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Scintillation-based X-ray detection has been widely used in various fields from medical diagnostics to
security. In this study, we report four new Cul-based hybrid materials consisting of anionic inorganic
chains coordinated to cationic ligands. Due to their unique bonding nature, these compounds
high stability, photoluminescence  with
photoluminescence quantum yields (PLQYs) reaching ~85%. Their X-ray scintillation properties are

demonstrate solution processability, and efficient

characterized by high light yield comparable to that of commercially available scintillators, an excellent
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Accepted 18th Novemnber 2024 linear response to the X-ray dose rate, a low detection limit, and radio-robustness. In addition, the
emission mechanisms and structure—property relationships are also analyzed using both experimental
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and theoretical methods. These findings suggest possibilities for developing new and high-performance
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Introduction

Copper() halide based hybrid materials have garnered
increasing interest due to their remarkable structural diversi-
ties, excellent luminescence properties, facile synthesis, and
non-toxic nature.”” Recent studies have demonstrated the
substantial promise of these materials in photoluminescence
(PL) related applications, such as light-emitting diodes
(LEDs),*” luminescent solar concentrators (LSCs),* and X-ray
scintillators.”*® Comprising both organic and organic compo-
nents, these hybrid materials combine the advantages of each,
thus allowing for fine-tuning of their properties by varying the
components. Intriguingly, the inorganic/organic interactions
often lead to synergistic features that are extrinsic to both
components.****

Based on the bonding nature between the inorganic and
organic motifs, CuX-based hybrid structures can be classified
into three subgroups. Subgroup 1 (or Type-I) compounds
consist of charge neutral organic and inorganic components
that are connected via coordinate/dative bonds only;***
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subgroup 2 (or Type-II) compounds are characterized by
cationic organic and anionic inorganic motifs that form pure
ionic bonds;''® subgroup 3 (or Type-IlI) compounds are
essentially a combination of Type-I and Type-II structures and
they are also referred to as All-In-One (AIO) structures.'’>°
Different from Type-I and Type-II compounds, they are made of
anionic inorganic motifs (Cu,l,.,)"  and cationic organic
ligands (L") that are further coordinated by dative bonds. The
unique bonding characteristics of AIO compounds provide
them with intriguing properties and are of particular interest.
By integrating both dative bonds (as seen in Subgroup 1) and
ionic bonds (as seen in Subgroup 2) at the organic/inorganic
interfaces, the resulting AIO compounds inherit beneficial
features not only from both components but also from both
types of bonds, including structural/optical tunability, strong
luminescence, and high solubility and stability.>*>* These
desirable features provide the AIO compounds with signifi-
cantly broadened applicability that would be difficult to achieve
by either subgroup alone.

Scintillators, which emit low-energy visible photons in
response to ionizing radiation such as X-rays, have received
extensive attention recently due to their potential in radiation
detection for security inspection, medical imaging, and X-ray
astronomy.>*” While various types of materials have been
exploited, many still face significant limitations, making the
search for low-cost and efficient scintillation materials a matter
of great scientific and practical importance.”® Inspiration comes
from the AIO compounds. These compounds consist of anionic
(Cu,pLyen)”” modules that are coordinated to cationic ligands.
With the presence of heavy atoms such as Cu and particularly I

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(z= 53 for iodine; Z = 29 for copper) in these compounds,® they
possess high effective atomic numbers that would ensure
strong X-ray stopping power (eqn (S1) and (S2)t); additionally,
AIO compounds often demonstrate intense photo-
luminescence, which is advantageous for the efficient conver-
sion of X-ray to visible light (eqn (S3)1);* their excellent
framework stability and solution processibility also allow for
a simple and low-cost fabrication process.

To validate our hypothesis, we designed and synthesized
four new AIO compounds made of 1D (one-dimensional)
[Cuyle],”" anion chains coordinated with cationic ligands. All
compounds demonstrate strong photoluminescence (PL) in the
low-energy yellow-orange region (560-610 nm) with the highest
PLQY reaching 85%. The emission mechanisms were studied by
both theoretical and experimental methods. With the decom-
position temperature exceeding 220 °C, all compounds are
stable towards heat and moisture. All four compounds exhibit
high radioluminescence (RL), similar to their PL, along with
excellent linearity, low detection limit and robust radio stability.
Our findings indicate that AIO compounds hold great promise
as efficient and low-cost scintillation materials.

Results and discussion
Structural description

To obtain AIO structures, the ligands were designed to contain
both available coordination sites to ensure the formation of
dative bonds with Cu atoms, and cationic centers to introduce
ionic interactions.'”** Using benzotriazole and 3-quinuclidinol
as building blocks, two new cationic ligands were synthesized
by a two-step process. The molecular structures of these ligands
are shown in Fig. S1 and S2,7 along with "H NMR confirming
their purity. Layered diffusion reactions of the ligands with
copper(r) iodide resulted in high-quality single crystals suitable

Fig. 1
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for single-crystal X-ray analysis of four new AIO hybrid
compounds. As depicted in Fig. 1 and S6,t all four compounds
consist of the same 1D anionic [Cuylg],>" chains that are
directly coordinated to the cationic ligands via Cu-N bonds,
forming overall charge-neutral structures. Important crystallo-
graphic data are summarized in Table S1.t}

In all structures, Cu atoms are tetrahedrally coordinated to
three I atoms and one N atom from the ligands, while all I atoms
are bridging to two Cu atoms. The two free binding sites of each
ligand are both involved in the coordination, forming a five-
member ring with two Cu atoms and a bridging I atom. Such
a coordination mode has proven to effectively suppress the
molecular motions of ligands such as rotations and vibrations,
thereby limiting non-radiative decays.”*** The Cu-N bond
lengths in all compounds range from 2.0-2.2 A, consistent with
the previously reported structures with Cu-N bonds.**"**

Interestingly, polymorphs with the exact same ligands but
different ligand arrangements can be obtained by modifying
synthesis conditions. For example, in compound 1 the ligands
are arranged in a “C” manner (alkyl chains of the ligands on
opposite sides are pointed in the same direction when viewed
along the chain direction). In compound 2, however, the same
ligands adopt a “Z” configuration, with their alkyl chains
pointing in opposite directions (Fig. 1b and c). A similar
phenomenon was observed in compounds 3 (“C” configuration)
and 4 (“Z” configuration) as well (Fig. 1d and e). Such structural
differences may be attributed to the H-bond induced structure
directing effect in different solvent systems. Such subtle
changes in ligand arrangement also induce variations in
structural torsion and inter-chain interactions. The two tetra-
hedral parameters of Ad (bond distance deviation) and Af
(bond angle deviations) are calculated according to eqn (S4) and
(S5), and are used to quantify the structural deviations of
{CulI;N} tetrahedral geometry in bond length and bond angle,

okt

Normalized Intensity (a. u.)

N 20 (deg)

(a) Schematic showing the construction of 1D-chain AlO structures. Crystal structures of compounds (b) 1, (c) 2, (d) 3 and (e) 4. Color

scheme: cyan: Cu; purple: I; gray: C; blue: N; red: O. AllH atoms, disorders, and solvated molecules are omitted for clarity. (f) PXRD patterns of all
four compounds. From bottom to top: simulated 1, as made 1; simulated 2, as made 2; simulated 3, as made 3; simulated 4, and as made 4.
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Table 1 Important structural parameters of compounds 1-4“

# Ad (x1077) Af (x1077) 0 (°) d (&)
1 9.937 4.111 11.9 3.37
2 9.737 1.410 19.7 3.35
3 9.673 1.104 23.2 3.31
4 9.722 2.425 21.4 3.37

% Ad: bond distance deviation; Af: bond angle deviation; 6:
displacement angle; d: vertical distance.

respectively.**** As shown in Table 1, no obvious difference is
observed in Ad. Whereas a more distinct difference of Af
indicates varying degrees of structural torsion and the Jahn-
Teller effect within the structure backbones.*® For the inter-
chain interactions, as shown in Fig. S6,f m-m interactions
were observed between two adjacent N-heterocyclic rings from
different chains, with their displacement angles (6) of 12-23°
and vertical distances (d) of 3.31-3.37 A. These numbers are well
within the range of strong -7 interactions.

DFT calculations

To gain insights into the electronic structures, the projected
density of states (PDOS) of all title compounds was calculated
using the VASP.*” The calculation details can be found in the
experimental section. As depicted in Fig. 2, S7 and S8,f all
compounds share similar features. While the atomic states that
contribute to the valence band maximum (VBM) are mostly
from inorganic components (Cu 3d and I 5p orbitals), their
conduction band minimum (CBM) is primarily made of C 2p
and N 2p orbitals from the cationic ligands. The ligand contri-
butions are dominated by the aromatic 7 systems. Therefore,
the emissions of all compounds are largely associated with the
excited states generated from the (metal/halide)-to-ligand
charge transfer [(M + X)LCT] process.***

Interestingly, the influence of the ligand arrangement on
their electronic structures has been successfully captured by our
calculations. While the VBMs of all title compounds demon-
strate negligible differences, their CBMs, despite being
composed of the same ligands (in 1 &2 and 3 & 4), show distinct
characteristics due to the different arrangements of the ligands
(Fig. 2, S7 and S871). In compound 1, the stronger inter-chain 7
T interaction results in bonding characters between the LUMOs
of the isolated ligands, and therefore, a slightly lower energy
level of its CBM. However, in compound 2, the interaction is
relatively weaker, giving less -7 bonding feature of the CBM
with the energy level closer to the LUMO energy of the isolate
ligands. As a result, 2 demonstrates a slightly larger band gap
compared to compound 1, which are constructed of the exact
same ligands.

Photophysical study

Photoluminescence and diffuse reflectance spectroscopic
measurements of all title compounds were conducted at room
temperature to investigate their photophysical properties. Upon
excitation, all compounds demonstrated intense

108 | Chem. Sci,, 2025, 16, 106-1114
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Fig.2 Calculated projected density of states (PDOS) of compounds (a)
1 and (b) 2. Color scheme: yellow: Cu 3d; purple: | 5p; blue: N 2p;
black: C 2p. (c) The wave functions of the VBM (left) and CBM (right) of
compound 1.

photoluminescence, with their emission peak wavelength
ranging from 560 to 610 nm. Their emission colors varied from
yellow with Commission International del'Eclairage (CIE) color
coordinates (x, y) of (0.44, 0.54) to orange with CIE coordinates
of (0.55, 0.44). Broad-band emission profiles were observed for
all compounds, with full-width at half-maximum (FWHM)
values of approximately 130 nm. This indicates the charge
transfer characteristics of their excited states, aligning well with
our calculation results and has been observed for many Cul-L
based hybrid materials.*>** As depicted in Fig. 3c and S9,} along
with the excitation wavelength changes, only the changes in
emission intensities were observed, while their emission peaks
and shapes remained consistent, implying that their emissions
originate from a single excitation process. The photo-
luminescence quantum yields (PLQYs) of all compounds were
determined at room temperature (Fig. $10-S13}) under 360 nm
excitation, with the highest value of 84.8% of compound 1, as
listed in Table 2. To quantitatively assess their emission effi-
ciencies, total radiative rates (k) and non-radiative decay rates
(knr) were estimated based on eqn (1) and (2), where 7py, is the
PLQY value and 7py, is the average PL lifetime.

npL = kr/(kr + knr) (1)

TpL = 1/(kr + knr) (2)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(@) Normalized PL excitation (PLE, dashed) and PL (solid) spectra and (b) color chromaticity of all titte compounds. (c) Excitation-

dependent PL spectra of compound 1. (d) Optical absorption spectra and (e) TG plots of all title compounds.

Table 2 Important photophysical properties of compounds 1-4¢

# B.G.(€V) Aem(nm) CIE PLQY® (%)  Lifetime (us) k. (x10*s™")  kn (x10*s™%)  Tp? (°C)  Solubility® (mg mL ™)
1 2.5 590 (0.50, 0.48) 84.8 6.15 13.8 2.47 220 80

2 2.6 560 (0.45, 0.53) 67.0 6.54 10.2 5.05 240 60

3 2.5 555 (0.44, 0.54) 66.2 5.07 13.1 6.67 235 90

4 2.6 610 (0.55, 0.44) 71.3 6.46 11.0 4.44 250 100

“ Jex = 360 nm. ¥ T4: decomposition temperature. ¢ Test in DMSO at room temperature.

While the k; of all compounds show subtle differences, the
trend of these values (3 > 2 > 4 > 1) correlates well with the
degree of their overall bond angle deviations Af (3 <2 <4 <1),
implying that the structure torsions induced by differently
arranged ligands are responsible for the suppression of non-
radiative decay, and thereby leading to higher PLQY.

The optical absorption spectra of all compounds were
collected at room temperature using diffuse reflectance spec-
troscopy (Fig. 3d). Assuming a direct bandgap, the optical band
gaps of all compounds were estimated from the absorption
edges using the Tauc method, with values ranging from 2.5 to
2.6 €V. These values are consistent with the calculated band
gaps of all compounds, though they are slightly larger. This
discrepancy is likely due to the delocalization errors in the
density functional approximations of the DFT calculations.*

Thermalgravimetric analysis (TGA) was performed to eval-
uate the thermal stability of all title compounds. All compounds
remain stable up to 220 °C (Fig. 3e). The observed weight losses
at around 150 °C are attributed to the loss of solvated guest
molecules (calc. ~2-5%). Beyond this temperature the weight
losses are associated with the leaving of cationic ligands.****
Generally, the “C” shape compounds demonstrate slightly lower

© 2025 The Author(s). Published by the Royal Society of Chemistry

resistance towards heat compared to their “Z” shape counter-
parts, possibly due to their less symmetrical and energetically
less favorable structures.

Another important feature of AIO compounds is their solu-
tion processability. Despite being composed of rigid infinite
chains, all title compounds demonstrate good solubility in
DMSO, as listed in Table 2. This is distinct from most of the
Type-I CuX-L hybrid materials that are well-known to be
insoluble in common solvents. Consistent with previous studies
on the solvation behavior of AIO compounds,'®*>*¢ the differ-
ences observed in 'H NMR spectra between the dissolved
compounds and free ligands (Fig. S3 and S47) clearly suggest
that such intriguing solubility is largely associated with the
introduction of ionic nature. The dissolved species are identi-
fied as small fragments of anionic Cul clusters with coordinated
cationic ligands. By slow addition of antisolvents or cooling,
crystalline compounds can be recovered from the solution,
suggesting that solution-processed thin-film fabrication of
these compounds is highly feasible.

Temperature-dependent lifetime PL spectroscopy was
carried out at various temperatures to gain insights into their
emission mechanisms. All title compounds exhibit PL lifetimes

Chem. Sci., 2025, 16, 1106-114 | 1109
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that are best fit by using monoexponential functions at different
temperatures (Fig. 4 and S147). The observed lifetimes vary
from ~20 us at 77 K to ~8 us at 287 K (Table S27), suggesting
that their emissions originate solely from the *(M + X)LCT
excited states with phosphorescence at all temperatures. These
data well align with the results from our DFT calculations.
Interestingly, while little to no peak shift was observed for
compounds 1 & 2 within the tested temperature range (Fig. 4c
and d), compounds 3 & 4 demonstrate thermochromism
behaviors from 77 K to 287 K, as shown in Fig. S15.f For
compound 3, its PL maximum blue-shifted from 580 nm (at 77
K) to 570 nm (at 287 K). In contrast, compound 4 demonstrates
a red-shift from 574 nm at 77 K to 595 nm at 287 K. To elucidate
the origins of these interesting behaviors, the Huang-Rhys
factor (S) and photon frequency (Awphoton) Were estimated from
their FWHMs at different temperatures based on eqn (3).*

h oton
FWHM = 2.36v/STpnoton |/ c0t h;‘;—h‘T 3)
B

where kg is the Boltzmann constant and T'is the temperature.
As shown in Fig. 4 and S15,1 all four compounds exhibit low
S (8.7-17.6) and high 7iwphoton (39.5-56.8 meV), which imply
their high structural rigidity compared to many other CuX-
based hybrid structures,*®* which is beneficial for the
suppression of non-radiative decay processes. Such high struc-
tural rigidity and monoexponential decay curves rule out the
possibility of structural changes in 1D-{Cul],””~ chains
induced by thermal energy. Therefore, the observed thermo-
chromism is attributed to the inter-chain -7 interactions
altered at varied temperatures, leading to consequential
changes in the energy level of CBMs. The absence of such
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thermochromism behavior in compounds 1 & 2 may be attrib-
uted to locked chain-chain positions due to more rigid and
compact ligand structures.

Radioluminescence study

The solid-state radioluminescence of all title compounds was
investigated at room temperature. All title compounds exhibit
strong single-band emissions upon X-ray excitation, with the
observed RL profiles nearly identical to their PL spectra under
UV excitation (Fig. 5b and S17%). This suggests the common
origin of their emissions from *(M + X)LCT excited states. The
RL mechanism of these compounds is shown in Fig. 5a. Upon X-
ray exposure, the incoming high energy X-ray photons interact
with the heavy atoms, specifically Cu and I atoms, through the
Compton scattering and photoelectric effect, leading to the
ejection of high-energy electrons. These hot electrons conse-
quentially interact with atoms in the materials, losing energy
and generating a large number of secondary electrons and
eventually electron-hole pairs until sufficient energy has been
lost. Finally, the excitons generated settle into *(M + X)LCT
excited states and undergo radiative recombination to yield
efficient RL. To quantify their RL light yield, a commercially
available scintillation material bismuth germanate (BGO, with
a light yield of 10k photon MeV~')*® was used as a standard
reference for quantitative comparison. All measurements were
recorded at the same X-ray dose rate, and with the same sample
diameter and thickness. The light yields were determined as
listed in Fig. 5¢c, with the highest value of 28.5k photon MeV .
These values are well in trend with their PLQYs, and are
comparable to those of widely investigated pure inorganic

(e)
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Fig. 4 Photoluminescence decay curves of compounds (a) 1 and (b) 2 at various temperatures. Temperature-dependent PL spectra of
compounds (c) 1 and (d) 2. Huang—Rhys factor (S) and photon frequency (Awgnoton) fitting curves of compounds (e) 1 and (f) 2.
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(a) Schematic of the X-ray scintillation mechanism and (b) radioluminescence spectra of all title compounds and BGO under the exact

same test conditions. (c) Comparison of scintillator light yields of compounds 1-4 and previously reported and commercially available scin-
tillators; (d) dose rate dependence of the RL intensity of compound 1; (e) the X-ray images of the AlO pellets (top), with an aluminum ring (middle),
and with an iron screw (bottom); (f) the change in the RL intensity under continuous X-ray excitation with a dose rate of 5.5 MGy 5 .

scintillators Rb,CuCl; (16.6k photon MeV "),*® CsPbBr; QDs
(21k photon MeV1),** and commercially available scintillators
like CdWO, (28k photon MeV ') and LuAG(Ce) (22k photon
MeV ). They are also significantly higher than those of many
Type-1 (8.7k-15k photon MeV ')**** and Type-II (2.8k-19.9k
photon MeV')*% CuX hybrid structures, demonstrating the
promise of these AIO-type materials as scintillators. To evaluate
the scintillator response to the X-ray dose rate, compound 1
with the highest light yield was selected to perform X-ray dose
rate dependent RL measurement (Fig. 5d). It exhibits excellent
linearities to X-ray dose rates in a wide range, from 44 Gy, s
to 2.1 mGy,;; s~ . Based on the linearity, the detection limit (DL)
of the X-ray dose rate was derived to be 377 nGy,;; s~* when the
signal to noise ratio is 3 using the 3¢/slope method. This DL is
14.6 times lower than the dose rate required for X-ray medical
diagnostics (5.5 uGyair s 1).>*

To further validate the practical use of these compounds as
scintillation materials, we pressed compound 1 into a pellet
(® = 1 cm) as a proof-of concept demonstration. As shown in
Fig. 5e, targets of an aluminum ring and an iron screw between
the X-ray source and the AIO pellet can be well recognized with
clear shapes, and the differences in materials are also reflected
by the spatial intensity contrasts, resulting from the different
X-ray absorption abilities of Fe and Al. Furthermore, the
stability of compound 1 against long-term X-ray exposure was
evaluated (Fig. 5f). Even after irradiation under 5.5 mGy,;; s~ ',
which is 1000 times higher than the medical diagnostic rate,
the compound exhibited negligible loss in RL intensity for
more than 4 h, suggesting high resistance towards radio-
degradation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In summary, a series of AIO type Cul-based hybrid materials
made of coordinated anionic 1D-[Cuyl¢],>”” chains and cationic
ligands have been synthesized and structurally characterized.
All compounds demonstrate efficient photoluminescence with
low energy emissions (560-610 nm) with their PLQYs up to
84.8%. The emission mechanisms, electronic structures, and
structure-property relationship of these materials were investi-
gated both experimentally and theoretically. Moreover, these
AIO compounds exhibit high scintillation performance, reach-
ing a RL light yield of 29k photons MeV ' and low X-ray
detection limit of 0.377 uGy,;: s~ . They also show excellent
linearity to the dose rate across a wide range and strong resis-
tance towards radio-degradation. These findings highlight the
substantial promise of AIO compounds as scintillation mate-
rials and offer insights into the development of novel candi-
dates for radiographic applications.
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