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Low-cost and eco-friendly metal hybrid materials with zero-dimensional (OD) structures have recently
attracted increasing attention owing to their excellent optical properties and wide applications. However,
successful examples of 0D structural OIMHs with well-defined dimensions are still quite limited. Here,
plate-shaped copper-based halide hybrids, (DTA),Cu,ls, with 0D structures were successfully prepared
by the employment of long alkyl chain molecules. The crystallization features were characterized by
X-ray diffraction, and further investigated by theoretical simulations. The investigation on the
photophysical properties indicates that OD crystals show a broadband emission peak at ~540 nm with a
high PLQY of 60%, a long lifetime of 1.84 ps and a large Stokes shift of 210 nm under photo-excitation.
The broad emission should be attributed to the self-trapping excitons as determined by the joint
experiment-density functional theory studies. Also, the high optical performance and stability endow
(DTA),Cu,l,4 with the potential for lighting phosphors by fabricating a white light-emitting diode (WLED)
device. Importantly, bright PL at the edge of the plate-shaped crystal was observed, suggesting a typical
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waveguide behavior in a 2D system. These results validate these 2D crystals as promising luminescent
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Introduction

Luminescent organic-inorganic metal hybrids (OIMHs) have
attracted tremendous attention due to their excellent opto-
electronic properties coupled with potential applications in
photovoltaics,'™ light-emitting diodes®® and lasers.”'® Generally,
the optical properties of OIMHs are totally dominated by the
crystal ~structure dimensions, ie., inherent molecular
structures.” ™ For instance, lowering the dimensionality from
three-dimensional (3D) to 2D, 1D or 0D leads excitons to be
confined in the confined inorganic blocks and consequently
facilitates the self-trapping of excitons, giving rise to self-trapped
excitons (STEs). As a result, the broadband photoluminescence
(PL) with large Stokes shifts, near-unity PL quantum efficiencies,
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materials for potential optical communication micro-devices.

zero self-absorption and longer lifetimes is usually observed in
these 0D OIMH compounds.'®>2° On the other hand, the optical
properties of OIMH compounds also rely on the external
morphology such as size, shapes and dimensions. For example,
1D/2D and/or micro-/nano-sized crystals such as wires, rods
and belts have shown unique optical characteristics for
polarized emissions and optical waveguides. To date, research
on OIMH compounds has mainly focused on the preparation
of crystals with different inherent molecular structures.
By comparison, very few studies have been carried out
on the control of the external morphology of OIMH
compounds, probably because of the lack of a suitable
synthesis approach.

Cu-based emitters, as a representative of luminescent
materials, have been widely reported due to their inexpensive
green metal center, excellent optical properties, earth
abundance and nontoxicity.”! In the past decade, the vast majority
of copper hybrid materials reported have been coordination
complexes whose structural stability is relatively poor.>*>*
By contrast, recently, Cu-based 0D OIMH compounds have been
reported by the formation of an ionic complex in copper
hybrid materials, instead of a coordination complex,> which
exhibit high PL quantum yields (PLQYs) and excellent
stability.”®*” Unfortunately, much effort has been mainly devoted
to fabricating bulk OIMH compounds, and no study has been
carried out on the control of their external morphologies.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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After careful analysis of the 0D crystal structure, an obvious
fact is that the crystal structure is entirely dominated by the
assembly of crystal unit cells consisting of organic shells
and a metal halide core. It would be feasible to control the
dimensions of these 0D crystals by tuning the shell molecular
configuration. It has been shown in our recent studies that the
morphology of Sb-based OIMHs is tunable by the employment
of organic cations with long carbon chains. Based on this fact,
the design and synthesis of copper-based OIMHs with different
morphologies should be feasible by the employment of special
organic molecules during crystallization.

Herein, we report a copper-based OIMH, (DTA),Cu,l,, with a
2D plate-shaped morphology, in which isolated tetraiodide ions
(Cu,1,) are surrounded by organic cations (DTA)" to form a 0D
structure. The micro-plates exhibit a broadband emission peak
at about 540 nm, with a PLQY of 60%, and a large Stokes shift of
210 nm. Photophysical studies indicate that the luminescence of
(DTA),Cu,l, should be ascribed to the radiative recombination
of STEs. Importantly, a bright PL at the edge of the plate-shaped
crystal was observed, which suggests a typical characteristic of
waveguide behavior in a 2D system. Thus, the -current
work provides a facile way to develop 0D OIMM-based low-
dimensional photonic strategies.

Results and discussion

(DTA),Cu,l, micro-plate crystals were synthesized through a
simple one-step anti-solvent precipitation approach. Typically,
Cul and DTAI (DTAI:Cul = 1:1, 0.083 M in acetone) were

®Cu @1 ON (C <

Fig. 1
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dissolved in acetone solution and then 200 uL of the obtained
precursor solution was quickly added dropwise into toluene
(8.0 mL) under vigorous stirring at room temperature. The
transparent solution immediately becomes turbid with white
suspended solids exhibiting a bright yellow luminescence
under UV-302 nm irradiation, suggesting the formation of
new products as shown in Fig. 1a. The as-prepared samples
have a plate-shaped morphology with a size of 30 x 8 um?
(length x width), determined from the optical microscopy
photograph shown in Fig. 1b. The cross-sectional scanning
electron microscopy (SEM) image shows that the sample has
a thickness of 1.2 pm as shown in Fig. S2 (ESIf). Energy-
dispersive X-ray spectrometry (EDXS) mappings in Fig. 1c
indicate that Cu and I elements are unambiguously distributed
in the whole micro-plates, suggesting the uniform element
distributions along the micro-plates. The atomic ratio of Cu/I
is determined to be close to 1:1 in Fig. S3 (ESIt). Note that
when the obtained precursor solution with different concentrations
was used, instead of 0.083 M, the samples still show plate-shaped
products with a size of 200 x 25 um?” to 80 x 3.5 um?* as shown
in Fig. S1 (ESIY), suggesting that the size of the micro-plates is
tunable by simply controlling the precursor concentrations.
The SEM test was performed on two samples with different
reaction concentrations (Fig. S4, ESIf). The micro-plate
morphology of these samples with different length-width ratios
can be clearly observed. At low concentrations, they are more
similar to micro-ribbons with a polygon cross-section
rather than micro-rods. With the increase of the concentration,
the length-width ratio of the sample decreases gradually.
The morphology of the (DTA),Cu,l, crystal is affected by the
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(a) The photograph of (DTA),Cu,l4 micro-plate crystals in toluene under light/UV-302 nm. (b) Optical microscopy photograph of the as-prepared

micro-plate crystals. (c) SEM-EDS elemental mapping image of the selected micro-plate crystal (scale bars are 20 pm). The green color is from the Cu
element, and the red color is from the | element crystal (scale bars are 10 pm). (d) Single crystal structure diagram of (DTA),Cu,ls (pink spheres: iodine
atom; brown spheres: copper atom; dark blue spheres: nitrogen atoms; gray spheres: carbon atoms; yellow polyhedral, [Cuylg] tetranuclear
halogenocuprates; hydrogen atoms are hidden for the sake of clarity). (e) Side view of the individual [Cuylg] and two adjacent (DTA)* cations. (f) The
Powder X-ray diffraction pattern of single crystal/micro-pate crystal powders as well as simulation results.

© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 3744-3751 | 3745
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arrangement of organic molecules. This fact is consistent with
the fact that the morphologies of crystals are mainly dependent
on the molecular structures.”® The morphology of the (DTA),
Cu,l, crystal is affected by the arrangement of organic molecules
which is similar to the crystallization of organic crystals.

To characterize the crystal structures of the samples, the
plate-like crystals with sizes on the order of millimeters were
prepared as shown in Fig. S5 (ESIf). The crystal structure of
(DTA),Cu,l, was determined by single-crystal X-ray diffraction
(SXRD) analysis. The product adopts a triclinic space group P1
with the individual tetranuclear halogenocuprates [Cuglg]*™
surrounded by large organic ligands, DTA™ cations, to form a
0D structure at the molecular level (Fig. 1d). Detailed single-
crystal diffraction data are summarized in Tables S1-S3 (ESIT).
This [Cu,lg]*~ presenting a linear arrangement and two crystal-
lographic independent Cu atoms has two kinds of coordination
modes (Cul; and Cul,) (Fig. 1e). The nearest distance between
the two [Cu,lg]*™ was close to 1 nm (8.8 A), leading to an
ignorable intermolecular coupling between [Cu,lg]*” anions.
Therefore, (DTA),Cu,I, forms a real 0D structure at the
molecular level,"* which is different from those copper-based
hybrid materials built on a coordinate. As a result, the 0D
copper-based crystals show excellent thermal stability, even if
saturated at 230 °C as verified by thermogravimetric analysis
(TGA), shown in Fig. S6 (ESIT). The measured powder X-ray
diffraction (PXRD) patterns of the micro-plate/single crystals
are in accordance with the calculated single-crystal data, con-
firming the reliability of the SXRD results.

The structural characterization of 2D plate-shaped (DTA),.
Cu,l, crystals was further revealed by small-angle XRD patterns
of a plate-like single crystal and micro-plates shown in Fig. 2a.
The small-angle XRD patterns of the crystal without grinding
could show its self-assembly structural properties. Obviously,
the single crystal/plate-shaped crystals presented a perfect
layered structural feature of an intense Bragg reflection and
the upper surfaces of the crystals are attributed to the (001)
plane (Fig. 2a). The thickness of the layer was calculated to be
22.83 A according to the XRD measurement results, which is
identical to the distance of adjacent organic molecular layers in
the crystal structure (Fig. 2b). Generally, OIMHs with 3D mor-
phology were observed for the organic molecules with the same
short chain length (alkyl carbon atoms: N(C,)s, a = 1-4).>>?°
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Fig. 2
predicted growth morphology of the (DTA),Cual, crystal.
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Thus, the formation of 2D plate-shaped crystals is completely
dominated by the molecular configuration due to the
employment of DTAI with a long alkyl chain (C,,), which results
in anisotropic growth or assembly induced by van der Waals
forces. To gain further insight into the growth mechanism of
plate-shaped crystals, theoretical simulations of the crystal
morphology were carried out using Materials Studio software.*
According to the calculation results, the (001) face has larger
attachment energy than other crystal faces, showing that
the growth tendency on the (001) face is weaker (Table S4, ESIT).
The simulation results demonstrate the 2D growth trend of
single plate-like crystals and micro-plates controlled by their
layered non-covalent interaction characteristics. It can be seen
from the high-magnification SEM image (Fig. S7, ESIt) that the
morphology of the crystal with typical lattice planes is in good
agreement with the simulation results.

To gain insight into the electronic properties of (DTA),Cu,l,,
we have calculated the electronic structure and density of states
(DOS) using a plane-wave projector-augmented wave imple-
mentation of density functional theory (DFT) in the software
package VASP. We used the generalised gradient form PBE for
the exchange-correlation functional. Fig. 3a shows the results
of the density functional theory (DFT) calculations, which
unravel the presence of direct bandgaps of 2.75 eV between
the valence and conduction bands at I" points in the electronic
structures of (DTA),Cu,l,. Built on the UV-vis diffuse
reflectance spectra of the as-prepared micro-rods, the Tauc
plots indicate that the (direct) bandgap of the crystals is
3.52 eV (Fig. S8, ESIT). As is well known, the DFT calculations
generally underestimate the bandgaps.**> The valence band
and conduction band of (DTA),Cu,l, are nearly flat, indicating
the strong confinement effect for 0D OIMHs.** As shown in
Fig. 3b, the projected density of states (DOS) of the crystals
shows that the valence band of (DTA),Cu,l, is contributed by
Cu 3d and I 5p states, while the conduction band is contributed
by Cu 4s states. Fig. 2c and d show that the charge densities of
the valence band maximum (VBM) and conduction band
minimum (CBM) are mainly distributed within the inorganic
Cu-1 clusters, respectively, indicating a zero -electronic
dimensionality and can explain the high quantum yields found
in experiments. The calculation result is consistent with the
intrinsic structure where two adjacent [Cuylg]*~ are completely

(a) The X-ray diffraction pattern of single crystal and micro-plate crystals. (b) Layered packing structures of the (DTA),Cu,l, crystal. (c) The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Band dispersions along symmetry directions and the (b) Cu s, Cu d and | p contributions to the density of states in (DTA),Cusl4. (c) The charge

density corresponding to the VBM and CBM. The inset of panel (c) also shows the localization of the CBM charge density.

isolated by large organic molecules (DTA"), which results in the
occurrence of emission in the inorganic [Cuylg]*” unit as a
separate luminescence center (see below).

The plate-shaped (DTA),Cu,l, crystals display bright yellow-
green luminescence under UV irradiation (302 nm; Fig. 4a),
which inspired us to study the photophysical properties of the
0D copper-based hybrids. Fig. 4a shows the excitation and
emission spectra; the emission spectrum is mainly dominated
by a broad emission band with a PL peak at 533 nm, and the
peak of the PL excitation spectrum (PLE) is at 320 nm. The
absorption spectra in Fig. S6 (ESIT) exhibit a sharp absorption
peak at 330 nm below the band edge, indicating that the PLE at
320 nm originates from the excitonic absorption of (DTA),.
Cu,l,. The quantum yield was estimated to be about 60% as
shown in Fig. S9 (ESIt). These results, including a large Stokes
shift of about 210 nm, high quantum yield, and broad emission
band with a full width at half-maximum of 180 nm, suggest
that the emission is similar to those of 0D hybrid materials.**"

The peak position and the shape of the excitation/emission
spectra at different wavelengths are almost similar, indicating
that the emission comes from the same excited state,'®> which
further rules out the possibility of defect-related emissions.
To understand the photophysical properties, a time-resolved PL
experiment was conducted at room temperature. As shown in
Fig. 4b, a long single exponential lifetime of 1.84 s is observed,
which is much similar to that of 0D copper-iodide
materials.*®?*” Such a prolonged lifetime at room temperature
combined with a large Stokes shift and excitation/emission
spectra (Fig. 4a) indicates that the broadband emission is
due to a single phosphorescence process arising from the
spin-forbidden transition rather than multiple radiation
mechanisms.*®

To further probe the intrinsic nature of the PL, the
temperature-dependent luminescence properties of (DTA),.
Cu,l, were investigated. Fig. 4c shows the PL spectra in the
temperature range of 80-280 K. Only one broadband emission
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Fig. 4

(a) Excitation and emission spectra of (DTA),Cu,l, at different wavelengths (inset: the photograph of plate-shaped (DTA),Cu,l, single crystals

under UV-302 nm). (b) The PL decay curve of (DTA),Cu,ls (monitored at 530 nm) excited at 320 nm. (c) Temperature-dependent photoluminescence
spectra of (DTA),Cu,l4. (d) Fitting results of the FWHM as a function of temperature. (e) Integrated PL intensity as a function of reciprocal temperature
from 80 to 280 K for (DTA),Cu,l,. (f) Schematic diagram of the photophysical processes in (DTA),Cuslg.
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Fig. 5 (a) Photographs of ball grinding powders of the composites of
Cs3Cuyls and (DTA),Cuyly prepared with different molar ratios under
UV-302 mm. (b) PL spectra of the powder samples. (c) CIE color coordinates
of the powder samples. (d) A typical photograph of the working device with a
high CRI of 85.7 prepared with the powder samples in the molar ratios of
1:238.

is observed, indicating that the self-trapping barrier is low
and the excitons are easily trapped.*® The FWHM broadens
significantly, and simultaneously, the PL intensity increases
monotonously with the decreasing temperature, both of
which suggest that the broad emission does not originate from
multiple radiative mechanisms.>*™*! Fig. 4d shows the plots of
the temperature-dependent integrated PL intensity. The exciton
binding energy (E,) can be derived from the following
Arrhenius eqn (1):
I

Iy, = — EN 1)
1+ 4
+ Aexp (kB T)

where Iy, is the emission intensity at different temperatures (7)
and I, is that at 0 K. A is the proportional coefficient, and kg is
the Boltzmann constant. An E, of 108.4 meV, comparable to
those of low-dimensional hybrid metal halides,*>** is obtained
by fitting the curve in Fig. 3d, which is much larger than that of
conventional 3D perovskite nanocrystals (~ 18 meV).** This large
E, is attributed to its 0D electronic structure where excitons are
strongly confined in individual [Cu,lg]*~ clusters.*® According to
the temperature-dependent FWHM curve in Fig. 4e, the
Huang—Rhys factor (S) can be derived by the following eqn (2):

FWHM(T) = 2.36v/Shopmone{ | coth 200 (5)
2%kpT

where /iophonon is the phonon frequency. The S factor was
derived as 18.17, which is larger than those of many 3D

3748 | Mater. Adv., 2021, 2, 3744-375]
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materials,*¢™*®
soft crystal nature, which is necessary for the STE formation.
Therefore, the broad yellow-green emissions of the (DTA),Cu,l,
single crystals can be ascribed to the radiative recombination of
STEs in a distorted [Cuylg]'”. The photophysical processes in
(DTA),Cu,l, are shown in Fig. 3f.***! Upon photoexcitation, the
electrons are excited from the ground state to the excited state
and simultaneously, a structural deformation takes place, leading
to the formation of STEs with an efficient broad emission with a
large Stokes shift.

Because of its good thermal stability and high PLQY,
(DTA),Cu,l, could be potentially useful as a white-light-
emitting phosphor. Hence, we have prepared a two-
component copper-based phosphor by a simple ball grinding
method. By introducing (DTA),Cu,l, (yellow-green light) in the
Cs3Cu,ls (blue light) composition process, phosphors with
different light under UV-302 nm were successfully prepared
as shown in Fig. 5a. Fig. 4b shows the luminescence spectrum of
those phosphors excited at 310 nm. The CIE color coordinates
corresponding to those phosphors from (0.16, 0.13) to (0.34,
0.44) are marked in Fig. 4c. The phosphor (1:2.8) was used to
prepare  phosphor-converting  white-light-emitting  diodes
(WLEDs) with a commercial LED (310 nm) as the excitation
source. The working device exhibits a bright white light with a
high CRI of 85.7. Excellent stability was observed in this
phosphor when exposed to 302 nm UV irradiation (6 W), as
shown in Fig. S10 (ESIt). After 6 hours, the intensity of the
phosphor can be maintained at 97%. Also, the intensity of the
device can be maintained at 80% after the system had been run
at 20 mA for 400 min (Fig. S11, ESIt).

Significantly, a notably bright PL at the edge of the plate-
shaped crystals was observed, whereas the surface showed no
visualized emissions (Fig. 4a inset and Fig. S12, ESIt). This
phenomenon revealed that the 2D plate-shaped crystals could
transport the PL emission toward the edge of the crystal under
light excitation. Such localization of the out-coupling light
at the edge of each crystal was a typical characteristic of
waveguide behaviour. These results imply that the current
work provides a facile way to develop 0D OIMH-based low-
dimensional photonic systems and their potential application
in photo-communication.

indicating that the (DTA),Cu,l, crystals have a
49,50

Conclusions

In conclusion, we have successfully synthesized a novel lead-
free, plate-shaped (DTA),Cu,l, single crystal with a 0D structure
by the wet chemical method. The formation of plate-shaped
crystals is totally dominated by the chain length of organic
molecules as confirmed by theoretical simulations. As
expected, a highly luminescent green-yellow emission, with a
large Stokes shift of 210 nm and a high PLQY of around 60%,
was observed for the plate-shaped crystals. Experimental and
computational studies reveal that the intrinsic PL nature of the
plate-shaped crystals originates from STEs. Also, the high
optical performance and stability endow (DTA),Cu,l, with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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potential for lighting phosphors by fabricating a white-light-
emitting diode (WLED) device. Importantly, the phenomenon
of optical waveguides was observed for the plate-shaped
crystals, indicating that 0D OIHMs are promising materials
for the construction of future optical communication and
photo-functional micro-devices.

Experimental section
Materials and preparation

Chemicals. Copper(1) iodide (Cul, 99.9%) was purchased
from Alfa. Dodecyl trimethyl ammonium iodide (DTAI, 99%)
was purchased from Sanbang. Acetone (anhydrous) was
purchased from Xilong. All experimental reagents and solvents
were purchased commercially and used as received without
further purification.

Synthesis of micro-plate crystals of (DTA),Cu,l,. Different
size micro-plate crystals were synthesized by the one-step anti-
solution approach. First, different concentrations of precursor
solutions were prepared (DTAI:Cul = 1:1, 0.1667/0.0833/
0.0083 M in acetone). 200 uL of the precursor solution was
quickly added dropwise into 8 mL of toluene under vigorous
stirring at room temperature. The transparent solution
immediately becomes turbid with a white suspended matter
suggesting the formation of micro-plate crystals.

Synthesis of single crystals of (DTA),Cu,l,. DTAI (0. 3553 g,
1 mmol) and Cul (0. 1904 g, 1 mmol) were dissolved in 8 mL of
acetone and exposed to ultra-sound irradiation to obtain a clear
precursor solution sealed in a glass bottle. A light yellow-green
needle-like crystal can be obtained simply and quickly at room
temperature by solvent evaporation.

Synthesis of Cs;Cu,I; powders. The synthesis of Cs;Cu,ls
powders was carried out by the mechanochemical method as
adapted from the literature.”* Stoichiometric amounts of CsI/Cul
powders were mixed inside a nitrogen-filled glovebox and intro-
duced into 50 mL agate ball mill jars with 25 agate beads of 6 mm
in diameter. Then, ball milling was performed with a QM-3SP04
Planetary ball mill from Nanda, at a frequency of 35 Hz for 240 min.

Synthesis of Cs;Cu,l;/(DTA),Cu,l; phosphor powders.
Stoichiometric amounts of CsI/Cul powders were mixed inside
a nitrogen-filled glovebox and introduced into 50 mL agate ball
mill jars with 25 agate beads of 6 mm in diameter. Meanwhile,
the (DTA),Cu,l, crystal was added with different molar ratios
(Cs3Cu,I5:(DTA),Cu,l, 1:1.5 1:2.8). Then, ball milling was
performed with a QM-3SP04 Planetary ball mill from Nanda,
at a frequency of 35 Hz for 240 min.

Fabrication of WLEDs. WLEDs were fabricated using a
commercial UV-310 nm LED chip as the excitation source.
The composites of Cs;Cu,ls and (DTA),Cu,l, prepared in the
molar ratio of 1: 2.8 were mixed with silicone and deposited on
the UV LED chip.

Characterization methods

A single crystal was mounted on a thin glass fiber and trans-
ferred into the cold nitrogen stream of a Bruker APEX-II CCD

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diffractometer. X-ray powder diffraction patterns were obtained
using a Philips PW1830 X-ray diffractometer. The diffraction
patterns were scanned with a step size of 0.026 at room
temperature. Thermogravimetric analysis (TGA) was carried
out with a TA Discovery TGA550 (TA Instruments) equipped with
a continuous nitrogen flow. Measurements were performed
with a ramp of 10 °C min~" from room temperature to 800 °C.
UV-vis spectra were recorded using a Shimadzu U-4100
spectrophotometer. The excitation and emission spectra of the
samples were obtained using an Edinburgh FLS920 spectro-
photometer. PL lifetime decays were acquired using FLS920
steady-state fluorescence spectrometers. The lifetime was
obtained by single-exponential fitting. Temperature-dependent
emission and decay data were collected using an FLS9820
spectrophotometer equipped with a closed-cycle cryostat.
The PLQYs were determined using an integrating sphere
(150 mm in diameter, BaSO, coating) from the FLS920 fluores-
cence spectrophotometer.

DFT method

All calculations were performed by projector-augmented wave
(PAW) implementation of density functional theory within the
Vienna Ab initio Simulation Package (VASP).>*>* The generalized
gradient approximation (GGA) was used for the exchange-
correlation functional.®® Inclusion of the nonlocal, weak van
der Waals (vdW) interactions is necessary to correctly predict
the structural properties. GGA+vdW density functional theory
calculations have been found to give a good estimation of the
lattice parameters. The DFT-D2 method of Grimme was
considered to introduce dispersive interactions within the
system.’® A gamma-point k-point mesh was used for initial
relaxations, while a gamma-centred 4 x 4 x 2 k-point mesh
was used for the calculation of the density of states. In addition,
an energy cutoff of 400 eV was used for the kinetic energy of the
plane waves included in the basis. The lattice parameters and
the internal positions were optimized until the forces on the
atoms were less than 10~ eV A™* to find the minimum energy
structure. The density of states has been broadened by a
Gaussian of 0.1 eV full width at half maximum.
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