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ABSTRACT 

This study reports a new class of two-dimensional lead-bromide perovskite based on monovalent 4-aminomethylbenzoic acid 
(AMBA) cations featuring a discontinuous inorganic layer. Strong hydrogen-bonding interactions at the interlayer between 
AMBA molecules impose structural rigidity that prevents the formation of continuous metal-halide layers, instead generating 
isolated linear islands of three edge-sharing [PbBr6 ]4 − octahedra (Pb3 Br14 ). The anisotropic in-plane arrangement of the structure 
is confirmed by angle-resolved polarized Raman spectroscopy, which reveals directional vibrational modes aligned with the 
octahedral island orientation. Despite the discontinuous lattice, transient photoluminescence microscopy demonstrates efficient 
in-plane exciton transport. Transport is strongly anisotropic, with the diffusion coefficient along the c -axis (0.149 cm2 /s) exceeding 
that along the a -axis (0.042 cm2 /s) by over threefold. This anisotropy is attributed to preferential near-field resonant energy transfer 
between the anisotropically oriented islands, as confirmed by numerical simulations, offering an efficient alternative transport 
mechanism in discontinuous layered perovskites. 
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 Introduction 

n recent years, two-dimensional (2D) hybrid organic-inorganic
etal halide perovskites (HOIPs) have attracted significant atten-
ion for applications in photovoltaics [ 1, 2 ], light-emitting diodes
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Advanced Materials published by Wiley-VCH GmbH 

dvanced Materials , 2026; 0:e75282 
ttps://doi.org/10.1002/adma.75282
(LEDs) [ 3 ], photodetectors [ 4–6 ], circularly polarized photolumi-
nescence emission [ 7 ], X-ray detectors [ 8 ], and lasing devices [ 9 ].
Their inherent tolerance to moisture and ion migration provides
a pathway to overcome the stability challenges that have limited
3D counterparts [ 10, 11 ]. Furthermore, compositional engineering
se, which permits use, distribution and reproduction in any medium, provided the 
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f both organic and inorganic components offers fine control
ver optical, electronic, and structural characteristics, enabling
ailored device performance. 

he 2D HOIPs consist of an inorganic layer of corner-sharing
etal-halide octahedra, with organic spacer cations separating
he layers. Depending on the type of spacer cation, 2D HOIPs
an be divided into two phases, with the monovalent cations
R-NH3 

+ ) in Ruddlesden–Popper (RP) perovskites exhibiting a
haracteristic Van der Waals gap between layers, and bivalent
ations ((R-(NH3 

+ )2 ) of in Dion-Jacobson (DJ) perovskites pro-
iding a direct link between the inorganic layers. In both classes,
hrough variation in the ratio of the inorganic precursors and
he spacer cation, the thickness of the inorganic layer can be
uned providing control over the degree of quantum and dielectric
onfinement, resulting in control over the excitonic excited state
nd tunable band gaps [ 12 ]. 

mportantly, in 2D HOIPs, the spacer cation plays a dual role in
efining the structural and functional properties of the material
 13 ]. By separating and templating the inorganic metal–halide
labs, the spacer cation contributes significantly to the over-
ll structural rigidity and mechanical stability of the layered
rchitecture. At the same time, its size, shape, and chemical
unctionality directly affect the octahedral tilting, bond angles,
nd lattice strain within the inorganic layers [ 14 ]. Rigid or
ulky spacer cations can impose steric constraints that induce
ronounced distortions in the inorganic framework, potentially
egrading electronic coupling and charge transport. Excessive
igidity in the organic layer can further hinder the formation
f extended inorganic connectivity, favoring the stabilization of
ower-dimensional perovskite motifs such as one-dimensional
hains or even zero-dimensional isolated octahedra instead of
ell-connected 2D slabs [ 15 ]. Consequently, a certain degree of
lexibility in the organic layer is crucial, as it allows the spacer
o accommodate lattice mismatch without causing excessive
istortions in the inorganic sheets. This balance between rigidity
IGURE 1 (a) Crystal of 3Pb-AMBA. (b) Chemical structure of 4-aminom
ctahedra forming three edge-sharing octahedra “islands”. (d) Arrangement
arboxylic groups (blue circles), (e) a view, (f) b view, and (g) c view of the
MBA molecules within the extended structure. 
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li
for structural integrity and flexibility to avoid distortions is
therefore essential to minimize unfavorable distortions in the
inorganic layers and to optimize the optoelectronic performance
of 2D perovskites [ 16, 17 ]. 

Here, we present a new class of 2D HOIPs in which strong
hydrogen-bonding interactions between monovalent 4-
aminomethylbenzoic acid (AMBA) cations of an RP perovskite
lead to a discontinuous 2D plane of [PbBr6 ]4 − octahedra,
herein 3Pb-AMBA (CCDC 2519094 ). We note that a different
lead-bromide perovskite phase with a distinct composition
has been reported using AMBA as a cation [ 18 ]. While the
structure obtained from synchrotron single-crystal x-ray
diffraction (SCXRD) clearly shows the conventional Van der
Waals separation between inorganic layers characteristic of the
RP phase, [Pb3 Br14 ]8 − islands of three edge-sharing octahedra
are formed in the plane of the material. We show that this
anisotropic arrangement of the 2D plane leads to directional
vibrational modes. Remarkably, despite the discontinuous 2D
plane, transient photoluminescence microscopy reveals efficient
in-plane exciton transport, with strongly anisotropic diffusivity
that follows the orientation of the [Pb3 Br14 ]8 − islands. The
observed anisotropic transfer rates align closely with numerical
electromagnetic simulations, supporting near-field resonant
energy transfer as the primary transport mechanism. 

2 Results and Discussion 

Millimeter-sized crystals (Figure 1a and Table S3 ) were synthe-
sized in concentrated HBr (9M) using a Duran pressure tube and
a 1:2 molar ratio of PbBr2 to 4-aminomethylbenzoic acid (AMBA,
see Figure 1b ). The reaction mixture was heated at 115◦C for
72 h and subsequently left to cool for 48 h to room temperature,
yielding colorless crystals as shown in Figure 1a . We note that
exposure to humidity leads to rapid degradation and loss of
properties. Once extracted from solution the manipulation of the
ethylbenzoic acid (AMBA). (c) Polyhedral representation of the [PbBr6 ]4 − 

 of the [PbBr6 ]4 − octahedra highlighting the hydrogen bonds between 
 crystal packing showing the spatial distribution of the islands and the 
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FIGURE 2 (a) Integrated Raman spectrum (VV configuration) of 
a crystal showing the 7 vibrational modes fitted with a Lorentzian 
function corresponding to the crystallographic plane (100). (b) Nor- 
malized intensity polar plots for each mode as a function of the 
relative angle, θ, between the crystal and the polarization direction 
of the laser, for the VV configuration. Polar plot scheme is also 
included, and the normalized mode intensity is given by the length 
of the radial coordinate. Experimental data are reported as circles. 
The dashed lines are estimated patterns based on Raman tensor 
analysis. 
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rystals was done using non-metallic tools and protected with
mmersion oil (Nikon) for further characterization. 

he crystals display a preferential growth direction in the c -axis,
s shown in Figure 1e . They crystallize in triclinic space group 𝑃

−
1

no. 2) with lattice parameters a = 7.7460(16) Å, b = 16.707(3) Å,
 = 16.756(3) Å, α = 74.96(3)◦, β = 86.60(3)◦, γ = 84.38(3)◦. SCXRD
nalysis reveals a layered structure in which an arrangement of
dge-sharing [PbBr6 ]4 − octahedra forms isolated groups (islands)
f three octahedra (Figure 1c ). Each island is separated from its
eighbors by organic spacers, a connectivity markedly distinct
rom the continuous orbital overlap responsible for band-like
xciton transport in conventional 2D perovskite sheets. These
Pb3 Br14 ]8 − islands interact with the protonated amine groups
f AMBA by the NH3 + to stabilize their negative charge. The
ngles between apical bromine atoms within each island are
77.75 (2) ◦–178.06 (2)◦, and between lead atoms are 180◦ (Table
1 ). The layered structure is built up through hydrogen bonds
O ⋅⋅⋅O distances of 2.607(7) and 2.609(8) Å (Figure 1d )) between
eighboring carboxylic acids of the interlayer AMBA spacers. We
ypothesize that the strong interlayer hydrogen-bonded network
mposes a degree of rigidity on the overall structure that prevents
he formation of a continuous metal-halide layer. The overall
esulting layered structure with the discontinuous 2D plane is
llustrated in Figure 1d–g . 

o gain more insight into the crystal structure, we performed
aman spectroscopy measurements on crystals at the two acces-
ible crystallographic planes determined by XRD, (100) and (010)
Figure S1 ). As displayed in Figure 2a , we focus our attention on
he low-frequency region ( < 200 cm− 1 ), where Raman spectrum
hows 7 modes, which sharpen when lowering the temperature
Figure S2 ). The Raman signal is similar to those of other edge-
haring [PbBr6 ]4 − octahedra lattices [ 19, 20 ], usually showing
ntense and blended modes below 150 cm− 1 . In contrast, face-
haring compounds show pronounced modes around 150 cm− 1

nd corner-sharing ones present strong and defined modes
elow 100 cm− 1 [ 19, 21, 22 ]. The observed Raman modes can be
scribed to vibrations of the inorganic [PbBr6 ]4 − octahedra lattice
 19, 21, 23 ]. Concretely, in low-dimensional hybrid PbBr-based
erovskites, vibrations at 39, 51, and 55 cm− 1 can be associated
o Pb ─Br bond bending, 74 cm− 1 to bond bending and twisting,
6 cm− 1 to Br ─Pb ─Br bond scissoring in the octahedral plane,
nd 112 and 128 cm− 1 to Pb ─Br stretching [ 23 ]. To correlate
hese modes with the crystal orientation, we carried out angle-
esolved linearly polarized Raman spectroscopy measurements
y rotating the sample under fixed configuration of polarizer
nd analyzer parallel to each other (VV configuration) [ 24 ]. In
ase of the (100) plane (Figure 2b , see Figure S3 for the (010)
lane and further discussion), we observed that several modes
how a clear directionality of their intensity as a function of the
ngle of rotation of the sample, highlighted in the polar plots.
pecifically, the angular modulation has a preferential orientation
ith respect to the alignment of the islands of [Pb3 Br14 ]8 −
ctahedra, matching with the minimum intensity of the angu-
ar modulation of 39 and 112 cm− 1 modes and the maximum
ntensity of 128 cm− 1 mode (see Figure S3a,b for the (010) plane
ata analysis). As a result, our low-frequency Raman analysis
llows us to determine the direction of connection of islands of
Pb3 Br14 ]8 − octahedra and distinguish between crystallographic
lanes. 
dvanced Materials, 2026

t

Mechanical exfoliation of a 3Pb-AMBA crystal along the inter-
layer separation of the b -plane produces micron-sized flakes with
exposed ac -planes of multilayer thickness (see Figure 3a and
Supporting Information for more details). Photoluminescence
(PL) spectroscopy of such flakes reveals a main emission feature
at 477 nm (2.6 eV), with a full-width-at-half-maximum (FWHM)
of 170 meV (Figure 3b ). The photoluminescence lifetime is
biexponential with a τeff of 1.05 ± 0.05 ns (see Figure S7 ),
combined with a modest spectrally integrated quantum yield
of < 1%. Notably, at higher power, an additional emission peak
(observed as shoulder in Figure 3b ) appears at 570 nm (2.17 eV)
(see Figure S6a for more details). Temperature-dependent bulk
PL spectra (see Figures S9 and S10 for more details) reveal
that at lower temperatures this lower-energy peak dominates
(see Supporting Information for a more detailed discussion). To
determine the nature of the excited state, the dependence of
the PL emission on excitation power was measured (Figure 3c ).
The obtained power-law exponent, β = 0.93 ± 0.17, is close
to 1, indicating that the excited state is of excitonic nature
[ 25, 26 ]. 
3 of 7
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FIGURE 3 (a) White light reflectivity image of a micron-sized flake obtained by mechanical exfoliation of a 3Pb-AMBA crystal. The blue marker 
( ×) indicates the region where photoluminescence and transport measurements were performed. (b) Normalized photoluminescence emission spectrum 

(2.6 eV) under pulsed laser excitation ( λex = 375 nm). (c) Dependence of the photoluminescence emission at time zero (PL0 ) on the excitation power 
(expressed in fluence). The data are fitted with a power-law function (dark red line), where the reported β represents the exponent. 
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e now turn to the in-plane transport properties of the material.
he temporal and spatial exciton dynamics were investigated
sing transient photoluminescence microscopy with diffraction
imited excitation on the isolated micron-sized flake (see cross
n Figure 3a ). By placing an avalanche photodiode in the image
lane on a motorized stage, we obtain the spatiotemporal broad-
ning of the exciton population along different crystallographic
irections (for details, see Characterization in the Supporting
nformation ). 

hile fast broadening of the population is observed along the c -
xis (Figure 4a ), we observe significantly slower spatial dynamics
long the a -axis (Figure 4b ). We can quantify the exciton diffusiv-
ty by fitting each temporal slice to a Voigt function, from which
e extracted the variance σ(t)2 , of the exciton spatial distribution

 27, 28 ]. The time-dependent broadening of the emission spot cor-
esponds to the mean square displacement (MSD) of the exciton
opulation (Figure 4c ). Notably, the exciton diffusivity along the
 -axis (fast axis) is over three times faster than along a -axis (slow
xis). A full polar plot of the diffusivity (D) values (Figure 4d )
onfirms the strong in-plane anisotropy of exciton transport along
he c -axis, highlighting the presence of a preferential transport
xis, and is consistent with the preferential growth direction of
he crystal. Additional measurements performed at a different
osition along two orthogonal directions (Figure S5 ) confirm
hat the anisotropy is reproducible and is not an artifact of local
orphology. Considering the effective lifetime (Figure S7 ), the
verage diffusion length along each axis can be calculated by
D =

√
2D𝜏ef f , yielding 177 ± 7 nm for the c -axis and 88 ± 5 nm

or the a- axis. Despite the discontinuous structure of 3Pb-AMBA,
hese obtained values for the diffusivity and diffusion length are
omparable to continuous 2D perovskite materials, falling within
he same order of magnitude as n = 1 RP perovskites previously
eported [ 28–30 ]. 

sing the Smoluchowski–Einstein relation [ 31 ] (Equation ( 1 )),
e can calculate the energy transfer rate kET along both the a
nd c direction, considering d as the distance between the centers
f the islands (Figure S8 ) and the measured diffusivity values D
Figure 4c ): 

kET =
2D 

d2 
(1)
of 7
where, yielding energy transfer rates of 14 ps− 1 for the a -axis
(d = 0.774 nm) and 10.8 ps− 1 for the c -axis (d = 1.675 nm).
Consequently, while the longer inter-island distance along the c-
axis gives a slower energy transfer rate, the large distance covered
by every step eventually yields a faster diffusivity along this
crystallographic direction. 

We can compare the experimentally obtained a and c -axis energy
transfer rates with predictions for dipole–dipole interactions
using numerical solutions of Maxwell’s equations using COMSOL
Multiphysics. To this, we place an exciton dipole-like source
oriented along the c -axis of one of the islands and numerically
evaluate the electric field and Poynting vector, as well as the
power absorbed in the neighboring islands. These simulations
were parameterized using the crystallographic geometry and the
intrinsic anisotropic dielectric function of the islands [ 32 ]. As
the sub-nanometer island separations place the system outside
the point-dipole (Förster) limit, the full near-field simulation,
rather than the standard Förster/orientation-factor formula, is
needed to capture the observed anisotropy. The contour plot
in Figure 5 shows the normalized absorbed power density in
the ac -plane, whose spatial profile follows the electric field
intensity. 

Remarkably, despite the absence of a continuous inorganic
sublattice, which rules out the band-like, delocalized transport
that is typical in continuous 2D perovskites, transient pho-
toluminescence microscopy reveals efficient in-plane exciton
transport, with anisotropic diffusivity that follows the orientation
of the [Pb3 Br14 ]8 − islands. Agreement between the measured
anisotropic transfer rates and numerical simulations of dipole-
dipole coupling indicates that transport instead proceeds via
near-field resonant energy transfer between islands, an incoher-
ent, hopping-based mechanism distinct from the coherent band
transport of continuous systems. 

The energy transfer was computed by integrating the absorbed
power density within the volume, V, of the two first-neighbor
islands (along c - and a -axes) as: 

kET =
2 

ℏ 
∫
V 

d 𝐫Im {𝐄∗ ( 𝐫, 𝜔e ) 𝐃( 𝐫, 𝜔e ) (2)
Advanced Materials, 2026
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FIGURE 4 (a) Normalized intensity profiles of the excited population at different time slices along c -axis and (b) a -axis. (c) Mean-square 
displacement of the exciton population over time for a -axis and c -axis. D is the diffusivity obtained by fitting the one-dimensional diffusion equation 
( MSD ( t ) = 2 Dtα, with α = 1). d) Polar plot of the diffusivity coefficients obtained along different scans directions. 

FIGURE 5 Normalized absorption power density Q = Im{ E *( r , ωe ) D ( r , ωe ), profile generated by the exciton dipole-like source present in central 
inorganic island and oriented along the c -axis. Simulation obtained from numerical solutions of Maxwell’s equations. 
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here, E ( r , ωe ) and D ( r , ωe ) = ε0 ε( r , ωe ) E ( r , ωe ) are the electric
nd displacement fields due to the excitonic source, evaluated
t the exciton frequency ωe . While a full quantitative analysis
ould require detailed information about the excitonic dipole
trength, we can extract relative energy transfer rates along
ifferent directions. From this analysis, we obtain a value of
ET for the nearest-neighbor transfer along the a -axis that is 2.3
igher than that along c -axis, in reasonable agreement with the
xperimentally observed factor of 1.3. 
dvanced Materials, 2026
3 Conclusions 

In conclusion, we have reported on the synthesis, structural
determination, and transport properties of 3Pb-AMBA. While
the structure of the material has the overall characteristics of
a Ruddlesden–Popper perovskite with Van der Waals interlayer
interactions, a discontinuous inorganic layer is obtained with the
formation of islands of three edge-sharing [PbBr6 ]4 − octahedra,
physically isolated from neighboring islands by the organic spacer
5 of 7
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ayer, markedly distinct from the continuous orbital overlap
esponsible for band-like exciton transport in conventional 2D
erovskite sheets. Angle-resolved linearly polarized Raman spec-
roscopy measurements show directional modes associated with
he anisotropic orientation of the inorganic lattice. Transient
hotoluminescence measurements reveal an anisotropic in-plane
ransport consistent with the crystallographic orientation of the
aterial, with markedly higher diffusivity along the c -axis as
ompared to the a -axis. Close agreement between the observed
nisotropic energy transfer rates and numerical electromagnetic
imulations supports a near-field resonant energy transfer as the
ominant transport mechanism. 

urprisingly, the measured exciton diffusion constant along
he c -axis of 3Pb-AMBA (0.149 cm2 /s) is comparable to that
f continuous Ruddlesden–Popper perovskites, such as, for
xample, (PEA)2 PbBr4 (0.2 cm2 /s) [ 27 ], despite its discontinuous
attice. It is important to note though, that in conventional
erovskites, the transport mechanism is band-like and hampered
y large polaron formation [ 28 ]. Our work highlights the potential
or near-field resonant energy transfer as an efficient alternative
or in-plane energy transport in discontinuous, yet closely packed
ayered perovskites. This work demonstrates that efficient,
nisotropic exciton transport in a 2D perovskite need not rely on
he continuous, band-like conduction pathway that is common
n these systems. Instead, a hopping-type, near-field resonant
echanism between structurally isolated inorganic islands can
chieve diffusion lengths comparable to continuous systems,
stablishing dipole-dipole coupling as a viable alternative
ransport pathway in low-dimensional perovskites and opening a
oute to engineer transport independently of lattice connectivity. 
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