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Abstract

The emission of white light from a single material is atypical and is of interest for solid-

state lighting applications. Broadband light emission has been observed in some layered per-

ovskite derivatives, A2PbBr4 (A = R-NH+
3 ), and correlates with static structural distortions

corresponding to out-of-plane tilting of the lead bromide octahedra. While materials with
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different organic cations can yield distinct out-of-plane tilts, the underlying origin of the oc-

tahedral tilting remains poorly understood. Using high energy resolution (e.g., quasi-elastic)

neutron scattering, this contribution details the rotational dynamics of the organic cations in

A2PbBr4 materials where A = n-butylammonium (nBA), 1,8-diaminooctammonium (ODA),

and 4-aminobutyric acid (GABA). The organic cation dynamics differentiate (nBA)2PbBr4

from (ODA)PbBr4 or (GABA)2PbBr4 in that the larger spatial extent of dynamics of nBA

yields a larger effective cation radius. The larger effective volume of the nBA cation in

(nBA)2PbBr4 yields a closer to ideal A-site geometry, preventing the out-of-plane tilt and

broadband luminescence. In all three compounds, we observe hydrogen dynamics attributed

to rotation of the ammonium head group and at a timescale faster than the white light photo-

luminescence studied by time-correlated single photon counting spectroscopy. This supports a

previous assignment of the broadband emission as resulting from a single ensemble, such that

the emissive excited state experiences many local structures faster than the emissive decay.

The findings presented here highlight the role of the organic cation and its dynamics in hybrid

organic-inorganic perovskites and white light emission.

Introduction

Efficiently generating artificial white light for indoor lighting applications remains a challenge.

White light (i.e., broadband) emission is typically achieved through the mixing of phosphors with

dopants that each have a narrow emission spectrum such as a light emitting diode (LED) or diode

laser.1,2 While there are benefits to this established technology, intrinsic broadband emission in

a single material, while unusual, would greatly simplify device implementation and engineer-

ing. Several layered hybrid organic-inorganic halide perovskites exhibit intrinsic broadband emis-

sion,3–6 such as the lead halide based Ruddlesden-Popper type layered perovskite derivatives with

the general formula A2PbBr4 (A = large ammonium-containing cation, and X = a halide) shown in

Figure 1.

These “layered” structures are known for their high exciton binding energies from the quantum-
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well-like electronic structure, which typically results in the energetically-narrow emission from

free excitons. The observed broadband emission in these materials has been attributed to both ex-

trinsic and intrinsic self-trapped excitons (STEs), where the crystal structure deforms around and

stabilizes the exciton.3–5,7–9 This “self-trapping” is to distinguish the broadened emission from

that of an exciton that interacts strongly with defect states. A mechanism that captures the primary

features of STE formation and broadband photoluminescence is the interaction of an exciton with

a highly localized optical phonon by way of the optical deformation potential (ODP).10 In short,

swelling and reduction of the inorganic layer from the breathing of single octahedron yields a sep-

arate excited state manifold for the STE that produces a broad emission spectrum. The broadband

emission of (EDBE)PbBr4 (EDBE = 2,2-(ethylenedioxy)bis(ethylammonium)) results from a sin-

gle ensemble of states, as the broadband spectrum decays uniformly in time.11 Understanding the

materials chemistry that leads to this behavior is key to tuning the emission.

Figure 1: Crystal structures of lead bromide based layered perovskite derivatives for
(left) (nBA)2PbBr4, (middle) (ODA)PbBr4, and (right) (GABA)2PbBr4 where nBA = n-
butylammonium, ODA = 1,8-diaminooctammonium, and GABA = 4-aminobutyric acid. The
schematics illustrate the cations used in this study and the arrangement of the cations in the organic
layer between single layers of octahedra. The insets highlight the out-of-plane tilting attributed to
the observed broadband emission.3,10 Where the tilt angles for the compounds are (nBA)2PbBr4 =
3.9◦, (ODA)PbBr4 = 19◦, (GABA)2PbBr4 = 23.9◦. Lead is in grey, bromide in purple, carbon in
brown, nitrogen blue, and hydrogen in pink.

Multiple factors influence the broadband emission in hybrid halide materials. For intrinsic

broadband emission in layered Pb-X perovskite derivatives, this includes: the number of inorganic
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layers,7,10 the choice of organic spacer cation,12 and out-of-plane octahedral tilt angle (i.e., devia-

tion from the 180◦ Pb-X-Pb bond angle).3,13–16 The out-of-plane tilt angle is particularly sensitive

to the nature of the organic spacer cations,3 thus providing compositional control over broadband

emission.3,12 While studies have attributed broadband emission to enhanced exciton-phonon cou-

pling that occurs from out-of-plane tilting templated by the organic cations,9 little is understood

if and how the motion of the organic moiety contributes to the observed broadband emission in

hybrid halide materials.

To gain insight into the role and magnitude of the organic cations’ dynamics and how they may

influence broadband emission, this study describes the molecular dynamics of the organic cations

of three layered hybrid perovskites (nBA)2PbBr4, (ODA)PbBr4, and (GABA)2PbBr4, where nBA =

n-butylammonium, ODA = 1,8-diaminooctammonium, and GABA = 4-aminobutyric acid (Figure

1) using quasi-elastic neutron scattering (QENS). The spatial extent of the cation dynamics illus-

trates how the organic cations influence out-of-plane octahedral tilt angles, where (nBA)2PbBr4

= 3.9◦, (ODA)PbBr4 = 19◦, (GABA)2PbBr4 = 23.9◦, such that out-of-plane tilting is required for

broadband emission at low temperatures.3 The effective dynamical radius of the ammonium head

group appears to influence the A-site volume and tilt angle of the inorganic layer. Cations with

more restricted spatial motion of the ammonium group create a smaller A-site volume, thus yield-

ing a larger out-of-plane octahedral tilt angle (ODA and GABA). Furthermore, the fast timescale

of the ammonium headgroup rotation relative to the emissive decay studied by time-resolved pho-

toluminescence experiments, provides myriad local structures for the excited state ensemble(s) to

sample, thus yielding a large degree of inhomogeneous broadening to the emission. These results

elucidate the interplay between organic cation dynamics and optoelectronic properties in layered

hybrid halide perovskite derivatives.
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Figure 2: Low temperature (77 K) normalized photoluminescence spectra from excitation at 375
nm (solid lines) showing a narrow emission peak near 400 nm and (a) no or (b,c) broad emission
centered near 600 nm. Also shown are excitation spectra (dotted lines) of (a) (nBA)2PbBr4 (black)
monitoring emission at 415 nm, (b) (ODA)PbBr4 (red) monitoring emission at 607 nm, and (c)
(GABA)2PbBr4 (blue) monitoring emission at 553 nm).

Experimental

All syntheses were performed in air at room temperature. Materials were used as received from

the manufacturer. Acronyms used: nBA = n-butylammonium, ODA = 1,8-diaminooctammonium,

and GABA = 4-aminobutyric acid. The starting PbBr2 concentrations were determined from the

molar solubility of the desired product in order to maximize yield and purity.17

Preparation of (nBA)2PbBr4: A 0.301 M solution of PbBr2 was prepared by the addition of 0.689

g (3.08 mmol) PbO in 10 mL aqueous HBr (48 wt% aqueous, Alfa Aesar). To this solution, 0.610

mL (6.17 mmol) n-butylamine (Sigma Aldrich) was titrated dropwise and stirred for 20 minutes,

yielding an opaque, white, microcrystalline powder. The precipitate was collected by vacuum fil-

tration and washed with glacial acetic acid (Fisher Chemical, Certified ACS) then hexanes (Fisher

Chemical, Certified ACS) and dried in air for 30 min. Phase purity was confirmed by powder X-ray
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diffraction. 84.1 % yield based on lead content.

Preparation of (ODA)PbBr4: A 0.089 M solution of PbBr2 was prepared by the addition of 0.192

g (0.860 mmol) PbO in 10 mL aqueous HBr (48% aqueous, Alfa Aesar). To this solution, 0.127

mL (0.860 mmol) 1,8-diaminooctane (Sigma Aldrich, molten via heat gun) was titrated dropwise

and stirred for 20 minutes, yielding an opaque, white, microcrystalline powder. The precipitate

was collected by vacuum filtration and washed with glacial acetic acid (Fisher Chemical, Certified

ACS) then hexanes (Fisher Chemical, Certified ACS) and dried in air for 30 min. Phase purity was

confirmed by powder X-ray diffraction. 70.6% yield based on lead content.

Preparation of (GABA)2PbBr4: A 0.689 M solution of PbBr2 was prepared by the addition of

1.52 g (6.81 mmol) PbO in 10 mL aqueous HBr (48% aqueous, Alfa Aesar). To this solution, 1.41

g (13.6 mmol) of 4-aminobutyric acid (Alfa Aesar) was added and stirred for 20 minutes. 6 mL

of glacial acetic acid (60% of the total vol, Fisher Chemical, Certified ACS) was then added to the

solution and let stir for a further 20 minutes, yielding opaque, white, plate-like crystals. The pre-

cipitate was collected by vacuum filtration and washed with hexanes (Fisher Chemical, Certified

ACS) and dried in air for 30 min. Phase purity was confirmed by powder X-ray diffraction. 47.0%

yield based on lead content.

Photoluminescence (PL): Steady state photoluminescence data were collected on a Edinburgh

FS5 spectrofluorometer using a monochromated 150W Xenon lamp with slit bandwidths of 1 nm.

Samples were prepared by packing powdered samples into 250 mm x 4 mm Thin Wall Quartz EPR

sample tubes and inserting the sample tube into liquid nitrogen. The samples were excited with

375 nm light and monitored over a spectral range of 400-650 nm. Background data collection was

collected on an empty EPR tube excited at 375 nm and monitored over a spectral range of 325-675

nm. Time correlated single photon counting (TPSPC) photoluminescence transients were collected

on an Edinburgh FS5 spectrofluorometer using a 365 nm laser diode with a 5.00 nm slit bandwidth

and SC-70: Liquid Nitrogen EPR Dewar sample stage. Light was pulsed at 500 ns intervals and

collected at various wavelengths across the broad spectrum. Decay lifetimes were calculated with

Fluoracle software using the biexponential equation: R(t) = B1 exp(−t/τ1)+B2 exp(−t/τ2). The
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transients except those emitted at 624 nm and 650 nm of (GABA)2PbBr4 were best fit with a biex-

ponential model. The transients emitted at 624 nm and 650 nm were fit with a single exponential

model.

Differential Scanning Calorimetry (DSC): Differential scanning calorimetry (DSC) data were

collected on a TA Modulated DSC 2500 with a sub-ambient accessory. Roughly 5 mg of each

compound were sealed in Tzero Aluminum Hermetic pans. Samples were cycled at 10.0 ◦C/min

from room temperature to -90.0◦ C (183 K), allowed to equilibrate, and ramped at 10.0◦ C/min to

0.0◦ C (273 K) and allowed to equilibrate. This cycle was repeated three times. Features visible

from 175 K to 225 K are also visible in any empty, hermetically sealed sample pan.

Powder X-ray diffraction (PXRD): Laboratory powder X-ray diffraction data were collected on

a Bruker D8 Discover DaVinci powder X-ray diffractometer using Cu Kα radiation and a Lynxeye

XE-T position-sensitive detector. Samples were prepared on a “zero-diffraction” Si wafer. The

PXRD data were modeled with space groups of Pbca for (nBA)2PbBr4, P21/c for (ODA)PbBr4,

and P21/c for (GABA)2PbBr4 using previously reported structures3 with the Rietveld method

implemented in TOPAS v6 (Bruker AXS). VESTA was used to render crystal structures and to

compute polyhedral volumes of experimental crystal structures.18

Fixed-window Elastic Neutron Scattering: Fixed window elastic scattering data were collected

using the high-flux backscattering spectrometer (HFBS) at the NIST Center for Neutron Research

on non-deuterated samples of (nBA)2PbBr4, (ODA)PbBr4, and (GABA)2PbBr4.19 At HFBS, the

sample environment employed in this fixed-window experiment is a closed-cycle refrigerator that

cools or warms the sample by helium exchange gas. Masses of 0.917 g of (nBA)2PbBr4, 0.661

g of (ODA)PbBr4, and 0.853 g of (GABA)2PbBr4 were used for this experiment. The cylindrical

sample cell has a diameter of approximately 3 cm, and the powder sample was held against the

lateral area of the sample can by enclosing it within aluminum foil pouches. The sample cell was

loaded in a helium glove box and sealed with an indium O-ring. The enclosed helium ensures good

thermal contact between the powder and the rest of the sample environment.

Initially, the samples were loaded into the instrument at 295 K and cooled to 5 K. Data were
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continuously collected at a ramp rate of 0.8 K/min with 60 sec/point. Finally, data were col-

lected upon heating at the same nominal ramp rate and time per point. The observed scattering

was normalized to the incident beam monitor. A fixed window scan is a measurement of the

elastic intensity Iel(Q,T ) as a function of Q, momentum transfer, and temperature. The effective

mean-squared displacement, 〈u2〉, of the hydrogen atoms is estimated by assuming that Iel(Q,T )

is governed by a Debye-Waller factor: Iel(Q,T ) = Iel(Q,T = 5.0 K) · exp(−Q2〈u2〉/3).20,21 The

effective mean-squared displacement quantifies the extent of motion of the hydrogen atoms. This

calculation was performed using the DAVE software.22 Given the elastic energy resolution of 0.8

µeV on HFBS, the experimental time window is approximately 1.6 ns; motions slower than this

cannot be distinguished from the static structure.

Quasi-elastic Neutron Scattering (QENS): QENS experiments were performed at the backscat-

tering spectrometer BASIS at the Spallation Neutron Source, Oak Ridge National Laboratory and

HFBS at the NIST Center for Neutron Research.19,23 At BASIS, the center wavelength of the

incident neutron beam was 6.4 Å with 60 Hz operation of the pulsed source using the Si(111) an-

alyzers, which yields a full width half-maximum of the energy resolution at the elastic line of 3.5

µeV over the accessible momentum transfer range Q = 0.2 to 2.0 Å−1. The relaxation times were

calculated from HWHMLorentzian = ~/τ. Time-of-flight data were reduced in MANTID.24

The HFBS spectrometer operates with a monochromatic neutron beam with a wavelength of

6.271 Å over a Q range of 0.25 to 1.75 Å−1. Data were reduced in DAVE.22 At HFBS, vana-

dium spectra collected at T = 295 K were used as the IRF. At BASIS, the IRF was determined by

measuring the sample itself but at base temperature (T = 20 K). Sample powders were packed in

aluminum foil packets and placed in an annular aluminum cylindrical can. Sample amount yield-

ing approximately 95% transmission of the beam was used, which minimizes multiple scattering

events with the annular geometry. HFBS spectra were fit in DAVE22 and BASIS spectra were

fit in QClimax25 in order to extract the Elastic Incoherent Structure Factor (EISF). The function:

EISF = Ielastic/(Ielastic + Iquasi-elastic) was used to describe the magnitude of the QENS component

where I is the integrated intensity of the respective elastic or quasi-elastic scattering. Spectro-
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scopic QENS spectra were fit with an IRF, linear background, and Lorentzian functions (Figure

5). The experimental IRFs convolved with a δ-function centered at zero energy describe the elastic

scattering while Lorentzian functions convolved with the IRF describe the quasi-elastic compo-

nents. Additional Lorentzian components were added when the fit of a single Lorentzian was not

sufficient to describe the data. Detector group 1 ((Q = 0.3 Å−1) encompasses coherent, Bragg

reflections in all samples and was removed. Additionally, detector groups 6 (Q = 1.3 Å−1), 7 (Q

= 1.5 Å−1), 8 (Q = 1.7 Å−1), and 9 (Q = 1.9 Å−1) encompass coherent, multiple scattering that

produce elastic intensity not accounted for in the EISF; therefore, these Q-ranges were removed

for all samples collected at BASIS. Detector groups 5 (Q = 0.619 Å−1), 7 (Q = 0.870 Å−1), 10 (Q

= 1.216 Å−1), 12 (Q = 1.420 Å−1), 15 (Q = 1.676 Å−1), and 16 (Q = 1.748 Å−1) were removed for

(nBA)2PbBr4 at 150 K EISFs to avoid contributions from coherent scattering collected at HFBS.

Jump models of the molecular dynamics were fit to the EISFs, as described in the results section.

These analyses implemented in python are provided as supplemental material.

Results

Solution precipitation yields (nBA)2PbBr4, (ODA)PbBr4, and (GABA)2PbBr4 consistent with

prior studies. In preparation for neutron scattering studies, >1 g of each material was prepared

and yielded phase pure materials, as characterized by powder X-ray diffraction (Figure S1) and

ambient temperature absorption and photoluminescence spectroscopy (Figure S2) in agreement

with a previous study.3 The photoluminescence spectra at T =77 K shown in Figure 2 consists

of a single narrow emission peak centered near 400 nm for all compounds, consistent with the

presence of free excitons. In (ODA)PbBr4 and (GABA)2PbBr4, we observe broad emission peaks

centered around 630±80 nm and 580±70 nm respectively (range refers to the full-width-at-half

maximum), consistent with the previous characterization of photoluminescence from self-trapped

excitons. This differs from the room-temperature data (Figure S2) in that none of the materials

have broadband emission above 200 K.3 This has been attributed to the depopulation of trapped
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excitonic states, as there is enough thermal energy to detrap carriers.10 The excitation spectra in

Figure 2 corresponding to the centers of the broadband emission illustrate that excitation of the

free exciton or interband transitions gives rise to the broad emission (dashed lines, Figure 2), pro-

viding additional evidence for attributing these spectral features to self-trapped excitons. These

specimens were used for further analysis by neutron scattering.

Mean-squared displacements (MSD) for (nBA)2PbBr4, (ODA)PbBr4, and (GABA)2PbBr4 were

calculated from fixed-window elastic scattering and quantify the extent of hydrogen motion from

5 K to 300 K (Figure 3), based on a Debye-Waller approximation. After normalization of the

MSD trends to their values at the lowest temperatures, (nBA)2PbBr4 exhibits the greatest extent of

hydrogen motion at elevated temperatures (e.g., higher MSD) while (GABA)2PbBr4 exhibits the

least.

Figure 3: Mean squared displacements of (nBA)2PbBr4 (black circles for cooling, grey trian-
gles for warming), (ODA)PbBr4 (red squares for cooling, red down triangles for warming), and
(GABA)2PbBr4 (blue diamonds for cooling, dark blue stars for warming) collected in the tem-
perature range from 5 K to 300 K. MSD values are calculated from fixed-window elastic neutron
scattering experiments (NIST, HFBS). Red solid and blue dashed vertical arrows indicate phase
transitions detected from differential scanning calorimetry of (ODA)PbBr4 and (GABA)2PbBr4,
respectively (Figure 4). No abrupt transitions are visible in the MSD. Error bars are smaller than
the data point symbols. Error bars throughout the text represent one standard deviation.
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Figure 4: Differential scanning calorimetry (Heat flow, W/g) heating curves of (a) (nBA)2PbBr4
(black circles), (b) (ODA)PbBr4 (red squares, red dotted line indicates a phase transition at 215
K), and (c) (GABA)2PbBr4 (blue diamonds, blue dotted line indicates a phase transition at 265 K)
from 175 K to 285 K.

The extent of hydrogen motion in the organic cations presented here is not influenced by phase

transitions. Differential scanning calorimetry (DSC) data shown in Figure 4 show phase transi-

tions of (ODA)PbBr4 and (GABA)2PbBr4 at 215 K and 265 K, respectively. However, the MSD

data do not qualitatively depict any anomalies above 150 K (Figure 3). The observation of phase

transitions in DSC without significant discontinuities in the MSD suggest that the extent of hydro-

gen motion of the organic cations are not significantly affected by small changes in the inorganic

framework associated with the phase transitions (e.g., octahedral tilt angles). This contrasts ma-

terials such as (CH3NH3)PbX3 and (CH(NH2)2)PbX3 (X = halide), in which the phase transitions

are accompanied by significant changes to the molecular dynamics.26–29

The spatial extent of the organic cation dynamics decreases with decreasing temperature. QENS

is most sensitive to the reorientations of hydrogen on µeV energy scales in nBA, ODA, and GABA
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owing to the large scattering cross section of hydrogen (82.02 barns) relative to the other elements

(Pb = 11.118 barns, Br = 5.9 barns, C = 5.551 barns, and N = 11.53 barns; all natural abundance).30

However, the temperature-dependent behavior does not follow classical thermally-activated motion

defined by an Arrhenius relationship (see Supporting Information for a full discussion), as is also

observed for (C8H17NH3)2PbI4.31 Quasi-elastic scattering at high temperatures reveals at least two

relaxation times, as a fit to the data requires multiple Lorentzian functions (Figure 5(a)). At lower

temperatures, the data are well described by a single relaxation (e.g., one Lorentzian), as illustrated

in Figure 5(b).

QENS of (nBA)2PbBr4 shows a larger spatial extent and shorter relaxation time of the organic

cation dynamics relative to the other compounds which is in agreement with the higher MSD

observed over the temperature range. QENS measurements indicate that ODA and GABA have

longer relaxation times overall at lower temperatures (T < 200 K) relative to nBA, which has

detectable QENS at all measured temperatures (Figure S5). Additionally, modeling of the QENS

data indicate ODA and GABA have a smaller extent of hydrogen motion than nBA, as described

below.

From the QENS data we calculate an elastic incoherent structure factor (EISF) to quantify

the spatial extent of the organic cation dynamics using a jump model.31–33 Qualitative analysis of

the EISF and the molecular conformation of the organic cations observed in the crystal structure

illustrates that nBA has the greatest extent of hydrogen motion based on the steeper Q-dependent

decay of the EISF (i.e., greater quasi-elastic scattering contribution), as illustrated in Figure 6(a).

GABA has the least extent of hydrogen motion, as inferred from the gradual decay of the EISF as

a function of Q (Figure 6(c)). The greater extent of quasi-elastic scattering in nBA compared to

ODA and GABA in the EISF bolster the greater extent of spatial motion assessed from the fixed

window elastic scattering (Figure 3) and agrees with the volume of the A-site void calculated from

the crystallographic information below.

The temperature-dependent EISFs for each material are well described by a series of jump

models partially constrained by molecular and crystallographic site point group symmetries. An
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Figure 5: Quasi-elastic neutron scattering (ORNL, BASIS) at (a) 300 K (b) 200 K for
(nBA)2PbBr4. The representative spectra (Q = 0.9 Å−1) are shown as black circles, with the
overall fit shown as a solid orange line. The overall fit includes all functions used to describe the
data. The instrument resolution function (IRF) collected for each sample at T = 20 K is convolved
with a delta function and accounts for elastic scattering, shown here as a blue dotted line. The
broadening from quasi-elastic scattering is fit with a Lorentzian function, shown as yellow dashed
and green dash-dotted lines. At 300 K, multiple relaxations are required to describe the data (e.g.,
at least 2 Lorentzians), whereas at 200 K, only one relaxation is required. Note the logarithmic
scale on the y-axis.

extended discussion of alternative models and best fit parameters can be found in the Supple-

mental Information (see Figures S7 - S10, and Table S2). For all three compounds, the EISF

decreases with decreasing temperature as they lose thermal energy. The cartoons in Figure 6(d)

illustrate rotations of different functional groups and the overall temperature-dependent progres-

sion for (nBA)2PbBr4. Unlike ODA and GABA, nBA does not bridge across two inorganic layers

through non-covalent interactions. Specifically, at T = 300 K, the nBA cation undergoes multi-

ple rotations, consistent with a model adopted for (C8H17NH3)2PbI4.31 One motion is the direct

product of C2⊗C3 rotations for the −CH2NH3 head group, such that the ammonium cation ex-

periences the full C2⊗C3 motion, but the α-carbon only experiences the C2 motion. The methyl
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Figure 6: Elastic incoherent structure factors of (a) (nBA)2PbBr4, (b) (ODA)PbBr4, and (c)
(GABA)2PbBr4 from 200 K ≤ T ≤ 300 K extracted from QENS data (ORNL, BASIS) and fit
by jump models describing C2⊗C3 rotations (dot-dashed), C3 rotations (dashed), and fractional
C3 rotations (dotted), as described in the narrative. Cartoons depicting the cation motions are il-
lustrated for (d) (nBA)2PbBr4, (e) (ODA)PbBr4, and (f) (GABA)2PbBr4. Error bars represent one
standard deviation.

group undergoes a C3 motion, while librations of other aliphatic −CH2− hydrogens are modeled

as pseudo-C2 rotations. At T < 300 K, this full model cannot accurately describe the data for

(nBA)2PbBr4. Instead, the data are modeled with temperature-dependent restricted C3 motion (‘C3

frac’ in Figure 6). In this model, the fraction of hydrogens participating in a C3 rotation decreases

as temperature decreases, assuming a static −CH2− chain. The fractional C3 motion of nBA is

similar to that of ODA (0.624, Figure S10, Table S2) suggesting a similar degree of dynamics;

however, the relaxation times of nBA are the shortest as discussed below indicative of more spatial

motion within the cuboctahedral void as compared to ODA and GABA.

Having two ammonium groups, ODA electrostatically bridges two inorganic sheets (Figure

1), which appears to restrict its motions. At T ≥ 275 K, the data are best described by the same
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C2⊗C3 motion found in nBA but for both of the −CH2NH3 head groups as well as librations of

the aliphatic −CH2− hydrogens (Figure 6e). The differences in the EISFs from T = 300 K to T =

275 K are accounted for by a decrease in the libration radius of the −CH2− hydrogens (1.34 Å−1

vs. 0.586 Å−1, Figure S10b). At T = 250 K, the only motions required to model the data include

the combination of C3 rotations of the −NH3 head groups and librations of the organic chain.

Below 250 K, the −CH2− hydrogens are nominally static, and temperature-dependent fractional

C3 rotation of the −NH3 head groups describes the data (see Figure S10, Table S2). There is a

stronger temperature dependence of ODA than nBA, as ODA has smaller EISF values and has

longer relaxation times at low temperatures where broadband emission is observed. None of the

temperature-dependent changes in the rotational motions of ODA described by the EISF coincide

with the phase transition detected by DSC (T = 215 K, Figure 4).

With both ammonium and carboxylic acid functional groups, two GABA molecules hydrogen

bond to each other forming a bridge between inorganic sheets. This bridging, along with the planar

sp2 C of the carboxylic acid group also appears to restrict the cation’s motion. Shown in Figure

6c, the data are modeled by C3 motion of the −NH3 head group (Figure 6f). Inclusion of −CH2−

hydrogens librations or C2 rotations of the hydroxyl group do not improve the fit; these hydrogens

are therefore assumed to be nominally static within the convoluted resolution of the experiments (≈

1 µeV or 1.31 ns). The temperature dependence of the EISF is well modeled allowing for fractional

C3 motion in which the other hydrogens are assumed static (Figure S10, Table S2) indicating

increased cation rigidity relative to nBA and ODA. The phase transition detected at T = 265 K

from DSC (Figure 4) does not present significant changes to the EISF.

The relaxation times for nBA motions are shorter than both ODA and GABA. Relaxation times

were determined from the half-width at half-maximum (HWHM) of the Lorentzian peaks fitted

to QENS spectra (Figure 5, HWHMLorentzian = ~/τ). At high temperatures there are multiple

Lorentzian functions and thus one relaxation time for each Lorentzian peak required to fit the spec-

tra (Figure 7). As temperature decreases, there are fewer independent motions detected by QENS,

as only one relaxation time is needed to describe the motions. The relaxation times become longer

15



at low temperature; however, the temperature dependence does not follow an Arrhenius expression

(see Figure S3 and related discussion in the Supporting Information). Log-linear extrapolation of

the relaxation times (Figure S11) permits estimation of the relaxation times for temperatures at

which the molecular motions become sufficiently restricted as to be unresolvable from the elastic

scattering (Table S1). The splitting of timescales in Figure 7 and Table S1 is indicative of the

multiple independent rotations occurring at high temperatures and is observed in nearly all hybrid

halide perovskites.29 The C2 rotation of the ammonium group has a longer relaxation time than

that of the C3 rotations occurring in either the methyl group (nBA) or the second amine (ODA) as

seen for (C8H17NH3)2PbI4.31 In ODA, the freezing out of the C2 rotation of the ammonium group

occurs between 275 K and 250 K, this does not align with the phase transition at 215 K determined

by DSC (Figure 4). Additionally, the phase transition in (GABA)2PbBr4 at 265 K does not corre-

spond to a change in the QENS, as all molecular rotations are modelled by a fractional C3 model

and without temperature-dependent anomalies in the fitted parameter (Figure S10c, Table S2).

Figure 7: Relaxation times of hydrogen motions (τ, ns) extracted from QENS spectra of (left)
(nBA)2PbBr4, (middle) (ODA)PbBr4, and (right) (GABA)2PbBr4. Calculated from QENS data
with HWHMLorentzian = ~/τ. Black horizontal dashed lines indicate the instrument resolution.
Blue symbols indicate a singular Lorentzian. Orange and green symbols indicate two separate
Lorentzian functions used to model the QENS data.

The organic cation motions are faster than the photoluminescence decay lifetimes probed with

time-resolved photoluminescence at various wavelengths over the broad emission in (ODA)PbBr4
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and (GABA)2PbBr4 and are well described by a biexponential decay. Normalization of the data

to ≈ 158 ns reveals that transients have similar responses at long decay lifetimes. The low-

temperature photoluminescence decay lifetimes of (ODA)PbBr4 shown in Figure 8a are similar

for all wavelengths recorded (17±2 ns and 370±61 ns, Table 1). All lifetimes are longer than

the C-N rotational relaxation times observed by QENS and are well described by a biexponential

decay. Figure 8b shows the photoluminescence decay at several wavelengths for (GABA)2PbBr4.

The photoluminescence at longer wavelengths (624 nm and 650 nm) are well described by a single

exponential decay. All lifetimes are ≈ 100 times slower than the relaxation times extrapolated

from QENS.

Figure 8: Time-resolved photoluminescence of (a) (ODA)PbBr4 at 550 nm (black), 600 nm (red),
635 nm (blue), and 680 nm (green) and (b) (GABA)2PbBr4 at 550 nm (black), 587 nm (red), 624
nm (blue), and 650 nm (green) at 77 K. Data were normalized to the photoluminescence intensity
at ≈ 158 ns.

17



Table 1: Decay times calculated from time-resolved photoluminescence with R(t) =
B1 exp(−t/τ1)+B2 exp(−t/τ2). The data are described well by double exponential decay con-
sisting of two components. Errors are estimated from one standard deviation.

Decay times (ns)
Wavelength (nm) τ1ODA τ2ODA Wavelength (nm) τ1GABA τ2GABA

402 1.7±0.1 19±1.3 391 7±0.3 34±3
550 15±0.7 269±7 550 41±4 278±16
600 17±1.3 378±13 587 49±9 304±26
635 14.5±1.7 420±15 624 - 263±4
680 20±2.3 416±21 650 - 316±7

Discussion

The organic cation dynamics differentiate (nBA)2PbBr4 from (ODA)PbBr4 and (GABA)2PbBr4,

primarily in that the larger spatial extent of dynamics of nBA yields a larger effective cation radius.

The larger effective A-site radius from the dynamic nBA cation exhibits a larger A-site volume (Fig-

ure 9). In-plane octahedral tilting in (nBA)2PbBr4 leads to a smaller calculated A-site volume less

than the ideal 103.8 Å3 calculated for 1/2 of a cubeoctahedron with a tolerance factor of 1 using Pb

and Br radii.34,35 Calculations of the polyhedral volume from crystal structures within the A-site

void determine the nBA A-site void is larger (84.6 Å3) than the A-site void in GABA (79.6 Å3),

consistent with a greater spatial extent of hydrogen motion in nBA in (nBA)2PbBr4 determined

from QENS. In contrast, rigid cations (ODA, GABA) have smaller effective radii leading to a de-

viation further from the ideal 103.8 Å3. As this could be an advantageous predictor for materials

properties, we have expanded on these calculations in the Supplemental Information (Table S3).

There is a general trend in other A2PbBr4 materials, where a smaller A-site volume correlates to a

larger out-of-plane tilt angle which is consistent with our results in this work.

We propose that the smaller effective cation radius drives out-of-plane octahedral tilting to

compensate for the lack of evenly distributed positive charge from under-bonded apical halogens

in the A-site void. The out-of-plane tilt angles directly correlate to the presence of broadband

photoluminescence.3,14 The ODP that drives exciton self-trapping increases with increasing out-

of-plane tilting.10 Therefore, the broadband emission stemming from STEs in (ODA)PbBr4 and
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Figure 9: (a-c) Depiction of the effective radius in (a) (nBA)2PbBr4 (b) (ODA)PbBr4, and (c)
(GABA)2PbBr4. The radii of ODA and GABA are smaller owing to the restricted dynamics of
the cations. (d-f) A-site volume (illustrated by the [NBr8] polyhedra) determined from the 295 K
crystal structures of (d) (nBA)2PbBr4 (e) (ODA)PbBr4 and (f) (GABA)2PbBr4.

(GABA)2PbBr4 is indirectly influenced by the more restricted organic moiety dynamics in these

materials. Based on the Goldschmidt tolerance factor, a larger A-site volume appears to prevent

the out-of-plane tilting attributed to broadband emission.10 This follows the trend that even larger

cations occupying the A-site in the higher-dimensional Ruddlesden-Popper perovskites (where n =

2 and 3), such as guanidinium, leads to compressed, distorted octahedra.36,37 The expansion of the

octahedral cage and elongation of Pb−I bonds in (HA)2(GA)Pb2I7 and (BA)2(EAxMA1-x)2Pb3I10

leads to a more distorted inorganic layer with blue shifted band gaps and additional greater inho-

mogeneous broadening.

While out-of-plane octahedral tilting and the ODP can lead to exciton self trapping, this mech-

anism cannot explain the extent of observed broadening. If the ODP arises primarily from a lo-

calized lattice vibration (on the order of THz), the phonon can only produce ≈ 100-200 meV of

broadening.11 This homogeneous broadening does not account for the entirety of the white-light

spectrum emitted (≈ 1200 meV). Therefore, another process, such as the organic cation dynamics

of (ODA)PbBr4 and (GABA)2PbBr4 provide a potential mechanism for additional (inhomoge-

neous) broadening of the broadband photoluminescence. The broad light emission in a related
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material, (EDBE)PbBr4, has been previously described as originating from a single-ensemble of

excited states, as the spectrum does not change as a function of decay time. It was found the

excited state (e.g., the STE) samples “all possible local structures on a time scale that is fast com-

pared to the emission decay time.”11 The −NH3 rotations in (ODA)PbBr4 and (GABA)2PbBr4 (<

5 ns below 100 K) can provide such distinct local structures that contribute to the inhomogeneous

broadening of the photoluminescence spectrum. While decay lifetimes differ at low wavelengths,

normalization shows that after ≈ 158 ns, the photoluminescence transients are nearly identical

(Figure 8, Table 1). If the timescale of organic motion is not significantly faster than emission

decay, the emission will behave more like a multi-ensemble decay, such that the structural changes

could induce spectral shifts.11 A comparison between the time-resolved photoluminescence de-

cay lifetimes and extrapolated relaxation times from QENS can provide insight into whether the

organic cation dynamics are locally sampled and contributing to the inhomogeneous broadening.

Here, the emission behavior in (ODA)PbBr4 is single-ensemble-like owing to the similar decay

at all wavelengths. The decay times at both short and long timescales in (ODA)PbBr4 are not sen-

sitive to changes in wavelength. An average of the bi-exponential decay across the broad spectrum

gives 17±2 ns for τ1 and 371±61 ns for τ2. At 77 K, where broadband emission is observed and

time-resolved photoluminescence data were collected, the ODA cation motion is extrapolated to≈

4.5 ns. The cation motion at 77 K is significantly shorter than the τ2 decay time of 370 ns. τ1 (17

ns) is slower than the organic motion by a factor of two and has spectral dependence. The emission

behavior in (GABA)2PbBr4 is also single-ensemble-like; however, there is a subtle variation in the

time-resolved data between samples. A further discussion is available in the Supplemental Infor-

mation. We limit the discussion of (GABA)2PbBr4 to Figure 8 in the main text as the single crystal

spectroscopy required to elucidate the variations between samples goes beyond the scope here.

Averaging the decay lifetimes of the broad luminescence in (GABA)2PbBr4 reveal τ1 is 45±4 ns

and τ2 is 290±21 ns. GABA has an extrapolated relaxation time of ≈ 2 ns for the motion of the

ammonium group at 77 K which is significantly shorter than either decay lifetime presented here.

Additionally, the decay times in (GABA)2PbBr4 are longer than those in (ODA)PbBr4. The rota-
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tional motion of the −NH3 at temperatures where broadband emission is observed could provide

several local environments for the photoexcited state to sample, owing to the faster organic cation

motion relative to the calculated decay times.

Conclusions

The restricted organic cation dynamics in (ODA)PbBr4 and (GABA)2PbBr4, relative to (nBA)2PbBr4,

lead to smaller effective dynamic radii and influence the octahedral out-of-plane tilt angle in lay-

ered hybrid halide perovskites. The increased tilt angle owing to the smaller radii correlates to

the observation of broadband emission as a single ensemble. Organic cation motions are on ≈ 1

ns timescales as determined from QENS data, which are faster than the photoluminescence decay

times determined from time-resolved photoluminescence spectroscopy. However, further studies

are needed to elucidate the variations in time-resolved photoluminescence between samples. In

(ODA)PbBr4 and (GABA)2PbBr4, the −NH3 rotations of the organic cations likely contribute to

the inhomogeneous spectral broadening by providing a distribution of local structures that appear

as a single ensemble on the photoluminescence time scale. This work highlights the critical role the

organic cation dynamics play in the structure and subsequent optoelectronic properties of layered

hybrid halide perovskites.

Supporting Information

Materials characterization, Quasi-elastic scattering and Rotational mode analysis of (nBA)2PbBr4,

(ODA)PbBr4, and (GABA)2PbBr4, Time-resolved photoluminescence data for (GABA)2PbBr4,

and EISF jump models implemented in Python supplied as Supporting Information.
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