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Abstract: Incorporating chiral organic cations into hybrid organic–inorganic perovskites 

(HOIPs) offers a unique strategy for tailoring structural dimensionality and modulating 

photophysical properties. Here, we report that lead bromide perovskites synthesized with 

chiral ligands R- and S- α-methylbenzylammonium (MBA) lead to formation of two-

dimensional (2D) Ruddlesden–Popper structures while the racemic mixture induces the 

formation of a hydrated 1D phase, (Rac-MBA)3PbBr5·H2O). DFT calculations show that 

this transition is driven by electrostatic strain from opposing chiral distortions, which 

favor octahedral connections with compensated dipoles. Water molecules occupy sites 

between inorganic chains and mediate hydrogen bonds, stabilizing the 1D motif and 

relieving strain from racemic reordering. These waters form symmetry-related interstitial 

networks that mirror the chiral organization, acting as electrostatic compensators in the 

absence of lateral Pb–Br bonding. Theoretical and experimental characterizations show 

that the hydrated structure is energetically stable only when four symmetry-related 1D 

chains and water are present; otherwise, it becomes metallic or unstable. Electronic 

calculations reveal Rashba-type spin splitting in chiral phases while Br-derived mid-gap 

states and a Fermi level near the conduction band in the racemic compound. This hydrated 

phase exhibits pronounced broadband photoluminescence attributed to self-trapped 

excitons (STEs), and temperature-dependent optical and structural studies reveal that 

exciton localization and emission dynamics are closely related to octahedral distortions 

and hydration effects. Our findings demonstrate that stereochemical engineering can offer 

a robust strategy to modulate dimensionality and optical functionality, with implications 

for broadband light-emitting applications.
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1. Introduction 

Hybrid organic–inorganic perovskites (HOIPs) have attracted significant attention 

due to their exceptional optoelectronic properties and structural tunability, which make 

them promising candidates for applications in photovoltaics, light-emitting devices, 

sensors, and photodetectors.1–4 In particular, low-dimensional lead halide perovskites 

have emerged as promising materials due to their quantum confinement and dielectric 

screening effects, enhanced exciton–phonon interactions, and structural versatility 

afforded by organic spacer engineering.5–7 One of many strategies to engineer these 

properties lies in the molecular design of the organic spacer cation, which not only 

dictates the dimensionality of the perovskite lattice but also modulates electronic 

structure, exciton dynamics, and lattice stability.8–11

The incorporation of chiral organic cations introduces new degrees of freedom in 

perovskite physics.12–15 Beyond structural templating, chirality can be transferred from 

the organic to the inorganic framework, potentially leading to novel optical activity, spin-

selective transport, and enhanced light-matter interactions.16–20 Enantiopure organic 

cations favor the formation of well-ordered 2D Ruddlesden–Popper structures. At the 

same time, racemic mixtures can often result in disordered assemblies introducing 

packing frustration and symmetry breaking, leading to different phases and new 

photophysical behavior.21,22 However, the mechanisms by which racemic and enantiopure 

cations affect the structural dimensionality and enable broadband photoluminescence, 

particularly through chiral strain and hydration effects, remain to be elucidated.

Here, we present a comparative study of lead bromide perovskites incorporating 

R-, S-, and racemic α-methylbenzylammonium (MBA) cations. Our results demonstrate 

that while enantiopure MBA leads to the formation of highly ordered 2D perovskites, the 

racemic mixture promotes the formation of an 1D hydrated phase, (Rac-

MBA)3PbBr5·H2O. This effect is accompanied by the emergence of broad-band self-

trapped exciton (STE) emission, in contrast to narrow-band excitonic emission observed 

in the 2D chiral counterparts. This behavior arises from the combined effects of molecular 

chirality, packing frustration, exciton–phonon coupling, and structural and electronic 

responses to hydration. Density functional theory calculations further reveal Rashba-type 

spin splitting in the chiral phases, and the formation of mid-gap Br-derived states in the 

1D racemic structure. These states are stabilized electrostatically by symmetry-related 

interstitial water molecules, which mediate hydrogen bonding and enforce local dipole 
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compensation. Structural and temperature-dependent optical studies reveal that racemic 

distribution and hydration play a key role not only in stabilizing the 1D framework, but 

also in modulating the bandgap and enabling phonon-assisted recombination. Our results 

establish a direct link between molecular stereochemistry, dimensional control, and 

electronic band structure. These findings highlight the role of stereochemical engineering 

in controlling both the dimensionality and optoelectronic properties of HOIPs, offering 

new design principles for device based on chiral and racemic molecular components.

2. Experimental Section

Materials: Lead(II) oxide (PbO, ≥99.0%), hydrobromic acid (HBr, 48 wt%), diethyl 

ether (≥99.9%), (S)-(-)-α-methylbenzylamine (S-MBA, 98%), (R)-(+)-α-

methylbenzylamine (R-MBA, ≥99.0%), and (±)-α-methylbenzylamine (Rac-MBA, 

99.0%) were purchased from Sigma-Aldrich and used without further purifications.

Synthesis: In a 25 mL beaker with a magnetic stir bar, 1 mmol of PbO was dissolved in 

5 mL of HBr at 120 °C under vigorous stirring for 15 minutes. After dissolution, 2 mmol 

of S-MBA, R-MBA, and Rac-MBA were added dropwise. The solutions were then stirred 

for 1 hour before being slowly cooled to room temperature, resulting in colorless 

microcrystals that were washed several times with diethyl ether to remove any residual 

solvent and left to dry overnight. Thin films were prepared by dissolving 5 mg of each 

enantiomer-based perovskite sample in 20 L of DMF, followed by drop-casting the 

solution onto a quartz substrate at 65 °C for 1 hour.

Instrumentation: Powder X-ray diffraction (PXRD) measurements were performed on 

a STADI-P (Stoe®, Darmstadt, Germany) diffractometer operating in Debye-Scherrer 

geometry. The instrument is equipped with a curved Ge(111) monochromator to select 

the CuKα₁ radiation (λ = 1.54056 Å). The powdered sample was loaded into a 0.3 mm 

diameter glass capillary. Measurements were performed at several discrete temperatures, 

specifically at 80 K, 100 K, 120 K, 200 K, 330 K, 380 K, 400 K, 380 K, 360 K, 340 K, 

320 K, and 300 K, with the temperature being stabilized and controlled by an Oxford 

Cryostream 1000 series cryostat. Diffraction patterns were recorded in the 2.000° ≤ 2θ ≤ 

93.335° angular range, with step sizes of 0.015° and an acquisition time of 50 s for each 

1.05° scan window. Structural analysis and Rietveld refinements were conducted using 

the TOPAS-Academic v.7 software.23 The (R-/S-MBA)2PbBr4 structures were simulated 

for the refinements from the crystallographic information file of (R-/S-MBA)2PbI4 
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(CCDC 607740 and 607741) where the halides were switched for the bromide. The (R-/S-

MBA)PbBr3 (CCDC 1877050 and 1877054) structure was also used in the refinements. 

Single crystal X-ray diffraction measurements were performed on a Bruker D8 Venture 

X-ray diffractometer equipped with a Photon II Kappa detector and MoKα₁ radiation (λ 

= 0.71073 Å) microfocus source. The crystal was chosen and mounted on a MiTeGen 

MicroMount using immersion oil. The APEX 6 software was used for unit cell 

determination and data collection. The data reduction and global cell refinement were 

made using the Bruker SAINT+ software package, and a numerical absorption correction 

was performed with SADABS.24,25 The structure was solved by intrinsic phasing method 

using SHELXT26 allowing the location of most of the non-hydrogen atoms. The 

remaining non-hydrogen atoms were located from difference Fourier maps calculated 

from successive full-matrix least-squares refinement cycles on F2 with SHELXL27 and 

refined using anisotropic displacement parameters under the graphical interface Olex2.28 

Hydrogen atoms placed according to geometrical criteria and treated using the riding 

model. Crystallographic data for the structure reported here has been deposited with the 

Cambridge Crystallographic Data Centre. CCDC 2466728 contain the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. 

Crystallographic illustrations were obtained using the VESTA software.29 Scanning 

electron microscopy analysis was performed in a JSM-6010LA microscope model. 

Circular dichroism spectra were collected using a JASCO J-815 spectropolarimeter. UV-

Visible absorption spectra were evaluated using an Evolution 220 Thermo-Fisher 

spectrophotometer. Room-temperature photoluminescence measurements were carried 

out in a Horiba FluoroMax Plus spectrofluorometer. Low temperature optical 

measurements were performed in a closed-cycle Janis CCS-150 cryostat. A continuous-

wave (cw) linearly-polarized CNI laser with a photon energy of 3.88 eV (320 nm) was 

used to excite the sample. The photoluminescence signal was focused on an Andor 

Shamrock SR-500i spectrometer coupled with an Andor CCD (iDus DU420A-BU). 

Differential scanning calorimetry was performed on a Q2000 calorimeter (TA 

Instruments). The experiment was conducted at a rate of 5 °C/min over a temperature 

range of 70–180 °C under a nitrogen atmosphere using 5 mg of sample for each run. 

Raman spectroscopy was performed using a T64000 Jobin Yvon spectrometer equipped 

with an Olympus microscope and an LN2-cooled CCD to detect the emitted radiation 
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from the samples in a single mode and a Krypton ion laser operating at a wavelength of 

633 nm.

Density Functional Theory Simulations: The ab initio calculations were performed 

within the DFT using Perdew–Burke–Ernzenhof (PBE) generalized gradient 

approximation exchange–correlation functional30 as implemented in the Vienna ab initio 

simulation package.31,32 We included the spin–orbit interaction in all calculations to 

introduce the effect of the noncollinear spin and relativistic corrections with cutoff 

energies of 500 Ry, k-point sampling of 6 × 6 × 3 for the experimental atomic 

configurations at 304 K. The electronic structure has been minimized with a converge 

criteria of eV, while the geometry and forces have been set to the experimental 10 ‒ 5

configuration without additional atomic relaxation. 

3. Results and Discussion

Lead bromide-based HOIPs were synthesized using R-/S-/Rac-α-

methylbenzylammonium (R-/S-/Rac-MBA) as organic cation spacers. These molecules 

comprise a secondary carbon bonded to a phenyl, a methyl and a protonated ammonium 

group, as illustrated in Fig. S1. In order to synthesize (R-/S-/Rac-MBA)2PbBr4, we used 

the slow evaporation method with an aqueous HBr solution of stoichiometric amounts of 

PbO and R-/S-/Rac-MBA in a 1:2 ratio as described in the Experimental Section. Fig. 

1a,b shows the scanning electron microscopy (SEM) of the obtained samples. The R-/S-

MBA based perovskites were in the form of flat needle-like crystals ranging from 50 to 

150 µm with lamellar conformation. In contrast, the use of the racemic mixture yielded 

prolonged block-shaped crystals with axes ranging from 50 to 100 µm with three well-

defined dimensions. Fig. 1c,d shows the room-temperature XRD pattern along with 

Rietveld refinement of the as-prepared (R-/S-MBA) sample. Both compounds crystallize 

as mirror images of 2D Ruddlesden-Popper perovskites with orthorhombic crystal 

structure and Sohncke P212121 space group33,34 revealing inorganic layers of corner-

sharing PbBr6 octahedra in the (0 0 2l) planes (where l is an integer) separated by bilayers 

of R-/S-MBA cations along the c axis as shown in Fig. 2a. Weak van der Waals 

interactions stabilize the organic layers. In contrast, the bonding between the organic and 

inorganic layers is mediated by hydrogen bonding. The powder XRD also detected a very 

small amount of the (R-/S-MBA)PbBr3 1D phase. The experimental PXRD patterns of 
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(R-/S-MBA)2PbBr4, along with the simulated single-crystal XRD patterns of both the 2D 

phase and the (R-/S-MBA)PbBr3 phases, are shown in Fig. S2 for comparison.

Fig. 1. SEM images of the (a) (S-MBA)2PbBr4 and (b) (Rac-MBA)3PbBr5·H2O 

microcrystals. Powder XRD data along with Rietveld refinements for the chiral 

perovskites (c) (S-MBA)2PbBr4 and (d) (R-MBA)2PbBr4. Tick marks below the XRD 

pattern indicate the expected Bragg reflection positions considering the orthorhombic 

phase with P212121 space group symmetry for both samples. Asterisks (*) stands for the 

(002) plane from traces of (R-/S-MBA)PbBr3. (e) Powder XRD and simulated Bragg 

reflections considering a monoclinic monohydrated 1D (Rac-MBA)3PbBr5·H2O phase 

with a C2/c space group symmetry. Green and blue arrows indicate the most intense 

diffraction peaks that distinguish the 2D and monohydrated 1D perovskites.

Although the same synthesis procedure was adopted to synthesize 2D perovskites 

with the racemic mixture in the organic cation site, the Bragg reflections do not belong to 

the 2D orthorhombic crystal structure as observed for chiral molecules. On the other hand, 
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single-crystal X-ray diffraction (SCXRD) of the obtained microcrystals revealed the 

formation of a completely different crystal phase - a monoclinic monohydrated 1D (Rac-

MBA)3PbBr5·H2O perovskite belonging to the C2/c space group that was first reported 

by Billing and Lemmerer21,35 as shown in Fig. 1e. This MBA-based perovskite has chains 

of corner-shared PbBr6 octahedra running along the b axis in a zig-zag pattern. Organic 

cations surround each chain arranged radially, with their ammonium heads directed 

toward the chains to form hydrogen bonds with water molecules positioned between 

adjacent chains, as illustrated in Fig. 2b. Comparative lattice parameters of the (R-/S-

MBA)2PbBr4 and (Rac-MBA)3PbBr5·H2O perovskites are displayed in Table S1 and 

SCXRD data together with refinement parameters are available in Table S2.

Fig. 2. (a) Crystal structures of the 2D perovskites (S-MBA)2PbBr4 and (R-MBA)2PbBr4. 

(b) (left) Schematic representation of the four families of PbBr6 octahedra formed in the 

(Rac-MBA)3PbBr5·H2O crystal, grouped according to the direction of local polar 

distortion (dipole) and molecular chirality. These blocks emerge due to opposing lattice 

strains imposed by alternating R- and S-enantiomers, which inhibit in-plane octahedral 
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connectivity and promote a one-dimensional chain geometry. (right) 1D arrangement of 

(Rac-MBA)3PbBr5·H2O.

Although there are some examples of chiral halide perovskites where structures 

with different dimensionalities appear upon incorporating racemic cations,36,37 the 

underlying mechanism of such phenomena remains not fully defined. The formation of 

the 1D (Rac-MBA)3PbBr5·H2O structure, instead of the 2D phases observed for 

enantiopure (R-/S-MBA)2PbBr4 crystals, could be attributed to a combination of 

electrostatic repulsion and molecular distortions introduced by the racemic mixture. 

While enantiopure MBA cations adopt a uniform orientation that enables ordered bilayer 

formation through directional hydrogen bonding and efficient packing, as shown in Fig. 

2a, the presence of both R- and S-enantiomers disrupts this supramolecular order. In 

racemic systems, the coexistence of oppositely handed molecules leads to local dipole 

cancellation, introducing electrostatic inhomogeneity and long-range Coulombic 

repulsion between adjacent organic layers. Such electrostatic frustration, coupled with 

local steric mismatch, can distort the inorganic layers in such a way that inhibit the 

formation of periodic 2D hydrogen-bonded networks, leading to the reorganization into 

a lower-dimensional framework of corner-sharing PbBr6 octahedra surrounded by 

radially reorganized MBA cations, as illustrated in Fig. 2b.38,39

To investigate the thermal stability of (Rac-MBA)3PbBr5·H2O, we have 

performed differential scanning calorimetry (DSC) measurements on the hydrated 

perovskite in the temperature range of 65–180 °C, as shown in Fig. 3a (red and blue 

curves correspond to the heating and cooling processes, respectively). In the first heating 

cycle, a weak endothermic peak is observed beginning around 85 °C, likely associated 

with residual solution that remained even after cleaning. In addition, another endothermic 

event is observed starting around 110 °C, which may be associated with the removal of 

water from the monohydrated 1D perovskite structure as previously reported by Zhou et 

al. through thermogravimetric analysis (TGA).40 A third endothermic peak appears at 150 

°C during heating, followed by an exothermic event at 130 °C during cooling. In the 

second cycle, performed on the same sample, only the endothermic peak at 150 °C and 

the exothermic event at 130 °C are present during the heating and cooling processes, 

respectively, suggesting that an irreversible structural transformation of (Rac-

MBA)3PbBr5·H2O occurred from the release of water. To confirm this phase 

transformation, we compared the room-temperature XRD patterns of the as-grown 
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perovskite and the same sample after thermal treatment at 120 °C for 1 hour. As one can 

see in Fig. 3b, the XRD patterns were markedly different, confirming the irreversible 

phase transformation indicated by the DSC data. We compared the XRD pattern of the 

new phase with the precursors as (Rac-MBA)Br and PbBr2, as well as the possible 1D 

and 2D phases of the MBA enantiomers-based perovskites, as shown in Fig. S3, further 

suggesting a new phase driven by water removal that will be determined elsewhere.

Fig. 3. (a) DSC data of (Rac-MBA)3PbBr5·H2O performed at the first and second cycles. 

(b) Powder XRD of the as-grown (Rac-MBA)3PbBr5·H2O and the new phase after water 

release from thermal treatment, both at room-temperature. Green tick marks on the inset 

represent the expected Bragg reflection positions considering a monoclinic phase with 

C2/c space group symmetry of the hydrated perovskite.

To understand the influence of molecular chirality and dimensionality on the 

electronic structure of these materials, we have performed DFT calculations for both the 

enantiopure and racemic systems. As expected from symmetry considerations, the R- and 

S-enantiomers yield identical band structures, with no discernible differences in 

electronic dispersion. The valence band maximum (VBM) primarily comprises of Br p-
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orbitals in both cases. In contrast, the conduction band minimum (CBM) is dominated by 

Pb p-states, which agrees with previous reports on halide perovskites.41,42 We corroborate 

this by k-resolved band-character projections, consistent with type-I band-edge ordering 

on the inorganic Pb–Br network. The calculated bandgap is direct and located at the Γ-

point, with a value of approximately 2.8 eV using the PBE functional as shown in Fig. 

4a. Although this functional is known to underestimate the absolute bandgap by about 

1 eV,43–45 the relative trends remain reliable. They will be discussed further in the next 

section. Notably, inclusion of spin–orbit coupling (SOC) reveals a Rashba-like spin 

splitting at the conduction band minima, with a momentum offset and energy splitting on 

the order of 10 meV (Fig. 4b), as expected by the chiral-induced deformation in polar 

materials.46 Polarization-resolved spectroscopic measurements would be required to 

isolate the microscopic origin of this splitting and to disentangle SOC-driven effects from 

possible optical phenomena such as photon recycling or bound excitons emissions.47,48 

Fig. 4. Band structures of enantiopure and racemic lead bromide perovskites. (a) (S-

MBA)2PbBr4 without spin–orbit coupling (SOC), showing a direct bandgap at Γ. (b) 

Same system with SOC, revealing Rashba-type spin splitting at the band edges (~10 

meV). The inset shows the spin texture (expectation value of the spin operator), with 

opposite  orientations depicted in green and purple. (c) (Rac-MBA)3PbBr5·H2O without 𝑆𝑧

SOC, showing mid-gap states from undercoordinated Br atoms and a Fermi level near the 
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conduction band. (d) Reduced racemic system with a single PbBr6 chain per unit cell, 

showing metallic behavior due to electrostatic instability.

In contrast, the racemic compound (Rac-MBA)3PbBr5·H2O exhibits a 

significantly reduced bandgap relative to its chiral counterpart. This narrowing originates 

from mid-gap states derived from Br atoms that lack full coordination due to the disrupted 

octahedral connectivity in the one-dimensional structure. Although partially stabilized by 

hydrogen bonding with water molecules, these undercoordinated Br orbitals introduce 

electronic states deep within the gap region, as revealed in the unfolded band structure 

(Fig. 4c). Furthermore, the Fermi level lies very close to the conduction band edge, 

indicating that the hydrated racemic phase behaves as an extrinsic semiconductor—likely 

a consequence of charge compensation mechanisms facilitated by interstitial water 

molecules.

To assess the energetic role of the one-dimensional motif, we simulated a 

configuration where only a single PbBr6 chain per unit cell is retained while maintaining 

water molecules in the lattice. We find that the total energy per atom increases by 

approximately 3 eV compared to the system containing the four symmetry-related chains 

with alternating chirality and polarization. This large energy penalty reflects the 

emergence of electrostatic instability due to the absence of inter-chain dipole 

compensation. In this reduced symmetry case, the system spontaneously becomes 

metallic to screen internal fields, a phenomenon reminiscent of surface electrical 

stabilization in ferroelectric materials49 (Fig. 4d). Furthermore, we explored the effect of 

water removal by eliminating interstitial H₂O molecules from the racemic hydrated 

structure. In all configurations examined, the absence of water leads to a drastic increase 

in internal energy—by nearly an order of magnitude—indicating that hydration is critical 

to the structural and electronic stability of the system. These results suggest that upon 

thermal desorption of water, the material would likely undergo substantial atomic 

rearrangement to restore electronic balance and minimize electrostatic energy.

Fig. 5a presents the room-temperature UV-Visible absorption spectra of (R-/S-

MBA)2PbBr4 and (Rac-MBA)3PbBr5·H2O crystals. The absorption edges are located at 

approximately 345 nm for the enantiomer-based compounds, consistent with previously 

reported absorption spectra of powder samples of these perovskites.50 For the hydrated 

1D phase, the absorption spectrum closely resembles that reported by Dang et al.,21 

featuring a small peak centered around 400 nm, which can be attributed to defect-induced 
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mid-gap states, and a strong peak at 350 nm, commonly assigned to excitonic absorption. 

The direct bandgap energies were determined via the Tauc plot method to be 3.74 eV and 

3.47 eV for the 2D and 1D perovskites, respectively. To confirm whether the 

incorporation of chiral ligands resulted in chiral perovskites, we performed circular 

dichroism (CD) spectroscopy on thin films obtained by dissolving the crystals in DMF 

and spin-coating them onto quartz substrates. This approach was necessary since the as-

synthesized crystals were too thick to yield a reasonable CD response. As shown in Fig. 

5b, CD signals were observed for (R-/S-MBA)2PbBr4 around 350 nm with oppositely 

signed values near the absorption edge for each sample, which can be attributed to the 

Cotton effect.34,51 This proves that chirality was successfully transferred from the chiral 

ligands to the inorganic sublattices.

Fig. 5. Room-temperature optical properties of the (R-/S-MBA)2PbBr4 and (Rac-

MBA)3PbBr5·H2O perovskites. (a) Normalized absorption spectra with the Tauc plot in 

the inset. (b) Circular dichroism of the enantiomers-based perovskites. (c) Normalized 

photoluminescence spectra.

Steady-state photoluminescence (PL) spectra of the samples are shown in Fig. 5c. 

For the (R-/S-MBA)2PbBr4 compounds, two distinct narrow emissions were detected at 

362 nm and 382 nm, both near the absorption edge. The higher-energy PL peak is widely 
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attributed to free exciton emission in 2D halide perovskites,52,53 whereas the origin of the 

lower-energy emission remains under debate. Possible explanations include photon 

recycling mechanisms, in which a portion of the high-energy emission becomes strongly 

confined within the crystal, aided by the 2D structural configuration. This confined light 

can propagate over long distances through total internal reflection, thereby enhancing 

photon recycling during emission transmission and resulting in a red-shifted subsequent 

emission, as previously reported for the 2D perovskites (BA)2PbBr4 and (PEA)2PbBr4.48 

Another possible mechanism involves spin splitting induced by SOC. Rashba-type 

splitting has been previously reported as the origin of the double emission feature in the 

2D perovskite (PEA)2PbI4 and in other 3D hybrid perovskites.54 As discussed earlier, the 

inclusion of SOC revealed a Rashba-like spin splitting at the conduction band minimum 

in (S-MBA)2PbBr4. However, the calculated energy splitting (~10 meV) is significantly 

smaller than the experimentally observed separation between the double-emission peaks 

(~180 meV), suggesting that additional mechanisms may also be involved. Nevertheless, 

the definitive assignment of the PL peaks in the (R-/S-MBA)2PbBr4 compounds would 

require further experimental analyses, such as power-dependent and time-resolved PL 

measurements.

An intriguing photoluminescence behavior is observed with the use of the racemic 

mixture. The (Rac-MBA)3PbBr5·H2O 1D perovskite exhibits a broad-band emission (BE) 

centered around 600 nm, commonly associated with self-trapped exciton (STE) emission 

in halide perovskites.55,56 Similar broad-band emissions are observed in the enantiomer-

based 1D perovskites (R-/S-MBA)PbBr3,21 although in this case the emission is redshifted 

compared to the racemic hydrated phase which can be related to the differences in the 

octahedral connectivity of the PbBr6 octahedra from corner-sharing type for (Rac-

MBA)3PbBr5·H2O and edge-sharing case (R-/S-MBA)PbBr3. This difference in 

connectivity can modify the orbital overlap of Pb–Br bonds and alter the 

conduction/valence bandwidths and effective masses, which in turn can affect how deeply 

an exciton could localized in a STE state. The BE indicates STE recombination, facilitated 

by lattice softness, reduced dimensionality, and hydrated interchain environments. The 

emergence of STE luminescence in the racemic compound underscores the profound 

effect of dimensionality and molecular packing on exciton dynamics. Remarkably, an 

intriguing photophysical behavior emerges with the use of the racemic cations, which 

results in the formation of a 1D perovskite structure, (Rac-MBA)3PbBr5·H2O, instead of 

the 2D phase typically observed with the chiral (R- or S-MBA) analogs. The origin of 
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this broadband emission can be attributed to a confluence of structural and electronic 

factors.57,58 The use of a racemic mixture likely introduces local packing disorder and 

reduces overall lattice symmetry, which are known to promote lattice deformation and 

exciton self-trapping. In low-dimensional halide perovskites, such distortions are 

particularly impactful, as they can localize photoexcited carriers via enhanced exciton–

phonon coupling mechanisms.57,58 Furthermore, the dimensional transition from 2D to 

1D significantly enhances exciton–phonon interactions due to reduced dielectric 

screening and stronger quantum confinement. This effect is further reinforced by 

interstitial water molecules, which are stabilized between the inorganic chains in the 1D 

structure. These water molecules can interact dynamically with the organic cations via 

hydrogen bonding, further softening the lattice and facilitating vibrational modes that 

support STE formation. The reduced bandgap observed for the 1D Rac-MBA perovskite 

(3.47 eV) compared to its 2D counterparts (~3.74 eV) also suggests enhanced electronic 

delocalization along the chain axis, which may aid in the relaxation of excitons into lower-

energy self-trapped states.

Temperature-dependent photoluminescence (PL) measurements were performed 

to investigate the emission behavior of the (Rac-MBA)3PbBr5·H2O sample, as shown in 

Fig. 6a. The BE observed at room temperature blueshifts and rapidly increases its 

intensity upon cooling until 110 K and reaches saturation around 80-100 K. Below 80 K, 

the BE redshifts and its intensity decreases followed by the emergence of a narrow-band 

emission (NE) centered at 410 nm with minor emissions around 350–375 nm that exhibits 

a relatively large Stokes shift compared to the excitonic peak at 350 nm, but it correlates 

closely with the absorption feature near 400 nm as shown in Fig. 5a, suggesting that it 

originates from bound exciton emission associated with mid-gap defect states. The BE 

profile resembles strong overlapping emission bands as temperature decreases. Although 

multiple-peak fitting was attempted, the uncertainty in the number of contributing peaks 

and their irregular shifts with temperature rendered the fitting results unreliable. As we 

have not observed well resolve bands in the range of the NE emission, we have performed 

the analysis by considering the entire spectral range of the BE (450–700 nm) and NE 

(350–450 nm) regions to evaluate the following results.
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Fig. 6. (a) PL temperature-dependence of (Rac-MBA)3PbBr5·H2O perovskites. (b) 

Normalized integrated PL intensity and (c) FWHM of BE dependences on temperature.

The energy barrier that activates nonradiative processes, such as exciton trapping 

or nonradiative recombination, is referred to as the activation energy Ea and can be 

estimated by using the Arrhenius equation59,60 applied to the integrated PL intensity IPL(T) 

dependence on temperature T according to Equation 1: 

(1)

𝐼𝑃𝐿(𝑇) =
𝐼0

1 + 𝐴𝑒

‒ 𝐸𝑎
𝑘𝐵𝑇

where A is related to the density of radiative recombination centers, I0 is the zero-

temperature integrated intensity and kB refers to the Boltzmann constant. The Equation 1 

was applied to the integrated intensity of BE before saturation to obtain its activation 

energy as shown in Fig. 6b. To estimate Ea for the NE, because of the weak intensities at 

temperatures close to 110 K, we performed a linear fit of ln(I0I-1-1) as a function of (kBT)-1 

as illustrated in Fig. S4. The results yield Ea = 89 ± 6 meV for the BE and Ea = 9.1 ± 0.2 

meV for the NE. The activation energy for the BE can be related to the energy barrier for 
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nonradiative recombination and is consistent with the presence of the broadband even at 

room temperature (thermal energy ~25 meV). Since the emergence of the NE with 

increasing intensity occurs simultaneously with the reduction of the BE intensity, the low 

Ea value for the NE can be interpreted as the energy barrier for exciton trapping.61 This 

interpretation is consistent with the appearance of the NE below 110 K (thermal energy 

~9.48 meV).

As before, the BE is attributed to STEs, which are closely related to the 

interactions between charge carriers and lattice vibrations. To assess the strength of the 

exciton–phonon coupling, we analyzed the temperature dependence of the BE linewidth 

Γ(T), as shown in Fig. 6c. This dependence can be modeled using Toyozawa’s theory,62 

which employs a configuration coordinate framework where the average number of 

phonons with an effective energy Eph emitted during exciton recombination is described 

by the Huang–Rhys factor S,63 in the form of the Equation 2:

(2)
Γ(𝑇) = Γ0 𝑆𝐸𝑝ℎ 𝑐𝑜𝑡ℎ( 𝐸𝑝ℎ

2𝑘𝐵𝑇)
where S >> 1 typically indicates strong coupling.64,65 Analysis of Fig. 6c reveals two 

distinct regimes above and below 110 K. Shifting the zero-temperature to 110 K, to reflect 

thermally activated phonons, Toyozawa’s model applied to the PL linewidth data above 

110 K yielded Eph = 30.5 ± 0.5 meV (~245 cm⁻¹) and S = 67 ± 2, which elucidates the 

strong exciton-phonon coupling usually found in STE emission. In contrast, the analysis 

below 110 K gives Eph = 15.1 ± 0.3 meV (~122 cm⁻¹) and S = 189 ± 7. The effective 

phonon energies could be associated with those seen in the Raman spectrum at 143 cm⁻¹ 

and 230 cm⁻¹ as shown in Fig. S5, while the change in phonon energy is expected as 

higher-energy phonons become frozen out at low temperatures. Notably, the low-

temperature Huang–Rhys factor is S = 189 ± 7 is almost three times higher than the high-

temperature value and among the largest reported to date, to the best of our knowledge. 

The pronounced variation in the Huang–Rhys parameter S with temperature reflects 

changes in the effective phonon energy. Since S represents the average number of 

phonons emitted during recombination, higher-energy phonons require less phonons to 

facilitate the same transition, thereby reducing the value of S.64
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In order to correlate whether the changes observed in the photoluminescence were 

related to structural origins, temperature-dependent XRD measurements of (Rac-

MBA)3PbBr5·H2O powder were evaluated, as shown in Fig. S6. Rietveld refinement of 

the diffractograms revealed a continuous decrease of the lattice parameters and unit cell 

volume from 380 K to 80 K while maintaining its monoclinic crystal structure, as 

illustrated in Fig. 7a,b (see some selected temperatures in Fig. S7). These results exclude 

the possibility of structural phase transitions at low temperatures that could modify the 

electronic structure of the 1D perovskites and prone different emission behavior.

Fig. 7. Temperature dependence of the lattice parameters (a) a, b, c, and (b) β along with 

the unit cell volume of (Rac-MBA)3PbBr5·H2O perovskites. (c) Behavior of octahedra 

distortions evaluated by the distortion index Δd and bond angle variance σ2 with 

temperature.

To get insights about the temperature behavior of the inorganic framework, the 

octahedra distortions were further analyzed through the distortion index 

, where di is the i-th Pb-Br bond length in an octahedron and d is the 
Δ𝑑 =

 

∑
𝑖

|𝑑𝑖 ‒ 𝑑|/6𝑑
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average bond length, and the bond angle variance , where θi 
𝜎2 =

 

∑
𝑖

(𝜃𝑖 ‒ 90°)2/11

represents the i-th Br-Pb-Br bond angle in an octahedron. As shown in Fig. 7c, the 

octahedra distortions slowly modify above 120 K, which indicates the persistence of the 

octahedra configuration. However, the opposite trend is observed in the range of 120 K 

to 80 K where octahedra distortions decrease with temperature. Octahedral distortions are 

known to contribute to the formation of self-trapped excitons (STEs), where more 

distorted environments are prone to exciton trapping.55,66,67 However, lowering the 

temperature or applying pressure usually promotes exciton self-trapping by increasing 

octahedral distortions.68,69 In contrast, we report an unusual case for (Rac-

MBA)3PbBr5·H2O, where lowering temperature reduces octahedral distortions and we 

propose that these distortions play a central role in governing the photoluminescence 

behavior of the hydrated 1D phase at low temperatures. Reduced octahedral distortions 

create a less favorable environment for exciton trapping, enabling the appearance of a 

high-energy narrow emission alongside the STE band, as not all excitons can be trapped 

within the more regular octahedral framework. Similar behavior has previously been 

observed in layered bromide perovskites under pressure.70

Conclusion

In this work, we revealed the influence of molecular chirality on the structural 

dimensionality and photophysical behavior of lead bromide hybrid perovskites. By 

systematically comparing enantiopure and racemic α-methylbenzylammonium (MBA) 

cations, we demonstrate that subtle changes in molecular stereochemistry can result in 

different crystallographic and optical properties. Enantiopure MBA cations promote the 

formation of highly ordered 2D Ruddlesden–Popper perovskites with orthorhombic 

symmetry, with narrow excitonic emission. In contrast, the racemic MBA mixture 

induces packing frustration that prevents layered ordering and favors the formation of a 

1D hydrated phase (Rac-MBA)3PbBr5·H2O. This dimensional transition is accompanied 

by the emergence of broadband visible photoluminescence, attributed to the 

recombination of STEs. Temperature-dependent optical and structural studies reveal that 

this broadband emission arises from strong exciton–phonon coupling, facilitated by 

octahedral distortions in the 1D structure. DFT calculations further support these findings 
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by revealing the emergence of mid-gap states in the racemic structure, arising from 

undercoordinated Br atoms, and a Fermi level pinned near the conduction band, consistent 

with extrinsic semiconducting behavior. In the chiral 2D phase, spin–orbit coupling 

induces Rashba-type spin splitting, highlighting the interplay between chirality and 

relativistic effects. Energetic comparisons confirm that both interstitial water and the 

complete set of symmetry-related 1D chains are essential for stabilizing the racemic 

hydrated phase, with removal of either leading to metallicity or electrostatic 

destabilization. Our findings establish that racemic mixtures can be strategically exploited 

to access lower-dimensional frameworks and broadband emitters, expanding the design 

space for next-generation optoelectronic devices.
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