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In this study, we report the successful synthesis of four organic—inorganic hybrid materials by systemati-
cally varying the CI/Br halide ratio in a system comprising 4-(2-ammonioethyl)pyridinium organic cations
and cadmium halides. An increase in Cl content induces a structural transition from zero-dimensional to
two-dimensional (2D) frameworks, with the 2D phase featuring a unique corrugated layered architecture
composed of corner-, edge-, and face-sharing Cd-halide octahedra. All compounds exhibit broadband
blue photoluminescence, and a clear correlation is observed between halide mixing, increased structural
distortion, and enhanced photoluminescence quantum yield (PLQY). Notably, the PLQY increases signifi-
cantly from 6% to 36% in the 2D mixed halide compound. These findings underscore the effectiveness of
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Introduction

Organic-inorganic hybrid metal halides (OIMHs) have
emerged as promising materials for a wide range of opto-
electronic applications, including energy storage devices, per-
ovskite solar cells, light-emitting diodes, and sensors." ® Their
appeal lies in their unique optoelectronic properties, low-cost
and scalable synthesis, and high structural and compositional
tunability.

One of the most attractive features of OIMHs is their struc-
tural dimensionality, which can range from zero-dimensional
(0D) to one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) frameworks. These dimensional vari-
ations significantly influence their optical, electrical, and
thermal properties. While 3D perovskites are known for their
excellent carrier mobility and strong light absorption, their
poor environmental stability remains a major drawback.” In
contrast, low-dimensional OIMHs exhibit enhanced thermal
and moisture stability, greater structural flexibility, and
superior photoluminescence (PL) performance, attributable to
strong quantum confinement effects and high exciton binding
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ing valuable insights for the rational design of high-efficiency luminescence materials.

energies.®® Owing to the close correlation between structural

dimensionality and PL properties, numerous studies have
focused on precisely tuning emission characteristics—such as
emission wavelength and photoluminescence quantum yield
(PLQY)—through structural control.**

In particular, 2D OIMHs possess a quantum well-like archi-
tecture, in which inorganic layers are separated by organic
cations, giving rise to strong exciton binding energies.'>"®
Most 2D OIMHs exhibit (100)-oriented layered structures com-
posed of corner-sharing metal-halide octahedra. However,
structural distortions induced by bulky or asymmetric organic
cations can lead to corrugated networks that deviate from
ideal flat layers."”'® In some cases, mixed connectivity invol-
ving edge-sharing and face-sharing octahedra has also been
observed. For example, (H,Aepz),Pb,L,,"° and
[DAPMA],Pb;X;,-2H,0 (X = Cl, Br)*° adopt structures in which
PbX, octahedra are connected via both edge- and corner-
sharing. Similarly, in cadmium-based 2D halide systems,
[CdXs] octahedra typically form [CdX,]>” layered anionic
frameworks,>?* although in rarer cases, 2D [Cd;Clyo]*™ net-
works composed of corner- and face-sharing octahedra have
been reported.”*** These variations in octahedral connectivity
significantly influence the electronic structures and photo-
physical properties of the materials.***” Thus, the diverse
topologies available in low-dimensional OIMHs provide a
powerful platform for rational design and fine-tuning of func-
tional properties.

The compositional flexibility of OIMHs-enabled by the vast
array of available organic cations, central metal cations, and
halide anions-further expands the design space.”®***° Among
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the various strategies for property modulation, halogen substi-
tution stands out as particularly effective. For instance, incor-
porating halogen atoms into organic cations can induce per-
manent dipoles and increase structural asymmetry and
polarity.>"*> Meanwhile, substitution or mixing of halide
anions within the inorganic framework has been shown to
tune key material properties such as phase transition tempera-
ture, emission wavelength, optical bandgap, and PLQY.**™”
These strategies have led to the development of customized
OIMHs with multifunctional performance.

In this study, we report four halide-regulated cadmium-
based OIMHs-(4AEP)CdBr, (pure Br), (4AEP)CdBr,Cl, (Cl
50%), (4AEP),CdsBr,Cly, (Cl 80%), and (4AEP),CdsClg (pure
Cl or Cl 100%)-synthesized using 4-(2-ammonioethyl)pyridi-
nium [(4AEP)*'] as the organic cation and various Br/Cl mixed
halides. By systematically tuning the Br/Cl ratio, we achieve a
dimensional transformation from isolated 0D tetrahedral units
to 2D layered structures. All compounds exhibit broadband
blue emission, with PLQY showing a remarkable enhancement
upon halide mixing. In particular, the 2D Cl 80% compound
exhibits a PLQY of 36%, representing a six-fold increase com-
pared to the Cl 100% phase. Although high-PLQY materials
such as DMP-1-CdBr; (52%)'* and (H,AMP)CdBr,-H,O
(23.5%)*® have been reported, most Cd-based OIMHs typically
exhibit PLQYs below 10%.>°"*> Compared to these convention-
al Cd-based OIMHs, the Cl 80% compound demonstrates
superior PLQY, highlighting the synergistic effect of dimen-
sionality control and halide composition in enhancing the
optical performance of OIMHs.

Experimental

Reagents

CdCl,-2.5H,0 (98%, Kanto Chemical Co., Inc.), CdBr,-4H,0
(99%, Alfa Aesar), 4-(2-aminoethyl)pyridine (97%, TCI), HBr
(47.0-49.0%, Daejung), HCI (35.0-37.0 wt%, Samchun), isopro-
panol (99.5%, Daejung), and ethanol (99.9%, Samchun) were
used as received without further purification.

Synthesis

All compounds were synthesized via the antisolvent crystalliza-
tion method. The reaction solutions were prepared as follows.
For the Cl 100% compound, 1 mmol of CdCl,-2.5H,0 (0.232 g)
and 0.8 mmol of 4AEP (100 pL) were dissolved in a mixture of
0.2 mL HCI and 3 mL deionized water. For the Cl 80% com-
pound, 1 mmol of CdBr,-4H,0 (0.347 g) and 0.8 mmol of 4AEP
were dissolved in 0.5 mL HCI and 3 mL deionized water. For
the Cl 50% compound, 0.8 mmol of CdBr,-4H,0 (0.296 g) and
4AEP were dissolved in 0.17 mL HCl and 3 mL deionized
water. For the pure Br compound, 0.8 mmol of CdBr,-4H,0
and 4AEP were dissolved in a mixture of 0.33 mL HBr and
3 mL deionized water. Each solution was stirred until clear, fol-
lowed by the dropwise addition of ethanol (for Cl 100%) or iso-
propanol (IPA) (for others) until turbidity was observed. The
resulting cloudy solutions were then heated to 60 °C until
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clear and subsequently cooled slowly to room temperature to
induce crystallization. The crystals were collected by vacuum
filtration and washed with ethanol (Cl 100%) or IPA (others).
Block-shaped crystals were obtained for the Cl 50% com-
pound, while plate-shaped crystals formed for the CI 80%, Cl
100%, and pure Br compounds. The isolated yields were
0.273 g (69%) for Cl 100%, 0.211 g (59%) for Cl 80%, 0.298 g
(76%) for Cl 50%, and 0.361 g (77%) for the pure Br
compound.

Single-crystal X-ray diffraction (SC-XRD)

SC-XRD data for all materials were collected using a Bruker D8
QUEST diffractometer equipped with a graphite-monochro-
mated Mo Ka radiation source (A = 0.71073 A) at room temp-
erature, at the Advanced Bio-Interface Core Research Facility,
Sogang University. Data processing was performed using
APEX5. Integration and absorption corrections were applied
using the SAINT*® and SADABS** programs. The crystal struc-
tures were solved and refined using SHELXT-2015*° and
SHELXL-2015%® within the WinGX-2014"" program suite.
Detailed crystallographic data are summarized in Table S1.t

Powder X-ray diffraction (PXRD)

PXRD patterns were recorded on a Rigaku MiniFlex 600 diffr-
actometer using Cu Ka radiation (1 = 1.5406 A) at room temp-
erature. Scans were conducted over a 26 range of 5-70° with a
step size of 0.02° and a scan speed of 20° min~". The experi-
mental PXRD patterns show good agreement with the simu-
lated patterns generated from the SC-XRD data.

Thermogravimetric analysis (TGA)

TGA measurements were carried out using a SCINCO TGA-N
1000 thermal analyzer. Polycrystalline samples were heated in
alumina crucibles from 25 °C to 900 °C at a rate of 10 °C
min~" under an air flow.

Ultraviolet-visible (UV-vis) diffuse reflectance spectroscopy

UV-vis diffuse reflectance spectra were acquired using a Jasco
V-660 spectrophotometer equipped with a Jasco V-720 acces-
sory. Band gap energies were estimated using the Kubelka-
Munk function applied to the reflectance data.

Infrared (IR) spectroscopy

IR spectra were obtained using a Thermo Scientific Nicolet
iS50 FT-IR spectrometer equipped with an attenuated total

reflection accessory, over the range of 550 to 4000 cm™".

Photoluminescence (PL) spectroscopy

Solid-state PL spectra were recorded using a Jasco FP-8550
spectrofluorometer with a xenon lamp. All measurements were
performed on polycrystalline samples. Photoluminescence
quantum yields (PLQYs) were measured using an integrating
sphere (JASCO ILF-135) connected to the spectrofluorometer.

This journal is © The Royal Society of Chemistry 2025
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Elemental analysis

Elemental composition and surface distribution were analyzed
using energy-dispersive X-ray spectroscopy (EDS) mode on a
field-emission scanning electron microscope (JSM-7100 F).
The Br/Cl ratios in mixed halide samples were quantified by
ion chromatography (Yanaco, YHS-11). Elemental analysis for
C, H, and N was performed using Thermo Flash 2000/Flash
EA1112 analyzers.

Computational calculations

Electronic structure calculations were performed using a
plane-wave pseudopotential approach based on density func-
tional theory (DFT), as implemented in the CASTEP*® package.
Band structures and densities of states were calculated using
the Perdew-Burke-Ernzerhof functional within the generalized
gradient approximation. A plane-wave cutoff energy of 830 eV
was used. The k-point grids were set to 5 x 4 x 3 for pure Br
and Cl 50%, and 4 x 3 x 2 for Cl 80% and 100%. The following
valence electrons were included: Cd 5s°4d'®, Br 4s’4p°, Cl
35°3p°, C 25°2p, N 25”2p°, H 1s.

Results and discussion
Crystal structures

The pure Br phase, (4AEP)CdBr,, crystallizes in the centro-
symmetric space group, P2,/c (Fig. 1a). Its structure features a
0D configuration, where [CdBr,]*~ tetrahedral monomers are
aligned along the g-axis and interact with 4AEP through hydro-
gen bonding. These hydrogen bonds form between either the
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N-H group of the pyridinium ring or the N-H of the NH;"
group and the Br atoms of [CdBr,]>”, with bond lengths
ranging from 2.47 to 3.12 A (Table S6 and Fig. $131).

Upon partial substitution of Br with Cl, the crystallographic
symmetry changes, leading to structural variations that
depend on the Cl content (Table S1t). Cl atoms are randomly
incorporated at Br sites, inducing a symmetry transition from
P2,/c to P1 (Fig. 1b). The structure of (4AEP)CdBr,Cl, corres-
ponding to 50% Cl substitution, was determined by SC-XRD,
and the Br/Cl ratio was confirmed via EDS and halogen ion
chromatography (Table S14 and Fig. S6-S97). Similar to the
pure Br phase, the Cl 50% structure consists of [CdBr,_,CL]*~
tetrahedral monomers, which form hydrogen bonds with
(4AEP)*" in the range of 2.47-3.04 A, resulting in a 0D frame-
work (Table S77).

Detailed analysis of the extended structures of the pure Br
and Cl 50% compounds reveals key differences. As shown in
Fig. 2a and d, the Cd-X tetrahedra are linearly arranged along
the a-axis, while the pyridine rings of (4AEP)*" stack along the
c-axis and b-axis, respectively. The interplanar distances
between the stacked rings are 3.67 A and 3.83 A, respectively.
However, the centroid-to-centroid distances are 5.27 A and
4.77 A, suggesting the presence of weak mn-m interactions.
Fig. 2b and c highlight the conformational differences of the
(4AEP)** ligands: in the pure Br compound, the aminoethyl
group is nearly parallel to the pyridine ring, whereas in the Cl
50% compound, it adopts a nearly perpendicular orientation
(approximately 90°). This conformational change arises from
Cl substitution. As the more electronegative Cl atoms substi-
tute Br, the strength of hydrogen bonding with (4AEP)**

Cl Substitution

Fig. 1 Ball-and-stick and polyhedral representations of the crystal structures of (a) pure Br phase, (4AEP)CdBr,4; (b) Cl 50% phase, (4AEP)CdBr,Cly;
and (c) pure Cl phase, (4AEP)4,CdsClig (cyan, Cd; brown, Br; green, Br/Cl; light green, Cl; black, C; blue, N; white, H; orange dashed line, hydrogen

bond).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Ball-and-stick and polyhedral representations of (a) the crystal
structure of the pure Br compound, viewed along the ab-plane; and the
interaction and arrangement of (4AEP)?* in (b) the pure Br compound,
(4AEP)CdBr,4, and (c) the Cl 50% compound, (4AEP)CdBr,Cl,. (d) Crystal
structure of the Cl 50% compound viewed along the ac-plane (cyan, Cd;
brown, Br; green, Br/Cl; black, C; blue, N; white, H; orange dashed line,
hydrogen bond).

increases, resulting in shorter hydrogen bond lengths and a
decrease in Cd-X bond lengths from 2.58-2.60 A to
2.51-2.57 A (Tables S2 and S31).

As the Cl ratio increases, a significant structural transform-
ation occurs-from a 0D structure to a 2D structure (Fig. 1). The
Cl-rich phase (4AEP),Cd;Bry5_,Cl, (=70% Cl) also crystallizes
in the space group, P1. PXRD patterns show a progressive peak
shift with increasing Br content, indicating an expansion of
the unit cell (Fig. S2bt).

In this structure, [CdBre_,Cl,] octahedra form extended
[CdsBrys_,Cl,] layers, which adopt a previously unreported
unique arrangement composed of face-sharing, edge-sharing,
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and corner-sharing octahedra (Fig. 3a and b). Specifically, a
[CdsClyg]®~ layer, assembled through face- and edge-sharing
connections, is corner-shared with two [CdCle]*~ octahedra.
This connectivity results in an extended framework containing
4- (4-MRs) and 10-membered rings (10-MRs) (Fig. 3c). Owing
to the rigidity imposed by face-sharing interactions, the result-
ing layer is not flat but adopts a ‘wave-like’ (corrugated)
conformation,*®19:26:49,50

In the interlayer region, hydrogen bonding occurs between
the N-H groups of the pyridinium ring or the NH;" moiety and
the Br/Cl atoms of the [CdsBr;s_,CL.]®" layers. The hydrogen
bond lengths range from 2.28 to 2.92 A in the pure Cl phase
and from 2.40 to 3.11 A in the Cl 80% phase (Tables S8 and
S9t). The N-H group of the pyridinium ring forms a single
hydrogen bond with the layer, whereas the NH;" group partici-
pates in multiple hydrogen bonds within the 4-MRs and
10-MRs (Fig. S147).

The combined face-, edge-, and corner-sharing interactions
impose structural constraints, making it energetically less
favorable to maintain the layered architecture as the pro-
portion of the relatively larger Br atoms increases. As a result,
the simpler and more stable 0D structure is preferred at higher
Br contents. Furthermore, the mixture of these bonding
modes leads to an increase in the distortion values (Ad) of the
Cd-centered octahedra, from 1.156 x 10~ to 2.891 x 10~ com-
pared to the OD structure. Among the Cd centers, Cd(1)-
involved in both face- and edge-sharing-exhibits the highest
distortion.

Additionally, the incorporation of mixed Br/Cl introduces
further distortions in both octahedral and tetrahedral units
due to the difference in Cd-Br and Cd-Cl bond lengths. In the

Cd(1) Cd(2)

Fig. 3 Ball-and-stick and polyhedral representations of (a) the pure Cl phase, (4AEP);,CdsClyg; (b) illustration of face-, edge-, and corner-sharing
octahedra; and (c) the extended [CdsClyg]®~ layer (cyan, Cd; light green, CL; black, C; blue, N; white, H; orange dashed line, hydrogen bond).
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0D structures, the distortion values increase from 1.156 x 10>
to 1.017 x 10™*, while in the 2D structure, they rise from 2.891
x107° to 3.054 x 10~° (Table S157).

IR spectroscopy

The functional groups in the compounds were identified by IR
spectroscopy. The band in the 3200-3100 cm™" region corres-
ponds to N-H stretching vibrations. Strong hydrogen bonding
with cadmium halides weakens these vibrations, resulting in a
red shift. The 3000-3090 cm™" region is attributed to C-H
stretching vibrations of the pyridine ring. Peaks in the
1070-1130 cm ™' and around 800 cm™* regions correspond to
in-plane and out-of-plane bending vibrations, respectively. In
the 1650-1450 cm™" range, overlapping peaks arise from pyri-
dine ring (C-C, C-N) stretching and N-H bending vibrations.
The C-N stretching vibration is observed in the
1200-1248 cm™" region (Fig. S51).

UV-vis diffuse reflectance spectroscopy

The diffuse reflectance spectra of all compounds show UV cut-
off edges at ca. 270 nm and a broad absorption peak around
400 nm, which corresponds to the slight yellowish tint of the
powdered samples (Fig. S4}). The optical band gaps, calculated
using the Kubelka-Munk function, are 4.16, 4.25, 4.13, and
4.36 eV for Cl ratios of 0%, 50%, 80%, and 100%, respectively.
Although no clear trend is observed across all four compounds
due to structural variations, a higher Cl content is associated
with larger optical band gaps in both structurally similar pairs-
pure Br and Cl 50%, and Cl 80% and pure Cl. These obser-
vations suggest that both the crystal structure and CIl/Br ratio
significantly influence the optical band gap (Fig. S47).

Density of states and band structures

The band structures and density of states (DOS) were investi-
gated using DFT calculations. The calculated band gaps are ca.
2.88, 3.03, 2.92, and 3.13 eV for the pure Br phase, Cl 50%, Cl
80%, and pure Cl (100%) phases, respectively (Fig. S107).
These values are smaller than the experimental band gaps,
which is commonly observed due to the limitations of the
exchange-correlation function in standard DFT.

The DOS plots provide insight into the electronic structures
of the compounds. For the pure Cl compound, the valence
band maximum (VBM) is primarily composed of CI 3p orbitals,
while the conduction band minimum (CBM) originates mainly
from C 2p and N 2p orbitals. Similarly, in the pure Br phase,
the VBM is derived from Br 4p orbitals, and the CBM is domi-
nated by C 2p and N 2p orbitals. In the mixed Cl/Br com-
pounds, the VBM consists of a combination of Cl 3p and Br 4p
orbitals, while the CBM remains primarily composed of C 2p
and N 2p orbitals. These features are consistent across all com-
pounds regardless of halide composition, indicating that both
halide and ligand orbitals play a crucial role in band gap for-
mation. Furthermore, within the isostructural 2D structures
(Cl 100% to Cl 80%), an increase in Br content (and corres-
ponding decrease in Cl) results in a reduced band gap, which
correlates with observed changes in PL behavior (Fig. S117).

This journal is © The Royal Society of Chemistry 2025
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Stability in organic solvents and water

The stability of the Cl-rich compound with a 2D structure was
evaluated in water and various organic solvents. Owing to its
high-water solubility, the compound dissolved and recrystal-
lized via slow evaporation. For organic solvents, the sample
was immersed for three days, and its stability was assessed via
PXRD. The resulting PXRD patterns confirm the retention of
crystallinity, indicating that the Cl-rich compound does not
decompose in water or the tested organic solvents (Fig. S127).

Thermal stability

According to TGA analysis, all compounds exhibited thermal
stability above approximately 200 °C. In particular, the pure CI-
and Br-based compounds remained stable up to around
230 °C, whereas the Cl/Br mixed-halide compounds began to
decompose at approximately 200 °C. This suggests that pure
halide compounds exhibit greater thermal stability than their
mixed-halide counterparts, and that the disordered incorpor-
ation of Cl and Br may compromise the thermal stability of the
crystal structure. Additionally, all four compounds exhibited a
sharp weight loss of around 30% in the TGA curves. Based on
the theoretical weight percentages of (4AEP)** in the pure Cl,
Cl 80%, Cl 50%, and pure Br compounds—calculated as
29.3%, 26.5%, 26.6%, and 22.3%, respectively—it can be
inferred that the organic cation (4AEP)*" is released first from
the structure during thermal decomposition (Fig. S31).

PL spectroscopy

Pure Br, Cl 50%, CI 80%, and pure Cl exhibit maximum broad-
band emission peaks at 430 nm, 408 nm, 472 nm, and
419 nm, respectively, when excited at 280 nm, 370 nm,
275 nm, and 370 nm. All samples display blue emission.
However, no clear trend in emission wavelength is observed
with respect to the Br/Cl ratio due to the substantial structural
differences between the 0D and 2D structures. The pure Br and
Cl 80% compounds exhibit large Stokes shifts of 150 nm and
197 nm, respectively, with full width at half maximum of
105 nm and 111 nm. Despite the large Stokes shifts and broad-
band emission profiles, all compounds consistently exhibit
blue emission. These features are attributed commonly
observed in cadmium halide hybrid materials and are attribu-
ted to radiative recombination via self-trapped excitons (STEs)
(Fig. 43).39,40,51,52

In Clrich materials with consistent 2D structural frame-
works, Br substitution leads to a reduction in the bandgap,
resulting in a red shift of the emission wavelength upon exci-
tation at 275 nm. In addition, a significant enhancement in PL
intensity is observed in Cl 80% compared to pure Cl (Fig. 4b
and c). This intensity difference aligns with the PLQY results.
The measured PLQY values are 4.93%, 7.91%, 35.88%, and
5.91% for pure Br, Cl 50%, Cl 80%, and pure Cl, respectively
(Fig. 4d).

When the composition changes from Cl 100% to Cl 80%,
the PLQY increases from approximately 6% to 36%, represent-
ing a sixfold enhancement. This represents a relatively high
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Fig. 4 (a) Normalized PL spectra for pure Br, Cl 50%, Cl 80%, and pure
Cl compounds. (b) Normalized PL spectra at Ao, = 275 nm for Cl ratios of
80% and 100%. (c) PL spectra at lex = 275 nm for Cl ratios of 80% and
100%, measured at an operating voltage of 200 V. (d) Variation of PLQY
with Cl ratio and structural dimensionality.

PLQY compared to typical single cadmium-based OIMHs,
which generally exhibit low PLQYs of approximately 10%.%™*?
Similarly, in the 0D pure Br compound, 50% Cl substitution
leads to a moderate increase in PLQY from 5% to 8%. This pro-
nounced increase may arise from two contributing factors.
First, halide mixing likely aids in defect passivation, thereby
reducing nonradiative recombination pathways. This trend is
generally consistent with previous reports on mixed-halide per-
ovskite systems such as CsPbBr;_,Cl,, where luminescence
efficiency improves as the composition shifts from CsPbCl; to
CsPbBr;.>*">> Second, partial substitution of CI~ with Br™ may
introduce structural distortion in the CdXs octahedra (or CdX,
tetrahedra in 0D structures), which could enhance quantum
confinement and promote the formation of STEs, thereby facil-
itating radiative recombination. These two effects, acting in
tandem, may account for the substantial increase in PLQY

observed upon partial incorporation of Br~.>*%°

Conclusions

In this study, four organic-inorganic hybrid compounds were
successfully synthesized by tuning the halide composition
between Cl and Br. As the Cl ratio increased, a structural trans-
formation from 0D to 2D was observed, with the 2D phase
exhibiting a novel layered framework composed of corner-,
edge-, and face-sharing octahedra. Halide mixing induced
increased structural distortion, which was correlated with an
enhancement in PLQY. Notably, the PLQY improved signifi-
cantly from 6% to 36% in the 2D structure, demonstrating
superior optical efficiency compared to typical Cd-based
OIMHs, which generally exhibit PLQYs of around 10%. This
work underscores the synergistic influence of halide compo-
sition and dimensionality on optical performance and pro-
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vides valuable design principles for the development of high-
efficiency luminescent materials.
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