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A new strategy of improving the stability of organic—inorganic hybrid materials by increasing the charge of
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method, we have designed and synthesized a series of ionic copper iodide hybrid structures with signifi-
cantly improved stability and excellent photo/radio-luminescence, showing potential as new solid-state
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Introduction

Organic metal halides are a class of functional materials
which have attracted significant attention due to their excellent
optoelectronic properties." '° These materials typically possess
the following characteristics: (1) adjustable bandgap: by chan-
ging the size and properties of halogen ions or organic
cations, the bandgap of the materials can be precisely con-
trolled to meet different application requirements;'*™® (2)
high photoelectric conversion efficiency: some organic metal
halides exhibit very high photoelectric conversion efficiency,
making them particularly attractive in the field of solar
cells;"**® (3) low manufacturing cost: this type of materials can
be prepared by solution processing method which is more
economical and facile compared to the process of other tra-
ditional inorganic semiconductor materials.’®® However,
despite their enormous application prospects in technologies
such as photovoltaics and solid-state lighting, stability is one
of the main obstacles limiting their commercialization.
Water, oxygen, and temperature changes in the environment
can all lead to the decomposition of these materials and the
decrease in the performance, especially under long-term use
conditions.>*?* To address this issue, researchers are exploring
various strategies to improve the stability of organic metal
halide materials, including: improve packaging technology,
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lighting phosphors and X-ray scintillators.

doping and interface engineering, defect management, adopt-
ing new device architectures, etc.>>>” Among them, designing
new and stable structures is the most direct and fundamental
solution for the development of better-performing opto-
electronic devices.*®™*

Previous studies show that ionic metal halide hybrids
exhibit higher stability than neutral structures, due to stronger
ionic bonds compared to metal-ligand coordinative
bonds.***® The strength of ionic bonds is directly related to
the number of charges: the larger the magnitude of the
charges of the ions, the stronger the electrostatic attraction
between them. Thus, larger charges mean stronger ionic
bonding. Therefore, by increasing the charge of organic
species in the hybrid structures, the stability of whole hybrid
compounds can be effectively enhanced. Most reported ionic
metal halides have organic ligands with one positive charge.’
Organic ligands with two positive charges are scarce and
difficult to prepare, resulting in limited systematic research on
such hybrid materials based on these organics. Designing and
synthesizing organic ligands with higher charge numbers, and
studying how these high charge organics affect the properties
of the final hybrid materials will be an efficient route for the
development of stable functional metal halide hybrids. Due to
the significant challenges in the synthesis of multi charged
organic ligands, it requires the development of new synthesis
strategies and methodologies.

Here, we propose a facile method for preparing organic
ligands with two positive charges. We used triethylenediamine
(ted) as the parent structure, and made modification based on
it. Ted has two nitrogen atoms and we performed alkylation
reactions on both nitrogen atoms to prepare a series of ted
derivatives with two positive charges. A wide range of haloge-
nated hydrocarbons can be used for the synthesis. By reacting

Inorg. Chem. Front.,, 2024, 1, 7399-7406 | 7399


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0001-9418-3976
http://orcid.org/0000-0002-8543-1605
http://orcid.org/0000-0002-0797-6036
https://doi.org/10.1039/d4qi02068e
https://doi.org/10.1039/d4qi02068e
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qi02068e&domain=pdf&date_stamp=2024-10-16
https://doi.org/10.1039/d4qi02068e
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI011021

Published on 21 September 2024. Downloaded on 8/23/2025 8:31:25 AM.

Research Article

these ted derivatives with copper iodide, a new ionic material
structure system with zero-dimensional copper iodine discrete
clusters as inorganic functional units can be systematically pre-
pared. The synthesized copper halide hybrid structures exhibit
both photo- and radio-luminescence and superior stability.

Results and discussion

In this work, three “R-ted-R” (R = alkyl group) organic ligands
were successfully synthesized, denoted as L,, L, and L; respect-
ively. The synthetic route of the ligands is shown in Fig. S1,f
showing that the ligands are ted derivatives substituted by two
n-propyl, n-butyl, and n-pentyl groups, respectively. The
ligands were obtained by a facile process, in which ted was
mixed with the corresponding bromoalkane in acetonitrile
solution and the mixture was stirred for two days. More infor-
mation about the preparation process is provided in Table S1.f
The successful syntheses and high purity of the ligands were
verified by mass spectrometry (MS) and nuclear magnetic reso-
nance hydrogen spectroscopy (‘"H-NMR) (Fig. S2-S4, respect-
ively). Their abbreviations are Pr-ted-Pr, Bu-ted-Bu, and Pen-
ted-Pen respectively, and the specific structures of the ligands
have been drawn in Fig. S2-54.F

The obtained ligands were reacted with cuprous iodide by a
slow diffusion method, and crystals of three new Cul-based
hybrids were synthesized, which were named as compounds 1,
2 and 3, respectively. The transparent rod-like crystals of 1-3
were obtained, which emit yellow light under ultraviolet
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irradiation (Fig. 1la-c). The transparent crystals are typically
suitable for single-crystal X-ray diffraction (SCXRD) analysis
and their crystal structures are determined. Specifically, the
structure of compound 1 consists of inorganic modules of one
Cu,lg*™ and three Cul,’", and six Pr-ted-Pr organic ligands
(Fig. 1d). The structure of compound 2 composed of one
Cu;ls>~ module and one Bu-ted-Bu ligand (Fig. 1e). While
compound 3 possesses four Cu;lg>~ inorganic modules and six
Pen-ted-Pen organic ligands (Fig. 1f). The main bond angles
and bond lengths data for compounds 1-3 are summarized in
Tables S6-11,f respectively. The views of the single-crystal
structure of the inorganic modules in compounds 1-3 from
different directions are displayed in Fig. 1g-i, respectively. The
phase purity of the compounds was studied by powder X-ray
diffraction (PXRD). As shown in Fig. 1j-1 respectively, all the
simulated SCXRD patterns are in good concordance with the
corresponding experimental PXRD patterns, indicating that
correct structures are exactly figured out and pure phase
samples have been prepared. Important -crystallographic
data of compounds 1-3 are summarized in Table S2,}
and the structures were deposited in The Cambridge
Crystallographic Data Centre (CCDC) with deposition numbers
of 2368508-23685010, respectively. XPS survey spectra and the
Cu 2p, N 1s and I 3d high-resolution XPS spectra of compounds
1-3 are provided in Fig. S5.f The survey spectra illustrate the
coexistence of C, N, I, and Cu elements in compounds 1-3. The
distinguished XPS peaks of Cu 2p at 933.0 and 952.9 eV corres-
pond to the signal of monovalent Cu(1), implying the negligible
oxidation of Cu(i) during the sample synthesis process.?”
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Fig. 1 (a—c) Microscope images of crystals under 365 nm UV light excitation (insets are under transmitted white light), (d—f) schematic diagrams of
crystal structure and (g—i) inorganic module views, and (j—1) simulated XRD and experimental PXRD patterns of compound 1, 2 and 3, respectively
(one HzO" in compound 1, one K* and three CHzOH in compound 2 are omitted for consistency of the structural formula).
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The optical absorption spectra of 1-3 were collected at room
temperature and their band gaps are estimated from the optical
absorption data by Tauc method. As shown in Fig. S6,} their
band gaps are at about 3.3 eV with absorption edges around
400 nm, which are consistent with their cut-off wavelength of
the excitation spectra in Fig. 2a-c. Compound 1 has no absorp-
tion in the visible light region, which is consistent with its
nature of colorless transparent crystal under natural light.
While compounds 2 and 3 have blue light absorption in the
visible region, resulting in their appearance of yellowish color
under natural light. The room-temperature photoluminescence
excitation (PLE) and emission (PL) spectra of 1-3 are collected
and displayed in Fig. 2. As can be seen, compounds 1-3 exhibit
the similar PLE and PL spectra with maxima at around PLE,, .«
= 330 nm and PL,,,, = 580 nm, respectively (see details in
Table S3t). Their Stokes shifts are around 250 nm (Table S37).
Such a large Stokes shift could prevent self-absorption, making
compounds 1-3 well suited as light-emitting materials.*®**°

The Commission Internationale de I’Eclairage (CIE) chroma-
ticity coordinates are calculated for compounds 1-3 based on
their emission spectra, which are listed in Fig. S7.t It’s worth
noting that, the coordinate of compound 3 (578 nm) at (0.454,
0.510) is close to that of the standard yellow light (575 nm) at
(0.479, 0.520). The excitation-dependent PL measurements of
compounds 1-3 were investigated and the spectra are displayed
in Fig. S8.f As can be seen, though the emission intensities
change with the excited energies, the emission ranges and
shapes remain the same, indicating that the emission belongs to
the single radiative transition mechanism. The luminescence life-
time decay curve of compounds 1-3 at room temperature is
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shown in Fig. 2, which was well obtained by double exponential
fitting, indicating that different luminescence processes exist in
these hybrid materials. The lifetimes of compounds 1-3 are con-
centrated in the long lifetime range of 0.8-2.5 ps (see Fig. 2 for
details), indicating their nature of phosphorescent emission. For
their luminescence mechanism, as the cuprous iodide clusters
and the organic ligands in these compounds are discrete without
the connection of covalent bonds, according to the literature,**
the organic-ligand-related excited states such as halogen-to-
ligand charge transfer (XLCT) or metal-to-ligand charge transfer
(MLCT) would be eliminated and the origin of emission could be
clearly assigned to the cuprous iodide clusters. Thus, the emis-
sion band should be assigned to a triplet “cluster-centered” (*CC)
excited state, which has mixed iodide-to-metal charge transfer
(*XMCT) and metal-centered transfer (*MC: d*® — d°S'Cu).*! The
photoluminescent quantum yields (PLQYs) of these compounds
are around 60% (Fig. S9f), which are higher than many other
luminescent organic-inorganic hybrid materials.

Thermal stability of the ionic structured compounds 1-3
has been estimated by TG analysis as shown in Fig. 3a—c. The
decomposition temperatures (7p) of all structures are higher
than 215 °C, which is high among Cul-based organic-in-
organic hybrids.”***> The compounds exhibit a distinct
decomposition process with first weight loss of organic ligand
at around 220-400 °C and then weight loss of copper iodide
over 500 °C. With superior thermal stability, compounds 1-3
maintain their emissive intensity after heating at 100 °C in air
for 24 h (Fig. 3e and f). These tests adequately demonstrate
that the unique ionic structure brings extraordinary stability to
compounds 1-3.
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Fig. 2 (a—c) Photoluminescence excitation spectra (dashed line) and emission spectra (solid line), and (d—-f) fluorescence lifetime decay curves and

their bi-exponential fit curves of compounds 1-3 at room temperature.
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Fig. 3 (a—c) TG and DTG (inset) curves of compounds 1-3. (d—f) Emission intensities of compounds 1-3 in fresh state and after heating at 100 °C

in air for 24 hours.

Compound 3 is selected for the fabrication of lighting
devices to evaluate its suitability as lighting phosphors. Due to
the lack of blue light emission, a commercial blue-emitting
phosphor BAM (BaMgAl;,0,,:Eu) is employed to mix with
compound 3 to obtain the white light emitting phosphor.
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Different mass ratios of the two compounds (BAM : compound
3) were adopted, and a white light-emitting phosphor was
obtained at the mixed ratio of 1:25 according to the PL
spectra and CIE coordinates (Fig. 4a and b). Specifically, the
CIE coordinate of the mixed phosphor with ratio of 1:25
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Fig. 4 (a) Normalized PL emission spectra (lex = 365 nm) of the mixed p|

0.8

06 07

hosphors of BAM with compound 3. (b) Emission spectra of WLED bulb at

ratio of 1: 25 at different currents, inset is the photograph of WLED bulb when energized. (c) CIE coordinate plots of the mixed phosphors of com-

pound 3 and BAM.
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(0.32, 0.33) is close to that of pure white light (0.33, 0.33). By
encapsulating the mixture of white light-emitting phosphor
and UV curing adhesive on a 365 nm UV light-emitting diode
(LED) chip, the white LED (WLED) bulb was prepared (inset in
Fig. 4c). The emission spectra of the WLED under different
currents are obtained, as shown in Fig. 4c. The emission inten-
sity of the WLED gradually increases with the increase of input
current. As the shape of the emission spectra barely changes,
the CIE coordinates, color rendering index (CRI) and the corre-
lated color temperature (CCT) are maintained at around (0.33,
0.39), 85 and 5220 K, respectively. It can be seen that the
WLED has high CRI and good color stability, confirming that
compound 3 is a promising LED phosphor alternative. More
comparison of WLED performance of compound 3 with other
similar luminescent materials is listed in Table S4.F
Compounds 1-3 are soluble in common organic solvents,
such as DMF, DMSO, etc., at room temperature, demonstrating

(a) 10*
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their superior solution processability. No luminescence has
been observed for the dissolved solution. The sample could be
recrystallized by volatilization of the solution, and after it dried
out, the luminescent of the samples could be recovered. As
shown in the inset of Fig. S7,} a thin film of compound 3 has
been prepared by drop-casting 3@DMF solution on a glass
substrate, showing a strong yellow emission under UV light.
More importantly, compounds 1-3 have potential applications
in X-ray detection and imaging. It is well known that the
ability to capture internal structures and details invisible to
the naked eye makes X-ray imaging an invaluable tool for
diverse applications.*>*’

The X-ray absorption coefficients of compounds 1-3 and
commercial scintillators BGO (Bi,Ge;0;,) were calculated over
a wide photon energy range in the XCOM: Photon Cross
Sections Database (https:/www.nist.gov/pml/xcom-photon-
cross-sections-database). As shown in Fig. 5a, the X-ray absorp-
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Fig. 5 (a) Functional relationship between the absorption coefficient and photon energy of compounds 1-3 and BGO scintillators. (b) Calculated
X-ray attenuation efficiencies of compounds 1-3 and BGO as a function of scintillator thickness. (c) RL spectra of BGO and compounds 1-3. (d)
Comparison of light yields between compounds 1-3 and BGO. (e) Recorded SNR values of compound 3 as a function of dose rate. The detection
limit can be defined as the value at the SNR is 3. (f) X-ray image of 3@PDMS flexible film attaching a capsule containing a spring, inset is the optical
image of 3@PDMS flexible film before X-ray exposure. (g) X-ray tolerance of compound 3 against repeated X-ray irradiation (dose rate: 705 pGy,;

s7%, with an interval of 30 s).
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tion coefficients of compounds 1-3 are higher than commer-
cial scintillators in the medical digital radiography region of
40-60 keV and at the characteristic peak of tungsten target
X-ray source of 8 keV.*' Fig. 5b shows the X-ray attenuation
efficiency of compounds 1-3 and BGO as a function of thick-
ness at an X-ray photon energy of 8 keV, which are near 100%
at a thickness of 1 mm and calculated to be 98.4%, 98.8%,
98.2% and 98.2% respectively. Further, radioluminescence
(RL) spectra of compounds 1-3 were estimated in comparison
with commercial X-ray scintillator BGO. As shown in Fig. 5c,
both the emission intensities of compound 2 and 3 are stron-
ger than that of BGO. Stead-state X-ray-to-light conversion
efficiencies are quantified as X-ray light yield based on a refer-
ence value of BGO (10 000 photons per MeV), and are calcu-
lated by the RL spectra integrated area and the X-ray attenu-
ation efficiency. The relative X-ray light yield of compounds
1-3 are estimated to be 3209, 16 007 and 17 508 photons per
MeV respectively (Fig. 5d).**>! The light yield of compound 3
is about 1.7 times that of commercial BGO, indicating its great
application prospect as X-ray scintillators.

To demonstrate their application for X-ray imaging, com-
pound 3 was chosen to carry out the application tests of X-ray
imaging. The radioluminescence (RL) spectra of compound 3
were tested at different X-ray dose rates. As shown in Fig. S10,}
the emission intensity increases linearly with the increase of
dose rate, and the dose rate-SNR (signal-to-noise ratio) linear
curve of the sample was obtained from it by linear fitting, as
shown in Fig. 5e. The detection limit of compound 3 is calcu-
lated to be 1.14 pGy,; s~ under a SNR of 3, which is approxi-
mately 4 times lower than the standard dose for medical X-ray
examinations (5.5 uGyair s~').>> The comparison of X-ray scintil-
lator performance of compound 3 with some similar materials
is listed in Table S5.1 Additionally, the high robustness of com-
pound 3 to X-ray irradiation was demonstrated, as no noticeable
decline was observed during repeated X-ray irradiation
(705 pGyair s°') at 30-second intervals for 100 on-off cycles
(Fig. 3g). The above results demonstrate that the compound 3
has excellent chemical stability and low detection limit, mani-
festing an ideal scintillator material for X-ray imaging. Flexible
scintillator screens can be fabricated by combining the high-
performance compound 3 with rubber-like, soft, and deform-
able polydimethylsiloxane (PDMS), as illustrated in the inset of
Fig. 5f. Specifically, compound 3 and PDMS were mixed uni-
formly and then dropped on the glass substrate, and then a
thin film with uniform thickness was prepared by spin coating.
The spin-coated films can be peeled off the glass substrate after
curing at 120 °C overnight. As shown in Fig. 5f, a capsule con-
taining a spring was placed in front of the film and a clear
spring image was displayed under X-ray irradiation, indicating
its good application prospect of X-ray imaging.

Conclusions

In summary, a series of ionic copper iodide structures with
discrete inorganic function motifs have been designed and

7404 | Inorg. Chem. Front., 2024, 11, 7399-7406
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synthesized, displaying the features of high luminescence and
improved stability. Benefiting from the unique doubly charged
ionic ligands structure, compounds 1-3 possess excellent
stability with decomposition temperature above 215 °C. The
WLED based on compound 3 also has good stability under
varied currents with a high color rendering index of 85,
demonstrating its great application prospect in the field of
solid state lighting. In addition, their applications in X-ray
scintillators have also been investigated. Compound 3 was
found to have low detection limit and good stability under
X-ray irradiation, which was selected to fabricate the film. A
clear image can be seen under X-ray irradiation, demonstrating
that the 3@PDMS scintillator screen have great application
prospect in flexible X-ray detection fields.
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