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Calculation of the formation energy (∆Hform) 

Formation energy, a crucial factor of the chemical and thermodynamic stability of 

materials, has been widely applied.1 The negative formation enthalpy indicates that 

these 2D perovskites can be spontaneously synthesized under specific experimental 

conditions, as evaluated by the average formation energy on per chemical unit:2 

∆𝐻𝑓𝑜𝑟𝑚 =
𝐸(𝐴𝐸𝑚𝑇)𝐶𝑠𝑛−1𝑃𝑏𝑛𝐼3𝑛+1

− 𝐸(𝐴𝐸𝑚𝑇)𝐼2
− 𝑛𝐸𝑃𝑏𝐼2

− (𝑛 − 1)𝐸𝐶𝑠𝐼

𝑛
 

where 𝐸(𝐴𝐸𝑚𝑇)𝐶𝑠𝑛−1𝑃𝑏𝑛𝐼3𝑛+1
, 𝐸𝑃𝑏𝐼2

 and 𝐸𝐶𝑠𝐼 are the energies of bulk (AEmT)Csn-

1PbnI3n+1, PbI2 and CsI, and 𝐸(𝐴𝐸𝑚𝑇)𝐼2
 is the energy of gas phase (AEmT)I2. When 

calculating the energy of gas phase molecules, it is necessary to establish large periodic 

cells to avoid interplays between neighboring molecules. 

Work function (𝝓) 

The work function (𝜙) represents the minimum energy required for an electron to 

escape from its surface to the vacuum, significantly influencing the quantum efficiency 

(QE) of a photocathode.3,4 To compare the changes in energy level positions, we aligned 

the work function of OSiPs relative to the vacuum level to determine ionization energy 

and the overall band edge positions.5 The calculated 𝜙 can be described as 

𝜙 = 𝐸𝑣𝑎𝑐𝑢𝑢𝑚 − 𝐸𝐹𝑒𝑟𝑚𝑖 

where 𝐸𝑣𝑎𝑐𝑢𝑢𝑚 and 𝐸𝐹𝑒𝑟𝑚𝑖 are the vacuum energy level and Fermi energy of the 

material, respectively.6  
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Fig. S1. Fingerprint plots with the density distribution of each vertex on the Hirshfeld 

surface of L-(AE2T)PbI4 and X-(AE2T)PbI4. 

 

Fig. S2. Front and side views of L-parallel-type OSiPs in AE1T (a) L-(1T1)PbI4, (b) L-

(1T2)PbI4, and AE2T series (c) L-(2T1)PbI4, (d) L-(2T2)PbI4 before and after geometry 

optimization, selected for stacking arrangements. 
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Fig. S3. Front and side views of L-parallel-type OSiPs in AE3T series (a) L-(3T1)PbI4, 

(b) L-(3T2)PbI4, (c) L-(3T3)PbI4, and a supplementary (d) L-(4T3)PbI4 before and after 

geometry optimization, selected for stacking arrangements.  

 

 

Fig. S4. Front and side views of X-herringbone-type OSiPs (a) X-(1T2)PbI4, (b) X-

(2T2)PbI4, (c) X-(3T2)PbI4, and a supplementary (d) L-(4T3)PbI4 before and after 

geometry optimization. 

The thiophene rings within each AEmT (m=1-3) moiety are coplanar and adopt the 

“all-anti” configuration. To be consistent with the quaterthiophene molecule in 

experiments, AE4T adopts a “syn-anti-syn” configuration.7 Additionally, to ensure 

compatibility with the structures of single-crystal X-ray analysis, L-(2T2)PbI4, X-
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(2T2)PbI4, L-(4T3)PbI4, and X-(4T3)PbI4 were optimized based on their experimental 

structure.7,8 Since the stacking arrangements of AE4T series OSiPs have been firmly 

established, only their orientations were adjusted as a supplementary investigation, as 

depicted in Fig. S3(d) and S4(d). For the remaining series of polymorphs, for which 

crystal structures have not yet been experimentally obtained, the unit cells were 

approximated from similar thiophene derivatives by adjusting the organic cations and 

inserting or deleting the additional thiophene molecules.9 “L” or “X” refers to the 

parallel or herringbone arrangement of molecules, respectively, which dictated the 

stacking arrangement of the organic ligands when their orientation along the b-axis 

differed. Moreover, the flexible ethylammonium tethering groups linking the 

perovskite layers through hydrogen bonding allowed for the possibility of these two 

types of polymorphs. Consequently, these OSiPs could be synthesized under 

controllable conditions. 
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Fig. S5. The formation enthalpies of OSiPs in (a) 8 distinct stacking arrangements of 

L-parallel polymorph structures and partially experimentally resolved structures 

(blocks with diagonal lines) at n=1. (b) all the candidate OSiPs and partially 

experimentally resolved structures (blocks with diagonal lines) at n=1. Experimental 

OSiPs (x-ray diffraction) come from recently reported (AE2T)PbI4
8 and 

(AE4T)PbI4.
7,10 We identified the L-parallel stacking arrangement of OSiPs and 

selected the candidates with the lowest formation enthalpy, then altered their orientation 

to form the X-herringbone-type OSiP. 
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Fig. S6. The energy fluctuation and structural variation of (a)L-(1T2)PbI4 (n=1), (b)X-

(1T2)PbI4 (n=1) during Ab initio molecular dynamics (AIMD) simulation of 5 ps under 

300 K. 
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Fig. S7. Analysis of intermolecular interactions of the optimized L-(AE4T)PbI4 and X-

(AE4T)PbI4. (a) Green IGM isosurface maps (isosurface = 0.005 a.u.) between the 

central molecule and its eight neighboring molecules, the size of IGM isosurface maps 

represents the strength of intermolecular interactions. (b) Single green IGM isosurface 

maps (isosurface = 0.005 a.u.) and 2D Hirshfeld surface analyses for two independent 

adjacent face/edge-to-face molecules. (c) 3D Hirshfeld surface analysis for central 

AE4T within OSiPs colored by electron density. (d) The enumerated main contact areas 

between inside-outside interplays in L-(AE2T)PbI4, X-(AE2T)PbI4, L-(AE4T)PbI4, 

and X-(AE4T)PbI4, respectively. 
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Fig. S8. Charge density differences of AE1T series OSiPs calculated by the formula, 

∆𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑙𝑖𝑔𝑎𝑛𝑑𝑠 − 𝜌𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑙𝑎𝑦𝑒𝑟𝑠, where 𝜌 is the total charge density. 

(a)L-(1T2)PbI4 (n=1), (b)X-(1T2)PbI4 (n=1), (c)L-(1T2)Cs2Pb3I10 (n=3), and (d)X-

(1T2)Cs2Pb3I10 (n=3). The yellow part indicates charge accumulation, while the cyan 

part represents charge depletion. 
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Fig. S9. Projected density of state (PDOS) of s, p orbitals of Pb, I, S and the p orbital 

of C in conjugated π bonds in AE2T series of OSiPs. (a)L-(2T2)PbI4, (b)X-(2T2)PbI4, 

(c)L-(2T2)Cs2Pb3I10, and (d)X-(2T2)Cs2Pb3I10. 

 

Fig. S10. Orbital-resolved crystal orbital Hamilton populations (COHP) analysis for 

Pb-I interplays of (a)L-(2T2)PbI4, (b)X-(2T2)PbI4, (c)L-(2T2)Cs2Pb3I10, and (d)X-

(2T2)Cs2Pb3I10. The positive and negative sign indicates the bonding and anti-bonding 

characters, respectively. 
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Fig. S11. Calculated frontier molecular orbital profiles of (a)L-(2T2)PbI4 (HOMO), 

(b1)(b2)X-(2T2)PbI4 (HOMO and HOMO-1), (c)L-(2T2)Cs2Pb3I10 (HOMO), and 

(d1)(d2)X-(2T2)Cs2Pb3I10 (HOMO and HOMO-1). 
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Fig. S12. The frontier bands with respect to the vacuum level of (a)inorganic (light blue 

background) and (b)organic (light pink background) layers within OSiPs, respectively. 

Optical absorption spectra of (c)out-of-plane and (d)in-plane for monolayer OSiPs, 

respectively. 
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Table S1. Calculated bandgaps   

 HSE+SOC SOC PBE HSE+SOC SOC PBE 

 n=1 n=1 n=1 n=3 n=3 n=3 

L-(1T2)PbI4 2.6653 1.1186 1.8391 2.3439 0.8258 1.6478 

X-(1T2)PbI4 2.7930 1.2427 1.9239 2.2432 0.7844 1.6035 

L-(2T2)PbI4 2.3326 1.1553 1.7323 2.3010 0.8095 1.6410 

X-(2T2)PbI4 2.4929 1.1126 1.7965 2.3234 0.7701 1.5870 

L-(3T2)PbI4 2.1404 0.9859 1.4186 1.9838 0.8471 1.4089 

X-(3T2)PbI4 2.2560 1.0005 1.4528 2.0492 0.7869 1.5547 

L-(4T3)PbI4 1.9917 0.9931 1.5011 1.8920 0.7576 1.4738 

X-(4T3)PbI4 2.1514 1.0655 1.6204 2.0326 0.7871 1.6218 

 

Table S2. Calculated effective masses for 6 selected OSiPs with SOC. The higher hole 

effective masses mainly contributed from the small band dispersion of molecular 

components. 

 Effective mass at band edges 

 me* mh* 

L-(1T2)PbI4 0.303 0.257 

L-(2T2)PbI4 0.293 5.140 

L-(3T2)PbI4 0.200 5.604 

X-(1T2)PbI4 0.260 0.256 

X-(2T2)PbI4 0.278 0.528 

X-(3T2)PbI4 0.144 5.734 
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