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Figure S 1: The dynamic interactions between spacer cations and inorganic framework. (a)
Schematic of distances among N of NH; group of the spacer cation and equatorial iodine
atoms of the inorganic slab. (b) Histograms of N—I distances for 2D-perovskites. The
distance distribution histograms shows short N...I instantaneous distances (< 3 A) in the
DJ-phase perovskite.
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Figure S 2: Comparison between experimentally reported and computationally calculated
Pb...Pb distances. The experimental values are extracted from reported X-ray diffraction
data of (BA),Pbl,,' (PEA),PbI,,? and (3AMP)PbI,*. We calculate the time averaged
distances between nearest Pb atoms of the inorganic framework for these 2D perovskites
from AIMD trajectories. Experimental and computational Pb...Pb distances are consistent
for all three 2D perovskites. The expansion of lead iodide framework due to bulky 3AMP
spacer cations is evident from longer averaged Pb...Pb distance for (3 AMP)Pbl,.



S1. Dynamic Pb-I distances

Due to the dimensionality of the perovskite framework, there are two geometrically dis-
tinct Pb-I bonds, that are, axial and equatorial bonds (Fig. S3a) in 2D-perovskites. In Fig.
S3b-c, plotted histogram of both types of Pb-I bond lengths exhibit similar mode values
3.17-3.20 A for all three 2D-perovskites. Overall Pb-I distribution is marginally broad for
DJ-phase perovskite compared to RP-phase ones. We also find that the axial Pb-I bonds
are more broadly distributed compared to the equatorial bonds for all three 2D-perovskites
(see Fig. S3d for representative (3 AMP)PbI,). Due to the bonding with only one Pb, axial
iodine atoms are free to thermally fluctuate compared to equatorial iodine sites that are
bonded to two Pb atoms. Different chemical bonding consequently results in slightly dissim-
ilar thermal fluctuations in axial and equatorial Pb-I bond lengths. The Pb-I distributions
in Fig. S3b-d are non-Gaussian in nature, clearly demonstrating the significant anharmonic
character of lead-iodide based inorganic frames in these 2D-perovskites. Similar anharmonic-
ity of metal halide bonds in 3D-perovskites has been widely discussed.*” Our unconstrained
AIMD generated structural trajectories successfully capture this vital character of the Pb-I
frames, which dominantly controls the charge carrier dynamics in these halide perovskites.®
To conclude, the overall distribution of Pb-I bonds are very similar for RP- and DJ-phase

2D-perovskites.
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Figure S 3: Pb-I bond length distributions in 2D-perovskites. (a) Schematic of the equatorial
and axial Pb-I bonds in 2D-perovskites. Distribution of (b) equatorial and (c) axial Pb-I bond
lengths over time for (BA),Pbl,, (PEA),Pbl,, and (3 AMP)PbI,. (d) The distribution of
axial and equatorial Pb-I bonds in (3 AMP)Pbl,. We consider the DJ-phase perovskite as the
representative system. Note that, RP-phase perovskites also exhibit similar Pb-I distribution
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characteristics. Solid lines in (b-d) are fitted by beta-function to the distributions.




Figure S 4: Schematic of distances among H atoms of NH; group of the spacer cation and
equatorial iodine atoms of the inorganic slab.



S2. Effect of Non-covalent Interactions on Equatorial Iodide Site

The hydrogen-bond formation between H of NH; groups and equatorial iodide sites can
affect the thermal motions of the acceptor sites. Note that, the spacer cation induces in-plane
expansion of the Pbl-slab, leading one to expect higher thermal fluctuations of equatorial
iodide sites in 3AMP-based perovskites. However, hydrogen bonding formation can partially
suppress their dynamical activities. To quantitatively verify, we calculate the root-mean
square fluctuations (RMSF) of the equatorial iodide sites for (3 AMP)Pbl, and (BA),Pbl,.
The higher the RMSF of a lattice-site, the more spatial fluctuations are expected for this site.
The evaluated RMSF for (3 AMP)PbI, and (BA),Pbl, are 0.55 A and 0.88 A, respectively.
The smaller RMSF unambiguously depicts the reduced motion of the equatorial iodine atoms
in the DJ-phase perovskite, originating from the stronger non-covalent H...I interactions.
Thus, higher intrusion depth of NH; and consequent formation of stronger non-covalent H...I

interactions partially suppress the thermal motions of equatorial iodides in (3 AMP)Pbl,.
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Figure S 5: Electronic structures of 2D-perovskites.  Partial density of states for
(a)(BA),Pbl,, (b) (PEA),Pbl,, and (c¢) (3AMP)Pbl,. The electronic structures are cal-
culated using PBE-GGA+SOC level of theory.

Table S 1: The standard deviation (stdv) of band edge state fluctuations along AIMD
trajectories of 2D-perovskites. The values are calculated from PBE based simulations.

Perovskites ~ Standard deviation in VBM (eV) Standard deviation in CBM (eV)

(BA),PbI,  0.10 0.08
(PEA),PbI,  0.90 0.11
(3AMP)PbI, 0.90 0.07
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Figure S 6: The electronic charge densities of (a) CBM and (b) VBM for (BA),Pbl,. And
(c) CBM and (d) VBM charge densities for (PEA),Pbl,. The band edges are delocalized
over the Pbl-framework. The electronic structures are calculated using PBE+SOC level of
theory.
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Figure S 7: Electronic charge density of the VBM for (BA),Pbl,. Color code: blue and red
depict 0 and 0.000125 eA3. The white dotted lines indicate the Pb-I covalent bonds. The
electronic structures are calculated using PBE-GGA+SOC level of theory.
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Figure S 8: Comparison of conduction band dispersion curves along the stacking axis for (a)

(BA),Pbl,, (b) (PEA),Pbl,, and (c¢) (3 AMP)PbI,. Almost flat band dispersion suggests
weak interaction of CBM band along the stacking direction.
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Figure S 9: The histogram distribution of PBE-GGA+SOC electronic band gaps along the
AIMD trajectories for 2D-perovskites. We have considered 100 snapshots of structures that
are equally spaced in time to calculate the electronic band gap distributions.



Figure S 10: Effect of the SOC in instant band edge charge densities. The instant (a)
VBM and (b) CBM charge densities for the time steps with highest NAC (i.e. 0.0084 eV)
in (BA),Pbl,. The instant (c) VBM and (d) CBM charge densities of (3 AMP)Pbl, at the
snapshot of time with the highest NAC (0.0056 eV). The band edge charge densities remain
mostly unchanged with incorporation of SOC corrections in the charge density calculation.
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Figure S 11: Low-frequency vibrational modes of 2D perovskites. The total vibrational
density of states (vDOS) of (BA),Pbl, (upper panel), (PEA),Pbl, (middle panel), and
(3 AMP)Pbl, (lower panel). As assigned by Balaji et al.,? the peaks < 50 cm™ arise from
Pb-I bending and rocking modes. In the frequency range of 60-150 cm™, the Pb-I stretch-
ing modes appear. We calculate the vDOS by performing Fourier transformation of the
mass-weighted velocity auto-correlation function obtained from AIMD simulations. TRAVIS
program package has been used to calculate vDOS. "
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S3. Influence Spectra for 2D-perovskites

To reveal the virbational modes of the system that participate in the energy dissipation
during the non-adiabatic transitions we compute the phonon influence spectra. They are
obtained by performing performing Fourier transformation of the band gap autocorrelation
function. Details of the computational formulation can be found elsewhere.!* '3 The peaks
in the spectra reveal the vibrational modes of the system that participate in the energy
dissipation during the non-adiabatic transition.

The low-frequency peaks at the range of 0 - 150 cm™ dominantly appear from Pb-I
framework as we discuss in the main text.? Here, we evaluate the origin of the peaks that
are at higher frequency range 150-400 cm™ and appear from the molecular vibrations coupled
to the lattice dynamics of the inorganic layer. We calculate the vibrational spectra for gas-
phase spacer molecules to understand the modes that actively contribute to the non-radiative
energy losses in 2D-perovskites. As shown in Fig. S12a, for BA in (BA),Pbl,, the rocking
mode of -NH; group contributes the intense peak at 243 cm™. We assign the peak at 342
cm™ which is common for all three spacer cations to the scissoring (bending) mode of cation
framework (Fig. S12b). For PEA, we assign rocking modes of -CH,NH; group to the peak at
263 cm™ (Fig. S12¢). The peak at 342 cm™ for PEA appears from complex bending modes
of -CH,CH,NH, group. For (3 AMP)PbI,, the intense 201 cm™ peak assigns to the rocking
mode of -NH; group of 3AMP molecule (Fig. S12e). Whereas, the scissoring (bending) mode
of 3AMP produces the peak at 342 cm™ (Fig. S12f).
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Figure S 12: Low-frequency molecular vibrational modes of spacer cations. Vibrational
modes of BA cation at (a) 243 cm™ and (b) 342 cm™. The modes of PEA cations at (c) 263
cm™ and (d) 342 cm™. The modes of 3AMP at (e) 200 cm™ and (f) 342 cm™. Green arrows
represent the direction of atomic displacements in a particular vibrational mode.
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S4. Elastic electron-phonon interactions

We calculate the pure-dephasing functions using the second-order cumulant approxi-
mation of the optical response theory to understand the elastic electron-phonon interac-
tions. 14716 In Fig. S13, the plotted pure-dephasing functions show marginally faster decoher-
ence of VBM-CBM states for (BA),Pbl, and (PEA),Pbl, compared to that for (3 AMP)PbI,.
We calculate the dephasing time (7) for each system by fitting the obtained function to a
single-Gaussian function having the form of f(t) = exp(-(t/7)?/2).17 The dephasing times as
listed in Table 1 of main text, are very similar for all three 2D-perovskites. Slightly faster
dephasing in RP-phase perovskites originate from their higher extent of thermal fluctuations

compared to DJ-phase perovskite.
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Figure S 13: Influence of spacer cations in elastic electron-phonon interactions in 2D-

perovskites. The decay time of pure-dephasing functions for the VBM-CBM transition in
(BA),Pbl,, (PEA),Pbl,, and (3 AMP)Pbl,.
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S5. Calculating the electron-hole recombination time

We employ short-time linear approximation to model the exponential increase of the re-

combined charge population in the ground state of the 2D perovskites. This further evaluates

the electron-hole nonradiative recombination time across the electronic band gap (see Fig.

ba, main manuscript). The non-radiative recombination time (7) can be simulated by fitting

the population increase to the following equation,

g(t) =1 -exp (-t/7)

Similar function has been applied already to calculate the carrier recombination time in

halide perovskites.!®
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