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Figure S1. Chemical structure of the diamines used in for the synthesis of Pb-Cl perovskites.
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Figure S2. XRD powder patterns (red) of a) (1,3-PDA)PbCly, b) (1,3-XDA),PbClg, c) (1,4-PDA)Pb,Clg, d)
(1,4-XDA)PDbCI, superimposed to the calculated patterns from SC-XRD (blue) after exposing the samples to
laboratory air for one week.
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Materials and methods

Synthesis

Single crystals of (1,3-PDA)PbBry, (1,4-PDA)PbB1,, (1,3-XDA)PbBr,; and (1,4-XDA)PbBr, were
grown by dissolving a proper amount of lead(II) acetate powder in a large excess of 48% w/w aqueous
HBr and 50% w/w aqueous H3;PO,, heating the mixture to boiling point. After the solid dissolution,
the stoichiometric amount of the solid diamine (liquid for the 1,3-XDA) was added. The crystals

formation was obtained by a slow cooling down to room temperature at 2°C h-l.

Single crystal and powder X-ray diffraction

Single crystal data collections (A = 0.71073 A) were performed using a Bruker D8 Venture with Cu
and Mo microfocus X-ray sources and PHOTON II detector with Bruker APEX3 program. The
Bruker SAINT software! was used for integration and data reduction, while absorption correction
was performed using SADABS-2016/22. Crystal structures (CCDC) were solved and refined using
SHELXT 2014/5 and SHELXL 2018/334,

Photoluminescence and Absorption measurements

Photoluminescence: PL measurements were performed by means of a NANOLOG FL3-2iHR
spectrofluorometer, Horiba Scientific, equipped with a 450W Xenon lamp as excitation source and
an 1HR320 triple-grating turret spectrometer as excitation monochromator. A single channel
photomultiplier tube was used as detector.

Absorption: RS spectra  were  acquired in  the  wavelength range  300-
800 nm directly on the powders by using a Jasco V-750 spectrophotometer, equipped with an
integrating sphere (Jasco ISV-922).

Computational Details

Geometry optimization of all structures, both in the ground state and in triplet state, have been
performed using the freely available CP2K software package, using the hybrid exchange-correlation
functional PBEO with 0=0.25, including van der Waals interactions with the DFT-D3 scheme with
Becke-Johnson damping.”>~® Kohn-Sham orbitals are expanded in a double-zeta basis set (DZVP-
MOLOPT) in combination with the norm-conserving Goedecker-Teter-Hutter (GTH)
pseudopotentials, and a cutoff of 300 Ry for expansion of the electron density in plane waves.®!? The
auxiliary density matrix method with the cFIT auxiliary basis set was applied to accelerate the

optimization of ionic positions within hybrid functional calculations.!!
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Emission energies of the optimized geometries were refined using the PBEO functional with o= 0.25,
including spin-orbit coupling (SOC), and DFT-D3 dispersion corrections within the Quantum
Espresso package to correct for spin-orbit coupling effects due to the heavy Pb ions.>!? We used full
relativistic norm-conserving pseudopotentials (Pb, 22 electrons, 5s2, 5p°, 5d'9, 6s2, 6p?; Cl, 7 electrons,
3s2, 3p>; Br, 7 electrons, 4s2, 4p>; N, 5 electrons, 252, 2p3; C, 4 electrons, 2s2, 2p%; H, 1 electron, 1s!)
with a cutoff on the wave functions of 40 Ry and 80 Ry on the Fock grid.

Defect formation energies (DFE) and thermodynamic ionization levels (TIL) were calculated as

follows:
DFE[XY] = E[X%] — E[prist] — Y np + q(Bypu + Ep) + B~ ()
i
, DFE[X9] — DFE[XY] ()
TIL[q/q'] = 7 —q

where E[X1] is the energy of the defective supercell with defect X in charge state ¢, E[prist] is the
energy of the pristine supercell, n; and y; are the number and chemical potential of the added and
subtracted species, respectively, Eygy and Ep are the valence band energy and the Fermi energy,
respectively, and E9,,,. are electrostatic potential corrections due to the finite size of the supercell.!3:14
Electrostatic finite-size effects have been accounted for using the Freysoldt-Neugebauer-Van de
Walle approach as implemented in the sxdefectalign code.!’

Static dielectric constants were obtained using the density functional perturbation theory (DFPT) in
the Vienna ab initio simulation package (VASP), with PBE exchange-correlation functional and the
projector-augmented wave (PAW) method using a 300 eV plane-wave cutoff and converged k-space

sampling for each compound based upon a tightly converged electronic wavefunction (within 1078

e\/).16719

Table S1. Static dielectric constants for the bromide and chloride perovskite compounds from DFPT based on
the PBE level of theory.

Compound Static Dielectric Constant
(1,3-PDA)PbBr4 14.0

(1,4-PDA)PbBr, 10.9

(1,4-XDA)PbBr,4 8.1

(1,3-PDA)PbCly 12.7
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(1,3-PDA)Pb,Clg 12.6
(1,3-XDA),PbCly 6.2
(1,4-XDA)PbCly 6.0
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Figure S3. Projected density of states (pDOS) for investigate bromine-based 2D perovskites in the electronic

ground state at PBEO level of theory with 0=0.25. The color code for all curves is given in the legend of panel
a.
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Figure S4. Projected density of states (pDOS) for investigate chlorine-based perovskites in the electronic

ground state at PBEO level of theory with a=0.25. The color code for all curves is given in the legend of panel
a.

Figure S5. Visualization of lowest unoccupied molecular orbital (LUMO) for the 0D-perovskitoid (1,3-
XDA),PbCls. The LUMO is delocalized along the 1,3-XDA cations, as expected from the pDOS, Figure Slec.
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Table S2. Experimental band gap and theoretical band gap energies calculated on the PBEO level of theory in
units of eV.

Perovskite Exp. gap | Theor. gap
(1,3-PDA)PbBr4 ~3 4.11
(1,4-PDA)PbBr,4 ~3 4.14
(1,4-XDA)PbBr4 ~3 4.09
(1,3-PDA)PbCly 3.53 4.53
(1,4-PDA)Pb,Clg 3.92 5.30
(1,3-XDA),PbCl, 3.87 5.66
(1,4-XDA)PbCly4 3.51 4.69
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