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Abstract 

Two-dimensional (2D) perovskites have attracted much attention, due to their organic-inorganic 

hybrid nature and layered configuration. Multi-quantum-well structures then generally form since 

the inorganic frameworks and organic spacers have typically well-separated frontier energy levels. 

Here, we focus on the opposite picture where wavefunction hybridization occurs between the 

frontier orbitals of the two components. Such a hybridization emerges upon tuning the strength of 

electronic coupling between the inorganic and organic layers. We have theoretically designed a 

series of model diammonium organic spacers with varying extent of π-conjugation along their 

backbones. Wavefunction hybridization is realized in a Dion-Jacobson 2D perovskite combining 

PbI4 inorganic layers with anthracene-bis(ethan-1-ammonium) organic spacers. An analysis of the 

electronic band structures points to electronic couplings as high as 30-40 meV between the organic 

and inorganic components. Such couplings can lead to the formation of interfacial hybrid excitons 

or to the appearance of Dexter-type energy transfer conducive to phosphorescence in the organic 

layers. Overall, our results highlight that a variety of excitonic behaviors could be observed by 

tuning the degree of conjugation of the organic cations and the structural proximity and electronic 

couplings between the organic and inorganic constituents.          
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I. Introduction  

 

Two-dimensional (2D) lead halide perovskites have recently drawn great interest due to their 

improved photo-stability and chemical stability in comparison to their three-dimensional (3D) 

counterpart APbX3 perovskites (where A represents a small organic cation and X, an halide 

anion).[1] Also, the wide choice of organic spacer cations (A’, a more bulky cation residing between 

the perovskite layers) and the control over the inorganic perovskite layer thickness bring a new set 

of chemical/structural parameters to the (quasi)2D hybrid perovskites (denoted (A’)m(A)n-

1PbnX3n+1 where m=1 for divalent cations and m=2 for monovalent cations, and n represents the 

thickness of the inorganic layer). These parameters can be finely tuned to reach the desired 

bandgap and energy-level alignment between the organic and inorganic components. A 

combination of these approaches facilitates the further development of perovskites for a number 

of optoelectronic applications such as solar cells,[1-2] light-emitting diodes (LEDs),[3] lasing,[4] or 

photodetectors.[5] 

 

Two important characteristics of the (quasi)2D perovskites are their layered structure and large 

difference in the dielectric constants between the organic and inorganic components, which result 

in quantum and dielectric confinements. These can induce larger exciton binding energies and 

much stronger charge localization than in the 3D perovskites. In solar-cell applications, these 

effects lead to less efficient charge separation and transport, and therefore to lower power 

conversion efficiencies (PCEs) than in their 3D counterparts.[1-2] On the other hand, 2D-perovskite-

based LED applications take advantage of the accelerated radiative recombination of electron-hole 
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pairs, due to the larger exciton binding energy, to show greatly enhanced external quantum 

efficiencies.[3h-p] 

 

The chemical nature of the organic spacers and their interactions with the perovskite layers play 

an important role in determining the optical absorption and emission characteristics of the 2D 

perovskites. In general, when the organic spacers consist of non-conjugated aliphatic backbones, 

their frontier molecular orbitals (MOs) are well away from the conduction band minimum (CBM) 

and valence band maximum (VBM) of the perovskite layers. This leads to the formation of a type-

I heterojunction at the organic/ inorganic interface, with charge separation/recombination and 

charge transport taking place fully within the inorganic perovskite layer. In contrast, when organic 

cations with a π-conjugated backbone are used as spacers, the energy-level alignments between 

the frontier MOs of the organic spacers and the band edges of the perovskite layers are expected 

to evolve as a function of the extent of π-conjugation within the organic cations and their electronic 

interactions with the perovskite layers; we recall that π-conjugated cations have generally a much 

smaller energy gap (around 2-3 eV) than aliphatic cations (gap usually larger than 4 eV). Such 

evolutions have been reported in a few recent studies where both type-I and type-II heterojunctions 

have been identified in (quasi-)2D perovskites incorporating oligothiophene derivatives.[6] In these 

instances, the formation of a type-I heterojunction induces emission within either the inorganic or 

organic layer (whichever has the lower direct band gap), while a type-II heterojunction can induce 

charge transfer and photoluminescence quenching within the individual components. Here, what 

drives energy or electron transfer is mainly the energetic difference between the relevant electronic 

states in the organic and inorganic components, while the electronic couplings between these states 

have been expected to remain very small. 
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A most interesting feature that has not been examined in-depth yet in the case of (quasi-)2D 

perovskites is the possibility of appearance of significant electronic couplings between the frontier 

MOs of the organic cations and the band edge states of the inorganic framework, which could 

induce wavefunction overlap or hybridization. Very recently, Yang and co-workers[7] described 

the observation of wavefunction hybridization at the perovskite-cation interfaces by incorporating 

monoammonium cations of π-conjugated pyrene into 3D or 2D perovskites; they reported an 

increase in the electronic density of states near the valence band edge and improvements in hole 

mobility and power conversion efficiency.  

 

In general, wavefunction overlap between the organic and inorganic components of 2D perovskites 

can be modulated by tuning: (i) the structural proximity between the two components; (ii) the 

degree of conjugation of the organic cations; and/or (iii) the chemical composition and thickness 

of the perovskite layers. These modulations can not only impact the nature of the band edge states, 

but also induce fast electron and/or energy transfer between the inorganic and organic components 

and lead to a variety of excitonic effects. Such effects have been exploited in a few early 

experimental studies, including triplet exciton transfer through Dexter-type energy transfer 

(DET)[3e-g] and resonance between Wannier and Frenkel excitons.[8] More recently, Lam and co-

workers have observed DET in the n=1 (BPMA)2PbBr4 perovskite (where the band gap Eg = 3.34 

eV and the lowest singlet energy ES1 = 3.12 eV) using biphenylmethylamine (BPMA) cations as 

spacers; triplet excitons are collected in the cation layer (with energy ET1 = 2.58 eV) to generate 

room temperature phosphorescence with a long lifetime in the millisecond range.[9] On the other 

hand, making use of A’ organic cations with high triplet energies (phenylethylammonium (PEA), 
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where ET1 = 3.3 eV), Adachi and co-workers also reported efficient triplet emission in 

formamidinium (FA)-Pb-Br-based 2D perovskite layers (where the triplet energy is 2.99 eV for 

the n=1 Pb-Br perovskite) by preventing DET from the perovskite layers to the organic layers.[10] 

These examples showcase that the interfacial excitonic effects can be controlled by tuning the 

energy-level alignments between the frontier molecular orbitals of the organic cation spacers and 

the band edge states of the inorganic perovskite layers, as well as the singlet and triplet energies 

of both components.  

 

In spite of these experimental observations, there lacks a thorough theoretical characterization of 

the electronic coupling and wavefunction hybridization between the organic-inorganic 

components and their impact on the electronic and optical properties of 2D hybrid perovskites. For 

example, in a recent theoretical study,[11] Neukirch and co-workers investigated at the DFT level 

the possibility of achieving a transfer of Wannier excitons in the perovskite layers to spin-triplet 

Frenkel excitons in the π-conjugated monoammonium spacer layers; however, the perovskite 

layers were not explicitly included in the calculations.[11] 

 

Here, we designed a series of bulky conjugated diammonium cations (A’ = DA) as the organic 

spacers located in between n=1 2D perovskite ((A’)2PbI4) layers in order to form model periodic 

boundary structures. We demonstrate that the wavefunction hybridization and electronic coupling 

between the frontier molecular orbitals of the diammonium cations and the band edges of the 

inorganic perovskite layers can be tuned by varying the polarizability / conjugation length of the 

organic spacer molecules. Our results point to molecular design strategies to tune the energy-level 
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alignment between the organic and inorganic components, improve interfacial energy transfer, and 

enhance triplet harvesting in either the organic spacers or inorganic layers.  

 

The reason for our choice of diammonium cations is that they can form Dion-Jacobson (DJ) 2D 

perovskite structures in which the organic and perovskite layers are generally in closer contact 

than in the Ruddlesden-Popper 2D perovskites based on monoammonium cations.[1a] The 

diammonium cations under consideration, see Figure 1, have conjugated segments consisting of 

hexatriene (denoted HtDA), biphenyl (BpDA), anthracene (AnDA), and pentacene (in the latter 

case, in order to obtain a stable 2D perovskite crystal, a methylene group has to be inserted between 

each ammonium and the pentacene segment to form pentacenediyldimethanammonium (PenDM)). 

To examine the effect of non-conjugated alkyl groups, two ethylene (–CH2–CH2–) segments are 

added at each end of the conjugated backbone in the case of the biphenyl- and anthracene-based 

diammonium cations; these two additional DA derivatives are biphenyl-bis(ethan-1-ammonium) 

(BpBE) and anthracene-bis(ethan-1-ammonium) (AnBE), see Figure 1. (We note that we also 

considered the fully saturated hexyl-diammonium (HDA) cation as a reference point[12] for our 

computational approach). 
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Figure 1. Chemical structures of organic diammonium cations considered in this work and their 

abbreviations: (a) hexa-1,3,5-triene-1,6-diammonium (HtDA), (b) [1,1'-biphenyl]-4,4'-

diammonium (BpDA), (c) 2,2'-([1,1-biphenyl]-4,4'-diyl)bis(ethan-1-ammonium) (BpBE), (d) 

anthracene-2,6-diammonium (AnDA), (e) 2,2'-(anthracene-2,6-diyl)bis(ethan-1-ammonium) 

(AnBE), (f) pentacene-2,9-diyldimethanammonium (PenDM), and (g) hexane-1,6-diammonium 

(HDA).  

 

 

II. Results and Discussion 

a) Crystalline structures and densities of electronic states 

The model crystal structures, with the organic spacers inserted between the [PbI4]
-2 layers (each 

unit cell containing four DAs and four [PbI4]
-2 units) were optimized at the DFT-PBE level (as 

detailed in the Methodology section) and are shown in Figure 2 (see Table S1 for the lattice 

parameters; the crystal-structure files are provided in the Supporting Information). The DA spacers 

are aligned along the lattice a direction (hence forming a molecular plane within the lattice bc-

plane), with the two ammonium moieties intercalated within the cavities formed by the corner-

sharing [PbI6]
-4 octahedra (see Figure 2).  
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To provide reference points, we have compared some of the optimized geometry parameters in our 

model systems with those optimized for the experimentally available bis(aminoethyl)-

quaterthiophene and trithiophene lead iodide (AE4TPbI4 and AE3TPbI4) 2D perovskites.[6a, 6d] 

These include the spacer molecular length, defined as the separation between the two most distant 

carbons along the molecular backbone, and the shortest Pb- - -Pb and I- - -I distances across the 

organic spacer layers (see Table S2).  In comparison to AE4TPbI4 and AE3TPbI4, the molecular 

length of the longest DA cation in our model systems, PenDM, falls in between those in AE4T and 

AE3T, while all other DA cations have much shorter molecular lengths. Correspondingly, the 

shortest Pb- - -Pb and I- - -I distances across the DA spacer layers in our model crystal structures 

are all shorter than those in AE4TPbI4. Overall, the structural parameters reported in Table S2 

indicate that our model 2D perovskites appear thus to be reasonable in comparison to the 

experimentally available oligothiophene-based 2D perovskites, for which interesting 

photophysical properties have been reported.[3c, 3d, 6a, 6d] To confirm the stability of our model 

systems, we also calculated their formation energy per formula unit (f.u.), assuming a synthetic 

route involving the mixing of iodized diammonium molecules (DAI2) with PbI2 (see the results in 

Table S3 and detailed discussion in the SI). All the formation energies of the model systems, as 

calculated at the DFT-PBE level with the consideration of Grimme dispersion correction DFT-D2, 

are negative (thus, pointing to stability) and similar to the results obtained for the experimentally 

available HDAPbI4
[12] perovskite, which has a calculated formation energy of -3.05 eV/f.u. In 

particular, except for the HtDA- and BpDA-based 2D systems, the formation energies of the model 

2D perovskites are comparable to or even more negative than that of HDAPbI4. These results 

indicate the feasibility of developing these systems experimentally.            
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Figure 2. DFT-optimized crystal structures of: (a) HtDAPbI4; (b) BpDAPbI4; (c) BpBEPbI4; (d) 

AnDAPbI4; (e) AnBEPbI4; (f) PenDMPbI4; and (g) HDAPbI4. Illustration of the first Brillouin 

zone in BpDAPbI4 (h) with indications of the directions chosen in reciprocal space for the band-

structure calculations.  

 

The densities of states (DOS) and their projections (PDOS) into the organic (carbon and nitrogen) 

and inorganic (Pb and I) components were calculated at the HSE+SOC level (see Methodology) 

and are illustrated in Figure 3. All these 2D perovskites are large-gap semiconductors with band 

gaps ranging from 3.00 eV for BpBEPbI4 to 1.71 eV for PenDMPbI4. Importantly, in the latter 
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system, in contrast to the other 2D perovskites, both the VBM and CBM are dominated by the 

frontier molecular orbitals (HOMO and LUMO) of the organic spacers.  

 

 

 

Figure 3. HSE+SOC densities of states projected into C, N, I, and Pb atoms for (a) HtDAPbI4; (b) 

BpDAPbI4; (c) BpBEPbI4; (d) AnDAPbI4; (e) AnBEPbI4; and (f) PenDMPbI4. 
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The two biphenyl-based BpDAPbI4 and BpBEPbI4 perovskites show a large difference in their 

band gaps, Eg ~ 2.63 eV for the former and ~3.0 eV for the latter. This is directly related to the 

insertion of the two ethylene groups in the latter, which significantly increases the distance 

between the adjacent [PbI4]
-2 layers as defined by the shortest I- - -I and Pb- - -Pb distances across 

the DA spacers: 9.56 and 15.90 Å, respectively, for BpDAPbI4, and 13.99 and 20.54 Å, respectively, 

for BpBEPbI4, see Table S2. On the one hand, this is consistent with an increased barrier length, 

i.e., increased quantum confinement, as deduced from DFT-PBE calculations on a series of 2D 

alkylammonium perovskites.[13] On the other hand, the polarizability and dielectric constant of the 

BpBE layer are expected to be larger than that of the BpDA layer,[14] the consequence being a 

reduced dielectric confinement for holes and electrons within the perovskite layers. Accordingly, 

we observe that the HOMO and LUMO levels of the organic layer in BpBEPbI4 are indeed much 

closer to the VBM and CBM of the perovskite layer, respectively, than in BpDAPbI4. These 

aspects illustrate the delicate balance between enhanced quantum confinement and decreased 

dielectric confinement induced by simply increasing the organic barrier length.  

 

The corresponding effect is less pronounced in the more conjugated anthracene-based AnDA and 

AnBE systems, where the band gaps are nearly identical and the HOMOs of both DAs much closer 

to the VBMs of the perovskite layers than in the biphenyl cases (see further discussion below 

regarding the band structures and energy-level alignments). This is mainly related to the much 

smaller change in perovskite interlayer distance in the anthracene perovskites than in the biphenyl-

based systems, see Table S2: The difference in the shortest I- - -I [Pb- - -Pb] distance is 1.65 Å 

[1.69 Å] for the two anthracene perovskites vs. 4.64 Å [4.43 Å] for the biphenyl perovskites. In 
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addition, the insertion of the ethylene [-CH2-CH2-] groups induces larger crystal-structure changes 

in the biphenyl perovskites, particularly in the relative orientations of the corner-sharing [PbI6]
-4 

octahedra and the packing of the DA cations; this, in turn, affects the band gap values as well as 

the energy-level alignments between the organic and perovskite layers. We note that the small 

band gap reduction in AnBEPbI4 in comparison to AnDAPbI4 (0.04 eV) could also be due to the 

out-of-plane electronic couplings between the organic and inorganic layers in the former system 

(see discussion in Subsection d)).     

 

b) Band structures and energy-level alignments 

The HSE+SOC band structures are displayed along the high-symmetry directions in Figure 4 (see 

also Figure S1 and the Methodology Section). For each band, the contributions from the DA layer 

and from the PbI4 layer are illustrated by different colors at each k-point. Overall, in each system, 

the four valence [conduction] bands associated with the HOMO [LUMO] of the four DAs present 

in a unit cell can be clearly recognized. In HtDAPbI4, BpDAPbI4, BpBEPbI4, and AnDAPbI4, in 

agreement with the PDOS characteristics, the band edge states are dominated by the contributions 

of the perovskite layers, hence forming type-I heterojunctions. The HOMOs [LUMOs] of the DA 

layers are located at energies lower [higher] than the VBM/CBM of the perovskite layer; thus, 

these layers act as energy barriers in the multi quantum well systems, see Figure 5. In contrast, 

the HOMO and LUMO of the more conjugated PenDM, see Figure 4(f), are shifted well above 

and below the VBM and CBM of the perovskite layer, respectively, thus forming as well a type-I 

heterojunction but with a reversed assignment of wells and barriers in comparison to the former 

four cases (Figure 5). This distinguishing characteristic of PenDM can be attributed to its 

intrinsically more extended conjugation than in the other DA systems, which results in PenDM 
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having a much smaller band gap. We note that this point is confirmed by the results of band-

structure calculations conducted on the neutral PenDM and AnBE molecular layers (see Figure 

S2 and the discussion in Subsection c)).                       

 

 

 

Figure 4. HSE+SOC band structures of (a) HtDAPbI4; (b) BpDAPbI4; (c) BpBEPbI4; (d) 

AnDAPbI4; (e) AnBEPbI4 and (f) PenDMPbI4. The contributions to each band coming from the 

organic cation, I, and Pb are colored in pink, green, and blue, respectively.   
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Figure 5. Energy-level alignments between the DA cations and perovskite layers in: (a) HtDAPbI4; 

(b) BpDAPbI4; (c) BpBEPbI4; (d) AnDAPbI4; (e) AnBEPbI4; (f) PenDMPbI4; and (g) HDAPbI4. 

The DA cation and perovskite frontier levels are color-coded in red and blue, respectively. All 

energy values are given in eV; the VBM of the perovskite layer is taken as the zero of energy. 

 

c) In-plane electronic couplings between diammonium cations 

An interesting feature associated with the DA contributions is the significant in-plane dispersion 

of the LUMO bands in AnBEPbI4 and PenDMPbI4, see Figure 4 (e)-(f) and Figure S1 (c). In 

comparison to the other 2D perovskites where the LUMO band dispersions are negligibly small, 

the total LUMO band widths (calculated for the four LUMOs at the Γ point) for AnBEPbI4 and 

PenDMPbI4 are 0.81 and 0.93 eV, respectively. These large dispersions stem from the strong 

electronic couplings between adjacent DA molecules that are tightly packed in a staggered parallel 

configuration present only in the latter two systems, see Figure 2(e)-(f). To better asses this feature, 

we performed HSE band-structure calculations on a periodic system consisting of neutral diamine 
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molecules kept at the geometry of the optimized DA-perovskite structures, with the perovskite 

layers and one hydrogen in each terminal ammonium group removed (see Figure S2). Compared 

to the DA-perovskite band structures, the general features related to the DA contributions, such as 

the large LUMO band dispersion, are well maintained in the diamine systems. However, the total 

LUMO band widths of neutral AnBE and PenDM in the absence of the perovskite layers (0.69 and 

0.83 eV, respectively) are about 0.1 eV smaller than those in the DA-perovskite structures (0.81 

and 0.93 eV, respectively). Also, the HOMO-LUMO band gaps in the neutral diamine systems are 

about 1 eV smaller than those in the DA-perovskites (1.8 and 0.7 eV for neutral AnBE and PenDM, 

respectively, versus 2.8 and 1.7 eV in the corresponding DA-perovskites). These differences can 

be attributed to three major factors: (1) the “reversed” nature of the dielectric confinement; (2) the 

electronic interactions between the perovskite and DA layers; and (3) the energetic differences due 

to the differently charged state of the terminal ammonium groups. To further verify this 

understanding, we calculated the electronic couplings for dimers of neutral AnBE and PenDM 

using the dimer geometry optimized in the DA-perovskites (see Methodology for details). The 

LUMO electronic couplings calculated for the AnBE and PenDM dimers are 0.22 and 0.23 eV, 

respectively, which are close to (about 0.05 and 0.02 eV larger than) ¼ the values of the total 

LUMO band widths of the corresponding neutral diamine periodic systems.  

We note that the HOMO band widths in the neutral AnBE/PenDM and AnBEPbI4/PenDMPbI4 are 

much smaller than the LUMO band widths; this is consistent with the trend calculated for the 

HOMO electronic couplings in the AnBE and PenDM dimers, 0.01 and 0.05 eV, respectively. We 

note that these results contrast with those in pure anthracene and pentacene crystals, where the 

molecules pack in a herringbone pattern and the HOMO band widths are larger than those of the 

LUMOs.[15] The difference can thus be attributed to the different molecular packing configurations.    
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d) Out-of-plane electronic couplings between AnBE spacers and perovskite layers 

AnBEPbI4 (Figure 4e) is an intriguing system that presents remarkable energy-level alignments 

for both the conduction and valence bands along the ΓB direction, which is the out-of-plane 

direction perpendicular to the 2D perovskite bc-plane: Two of the four LUMO bands of the DA 

layer align with the second lowest conduction band of the perovskite layer and the four HOMO 

bands nearly align with the top valence band. These alignments allow a quantitative evaluation of 

the electronic couplings between the frontier levels of the organic spacer and the 

conduction/valence band edge states of the perovskite layer.  

Figure 6 (a) shows a zoom-in plot of the bottom four conduction bands along the Γ-B-M direction: 

The bottom conduction band (denoted as CB) comes from the perovskite layer; the second 

conduction band (denoted as CB+1), from one of the four LUMO bands of the AnBE spacer; and 

the two higher bands (CB+2 and CB+3), from hybridizations between the organic spacer and the 

perovskite layer (see Figure 6 (b)-(c) for a decomposition of the charge densities projected to these 

two bands at the Γ point). Correspondingly, while the CB and CB+1 bands are nearly flat along 

the Γ-B direction, pronounced band dispersions are obtained in the CB+2 (30 meV) and CB+3 (22 

meV) bands, which points to a substantial electronic coupling between the AnBE spacer and the 

perovskite layer. This electronic coupling can be evaluated using a two-state tight-binding 

Hamiltonian model, see the Methodology section, which we exploited earlier to determine the 

interfacial electronic couplings between inorganic surfaces and organic molecular layers.[16] The 

largest electronic coupling between the AnBE LUMO and the perovskite layer is found at the Γ 

point and corresponds to 41 meV. In comparison to the in-plane electronic couplings calculated 

for the AnBE LUMO bands in AnBEPbI4 (~200 meV), the out-of-plane organic-perovskite hybrid 
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electronic coupling is five times smaller, which points to anisotropic electron transport behavior, 

as expected for 2D quantum well systems.  

A similar feature is observed in the top three AnBEPbI4 valence bands at the B point (Figure 6 

(d)), which is confirmed via the decomposition of the charge density projected to these three bands, 

Figure 6 (e)-(g).  The VB and VB-2 bands consist of contributions from both the perovskite and 

AnBE layers, while VB-1 is dominated by contributions from AnBE. The wavefunction 

hybridization for the VB and VB-2 bands highlights the significant electronic coupling between 

the top VB of the perovskite layer and the HOMO bands of the spacer layer. Band dispersions are 

also observed along the Γ-B direction in the VB (16 meV) and VB-2 (0.4 meV) bands. Applying 

the same methodology as for the conduction bands, the largest electronic coupling in the valence 

bands is 32 meV at the B point.  

Overall, the electronic couplings evaluated between the AnBE organic spacers and the perovskite 

layers in both the valence and conduction bands, are found to be of the same order of magnitude 

as the interfacial electronic couplings between a monolayer of pentacene molecules and inorganic 

surfaces: 40 meV on top of graphene[16a] and 20 meV on top of a gold (111) surface.[16b] Thus, our 

calculations provide a clear demonstration that wavefunction hybridizations can be realized at the 

conduction / LUMO and valence / HOMO band edges of 2D hybrid perovskites by tuning the  

degree of conjugation of the organic spacers and inducing significant electronic couplings between 

the organic and inorganic components. Such hybridization can lead to interesting interfacial 

excitonic effects, vide infra. Also, we note that tuning the chemical compositions of the perovskite 

layer, such as replacing Pb with Sn or changing the nature and ratios of halogen atoms, will also 

modify the energy gap of the perovskite layers, hence their energy-level alignments with the 
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organic spacer layer. As these are well-known approaches that has been applied in earlier 

experimental and theoretical studies,[6a-c] we do not discuss them further here.    

 

 

Figure 6. Zoom-in plots of the (a) bottom four conduction bands and (d) top five valence bands, 

along the Γ-B-M direction in AnBEPbI4. Partial charge densities corresponding to: (b) CB+2 and 

(c) CB+3 at Γ point, and (e) VB, (f) VB-1, and (g) VB-2, at the B point. 
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Based on the computational results for the AnBEPbI4 2D perovskite, specifically the presence of 

cross-plane electronic couplings as large as ~30-40 meV and the emergence of wave function 

hybridization, we describe two situations that we suggest should be further explored on both 

theoretical and experimental sides. The first is the formation of inter-layer hybrid excitons between 

the organic spacer and perovskite layers in AnBEPbI4, which could be triggered via photo-

excitation at about 2.8-2.9 eV. Indeed, as shown in Figure 6, electrons in the top VB are delocalized 

on both the perovskite and spacer layers; when excited, they will occupy levels dominated by a 

hybridization between the AnBE LUMO bands and the second lowest conduction band of the 

perovskite layer, see Figure 7(a) and Figure 6. We therefore expect delocalized positive and 

negative charge distributions on both the perovskite and the spacer layers, thus corresponding to 

the formation of an inter-layer hybrid exciton. From a technical standpoint, we note that, due to 

the large size of the system, it is extremely challenging to calculate the binding energy of such 

excitons using first-principles methods; however, it can be expected that these excitons have a 

much lower binding energy than that of excitons localized within either the inorganic or organic 

layers. Also, these inter-layer hybrid excitons should be characterized by broader absorption and 

emission bands than intra-layer excitons. Other factors, such as electron-phonon and exciton-

phonon interactions, can lead to other intriguing effects, for instance, the appearance of resonant 

Wannier and Frenkel excitons,[8] which definitely warrants further in-depth experimental and 

theoretical investigations.  

The second phenomenon of interest is phosphorescence in the AnBE layer induced via Dexter-

type energy transfer. As pointed out in the Introduction, wavefunction hybridization between the 

perovskite and spacer layers is conducive to DET (Figure 7(b)), which then can lead to collection 

of triplet excitons in one of the two components. The T1 energy for a neutral AnBE molecule is 
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calculated to be 1.77 eV (at the TDDFT-PBE0/6-31+G** level of theory), see Table S3. This value 

is substantially smaller than the calculated band gap of AnBEPbI4 (2.46 eV) and the experimental 

S1 and T1 energies in NMA2PbI4 (~2.43 eV for both states, see Table S3; NMA = naphthalene 

methylammonium). The large energy offset (~ 0.7 eV) between the triplet states in the perovskite 

and spacer layers and the close proximity of the two components points to the possibility of Dexter 

energy transfer at the AnBE/PbI4 interface, from the perovskite layer to the organic spacer layer. 

The strong spin-orbit coupling due to the presence of heavy Pb ions provides a path for triplets in 

the organic spacers to relax radiatively to the singlet ground state, i.e., can lead to phosphorescence 

in the spacer layer. Such a process has been observed experimentally by Lam and co-workers in 

Ruddlesden–Popper phase 2D perovskites with conjugated biphenylmethylamines as spacer 

molecules;[9] this process is easily distinguishable from the formation of interfacial hybrid excitons 

due to the longer life times and much lower energies involved.      

It is also of interest to examine the nature of the DET processes in other DA systems discussed in 

this work. For instance, in HtDAPbI4, the T1 energy of neutral HtDA is calculated to be 1.97 eV 

(see Table S3), which is about 0.5 eV lower than the measured triplet energy in 2D NMA2PbI4 

(2.43 eV) and the calculated band gap of HtDAPbI4 (2.50 eV); this points to a driving force of 

about 0.5 eV to generate triplets within the organic layers. In contrast, in the BpBEPbI4 perovskite, 

the energetics are such that triplet collection is expected within the inorganic layers; indeed, the 

calculated T1 energy of neutral BpBE is 3.14 eV (see Table S3), which is significantly higher than 

the NMA2PbI4 triplet energy as well as the calculated 3.0. eV band gap in BpBEPbI4. In addition, 

the T1 energies in BpDA and AnDA are expected to be similar to the ones calculated for BpBE 

(3.14 eV) and AnBE (1.77 eV), respectively. We thus anticipate similar DET phenomena in the 

former two systems as in the latter.       
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Figure 7. Schematic description of (a) the formation of an inter-layer hybrid exciton and (b) triplet 

exciton transfer via a Dexter process at the interface between the inorganic and organic layers in 

the AnBEPbI4 perovskite. The relevant level/state energies in the perovskite layers and organic 

spacers are color-coded in blue and red, respectively. 

 

 

Conclusions 

By considering a series of model diammonium cations with π-conjugated backbones as organic 

spacers in 2D hybrid perovskites, we have shown that wavefunction hybridization can be realized 

between the frontier molecular orbitals of the organic spacers and the band edge states of the 

inorganic perovskite layer. This is the case in the 2D perovskite with anthracene-bis(ethan-1-

ammonium) as the spacer layer. Based on a tight-binding model, we were able to quantify the 

electronic couplings between the organic and inorganic layers, which are evaluated to be about 30 
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and 40 meV for the valence and conduction bands, respectively. Furthermore, our computational 

results point to the possibility of a variety of excitonic behaviors.  

Our work provides an understanding of how the modulation of the polarizability / π-conjugation 

length of the organic spacers can tune the energy-level alignments and electronic couplings 

between the organic and inorganic components of the 2D hybrid perovskites. It opens the way for 

the realization of a range of electronic and optical phenomena, including the formation of inter-

layer hybrid excitons, the enhancement of phosphorescence in the organic layers, and the 

appearance of resonant Wannier and Frenkel excitons. 

 

Methodology 

Density functional theory (DFT) calculations were performed with the projector augmented wave 

(PAW) method,[17] as implemented in the Vienna Ab initio Simulation Package (VASP),[18] using 

the generalized gradient approximation (GGA)/Perdew-Burke-Ernzerhof (PBE) functional[19] or 

the range-separated hybrid functional of Heyd-Scuseria-Ernzerhof (HSE06).[20] Geometry 

optimizations were conducted with the PBE functional including the Grimme dispersion correction 

(DFT-D2).[21] The cut-off energy was set to 500 eV and Γ-centered k-grids of 2 × 4 × 4 with 

Monkhorst-Pack scheme were adopted. Both the lattice parameters and the atomic coordinates 

were fully relaxed until the force on each atom and the variation in total energy were smaller than 

0.01 eV Å-1 and 10-6 eV, respectively. The optimized crystal lattice parameters for the seven 2D 

perovskites are given in Table S1. The model crystal structures were built based on the structure 

of DJ-phase (4AMP)PbI4 (4AMP = 4-(aminomethyl)piperidinium)[22] by replacing the 4AMP 

cations with our model DA cations. In each of the initial geometries, the structures of the PbI4 
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layers and relative positions of the ammonium moieties were set at the experimental values in 

(4AMP)PbI4, while the interlayer distances between neighboring PbI4 layers were modulated 

according to the length of the DA cations.  

 

To capture more accurately the electronic properties of these 2D perovskites, in particular the 

energy gap and energy-level alignments between the organic and inorganic components, we used 

the HSE06 functional, with explicit consideration of the spin-orbit coupling (SOC) effects for the 

electronic-structure calculations. The percentage of Hartree-Fock exchange (HF%) was 

determined by comparing the calculated band gap for HDAPbI4 with the 2.44 eV experimental 

value;[12] this band gap is very well reproduced (2.48 eV) when HF% = 35% (see Table S4 and 

Figure S3). Therefore, we adopted HF% = 35% for all the HSE+SOC level calculations. In view 

of the computational costs, the cut-off energy was set to 400 eV and the k-point grid to 2 × 2 × 2 

in the density of states (DOS) calculations. The band structures were then calculated at the same 

(HSE+SOC) level of theory as the DOS along the high-symmetry directions Γ (0,0,0), B (0.5, 0, 0), 

M (0.5, 0, 0.5), Γ (0,0,0), Z (0, 0, 0.5). We note that Γ-B corresponds to the out-of-plane direction 

perpendicular to the 2D organic/perovskite layers, while B-M and Γ-Z are both in-plane directions. 

(We note that, because of the prohibitive computational costs, the Γ-B direction was not considered 

in the HSE+SOC band-structure calculations for PenDMPbI4.  

 

ForAnBEPbI4, the electronic couplings (V12) between the frontier molecular orbitals (HOMO and 

LUMO) of the AnBE spacer layer and the band edge states of the perovskite layer (VBM and 

CBM+1) were evaluated from the results of band-structure calculations along the Γ-B direction, 

using the following expression based on a tight-binding Hamiltonian model:  



25 

 

(
𝜀1(𝑘) 𝑉12

𝑉12 𝜀2(𝑘)
) 𝜓 = 𝐸 𝜓                                                         (1) 

where 12V  is the electronic coupling and 1 (k) and 
2 (k) are the energies of the uncoupled states 

of the spacer layer and the perovskite layer; E is the eigenvalue of the corresponding eigenstate ψ 

comprising the contributions of both the organic and perovskite layers. With 1 (k), 2 (k), and E 

extracted from the band-structure results along the Γ-B direction, V12 can be derived by solving 

Eq. (1).  

 

To evaluate the electronic couplings for the HOMO and LUMO levels of the neutral AnBE and 

PenDM dimers, DFT calculations were carried out with the B3LYP functional[23] and the 6-31G** 

basis set. Time-dependent DFT calculations using the PBE0 functional[24] and 6-31+G** basis set 

were performed to evaluate the triplet and singlet energies for the neutral HtDA, BpBE, and AnBE 

molecules. These calculations were performed using the Gaussian16 code.[25]  
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