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ABSTRACT: Two-dimensional (2D) halide perovskites have displayed unique
emission properties, making them potential candidates for next-generation light-
emitting devices. Here, we combine nonadiabatic molecular dynamics and time-
domain density functional theory to investigate the fundamental mechanisms of
carrier recombination processes. Considering monolayer bromide perovskites
with dissimilar organic spacer molecules, n-butylammonium (BA) and phenyl-
ethylammonium (PEA) cations, we find a strong correlation between temper-
ature-induced structural fluctuations and nonradiative carrier recombination rates
in these materials. The more flexible geometry of (BA)2PbBr4 compared to that
of (PEA)2PbBr4, results in faster electron−hole recombination and shorter carrier
lifetime, diminishing the photoluminescence quantum yield for softer 2D
perovskites. Reduced structural fluctuations in relatively rigid (PEA)2PbBr4 not
only indicate of a longer carrier lifetime but also suggest a narrower emission line
width, implying a higher purity of the emitted light. Our ab initio modeling of
excited state properties in 2D perovskites conveys material designing strategies to fine-tune perovskite emissions for solid-state
lighting applications.

Two-dimensional (2D) halide perovskites have emerged as
one of the most versatile classes of materials for tunable

light-emission properties.1−6 Depending on the thickness and
chemical compositions, these materials exhibit diverse room-
temperature emission properties with a wide range of energies
as well as spectral widths.5,7,8 2D halide perovskites with
extremely narrow emission provide high color purity whereas
compounds with broadband white-light emission offer high
color rendition.6−8,8−11 Several fundamental origins such as
exciton localization, structural irregularities, and distortions
underpin very different emission in these layered materi-
als.12−14 The most commonly explored 2D halide perovskites
have a chemical formula of AnA′n−1BnX3n+1 where A and A′ are
same or different monovalent organic/inorganic cations, B is
the divalent metal ions such as Pb or Sn, and X are the
halogens. BnX3n+1 forms the inorganic layer, where BX6

octahedra have corner-sharing connectivity and A and A′
stay either inside the inorganic layer or as the spacer cations
between two layers. n indicates the number of the metal halide
octahedral layers forming the inorganic frame. Optoelectronic
properties of these materials are essentially defined by the
perovskite component. For example, variation of n strongly
affects the emission color of 2D halide perovskites.15−19 In
contrast, organic cations sandwiching the perovskite slabs
typically have large gaps and thus do not directly influence the
electronic structure.13,20−22 However, these molecules ensure
structural stabilities, chemostabilities, and photostabilities of

2D halide perovskites are an advantage compared to their 3D
counterparts.3,23−27

The highly desired energy-efficient solid-state white light
production needs bright and pure blue, green, and red light-
emitting materials.7,28,29 Among these, materials with a high-
quality blue emission are the rarest and consequently form the
known bottleneck for advancements in solid-state light-
ing.30−32 The simultaneous necessity for highly efficient
luminescence, as well as narrow line width emission, strongly
reduces the number of candidate materials for blue emission.33

In this regard, three-dimensional (3D) chlorine mixed bromide
perovskites have been explored widely owing to their wide
band gaps, producing sharp emission in the blue region.34−36

However, a small exciton binding energy and halide-migration-
induced intrinsic phase instabilities result in low photo-
luminescence quantum yields (PLQY) for these mixed halide
perovskites.36−39 However, due to substantial quantum
confinement, colloidal halide perovskite nanocrystals exhibit
color pure and strong blue luminescence.40−42 Nonetheless,
strong emission intermittency, i.e., PL blinking and poor
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performance in light-emitting diode (LED) architectures,
poses serious challenges to fabricate nanocrystal-based blue
emitters.43,44 Recently, quantum-well structures of 2D halide
perovskites have been actively explored to fine-tune their blue
emission properties.3,6,11,45−49 Spatial excitonic localization
and consequent fast radiative electron−hole recombination in
wide band gap 2D perovskites make these materials suitable for
blue emission.21,50 Despite these promising findings, the
dominant presence of nonradiative recombination has been
identified as the fundamental reason for the low PLQY of 2D
perovskite-based blue LEDs.5,51 The resonance Raman spec-
troscopy and deformation-potential-based analysis by Gong et
al. demonstrated that fast nonradiative recombinations
originate from the strong electron−phonon interactions in
the flexible 2D perovskites.11 The study further proposed that
room temperature emission properties of these perovskites can
be largely tuned by using different spacer cations. It is well-
known that the spacer cations substantially affect the crystal
structure of the 2D perovskites and distort the inorganic layers
to a different extent.2,52,53 The static distortion in inorganic
layers further influence the optical band gap and exciton
binding energies of these materials.51,54 More recently, it has

been found that structural dynamics and particularly its effect
on carrier transport also considerably affect the optoelectronic
properties of 2D perovskites.11,27,55,56 Despite a number of
experimental observations,6,11,45−47 we still have little under-
standing of an in-depth atomistic structure−property relation-
ships controlling excited-state dynamics in these materials at
room temperature.
Recently, we have investigated the quantum confinement

effects in low-dimensional halide perovskites and subtle effects
of structural fluctuations on the optoelectronic properties of
their 3D counterpart.12,21,57−59 In the present contribution, we
use ab initio time-domain stimulations to explore the charge
carrier relaxation and recombination processes in monolayered
lead bromide perovskites, (A)2PbBr4, where A is the spacer
cations. Considering alkyl-chain-based n-butylammonium
(BA) and benzene-ring-based phenylethylammonium (PEA)
as the spacer cations, we find these molecules significantly
influence the structural dynamics of the inorganic PbBr4 layer
(Figure 1). This gives rise to strong electron−phonon
interactions and quantum decoherence, resulting in very
different nonradiative carrier recombination rates that control
the emission properties of these materials at room temperature.

Figure 1. Optimized structures and their fluctuations at room temperature. Optimized structures of 1 × 1 × 1 cells for (a) (BA)2PbBr4 and (b)
(PEA)2PbBr4. Colors: hydrogen (white), carbon (black), nitrogen (blue), bromine (brown), lead (gray). The histograms for (c) Pb−Br bond
lengths and (d) in-plane Pb−Br−Pb bond angles as shown in the inset evaluated over AIMD simulation trajectories of these 2D perovskites.
Broader distribution of metal bromide angles for BA-based perovskites is evident in (d). Solid lines in (c) and (d) are fitted by the β-function to the
distributions.
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A detailed understanding of the structural dynamics dependent
light-emitting properties further helps to guide design
principles for achieving high-quality 2D perovskite-based
emitters.
Structural Properties. Analysis of optimized internal geo-

metries (see Computational Methods for simulation details) of
(PEA)2PbBr4 and (BA)2PbBr4 as shown in Figure 1a,b reveal
that noncovalent interactions between organic spacer cations
and the PbBr4 layer affect their static ground-state structures.
In (PEA)2PbBr4, apical Pb−Br bonds of the PbBr6 octahedron
have different lengths, one elongates (3.26 Å) and other
contracts (2.91 Å), whereas all equatorial lead−halide bond
distances are similar (3.05 Å) (Figure S1). However, all apical
and equatorial Pb−Br bonds for (BA)2PbBr4 are of almost
same lengths (∼3.02 Å) (Figure S1). These bond distances are
in a good agreement with the experimental structures, resolved
by single-crystal X-ray diffraction.11 As we are mostly
interested in room temperature structures of these 2D bromide
perovskites and their optoelectronic properties, static geo-
metries are not explored any further.
Ab initio molecular dynamics (AIMD) simulations at 300 K

show that the Pb−Br bond lengths in both perovskites increase
with respect to optimal bond lengths due to the thermal
expansion of the lattices. The canonical average of Pb−Br
bond lengths show that these are slightly shorter in
(PEA)2PbBr4 (3.07 Å) compared to those in (BA)2PbBr4
(3.09 Å). Additionally, for PEA-based perovskite, thermal
fluctuations largely suppress the distinct difference in apical
Pb−Br bond lengths that we find in 0 K optimized structure
(see Figure S2). Plotted histograms of the Pb−Br bond lengths
in Figure 1c exhibit non-Gaussian distribution for both
structures, demonstrating intrinsic lattice anharmonicity of
these 2D perovskites. A similar anharmonic nature in 3D
perovskites has been reported in the context of charge carrier
dynamics.60,61 Detailed discussion on the effect of thermal
fluctuations of the Pb−Br bond lengths has been included in
the Supporting Information (section S1). Moreover, we
calculate the Pb−Br−Pb angle distribution in the ab-plane as
a measure of in-plane PbBr6 octahedra tilting in these systems
(see Figure 1d). Canonically averaged Pb−Br−Pb angles
indicate that PbBr6 octahedra are tilted by ≈33° for both the
perovskites at room temperature. However, plotted histograms
indicate a wider angle distribution for (BA)2PbBr4, signifying
more fluctuating Pb−Br−Br angles in this perovskite with
respect to that in (PEA)2PbBr4. The standard deviation of the
Pb−Br−Pb angle values for (PEA)2PbBr4 and (BA)2PbBr4 are
11.5° and 11.3°, respectively. To have a quantitative
description of thermal fluctuations, we further calculate the
root mean square fluctuations (RMSF) for Pb and Br atoms in
both perovskites. As shown in Figure 2, Pb and Br exhibit
higher RMSF in (BA)2PbBr4 compared to results for
(PEA)2PbBr4, clearly demonstrating more flexible inorganic
layers for long-alkyl-chain-based 2D perovskites. Moreover, the
carbon and nitrogen atoms of the BA cations show higher
RMSF compared to the PEA cations. The CH-π stacking
among the PEA cations restricts their thermal motions
between two PbBr4 layers, whereas the absence of any such
interactions among the alkyl BA cations results in more
flexibility in these chain-like molecules. More spacer cation
fluctuations, in turn, introduce more structural dynamics in
PbBr4 layers for these materials. Thus, our analyses
demonstrate that packing of spacer cations into a inorganic

lattice determines the extent of room temperature structural
motions in these 2D perovskites.
Electronic Properties. We further investigate the electronic

properties of (BA)2PbBr4 and (PEA)2PbBr4. Starting with the
geometries optimized with the PBE functional (see Computa-
tional Methods), spin−orbit coupling (SOC) corrected HSE06
functional-based simulations provide the band gap values for
(BA)2PbBr4 and (PEA)2PbBr4 as 3.13 and 3.14 eV,
respectively. The band gap values are in a good quantitative
agreement with the recent experimental observations.11 The
projected density of states (pDOS) (Figure 3a,b) and charge
densities at the band edges (Figure 3c−f) indicate that the
antibonding overlap of Pb 6s and Br 4p* orbitals forms the

Figure 2. Effect of spacer cations on the lattice dynamics of 2D
perovskites. The root means square fluctuations for Br, Pb, and
organic cations (considered only C and N atoms) at 300 K exhibit
more dynamical structural behavior of (BA)2PbBr4 compared to
(PEA)2PbBr4. The long-chain BA cations allow for more thermal
fluctuations in the inorganic layers.

Figure 3. Electronic structure of 2D bromide perovskites. Partial
density of states for (a) (BA)2PbBr4 and (b) (PEA)2PbBr4. Prominent
cationic states appear near VBM for PEA-based perovskites. The
electronic charge densities of (c) VBM and (d) CBM for BA-based
perovskites. (e) VBM and (f) CBM charge densities of (PEA)2PbBr4.
All the band edge densities are located in the inorganic layer.
Presented electronic structures are calculated using the HSE06
functional including SOC corrections.
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valence band maximum (VBM) whereas the conduction band
minimum (CBM) originates mostly from nonbonding Pb 6p
orbitals. Parts a and b of Figure 3 illustrate that the molecular
orbital energy states of organic spacers remain a few
electronvolts above and below from the CBM and VBM,
respectively. Thus, the spacer cations do not directly
participate in the electronic structure near the band edges in
these 2D bromide perovskites. Note that, compared to the BA,
the PEA molecular states in (A)2PbBr4 remain close to VBM
(∼1.27 eV), suggesting their possible influences to the hot-
hole relaxation processes in the material (Figure 3b).62 The
similar band gap and band edge electronic properties of these
two 2D perovskites at 0 K strongly suggest that the static
geometries are not sufficient for understanding their very
different excited-state dynamics and room temperature PLQY.
This necessitates investigation of structural dynamics on the

electronic properties of 2D perovskites at room temperature.
Plotted histograms in Figure 4 show that the band gap of

(PEA)2PbBr4 has a narrower distribution compared to that of
(BA)2PbBr4. The standard deviation of band gap values for
PEA- and BA-based perovskites are 0.12 and 0.17 eV,
respectively. This is directly related to pronounced structural
fluctuations observed in the inorganic framework of
(BA)2PbBr4. As both the VBM and CBM are delocalized
only over the PbBr4 layer (see Figure 3c−f), a more flexible
inorganic frame in (BA)2PbBr4 results in the stonger
fluctuations of the band edge energy positions and produces
a wider spread of band gap values.
As spin−orbit coupling significantly influences the band

edge electronic structure of these 2D perovskites, we further
calculate the band gap fluctuations along the simulated
trajectories incorporating the SOC corrections.22,63−65 To
reduce the high computational cost for SOC included
simulations, we chose random 50 snapshots that are equally
spaced in simulation time. As plotted in the inset of Figure 4,
even though the band gaps are underestimated by ≈1 eV for

both the systems, (BA)2PbBr4 exhibits more dispersion in band
gap values compared to that in (PEA)2PbBr4. The severe band
gap reduction with the inclusion of SOC originates from the
downward shift of Pb 6p-orbital dominated CBM as well as the
absence of electronic many-body interactions in these
calculations.58,66 Though using the HSE06 functional along
with SOC provides band gaps comparable to the experimental
reports, such calculations for many snapshots are extremely
computationally demanding and are not presently performed.
Nonetheless, the trend in the average band gap and their
fluctuations for (BA)2PbBr4 and (PEA)2PbBr4 remain
unaltered with or without incorporating SOC in the
calculations. This further suggests the dominant role of
structural dynamics determining the band-edge fluctuations
in these 2D perovskites.
Charge Carrier Recombination. Structural fluctuations in soft

halide perovskite lattices significantly affect their excited-state
dynamics at ambient conditions.67−71 Extensive experimental
and computational investigations have identified strong
dependence between charge carrier lifetime and structural
rigidity in a variety of inorganic and hybrid halide perov-
skites.55,72−74 Here, we further perform nonadiabatic molecular
dynamics (NAMD) to explore the nonradiative carrier
recombination dynamics near the band edges of monolayer
2D bromide perovskites. We include the influence of all the
energy states residing near to the band edges for the excited-
state dynamics simulations (see Computational Methods for
details). Figure 5a displays time evolved population of charge
recombined state evidencing much faster nonradiative
electron−hole recombination for (BA)2PbBr4 compared to
that for (PEA)2PbBr4. Slow electron−hole recombination in
halide perovskites demands computing carrier dynamics for the
time scale on the order of tens of nanoseconds which is
computationally challenging.73 To overcome such issues, we
apply the short-time linear approximation of the exponential
increase and compute the recombination time of these 2D
bromide perovskites (see section S2 in the Supporting
Information for details).55,72 As tabulated in Table 1, the
nonradiative recombination times (τ) for both (BA)2PbBr4
and (PEA)2PbBr4 are estimated to be on the nanosecond scale.
Moreover, the nonradiative recombination time for
(PEA)2PbBr4 is about 3 times larger than that for (BA)2PbBr4.
The longer carrier lifetime of (PEA)2PbBr4 compared to
(BA)2PbBr4 agrees well with the experimental photolumines-
cence reported recently.11 Thus, our simulations imply the
dominant influences of spacer cations on the excited-state
carrier dynamics in 2D bromide perovskites.
To have an in-depth understanding of the excited-state

quantum dynamics, we investigate coupling of electronic and
lattice degrees of freedom. Previous studies find that both
elastic and inelastic carrier scattering, induced by electron−
phonon coupling, play an important role in determining the
nonradiative carrier recombination time.55,72,75,76 First, we
focus on the inelastic electron−phonon scattering that
underpins the exchange of energy between electronic and
vibrational subsystems. The nonradiative carrier recombination
leads to an excess of electronic energy, the inelastic scattering
process transfers this extra energy to nuclear degrees of
freedom.77 The nonadiabatic coupling (NAC) strength
quantifies the extent of the inelastic scattering and con-
sequently influences the recombination processes in these
materials.78−80 Generally, the stronger the NAC, the faster the
nonradiative carrier recombination occurs. Considering the

Figure 4. Fluctuations in the electronic structure of 2D bromide
perovskites at room temperature. The histogram of the PBE band
gaps along the AIMD trajectories for (BA)2PbBr4 and (PEA)2PbBr4.
The band gaps have a broader distribution in BA-based bromide
perovskite. The upper left corner shows the histogram of band gaps
for a selected number of snapshots calculated including the SOC
correction. The trend of band gap distributions remains unchanged
with or without SOC correction. Solid lines are fitted by a β-function
to the distributions.
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fact that intraband relaxations typically appear on the
femtosecond time scale (see Figure S2 and section S3 in the
Supporting Information), we reasonably approximate that all
excited carriers, i.e., electrons and holes, relax to band edges
prior to the recombining across the band gap in these 2D
perovskites.27,74,81 Thus, we particularly focus on the NAC
between the VBM and CBM states. Canonically averaged
absolute values as tabulated in Table 1 show only slightly

stronger NAC for (BA)2PbBr4 compared to that for
(PEA)2PbBr4. Furthermore, we analyze the instantaneous
NAC values along the complete AIMD trajectory to find
their fluctuations over time at simulation conditions. Plotted
histogram in Figure 5b exhibits more occurrences of high NAC
values (>0.0001) for (BA)2PbBr4 than for (PEA)2PbBr4. As
only high instantaneous NAC values are relevant for
determining the nonradiative carrier recombination rates, we
particularly focus on such occurrences. Each large instanta-
neous NAC value indicates high probability for nonradiative
electron−hole recombination. This explains faster carrier
recombination in the (BA)2PbBr4, as found in Figure 5a. At
the atomistic level, stronger wave function mixing of the
participating states, i.e., CBM and VBM, leads to higher NAC
values. Wave function mixing further depends on the nuclear
dynamics of the atoms contributing to band edge states. More
nuclear fluctuations of these atoms promote larger wave
function mixing between the VBM and VBM, resulting in
stronger NAC. Here, the PbBr4 framework where the VBM
and CBM (see Figure 3) wave functions remain delocalized,
exhibits more flexibility for (BA)2PbBr4 (see Figure 2). This
consequently results in the occurrence of higher instantaneous
NAC values for this BA-based 2D perovskite compared to the
PEA-based one.
The very dissimilar nonradiative recombination dynamics in

2D bromide perovskites originates from their spacer-cation
dependent structural dynamics, which in turn results in
different inelastic electron−phonon scattering. Our results
are in agreement with the recent resonance Raman (RR)
spectroscopy-based experiments, which also indicates higher
electron−phonon coupling for (BA)2PbBr4 compared to PEA-
based perovskite.11

The significant role of spacer cation-PbBr4 dynamics on the
excited-state carrier recombination demands in-depth under-
standing of electron−phonon interactions in these 2D
perovskites. To this end, we calculate the phonon modes
that couple to the electronic subsystem and participate in
electron−phonon scattering processes at room temperature.
The Fourier transformation (FT) of the autocorrelation
function (ACF) of the band gaps, identifies these active
phonon modes (see the Supporting Information section S4 for
details). Spectral densities plotted in Figure 5c show all the
peaks to appear below 400 cm−1. Thus, only the low-frequency
phonon modes participate in the nonradiative relaxation of
photoexcited carriers across the band-gaps in these 2D
perovskites as found for other similar materials.73,75,76,82 It is
worth mentioning that due to the presence of C−H and N−H
bonds in spacer cations, the vibrational spectra have modes
appearing at high frequency ranges, >3200 cm−1.83 However,
as the charge densities of the band edge states remain
delocalized only on the inorganic PbBr4 sublattice, these
cationic high-frequency phonon modes do not contribute
directly to the carrier recombination process. Focusing on the

Figure 5. Effect of spacer cations on nonradiative carrier
recombination and nonadiabatic coupling (NAC). (a) Population of
recombined electron−hole in (BA)2PbBr4 and (PEA)2PbBr4 over
time. The dashed lines are a fitted function with the population data,
f(t) = 1 − exp(−t/τ), τ is the carrier recombination time. (b)
Histogram of absolute NAC values with magnitude >0.0001 eV.
Plotted NAC has been calculated between VBM and CBM for 2D
perovskites. BA-based perovskites exhibit more number of high NAC
over simulation time. The inset shows the histogram of the full range
of NAC values. (c) Fourier transform of autocorrelation for the band
gap fluctuations of BA- and PEA-based 2D perovskites. The band gaps
along the AIMD trajectories were calculated using DFT-based
simulations as implemented in Vienna Ab Initio Simulation Package
(VASP) and using eq 2 in the Supporting Information to calculate the
autocorrelation. Involved frequencies with broader ranges for BA-
based perovskite indicate their stronger NAC relative to the PEA-
based one.

Table 1. HSE06+SOC Calculated Band Gaps, Nonradiative
Carrier Recombination Times, Average Absolute Values of
NACs, and Homogeneous (HLW) and Inhomogeneous
(ILW) Line Widths in (BA)2PbBr4 and (PEA)2PbBr4

perovskites
band gap
(eV)

recombination
(ps)

NAC
(eV)

HLW/ILW
(meV)

(BA)2PbBr4 3.13 668 0.014 155/172
(PEA)2PbBr4 3.14 2158 0.012 123/133
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low-frequency range, we find phonon modes appearing below
100 cm−1 attribute to different Pb−Br bending and stretching
motions.84 As both (BA)2PbBr4 and (PEA)2PbBr4 have
comparable PbBr frames, the Pb−Br peaks mostly superimpose
in this range of frequency. However, phonon modes in the
frequency range of 100−200 cm−1 differ significantly for two
materials. These modes contribute to coupled dynamics
between the spacer cations and PbBr4 sublattice.85,86 The
number of higher frequency peaks (in the range >100 cm−1

and <200 cm−1) for the (BA)2PbBr4 perovskite demonstrates
the presence of phonon modes that actively participate in
electron−phonon coupling.55,86−88 Participation of higher
frequency phonons during electron−hole recombinations in
(BA)2PbBr4, further justifies their larger NAC compared to
that in (PEA)2PbBr4 perovskite. Thus, the more flexible
structure of (BA)2PbBr4 strengthens the instantaneous NAC
interactions. Note that vibrational modes with frequency >200
cm−1 play a minor role in electron−phonon interactions, as
such high frequencies arise due to the predominately molecular
motions.11,86,88

When considering elastic electron−phonon scattering, the
nonradiative charge recombination produces superpositions
between pairs of participating-state wave functions (i.e., VBM
and CBM) as a result of the NAC.77 The elastic scattering
induces quantum decoherence and hinders this superposition
between the participating states. The decoherence further
suppresses the quantum transition representing the charge
recombination and consequently enhances the photogenerated
carrier lifetime as the demonstration of the Turing paradox.
However, as detailed in section S3 of the Supporting
Information, we find that rates of decoherence for (BA)2PbBr4
and (PEA)2PbBr4 are very similar and consequently the elastic
scattering is not a key component in justifying their very
different charge carrier recombination time.
Among several factors, the carrier recombination rate mostly

depends on the band gap, dephasing time, and NAC
strength.89 The rate changes inversely with the band gap
whereas it varies proportionally with the square of the
nonadiabatic coupling strength as described in Fermi’s Golden
rule.89,90 Moreover, according to Franck−Condon principle, a
short dephasing time reduces the electronic transition
probability amplitude and consequently increases the carrier
recombination time.91,92 As the band gap and dephasing time
are similar for (BA)2PbBr4 and (PEA)2PbBr4 (see section S3 in
the Supporting Information), the significant difference in their
carrier recombination dynamics originates from the NAC
strength. The stronger instantaneous as well as time-averaged
NAC in (BA)2PbBr4 dominantly determines their much faster
nonradiative carrier recombination rate compared to that of
PEA-based perovskite.
Along with the nonradiative recombination rates, these

simulations also provide an estimate for PL line width, which is
an important parameter for the purity of the emitted light in an
LED device.34,37 The inhomogeneous line-broadening origi-
nates from the phonon-induced electronic energy gap
fluctuations and can be calculated as the square root of the
unnormalized autocorrelation functions at initial time, Cij(0).
From Cij(0) values as plotted in the inset of Figure S4, we find
the inhomogeneous line-broadening for (BA)2PbBr4 and
(PEA)2PbBr4 perovskites are 172 and 133 meV, respectively.
The other contribution to the line broadening that is the
homogeneous line width can be formulated as the reduced
Planck’s constant times the inverse of pure-dephasing time (τ),

ℏ/τ.93 Similar to inhomogeneous line broadening, as tabulated
in Table 1, we find wider homogeneous broadening of
(BA)2PbBr4 compared to (PEA)2PbBr4 perovskites. Thus,
both the contributions indicate a broadened band edge PL
peak for (BA)2PbBr4 relative to that for (PEA)2PbBr4,
implying narrower emission from the later. The present
trend of the line widths agrees very well with the room-
temperature photoluminescence spectra reported by Gong et
al.11 Thus, rigidity in 2D perovskites not only suppresses the
nonradiative carrier relaxation but also enhances the color-
purity of emitted light.
In conclusion, we explore room temperature structural

fluctuations for monolayer lead bromide 2D perovskites,
containing very different spacer cations. We find that long-
alkyl-chain-based cations result in more fluctuating structure at
ambient conditions compared to the phenyl-group-based one.
Time-domain ab initio simulations demonstrate that the
nonradiative recombination rate for more fluctuating
(BA)2PbBr4 is much higher than the rate for comparatively
rigid (PEA)2PbBr4. Stronger nonadiabatic coupling between
band-edge states of the more flexible (BA)2PbBr4 causes the
higher probability of nonradiative electron−hole recombina-
tion compared to the other material. The latter substantially
reduces the luminescence quantum yield for (BA)2PbBr4
compared to that for (PEA)2PbBr4. This further reveals an
influence of spacer cations on the excited-state carrier
dynamics in 2D perovskites. The much narrower PL line
width of (PEA)2PbBr4 also indicates their color pure emission
characteristics, highly desirable for solid-state lighting devices.
Overall, our work links electron−lattice dynamics and

emission properties of recently emerged 2D halide perovskites.
Despite the absence of direct involvement of spacer cations to
the band edge states of these materials, their structural packing
and dynamical coupling to the PbBr-framework is expected to
play a decisive role in LED performance. Thus, selection of
appropriate spacer cations becomes an important design
principle for realizing high performing 2D halide perovskite-
based light-emitting devices. The spacer cations need to be less
flexible and their dynamics should weakly couple to the metal
halide framework. An aromatic ring containing spacers with
strong interlayer π−π, XH−π (X = electronegative elements)
stacking, and the introduction of dicationic molecules as a
spacer are a couple of promising approaches to enhance the
rigidity of these 2D perovskites.94 Compositional engineering
by incorporating different sized cations inside the inorganic
framework of multilayered perovskites can further increase the
mechanical strength and consequently result in reduced cation-
framework coupling.6 Based on the fundamental understanding
of the structure-excited-state properties, our present work
represents the molecular engineering as a promising route to
widely tune the light-emitting properties of emerging 2D metal
halide perovskites.
Computational Methods. For static density functional theory

(DFT) calculations and ab initio molecular dynamics (AIMD)
simulations, we have used VASP.95,96 We applied the projected
augmented wave (PAW) method within a plane-wave basis set
of cutoff energy of 520 eV for all static calculations.97 The
generalized gradient approximation (GGA) with the Perdew−
Burke−Ernzerhof functional (PBE) form has been used to
capture the exchange and correlation interactions.98 All
interatomic forces of simulation cells, containing four formula
units of (BA)2PbBr4 (156 atoms) and (PEA)2PbBr4 (188
atoms), were relaxed to less than 0.01 eVÅ−1 during geometry
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optimization. The DFT-D3 method as formulated by
Grimme99 and a 4 × 4 × 1 Γ-centered Monkhorst−Pack100
mesh were considered for both 2D perovskites. To calculate
more accurate electronic structures, spin−orbit coupling
(SOC) and the screened hybrid functionals of Heyd−
Scuseria−Ernzerhof (HSE06) were further applied self-
consistently.101 We set the Hartree−Fock exchange to 43%
and the empirical range-separation parameter ω = 0.11 bohr−1

for the HSE06 functionals. These computational parameters
have been widely used to model the near band-edge electronic
structure of hybrid halide perovskites.66

To investigate the charge carrier dynamics, the mixed
quantum-classical NAMD simulations were considered by
applying the decoherence-induced surface hopping (DISH)
technique.102,103 According to this approach the electrons and
nuclei are considered as quantum mechanical and semiclassical
entities, respectively. The excited-state dynamics of inorganic
and hybrid perovskites have been extensively studied by this
method recently.55,78,79,82 For AIMD simulations we consid-
ered a 2 × 2 × 1 Monkhorst−Pack k-point mesh, plane-wave
energy cutoff of 400 eV and time step of 1 fs. For these AIMD
calculations we used PBE-GGA exchange−correlation func-
tions and DFT-D3 corrections. We started with the 0 K DFT
optimized structures and heated these to 300 K using repeated
velocity rescaling for 4 ps. Another 3 ps trajectories using the
canonical ensemble were generated to ensure thermal
equilibrium. Following that, we generate 4 ps trajectories in
the microcanonical ensemble and used these for the non-
adiabatic coupling simulations. We considered all 4000
geometries along the trajectories and 1000 stochastic
realizations of the DISH process for each geometry to evaluate
the electron−hole recombination as implemented in the
PYthon eXtension for Ab Initio Dynamics code.104,105 We
further calculate the pure-dephasing time as considered in the
optical-response theory for evaluating the decoherence time for
these materials.106 Even though recent work points out the
importance of SOC in nonradiative charge recombination, we
have not included such an effect in our simulations due to very
high computational cost.107 Furthermore, the CBM and the
VBM wave functions, which are dominantly involved in the
electron−hole recombination process, are spatially located
over the PbBr-frame for both 2D perovskites considered here
(see Figure 3c−f). As the same heavy-atoms contribute to the
band edges, we assume that the SOC will affect the
recombination in these perovskites to a similar extent. It is
also well established that SOC has a minor effect on the
molecular dynamics trajectories.108 Thus, we expect that the
main conclusions of current NAMD simulations without
considering the SOC effect will remain unaltered even after
including the SOC corrections. Another strong approximation
is exclusion of excitonic effects present in 2D perovskites.
However, proper description of these effects requires time-
dependent Bethe−Salpeter theory for dynamic lattices, a
method that is not completely developed yet. More computa-
tional details have been included in section S4 in the
Supporting Information.
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