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ABSTRACT 

Two-dimensional (2D) perovskites are promising for optoelectronic applications; however, a 
fundamental understanding of how organic spacer cations govern vertical charge transport remains 
elusive. Here, we employ a first-principles framework that combines ab initio molecular dynamics, 
projection-operator diabatization, and semiclassical Marcus theory to elucidate the effect of spacer 
cation isomerism. We show that isomerization of the carbon backbone from linear n-butylammonium 
to branched iso-butylammonium significantly enhances out-of-plane charge transfer rates and carrier 
mobilities. This enhancement originates from a synergistic interplay between interlayer spacing and 
dynamic structural fluctuations. The branched spacer shortens the effective carbon chain, leading to 
decreased interlayer separation and an increase in interlayer electronic coupling. Meanwhile, weaker 
hydrogen-bonding interactions between the spacer cation and the inorganic framework induce 
enhanced thermal fluctuations of the Pb–Br lattice, resulting in stronger diabatic energy level 
fluctuation and only a moderate increase in reorganization energy. Consequently, the gain in electronic 
coupling outweighs the increase in reorganization energy, yielding substantially higher Marcus charge 
transfer rates in the branched spacer system. These findings reveal carbon-chain isomerism as a key 
design strategy for promoting interlayer charge transport and provide guiding principles for the 
development of high-performance 2D perovskite optoelectronic materials. 
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1. Introduction  

Three-dimensional (3D) metal halide perovskite solar cells have undergone remarkable progress 
in recent years, with power conversion efficiencies (PCEs) rapidly increasing to certified values of up 
to ~27%.1,2 However, their practical application remains limited by intrinsic instability under light, 
heat, and moisture, which hinders large scale commercialization.3–10 In this context, two-dimensional 
(2D) perovskites have emerged as promising alternatives owing to their superior environmental 
stability and unique photophysical properties.11–18 These materials have demonstrated considerable 
potential as active components in photodetectors, light-emitting diodes, and solar cells.19–25 The 
general formula of 2D Ruddlesden-Popper (RP) perovskites is (R-NH3)2(A)n-1MnX3n+1, where R-NH3 

denotes a bulky ammonium spacer cation, A is a small monovalent cation occupying the perovskite 
cage, M is a divalent metal cation, X is a halide anion, and n represents the number of [MX6]4- 
octahedral layers. Structurally, the inorganic slabs act as potential wells, while the organic spacer layers 
serve as insulating barriers, giving rise to natural multiple quantum well architectures. The enhanced 
stability of 2D RP perovskites primarily arises from the hydrophobic nature of the organic spacer layers 
that effectively prevents the penetration of moisture into the perovskite lattice. Despite these 
advantages, the PCE of 2D RP perovskite solar cells remains around 20%,26–30 still lagging behind 
their 3D counterparts. This limitation is largely attributed to inefficient interlayer charge transport 
caused by the insulating nature of the organic spacer layers. Therefore, improving interlayer charge 
transfer in 2D perovskites is of fundamental importance for advancing high-performance 
optoelectronic devices based on these materials.   

A number of studies have focused on improving interlayer charge transport in 2D RP perovskites 
through chemical modification of both organic and inorganic components, including tunning the 
carbon chain length, fluorination of spacer cations, and varying the thickness of inorganic layers, etc.31–

39 These pioneer efforts certainly promote the flourishing development of RP perovskites. In this work, 
we elucidate how isomerism of organic spacer cations influences out-of-plane charge transport in 2D 
RP perovskites, using a computational framework that combines ab initio molecular dynamics (AIMD), 
projection-operator diabatization (POD), and semiclassical Marcus theory, as developed in our 
group.32,40 We focus on n = 2 RP perovskites incorporating linear n-butylammonium (n-BA) and its 
branched isomer, iso-butylammonium (iso-BA). Our simulations reveal that the iso-BA system 
exhibits significantly enhanced out-of-plane carrier mobilities compared to its n-BA counterpart. In 
particular, iso-BA introduces weaker hydrogen-bonding interactions between the organic spacer cation 
and the inorganic framework, which increase lattice fluctuations and thus moderately raise the 
reorganization energy. Concurrently, the shortened effective carbon chain length reduces the interlayer 
spacing, leading to a substantial enhancement in interlayer electronic coupling. The gain in electronic 
coupling outweighs the increase in reorganization energy, resulting in electron and hole mobilities that 
are order of magnitude higher than those in the n-BA system. These findings provide fundamental 
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insights into the structure-transport relationship governing out-of-plane charge transfer in 2D layered 
perovskites and offer design principles for high-performance 2D optoelectronic materials. 

 2. Methods 

All geometric optimizations, electronic structure calculations, and AIMD simulations were 
performed using the VASP code.41,42 The interaction between valence electrons and ionic cores were 
described using the projector augmented-wave (PAW) method. Electronic exchange-correlation effects 
were treated within the generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE) 
functional.43,44 Dispersion interactions were accounted for using the DFT-D3 scheme with Becke–
Johnson damping.45,46 A plane-wave kinetic energy cutoff of 400 eV was employed. Brillouin-zone 
integrations were performed on Γ-centered Monkhorst-Pack k-point meshes of 4×4×1. Structural 
optimizations were performed until the energy and force convergence criteria of 10-4 eV and 0.01 eV/Å 
were satisfied. Both atomic positions and lattice parameters were fully relaxed. Based on the optimized 
ground state structure, AIMD simulations were conducted in the canonical (NVT) ensemble for 5 ps 
with a time step of 1 fs, using a Nose-Hoover chain thermostat to maintain a temperature of 300 K.47 
Atomic configurations were sampled from the final 2 ps of the trajectories for subsequent calculations 
of time-dependent diabatic energies and electronic couplings.  

Electronic couplings were evaluated using the POD method.48,49 The system was partitioned into 
donor and acceptor fragments, each consisting of one inorganic Pb-Br layers and the associated four 
organic spacer cations (Figure 1). The Kohn-Sham Hamiltonian and overlap matrices in the atomic 
orbital basis were obtained using the OpenMX package,50,51 with basis sets of s2p1 (H), s2p2d1 (C, N, 
F), and s3p2d2f1 (Br, Pb). The Hamiltonian was subsequently orthogonalized and partitioned into donor 
and acceptor subspaces. After diagonalizing each subspace and applying the corresponding unitary 
transformations, the off-diagonal Hamiltonian elements were identified as electronic couplings 
between donor and acceptor states. Hole transfer couplings were obtained from matrix elements 
between the highest occupied crystal orbitals (HOCOs), while electron transfer couplings were 
evaluated analogously using the lowest unoccupied crystal orbitals (LUCOs). The reorganization 
energy (λ) was determined directly from the MD trajectory by computing the spectral density function 
of diabatic energy gap fluctuation within the linear response theory.52,53 Further methodological details 
can be found in ref 32. 
 
3. Results and Discussion 

We first examine the crystal structural features of (n-BA)2(MA)Pb2Br7 (n-BA) and (iso-
BA)2(MA)Pb2Br7 (iso-BA). The experimental crystal structures were adopted as the initial 
geometries,54 and the optimized structures are shown in Figure S1. The calculated lattice constants are 
in good agreement with the experimental values (Table S1). Upon isomerization from n-BA to iso-BA, 
the lattice constant along the stacking direction decreases, consistent with a reduced interlayer spacing 
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from 7.21 Å to 6.45 Å (Figure 2a,b). This contraction can be attributed to the shorter effective chain 
length of the branched spacer cation. In addition, the inorganic [PbBr6]4- octahedra in the iso-BA 
system exhibit more pronounced tilting relative to the stacking direction compared to the n-BA 
counterpart. The distortion of the [PbBr6]4- octahedra can be quantified by the Pb–Br–Pb bond angles, 
where larger deviations from the ideal 180° indicate stronger distortion. In n = 2 RP perovskites, two 
types of Pb–Br–Pb angles are present: axial (perpendicular to the organic layers) and equatorial (within 
the inorganic plane). As shown in Figure 2c,d, the axial Pb–Br–Pb angle in the iso-BA system (~170.8°) 
is smaller than that in n-BA (~174.5°), indicating enhanced out-of-plane distortion. In contrast, the 
equatorial angle in iso-BA (~152.4°) is larger than that in n-BA (~147.8°), suggesting reduced in-plane 
distortion. The enhanced out-of-plane distortion in the iso-BA system originated from the strengthened 
hydrogen-bonding interactions between the organic cations and the inorganic framework, as evidenced 
by the shorter N–H···Br (axial) distances (Figure 2c,d). Conversely, the reduced in-plane distortion is 
accompanied by weaker hydrogen bonding between NH3+ groups and equatorial Br atoms, as well as 
an increased penetration depth, defined as the vertical distance between the nitrogen atom of the NH3+ 
group and the nearest terminal Br atom of the adjacent inorganic layer. This behavior arises because 
stronger interactions with terminal Br atoms pull the spacer cations away from the bridging Br sites. 
Since the band edge states in 2D RP perovskites are primarily dominated by the inorganic framework, 
these structural variations are expected to directly influence the electronic structure and play a critical 
role in governing charge transport. 

 

Figure 1. (a) Schematic illustration of the crystal structures of (n-BA)2(MA)Pb2Br7 (n-BA) and 
isomeric (iso-BA)2(MA)Pb2Br7 (iso-BA). Each crystalline model comprises two inorganic Pb–Br 
layers (layer 1 and layer 2), which are depicted in pink and purple, respectively. (b) Schematic 
depiction of the interlayer hole and electron transport. The interlayer charge transfer involves the 
migration of a photoexcited electron (or hole) from the LUCO (or HOCO) of one layer to the 
corresponding LUCO (or HOCO) of the adjacent layer. 
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Figure 2. Key structural parameters in the n-BA and iso-BA systems. (a, b) Interlayer distance, 
characterized by the vertical Br···Br distance, and the penetration depth of organic cations, defined as 
the vertical distance between the nitrogen atom of -NH3 group and the terminal Br atom. (c, d) 
Hydrogen bonds formed between the organic and inorganic components.  
 

 The nature of noncovalent interactions between the organic cations and the inorganic Pb–Br 
framework was analyzed using the noncovalent interaction (NCI) index, as developed by Johnson et 
al.55 In this approach, the reduced density gradient (RDG) is plotted as a function of sign(λ2)ρ, where 
λ2 is the second eigenvalue of the Hessian matrix of the electron density (ρ). Figure 3a,b presents the 
2D RDG plots, in which the blue region (sign(λ2)ρ < 0) corresponds to attractive interactions (e.g., 
hydrogen bonding), the red region (sign(λ2)ρ > 0) indicates strong repulsive interactions (e.g., steric 
effects), and the green region (sign(λ2)ρ ≈ 0) represents weak van der Waals interactions. The 
corresponding 3D RDG isosurfaces (Figure 3c,d) provide spatial visualization of these interactions. 
As shown in Figures 3a,b, the RDG plot of n-BA exhibits more pronounced and left-shifted spikes in 
the range of −0.05 < sign(λ2)ρ < −0.02 compared to the iso-BA system, indicating overall stronger 
attractive interactions in the n-BA structure. Consistently, the 3D isosurfaces reveal more prominent 
interaction regions between the ammonium hydrogen atoms and the Br atoms of the inorganic lattice 
in n-BA, confirming stronger N–H···Br hydrogen bonding in the linear spacer system relative to the 
branched analogue. The weakened noncovalent interactions in the iso-BA system lead to a softer lattice 
and enhanced thermal fluctuations at finite temperature compared to n-BA, which is expected to 
influence the diabatic energy level fluctuations and charge transport properties. 
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Figure 3. Non-covalent interaction (NCI) analysis. 2D reduced density gradient (RDG) plots as a 
function of sign(λ2)ρ for (a) n-BA and (b) iso-BA, and corresponding 3D NCI isosurfaces are shown 
in (c) and (d), where blue, green, and red regions denote strong attractive, weak-to-moderate, and 
repulsive interactions, respectively. 
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Figure 4. Electronic band structures and partial density of states (PDOS) for n-BA (a) and iso-BA 
systems (b). The right panels show the charge density distribution of LUCO and HOCO. For clarity, 
only one Pb–Br layer together with the organic spacer cations is displayed. 

  Figure 4 presents the partial density of states (PDOS) and electronic band structures of the systems 
under investigations. The highest occupied crystal orbital (HOCO) is primarily derived from 
antibonding interactions between Pb 6s and Br 4p orbitals, with dominant contributions from Br 4p 
states. The lowest unoccupied crystal orbital (LUCO) originates from hybridization between Pb 6p 
and Br 4p orbitals, with the nonbonding Pb 6p states playing a predominant role. The organic spacer 
cations do not directly contribute to the band edge states, but instead modulate the electronic properties 
of the inorganic framework through electrostatic interactions and hydrogen bonding. As shown in 
Figure 4a,b, both n-BA and iso-BA systems exhibit direct bandgaps, with the HOCO and LUCO 
located at the Γ point of the first Brillouin zone. The calculated bandgap of the n-BA system is 
approximately 2.2 eV, slightly larger than that of the iso-BA counterpart (2.1 eV). The highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of the 
spacer cations lie below the HOCO and above the LUCO of the inorganic Pb–Br framework, 
respectively, resulting in a type-I band alignment. The charge density distributions of the HOCO and 
LUCO are shown in the right panel of Figure 4. In the iso-BA system, the contribution of terminal 
(axial) Br atoms to the HOCO is reduced compared to the n-BA case. In addition, both HOCO and 
LUCO exhibit stronger localization in the iso-BA structure, as further supported by the inverse 
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participation ratio (IPR) values summarized in Table S2. This increased localization can be attributed 
to the enhanced out-of-plane octahedral distortion, which breaks structural symmetry and promotes 
carrier localization. 

 
Figure 5. (a) Element-resolved root-mean-square velocity from 2 ps MD trajectories for the iso-BA 
(blue) and n-BA (red) systems. (b) Histogram distributions of Pb-Br-Pb bond angles, with the 
corresponding standard deviation (σ) of the bond angle fluctuations indicated. 
 

We next turn to the structural dynamics at finite temperature. To quantify thermal fluctuations, we 
computed the atomic root-mean-square (RMS) velocities from the AIMD trajectories, as shown in 
Figure 5. The results indicate that the heaviest Pb atoms exhibit the smallest fluctuations, followed by 
Br atoms, whereas the light organic spacer components display the largest amplitudes of motion. 
Notably, in the iso-BA system, the RMS velocities of Pb and Br atoms are consistently higher than 
those in the n-BA counterpart, indicating enhanced lattice dynamics induced by carbon-chain 
isomerism. This behavior originates from the weakened N–H···Br hydrogen bonding between the 
NH₃⁺ group and equatorial Br atoms at the organic–inorganic interface in the iso-BA structure, which 
reduces the structural constraints on the Pb–Br framework and thus facilitates larger atomic 
displacements. The enhanced lattice fluctuations directly modulate the electronic structure, particularly 
the band-edge states, through variations in the Pb–Br–Pb bond angles. To quantify this effect, we 
extracted the time-dependent Pb–Br–Pb angles along the AIMD trajectories (Figure 5b). As expected, 
the iso-BA system exhibits larger angular fluctuations than the n-BA structure, with a standard 
deviation increased by ~0.66°, consistent with the stronger atomic motions of Pb and Br. Given that 
the band-edge states are predominantly derived from Pb and Br atomic orbitals, such structural 
dynamics have direct implications for diabatic energy fluctuations and, consequently, charge transport. 
Figure 6 shows the time evolution of diabatic HOCO and LUCO energies for each layer at 300 K. Both 
exhibit pronounced fluctuations, with standard deviations in the range of 0.14–0.28 eV, reflecting 
strong electron–phonon coupling driven by intra-layer lattice dynamics. In general, the HOCO exhibits 
larger fluctuations than the LUCO, because it originates from antibonding Pb 6s–Br 4p interactions 
and is therefore more sensitive to variations in the Pb–Br–Pb angle, whereas the LUCO is mainly 
derived from nonbonding Pb 6p states. Consistent with the enhanced lattice dynamics, the iso-BA 
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system exhibits stronger diabatic energy fluctuations than the n-BA counterpart. Within the classical 
linear response framework, the reorganization energy is directly proportional to the variance of these 

energy fluctuations via:32 𝜆 = !!
"

"##$
, where 𝜎%  represents the standard deviation of the diabatic 

energy gap fluctuations between donor and acceptor states along the AIMD trajectory. Specifically, 
𝜎%"  is defined as: 𝜎𝐸" = ⟨(𝛿𝛥𝐸)"⟩& , 𝛿𝛥𝐸(𝑡) = 𝛥𝐸(𝑡) − ⟨𝛥𝐸⟩& . The resulting reorganization 
energy, summarized in Table 1, show that iso-BA possesses a moderately larger reorganization energy, 
as expected. 
 

   

Figure 6. The time-evolution of HOCO and LUCO energy levels for layer 1 (red) and layer 2 (blue) 
in the n-BA and iso-BA systems. 

 
Figure 7. 2D maps of the canonical averaged values of absolute electronic couplings for the n-BA and 
iso-BA system at 0 K (top) and 300 K (bottom).  
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Table1. Canonically averaged absolute electronic couplings (〈𝑉𝑘l2〉1/2); reorganization energy (λ); hole 
and electron hopping time obtained from the semiclassical Marcus theory (τMarcus), and the carrier 
mobility calculated based on the Marcus hopping rate (μhop). 

  〈𝑉𝑘l2〉1/2 (meV) λ (eV) τMarcus (μs) μhop (cm2V-1s-1) 

n-BA 
HOCO-HOCO 1.10 1.34 22.58 8.91×10-9 
LUCO-LUCO 0.116 1.05 110.6 1.82×10-9 

iso-BA 
HOCO-HOCO 2.86 1.38 4.98 3.23×10-8 
LUCO-LUCO 0.332 1.12 27.33 5.89×10-9 

 

 Figure 7 presents 2D maps of averaged absolute values of electronic coupling. Each grid point 
corresponds to the averaged magnitude of the coupling between a pair of states in adjacent layers, 
providing an intuitive representation of interlayer electronic interactions. The coupling strength is 
governed by the overlap between donor and acceptor wavefunctions, which depends sensitively on 
structural factors such as interlayer spacing, given the exponential decay dependence of wavefunction 
overlap with donor-acceptor separation. The results indicate that interlayer electronic couplings are 
generally weak, on the order of 10-4 to 10-3 eV. At 0 K, the coupling matrix exhibits a nearly symmetric 
distribution, reflecting the structural equivalence of the two Pb–Br layers. At 300 K, thermal 
fluctuations break this symmetry, leading to an asymmetric distribution and a noticeable enhancement 
in the overall coupling strength. Notably, hole transfer couplings are one order of magnitude larger 
than electron transfer couplings (Table 1). This difference originates from the distinct orbital characters 
at the band edges: the CBM is dominated by localized, nonbonding Pb 6p orbitals, whereas the VBM 
arises from antibonding hybridization between Pb 6s and Br 4p orbitals. As a result, the VBM is more 
sensitive to lattice fluctuations, enabling transient wavefunction delocalization that enhances 
electronic coupling. Furthermore, the iso-BA system exhibits significantly stronger electronic 
couplings than the n-BA counterpart. This enhancement primarily stems from the reduced interlayer 
spacing associated with the shorter effective carbon chain in the branched spacer. Although the iso-
BA system shows reduced contributions from terminal Br atoms to the band edge states and increased 
charge localization due to stronger out-of-plane octahedral distortion, the shortened interlayer distance 
increases donor–acceptor wavefunction overlap, ultimately strengthening the coupling. Overall, the 
carbon-chain isomerism induced enhancement of electronic coupling is expected to facilitate more 
efficient out-of-plane charge transport in 2D perovskites. 

  Finally, we evaluated the Marcus charge transfer rates for the n-BA and iso-BA systems using 
the computed electronic couplings and reorganization energies as inputs. The results are summarized 
in Table 1. It should be noted that the the electronic coupling entering the Marcus rate expression is 
defined as 〈𝑉"〉'/". The simulations show that the hole and electron hopping times in the iso-BA 
system are approximately 4.98 and 27.33 μs, respectively, corresponding to out-of-plane carrier 
mobilities on the order of 10-8 and 10-9 cm2V-1s-1. These values are about a few times higher than those 
in the n-BA system, in agreement with the experimental trend reported by chen et al.54 The difference 
in charge transfer rate between n-BA and iso-BA can be rationalized by the interplay between 
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electronic coupling and reorganization energy. The reduced interlayer spacing in the iso-BA system 
enhances wavefunction overlap between adjacent inorganic layers, leading to significantly stronger 
electronic coupling. Meanwhile, the weaker hydrogen-bonding interactions in the isomeric structure 
promote larger thermal fluctuations of Pb and Br atoms, resulting in a moderate increase in the 
reorganization energy. Consequently, the gain in electronic coupling outweighs the increase in 
reorganization energy, giving rise to markedly faster out-of-plane charge transport. In addition, hole 
transfer is consistently faster than electron transfer across both systems, owing to the substantially 
larger electronic couplings associated with valence-band states. Overall, these results demonstrate that 
carbon-chain isomerism of organic spacer cations provides an effective strategy to enhance interlayer 
charge transfer, offering valuable design principles for optimizing vertical carrier transport in 2D RP 
perovskites. 

 
4. Conclusion 

 In summary, we have investigated how carbon-chain isomerism of organic spacer cations 
modulates out-of-plane charge transport in 2D RP perovskites using a first-principles framework that 
integrates ab initio molecular dynamics, projection-operator diabatization, and semiclassical Marcus 
theory. By comparing systems with linear n-BA and branched iso-BA spacers, we show that 
isomerization from a linear to a branched chain enhances both electron and hole mobilities by 
approximately three- to fourfold, in qualitative agreement with experimental observations. 
Mechanistically, iso-BA spacers preferentially orient toward terminal Br atoms and away from 
bridging Br sites, weakening the overall hydrogen-bonding interactions at the organic–inorganic 
interface. This reduced constraint increases the flexibility of the Pb–Br framework, leading to 
enhanced thermal fluctuations of Pb and Br atoms and, consequently, stronger diabatic energy 
fluctuations of the HOCO and LUCO levels. As a result, the reorganization energy increases 
moderately by several tens of meV. In parallel, the shorter effective chain length of iso-BA reduces 
the interlayer spacing, which enhances interlayer electronic coupling by approximately threefold. The 
gain in electronic coupling outweighs the modest increase in reorganization energy, resulting in 
significantly accelerated charge transport in the iso-BA system. Additionally, thermally induced lattice 
fluctuations promote transient wavefunction delocalization, further increasing donor–acceptor orbital 
overlap and electronic coupling. Consequently, the iso-BA system achieves higher hole and electron 
mobilities on the order of 10-9 - 10-8 cm2V-1s-1, respectively, surpassing those of the n-BA counterpart. 
Overall, these findings establish carbon-chain isomerism as a chemically simple yet powerful strategy 
for enhancing interlayer charge transport in 2D layered perovskites, providing valuable design 
principles for high-performance optoelectronic devices. 
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inverse participation ratio analysis of HOCO and LUCO states. 
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