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Conjugated organic cations have been explored in two-dimensional (2D) organic—inorganic hybrid
perovskites (OIHPs) due to tunable optoelectronic functionality of such hybrid materials. However,
relatively few conjugated organic cations have been successfully incorporated into 2D OIHPs, and many
exhibit relatively large optical band gaps (2.5 eV or larger), largely due to constraints associated with
cation size and solubility. Here, we investigate how the spacer-cation electronic structure biases
excited-state pathways in 2D OIHPs using a series of compact, tetrazine-based organic cations with
narrow optical gaps (~2.1 eV) that are successfully incorporated into lead-based 2D perovskites via
solution processing. Mixed-anion thin films (50% Br and 50% Cl) are used to shift the inorganic exciton
into the visible spectral range, enabling spectroscopic investigation of excited-state processes. Steady-
state photoluminescence reveals strong quenching of the inorganic emission, consistent with charge-
and/or energy-transfer processes. Spacer-cation-dependent behavior is further examined using
photoluminescence excitation (PLE) and transient grating (TG) spectroscopy, which indicate that
[MeTzPMAILPbBr,Cl, and [MeTzEA],PbBr,Cl, favor
competition with charge separation, while [MePTzEA],PbBr,Cl, exhibits quenching dominated by charge

short-range, Dexter-type energy transfer in
transfer. Overall, these results reveal spacer-cation electronic structure as a key design parameter for
regulating short-range interfacial coupling and excited-state pathways in 2D hybrid perovskites,
providing useful principles for tailoring optoelectronic functionality.

Introduction

Two-dimensional (2D) organic-inorganic hybrid perovskites
(OIHPs) have attracted significant attention because of their
tunable optoelectronic properties and diverse physical
properties.'® A defining feature of 2D OIHPs is the incorpora-
tion of organic spacer-cations between the inorganic slabs,
which enables systematic control of their optoelectronic prop-
erties through chemical design.>** Recent studies have shown
that the coupling between the organic spacer-cation and inor-
ganic sublattice can strongly influence carrier dynamics and
electron-phonon interactions.” In addition, mismatches in the
dielectric constants and electronic structures at the inorganic/
organic interfaces lead to electron and hole confinement
within 2D quantum wells, resulting in low out-of-plane
conductivity.’**® Importantly, careful selection of the organic
component can alter the band alignment between quantum
wells and organic layers (Fig. S1) through adjustment of the
spacer-cation's energy levels (i.e., the highest occupied
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molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)), thereby enabling control over exciton locali-
zation and charge separation.®***"7?

Depending on the relative alignment of organic and inor-
ganic energy levels, distinct interfacial alignment configura-
tions can be accessed in 2D OIHPs. In type-I alignments, one
band straddles the other with excitons remaining localized
within either the organic (type-la) or inorganic (type-Ib)
component, whereas type-II alignments feature staggered
energy levels that facilitate carrier separation. Achieving control
over these alignments requires careful design of the organic
spacer-cation. To date, oligo(thiophene)s and acenes have been
successfully incorporated into 2D OIHPs, most commonly
adopting type-Ib alignment due to the rather large band gap of
these organics.*'”?*?? In contrast, examples of type-Ia and type-
II alignments remain comparatively rare, largely owing to the
scarcity of suitably small, narrow-band-gap organic cations
compatible with the structural requirements of 2D
perovsl<iteS'2,8,10,11,20,21,23730

Although the design and synthesis of small band gap
conjugated organic molecules have been widely explored in
other contexts,** translating these strategies to 2D OIHPs
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presents unique challenges. The inorganic lattice sets a strict
width constraint for the organic component (i.e., 8.4 A for lead
iodide-based OIHPs), while longer organic molecules suffer
from limited solubility in common OIHP processing solvents
such as DMSO. For instance, extending the conjugation of
oligo(thiophene)s by adding more thiophene repeat units can
reduce the optical band gap, but typically requires long and/or
bulky side chains to maintain solubility, which in turn
increases molecular dimensions beyond the lattice
compatibility.’**” Another common strategy is to apply the
‘donor-acceptor’ concept to achieve conjugated organics of
shorter length yet having smaller band gaps. While this strategy
has been widely used in conjugated polymers,* identifying
donor-acceptor motifs that simultaneously satisfy electronic,
structural, and processing constraints for 2D OIHPs remains
nontrivial. In particular, short-range type-II energy transfer,
which requires direct orbital overlap, is expected to be highly
sensitive to spacer-cation proximity and electronic structure, in
contrast to longer-range Forster-type energy transfer governed
by dipole-dipole coupling.

Tetrazine-based conjugated molecules are attractive in this
context, as they can achieve narrow optical band gaps with just
1-3 aromatic units,>**** and exhibit optical and electronic
features distinct from many spacer-cations previously explored
in 2D OIHPs. Specifically, tetrazine derivatives exhibit a low-
energy optical transition in the yellow-orange spectral
region,**' whereas acene- and thiophene-derivatives typically
require 3-5 rings to achieve comparable low-energy transi-
tions.*>** With the incorporation of nitrogen atoms in the
structure of tetrazine, the frontier orbitals are shifted from -
m*—common to benzene-derivatives—to n-w*, resulting in
a narrowing of the HOMO-LUMO band gap. Notably, a higher
energy m-7* transition in the near-UV range is also present for
these tetrazine-based molecules. Collectively, these features
position tetrazine derivatives as promising spacer-cations for
probing excited-state pathways in 2D OIHPs, although such
systems remain relatively unexplored.**

Herein, we investigate how the electronic structure of the
spacer-cation influences excited-state pathways in 2D hybrid
perovskites using a series of compact, tetrazine-based organic
cations as a model system. These cations are incorporated into
lead-chloride and mixed-anion (50% Br and 50% Cl) 2D OIHP
thin films and single crystals, enabling systematic variation of
conjugation length and connectivity, while maintaining
narrow HOMO-LUMO gaps of the cations. Mixed-anion
compositions are employed to tune interfacial energetics and
assess their impact on competing excited-state pathways.
Ultraviolet photoelectron spectroscopy (UPS) measurements
indicate a type-II band alignment between organic and inor-
ganic components in these systems. Through steady-state
photoluminescence studies, we observe a quenching of emis-
sion, indicative of excited-state relaxation pathways involving
charge and/or energy transfer. Complementary photo-
luminescence excitation (PLE) and transient grating (TG)
spectroscopy are then used to resolve cation-dependent
excited-state behavior.
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Experimental methods

The tetrazine-based organic cations 2-(6-methyl-1,2,4,5-tetrazin-
3-yl)ethan-1-aminium (MeTzEA), 2-(6-(p-tolyl)-1,2,4,5-tetrazin-3-
ylethan-1-aminium (MePTzEA), and (4-(6-methyl-1,2,4,5-
tetrazin-3-yl)phenyl)methanaminium (MeTzPMA) were synthe-
sized following modified literature procedures.* The corre-
sponding chloride salts were obtained by treatment of the
amine precursors with 2 M HCI in dry diethyl ether. Thin films
of tetrazine-based 2D organic-inorganic hybrid perovskites
were prepared by spin coating precursor solutions containing
the appropriate organic ammonium chloride salt and PbCl, (or
PbBr, for mixed-anion films) in DMSO at a 2 : 1 molar ratio onto
precleaned glass substrates. Thin-film deposition conditions
(spin-coating speed and annealing conditions) were adjusted to
optimize film formation due to differences in solubility and
crystallization behavior. Powder X-ray diffraction (pXRD)
measurements were collected to confirm the layered 2D perov-
skite structure and interlayer spacing of all thin films. The
resulting films have typical thicknesses of 50-60 nm for MeTzEA
based films, 90-120 nm for MePTzEA based films, and 90-
110 nm for MeTzPMA based films as measured by profilometry.

Single crystals of [MeTzEA],PbCl,, [MeTzPMA],PbCl,-CH,-
Cl,, and [MePTzEA],PbCl, were grown using an antisolvent
vapor-assisted crystallization (AVC) method. Mixed-anion single
crystals of [BA],PbBr,Cl, and [MeTzEA],PbBr,Cl, were grown
using analogous procedures. Single-crystal X-ray diffraction
data were collected on a Bruker diffractometer, and structures
were solved using standard refinement protocols. Crystallo-
graphic parameters and additional structural details are
provided in the SI.

Density functional theory (DFT) calculations were performed
using the all-electron FHI-aims code, following previously re-
ported protocols.'”***” Structural models were based on exper-
imentally determined crystal structures. Further computational
details, including basis sets and exchange-correlation func-
tionals, are provided in the SI (Section S6).

Ultraviolet photoelectron spectroscopy (UPS) measurements
were performed to determine valence band positions of both
organic and inorganic components. Thin films of BA-based
perovskites deposited on silicon wafers were used to deter-
mine inorganic bands, while thin films of organic ammonium
salts deposited on silicon wafers were prepared to determine
organic HOMO levels. The secondary electron cutoff and
valence band onset were used to determine HOMO and valence
band energies. Optical gaps obtained from UV-visible spec-
troscopy were used to estimate conduction band and LUMO
positions.

UV-visible absorption spectra of thin films were collected
using a Shimadzu UV-2600 spectrometer. All UV-Vis absorption
measurements were performed under identical experimental
conditions, including substrate type and ambient temperature.
Spectra were normalized to facilitate comparison across the
series. Scanning electron microscopy (SEM) images were
collected using a Zeiss SUPRA 25 field-emission scanning elec-
tron microscope at an accelerating voltage of 2.0 kV. Films were

This journal is © The Royal Society of Chemistry 2026
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imaged as prepared on glass substrates without additional
coating. X-ray photoelectron spectroscopy (XPS) data were
collected on a Kratos Supra+ system with a monochromatic Ko
X-ray source operated at 150 W. Films were measured as
prepared on glass substrates without additional coating. Addi-
tional information pertaining to SEM and XPS experiments can
be found in the SI.

Steady-state photoluminescence (PL) measurements were
performed using excitation wavelengths selected to preferen-
tially excite the inorganic or organic component. Photo-
luminescence excitation (PLE) spectra were recorded by
monitoring emission at a wavelength corresponding to tetra-
zine n-m* emission (600 nm) while scanning the excitation
wavelength across 330 nm to 550 nm. Femtosecond transient
grating (TG) experiments were conducted using 375 nm pump
and probe pulses to selectively excite the inorganic exciton of
the 2D perovskites. Signal fields were detected using spectral
interferometry to enhance sensitivity to excited-state population
dynamics. Data were analyzed by fitting the signal amplitude to
multi-exponential decay functions to extract characteristic
relaxation time constants. Full experimental details and fitting
procedures are provided in the SI (Sections S8 and S9).

Results and discussion

Design and optical properties of tetrazine-based organic
cations

We synthesized three tetrazine-based organic ammoniums, 2-
(6-methyl-1,2,4,5-tetrazin-3-yl)ethan-1-aminium (MeTzEA), 2-(6-
(p-tolyl)-1,2,4,5-tetrazin-3-yl)ethan-1-aminium (MePTzEA), and
(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)methanaminium

(MeTzPMA) (Fig. 1A, S2-S7 and Scheme S1). The MeTzEA and
MePTZzEA (with one more benzene unit than MeTzEA) cations
differ in their overall length, with a length of 7.1 A for MeTzEA
and 11.8 A for MePTzEA. Correspondingly, the interlayer
spacing in the resulting 2D OIHPs increases from 15.8 A for
MeTzEA to 23.6 A for MePTzEA, as determined from powder X-
ray diffraction of thin films. In contrast, MeTzPMA and MePT-
ZEA are similar in length (10.2 A for MeTzPMA and 11.8 A for
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MePTzEA), leading to comparable quantum-well spacings of
19.3 Aand 22.9 A, respectively. However, these two cations differ
in their connectivity, altering the position of the electron-
withdrawing tetrazine ring relative to the inorganic layer. In
MePTzEA, the tetrazine moiety is closer to the inorganic layer in
the putative 2D structure, a geometric difference that is ex-
pected to influence charge distribution and interfacial coupling
between the organic and inorganic components. Overall, vari-
ations in spacer-cation length and connectivity provide a means
to tune interlayer coupling and interfacial interactions in these
systems.

This series enables evaluation of how the tetrazine moiety,
conjugation length, and connectivity influence band alignment
and optoelectronic properties in 2D OIHPs. For all three
systems, chloride salts were synthesized via reaction with dry
hydrogen chloride, and the resulting precursors were used to
fabricate the corresponding 2D OIHP thin films as detailed in
the SI (Section 3.2 and Fig. S8).

The synthesized organic ammonium salts exhibit sufficient
solubility in DMSO, a common processing solvent for 2D
OIHPs. In solution, the tetrazine salts exhibit two distinct
absorption bands (Fig. 1B). The low-energy transition corre-
sponds to the tetrazine n—-m* transition from 450 nm to 600 nm,
resulting in a band gap of 2.1 eV. Notably, because the tetrazine
moiety is responsible for this low-energy transition, the length
of conjugation does not affect the optical gap, making the
tetrazine group an unusual case. In contrast, the high-energy
absorption region, which includes contributions from the
tetrazine —mt* transition and the aromatic substituents, varies
across the series. MeTzEACI shows an absorption onset near
325 nm, whereas MeTzPMACI and MePTzEACI exhibit broader
bands extending to 375 and 385 nm, respectively. The differ-
ences can be attributed to the addition of the benzene group,
which also absorbs in this region, resulting in a shoulder
around 350 nm and an increase of absorbance below 300 nm for
MeTzPMACI and MePTzEACI.

The photoluminescence (PL) spectra of the three salts are
also similar and extend from 550 to 700 nm when excited at
both 320 nm and 510 nm (Fig. 1C). Notably, MeTzEACI exhibits

A B C
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NH3 NH3 i MeTzEA —— MeTzEA
NH3 MeTzPMA —— MeTzPMA
8 8 MePTZEA 4 —— MePTzEA
< < a
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| = N
NN NN 2 £ 3
T ElY 2 :
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METZEA Ny N 0 500 600 650
\r A~ Wavelength (nm) 4 _'_'.'.'.'.’.'.‘.'.'.‘.';..‘,._...". >
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Fig. 1 Tetrazine-based salts and their optical properties in solution. (A) Chemical structures of the tetrazine-based ammonium cations
synthesized in this work. (B) Absorbance of tetrazine salts in DMSO normalized to the low-energy n—m* transition. Inset shows the low-energy
n—7t* transition from 450 nm to 650 nm. (C) Photoluminescence (PL) of the tetrazine salts in DMSO, normalized for the number of photons
absorbed, with an excitation wavelength of 320 nm (dotted line) and 510 nm (solid line).
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higher emission intensity than MeTzPMA and MePTzEA, both
of which have a benzene unit as part of the organic cation.
Phenyl substitution on tetrazine likely reduces the spatial
overlap between the localized nonbonding orbital and the
delocalized m* orbital, thereby diminishing the transition
dipole moment for the n-7* transition and reducing its inten-
sity in emission. Nevertheless, as revealed below, having the
benzene unit in the organic cations does not appear to affect the
observed PL in all three organic cation-based 2D OIHPs.

Crystal structures and packing motifs in tetrazine-based 2D
OIHPs

Through the antisolvent vapor-assisted crystallization (AVC)
method (Fig. S9),* we obtained tetrazine-based perovskite
crystals of the three hybrid materials, namely [MeTzEA],PbCl,,
[MeTzPMA],PbCl, - CH,Cl,, and [MePTzEA],PbCl,_Single-crystal
X-ray diffraction was used to confirm their two-dimensional
perovskite structures and to examine how spacer-cation
length and connectivity influence packing within the organic
layers. Representative crystal images are shown in Fig. S10, and
key crystallographic parameters are summarized in Tables S2-
S4, with full details provided in the SI. Side views of the struc-
tures are displayed in Fig. 2. All three compounds crystallize as
layered perovskites consisting of corner-sharing octahedra
([PbClg]*") separated by organic bilayers. Specifically,
[MeTzEA],PbCl, crystals adopt a monoclinic, C2/m space group
(Fig. 2A and B), [MeTzPMA],PbCl,-CH,Cl, crystals adopt an
orthorhombic, Pca2, space group (Fig. 2C and D), and the
[MePTzEA],PbCl, crystals adopt a monoclinic, Cc space group
(Fig. 2E and F). Despite these differences in symmetry, all three
structures share similar inorganic frameworks, while variations
in cation length and connectivity lead to distinct packing motifs
within the organic layers.

The arrangements of the tetrazine cations differ among the
three crystal structures, reflecting differences in cation length
and connectivity. In [MeTzEA],PbCl,, the tetrazine unit exhibits
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positional disorder about a twofold rotation axis, with one
representative configuration shown in Fig. 2A and B. When
viewed along the g-axis, the organic cations form an ordered
vertical stack (Fig. 2A). Viewing along the c-axis reveals that the
cations are rotated in the same direction, resulting in terminal
methyl groups oriented toward neighboring tetrazine rings
(Fig. 2B), consistent with a T-shaped - stacking motif. Owing
to its shorter molecular length, MeTzEA yields the smallest
interlayer spacing in the series, with a quantum-well distance of
15.8 A, compared to 23.6 A and 22.9 A for the MePTZEA and
MeTzPMA based structures, respectively.

Incorporation of a phenyl ring significantly alters the
packing arrangement within the organic layers. Specifically, in
[MeTzPMA],PbCl, - CH,Cl,, tetrazine cations stack in groups of
four, separated by two dichloromethane molecules located near
the tetrazine rings (Fig. 2C and D). By contrast, in
[MePTzEA],PbCly, the cations again align vertically (Fig. 2E) but
are rotated in alternating directions within the organic layer,
leading to a staggered formation. In addition, adjacent tetrazine
moieties are tilted, giving rise to a herringbone configuration
within the organic layer (Fig. 2F). Additional structural orien-
tations are provided in Fig. S11-S13.

It is worth noting that in [MeTzPMA],PbCl,-CH,Cl,, the
presence of dichloromethane results in a clustered arrange-
ment of tetrazine cations, in contrast to the more uniform
alignment observed in the non-solvated structures. Attempts to
grow MeTzPMA-based crystals without incorporating di-
chloromethane were unsuccessful despite varying crystalliza-
tion conditions. Accordingly, comparisons of packing trends
across the series must be considered in the context of solvent
inclusion in this structure.

Thin-film structure and optical absorption

While single crystal analysis provides detailed insight into
structural features such as packing and intermolecular interac-
tions, thin films are more directly relevant for probing

CH,CI,

V-_é\,'\." VNG A Ve

[MePTzEA],PbCl,

Fig.2 Side views of the crystal structures. [MeTzEA],PbCl, viewed down (A) a-axis and (B) c-axis. [MeTzPMA],PbCl,-CH,Cl, viewed down (C) a-
axis and (D) c-axis; dichloromethane molecules present in the lattice are indicated by red arrows. [MePTzEA],PbCl, viewed down (E) b-axis and

(F) c-axis. Cl, magenta; C, orange; N, blue; H, green; gray diamonds within inorganic layers represent octahedral [PbClg
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optoelectronic properties. Thin films of the three tetrazine-based
perovskites were prepared from precursor solutions of the cor-
responding ammonium salts and PbCl, in DMSO. The resulting
films exhibit strong layered type diffraction, consistent with the
formation of a 2D structure (Fig. 3A). The UV-Vis spectra of such
films demonstrate absorption features from both the organic and
inorganic components (Fig. 3B). The raw absorbance spectra for
these films are shown in Fig. S16. Specifically, MeTzEACI-based
film has a sharp exciton absorption peak at 344 nm, whereas
the films incorporating MeTzPMACI and MePTzEACI display
excitonic absorption peaks at 337 nm and 334 nm, respectively.
The slight blue shift in the absorption peak is consistent with an
increased distortion of the inorganic framework because of the
larger cation size in the latter two cases. Importantly, all three
films exhibit additional absorption in the 500-600 nm region,
corresponding to the n-m* transition of the tetrazine moiety,
confirming the successful incorporation of the conjugated
cations into the perovskite lattice. Together, these observations
establish that the tetrazine-based cations are retained within the
2D perovskite thin films, providing a platform to examine their
influence on excited-state behavior.

Mixed-anion compositions for spectroscopic access

Experimentally, the different band alignments between the
organic and inorganic components are generally evaluated
using a combination of electronic structure calculations and
spectroscopy.'®'*7*%*  While the chloride-based tetrazine
perovskites establish key structural and electronic trends,
mixed-anion compositions provide improved spectroscopic
access to the inorganic exciton by shifting its absorption into
the visible region. Accordingly, mixed-anion (50% Br and 50%
Cl) 2D OIHP thin films were employed to enable systematic
optical and electronic interrogation of excited-state processes.
X-ray photoelectron spectroscopy (XPS) analysis confirms
incorporation of both Cl and Br in all samples, with composi-
tions close to the intended 1 : 1 ratio (Fig. S17 and Table S1). The
measured Br:Cl ratios are consistent across independently
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prepared films and show minimal variation with shallow sput-
tering, indicating uniform halide distribution.

The UV-Vis spectra of the 50% Br/50% Cl 2D OIHP films
retain contributions from both the inorganic framework and
the organic spacer-cations (Fig. 4A). Incorporation of bromide
results in a clear red shift of the inorganic exciton absorption
relative to the fully chloride analogues. For example,
[MeTzEA],PbBr,Cl, exhibits a sharp excitonic absorption peak
at 378 nm, compared to 344 nm for the fully chloride analogue,
[MeTzEA],PbCl,. Similar shifts are observed for the other
mixed-anion films, with excitonic peaks shifting from 337 to
370 nm for MeTzPMA and from 334 to 365 nm for MePTzEA.
Importantly, all three mixed-anion perovskites also retain the
characteristic tetrazine n-m* absorption between 500 and
600 nm. Powder X-ray diffraction patterns (Fig. 4B) confirm that
the mixed-anion films preserve pronounced layered ordering.
Comparison with the chloride-only films reveals negligible
changes in interlayer spacing (Fig. S18C), indicating that partial
halide substitution does not substantially alter the periodicity
of the inorganic framework.

SEM images of the films (Fig. S19), collected over multiple
length scales, show largely continuous and uniform morphol-
ogies across all three compositions, with no well-defined grain
structures observed even at higher magnification. While minor
variations in surface texture are present, the overall similarity in
film morphology suggests that the observed differences in
excited-state dynamics are not primarily driven by morpholog-
ical effects. Additionally, while halide phase segregation is
a known concern in mixed-halide perovskites, no evidence of
phase separation is observed in the present system. The
absorption spectra exhibit a single excitonic feature for each
composition, and the pXRD patterns show a single set of
reflections without peak splitting. These observations indicate
that any compositional heterogeneity, if present, does not lead
to distinct optoelectronic domains.

Because changes in anion composition can influence crystal
packing and local structure, mixed-anion single crystals of

B
104 —— [MeTZEALPbCI,
—— [MeTzPMA]PbCI,
" —— [MePTzEA] PbCl,
2 0.8+ -
o
Qv
N
©
E
—
[=]
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300 350 400 450 500 550 600 650 700
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Fig. 3 Characterization of tetrazine-based lead chloride 2D OIHP thin films. (A) Measured powder X-ray diffraction pattern (pXRD) of perovskite
thin films for [MeTzEA],PbCl, (green), [MeTzPMA],PbCly (red), and [MePTzEA],PbCl, (blue). (B) Normalized UV-Vis absorbance of [MeTzEA],-
PbCl, (green), [MeTzPMA],PbCly (red), and [MePTzEAI,PbCl, (blue) thin films.
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Fig. 4 Characterization of tetrazine-based mixed-anion 2D OIHP thin films. (A) Normalized UV-Vis absorbance of [MeTzEA],PbBr,Cl, (green),
[MeTzPMA],PbBr,Cl; (red), and [MePTzEAI,PbBr,Cl, (blue) thin films. (B) Measured powder X-ray diffraction pattern (pXRD) of the mixed-anion

perovskite thin films.

[BA],PbBr,Cl, and [MeTzEA],PbBr,Cl, were selectively grown to
enable comparison with the fully chloride systems. Single-
crystal X-ray diffraction confirms that both mixed-anion struc-
tures retain the fundamental 2D perovskite architecture, with
corner-sharing inorganic octahedra separated by organic bila-
yers (Fig. 5). Significant disorder is observed within the inor-
ganic framework, with each halide site exhibiting equal
probability of bromide or chloride occupancy. Within the
organic layers, disorder also arises from symmetry-related
configurations. In [BA],PbBr,Cl,, the butylammonium cation
adopts four orientations due to its rotational symmetry. Simi-
larly, in [MeTzEA],PbBr,Cl, the tetrazine moiety lies on
a twofold rotation axis, resulting in two possible configurations.
Representative configurations for each structure are shown in
Fig. 5. Despite this disorder, the overall structural motifs and
layer spacings are comparable to those of the corresponding

chloride-based perovskites. Key crystallographic parameters are
summarized in Tables S5 and S6, with full structural details
provided in the SI (Fig. S14 and S15).

Structural distortions of the inorganic framework, such as
octahedral tilting, are known to influence optical properties in
2D hybrid perovskites. In the mixed-anion series, differences in
spacer-cation size and connectivity are expected to introduce
some variation in lattice structure. However, due to substantial
halide disorder in the inorganic layers of the mixed-anion
systems, extraction of rigorous distortion metrics from the
available crystal structures is not feasible.

Band alignment in chloride and mixed-anion 2D OIHPs

To gain qualitative insight into spacer-cation dependent elec-
tronic structure, we performed first-principles electronic
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Fig.5 Side view of the crystal structures. [BA],PbBr,Cl, viewed down (A) a-axis and (B) b-axis. [MeTzEA],PbBr,Cl, viewed down (C) a-axis and (D)

b-axis. Hydrogen atoms are omitted for clarity. Cl, magenta; Br, yellow; C, orange; N, blue; gray diamonds within inorganic layers represent

octahedral [PbBrsCls]*~.
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Fig. 6 Band alignment diagrams of inorganic and organic components as determined from UPS and optical absorption measurements. (A) Lead
chloride-based 2D OIHPs and (B) mixed-anion 2D OIHPs, showing inorganic (gray) and organic (green, red, blue) components.

structure calculations for [MePTzEA],PbCl, using density
functional theory (DFT) with the all-electron FHI-aims code, as
described in our previous work.*® These calculations indicate
that the valence-band edge has significant contribution from
the organic cation, while the conduction-band edge is primarily
associated with the inorganic sublattice (Fig. S20C). This
calculated band ordering is consistent with a staggered, type-IIa
quantum-well configuration for [MePTzEA],PbCl, (Fig. S20F).
While DFT calculations provide useful qualitative insight into
how the electronic structure of the spacer-cation can influence
frontier electronic states, it is important to note that DFT
calculations are performed on the fully integrated hybrid
structure and therefore reflect the electronic structure of the
coupled organic-inorganic system. As a result, the calculated
band alignment can differ from experimentally derived align-
ments based on measurements of the individual components.
Furthermore, extension of the DFT analysis to other chloride
and mixed-anion compositions is limited by substantial struc-
tural disorder within the organic layers. Additional computa-
tional details are provided in the SI (Fig. S20).

To experimentally probe band alignment in both chloride
and mixed-anion systems, ultraviolet photoelectron spectros-
copy (UPS) was employed.®* Because UPS directly probes the
electronic structure of thin films, these measurements are taken
as the primary experimental basis for constructing the band
alignment diagrams discussed below. As an inorganic refer-
ence, we utilized [BA],PbCl,, a system with a known type-Ib
alignment, to probe the electronic states of the inorganic
framework. UPS measurements yield a valence band maximum
of approximately —6.3 eV for [BA],PbCl, (Fig. S21). Similarly,
[BA],PbBr,Cl, was used as an inorganic reference for the mixed-
anion systems, with a measured valence-band maximum of
approximately —6.2 eV (Fig. S21).

Because the electronic states near the band edges in lead
halide perovskites are dominated by the Pb-X framework,
similar inorganic sublattices are expected to exhibit comparable

This journal is © The Royal Society of Chemistry 2026

band edge energies, although subtle differences arising from
octahedral tilting and local disorder may lead to small varia-
tions in band energies.**' Accordingly, the tetrazine-based
perovskites are expected to have inorganic band-edge energies
similar to those of their BA-based counterparts. While valence
band positions were determined directly from UPS measure-
ments, conduction band energies were estimated from the
optical band gaps of BA-based 2D perovskites obtained from
UV-Vis spectroscopy.

The HOMO energy levels of the organic cations, MeTzEA,
MePTzEA, and MeTzPMA, were determined from UPS
measurements on thin films containing only the corresponding
organic chloride salts. The measured HOMO energies are
—4.3 eV for MeTzEA and —4.7 eV for both MePTzEA and
MeTzPMA (Fig. S22). The similar HOMO level of MePTzEA and
MeTzPMA is expected since exchanging the relative positions of
donor and acceptor moieties is not anticipated to substantially
alter the frontier orbital energies. The optical gap from the UV-
Vis spectra of the tetrazine salts was used to infer the LUMO
energy levels. The resulting band diagrams (Fig. 6), constructed
primarily from UPS and optical measurements, are consistent
with a type-IIb band alignment in both the chloride and mixed-
anion OIHPs, in which the valence band is associated with the
organic component and the conduction band is dominated by
the inorganic framework.

Spacer-cation dependent excited state quenching

To investigate how the band alignment influences excited-state
relaxation pathways at the organic-inorganic interface, we
applied a combination of spectroscopic techniques to mixed-
anion 2D OIHP thin films. Photoexcitation of the perovskite
quantum wells can result in energy- or charge-transfer
quenching, depending on the electronic structure of the
incorporated tetrazine spacer-cation. Steady-state photo-
luminescence (PL) measurements can establish quenching
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(A) Photoluminescence (PL) spectra for [BAl,PbBr,Cl, (black), [MeTzEA],PbBr,Cl, (green), [MeTzPMA],PbBr,Cl, (red), and [MePTzEA],-

PbBr,Cl, (blue) films excited at 320 nm. (B) Photoluminescence excitation spectra for [MeTzEA],PbBr,Cl, (green), [MeTzPMAI],PbBr,Cl, (red), and
[MePTzEA],PbBr,Cl, (blue), monitored at a fixed emission wavelength of 600 nm corresponding to the tetrazine emission. (C) Absolute values of
transient grating signal fields acquired for [MeTzEA],PbBr,Cl, (green), [MeTzPMA],PbBr,Cl, (red), and [MePTzEA],PbBr,Cl, (blue). Dotted and
solid lines represent experimental data and fits using eqgn (1), respectively. Additional experimental details are provided in the Sl (Fig. S24).

processes and offer initial insight into the operative excited-
state pathways.

To first establish whether quenching of the inorganic exciton
occurs, the inorganic framework was selectively photoexcited at
320 nm, and emission was monitored in the 350-450 nm
spectral region corresponding to the inorganic exciton reso-
nance (Fig. 7A). Quenching behavior in the tetrazine-based 2D
OIHP thin films was compared to [BA],PbBr,Cl,; the latter
serves as a reference system that lacks energy- or charge-transfer
pathways due to its type-Ib band alignment. While photo-
luminescence from the inorganic framework is readily detected
in [BA],PbBr,Cl,, we do not observe light emission from the
inorganic phase for the three tetrazine-based systems, implying
that the radiative recombination efficiency is reduced by at least
two orders of magnitude. Complementary PL spectra in the
550-700 nm region under 375 nm excitation is provided in the
SI (Fig. S23).

Based on the experimentally determined type-II band align-
ment (see Fig. 6B), quenching of the inorganic emission may
proceed via either energy transfer or charge transfer pathways.
Given the limited spectral overlap between tetrazine absorption
and the ~380 nm inorganic exciton, Forster-type dipole-dipole
coupling is expected to be inefficient; thus, short-range mech-
anisms (e.g., Dexter-type transfer) remain plausible. However,
charge-transfer-mediated quenching is also energetically
allowed under the type-II alignment, motivating the use of

Table 1 Transient grating fitting parameters

additional spectroscopic methods to identify the dominant
relaxation pathway(s).

To disentangle these two possible mechanisms (e.g., energy
transfer vs. charge transfer), we recorded photoluminescence
excitation (PLE) profiles while monitoring emission at 600 nm
(Fig. 7B). Because the detection wavelength corresponds to light
emission from the tetrazine cations, the PLE spectrum should
mirror the absorption spectrum of the perovskite quantum well
if an inorganic-to-organic energy transfer process precedes
emission. Although both components absorb within the scan-
ned excitation window, the perovskite quantum wells exhibit
distinct, narrow exciton resonances near 380 nm. Thus, the
presence (or absence) of a ~380 nm feature in the PLE spectrum
provides a diagnostic of whether excitation of the inorganic
layer contributes to the observed tetrazine emission. Experi-
mentally, prominent inorganic exciton peaks were observed in
the excitation profiles of both MeTzEA- and MeTzPMA-based
systems, consistent with inorganic-to-organic energy transfer
following photoexcitation of the perovskite quantum wells
(Fig. 7B). In contrast, the absence of a perovskite exciton reso-
nance in the PLE profile for the MePTzEA-based system
suggests that the observed tetrazine emission primarily arises
from direct excitation of the organic cation, with minimal
contribution from inorganic-to-organic energy transfer.
Together with strong quenching of inorganic emission, these
observations suggest that excited-state quenching in the
MePTzEA-based system is dominated by charge-transfer

“Parameters [MePTzEA],PbBr,Cl, [MeTzPMA],PbBr,Cl, [MeTzEA],PbBr,Cl,
Ay 0.313 £+ 0.011 0.591 £+ 0.014 0.633 + 0.012

t (ps) 2.35 + 0.19 0.38 + 0.02 0.48 + 0.02

A, 0.433 £ 0.006 0.300 £ 0.005 0.229 + 0.004

t (ps) 58.29 + 2.15 27.64 £ 1.02 32.17 + 1.44

Az 0.158 + 0.003 0.092 + 0.002 0.121 + 0.002

P quench (PS) 25.99 + 1.01 8.52 + 0.33 7.68 + 0.36

% The mean values and standard errors are averaged over two independent transient grating data sets. > Quenching times are computed using eqn

(2)-
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pathways, with minimal contribution from inorganic-to-organic
energy transfer.

To obtain further insight into the relaxation processes, we
conducted femtosecond transient grating (TG) experiments
with 375 nm pump and probe laser pulses tuned into the
exciton resonances of the 2D OIHP systems (see SI, Section 8.3).
As described in our previous work,*>** the signal fields were
detected using spectral interferometry to enhance sensitivity to
the excited-state populations, which are directly proportional to
field amplitudes obtained in this approach. In Fig. 7C, the
absolute value of the signal field was fit to the sum of three
components:

S(7) = Ay exp(—1/t)) + Arexp(—1/ty) + A3 )]

where 7 is the pump-probe delay time. All fitting parameters are
summarized in Table 1. Because relaxation in these films need
not be strictly single exponential, ¢; and ¢, are treated here as
empirical time constants that capture the overall decay
dynamics rather than being uniquely assigned to specific
microscopic processes. For example, simultaneous quenching
and solvation dynamics can cause the signal's temporal profile
to deviate from a single-exponential form,****> with both time
constants sensitive to the quenching processes. Furthermore,
we compute an empirical quenching time, tguench, USing
a weighted average of the two decay components:

Alll + Azlz
_— 2

Z quench =

The [MeTzEA],PbBr,Cl, (tquench = 7.7 ps) and [MeTzPMA],-
PbBr,Cl, (fquench = 8.5 ps) films exhibit similar decay times,
whereas the relaxation rate of [MePTzEA],PbBr,Cl, is approxi-
mately three times slower (fquench = 26 ps). This variation in
quenching times reflects differences in the underlying excited-
state relaxation pathways. In general, shorter quenching times
arise from (i) more favorable energy level alignment between the
inorganic sublattice and the organic spacer cation and (ii)
stronger donor-acceptor electronic coupling across the inter-
face. While these factors cannot be directly predicted from
molecular structure alone, the spectroscopic results indicate
that [MeTzEA],PbBr,Cl, and [MeTzPMA],PbBr,Cl, access both
energy-transfer and charge-transfer pathways, whereas
[MePTzEA],PbBr,Cl, is dominated by charge transfer, leading to
comparatively slower relaxation.

While the PLE profiles provide clear evidence for inorganic-
to-organic energy transfer in [MeTzPMA|,PbBr,Cl, and
[MeTzEA],PbBr,Cl,, the tetrazine cations exhibit weak absorp-
tion in the 370-400 nm region associated with the inorganic
exciton resonance, suggesting that Forster-type dipole-dipole
energy transfer is inefficient under these conditions. Accord-
ingly, short-range energy transfer mechanisms such as Dexter-
type transfer are plausible in these systems, as they proceed
via electron exchange enabled by wavefunction overlap at the
organic-inorganic interface and do not require strong optical
absorption by the acceptor.**” Notably, excited-state quenching
in a closely related tetrazine-based mixed-anion 2D OIHP

This journal is © The Royal Society of Chemistry 2026
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system was previously attributed to Dexter energy transfer for
similar reasons.* To provide physical context for the observed
trends, we consider idealized rate expressions for Dexter energy
transfer and charge transfer, which highlight the distinct
energetic and coupling requirements of these processes. To
clarify the factors governing the Dexter process, we derive
a perturbative rate formula using a time-correlation function
approach in the SI, Section 9.1. Under the assumption of
Gaussian spectral line shapes, the Dexter rate can be written as

k o |VDcxIcr‘2 s "Xp
Dexter A kBT(/\D n AA)

(Ep — 2p — En — 2a)
4(Ap + An)ks T

(3)

where Vpeyer iS the donor-acceptor coupling, Ep (E,) is the
energy gap of the donor (acceptor), and Ap (4,) is the reorgani-
zation energy of the donor (acceptor). Provided sufficient
interfacial wavefunction overlap to enable Dexter coupling, the
efficiency of the process is governed by the energetic resonance
between donor and acceptor gaps, which reflects both their
mean values (Ep and E,) and their thermally broadened distri-
butions (Ap and A,).

In contrast, the [MePTzEA],PbBr,Cl, system undergoes
a strong quenching process but does not exhibit signatures of
energy transfer in the PLE profile. This combination is consis-
tent with a quenching pathway dominated by charge-transfer-
mediated relaxation rather than energy transfer. Given the
type-1I energy level scheme presented in Fig. 6, inorganic-to-
organic hole transfer is energetically plausible in this system.
Under the assumption that a single occupied molecular orbital
serves as a dominant hole-acceptor state, the rate can be
approximated using the high-temperature limit of the Marcus

equation:***

| VMurcus |2 ™
k arcus — €
M n \ kTP

{_ (AG + x)} @

4rks T

where Vyareus 1S the donor-acceptor coupling, AG is the free
energy difference between donor and acceptor levels, and A is
the overall reorganization energy for the transition.

While both Dexter and Marcus couplings are mediated by
wavefunction overlap at the interface, the two processes involve
different energetic requirements. The energy level scheme
shown in Fig. 8A illustrates the resonance condition required
for Dexter energy transfer in [MeTzPMA],PbBr,Cl, and
[MeTzEA],PbBr,Cl,. Here, we propose that a higher-lying
acceptor gap within the tetrazine manifold (e.g., between the
nonbonding orbital and a higher-energy unoccupied 7 orbital)
can serve as the accepting transition for Dexter-type transfer,
consistent with the weak absorptivity of transitions originating
from nonbonding orbitals. Conversely, for [MePTzEA],PbBr,-
Cl,, the absence of an energy-transfer signature in PLE suggests
that there is not an available resonant state required for Dexter
energy transfer (Fig. 8B). Rather, we propose that occupied
orbitals in the vicinity of the valence band edge of the perovskite
layer act as the acceptor levels for the charge-transfer quenching
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(A) Dexter energy transfer occurs between the perovskite and tetrazine derivatives due to orbital overlap at the interface. Energy transfer

processes are enabled by overlapping distributions of energy gaps at the donor and acceptor sites (i.e., band alignment is not required). Whereas
the HOMO-LUMO gap is smaller than the perovskite exciton resonance, the gap between HOMO and the levels above LUMO can accept the
energy from the perovskite. (B) Charge transfer processes require energy level alignment at the interfaces of the donor and acceptor systems.
Because the energy levels in the tetrazine system are discrete, we assume a single dominant hole-acceptor level to estimate the coupling

strength.

process in [MePTzEA],PbBr,Cl,, consistent with the energy-level
scheme established by our UPS measurements. While these
interpretations are supported by experimental data and ideal-
ized rate formulas, additional electronic structure calculations
will enable a more detailed assignment of the specific orbitals
participating in these pathways, which will be the focus of
future investigation.

Design implications and summary

Overall, UPS measurements indicate a type-IIb band alignment
across all tetrazine-based 2D OIHP systems investigated here.
Steady-state photoluminescence (PL) studies further reveal
strong quenching of the inorganic emission, consistent with the
presence of charge- and/or energy-transfer processes. To
distinguish between these pathways, we employed photo-
luminescence excitation (PLE) and transient grating (TG) spec-
troscopy. Together, the PLE and TG measurements provide
complementary evidence that excited-state relaxation in
[MeTzPMA],PbBr,Cl, and [MeTzEA],PbBr,Cl, is consistent with
Dexter-type energy transfer occurring in competition with
charge separation, whereas [MePTzEA],PbBr,Cl, is dominated
by charge-transfer pathways. Given all three tetrazine-based
spacer-cations are structurally related, these results highlight
spacer-cation electronic structure and connectivity as key
parameters for influencing excited-state relaxation pathways in
2D hybrid perovskites, particularly in systems where short-
range interfacial coupling is present.

Conclusions

This work establishes tetrazine-based spacer-cations as a distinct
and effective design motif for engineering excited-state pathways
in two-dimensional organic-inorganic hybrid perovskites. By
combining compact molecular size with intrinsically narrow
optical gaps, tetrazine derivatives overcome a longstanding

J. Mater. Chem. A

limitation in 2D OIHP design, where reduced band gaps are
typically achieved only through extended conjugation that
requires bulky solubilizing substituents. As a result, tetrazines
provide access to interfacial electronic structures that are difficult
to reach using more conventional conjugated spacer-cations.

Beyond enabling type-Il band alignment, our results
demonstrate that subtle differences in spacer-cation electronic
structure can influence the balance between competing excited-
state relaxation pathways. In particular, the availability of low-
oscillator-strength tetrazine excited states appears to facilitate
short-range, Dexter-type energy transfer in certain systems,
whereas changes in conjugation and connectivity can suppress
energy transfer and favor charge separation instead. These
findings highlight that excited-state dynamics in 2D OIHPs are
governed not only by energetic alignment, but also by the
detailed structure of the organic excited-state manifold and its
coupling to the inorganic framework, providing a key design
parameter for tuning excited-state relaxation pathways in
layered hybrid perovskites.

More broadly, this study underscores spacer-cation electronic
structure as a powerful and tunable parameter for controlling
short-range interfacial coupling in layered hybrid perovskites. By
deliberately selecting or designing organic cations with tailored
excited-state properties, it should be possible to rationally
enhance or suppress energy transfer, promote charge separation,
or access hybrid excited states with mixed organic-inorganic
character. Such control will be essential for optimizing 2D OIHPs
for optoelectronic applications ranging from light harvesting to
charge-transport and excitonic devices.
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