2 is calculated to be
(0.36, 0.54) and (0.50, 0.45), respectively (Fig. 3c).

The ligands have play an important role in the band gaps and lu-
minescence energies of the hybrid structures. We have calculated the
lowest unoccupied molecular orbital (LUMO) energies of the organic
ligands, and found out that the ligand with lower LUMO energy lead to
the formation of hybrid structures of lower band gap and emission
energy. Such phenomenon has been found for copper iodide based
hybrid structures [25].

The room temperature IQYs were measured on a C9920-03 absolute
quantum yield measurement system (Hamamatsu Photonics), and the
values are given in Table 2. The IQYs of compound 1 and 2 are 82.4%
and 2.1%, respectively, at excitation energy of 360 nm. The big IQY
difference of compound 1 and 2 suggests that the structures of the or-
ganic ligands play an important role in the luminescence efficiency of
this type of structures. Typically, organic ligands with electron donating
groups, such as methyl group, would enhance the IQYs of the hybrid
structures. While organic ligands with electron withdrawing groups,
such as halide, would quench the emission of the hybrid structures.

Based on previous studies, this type of hybrid compounds with
higher band gaps exhibit higher IQYs than those with lower band gaps,

which is also in accordance with the energy gap law [39]. Following the
same trend, Compound 1 have higher band gap and IQY compared to
that of compound 2. Based on the equation below:

= τΦ kr

Φ is quantum yield, τ is lifetime, kr is radiative rate constant [40].
The quantum yield is directly proportional to the lifetime. Lumines-
cence decay measurements were carried out and their τ values are 5.9
and 3.1 μs for 1 and 2, respectively, in trend with their deceasing band
gap values as well as their quantum yield values (Figure S6).

Under the photo excitation at the excited energy, the electrons are
excited from the valance bands to the conduction bands, and the ra-
diative recombination of electron and hole result in the luminescence of
the compounds. The DOS pattern indicates the metal-to-ligand charge
transfer (MLCT) luminescence mechanism. Both the band gaps and
emission energies of this type of hybrid metal halides could be sys-
tematically tuned by selecting different organic ligands. The halides
would also influence their optical properties. Their iodide analogues
0D-Cu2I2(3,5-dimethyl-pyridine)4 and 1D-Cu2I2(5-bromo-pyrimidine)2
have been reported and a comparison between their optical properties
have been conducted [17]. The band gaps and emission maximum of
0D-Cu2I2(3,5-dimethyl-pyridine)4 are 2.8 eV and 479 nm. Both the
band gaps and emission ranges of the bromide compounds show a red-
shift compared to those of the iodide analogues.

Compound 1 shows good photostability. Shining the sample of 1
with UV light for 7 days would not change the structure of the sample as
confirmed by the PXRD analyses (Figure S1). Most of previously re-
ported copper bromide based compounds show relatively lower IQY
compared to copper iodide based compounds [28]. Such a high IQY for
1 indicates the potential of copper bromide based hybrid structures as
light-emitting materials.

4. Conclusions

In summary, we have synthesized and characterized two copper
bromide rhomboid dimer based inorganic–organic hybrid structures 1
and 2. Compound 1 is a strong green light emitter, with an IQY of
82.4%. Compound 2 is a weak red light emitter, with an IQY of 2.1%.
Both compounds show potential as rare-earth free lighting phosphor
alternatives.
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Fig. 3. (a) Excitation (red) and emission spectra (black) of 1. (b) Excitation (red) and emission spectra (black) of 2. λex = 360 nm, λ1em = 520 nm, λ2em = 630 nm.
(c) CIE coordinates of 1 (circle) and 2 (triangle). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 2
Summary of Photophysical Properties of 1 and 2.

# Band gap (eV) λex (nm) Emission color λem (nm) IQY (%) Lifetime (μs) CIE LUMO (eV)

1 2.5 360 Green 520 82.4 (±0.4) 5.9 (0.36, 0.54) −1.04
2 2.1 360 Red 630 2.1 (± 0.3) 3.1 (0.50, 0.45) −1.97
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