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Computational methods

1.1 Theoretical background

The hole-transporting ability of HTMs in this work is evaluated by the Marcus theory 

of electron transfer coupled with the Einstein relation,1

𝜇=
𝑒𝐷
𝑘𝐵𝑇

where  is the electron charge, and  is the charge diffusion coefficient,  is the 𝑒 𝐷 𝑘𝐵

Boltzmann’s constant, and  is the temperature in Kelvin.𝑇

For isotropic systems, the diffusion coefficient  can be expressed as𝐷

𝐷=
1
2𝑑∑

𝑖

𝑟2𝑖𝑘𝑖𝑝𝑖

where  represents a given hole hopping channel,  denotes the centroid to centroid 𝑖 𝑟𝑖

distance,  is the spatial dimensionality, and taken as 3 due to the charge diffusion is 𝑑

considered in three dimensions, and  ( ) is the hopping probability for 𝑝𝑖
𝑝𝑖=

𝑘𝑖 ∑
𝑖

𝑘𝑖

the i-th channel.

Due to the weak transfer integral in organic semiconductor, the hole hopping rate 

( ) is calculated by the semi-classical Marcus theory,2𝜅

𝜅=
2𝜋
ℏ
𝑉 2
𝑎𝑏

1
4𝜋𝜆𝑘𝐵𝑇

𝑒𝑥𝑝[ ‒ 𝜆 4𝑘𝐵𝑇]

where  is the hole transfer integral,  denotes hole reorganization energy, and  is 𝑉𝑎𝑏 𝜆 ℏ

the Planck’s constant. Herein, the reorganization energy is gained by the adiabatic 

potential energy surface method,3 and hole transfer integral is calculated with a direct 

coupling method.4
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𝑉𝑎𝑏= ⟨𝜓 0,𝑎
𝐻𝑂𝑀𝑂│𝐹│𝜓 0,𝑏

𝐻𝑂𝑀𝑂⟩

where  and  are the HOMOs of two adjacent molecules a and b with no 𝜓 0,𝑎
𝐻𝑂𝑀𝑂 𝜓 0,𝑏

𝐻𝑂𝑀𝑂

intermolecular interaction is present, and  is the Fock operator. The hole transfer 𝐹

integral is calculated by the functional PW91PW91 and the 6-31G** basis set.5-8

The orbital overlapping integrals between adjacent molecules are calculated with 

the following formula,

𝑆𝑖𝑛𝑡𝑚𝑜𝑙𝑖,𝑗 =∫𝜑𝑚𝑜𝑛𝑜𝑚𝑒𝑟1𝑖 (𝑟)𝜑𝑚𝑜𝑛𝑜𝑚𝑒𝑟2𝑗 (𝑟)𝑑𝑟

where i, j are molecular orbital indices of monomer 1 and monomer 2, respectively.

1.2 Computational details

As reported in previous works,9-10 the BMK functional and the 6-31G** basis set can 

provide the relatively accurate description of neutral geometries of HTMs. Meanwhile, 

the accurate estimations of the electronic and optical properties of HTMs can also be 

presented. Therefore, both the ground-state (S0) and first excited-state (S1) geometric 

structures of investigated HTMs are optimized at the BMK/6-31G** level. To further 

probe the functional effect on geometry optimization, the B3LYP/6-31G** method is 

also performed. The results indicate that the HOMO levels of investigated HTMs are 

extremely underestimated by the B3LYP/6-31G** method compared with that of the 

BMK/6-31G** method though the more stable geometries are obtained by the B3LYP 

functional. Therefore, we believe that the direct calculation from the B3LYP/6-31G** 

method is not suitable for this work. The same trend for the HOMOs and the LUMOs 

can be gained by the two methods, as provided in the Table S2. The dichloromethane 

coupled with the C-PCM model are employed to simulate the solvent effects.11 Based 
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on the optimized S0 geometries, the optical absorption spectra of HTMs are simulated 

by the time-dependent DFT (TD-DFT) method at the same theoretical level. Herein, 

the lowest 50 singlet-singlet excited states were considered for the vertical transitions. 

Meantime, the emission wavelengths and the intramolecular charge transfer properties 

are calculated on the basis of the ground-geometries. The absorption spectra of HTMs 

are plotted with the Multiwfn 3.7 program,12 and the full width at half maximum is set 

to 0.67 eV. To evaluate the intramolecular charge transfer properties during the 

optical excitation, the charge transfer amounts ( ) and distances ( ) are 𝑞𝐶𝑇 𝑑𝐶𝑇

calculated using the method reported by Ciofini et al.13-14 The charge transfer 

properties are evaluated at the BMK/6-31G** level to remain the consistency with the 

vertical absorption, and the charge density difference (CDD) maps are plotted by the 

Multiwfn 3.7 program.12 According to the previous reports,15-20 the Gibbs solvation 

free energies are calculated with the M05-2X/6-31G** method, coupled with SMD 

model. The molecular orbital composition analysis for the HOMOs is carried out with 

the Multiwfn 3.7 program,12 The above DFT and TD-DFT calculations are performed 

by Gaussian 09 packge.21

In order to calculate the transfer integral and the corresponding hopping rate, the 

crystal structures of studied HTMs are necessary. In this work, the crystal predictions 

are carried out with the polymorph in Materials Studio,22 and the detailed calculation 

procedures are given in our previous works.7-8,10 The five most probable space groups, 

, , ,  and  are employed for the predictions. Based on the 𝑃21 𝐶 𝑃1 𝑃212121 𝐶2 𝐶 𝑃21

predicted crystals, the possible dimeric structures are generated.



S5

The PbI2-terminated (100) surfaces of cubic FAPbI3 are employed to research the 

adsorbed influences of HTMs.7-8 The surfaces are composed of (3×5) supercells, and a 

vacuum of 25 Å is added in z direction to avoid periodic interactions. All calculations 

are performed by the Vienna ab initio package (VASP).23-24 The GGA-PBE functional 

and the projector-augmented wave pseudopotential are used to describe the exchange 

and correlation interactions.25-26 The spin polarization and an energy cutoff of 400 eV 

are utilized to achieve the energy and force convergence of 0.1 meV and 20 meV Å-1, 

respectively. Meanwhile, the Grimme’s D3 method is also considered to describe the 

weak van der Waals interactions.27
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Table S1 Orbital composition analysis of the HOMOs for SM36, SM38 and SM40.

HTMs acceptor and spacer donor

SM36 28.4% 35.8%

SM38 39.6% 30.2%

SM40 59.5% 20.2%

Table S2 The calculated HOMO and the LUMO levels (in eV) of investigated HTMs 

using the BMK/6-31G** and the B3LYP/6-31G** methods, respectively. The energy 

differences ( , in eV) of HTMs are calculated by .Δ𝐸 Δ𝐸= 𝐸𝐵𝑀𝐾 ‒ 𝐸𝐵3𝐿𝑌𝑃

BMK/6-31G** B3LYP/6-31G**
HTMs

𝐸𝐻 𝐸𝐿 𝐸𝐻 𝐸𝐿
Δ𝐸

SM35 -5.26 -2.02 -4.57 -2.61 39.3

SM36 -5.37 -2.15 -4.67 -2.68 44.7

SM37 -5.43 -2.04 -4.72 -2.64 44.6

SM38 -5.58 -2.17 -4.85 -2.71 50.0

SM39 -5.43 -1.98 -4.74 -2.58 37.8

SM40 -5.64 -2.10 -4.92 -2.65 43.2

YN1 -5.33 -1.72 -4.69 -2.35 43.0

YN1-T -5.14 -1.90 -4.48 -2.48 46.7
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Fig. S1 Chemical structure of the YN1 and YN1-T.
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Fig. S2 Optimized structure, the HOMO and the LUMO distributions of the SM35.

Fig. S3 Optimized structure, the HOMO and the LUMO distributions of the SM36.
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Fig. S4 Optimized structure, the HOMO and the LUMO distributions of the SM37.

Fig. S5 Optimized structure, the HOMO and the LUMO distributions of the SM38.
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Fig. S6 Optimized structure, the HOMO and the LUMO distributions of the SM39.

Fig. S7 Optimized structure, the HOMO and the LUMO distributions of the SM40.
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Fig. S8 Optimized structure, the HOMO and the LUMO distributions of the YN1.

Fig. S9 Optimized structure, the HOMO and the LUMO distributions of the YN1-T.
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Fig. S10 Charge density difference (CDD) maps of the studied HTMs, and the purple 

represents where the electrons are increased.
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Fig. S11 Charge density difference maps of the studied HTMs, and the blue 

represents where the electrons are reduced.
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Table S3 Hole hopping pathway, centroid to centroid distance ( , in Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of SM35 in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 14.34 3.13×10-3 2.29×1010

2 14.59 1.05×10-3 2.58×109

3 19.06 1.75×10-2 7.16×1011

4 12.84 1.17×10-2 3.20×1011

5 12.89 1.76×10-2 7.24×1011

6 19.06 1.75×10-2 7.16×1011

7 10.66 7.30×10-4 1.25×109

SM35

8 10.68 5.58×10-4 7.28×108

1.23×10-1 0.27

Fig. S12 Selected cluster based on the predicted crystal of SM35 to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Table S4 Hole hopping pathway, centroid to centroid distance ( , in Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of SM36 in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 13.66 1.03×10-4 1.97×107

2 15.98 7.68×10-3 1.09×1011

3 15.98 7.68×10-3 1.09×1011

4 24.57 1.25×10-3 2.90×109

5 8.47 2.98×10-2 1.65×1012

6 23.24 6.35×10-5 7.48×106

7 9.82 1.83×10-3 6.22×109

SM36

8 8.68 1.35×10-3 3.38×109

6.94×10-2 0.29

Fig. S13 Selected cluster based on the predicted crystal of SM36 to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Table S5 Hole hopping pathway, centroid to centroid distance ( , in Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of SM37 in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 14.72 8.24×10-4 8.01×108

2 15.98 2.50×10-3 7.37×109

3 22.56 1.21×10-2 1.73×1011

4 8.02 4.16×10-2 2.04×1012

5 8.02 4.16×10-2 2.04×1012

6 17.78 7.60×10-3 6.81×1010

7 11.08 2.90×10-3 9.92×109

SM37

8 13.47 6.39×10-3 4.81×1010

8.17×10-2 0.33

Fig. S14 Selected cluster based on the predicted crystal of SM37 to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Table S6 Hole hopping pathway, centroid to centroid distance ( , in Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of SM38 in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 32.21 3.29×10-4 5.87×107

2 16.36 8.39×10-3 3.81×1010

3 8.85 5.70×10-3 1.76×1010

4 8.53 4.37×10-2 1.03×1012

5 14.09 2.73×10-4 4.04×107

6 9.54 3.92×10-3 8.33×109

7 16.37 8.39×10-3 3.81×1010

SM38

8 24.27 8.99×10-3 4.38×1010

4.39×10-2 0.40

Fig. S15 Selected cluster based on the predicted crystal of SM38 to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Table S7 Hole hopping pathway, centroid to centroid distance ( , in Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of SM39 in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 17.72 6.76×10-4 4.31×108

2 4.91 2.65×10-2 6.62×1011

3 14.87 4.99×10-3 2.35×1010

4 4.91 2.65×10-2 6.62×1011

5 17.06 2.43×10-3 5.56×109

6 24.38 1.08×10-3 1.10×109

7 9.80 3.74×10-3 1.32×1010

SM39

8 13.00 1.14×10-3 1.22×109

1.01×10-2 0.35

Fig. S16 Selected cluster based on the predicted crystal of SM39 to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Table S8 Hole hopping pathway, centroid to centroid distance ( , in Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of SM40 in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 12.11 3.52×10-2 4.84×1011

2 18.74 9.35×10-3 3.41×1010

3 10.93 2.40×10-2 2.25×1011

4 21.16 4.75×10-3 8.81×109

5 8.94 5.96×10-4 1.39×108

6 29.76 4.56×10-5 8.12×105

7 7.08 5.42×10-2 1.15×1012

SM40

8 8.94 5.96×10-4 1.39×108

3.65×10-2 0.43

Fig. S17 Selected cluster based on the predicted crystal of SM40 to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Table S9 Hole hopping pathway, centroid to centroid distance ( , in Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of YN1 in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 10.03 1.94×10-4 1.58×108

2 21.82 1.12×10-5 5.28×105

3 11.61 4.58×10-3 8.83×1010

4 21.82 1.15×10-5 5.57×105

5 10.03 1.94×10-4 1.58×108

6 5.96 8.60×10-4 3.11×109

7 8.95 6.59×10-3 1.83×1011

YN1

8 17.32 8.84×10-4 3.29×109

8.72×10-3 0.22

Fig. S18 Selected cluster based on the predicted structure of YN1 to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Table S10 Hole hopping pathway, centroid to centroid distances ( , Å), hole transfer 𝑟𝑖

integral ( , in eV), hole hopping rate ( , in s-1), hole mobility ( , in cm2v-1s-1), and 𝑉𝐴𝐵 𝜅 𝜇

reorganization energy ( , in eV) of YN1-T in predicted dimeric structures.𝜆

HTMs pathways 𝑟𝑖 𝑉𝐴𝐵 𝜅 𝜇 𝜆

1 13.82 5.21×10-4 7.65×107

2 7.23 9.87×10-4 2.75×108

3 13.87 1.48×10-3 6.17×108

4 12.94 7.91×10-4 1.76×108

5 13.82 5.21×10-4 7.65×107

6 14.55 1.30×10-3 4.76×108

7 6.90 4.58×10-2 5.91×1011

YN1-T

8 12.94 7.94×10-4 1.78×108

1.82×10-2 0.46

Fig. S19 Selected cluster based on the predicted crystal of YN1-T to generate possible 

hole hopping pathways, where the central molecule is labeled as redness and adjacent 

molecules are labeled as the other colors.
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Fig. S20 The dimeric structures of the most main hole transfer pathways.
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Fig. S21 Isodensity surface plots of the intermolecular HOMO overlaps of the charge 

transfer channels with the largest hole transfer integrals. The molecular orbital overlap 

integral values are presented. The isodensity value is set at , and the purple 5 × 10 ‒ 6

and blue isosurfaces refer to the same and opposite phase overlap, respectively.
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Fig. S22 Electrostatic surface potential mapped onto a surface of total electron density 

for the YN1 and YN1-T, where regions of negative charge are shown in red and those 

of positive charge are shown in blue.
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Fig. S23 Calculated charge density difference (CDD) maps of the adsorbed systems 

of FAPbI3/YN1 (a) and FAPbI3/SM37 (b) from the top view.
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Fig. S24 Adsorbed configurations, charge accumulation and charge depletion for the 

FAPbI3/YN1 (a, c and e) and FAPbI3/SM37 (b, d and f) systems from the side view.
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Fig. S25 Total density of states (DOS) and projected DOS (PDOS) for the interfacial 

systems of FAPbI3/YN1 and FAPbI3/SM37, respectively.


