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Table S1: A’ cations used in quasi-2D perovskites; studied in this work. 

Name (abbrev) Formula Structure 

n-Propylammonium (PrA) C3H10N 

 
n-Butylammonium (BA) C4H12N 

 
n-Pentylammonium (PA) C5H14N 

 
n-Hexlyammonium (HA) C6H16N 

 
N,N-dimethylphenylene-p-

diammonium (DPDA) 

C8H14N2 

 
Phenyl-ethylammonium (PEA) C8H12N 

 
4-fluoro phenyl-

ethylammonium (f-PEA) 

C8H12NF 

 
3-(aminomethyl)piperidinium 

(3-AMP) 

C6H16N2 

 
4-(aminomethyl)piperidinium 

(4-AMP) 

C6H16N2 

 
 

Table S2: Literature survey of maximum N-phases synthesized and characterized; Ncrit.  

Max N-phase synthesized 

and characterized 

References 

N = 1 1, 2, 3 

N = 2  

N = 3 4,5,6 

N = 4 7, 8, 9, 10, 11, 12, 13, 14, 15 

N = 5 16, 17, 18 

N = 6  

N = 7 19, 20 *see introduction for discussion 
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Table S3: Electrostatic chemo-mechanical model parameters. 

Symbol Value Units Description 

𝑎0 8.799 Å In-plane lattice constants of tetragonal MAPbI3
21 

𝑐0 8.799 Å 

𝑏0 12.688 Å Out-of-plane lattice constant of tetragonal 

MAPbI3 (corresponds to 2 N) 

𝐻0
𝑝𝑣𝑠𝑘

 -6.656 eV/formula unit 
𝑃𝑏(𝑠) +

3

2
𝐼2 +

1

2
𝑁2 + 𝐶(𝑠) + 3𝐻2 → 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 

𝐻0
𝐵𝐴 -3.459 eV/formula unit 

4𝐶(𝑠) +
1

2
𝑁2 +

1

2
𝐼2 + 6𝐻2 → 𝐶𝐻3(𝐶𝐻2)3𝑁𝐻3𝐼 

𝐻0
𝑃𝑏𝐼2 -2.333 eV/formula unit 𝑃𝑏(𝑠) + 𝐼2 → 𝑃𝑏𝐼2 

𝐻0
𝐼2 -2.720 eV/formula unit  

𝐻0
𝐶𝑠 -1.874 eV/formula unit  

𝜀𝑟 12 𝜀0 Average static dielectric constant for MAPbI3 

perovskites with surfaces22  

𝐶11 280 Kbar Calculated bulk elastic constants for MAPbI3 

𝐶12 70 Kbar 

𝐶13 160 Kbar 

𝐶22 330 Kbar 

𝛾0 0.06 eV/Å2 1

2𝐴
(𝐸𝑏𝑢𝑙𝑘 − 𝐸𝑠𝑙𝑎𝑏 − 𝜇𝐶𝑠 + 𝜇𝐼) 

𝑓𝑠𝑠 -0.043 eV/Å2 𝜕𝛾0

𝜕𝜀𝑖𝑝
 

𝜌0  0.1  Gaussian disk spread 

𝑎𝑑𝑖𝑝𝑜𝑙𝑒 6.6 Å BA : BA distance in the (010) plane. 

𝑄𝑑𝑖𝑝𝑜𝑙𝑒 1.0 E Interfacial dipole point charge 

𝐷𝑑𝑖𝑝𝑜𝑙𝑒 2.0 Å Interfacial dipole sheet separation 

𝑈𝑖𝑛𝑡𝑒𝑟𝑑𝑖𝑔𝑖𝑡 -0.138 eV/formula unit 𝐸𝑝𝑒𝑟𝑖𝑜𝑑𝑖𝑐 − 𝐸𝑠𝑙𝑎𝑏 

𝐿𝐵𝐴 5.85 Å Width of BA layer (for determining atomic 

density) 

𝑉0 n/a Å3 Unit cell volume 𝑎0 ∗ 𝑐0 ∗ (𝑁𝑏0 + 𝐿𝐵𝐴) 
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Figure S1. Sample atomistic structures used to extract model parameters. Pb atoms are gray, I 

atoms are purple, Cs atoms are green. a) Bulk perovskite with MA replaced for Cs. b) Symmetric 

‘bare’ slab without any organics. c) BA-adsorbed perovskite symmetric slab. d) Fully periodic 

structure used for calculating 𝑈𝑖𝑛𝑡𝑒𝑟𝑑𝑖𝑔𝑖𝑡. 

 

Figure S2. Calculation of the surface stress from the change in surface energy with in-plane 

strain. 
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Figure S3. a) Component curves for 𝐺𝑚𝑖𝑛 without 𝑈𝐸 included in Δ𝐻𝑚𝑖𝑥. The independent bulk 

formation energy (black) and interfacial energy (blue) combine to give the energy of the ordered 

phases (green). b) Determination of Ncrit without interfacial electrostatic interactions. The N = 1 + 

N = ∞ two-phase mixture is preferred across all compositions. This is determined by drawing tie 

lines between the bulk perovskite phase and all ordered phases, finding the two-phase mixture 

thermodynamically favored over other single-phase compounds.  
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Details of the Chemo-Mechanical Model 

 The perovskite slabs are assembled from the bulk tetragonal structures in Whitfield et al. 

by rotating the c-axis to the b-axis, following the convention in Kepenekian et al.21,23 As discussed 

in Fig. 1 of the main text, the MA cations are replaced with Cs atoms to simulate rotational 

symmetry at 300 K and reduce computational cost. Sample unit cells of the bulk and slab 

geometries are shown in Fig. S1. All parameters and energies are calculated using density 

functional theory (DFT) calculations (Methods for details). 

 The surface energy 𝛾0 is calculated by subtracting the energy of the relaxed slab in Fig. 

S1b from the relaxed bulk energy in Fig. S1a, adjusted for the change in stoichiometry using the 

atomic reference energy of BCC Cs and molecular I2 for the chemical potentials.  

𝛾0 =
1

2𝐴
(𝐸𝑏𝑢𝑙𝑘 − 𝐸𝑠𝑙𝑎𝑏 − 𝜇𝐶𝑠 + 𝜇𝐼) 

where A is the area of the unit cell perpendicular to the surface. The adsorption energy 𝛾𝑎𝑑𝑠 is 

calculated similarly using the unit cells in Fig. S1c and S1b:      

𝛾𝑎𝑑𝑠 =
1

2𝐴
(𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑎𝑑𝑠 − 4𝐸𝐵𝐴) 

The surface stress 𝑓𝑠𝑠 is calculated from the non-adsorbed perovskite slabs by taking the 

slope of a linear fit of the surface energy as function of in-plane strain (
𝜕𝛾0

𝜕𝜀𝑖𝑝

), relative to an equally 

strained bulk sample.24 It was found that addition of the adsorbed molecules did not significantly 

change this relationship. All surface parameters were converged as a function of N and taken from 

symmetric slabs corresponding to N = 5 to minimize surface-surface interactions. The symmetric 

slab approach prevents net dipole moment interactions between periodic images across the vacuum 

space.  

 The elastic energy contribution is calculated via the following: 

𝐸𝐵 =
1

2
(2𝐶11𝜀𝑖𝑝

2 + 𝐶22𝜀𝑜𝑝
2 + 4𝐶12𝜀𝑜𝑝𝜀𝑖𝑝 + 2𝐶13𝜀13

2 ) 

where 𝐶𝑖𝑗  are the bulk elastic coefficients calculated using the finite difference method and 

reported in Table S3. These values are in agreement with other reports.25,26 To account for the 



Supplementary Information 

7 
 

changing atom fraction of the elastic energy contribution with N, 𝐸𝐵 is multiplied by 𝑥𝑝𝑣𝑠𝑘 (main 

text).  

 Finally, all quantities are converted to eV/atom using the N-dependent number of atoms 

per formula unit and the un-strained volume of the supercell 𝑉0. 

Electrostatic Energy of Opposing Interfacial Dipole Arrays 

 

Figure S4. Schematic opposing lattices of point charges arranged to simulate interacting interfacial 

dipoles. The interactions counted in the model are shown using the black connectors; the 𝑖 = 2 : 
𝑖 = 4 interaction is multiplied by 2 by symmetry. 

Following previous works, we show the calculation of the electrostatic energy of two 

opposing dipole lattices.27,28 The electrostatic energy between two parallel uniformly charged 

sheets which are infinitely periodic in their parallel dimensions is zero, while the energetic 

interactions between two individual dipoles at long distances falls off as ~
1

𝑟3, where  𝑟 is the 

distance between the dipoles. For two infinite, parallel, and oppositely oriented point-charge dipole 

lattices, we expect that the electrostatic energy will fall between these limits. We start by solving 

the Poisson equation  

 
∇2𝜙(𝑥, 𝑦, 𝑧) =  −

𝜌(𝑥, 𝑦, 𝑧)

𝜀𝑟
 

(1) 

where 𝜙 is the electric potential, 𝜌 is the charge density, and 𝜀𝑟 is the static permittivity of the 

medium.  Focusing on the N-dependent interaction, we break the dipole arrays into 4 parallel sheets 

of point charge square lattices with periodicity 𝑎𝑑𝑖𝑝, 2 with positive charges and 2 with negative 

charges, such that the total system is charge neutral. We set the 𝑦 dimension to be perpendicular 

to the sheet, consistent with the atomistic convention, so that the total charge density 𝜌(𝑥, 𝑦, 𝑧) =
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 ∑ 𝜎𝑖(𝑥, 𝑧)𝛿(𝑦 − 𝑦𝑖)
4
𝑖=1 , where the index 𝑖 enumerates each individual sheet at position 𝑦𝑖  and 

𝜎(𝑥, 𝑧) is the in-plane charge density. Due to the principle of superposition, we can add the sum 

over sheets back in later and focus on a single sheet for now.  

𝜎(𝑥, 𝑧) is composed of a charge motif which is periodic on the 2D lattice; to account for 

the periodicity, we will express the in-plane charge density as a Fourier series over the reciprocal 

lattice vectors 𝑘⃑  and solve the Poisson equation in Fourier space: 

 𝜎(𝑥, 𝑧) =  ∑ 𝜎̃(𝑘𝑥, 𝑘𝑧) exp(𝑖𝑘𝑥𝑧 ∙ 𝑟𝑥𝑧)
𝑘𝑥𝑧

 
(2) 

 

𝜎̃(𝑘𝑥, 𝑘𝑧) =
1

𝐴
∬ 𝑑𝑥 𝑑𝑧 𝜎(𝑥, 𝑧) exp(−𝑖𝑘𝑥𝑧 ∙ 𝑟𝑥𝑧)

𝑎𝑑𝑖𝑝

2

−𝑎𝑑𝑖𝑝

2

 

(3) 

 
𝜙̃(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) =

𝜌̃(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)

(𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2)𝜀0

=
𝜎̃(𝑘𝑥, 𝑘𝑧) exp(−𝑖𝑘𝑦𝑦𝑖)

(𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2)𝜀0

 
(4) 

Since we want to know the potential in terms of the inter-sheet distance, we transform 𝑘𝑦 back to 

𝑦 using the Cauchy integral formula for a Lorentzian to get the mixed expression 

 
𝜙̃(𝑘𝑥, 𝑦, 𝑘𝑧) =

𝜎̃(𝑘𝑥, 𝑘𝑧) exp(−|𝑦||𝑘⃑ |)

2|𝑘⃑ |𝜀0

 
(5) 

This equation diverges at 𝑘 = 0, i.e. the long wavelength contribution which corresponds to the 

average charge density of the sheet 𝜎0. Since we know that the potential due to a uniform charge 

sheet is linear with distance and proportional to the average charge, we can separate the 𝑘 = 0 

component when substituting for 𝜎̃(𝑘𝑥, 𝑘𝑧). Adding back in the sum over 4 parallel sheets: 

 
𝜙(𝑥, 𝑦, 𝑧) = 𝜙0 −

1

2𝜀0
∑ 𝜎0|𝑦 − 𝑦𝑖|

4

𝑖=1

+ ∑
exp(𝑖𝑘𝑥𝑧 ∙ 𝑟𝑥𝑧)

2|𝑘⃑ |𝜀0𝑘𝑥𝑧≠0

∑ 𝜎𝑖̃(𝑘𝑥, 𝑘𝑧)exp (−|𝑦 − 𝑦𝑖||𝑘⃑ |
4

𝑖=1
) 

 

(6) 

With an expression for the potential, we can then calculate the electrostatic potential energy per 

unit cell of the infinite sheets using the relation 𝑈𝐸 =
1

2
∫ 𝜌𝜙𝑑𝑉
𝑉

=
1

2
∬ 𝑑𝑥 𝑑𝑧 ∫ 𝑑𝑦 𝜌𝜙

𝑎

2

−
𝑎

2

. Writing 

out each term from (6) in this integral: 
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1

2
𝜙0 ∬𝑑𝐴 𝑑𝑦 𝜎(𝑥, 𝑧)𝛿(𝑦 − 𝑦𝑖) =

𝐴

2
𝜙0 ∑ 𝜎0(𝑖)

𝑖
 

−1

4𝜀0
∑ ∬𝑑𝐴 𝑑𝑦 

𝑖,𝑗
𝜎𝑖(𝑥, 𝑧) 𝛿(𝑦 − 𝑦𝑖) 𝜎0(𝑗) |𝑦 − 𝑦𝑗| =  −

𝐴

4𝜀0
∑ 𝜎0(𝑖)

𝑖,𝑗
𝜎0(𝑗)|𝑦𝑖 − 𝑦𝑗| 

1

2
∬𝑑𝐴 𝑑𝑦∑ 𝜎𝑖(𝑥, 𝑧)𝛿(𝑦 − 𝑦𝑖)

𝑖
[∑

exp(𝑖𝑘𝑥𝑧 ∙ 𝑟𝑥𝑧)

2|𝑘⃑ |𝜀0

∑ 𝜎𝑗̃(𝑘𝑥 , 𝑘𝑧) exp(−|𝑦 − 𝑦𝑗||𝑘⃑ |)
𝑗𝑘𝑥𝑧≠0

] 

=
1

4𝜀0

∬𝑑𝐴 𝑑𝑦 ∑ ∑
𝜎𝑖(𝑥, 𝑧) exp(𝑖𝑘𝑥𝑧 ∙ 𝑟𝑥𝑧)

|𝑘⃑ |𝑖𝑘𝑥𝑧≠0

 ∑ 𝜎(𝑘𝑥 , 𝑘𝑧)𝛿(𝑦 − 𝑦𝑖) exp(−|𝑦 − 𝑦𝑗||𝑘⃑ |)
𝑗

 

= 
1

4𝜀0

∬𝑑𝐴 𝑑𝑦 ∑ ∑ 𝜎𝑖̃(𝑘𝑥, 𝑘𝑧)
∗𝜎𝑗̃(𝑘𝑥 , 𝑘𝑧)

𝑖,𝑗𝑘𝑥𝑧≠0

 𝛿(𝑦 − 𝑦𝑖)
exp(−|𝑦 − 𝑦𝑗||𝑘⃑ |)

|𝑘⃑ |
 

=
𝐴

4𝜀0
∑ ∑ 𝜎𝑖̃(𝑘𝑥, 𝑘𝑧)

∗𝜎𝑗̃(𝑘𝑥 , 𝑘𝑧)
𝑖,𝑗𝑘𝑥𝑧≠0

exp(−|𝑦𝑖 − 𝑦𝑗||𝑘⃑ |)

|𝑘⃑ |
 

Adding the final right hand side terms together gives the total electrostatic energy expression: 

 
𝑈𝐸 =

𝐴

2
[𝜙0 ∑ 𝜎0(𝑖)

𝑖
−

1

2𝜀0

∑ 𝜎0(𝑖)
𝑖,𝑗

𝜎0(𝑗) |𝑦𝑖
− 𝑦

𝑗
|

+
1

2𝜀0

∑ ∑ 𝜎𝑖̃(𝑘𝑥, 𝑘𝑧)
∗𝜎𝑗̃(𝑘𝑥, 𝑘𝑧)

𝑖,𝑗𝑘𝑥𝑧≠0

exp (− |𝑦
𝑖
− 𝑦

𝑗
| |𝑘⃑ |)

|𝑘⃑ |
] 

 

(7) 

This expression rapidly simplifies for the desired case of opposing dipole sheets. The first 

term related to the potential integration is zero since the system is overall charge neutral (sum of 

the sheet averages = 0). The second term (linear term due to the average density) also drops out 

because the dipole sheets are oriented opposite and parallel to each other, with equal charge – this 

is the same result of zero potential for uniform and equally charged sheets. In the last term, we 

select only some of the summations over sheet indexes 𝑖  and 𝑗 . When 𝑖 = 𝑗 , the energetic 

contribution corresponds to the self-energy of assembling that charge sheet; in our model, this is 

captured by the surface energy. Since we are only interested in cross-surface interactions, we 

neglect terms with 𝑖 = 𝑗. We also neglect terms with neighboring 𝑖, 𝑗, since the formation of the 

surface dipole is also accounted for by the surface energy. We neglect other periodic interactions 

in the 𝑦 direction because these are accounted for in the interdigitation energy. Next, since the sum 
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is symmetric about interchange of 𝑖, 𝑗, we can extract a factor of 2 such that the total interacting 

sheet energy is: 

 
𝑈𝐸 =

𝐴

2𝜀𝑟
∑ ∑

𝜎𝑖̃(𝑘𝑥, 𝑘𝑧)
∗𝜎𝑗̃(𝑘𝑥, 𝑘𝑧)

|𝑘⃑⃑ |𝑖<𝑗𝑘𝑥𝑧≠0

exp (− |𝑦𝑖
− 𝑦

𝑗| |𝑘⃑⃑
 |) 

(8) 

In order to evaluate 𝜎̃ , we must choose a charge motif for the sheet. To avoid divergences 

associated with infinitesimal point charges and ensure the periodic component is separable from 

the perpendicular dimension, we choose a normalized 2D Gaussian disk 𝜎(𝑥, 𝑧) =

𝑄

2𝜋𝑑2
exp (−

𝑥2+𝑧2

2𝜌0
2 ) containing total charge 𝑄 and extent 𝜌0, 𝜌0 ≪ 𝑎𝑑𝑖𝑝. Then, 

𝜎̃(𝑘𝑥, 𝑘𝑧) =
𝑄

𝐴
exp (−

(𝑘𝑥
2 + 𝑘𝑧

2)𝜌0
2

2
) 

Finally, the energy 𝑈𝐸 is converted from the fictitious dipole unit cell to eV/atom by dividing by 

the volume of the dipole unit cell 𝐴|𝑦𝑖 − 𝑦𝑗| and then the atomic density of the atomic unit cell 

corresponding to one dipole unit cell. In practice, the expressions for 𝜎̃ and 𝑈𝐸  are evaluated 

numerically using the discrete fast fourier transform (FFT) functions available in SciPy and 

converged to appropriate grid resolutions. 
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