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ABSTRACT: Metal organochalcogenides (MOCs) are an emerging class of
luminescent hybrid organic−inorganic semiconductors, whose structures and
properties can be tuned by organic functionalization and substitutions of their
metal and chalcogen elements. Herein, we present a new design strategy by
heterocyclic modification, resulting in the transformation of prototypical two-
dimensional (2D) silver phenylselenide (AgSePh) to a zero-dimensional (0D)
silver pyridinylselenide (AgSePy) via the formation of Ag−N bonds. At room
temperature, AgSePy shows strong and broad orange photoluminescence (PL; λmax
= 636 nm, full-width-at-half-maximum = 111 nm, quantum yield = 64%) with a
large 259 nm Stoke’s shift and a 3.4 μs lifetime. Using steady-state and time-
resolved PL spectroscopy under varying temperature and oxygen conditions, we found AgSePy to exhibit air-stable luminescence and
maintain a high PL quantum yield and a single exponential PL lifetime down to 4 K. Furthermore, AgSePy shows excellent thermal
stability up to ∼250 °C and chemical stability against polar, nonpolar, and aqueous solvents at pH 3−14. Density functional theory
calculations further confirm the 0D electronic structure. Finally, we successfully demonstrated the performance of AgSePy as an X-
ray scintillator with an estimated light yield of ∼8,000 phe/MeV and a spatial resolution down to 0.080 ± 0.005 mm. Overall, this
work provides a novel tactic to modify the structures and properties of MOCs, highlighting their structural richness and structure−
property relationship, and introduces their new use as X-ray scintillators, encouraging further development in radiation detection and
medical imaging.

1. INTRODUCTION
Metal organochalcogenides (MOCs)1,2 are an emerging class
of hybrid organic−inorganic materials with metal and organo-
chalcogenide units linked by covalent metal−chalcogen bonds.
They typically exhibit luminescent properties and excellent
chemical stability1 and can be synthesized at low temperatures
in various forms including powders,3−5 microcrystals,6−8 single
crystals,8,9 and thin films.10−13 While the research on this
materials class was focused mainly on MOCs of coinage metals
with [M(ER)]n formula,1 where M = Cu(I), Ag(I), and Au(I);
E = S, Se, Te; and R is an organic hydrocarbon, the concept of
MOCs has recently been extended to other metals including
indium, lead, and tin.14,15

Due to their rich structural flexibility, MOCs’ properties and
structures have been tailored by various methods. These
include introduction of organic functional groups16−21 and
substitution of inorganic elements,17,19,22 leading to strong and
robust luminescence of multiple MOC members and their
potential uses in various applications. For example, para-
substitution of the phenylsulfide ligand with carboxylic groups
(−COOH) transforms a nonemissive copper phenylsulfide,
[Cu(SPh)]n, with a one-dimensional (1D) polymeric structure

into a luminescent copper 4-carboxyphenylsulfide, [Cu(p-
SPhCOOH)]n, having a two-dimensional (2D), layered
structure.18 The luminescence of the modified [Cu(p-
SPhCOOH)]n also changes colors with temperature, enabling
its use as a thermochromic sensor.18 Similarly, fluorination of
blue-emitting 2D silver phenylselenide (AgSePh) at the ortho
positions results in the formation of yellow-emissive 1D silver
2,6-difluorophenylselenide (AgSePh-F2(2,6)).

16 In another
example, insertion of an alkyl spacer between a chalcogen
and a phenyl ring reduces the glass transition temperature with
increasing spacer length from 1D gold(I) phenylsulfide,
[Au(SPh)]n, to gold(I) phenmethylsulfide [Au(SMePh)]n
and gold(I) phenethylsulfide [Au(SEtPh)]n.

20 After the
transition, [Au(SEtPh)]n also shows a marked improvement
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in photoluminescence quantum yield (PLQY) from 2% to
71%, opening up a possibility as a candidate for a phase-change
random access memory application.23 Moreover, Cu sub-
stitution shifts the luminescent color from green in silver 4-
carboxyphenylsulfide, [Ag(p-SPhCOOH)]n, to red in
[Ag0.85Cu0.15(p-SPhCOOH)]n,

22 and replacing S by Se and
Te changes the optical bandgap of silver phenylsulfide
(AgSPh) from 380 nm to 467 nm and 620 nm,
respectively.21,24,25

In this work, we present an alternative design strategy to
tune the properties of MOCs by heterocyclic modification.
Introducing a pyridine ligand, we synthesized silver pyridi-
nylselenide (AgSePy) showing strong and robust orange
luminescence, as well as excellent thermal and chemical
stability across various solvents and pHs. Compared to
AgSePh, a prototypical member of AgSe MOCs,26 and its
derivatives which tend to adopt layered two-dimensional (2D)
structures,27 this modification strategy leads to structural
transformation into a zero-dimensional (0D) complex of the
[AgSePy]6 unit. Detailed investigation by means of photo-
luminescence excitation (PLE) spectroscopy and temperature-
dependent and time-resolved photoluminescence (PL) spec-
troscopy under controlled environments was conducted to
reveal the origin of its strong luminescence, and density
functional theory (DFT) calculations were performed to
confirm its 0D electronic structure. Additionally, due to its
robust and strong luminescence coupled with its outstanding
thermal and chemical stability, we investigated its potential use
as an X-ray scintillator film and found multiple characteristics
competing with a commercial reference.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All starting chemicals were obtained from

suppliers (TCI, Sigma-Aldrich, Merck, Qrec, DAEJUNG, and Fisher
Scientific) and used without further purification.

2.2. Synthesis. 2.2.1. Synthesis of 1,2-Di(pyridin-2-yl) Diselenide
(Py2Se2). To a suspension of elemental selenium (1.58 g, 20 mmol) in
deionized water (20 mL) degassed by N2 gas bubbling at 0 °C for 30
min, an aqueous solution of sodium borohydride (0.76 g, 20 mmol, 4
mL) was added dropwise and stirred under N2 flow for 30 min to
form a brown solution of sodium diselenide (Na2Se2). Subsequently,
2-bromopyridine (3.0 g, 19 mmol) was added in one portion, and the
solution was refluxed at 110 °C for 4 h. After the reaction was
complete, the hot reaction mixture was filtered and cooled in a
refrigerator overnight to obtain yellow solids. The yellow solids were
collected by suction filtration and redissolved in chloroform. This
organic solution was washed with a saturated sodium chloride (NaCl)
aqueous solution and dried with sodium sulfate (Na2SO4). After that,
the solvent was removed by rotary evaporation, and the resulting
crude product was recrystallized using a 1:3 chloroform/hexane
mixture, yielding 1,2-di(pyridin-2-yl) diselenide (Py2Se2) as yellow
needle crystals (2.452 g, 27% yield). 1H NMR (600 MHz, CDCl3) δ
8.46 (dd, J = 4.9, 1.9 Hz, 2H), 7.80 (d, J = 8.0 Hz, 2H), 7.54 (td, J =
7.8, 1.9 Hz, 2H), 7.08 (dd, J = 7.8, 4.9 Hz, 2H). 13C NMR (151 MHz,
CDCl3) δ 154.41, 149.54, 137.57, 123.67, 121.27. 77Se NMR (115
MHz, CDCl3) δ 447.99 ppm. HRMS-APCI (m/z): [MH]+ calcd for
C10H8N2Se2: 315.9018, found: 316.9284.
2.2.2. Synthesis of Silver Pyridinylselenolate (AgSePy) Crystals by

a Single-Phase Reaction. Crystals of AgSePy were prepared by
mixing equal volumes of a 50 mM solution of Py2Se2 in toluene and a
50 mM solution of AgNO3 in propylamine (PrNH2) at room
temperature for 3−5 days. The crystals were filtered, washed with
toluene and 2-propanol, and dried under vacuum at room
temperature.
2.2.3. Synthesis of AgSePy Films by the Tarnishing Method.

AgSePy films were prepared by a chemical transformation reaction

between metallic silver (Ag) and the Py2Se2 organic precursor. The
silver coated on glass substrates with the thicknesses of 15 nm were
prepared by thermal evaporation with a deposition rate of ∼1.5 Å/s.
Subsequently, the obtained silver films and 30 mg of Py2Se2 and 200
μL of N,N′-dimethylformamide in separate open culture tubes were
sealed together inside a microwave reaction vial. After heating in an
oven at 100 °C for 3 days, the silver films transformed into pale-
yellow AgSePy films.
2.2.4. Synthesis of AgSePy Powders by Ultrasonication. Small-

sized AgSePy powder for thick film preparation was synthesized
through ultrasonication treatment. A 30 mM solution of AgNO3 in
propylamine (PrNH2) (10 mL) was added in a portion-wise manner
to a 30 mM solution of Py2Se2 in toluene (10 mL) at a rate of 1 mL/
min under ultrasonication, using an ultrasonic probe sonicator (Vibra-
Cell, VCX 750) with a time pulse of 5 s/1 s and an amplitude of 40%
for 12 min. After the complete addition of AgNO3, the mixture
solution was ultrasonicated for an additional 6 min. The resulting
yellow solid powder of AgSePy was then centrifuged at 4500 rpm for
5 min, washed with toluene and 2-propanol, and subsequently dried
under a vacuum at room temperature.
2.2.5. Preparation of AgSePy Thick Films. Thick AgSePy films

were prepared by initially dispersing 90 mg of AgSePy powder in 1
mL of anisole. The suspension was ultrasonicated using an ultrasonic
probe sonicator (Vibra-Cell, VCX 750) with a time pulse of 5 s/1 s
and an amplitude of 40% for 24 min, resulting in a yellow colloidal
solution. Next, 10 mg of poly(methyl methacrylate) (PMMA) was
added to the AgSePy colloidal solution and immediately shaken at a
rate of 500 rpm for 10 min. Following this, the mixture was heated to
100 °C for 30 min to ensure complete dissolution of the PMMA. The
resulting viscous liquid (650 μL) was then drop-cast on a 1 in. × 1 in.
glass substrate treated with UV-ozone. Subsequently, the films were
dried in a vacuum oven at 40 °C under a pressure of 200 mbar for 4 h.
The film thickness was measured by using a DektakⓇ XTL stylus
profilometer.

2.3. Characterization. 2.3.1. Nuclear Magnetic Resonance
(NMR) Spectroscopy. The 1H NMR, 13C NMR, and 77Se NMR
spectra were recorded with a Bruker 600 MHz AVANCE III HD
spectrometer. The spectral data are reported as chemical shifts (in
ppm) by calibrating against the peaks of the CDCl3 solvent (7.26 ppm
for 1H NMR and 77.16 ppm for 13C NMR) and Ph2Se2 (463.15 ppm
for 77Se-NMR).
2.3.2. High-Resolution Mass Spectroscopy (HRMS). High-

resolution mass spectra (HRMS) were acquired using a Bruker
Autoflex SpeedTM mass spectrometer with an atmospheric pressure
chemical ionization (APCI) source.
2.3.3. Thermogravimetric Analysis (TGA). TGA data was

measured using a Rigaku Thermo plus EVO2 Instrument. The
sample was heated from room temperature to 400 °C with a heating
rate of 10 °C/min under a N2 stream (200 mL/min).
2.3.4. Differential Scanning Calorimetry (DSC). DSC analysis was

carried out using a Mettler Toledo DSC823e instrument operated in
the temperature range from 25 to 200 °C and cooled from 200 to 25
°C at a heating and cooling rate of 10 °C min−1 under a nitrogen flow.
2.3.5. Powder X-ray Diffraction (PXRD). PXRD patterns were

acquired using a Bruker D8 ADVANCE diffractometer with a bias
voltage of 40 kV and a current of 40 mA using Cu Kα radiation (λ =
1.5418 Å). The measurements were conducted with a step size of
0.07° and a scanning rate of 0.6°/min.
2.3.6. Single-Crystal X-ray Diffraction (SC-XRD). Low-temperature

diffraction data were collected on Bruker-AXS X8 Kappa Duo
diffractometers with IμS microsources using Mo Kα radiation (λ =
0.71073 Å), coupled to a Photon 3 CPAD detector, performing φ and
ω scans. The structure of AgSePy was solved by dual-space methods
using SHELXT28 and refined against F2 on all data by full-matrix
least-squares with SHELXL-201729 following established refinement
strategies.30 All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were included in the model at geometrically
calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times
the U-value of the atoms they are linked to. Details of the data quality
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and a summary of the residual values of the refinements are given in
Table 1. Additional crystallographic information�atomic coordi-

nates, isotropic and anisotropic displacement parameters, bond
lengths, and bond angles�can be found in the summary of
crystallographic information in the Supporting Information (Tables
S2−5).
2.3.7. UV−Vis Spectroscopy and Diffuse Reflectance Spectros-

copy. Optical absorption spectra were obtained using a PerkinElmer
Lambda 1050 spectrophotometer, equipped with an integrating
sphere, in the transmission mode for thin film samples and the
diffuse reflectance mode for solid samples.

For the diffuse reflectance mode, solid samples were prepared by
grinding with dry potassium bromide (KBr) to a ∼1 wt % dilution,
and diffuse reflectance spectra were normalized to a 100% KBr
baseline. The obtained diffuse reflectance spectra were converted into
absorption spectra by the Kubelka−Munk transform:31

=F R
R

R
( )

(1 )
2

2

where F(R) is the Kubelka−Munk function with a value proportional
to the sample’s absorption coefficient, and R is the relative reflectance
of the sample with the 100% KBr baseline.
2.3.8. Photoluminescence Excitation (PLE) Spectroscopy and

Photoluminescence (PL) Spectroscopy. The PLE and PL spectra
shown in Figure 3a were recorded with a Tecan Spark multimode
plate reader. The PLE and PL spectra were measured in the excitation
and emission scan modes, respectively, with emission and excitation
bandwidths of 5 nm.

For other steady-state PL spectroscopy at room temperature, the
measurements were conducted using an Edinburgh FLS980
spectrophotometer or a home-built microscope setup. The micro-
scope setup consists of an inverted microscope (Nikon, Ti-U Eclipse)

equipped with a 405 nm laser diode (Picoquant, LDHDC-405M,
continuous wave mode) and a cooled charge-coupled detector
(Princeton Instruments, Pixis) on a spectrograph (Princeton Instru-
ments, SP-2500).
2.3.9. Time-Resolved PL Spectroscopy. Time-resolved PL

measurements were performed by using the same microscope setup
as the steady-state PL measurements with some modifications. A
variable repetition-rate 405 nm pulsed laser diode (Picoquant,
LDHDC-405M) was used as the excitation light source. The detector
used was a Si avalanche photodiode (Micro Photon Devices)
connected to a counting board for time-correlated single-photon
counting (PicoQuant, PicoHarp 300).
2.3.10. Temperature-Dependent PL Spectroscopy. Temperature-

dependent experiments were performed by mounting samples on the
coldfinger of a microscopy cryostat (Janis Research, ST-500) and
flowing liquid helium through the coldfinger of the cryostat.
2.3.11. Photoluminescent Quantum Yield (PLQY). The measure-

ment of PLQY was performed at room temperature using the absolute
quantum yield method in an integrating sphere.32 AgSePy samples
were mounted at the center of the integrating sphere and were excited
by a 405 nm laser diode (Picoquant, LDHDC-405M, continuous
wave mode). The PL emission was collected by an optical fiber
mounted at an exit port of the integrating sphere and directed to a
fiber-optic spectrometer (Avantes).

2.4. Density Functional Theory Calculations. Density func-
tional theory (DFT) calculations were performed using Quantum-
ESPRESSO version 6.8,33 employing the PBE functional34 and norm-
conserving pseudopotential.35 We incorporated the DFT-D3
correction36 with Becke-Johnson damping37 to account for van der
Waals interactions. A k-mesh of 12 × 4 × 4 and a kinetic energy cutoff
of 70 Ry were used. The crystal structure obtained from the SC-XRD
measurement was employed without any additional geometry
optimization.

2.5. X-ray Scintillating Measurements. 2.5.1. X-ray Absorp-
tion Coefficient. The X-ray absorption coefficient was recorded using
an Amptek X-ray detector (Model: XR-100T). The sample was
irradiated with an area of 7.069 mm2 using an X-ray generator (GE
Sensing & Inspection Technologies, ISOVOLT 320 Titan E) with the
tube potential range of 40−250 kV to provide a mean X-ray energy
range of 33.3−207.0 keV. X-ray absorption was calculated using the
following equation:

= ×X Ray absorption
I I

I
(%) 100s0

0

where Is and I0 are X-ray radiation intensity of the sample and blank,
respectively.
2.5.2. Radioluminescence (RL) Measurement. The radiolumines-

cence spectrum of the AgSePy film was measured using an Ocean
Optics USB-4000, fiber-optics spectrometer. The sample was excited
by an X-ray source in XRD instruments (Bruker D8 ADVANCE) with
tube voltage and current of 40 kV and 40 mA, respectively. For the
radiation stability test, the sample was continuously exposed to X-ray
for 2 h and the RL spectra were recorded every 5 min.
2.5.3. X-ray Imaging. To capture X-ray images, AgSePy scintillator

films and commercial CaWO4 scintillator were exposed to X-rays at a
dose rate of 1.86 mGy/s using an X-ray source (RQR-4, IEC61267
standard) with an applied voltage and current of 60 kV and 10 mA,
respectively. The distance between the scintillator screen and the X-
ray source is 50 cm. The distances from the scintillator screen to the
mirror and from the mirror to the camera are 7.6 and 6.6 cm,
respectively. The X-ray images were then recorded using a Canon
EOS RP digital camera with a full-frame CMOS sensor 26.2 MP, an
ISO value of 25,600, and an aperture of f/6.3. A shutter speed used is
10 s/f for the AgSePy scintillator and 5 s/f for the commercial
scintillator. To obtain a contrast X-ray image by a target object, a
piece of lead object with number two shape and a pen were placed in
front of the scintillator screen at 50 cm away from X- ray source. For
the spatial resolution measurements, a standard duplex-wire type
image quality identifier (IQI, KOWOTEST) was used as a target
object at the same position.

Table 1. Crystal Data and Structure Refinement for AgSePy

AgSePy

Empirical formula C30H24Ag6N6Se6
Formula weight 1589.53
Temperature 100(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P1̅
Unit cell dimensions a = 7.05880(10) Å, α = 114.4794(7)°

b = 12.0122(3) Å, β = 101.9788(8)°
c = 12.6490(3) Å, γ = 99.7187(8)°

Volume 914.92(3) Å3

Z 1
Density (calculated) 2.885 Mg/m3

Absorption coefficient 9.148 mm−1

F(000) 732
Crystal size 0.170 × 0.055 × 0.045 mm3

Theta range for data collection 1.860 to 32.577°
Index ranges −10 ≤ h ≤ 10, −18 ≤ k ≤ 18,

−19 ≤ l ≤ 19
Reflections collected 43045
Independent reflections 6679 [R(int) = 0.0277]
Completeness to
theta = 25.242°

100.00%

Absorption correction Semiempirical from equivalents
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 6679/0/217
Goodness-of-fit on F2 1.151
Final R indices [I > 2sigma(I)] R1 = 0.0153, wR2 = 0.0347
R indices (all data) R1 = 0.0168, wR2 = 0.0351
Extinction coefficient n/a
Largest diff. peak and hole 0.867 and −0.436 e·Å−3
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2.5.4. Detection Limit Measurement. The AgSePy and commer-
cial CaWO4 scintillator (Dupont Cronex DETA II UG 002814) were
irradiated with an X-ray source (RQR-4, IEC61267 standard) with an
applied voltage of 60 kV and the current ranging from 0.1 mA to 3.0
mA. With those conditions, the different doses of X-ray ranging from
19.41 μGy/s to 557.47 μGy/s were obtained. The pixel value of color
images was obtained by measuring the mean gray value using ImageJ
software. The detection limit can be achieved when the image’s pixel
value is three times higher than the background intensity (signal-to-
noise ratio ∼ 3). The X-image of AgSePy and commercial scintillator
with different dose rates was shown in Figure S9.
2.5.5. Light Yield Estimation. The light yield of AgSePy was

estimated using a relative method as described in reference 38. The
commercial CaWO4 scintillator with a known light yield of 15,800
photons/MeV39 was used as a reference to calculate the relative light
yield of the AgSePy scintillator. To estimate the light yield, we used
the equation

=LY LY
PX

PXAgSePy CaWO
AgSePy normalized

CaWO normalized
4

,

4,

where LYAgSePy and LYCaWO4 are the light yields of our AgSePy sample
and the CaWO4 scintillator (15,800 photons/MeV) and
PXAgSePy,normalized and PXCaWO4,normalized are the normalized pixel
intensity of X-ray images obtained using our AgSePy and the
CaWO4 scintillator. PXnormalized was calculated using the equation:

=PX
PX

Abs%normalized
measured

where PXmeasured is the pixel intensity and %Abs is an X-ray absorption
(%). Using the %Abs of the AgSePy and the CaWO4 scintillators at
33.3 keV (Figure 1d), we estimated the light yield of the AgSePy to be
8,345 photons/MeV.

3. RESULT AND DISCUSSION
3.1. Synthesis and Structural Characterization of

AgSePy. To prepare silver pyridinylselenide (AgSePy), we
first synthesized an organodiselenide precursor, 2,2′-dipyridyl
diselenide (Py2Se2), by a slightly modified procedure from
literature.40 The synthesis involved a reaction between an in

situ generated sodium diselenide (Na2Se2), prepared by a
reduction of selenium (Se) powders with sodium borohydride
(NaBH4), and 2-bromopyridine in an aqueous medium as
depicted in Figure 1a (see the Experimental Section for more
information).
Following the successful synthesis of Py2Se2, AgSePy was

prepared in multiple forms, including crystals and thin films. In
this work, we synthesized AgSePy crystals via an amine-assisted
single-phase reaction8 by mixing a propylamine (PrNH2)
solution of silver nitrate (AgNO3) with a toluene solution of
Py2Se2 in a sealed vial under dark for 3−5 days. Over time,
AgSePy slowly crystallized to afford yellow millimeter-sized
crystals that exhibited intense orange luminescence under
ultraviolet (UV) excitation (Figure 1b).
Alternatively, we prepared AgSePy thin films based on the

“tarnishing method” or the vapor-phase chemical trans-
formation reaction between a metallic silver (Ag) film and
Py2Se2.

11,13 Briefly, a 15 nm-thick Ag film was deposited onto a
glass substrate by thermal evaporation and was placed inside a
sealed container with Py2Se2 and N,N′-dimethylformamide
(DMF). The vial was heated at 100 °C for 3 days, transforming
the metallic Ag film into a pale-yellow film of AgSePy (Figure
1c). Like the crystal samples, AgSePy thin films exhibited
intense orange emission when exposed to UV light.
Due to the excellent crystallinity of the synthesized AgSePy

crystals, the crystal structure of AgSePy could be obtained by
single-crystal X-ray diffraction (SCXRD). AgSePy was found to
crystallize in triclinic centrosymmetric space group P1̅ (Table
1). Figure 1d illustrates a AgSe core, a monomer unit, a
polymer unit, and packing of the polymer unit of AgSePy. Each
monomer unit of AgSePy consists of a hybrid organic−
inorganic cluster with the formula [AgSePy]6, having a
distorted octahedral Ag6 core. The Ag−Ag distances in the
core range from 2.92 to 3.25 Å (Figure S1a) and are
comparable to the typical separations found in other reported
Ag cluster complexes,41,42 suggesting the presence of

Figure 1. Preparation and Structural Characterization of AgSePy. (a) Reaction scheme to prepare Py2Se2. (b) Synthesis method and optical images
of AgSePy crystals by an amine-assisted single-phase reaction. (c) Preparation and optical images of an AgSePy thin film by a tarnishing reaction.
(d) Crystal structure of AgSePy. (e) PXRD patterns of AgSePy films (red) and ground crystals (blue) and their simulated pattern (green).
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reasonable argentophilic (Ag···Ag) interactions. The Ag6
cluster core was surrounded by six organic pyridylselenide
(SePy) ligands covering six out of eight faces of the octahedra.
Each Ag atom is coordinated by two Se atoms and one N atom
with average Ag−Se and Ag−N bond lengths of 2.59 and 2.35
Å, respectively (Figure S1b,c).
Different AgSePy monomer units are linked via the two

available surfaces of each octahedron forming a one-dimen-
sional (1D) chain (Figure S1d) and each chain is assembled
into a three-dimensional (3D) structure via the van der Waals
and π−π interactions of adjacent pyridine rings (Figure S1e).
The closest Ag−Ag, Ag−Se, and Se−Se separations between
two adjacent monomer units are 4.33, 3.70, and 3.49 Å,
respectively (Figure S 1f). The Ag−Ag and Ag−Se separations
are longer than the sum of their van der Waals radii of 3.44 Å43

and 3.59−3.62 Å,43 respectively, suggesting an absence of
covalent bonding. However, the Se−Se separation is shorter
than the sum of van der Waals radii of two Se’s of 3.74−3.80
Å43 but longer than the typical Se−Se bond lengths of 2.88−
2.95 Å,44 indicating a possibility of weak covalent or strong van
der Waals interaction between Se atoms. This arrangement and
the possibility of intercluster Se−Se interactions of the Ag6
cluster are unique compared to other previously reported Ag6
clusters, which typically crystallize as discrete monomer
units.41,45

Moreover, the structure of AgSePy differs from previous
reports of silver organoselenide analogues, such as two-
dimensional (2D) AgSePh8,26 and one-dimensional (1D)
AgSePh-F2(2,6) crystals,16 which exhibit continuous covalent
interactions between Ag and Se along their structural plane and
line, respectively. This observation underscores the significance

of heteroatoms, such as the N atom on the pyridine ring, in
controlling the structures of the MOCs.
To confirm the identities of AgSePy synthesized by different

methods, we performed powder X-ray diffraction (PXRD)
analysis on both ground crystals and thin films of AgSePy. We
found that the experimentally obtained diffraction patterns
matched well with the simulated PXRD pattern from the
SCXRD data (Figure 1e). All PXRD patterns showed strong
peaks at 2θ’s of 7.95°, 8.37°, and 8.46°, corresponding to
(001), (010), and (011) diffraction planes, respectively.
Moreover, no distinct peak from other byproducts was
detected including the diffraction peaks of Ag (∼38.2°
(111))46 and Se (∼23.5° (100) and 29.7° (101)),47,48

suggesting excellent purity of the obtained AgSePy crystals
and thin films.

3.2. Optical Properties and Stability of AgSePy. The
optical absorption of AgSePy crystals and films (Figure 2a)
were determined using UV−visible absorption spectroscopy in
the diffuse reflectance and transmission modes, respectively.
Both crystals and films each exhibited a broad absorption
feature with a band edge of ∼500 nm. The extracted optical
band gap of AgSePy by the Kubelka−Munk function was
calculated to be 2.61 eV (Figure S2). The photoluminescence
(PL) spectra at room temperature of AgSePy crystals and thin
films displayed broad orange photoluminescence with their
emission peaks centered at 636 and 626 nm, respectively
(Figure 2a), leading to a large Stoke’s shift of ∼259 nm. The
observed large Stoke’s shift in AgSePy may be attributed to its
soft and deformable 0D hybrid structure, which induces a
strong electron−phonon coupling effect and forms self-trapped
excitons that lead to broadband light emission and large

Figure 2. Optical properties and the stability of AgSePy. (a) UV−visible absorption and photoluminescence spectra of AgSePy in crystal and thin
film states. (b) TGA thermogram of AgSePy. (c) Photographs of AgSePy in different solvents under ambient and UV light. The solvents tested
include hexane (Hex), toluene (Tol), diethyl ether (DEE), trichloromethane (CHCl3), tetrahydrofuran (THF), acetonitrile (CH3CN),
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), methanol (MeOH), ethanol (EtOH), 1-butanol (BuOH), and water (H2O). (d)
Photographs of AgSePy in aqueous solution with different pH values ranging from 1 to 14.
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Stoke’s shifts similar to those reported in the fields of 0D
organic−inorganic hybrid metal halides and perovskites.49,50

Furthermore, the slight difference in the PL spectra of these
samples is likely caused by the significant difference in the
sample thicknesses (∼100−200 nm for films vs >0.1 mm for
crystals), resulting in different degrees of light reabsorption
and light out-coupling efficiency across wavelengths.
The PLQY of AgSePy was measured to be 64% under

ambient conditions. This value is relatively high compared to
previously reported Ag(I) clusters (Table S1), which are often
nonemissive or exhibit low PLQYs. Furthermore, the PLQY of
AgSePy is significantly higher than that of the prototypical
member of the MOC family, silver(I) phenylselenide or
AgSePh, whose PLQY is less than 2%.11,19,21 This difference
could be attributed to the change in dimensionality from 2D to
0D, which likely increases the exciton binding energy and
overlap of excited-state and ground-state wave functions.
Moreover, AgSePy showed robust thermal stability under a

wide range of temperatures. Thermogravimetric analysis
(TGA, Figure 2b) confirmed AgSePy’s excellent thermal
stability up to ∼250 °C under N2 with a 5% weight loss
temperature (Td5%) of 272 °C. At 400 °C, AgSePy showed a
weight loss of 42.3%, corresponding to the decomposition of
AgSePy to Ag2Se. Differential scanning calorimetry (DSC,
Figure S3) analysis also revealed that AgSePy exhibits an
exceptional phase stability, with no phase transition observed
during heating and cooling scans between 25 and 200 °C.
Additionally, AgSePy exhibited a strong chemical stability

against various organic solvents and pH conditions. Figure 2c
reveals the insolubility and resistance of AgSePy in various
common organic solvents. We found that AgSePy retained its
physical appearance, original crystal phase, and strong
luminescence characteristic when soaked in nonpolar (hexane,
toluene, diethyl ether), polar aprotic (trichloromethane
[CHCl3], tetrahydrofuran [THF], acetonitrile [CH3CN],
dimethylformamide [DMF], dimethyl sulfoxide [DMSO])
and polar protic (methanol [MeOH], ethanol [EtOH], 1-

butanol [BuOH], water [H2O]) solvents, which was confirmed
by the retention of its PXRD pattern and PLQY against various
solvents (Figures S4a and S5a).
Furthermore, AgSePy was stable in aqueous solutions with

pH values ranging from 3 to 14 and maintained its PXRD
pattern and robust luminescence under these conditions
(Figures 2d, S4b, and S5b). However, at pH below 3, yellow
AgSePh transformed into a nonemissive white solid which
eventually turned black. It is noteworthy that this observation
differs from that of its prototypical AgSePh, which showed
excellent stability under acidic conditions (Figure S6). This
suggests that the acidic conditions do not interfere with the
Ag−Se bonds in the core structure, and the degradation of
AgSePy at the same conditions likely arises from the
protonation at the pyridynyl nitrogen (N) atoms which
disrupts the Ag−N bonding and the structure of AgSePy.

3.3. Luminescence Property of AgSePy. To investigate
the luminescence property of AgSePy, we started by examining
its PL properties at various photoexcitation wavelengths.
Figure 3a shows the normalized photoluminescence excitation
(PLE) spectra probed at 540−820 nm and the normalized PL
spectra excited at 270−510 nm. Both PLE and PL spectra
reveal no shift as the detection and excitation wavelengths were
varied, respectively. This observation suggests that the broad
PL emission of AgSePy arises from a single optical transition,
which is likely the transition to the ground electronic state
from the lowest singlet (S1) or triplet (T1) excited state.
Figure 3b illustrates the transient PL of AgSePy. At 300 K,

the PL decay dynamics of AgSePy is well described by a single
exponential function, suggesting that thermally activated
delayed fluorescence (TADF) is unlikely to be the origin of
its luminescence. This is in stark contrast to a similar
hexanuclear Ag6 complex of enantiomeric Ag6L6 where L is a
(S) or (R)-2-phenylglycinol ligand showing a TADF
property.51 Moreover, the extracted PL lifetime of AgSePy
was 3.4 μs, borderline between the typical PL lifetimes of
fluorescent and phosphorescent materials,52,53 making it

Figure 3. Optical investigations to identify the underlying luminescent mechanism of AgSePy. (a) Normalized photoluminescence excitation
spectra when probed at 540−820 nm (left) and normalized photoluminescence spectra when excited with light sources at 270−510 nm (right). (b)
Time-resolved photoluminescence decays of AgSePy at 4−350 K. (c) Extracted photoluminescence lifetimes of AgSePy at 4−350 K. (d)
Temperature-dependent photoluminescence spectra of AgSePy obtained at 4−300 K. Temperature-dependent photoluminescence quantum yields
(PLQYs) of AgSePy at 4−300 K. (f) Comparison of the photoluminescence spectra of AgSePy under air and vacuum conditions.
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difficult to pinpoint the luminescence mechanism from this
experiment alone.
To further study the luminescence property, we then

performed steady-state and transient PL spectroscopy at 4−
300 K. First, we found that the PL decay dynamics of AgSePy
remained single exponential throughout this temperature range
(Figure 3b) and the extracted lifetime continuously increased
from 3.4 μs at 300 K to 40.4 μs at 4 K without any sign of
plateau (Figure 3c). Second, the steady-state PL spectra
showed no peak shifting (Figure 3d) and the integrated PL
intensity remained almost constant as the temperature was
varied (Figure 3e). All these observations ascertain that the
luminescent origin of AgSePy is not TADF, which normally
shows a biexponential PL decay behavior, as well as a plateau
in PL lifetime, a shift in PL peak position, and a significant
drop in PL intensity at low temperature due to the reduced
reverse intersystem crossing.51,54,55 The peak narrowing and
increasing PL lifetime at low temperature are possibly due to
suppression of molecular vibration and a higher proportion of a
less allowed electronic transition between the ground vibra-
tional energy levels of the ground and excited electronic states.
Additionally, we measured the PL intensity of AgSePy under

air and vacuum conditions to observe the effect of oxygen (O2)
on its luminescence property. Due to its triplet ground state,
O2 is usually used to quench a T1 excited state and probe
phosphorescence. Figure 3f shows the stable PL emission of
AgSePy under air and vacuum conditions, indicating no
quenching effect in an O2-rich environment.
Taking all of the observations into account, we believe there

are two possible luminescence mechanisms for AgSePy. The
first mechanism is fluorescence, supported by the absence of
quenching effect in an O2-rich environment. While most
fluorescent materials exhibit nanosecond lifetimes and small

Stokes’ shifts, there are reports, particularly with lanthanide
complexes,56−58 demonstrating microsecond lifetimes and
large Stokes’ shifts. The second possible mechanism is
phosphorescence, indicated by the observed microsecond
lifetime and large Stokes’ shift of AgSePy. Although we did
not detect any quenching effects in the presence of O2 for
AgSePy, it is worth noting that phosphorescent materials
exhibiting air-stable luminescence are not uncommon and have
been previously reported.59,60

3.4. Electronic Structure of AgSePy. The band structure
of AgSePy was investigated by using density functional theory
(DFT) calculations (Figure 4a). The valence band maximum
(VBM) is located at the Z point, while the conduction band
minimum (CBM) is at the X point (Figure 4a,b), giving an
indirect band gap of 1.90 eV and a direct band gap of 2.03 eV
at the Z point. This theoretical band gap is comparable with
the experimental band gap extracted from UV−vis diffused
reflectance measurement (2.61 eV). Notably, the bands exhibit
minimal dispersion in all directions, suggesting limited
hybridization of orbitals between neighboring monomers and
confirming the 0D electronic structure of AgSePy. Such
localization of charge carriers could be a contributing factor to
the high PLQY of AgSePy. The wave functions of the VBM
and CBM are predominantly located at the AgSe core (Figure
4c,d). Furthermore, the projected density of states indicates
that the VBM of AgSePy is largely composed of Ag 4d and Se
4p orbitals, while the CBM primarily consists of Ag 5s and Se
4p orbitals. The higher conduction bands are dominated by the
C 2p orbitals. The band composition is consistent with those
observed in other silver organoselenides.16,25

3.5. X-ray Scintillating Properties of AgSePy. The
strong and stable PL properties under various temperatures
and conditions along with the high-Z atomic constituent of

Figure 4. Calculated electronic structure of AgSePy. (a) Band structure and projected density of states of AgSePy, as calculated using DFT. The
valence band maximum (VBM) and conduction band minimum (CBM) are highlighted with red circles. The energy of the VBM is set to zero, as
shown by the gray horizontal line. The gray vertical lines correspond to the high-symmetry points within the first Brillouin zone. (b) The first
Brillouin zone, featuring the reciprocal lattice vectors indicated by red arrows and high-symmetry k points marked with blue circles. (c, d) Wave
function of VBM (c) and CBM (d). The isosurface value is set at 0.002 e/Bohr3. Blue and red surfaces represent the positive and negative phases of
the wave function, respectively. Atoms are colored as follows: Ag: Gray, Se: Orange, C: Black, N: Blue, H: White.
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AgSePy are attractive characteristics for X-ray detection
applications. To test the possible use of AgSePy as an X-ray
scintillator, we first prepared a thick AgSePy film on a glass
substrate by drop-casting a colloidal solution of AgSePy (an
average particle size of 916.1 ± 42.1 nm, Figure S7) in anisole
with an added polymer binder, poly(methyl methacrylate)
(PMMA). The smooth AgSePy film (Figure 5a) with a
thickness of 74.3 ± 3.3 μm was obtained by using a mixed
solution of 90 mg of AgSePy and 10 mg of PMMA in 1 mL of
anisole.
Under excitation with X-rays, this AgSePy film exhibited an

orange radioluminescence (RL) centered at 629 nm, which is
consistent with its PL spectrum (Figure 5b), indicating a
common luminescence mechanism. Compared to the emission
of a commercial CaWO4 scintillator film (Dupont Cronex
DETA II UG 002814), the AgSePy’s light yield was estimated
to be ∼8,000 photons/MeV (see Experimental Section for the
calculation method). Moreover, its RL intensity was
maintained up to 97% under continuous exposure of X-rays
at 12.4 mGy/s for 2 h (Figure 5c). This result suggests a high
radiation stability of the material, which is one of the crucial
requirements of a good scintillator candidate.61

To compare the scintillating performance of AgSePy with
that of the commercial CaWO4 film, we then performed the X-
ray absorption ability of both scintillator films in the mean X-

ray energy ranges of 33.3−207.0 keV (Figure 5d). The
absorption coefficient of the AgSePy scintillator showed a good
X-ray absorption ability on the same order as the commercial
CaWO4 films, indicating a good comparability between these
two scintillation samples.
Next, we performed an X-ray imaging experiment using a

custom-built setup (Figure 5e). In this setup, X-ray radiation
was directed to a target object positioned in front of a
scintillator film, and the scintillator film’s luminescence was
reflected by a mirror into a digital camera. Figure 5f shows
images of a number-two-shaped lead object and a pen that we
used as our test targets along with the corresponding X-ray
photographs obtained by our AgSePy film and a commercial
CaWO4 scintillator film. The resulting photograph from the
AgSePy film shows a good contrast and allows inner structure
inspection of the pen with a metallic spring and a ballpoint
head inside its plastic body with the quality on par with the
result from the commercial CaWO4 scintillator film.
Resolving power or spatial resolution is an important

characteristic of a good X-ray scintillator film. To determine
the spatial resolution, we performed an X-ray imaging
experiment using a standard duplex-wire type image quality
identifier (IQI) as a target object (Figures 5g and S8). This
IQI consists of a series of two parallel lines with separations
ranging from 0.800 to 0.032 mm. Using this IQI, we found that

Figure 5. X-ray scintillating properties of AgSePy. (a) Graph of profilometer measurement of AgSePy thickness (inset; photograph of AgSePy thick
film under ambient light). (b) Normalized photoluminescence (PL) and X-ray radioluminescence (RL) spectra of AgSePy. (c) The RL stability of
AgSePy under continuous X-ray radiation at a dose rate of 12.4 mGy/s. (d) X-ray absorption spectra of AgSePy and a commercial CaWO4
scintillator (Dupont Cronex DETA II UG 002814). (e) A schematic diagram of the X-ray imaging setup. (f) X-ray images of the lead object and
pen obtained using AgSePy and the commercial CaWO4 scintillator screen. (g) Spatial resolution plots of AgSePy and the commercial CaWO4
scintillator screen. Yellow regions indicate the smallest details that the films can resolve, and all X-ray images were recorded under the same dose
rate of 1.86 mGy s−1. (h) The linear relationship of the RL signal response of AgSePy and the commercial CaWO4 scintillator as a function of X-ray
dose, along with the detection limits determined at signal-to-noise ratio (S/N) of 3.
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our AgSePy film shows a remarkable resolving power down to
0.080 ± 0.005 mm. This is almost on par with the spatial
resolution of the commercial CaWO4 film, which has the
resolving power of 0.063 ± 0.005 mm.
Another crucial attribute of an excellent X-ray scintillator

film is its detection limit. This is conventionally identified by
the X-ray dose rate that gives the signal-to-noise (S/N) ratio of
3.62,63 By varying the X-ray dose rates (Figures 5h and S9)
using the same setup, we determined the detection limits of
our AgSePy film and the commercial scintillator film to be
343.6 μGy s−1 and 32.7 μGy s−1, respectively. While both
values exceed the medical diagnostic requirement of 5.5 μGy/s,
it is important to note that these values are sensitive to the
detector’s capability and can be improved by employing a more
sensitive optical sensor. Therefore, we recommend readers to
interpret the detection limit of AgSePy in comparison to that
of the commercial reference, rather than relying solely on
absolute terms. Additionally, we found that the RL intensity of
the AgSePy film showed a linear relationship with the X-ray
dose rate, which is another important requirement in practical
applications of scintillator materials.62,64

As an X-ray absorption coefficient (μ) is described by μ ∝
ρZ4 where Z is the atomic number and ρ is the density of
material,65 we believe there is a big space for improving the
performance of AgSePy and MOC scintillators. For example,
the removal of the polymer binder and the introduction of
heavier atoms into MOC structures via organic modification
and metal substitution/alloying are potential directions in
increasing the ρ and Z concentration to ultimately improve the
overall scintillating properties of this novel class of materials.

4. CONCLUSION
In summary, AgSePy bearing a pyridine ligand was successfully
prepared as single crystals and thin films by the amine-assisted
crystallization and the tarnishing method. While the proto-
typical AgSePh crystallizes as a 2D semiconductor, replacing
the phenyl group with the pyridinyl group of an organic ligand
causes a structural change from 2D sheets to a 0D complex via
the formation of Ag−N coordination bonds. The optical
properties of AgSePy exhibited a 0D hybrid characteristic
including broadband orange emission (λem ∼ 636 nm), large
Stokes shifts (∼259 nm), long lifetime (3.4 μs), and high
PLQY (64%). Further optical investigations by PLE spectros-
copy and steady-state and time-resolved PL spectroscopy at
varying temperatures and conditions suggest fluorescence and
phosphorescence as two possible mechanisms governing its
optical properties. Additionally, AgSePy showed excellent
thermal and chemical stability due to its covalent bonding
nature, distinguishing it from other X-ray scintillating materials
such as traditional metal halide salts and perovskites, which are
unstable in air and humid conditions.66,67 The combined
merits of regulated heavy-metal-free, chemical robustness, high
PLQY, and negligible self-absorption along with the high-Z
atomic constituent of AgSePy result in promising X-ray
scintillation performance with an estimated light yield of
∼8,000 phe/MeV and a resolving power down to 0.080 ±
0.005 mm. This study is an early report of MOCs as an X-ray
scintillator, showcasing the impact of molecular designs and
opening new uses of MOCs in radiation detection and X-ray
imaging.
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