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to three-dimensional perovskites in solar energy and optoelectronic applications due to
increased chemical stability afforded by interlayer ligands. At the same time, the ligands
create barriers for interlayer charge transport, reducing device performance. Using a
recently developed ab initio simulation methodology, we demonstrate that ligand
fluorination can enhance both hole and electron mobility by 1—2 orders of magnitude.
The simulations show that the enhancement arises primarily from improved structural

. ]
order and reduced thermal atomic fluctuations in the system rather than increased ‘ ‘ NHs*
» »
F

ABSTRACT: Two-dimensional lead-halide perovskites provide a more robust alternative ©/\ NH*

enhanced stability
.............................. smaller reorganization
faster charge transfer

interlayer electronic coupling. Arising from stronger hydrogen bonding and dipolar

interactions, the higher structural stability decreases the reorganization energy that enters

the Marcus formula and increases the charge transfer rate. The detailed atomistic insights

into the electron and hole transfer in layered perovskites indicate that the use of interlayer ligands that make the overall structure
more robust is beneficial simultaneously for chemical stability and charge transport, providing an important guideline for the design
of new, efficient materials.

KEYWORDS: metal halide perovskites, two-dimensional, Marcus theory, charge transport, reorganization energy,
electron-vibrational interactions, solar energy, optoelectronics

1. INTRODUCTION iodine polyhedron, there are two interacting organic spacers,
represented by A.

Although 2D perovskites are more stable compared to their
3D counterparts, they trail behind in terms of power
conversion efficiency (PCE) with recorded PCEs exceeding
18% and 25% for 2D perovskites’ and 3D perovskites,®
respectively.

The organic spacers act as insulators between the inorganic
layers, helping to improve the stability of the structures but
hindering the charge transfer processes by confining the
charges to the inorganic layers and making out-of-plane charge
transfer less efficient.” One of the most prominent challenges
in designing efficient 2D perovskites is overcoming this
isolation of charges in order to create systems that favor
charge mobility. The goal can be achieved by tuning the
properties of the organic spacers.”

The addition of fluorine in the organic spacers of 2D
perovskites can be used to enhance charge mobility and
hopping rates.”” Fluorine is a good candidate to control the

Understanding charge transfer processes in two-dimensional
(2D) perovskites is vital for their development and applications
in optoelectronic and photochemical systems. Perovskites have
been widely studied for applications in solar cell, light-emitting
diodes, detectors, etc.'™ 2D perovskites, specifically, have
gained interest over the past years due to their tunable
bandgap and increased stability compared to their three-
dimensional counterparts.* A 2D perovskite is made by
inserting bulky organic spacers between singular inorganic
crystalline layers. Lead-halide compounds constitute the most
popular choice of crystals. 2D perovskites can be categorized
into either Ruddlesden—Popper (RP) or Dion-Jacobson (DJ)
perovskites, the former having a monovalent cation and the
latter containing a divalent cation.'

The general formula for a 2D perovskite is A,,;B,X3,,1,
where A is the organic spacer, B is the cation in the perovskite
crystal (lead), and X is the anion, e.g, iodine. The subscript
variable n corresponds to the number of octahedral layers in
the crystal. In the case of a 2D perovskite, n is a small integer.

. mAPPLlED&M‘
The general 2D perovskite formula may be rewritten to Received: ~ October 16, 2024
describe an RP perovskite, A)A;_;B,X;,,; where A’ is the small, Revised:  December 4, 2024
monovalent cation that resides between adjacent inorganic Accepted:  December 10, 2024

layers." In the case of a single-layer crystalline structure, n = 1, Published: December 16, 2024

there are no adjacent inorganic layers, and hence, no
monovalent cations are present. Furthermore, for each lead—
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electronic properties of the perovskite due to its relatively small
size and high electronegativity. The high electronegativity acts
to withdraw charge density from the polyhedral-facing tail,
inducing charge transfer away from the inorganic polyhedral
and toward the adjacent organic spacer layer. It has been
reported that the inclusion of fluorine in an organic spacer
increases the dipole moment when placed opposite to that of
the positive NH;" group.'”"" Fluorine is also reported to
enhance and shorten hydrogen bonds, increasing orbital
overlap and providing better opportunity for charge transfer
to occur between layers.'”'” The stronger hydrogen bond
increases the electronic coupling between layers.

Various fluorinated organic spacers have been 3proposed,
such as substituted phenethylammonium (PEA),'>"” aromatic
formamidine,'* azetidine,'> and PTMA,'® to name a few
researched spacers that have led to PCEs as high as 19%. One
of such organic spacers is fluorinated benzylammonium (F-
BZA) which contains a fluorine atom at the para-position of
the benzene ring. In synthesizing this structure, fluorine slows
crystal growth, allowing the system to align itself vertically
therefore changing the orientation of the charge transport. The
addition of the fluorine atom increases the PCE by 35%
compared to the unsubstituted benzylammonium (BZA) based
perovskite.”®

Vertical (out-of-plane) transport, as reported in various 2D
perovskites,' """ is relevant in photovoltaic applications.
The out-of-plane charge transfer allows charges to travel across
the organic spacers and therefore between layers.”” The
interlayer transport improves the photovoltaic and optoelec-
tronic properties of the 2D perovskite.”'

Boeije et al.'” studied the significance of electronically active
versus inactive spacers, in particular, comparing Cz-C; and PEA
molecules, respectively. The electronically active spacer
increased the interlayer coupling and the out-of-plane char%e
mobility compared to its inert counterpart. Zhang et al.'”
studied the PEA spacer further, including a fluorinated version
which improves charge transfer through optimizing the vertical
electronic coupling between the crystal layers.

Theoretical investigations are a powerful tool in studying
electronic structure, atomistic dynamics and quantum
electronic dynamics at a molecular level. Various researchers
have examined the electronic properties of 2D perovskites
using density functional theory (DFT)'”'* paired with
experimental results, including measurements via scanning
electron microscopy and conductive atomic force micros-
copy,”” and current density—voltage (J—V) measurements.”**
There are few ab initio quantum dynamics studies of charge
transfer in 2D perovskites,'>**~*” indicating a need for more
in-depth theoretical analyses to better understand the charge
transport mechanisms in the 2D perovskites.

In this work, we report a detailed atomistic investigation of
charge transfer processes in 2D perovskites. By applying the
recently developed ab initio approach'® combining the
projection operator diabatization method, molecular dynamics
simulations, and Marcus theory calculations, we demonstrate
that fluorination of organic spacers simultaneously improves
material stability and charge transport. Focusing on 2D lead—
iodine perovskites containing either BZA or F-BZA organic
spacers, we show that fluorination increases intermolecular
interactions, including hydrogen bonding and dipole—dipole
coupling, and make the material structure more robust overall.
The decreased structural fluctuations in the fluorinated system
reduce the reorganization energy that enters the Marcus theory
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expression, thereby increasing the charge transfer rate. While it
is often assumed that fluorination increases the electronic
coupling between layers, due to stronger ligand—ligand
interactions and extended charge density, we find this to be
an insignificant factor compared to changes in the reorganiza-
tion energy. Fluorination enhances electron and hole mobility
by 1-2 orders of magnitude, in agreement with the recent
experimental studies.””"”** The atomistic insights into the
charge transport properties of 2D lead-halide perovskites
provided by the current work generate important guidelines for
the development of higher quality solar energy and
optoelectronic materials. In particular, the results show that
making the overall material structure more robust simulta-
neously improves chemical stability as well as charge and
energy transport.

2. METHODS

2.1. Projection Operator Diabatization Method. The
projection operator diabatization (POD) method was described by
Kondov et al.** and can be used to calculate electronic couplings
between diabatic states of various systems.'***~¢ Currently, we apply
the method to obtain the interlayer coupling in the BZA- and F-BZA-
Pbl, systems. The POD method uses the Kohn—Sham (KS)
Hamiltonian matrix, H(k), of a periodic system calculated self-
consistently through the OpenMX software package.’”**

H(k) = Y, e (f(r)lHIg(x - R,)) -~

Here, ¢ is a phase factor term, k is the crystal momentum, R, is the
crystal lattice parameter, and ¢); represents the pseudoatomic orbitals
at site i. The atomic basis functions consist of linearly independent
and nonorthogonal functions which can be orthogonalized using the
Léwdin method:***

iR,k

=T 57
j 2)
where Sj; = (¢; | ¢;) is the atomic orbital overlap. After the Lowdin

orthogonalization, the generalized KS eigenproblem is transformed
from

H,,C = SCE (3)
to

HC = CE (4)
where

c=x"c (s)

and X' = $7'/2 is the transformation matrix. The KS Hamiltonian
matrix transforms in the orthogonal basis into:

H= S—I/ZHsfl/z (6)

The system can then be separated into donor (D) and acceptor (A)
fragments. Currently, each fragment has two [Pbls]™* units and four
corresponding organic spacer units, achieving charge neutrality, as
visualized in Figures 1 and 2. Specific blocks in the KS matrix can be
labeled as belonging to either D, or A, or D—A coupling:

~ Hpp Hpy
H = N N
Hyp Hys (7)

A unitary transformation matrix, Cr, can then be used to partially
diagonalize the matrix, H':

https://doi.org/10.1021/acsami.4c17876
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Figure 1. (a) Atomic structure of the 2D perovskite unit cell. (b)
Schematic of the 2D perovskite systems, showing inorganic layers and
organic spacers. (c) Chemical structure of the organic spacers for the
BZA-Pbl, and F-BZA-Pbl, systems.

0 G (8)

H'= C;HC; 9)
&p 0
0 &p Vba
H =
€4 0
Vap 0 &,
(10)

The diagonal blocks contain the orbital energies of the diabatic
states, €5, and &,, corresponding to the donor and acceptor states,
respectively. The off-diagonal blocks contain the diabatic donor—
acceptor couplings.

According to eq 1, the off-diagonal couplings are dependent on the
momentum, k. This allows the use of arbitrary k-points in the
calculations. It is feasible to focus only on the I'-point, because both
systems exhibit direct band gaps located at the I'-point. The
calculated band structure and projected density of states (DOS) are
shown in Figure 3. This also simplifies the phase factor in eq 1 to 1.

o

(b)

Figure 2. Electrostatic potentials in (a) BZA and (b) F-BZA organic spacers. Electron-rich areas are denoted in blue. The electron-rich area extends
onto the F atom of F-BZA, while it is on the benzene ring in BZA. Geometry of adjacent (c) BZA and (d) F-BZA organic spacers from the two
layers. The F-BZA spacers adjust to allow for N—H:--F hydrogen bonding, part d.
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Figure 3. Band structure and projected density of states (pDOS) for (a) BZA-Pbl, and (b) F-BZA-Pbl,. The red dots in the band structure indicate
contribution of the organic spacers, with the larger dots corresponding to larger contribution. The inset in (b) shows magnified pDOS to highlight

the contribution by fluorine (black).

2.2. Marcus Theory. The interlayer electronic couplings and
diabatic state energies computed at each time step along the MD
trajectories with the POD method can be used with the Marcus
theory™ to calculate the hole and electron transfer times as well as the
charge carrier mobility. In the case of weak coupling and high
temperature, the charge transfer rate can be represented in the Marcus
theory as

Vv = (AG + A)?
kMarcus = exp| —
/) ﬂkBT 4/11(BT (1 1)

where V is the electronic donor—acceptor coupling, A is the
reorganization energy, AG is the Gibbs free energy of the electron
transfer reaction, kg is the Boltzmann constant (8.617 X 10~° eV/K),
and T is the temperature in Kelvin. The Gibbs free energy of reaction
can be set to zero due to the crystal symmetry of the two layers,
dictated by the Pbca space group.

The reorganization energy is obtained from phonon-induced
fluctuations, o, of the diabatic electronic energies of the two layers
according to

1=-"Z
2k T (12)
where ¢ is defined as
o = ((dE — (dE))*) (13)

Here, dE the difference between the diabatic electronic energies of
layers 1 and 2. The reorganization energy can also be calculated using
the spectral density, J(w), as discussed in ref 18.

Once the Marcus rate is calculated, its inverse can be taken as the
charge hopping time. This time scale can then be used to calculate the
carrier mobility using the following equation:

_ eD _ ekMarcurL2
Fropping kT kT (14)
Here, e is the charge of an electron, k., is the Marcus hopping rate,
and L is the distance between the two layers’ centers of mass.

2.3. Electronic Structure Calculations. Electronic structure
calculations, geometry optimization and ab initio molecular dynamics
(MD) were carried out using the Vienna Ab initio Simulation
Package42 (VASP). The Perdew—Burke—Ernzerhof** (PBE) DFT
functional was employed. The van der Waals interactions were
described with Grimme’s DFT-D3 dispersion correction.** A plane-
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wave energy cutoff of 400 eV was used to ensure convergence with a §
X § X 1 Monkhorst-pack k-point mesh.

The structures were first optimized. Then, the Nose-Hoover
thermostat was used with a time step of 1 fs to increase the
temperature of the systems from 0 to 300 K over a 3 ps heating
period. Following the heating, equilibrium was established over 3 ps at
300 K using the NVT ensemble. Once the systems were equilibrated,
a 4 ps simulation using the microcanonical (NVE) ensemble was
performed on each system. The last 3 ps from this simulation were
used in further calculations for electronic couplings and energies.

Single point calculations from the structures generated by the MD
simulations were performed using the OpenMX software package®”**
with the PBE functional. The calculations produced the KS orbital
energies, wave functions and overlap matrices needed to compute the
electronic couplings for electron and hole transfer. The electrostatic
potential plots were obtained with the Gaussian software and
Multiwfn code post-processing.

3. RESULTS AND DISCUSSION

The simulation cells for both systems consist of two layers of
corner sharing [Pbl]™* units. Each polyhedron interacts with
four BZA/F-BZA groups, with their nitrogen tails pointed
toward the crystals, as shown in Figure la. In the case of the F-
BZA spacer, the fluorine atoms are located at the para-position
relative to the ammonium ion tail. The layers are categorized
by the PbI polyhedron and interacting BZA/F-BZA groups,
shown in Figure lc. The energies of the two layers are
approximately equivalent due to symmetry.

In the BZA-Pbl, system, the charge is contained within the
carbon ring. Fluorine substitution migrates this charge density
onto the fluorine atom, as visualized in Figure 2a,b. This can
create a new channel for charge mobility and transport,
potentially increasing the rates of charge transfer between
layers. The newly formed transport channel can allow for
charges to flow more efficiently as the insulating nature of the
organic spacers is weakened. The significant shift in the
electron density of the ligand upon the fluorination increases
its dipole moment from 1.34 to 3.07 D. The ligands are next to
each other, and the dipole moment of the fluorinated ligand
points primarily along the C—F bond. Thus, the dipole
moments point in the opposite direction, and the dipole—

https://doi.org/10.1021/acsami.4c17876
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Figure 4. 2D color plots of absolute values of the orbital-resolved electronic coupling between layers in (a) BZA-Pbl, and (b) F-BZA-Pbl,. The

data for both systems are canonically averaged at 300 K.

Table 1. Parameters Required to Calculate the Marcus Charge Transfer Time Scale (7,,,.,) and Charge Carrier Hopping
Mobility (#ypping) for Electrons through LUMO and Holes through HOMO, Including the Root-Mean-Square Electronic

Coupling ((V,,*)"/?), the Reorganization Energy (1), and the Distance between the Layer Center of Masses (L)

(Vi) /*(mev) A (eV) Ttares L (A) Hropping (cm® V7 s71)
non-fluorinated LUMO 0.442 0.907 1.790 us 14.073 4255 x 1077
HOMO 4261 0.632 1.142 ns 6.668 X 107*
fluorinated LUMO 0.435 0.547 44.812 ns 13.482 1.560 x 107°
HOMO 3.663 0.498 0.377 ns 1.852 X 1073
(a) (b)
25 2.5
2.0 2.0 N%MMMW
2 15{ LUMO > 15/ LUMO
- —— Layer1 - —— Layer 1
D 1.0 —— Layer 2 S 1.0 —— Layer 2
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Figure 5. Evolution of the diabatic HOMO and LUMO of the two layers in (a) BZA-Pbl, and (b) F-BZA-Pbl, over the final 3 ps of the MD
simulation. The HOMO energy averaged over both layers is set to zero for both systems.

dipole interaction is favorable, enhancing interaction between
the layers and the system stability.

Parts ¢ and d of Figure 2 show geometries of interacting
ligands from different layers in system’s optimized geometry.
The nonfluorinated system, part ¢, exhibits 7—7 stacking that
facilitates interlayer electronic coupling. The ligand geometry
changes significantly upon fluorination, part d. The distance
between the s-electron systems grows. At the same time, the
NH; groups rotate in order to allow an H atom to approach
the F atom and form an H---F hydrogen bond. As the NH; tails
to rotate toward the fluorine, the C—C—F angle distorts from
160 degrees in the pristine system to 147 degrees in the
fluorinated system. The energy for these significant geometric
changes are provided by the created H---F hydrogen bonds.
The H--F distance in the fluorinated system is 2.62 A, while
the corresponding H---H distance in the pristine system is 3.4
A, nearly an angstrom larger. The 2.62 A H--F distance falls
within the 2—3 A range commonly accepted for H---F
45,46

bonding.

2036

We computed the interlayer interaction energy by
subtracting the energy of each layer, in the optimized
double-layer geometry, from the total energy of the system,
AE,, = Eyp — (Epy + Ep,). The calculated values are —13.057
eV and —14.160 eV for the BZA and F-BZA systems,
respectively. The difference is quite substantial, nearly 10%,
given that the systems differ only by substitution of a single H
atom for an F atom in the ligands. The quantitative data
confirm that the interaction becomes stronger upon the
fluorination. Thus, the hydrogen bonding and dipole—dipole
interactions between ligands from the opposite layers create a
more compact and stable structure in the fluorinated
perovskite.

The band structures and pDOS of the respective systems
show that in both cases, the band edge states are dominated by
contributions from the lead-iodide crystals. More specifically
based on the pDOS, in both cases iodine orbitals contribute
the most to the valence band maximum, ie., the highest
occupied molecular orbital (HOMO), and lead orbitals
contribute the most to the conduction band minimum, i.e.,

https://doi.org/10.1021/acsami.4c17876
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Table 2. Canonical Root-Mean-Square Displacements of the Individual Types of Atoms as well as all Atoms of the Organic
Spacers and Inorganic Crystal Layers for the BZA and F-BZA Systems

average displacement (A)

Pb I N H
non-fluorinated 0.71 0.83 1.04 1.46
fluorinated 0.63 0.74 0.86 1.21

C F organic spacers inorganic crystals
091 1.25 0.81
0.73 1.01 1.02 0.72

the lowest unoccupied molecular orbital (LUMO). Fluorine
does not contribute to band edge states of the overall system,
and instead has a peak located 1 eV below the HOMO. Based
on the positions of the fluorine contributions, the addition of
fluorine also does not contribute to the band edge states of the
organic spacers. Fluorine, therefore, is not expected to
contribute to the electronic coupling of the donor—acceptor
states. This observation raises the question of how fluorination
enhances interlayer charge transport if fluorine atoms do not
contribute to the electronic coupling directly. The high-
symmetry band calculations illustrate that both systems have a
direct bandgap of 2.11 eV at the I'-point, further confirming
that fluorine has no effect on the band edge states.

Figure 4 is a two-dimensional representation of the average
absolute electronic coupling between layers for both BZA and
F-BZA systems around the HOMO and LUMO states.
HOMO+j references the j state in layer one and HOMO+i
indicates the i for layer 2. The average absolute coupling
values are given in Table 1 for both HOMO and LUMO. The
interlayer couplings are about an order of magnitude larger for
holes than electrons, and are larger than those reported in
previous work by Li et al.'® The increase in coupling
magnitude of the current system relative to ref.'® is most
likely due to the conjugated benzyl group, which is present in
the similar organic semiconductors studied by Giannini et al.
which also yield larger electronic coupling values.*’

Figure S illustrates the energy fluctuations of the HOMO
and LUMO for both layers at 300 K. The properties of these
orbitals are directly related to charge transport, since the
HOMO facilitates hole transfer and the LUMO electron
transfer. Fluctuations of the orbital energies determine the
reorganization energy. Eq. 12, that enters the Marcus rate
expression, Eq. 11. The orbital energy fluctuations are reduced
by fluorination, resulting in the smaller reorganization energies
in Table 1.

The average atomic displacements have been calculated to
further validate the conclusions based on Figure 5. The results
are summarized in Table 2. The addition of fluorine in the
organic spacers decreases the average displacement of the
organic spacers by about 18% and the inorganic crystal layers
by 11%. This further supports the reduced reorganization
energies in the fluorinated systems, Table 1. The fluorine
atoms act as a stabilizer by enhancing hydrogen bonding and
dipolar interactions between spacers and reducing vibrationally
induced fluctuations in the donor and acceptor energies.
Fluorine substitution decreases the average displacement for all
atom types, indicating that it makes the overall 2D perovskite
structure more stable.

The charge transfer rate of the Marcus theory, Eq. 11,
depends on two key parameters, the electronic coupling (V?),
Figure 4, and the reorganization energy /A, Figure S. The
dependence on the coupling is quadratic, while the depend-
ence on the organization energy is exponential, i.e., stronger.
One could have assumed a priori that the fluorination should
enhance the electronic coupling between layers, since the
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fluorine atom extends the charge density into the interlayer
region, Figure 2. However, the pDOS analysis shows that
fluorine atoms do not contribute to the band edge states of the
organic spacers, Figure 3b inset, and therefore, they should not
influence the donor—acceptor coupling directly. Moreover, the
data shown in Table 1 demonstrates that fluorination slightly
decreases the coupling.

Our analysis demonstrates that the enhancement of the
interlayer charge transport by the fluorination stems from the
reduced reorganization energies, Table 1. A smaller reorgan-
ization energy gives a larger transfer rate, Eq. 11. The
reorganization energies show significant variation when
fluorine is added to the system, with a 50% difference between
the BZA and F-BZA for the electron transfer and a 24%
difference for the hole transfer. In comparison, the couplings
differ by only 2% and 15%, respectively. Combined with the
stronger, exponential dependence of the Marcus rate on the
reorganization energy compared to the quadratic coupling
dependence, these data demonstrate that the Marcus rates and
charge hopping times are influenced much more by the
reorganization energies than the electronic couplings.

At the atomistic level, the donor—acceptor coupling depends
on overlap of corresponding wave functions. The overlap
decreases upon the fluorination, because the distance between
the 7-electron systems of the ligands from the opposite layers
grows to allow formation of the H--F hydrogen bonding,
Figure 2d. The donor—acceptor coupling decreases as well,
Table 1. The reorganization energy is related to thermal
structural fluctuations of the system.** The H---F hydrogen
bonding stabilizes the system, the increased dipole—dipole
interaction between the ligands provides further stabilization.
The tighter structure of the fluorinated system decreases
structural fluctuations, Table 2, thereby reducing the
reorganization energy, and making the charge transfer faster,
Table 1.

The donor—acceptor couplings for hole and electron
transfer differ by an order of magnitude, as summarized in
Table 1, contributing strongly to the faster transport of holes
than electrons. The smaller reorganization energies for holes
than electrons contribute to the faster hole transport as well.
The hole transfer rate is 3 orders of magnitude larger than the
electron transfer rate in the BZA system. The difference is 2
orders of magnitude in the F-BZA system. Fluorine
substitution significantly improves both electron and hole
hopping, assisting in increasing efficiencies of 2D perovskite
solar cells.

The importance of position of the fluorine substituent in F-
BZA was discussed by Yan et al.”” who showed that fluorine
substitution in the para- position gives the best efficiency,
compared to the meta- and ortho- positions. Our results show
that placing F in the meta- or ortho- positions puts it too far
from the -NH; group, preventing the hydrogen bonding.
Additionally, placing F in the meta- and ortho- positions
creates smaller ligand dipole moments compared to the para-
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position. Thus, the para- position is most favorable for
stabilizing the system and enhancing the charge transport.

The current work focused on 2D perovskites with a single
Pbls octahedron across each layer. It is interesting to consider
how the organic spacer fluorination may influence the
interlayer charge transport for 2D perovskites with thicker
inorganic layers. The calculations show that the enhancement
of the charge transfer rate is associated with the decreased
reorganization energy of the Marcus theory, Table 1. The
reorganization energy is decreased because the system
becomes more stable structurally, and exhibits reduced atomic
fluctuations upon the fluorination, Table 2. The charges are
localized on the inorganic layers, and therefore, reorganization
of the inorganic layers is the most important. The spacer
fluorination stabilizes the overall structure, however, the
influence of the spacers on the properties of the inorganic
layers should decrease with increasing layer thickness. The
influence of the spacer fluorination on the reorganization
energy will be stronger if charges are localized toward the layer
surface. Therefore, one can expect that the influence of the
organic spacer fluorination on the charge transport across the
layers should decrease with increasing layer thickness. Since
the spacer fluorination decreases the donor—acceptor coupling,
Table 1, one can envision a situation in which changes in the
coupling outweigh changes in the reorganization energy, and
the fluorination decreases charge mobility.

4. CONCLUSIONS

2D perovskites are a promising alternative to conventional 3D
perovskites due to their higher stability and tunable bandgaps.
However, 2D perovskites struggle with efficient charge
transport due to inert organic spacers that isolate charges
into separate lead-halide layers. Fluorine substitution in the
para-position of the benzene ring in the BZA organic spacer
has shown to be an effective strategy for improving the charge
transfer rates and charge mobility. We have performed a
comprehensive ab initio simulation combining the POD
method, MD modeling, and Marcus theory calculations to
elucidate the origin of this effect. Perhaps unexpectedly, our
simulations have shown that the main reason for the
enhancement in the charge mobility stems from stabilization
of the overall organic—inorganic structure rather than
increased interlayer electronic coupling. It may be expected a
priori that migration of charge density to the highly
electronegative fluorine atoms should help to facilitate overlap
of donor and acceptor electron densities, and thus increase the
electronic coupling. However, the fluorine atom does not
contribute to the ligand frontier orbitals that are responsible
for the donor—acceptor interaction. Fluorination does bring
the layers closer together, which increases overlap of layer wave
functions. However, the main factor is the improved stability of
the overall system. By enhancing hydrogen bonding and
dipolar interactions, fluorination makes the F-BZA system
more robust, reducing atomic fluctuations. As a result, the
reorganization energy entering the Marcus rate expression is
decreased, and the charge transfer rate increases. The
difference in the electronic donor—acceptor coupling facili-
tated by the HOMO and LUMO explains the significant
difference in the hole and electron mobilities seen in these
systems. The difference in the reorganization energies is an
important factor in this case as well. The calculated electron
and hole mobilities are enhanced by 1—2 orders of magnitude
after the fluorination, in agreement with recent experiments.
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The simulations generate detailed atomistic insights into
charge transfer across layers in 2D lead-halide perovskites,
providing important practical guidelines. Tuning organic
spacers to make the system more robust simultaneously
improves chemical stability and charge transport.
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