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Abstract

Low-dimensional hybrid organic-inorganic perovskites have attracted a great deal of interest 

thanks to their high compositional and structural flexibilities that induce distinctive optoelectronic 

properties, for instance for light-emitting and photovoltaic applications. Here, we study at the 

density functional theory (DFT) level the electronic and optical properties of two one-dimensional 

hybrid perovskites incorporating cyanine or Victoria blue B (VBB) dye cations. Our electronic- 

structure analyses indicate that in both cases the highest occupied molecular orbitals of the cation 

dyes are nearly aligned with the band edges of the inorganic component; however, wavefunction 

delocalization between the two components only arises in the cyanine-perovskite system where 

electronic couplings can be identified, albeit weak, between the organic dye cations and the 

inorganic framework. The excited-state properties of the cyanine-perovskite system were further 

evaluated by carrying out time-dependent DFT calculations on representative finite cluster models 

based on the bulk structures. The electronic couplings between the organic and inorganic 

components result in a small degree of charge-transfer contributions to the low-lying excited states, 

which in turn leads to a broadening of the lowest absorption band. 
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Introduction

Low-dimensional hybrid organic-inorganic perovskites (HOIPs) have received much attention due 

to their potential for applications as excitonic devices such as solar cells,1–5 light-emitting diodes,6–

21 photodetectors,13,22 or lasers.10,23–26 In comparison to their three-dimensional (3D) counterparts 

that have rather rigid structural constraints expressed by the Goldschmidt tolerance factor,27,28 the 

low-dimensional (1D and 2D) HOIPs allow for a remarkable structural flexibility and offer 

significantly improved stability. Also, the large tunability of the organic cations incorporated into 

the perovskite structure provides an extensive compositional space that can be exploited to further 

improve the structural and optoelectronic properties of these hybrid materials. While most early 

studies have exploited alkylammonium derivatives as the organic spacers that serve as templating 

agents and thereby determine the connectivity of the inorganic framework, the incorporation of 

functional organic cations, such as π-conjugated cations that can directly influence the electronic 

and optical properties of the HOIPs, has also been studied in a number of recent reports.29–33

A particularly interesting feature that remains to be more extensively explored is the possibility 

with functional organic cations to realize significant electronic couplings between the inorganic 

components and the organic spacers, which would lead to wavefunction delocalization over both 

components. Such a characteristic can induce improved charge transport and trigger interesting 

excitonic behaviors, for instance, the emergence of hybrid excitons or of phosphorescence induced 

by Dexter-type energy transfer (DET).31,33–35 The optoelectronic characteristics of HOIPs are 

influenced by the energy levels of the functional organic cations and inorganic framework at the 

band edges. This is particularly significant in instances where the electronic states near the Fermi 

level have a combined contribution, resulting in the delocalization of the wave functions across 

both components; to the best of our knowledge, such features have not been examined in 1D HOIPs, 
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where the organic spacers can have larger structural flexibility than in the 3D/2D cases and 

potentially interact more strongly with the inorganic perovskite (1D) chains.  

In recent experimental studies, organic dye cations, such as the heptamethine cyanine Cy7 or 

Victoria blue B (VBB), have been incorporated with perovskite precursors to form 1D perovskite-

like crystalline structures.36,37 Owing to the near-infrared (NIR) absorbing nature of the dye cations, 

these hybrid 1D materials have been considered as potential candidates for photovoltaic 

applications. Also, it is useful to recall that the Cy7 dyes have been used as fluorescence labels 

and bio-sensors due to their specific NIR photophysical properties;38–43 by inserting a rigid 

chlorocyclohexenyl ring within the methine chain, the photostability and fluorescence quantum 

yield of the dyes are further improved44,45 (see Figure 1a). On the other hand, the VBB cation dye 

(see Figure 1b)46,47 is a member of the family of triarylmethane dyes and carries a naphthylamine 

group.48 

Figure 1. Chemical structures of dye cations considered in this work: (a) cyanine (Cy7) and (b) 
Victoria blue B (VBB).
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In the present work, to better appreciate the potential of such dye-cation-based 1D perovskites for 

photovoltaic or light-emitting applications, we investigate their electronic and optical properties 

with (time-dependent) density functional theory (DFT). In particular, we evaluate the impact of 

potential electronic couplings between the organic dye cations and inorganic perovskite-like 

components on these properties, via an analysis of the electronic structures in both the ground state 

and lowest excited states, which involves a determination of the electronic density of states, band 

structures, and low-energy excitations. 

Methodology

I. 1D perovskites with periodic boundary conditions 

The DFT calculations on periodic structures were carried out using the projector-augmented wave 

method as implemented in the Vienna ab initio simulation package (VASP).49–51 The geometric 

structures of the hybrid perovskites were optimized at the Perdew-Burke-Ernzerhof (PBE) level 

with a Pack-Monkhorst Γ-centered 7 × 3 × 2 k-mesh by relaxing both lattice parameters and atomic 

coordinates until the total force on each atom was less than 0.01 eV/Å. The plane-wave cutoff 

energy was set to 500 eV. The range-separated hybrid Heyd-Scuseria-Ernzerhof (HSE) functional 

incorporating 35% Hartree-Fock exchange was then used with a 3 × 2 × 1 k-mesh to calculate the 

projected density of states and to evaluate the electronic band structures with consideration of the 

spin-orbit coupling (SOC) effects.51,52 The DFT-D3 van der Waals corrections were applied in all 

calculations.53 The high-symmetry k-points considered in the band-structure calculations were X 

(0.5, 0.0, 0.0), Γ (0.0, 0.0, 0.0), Y (0.0, 0.5, 0.0), and Z (0.0, 0.0, 0.5), which were used to define 

the k-paths with the VASPKIT code.54
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II. Finite-cluster models simulating the bulk 1D perovskites 

Finite-cluster models were exploited to evaluate the excited-state properties of the 1D HOIPs based 

on Cy7 and VBB. This approach had been adopted in earlier reports investigating the electronic 

properties of inorganic semiconductors 55–61 as well as 3D and 2D HOIPs.62–66 Due to the ionic 

nature of the HOIP materials and the dipolar characteristics of the dye cations, cluster models 

simulating the bulk HOIPs have to satisfy charge neutrality condition and maintain a minimized 

dipole moment, a condition imposed by the centrosymmetric crystal structures considered in the 

present work. 

We derived charge-neutral cluster models from the 1D HOIP bulk structures based on their 

optimized geometries at the DFT/PBE level and carried out single-point DFT and time-dependent 

DFT (TDDFT) calculations to evaluate the ground-state and excited-state properties. The charge 

neutrality condition for 1D HOIPs consisting of monovalent organic cations can be described by 

the following equations:67-68

                                                                                            ( 1a ) 𝟔𝒏𝒑𝒃 = 𝒏𝑰𝟏 +𝟐𝒏𝑰𝟐 +𝟑𝒏𝑰𝟑

                                                                                     ( 1b )𝟐𝒏𝒑𝒃 + 𝒏𝑴𝑽 = 𝒏𝑰𝟏 + 𝒏𝑰𝟐 + 𝒏𝑰𝟑

where the subscript MV stands for monovalent cations and nIi (i= 1, 2, 3) represents the number of 

iodine atoms to which each Pb atom in the cluster is bonded. In addition, we note that, due to the 

charged nature of the dye cations, the total dipole moment of the hybrid clusters cannot be reduced 

to absolutely zero as in the periodic bulk crystals; thus, we sought to select cluster models that 

possess the lowest dipole moments. 
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The Gaussian 16 program69 was used for all cluster calculations. The excited-state properties were 

calculated with the long-range corrected B97X-D functional,70 using the 6-31G(d, p) basis set71 

for C, N, H, and Cl atoms, along with the def2SVP72 effective core potentials for the Pb and I 

atoms. To simulate the solid-state environment in the cluster calculations, we employed the 

conductor-like polarizable continuum model73 with a dielectric constant of  = 36.7, corresponding 

to the DMF solvent in which the 1D HOIPs are synthesized, given that residual DMF molecules 

are present in the crystal structures, see below. A natural transition orbital (NTO) analysis74 was 

also performed to better characterize the features that can be related to hybrid excitons. In addition, 

partition analyses of the charge-transfer (CT) and local-excitation (LE) characteristics for the hole 

and electron wavefunctions in the excited states were performed to quantify the extent of 

delocalization over the organic and inorganic components, as implemented in the Multiwfn 

program.75

Results and Discussion

I. Geometric structures

The single-crystal structure of (Cy7)PbI3·2DMF has been characterized to belong to the P21/c 

space group, with each unit cell consisting of four Cy7 cations, four [PbI3]- octahedra, and eight 

dimethylformamide (DMF) molecules36 (see Figure 2a). The 1D anionic chains are formed by 

face-sharing [PbI3]− octahedra with Cy7 cations and DMF solvent molecules distributed between 

them. Each [PbI3]− anionic chain is surrounded by four columnar stacks of Cy7 cations, which are 

aligned nearly parallel to the inorganic chains. The top view in Figure 2a illustrates that two 

adjacent Cy7 cations have either a head-to-head or side-by-side stacking configuration with the 
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inorganic chains as nearest neighbors. Within each column of Cy7 cations, the distance between 

the planes of two neighboring polymethine cations is about 3 Å.

(VBB)PbI3·2DMF is also a 1D HOIP consisting of face-sharing [PbI3]− chains with VBB cations 

and DMF molecules residing in the voids between the inorganic anionic chains37 (Figure 2b). The 

VBB cations are stacked along the inorganic chains. The DMF solvent molecules act to stabilize 

the HOIP structure through hydrogen bonds with the primary ammonium moiety of VBB and with 

short C-H contacts to the [PbI3]− chains. The lattice parameters of these two HOIPs, as optimized 

at the DFT-PBE level, are given in Table S1 in the Supplementary Information (SI).

Figure 2. Top view and side view of the crystal structures of (a) (Cy7)PbI3·2DMF and (b) 
(VBB)PbI3·2DMF. The box indicates the unit cell. Hydrogen atoms are omitted for the sake of 
clarity. 
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II. Densities of states and electronic band structures 

The projected densities of electronic states in (Cy7)PbI3·2DMF and (VBB)PbI3·2DMF were 

calculated at the HSE+SOC level of theory and are displayed in Figure 3. We distinguish the 

energetic positions of the frontier orbitals originating from the [PbI3]− chains and the organic 

spacers by considering the conduction band minimum (CBM) and valence band maximum (VBM) 

of the PbI3-based contributions, and the lowest unoccupied molecular orbital (LUMO) and highest 

occupied molecular orbital (HOMO) of the organic-cation-based contributions. Our calculations 

show that the VBM-CBM gaps associated with the [PbI3]− 1D chains are 3.69 and 3.93 eV for the 

Cy7 and VBB HOIPs, respectively; these large values can be attributed to the isolation of the 1D 

[PbI3]− chains by the organic spacers. Importantly, the Cy7/VBB HOMO energies do match the 

VBM of the [PbI3]−  1D fragment, a feature that will be further explored by analyzing the band 

structures. The small HOMO-LUMO gap of the dye cation then leads to the presence of the 

Cy7/VBB LUMO level at an energetic position much lower (by about 1.8 eV) than the CBM of 

the [PbI3]− 1D chain; the latter, however, nearly aligns with the LUMO+1 level of the cations. 
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Figure 3. DFT-HSE-SOC projected densities of states for (a) (Cy7)PbI3·2DMF and (b) 
(VBB)PbI3·2DMF. 

To further evaluate the energy-level alignment and electronic hybridization between the organic 

dyes and inorganic frameworks, we performed band-structure calculations at the HSE+SOC level 

of theory; the results are depicted in Figure 4. In the case of (Cy7)PbI3·2DMF (see Figure 4a), 

there appear eight nearly degenerate conduction bands at ~1.7 eV above the VBM, which purely 

derive from the Cy7 LUMO (we recall that there are four Cy7 cations per unit cell, which leads to 

eight electronic states per molecular level when considering the SOC effect in the calculations). 

The LUMO+1 level of Cy7 overlaps with the CBM of the inorganic component, with small 

dispersions observed along the Γ[Y]-X direction (see Figure 4b). In the top valence bands of 

(Cy7)PbI3·2DMF,  the Cy7 nearly degenerate HOMO levels lie right above the VBM of the [PbI3]− 

chains. 

Similarly, in (VBB)PbI3·2DMF, there appear eight nearly degenerate bands within the [PbI3] 

VBM-CBM gap, which are related solely to the VBB LUMO level. At the VBM level, see Figure 
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4c, the VBB HOMO energy matches the VBM of the [PbI3] chain; however, the corresponding 

partial charge densities (see Figure S1 in the SI) indicate separate localizations on the organic and 

inorganic sites without any charge delocalization over the entire framework. 

The energy-level alignment between the organic dyes and inorganic [PbI3] chains in 

(Cy7)PbI3·2DMF and (VBB)PbI3·2DMF is summarized in Figure 5. 
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Figure 4. DFT-HSE-SOC band structures and first Brillouin zones of (a, b) (Cy7)PbI3·2DMF and 
(c, d) (VBB)PbI3·2DMF. The selected high-symmetry k-paths used to calculate the band structures 
are highlighted in (b) and (d). The zero of energy corresponds to the valence band maximum of 
the hybrid perovskite (with the Fermi level located at the middle of the bandgap).
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Figure 5. Sketch of the DFT-HSE-SOC energy-level alignments between the dye cations and 
perovskite layers in (Cy7)PbI3·2DMF and (VBB)PbI3·2DMF. The dye cation MO levels and 
perovskite Pb and I frontier levels are color-coded in cyan, blue, and orange, respectively. All 
energy values are given in eV, with the VBM of the hybrid perovskites taken as the zero of energy. 

III. Electronic hybridization and coupling strength between Cy7 and [PbI3] in (Cy7)PbI3·2DMF

Zooming into the energy windows of interest for (Cy7)PbI3·2DMF, as depicted in Figure 6, shows 

the presence of the sought-after electronic hybridization between the Cy7 LUMO+1 level and the 

CBM of the [PbI3] chains as well as between the Cy7 HOMO level and the VBM of the [PbI3] 

chains. The real-space partial charge density distributions of those electronic states (marked by the 

red boxes in the left panels of Figure 6) indicate that the Cy7 LUMO+1 and HOMO levels are 

indeed electronically coupled with the [PbI3] chains, as illustrated in the right panels of Figure 6. 
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Figure 6. (Cy7)PbI3·2DMF: DFT-HSE-SOC band structures along the Γ-X k-path and partial 
charge densities of the electronic states indicated by the red boxes: (a) conduction bands and (b) 
valence bands. 

To further evaluate the electronic coupling strength between the organic and inorganic components 

in (Cy7)PbI3·2DMF, we turned to tight-binding (TB) model analyses to quantitatively describe the 

top valence bands in (Cy7)PbI3·2DMF. The lattice model is illustrated in Figure 7a. Detailed 
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descriptions of the TB models are provided in the SI. The band structure obtained from our TB 

model (see Figure 7b) reproduces very well the DFT-HSE calculated bands (see Figure 7c) when 

using a coupling strength parameter between the Cy7 HOMO level and PbI3 chains of ~39 meV; 

this value is comparable to that we previously reported for an anthracene-based (2,2'-(anthracene-

2,6-diyl)bis(ethan-1-ammonium) (AnBE)) 2D perovskite, AnBEPbI4.33 By varying the coupling 

strength between Cy7 and [PbI3] as well as the [PbI3] on-site energy (see Figure S2 in the SI), 

both the interaction between Cy7 and [PbI3] and the relative on-site energy levels are found to be 

responsible for the hybridization between the organic and inorganic components in the HOIP. 

These results further point out that, by changing the on-site energy of the inorganic chain via the 

consideration of a different divalent metallic atom (e.g., Sn) and/or a different halogen (Cl or Br), 

the energy-level alignment and organic-inorganic electronic couplings in the 1D HOIPs could be 

further tuned and provide another degree of versatility. 

Figure 7. (a) Illustration of orbital hopping in a lattice model for the (Cy7)PbI3·2DMF perovskite. 
The nearest and next-nearest hopping integrals between [PbI3] octahedra are indicated by 
parameters  and ; the nearest hopping between Cy7, by ; and the nearest hopping 𝑡1_𝑖𝑛 𝑡2_𝑖𝑛 𝑡𝑜𝑟

between Cy7 and [PbI3], by . (b) Band structures fitted by a TB model with the parameters 𝑡𝑖𝑛_𝑜𝑟 𝜀𝑜𝑟

= 0.05 eV, = 0.22 eV, =0.105 eV, =0.05 eV, =0.008 eV, =0.039 eV. (c) ― 𝜀𝑖𝑛 ― 𝑡1_𝑖𝑛 𝑡2_𝑖𝑛 𝑡𝑜𝑟 𝑡𝑖𝑛_𝑜𝑟

DFT-HSE-SOC band structure of (Cy7)PbI3·2DMF, which is used as a reference for the model 
presented in (b). The cyan and orange colors represent the contributions from the organic and 
inorganic components, respectively.
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We further note that, as hybridization occurs between the Cy7 LUMO+1 level and the CBM of the 

perovskite, if a higher energy excitation (at about 3.6 eV, to be compared with the HOMO-LUMO 

gap of ~ 1.7 eV for Cy7) can be absorbed by the perovskite chains, DET could appear between the 

chains and the Cy7 molecules. However, under these conditions, Forster energy transfer (FRET) 

could become the dominant energy transfer mechanism and compete with the DET. As such, the 

energy transfer mechanisms in these systems are expected to be complex and should be evaluated 

by calculating various parameters such as the transition dipole-dipole interactions and electronic 

couplings. We leave this discussion to future work on systems where strong wavefunction 

delocalization between the organic and inorganic components can be realized.

IV. Frontier molecular orbitals and excited-state properties in the HOIP cluster models 

To confirm the validity of the selected cluster model for the Cy7-perovskite (Figure 8a, which 

corresponds to a (Cy7)12Pb6I24 stoichiometry and has a total dipole moment of 0.01 Debye) and of 

the model for the VBB-perovskite (Figure S3, which corresponds to a (VBB)12Pb6I24  

stoichiometry and has a total dipole moment of 76.7 Debye), we first calculated their HOMO-

LUMO gaps in the ground state using the same functional as the one adopted in the periodic-

structure calculations, i.e., the HSE06 functional51 with 35% Hartree-Fock exchange. The 

calculated HOMO-LUMO gaps for the Cy7-perovskite and VBB-perovskite clusters are 1.63 and 

2.12 eV, respectively. These values are in very good agreement with those calculated for the 

periodic-structure systems at the HSE+SOC level of theory (1.66 eV and 2.01 eV, respectively). 

However, we note that the ground-state wavefunctions and excited-state natural transition orbitals 

cannot be well characterized in the VBB-perovskite cluster. This can be attributed to the presence 

of the large 76.7 Debye dipole moment, which we were not able to reduce; indeed, unlike the 
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situation in the Cy7-cluster, where the intrinsic molecular dipole aligns with the molecular chain 

axis and can be made to nearly vanish given the intermolecular packing in the selected cluster, the 

molecular dipoles in the VBB cluster are aligned along the in-plane direction and cannot be 

canceled given that the molecules stack along the direction nearly perpendicular to the plane. The 

VBB-perovskite cluster was therefore not considered in the following discussion. Also, we note 

that DMF molecules have not been explicitly incorporated in the cluster models since they have 

no significant contributions to the conduction band and valence band edge states, as illustrated by 

the calculated projected densities of states for the periodic structures (see Figure 3). 

(a) (b)

Top view

Side view

LUMO
-3.40 eV

HOMO
-5.03 eV

Figure 8. (a) Illustrations of the (Cy7)12Pb6I24 cluster model: top view and side view. (b) Frontier 
molecular orbitals of the (Cy7)12Pb6I24 cluster calculated at the HSE06 level. Isodensity surfaces 
with a contour of 0.004 a.u. have been used to represent positive (yellow) and negative (green) 
phases of the wavefunction.
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The HSE06-calculated HOMO and LUMO wavefunctions of the (Cy7)12Pb6I24 cluster are 

illustrated in Figure 8b. Significant electronic coupling between the [PbI3]− octahedra and the Cy7 

cations can be observed at the HOMO level but not at the LUMO level. This situation remains the 

same for the three levels nearly degenerate with the HOMO and the level nearly degenerate with 

the LUMO, see Figure S4. Overall, these features are consistent with the partial charge density 

distributions obtained in the periodic-structure calculations. 

To provide an accurate description of the molecular (cluster) excited states, we carried out TDDFT 

calculations at the long-range corrected B97X-D level. Figure 9 displays the natural transition 

orbitals for holes and electrons in the lowest singlet excited states that have a non-zero oscillator 

strength and absorb in the energy range from 1.8 to 2.1 eV. In the lowest three such singlet energy 

states S1, S4, and S5 (at 1.8 eV, see Table S2 in the SI) and the somewhat higher S12 state (at 2.1 

eV), weak hybridization between the [PbI3]− fragments and the organic cations can be observed 

for the hole states; the S12 state corresponds to the excitation with the highest oscillator strength as 

it is mainly associated with contributions from closely packed Cy7 molecules. In contrast, the 

absorbing S8 and S10 states represent excitations localized on the Cy7 molecules only. 

These results indicate that the low-lying excited singlet states consist of, on the one hand, 

hybridized holes and, on the other hand, electrons localized on the organic spacers, a feature that 

points to the emergence of a charge transfer (CT) component. Therefore, we analyzed the CT 

contributions from the inorganic to the organic fragment for all low-lying excited states with non-

zero transition oscillator strength. These contributions turn out to be only about 1.3% at the most 

(see Table S2 in the SI). While such a small CT contribution cannot induce a well-defined CT 

peak in the absorption spectrum, it can lead to some absorption band broadening. Overall, the 

Page 18 of 26Journal of Materials Chemistry C



19

cluster results confirm the expectations coming from the periodic boundary calculations, i.e., that 

there exists only a weak hybridization between the molecular HOMO level and the top valence 

electronic states of the perovskite in the (Cy7)PbI3 system.  

e-

h+

e-

h+

S1
1.79 eV

S4
1.82 eV

S5
1.84 eV

S10
1.99 eV

S12
2.08 eV

S8
1.89 eV

Figure 9. Natural transition orbitals for holes and electrons in the low-lying singlet excited states 
absorbing in the energy range from 1.8 (top) to 2.1 eV (bottom), as obtained for the (Cy7)12Pb6I24 
cluster calculated at the B97X-D level. The symbols e- and h+ stand for electron and hole, 
respectively. Isodensity surfaces with a contour of ±0.004 a.u. have been used to represent the 
positive (yellow) and negative (green) phases of the wavefunctions.
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To further quantify the impact of the weak wavefunction delocalization on the optical absorption, 

we simulated the absorption spectra of the (Cy7)12Pb6I24 cluster and the iodide salt of the cyanine 

chromophore (Cy7-I), with DMF considered as an implicit solvent, see Figure 10. The absorption 

peaks of Cy7-I and the (Cy7)12Pb6I24 cluster are centered at 573 nm (2.16 eV) and 597 nm (2.08 

eV), respectively, which corresponds to a red-shift of 0.08 eV in the hybrid perovskite. A 

broadening  in the spectrum of (Cy7)12Pb6I24 (full width at half-maximum (fwhm) ~ 3300 cm-1, 

0.41 eV) in comparison to that for Cy-I (fwhm ~ 3000 cm-1, 0.37 eV) is observed on the low-

energy side; this can be attributed to the lowest hybrid-type excitations (S1, S4, and S5) induced by 

the electronic couplings between the organic and inorganic components at the valence band edges. 

These results are in qualitative agreement with the features observed in the experimental 

absorption spectra, where the Cy7-I crystal presents a sharp peak centered at 766 nm, while a 

significant broadening of 180 nm (from 820 to 1000 nm, ~ 0.27 eV) with a slightly red-shifted 

peak has been reported for the Cy7PbI3.2DMF crystal.36,76
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Figure 10. Absorption spectra of the (Cy7)12Pb6I24 cluster (red line), Cy7-I (blue solid line), and 
Cy7-I scaled to 12 molecules (blue dashed line), as calculated with time-dependent DFT at the 
B97X-D level and implicit consideration of DMF as solvent.

Conclusions 

 We have investigated the electronic and optical properties of two dye cation-based 1D hybrid 

perovskites at the DFT and TDDFT levels, (Cy7)PbI3 and (VBB)PbI3. While both systems display 

a close alignment of the top valence band associated with the perovskite chains and the highest 

occupied molecular orbitals of the dye cations, an electronic coupling between the organic and 

inorganic components has been calculated only in the case of the cyanine-based perovskite, for 

which there then occurs wavefunction delocalization in the top valence bands. Using tight-binding 

model analyses, the electronic coupling strength between the Cy7 HOMO level and the PbI3 chains 

is estimated to be ~39 meV, which is comparable with the value evaluated for the AnBEPbI4 2D 

perovskite. The role of this electronic coupling in the excited-state properties has been further 
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described by the observation of organic-inorganic hybridization in the hole states and the minor 

charge-transfer characteristics of the low-lying singlet excitations. Such a hybridization then 

contributes to a small broadening and red-shift of the lowest optical absorption band in a 

(Cy7)12Pb6I24 cluster with respect to the Cy7-I salt. 

Our detailed characterization of the electronic coupling between the organic and inorganic 

components in a 1D perovskite underlines that there exists a large set of parameters that can be 

tuned to manipulate the electronic and optical properties of hybrid perovskite materials. While the 

systems investigated here present only minor wavefunction-delocalization and charge-transfer 

characteristics, we anticipate that further tuning of the organic spacers, the hybrid perovskite 

structures, and the metal and halogen atoms can lead to the design of hybrid perovskites with 

stronger electronic couplings and novel hybrid-exciton behaviors.          
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