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Effects of Ligand Chemistry on Ion Transport in 2D Hybrid
Organic–Inorganic Perovskites

Grace Wei, Alan B. Kaplan, Hang Zhang, Yueh-Lin Loo, and Michael A. Webb*

2D hybrid organic–inorganic perovskites are potentially promising materials
as passivation layers that can enhance the efficiency and stability of
perovskite photovoltaics. The ability to suppress ion transport is proposed as
a stabilization mechanism, yet an effective characterization of relevant modes
of halide diffusion in 2D perovskites is nascent. In light of this knowledge gap,
molecular dynamics simulations with enhanced sampling and experimental
validation to systematically characterize how ligand chemistry in seven
(R-NH3)2PbI4 systems impacts halide diffusion, particularly in the
out-of-plane direction is combined. It is found that increasing stiffness and
length of ligands generally inhibits ion transport, while increasing ligand
polarization generally enhances it. Structural and energetic analyses of the
migration pathways provide quantitative explanations for these trends, which
reflect aspects of the disorder of the organic layer. Overall, this mechanistic
analysis greatly enhances the current understanding of halide migration in 2D
hybrid organic–inorganic perovskites and yields insights that can inform the
design of future passivation materials.

1. Introduction

The hybrid organic–inorganic perovskites (HOIPs) are promis-
ing materials for photovoltaic applications due to their bandgap
tunability, large absorption coefficients, and long charge-carrier
lifetimes, leading to solar cells with high power conver-
sion efficiency and potentially low production cost.[1–4] Rapid
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developments in this technology, most
prominently using 3D perovskites with
methylammonium (MA) or formami-
dinium (FA) lead iodide, have remarkably
improved power conversion efficiency in
recent years, exceeding those of all thin-
film technologies except more costly III–
V cells.[5] However, the commercializa-
tion of perovskite solar cells (PSCs) based
on hybrid organic–inorganic perovskites
has been limited due to poor operational
lifetimes, which stem from the sensitiv-
ity of perovskites toward moisture, oxy-
gen, light, and heat.[6–8] Therefore, under-
standing the mechanisms of degradation
in perovskites and formulating effective
mitigation strategies[9] are of significant
interest to enhance the viability and reli-
ability of perovskites for everyday usage.
Mobile ionic defects along the inter-

faces and interior of perovskite films
are key intrinsic sources of instability

in HOIPs.[10] Accumulation of these defects at transport layer in-
terfaces not only increases charge-carrier recombination, thereby
reducing cell efficiency but can also lead to permanent device
degradation due to undesirable chemical reactions with adjacent
solar cell layers.[11–13] Therefore, using passivation layers to re-
duce film defects is a promising approach to improve PSC ef-
ficiency and stability.[14–18] Low-dimensional perovskites (2D or
1D) can be created by replacing the MA or FA cation with bulkier
organic cations, yielding structures with alternating inorganic
and organic layers.[19–22] Recent experiments demonstrate that
such low-dimensional perovskites can function as effective pas-
sivating materials that inhibit ionic transport with appropriately
chosen ligand chemistry.[23,24] However, while numerous sub-
stituent effects on various metrics have been reported,[25,26] it
remains unclear how to rationally and effectively tailor ligand
chemistry for this purpose.
The scarcity of mechanistic investigations into ion transport

in low-dimensional HOIPs is a key factor contributing to the ex-
isting knowledge gap. While multiple studies, both experimen-
tal and theoretical, have been conducted on ion transport in 3D
MAPbI3,

[27–31] research on 2D HOIP systems is primarily lim-
ited to butylammonium lead iodide (BAPI),[32] limiting insights
into ligand effects. Moreover, in contrast to 3D HOIP systems,
transport in 2D HOIPs may be anisotropic relative to the plane
formed by the inorganic cation layers. For example, in-plane ther-
mal conductivity has been found to be a factor of 1.5 times larger
than out-of-plane thermal conductivity in BAPI.[33] However, to
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what extent halide diffusion differs in-plane versus out-of-plane
is unknown. Experimentally, in-plane activation energies for ion
diffusion have been measured in BAPI, phenylethylammonium
lead iodide (PEAPI), and quasi-2DHOIPs,[23,24,32] yet out-of-plane
measurements are lacking. Computationally, technical limita-
tions emerge. Common static electronic structure calculations do
not address finite-temperature dynamical properties.[34–38] Mean-
while, ab initio molecular dynamics (MD) simulations have ex-
plored conformational dynamics of small organic cations[39] and
electron-hole recombination[40] but fall short in characterizing
halide diffusion. For this, classical simulation is better suited,
and recent development of the classical MYP force field[41] has
facilitated MD of in-plane ion transport in BAPI and quasi-2D
HOIPs.[42,43] Nevertheless, implications for passivation[44] will re-
quire characterization of out-of-plane diffusion, which is compli-
cated by the traversal of the organic layer and a correspondingly
complex free energy landscape.[31,45,46]

In this work, we systematically investigate the impact of ligand
chemistry on vacancy-assisted ion transport in 2D HOIPs. Our
analysis focuses on out-of-plane halide diffusion, which relates to
transport from one site on the lattice to a vacancy located across
a layer of organic ligands, to generate insights related to passiva-
tion based onmitigation of ion transport. UsingMD simulations
in tandem with enhanced sampling, we characterize the free en-
ergy landscape for out-of-plane halide diffusion in 2D HOIPs for
different ligands and identify significant correlations between lig-
and chemistry and transport behavior. We demonstrate the im-
pact of structural and chemical ligand properties like flexibility
and electronegativity on halide diffusion and discuss the param-
eters for designing an optimal organic layer for mitigating ion
diffusion in 2D HOIPs. These insights can inform the develop-
ment of effective 2D HOIP passivation materials for stable and
efficient PSCs.

2. Overview of Systems

To study how organic ligand chemistry affects halide diffusion,
we explore a series of model 2D HOIP systems that system-
atically differ in ligand chemistry in several ways (Figure 1).
The prototype Ruddlesden–Popper (RP) phase 2D HOIP has
the layered structure shown in Figure 1a that alternates be-
tween octahedra formed by an inorganic cation and a halide
anion and organic ligands. This structure can be described
by the formula (R-NH3)2BX4, where ‘B’ is an inorganic cation
with + 2 formal charge, ‘X’ is a halide anion (formal charge
of−1), and R-NH3

+ is an organic ligand bonded to a posi-
tively charged ammonium cation. In this study, B = Pb2 +

is the inorganic cation, I− is the halide, and R-NH3
+ corre-

sponds to one of seven molecules: n-butylammonium (BA),
isopentylammonium (iPA), n-hexylammonium (HA), cyclo-
hexanemethylammonium (ChMA), phenylethylammonium
(PEA), chloro-phenylethylammonium (Cl-PEA), or fluoro-
phenylethylammonium (F-PEA).[47–52] The seven ligands are
selected to encompass a range of steric and electronic properties,
such as bulkiness (BA vs. iPA vs. HA), electronegativity (PEA vs.
Cl-PEA vs. F-PEA), and molecular flexibility (ChMA vs. PEA);
the chemical structures of the ligands and these groupings are
displayed in Figure 1b. We note that 2D HOIPs may also form
in a Dion-Jacobson (DJ) phase with formula (R-(NH3)2)2BX4

wherein a single diammonium cation is used in place of two
monoammonium cations in the RP structure.[53] This work
focuses on RP phase HOIPs because they are more commonly
used in passivation layers.

3. Results

3.1. Analysis of Halide Transport Pathways

MD simulations were used to compute the free energy along
the in-plane and out-of-plane halide diffusion pathways in seven
2D HOIP systems (Figure 2). Our expectation was that these
activation-free energies deduced from simulation could be re-
lated to experimental trends in ionic conductivity, such that we
could ascertain the impact of different ligands and the relevance
of different diffusion pathways. For in-plane (ip) halide migra-
tion, we studied two types of diffusion pathways: hopping from
an axial site to an equatorial site (Figure 2a, ax→eq) and hop-
ping from an equatorial site to another adjacent equatorial site
(Figure 2a, eq→eq). For out-of-plane (oop) halide migration, we
analyzed paths from one axial site to another axial site across the
organic layer and on a different octahedron (Figure 2a, ax→ax).
Figure 2b compares in-plane and out-of-plane halide

activation-free energies across systems (denoted ΔF‡(ip) and
ΔF‡(oop)). Barriers to in-plane (ax→eq, eq→eq) diffusion are
broadly consistent with prior literature.[42,54] Barriers for eq→eq
paths are systematically higher than those of ax→eq paths, as
in computational work for CsPbI3.

[54] Furthermore, in-plane
activation-free energies are comparable to those reported by
Akriti et al.[42] (e.g., obtaining 0.52 eV for a quasi-2D HOIP
with PEA and 0.37 eV for bulk diffusion in MAPI, also with the
MYP force field). There is, however, a stark contrast between
in-plane and out-of-plane activation-free energies. Barriers in the
out-of-plane direction not only generally exceed those in-plane
but also exhibit greater dynamic range (ca. 1.1 eV vs ca. 0.2
eV). These results suggest that out-of-plane transport is both
rate-limiting and sensitive to ligand chemistries.
Figure 2c–e highlights potential ligand effects by comparing

the free energy pathways for out-of-plane (oop) diffusion within
groups with systematic chemical variations. The pathways pos-
sess statistically resolvable differences across systems, which
yield clear orderings within each group. On the basis of two-point
comparisons availed by this ligand set, we find that activation-
free energy increases with ligand branching (iPA > BA), length
(HA > BA), and stiffness (PEA > ChMA). Meanwhile, activation-
free energy decreases with electronegativity (F-PEA < Cl-PEA <

PEA); this result is also consistent with recent work comparing
2D perovskite passivation formeta-, ortho-, and para-substitution
in various halogenated PEA+ ioidide salts.[25] Ligandswith conju-
gated rings stand out with the highest diffusion barriers, which
is also consistent with the trends representing ligand bulk and
flexibility. Presuming thermally-activated diffusion, out-of-plane
diffusion would be expected to follow the trend: BA > ChMA >

iPA >HA > F-PEA > Cl-PEA > PEA.

3.2. Comparison to Experimental Results

A limited set of preexisting data and experiments were
used to benchmark our computational findings. An important
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Figure 1. Overview of systems. a) Orthographic projection of the 2D hybrid organic–inorganic perovskite structure with n-butylammonium. I− is purple,
Pb2 + is dark gray, nitrogen is blue, hydrogen is white, and carbon is light gray. The octahedral geometry of these atoms is illustrated using the purple sur-
faces; organic ligands are situated between layers of the octahedra. b) The structures of organic ligands studied: n-butylammonium (BA), isopentylammo-
nium (iPA), n-hexylammonium (HA), cyclohexanemethanammonium (ChMA), phenylethylammonium (PEA), chloro-phenylethylammonium (Cl-PEA),
and fluoro-phenylethylammonium (F-PEA). Boxes group ligands based on the most direct and intended comparisons. The purple, green, and orange
boxes respectively highlight the effects of branching and length, electronegativity, and conjugation and flexibility by systematic variations of the functional
chemical groups. Note that PEA is included in both orange and green boxes as it is relevant for both comparisons.
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Figure 2. Analysis of vacancy-assisted iodide diffusion pathways. a) Visualization of out-of-plane and in-plane vacancy-assisted iodide diffusion pathways.
The red path depicts an axial-to-axial (ax→ax) out-of-plane pathway, which necessarily crosses the organic layer, while cyan and yellow paths depict in-
plane axial-to-equatorial (ax→eq) and equatorial-to-equatorial (eq→eq) pathways, respectively. b) Comparison of out-of-plane (oop) and in-plane (ip)
activation-free energies ΔF‡ for different ligands. Background colors correspond to ligand groups delineated in Figure 1b. c–e) Comparison of iodide
free energies F(oop) along out-of-plane diffusion pathways for ligands that principally differ by (c) branching/length, (d) conjugation/flexibility, and (e)
electronegativity. The out-of-plane activation-free energy ΔF‡(oop) is labeled for each system. Error bars represent standard errors computed across four
different transport paths.

factor to consider is whether the simulated crystal structures
accurately reflect the ones observed experimentally. Overall, we
find a strong correlation between the simulated and experimen-
tal crystal structures, with average deviations in parameters be-
ing 3% or less (Section SB, Supporting Information). In addi-
tion, out-of-plane activation-free energies were extracted for sys-
tems with iPA, PEA, and Cl-PEA; unfortunately, characterization
of other systems failed due to issues with film stability at ele-
vated temperatures and device construction (Section SG, Sup-
porting Information). Figure 3 depicts consistency in the diffu-
sion trends predicted by simulations and determined by exper-
iment. In the figure, the activation- free energies are normal-
ized by the value for iPA, as simulations exhibited systematically
higher values relative to those extracted experimentally. For ex-
ample, the activation-free energy for PEA is 1.57 ± 0.01 eV com-
pared to 0.70 ± 0.10 eV for simulation and experiment, respec-
tively.
We suspect that the systematic differences arise due to ex-

perimental challenges in isolating halide contributions. Specif-

ically, experimental measurements were conducted under a
light source, which increases ionic and electronic conduction in
HOIPs by up to two orders of magnitude.[55,56] By contrast, the
MD results correspond to dark conditions and reflect only con-
tributions from the iodide; attempted experiments in dark con-
ditions did not register sufficient conductivity to be probed by
impedance spectroscopy. Although there may also be some dif-
ferences in activation-free energies between light and dark con-
ditions, this is not expected to remarkably impact the relative
ordering amongst ligands. Some discrepancies between simu-
lation and experiment could also be due to inaccuracies in the
employed force field, but such issues would likely manifest sim-
ilarly across the different systems given the consistent parame-
terization procedure. Additionally, the existence of grain bound-
aries in thin films, which have previously been shown to ex-
hibit faster ionic conductivity than the bulk,[57] could contribute
to the discrepancy between experimental and calculated val-
ues. Therefore, despite the differences in magnitude, the experi-
ments at least qualitatively validate the simulations, and both sets
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Figure 3. Comparison of experimental out-of-plane activation energies,
E(oop)a , with simulated out-of-plane activation-free energies, ΔF‡(oop). Val-
ues are scaled by the iPA out-of-plane activation energy and activation-free
energy. The colors and symbols are consistent with those in Figures 1 and
2. The dashed line is a guide to the eye.

of results suggest similar ligand effects on out-of-plane halide
diffusion.

3.3. Role of Ligand Length and Flexibility

To better understand how ligand chemistry impacts halide trans-
port, we examined if simple molecular descriptors correlate with
activation-free energies (Figure 4). Figure 4a,b conveys that cer-
tain structural features of the ligands, such as the molecular flex-
ibility factor,[58] f, and the end-to-end length, L, can direction-
ally predict diffusion trends. Apart from their simplicity, the ra-
tionale for considering f is its possible correlation to structural
reorganization events, while L may correlate with the complex-
ity of required structural reorganizations. Barriers generally in-
crease with decreasing ligand flexibility. This is demonstrated
in Figure 4a by contrasting a group with high flexibility (e.g.,
BA and iPA) compared to one with lesser flexibility (e.g., PEA
and Cl-PEA). This is consistent with the idea that flexible lig-
ands create a “soft” lattice that can facilitate anion diffusivity.[59]

The effect of flexibility on the free energy also partially ex-
plains the large activation free energies for PEA, Cl-PEA, and F-
PEA, as the 𝜋-conjugation results in large steric constraints on
diffusion pathways.
Flexibility alone does not explain the data, however. For exam-

ple, the ChMA system possesses a relatively low activation free
energy (0.61 ± 0.04 eV), despite being amongst the most rigid
(low f) ligands. Examining Figure 4b, we observe that the acti-
vation free energy can strongly correlate with ligand length. For
example, the activation free energy of HA exceeds that of BA and
iPA systems, which both possess backbones that are shorter by
two methyl groups. Meanwhile, ChMA is relatively rigid but also
amongst the shortest ligands by end-to-end length, thus explain-
ing its low activation free energy. Theremay also beminor trends

related to branching that likely operate on similar principles as
end-to-end length. In particular, iPA has a slightly larger activa-
tion free energy than BA despite registering a higher flexibility
factor. The effect of bulkiness on the activation free energy can
be observed quantitatively between ligands of similar end-to-end
length (Section SM, Supporting Information).
Therefore, we suppose that more rigid, longer, and bulkier lig-

ands tend to inhibit out-of-plane halide diffusion by imposing
steric constraints on diffusion pathways. It is notable, however,
that PEA is neither the most rigid nor the longest nor the bulki-
est ligand, yet it exhibits the largest activation free energy. We
defer the explanation of this result to Section 3.4.
To gain further insight into the steric effects imposed by lig-

ands, we compare the structural order of the ligands using ra-
dial distribution functions (RDFs) g(r) (Figure 5). We select the
N-N and I-N RDFs because ‘N’ is a distinctive atom across all

Figure 4. Correlation of out-of-plane iodine vacancy activation free energy
with ligand a) flexibility f and b) end-to-end length L. The flexibility factor f
is extracted fromDataWarrior[58] and is a function of a molecule’s number
of rotatable bonds, torsion data, and geometry. The color(s) of each point
correlates with the ligand effect fromFigure 1b, and the shape corresponds
to different species within each ligand group (from Figure 2c–e).
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Figure 5. Radial distribution functions g(r) between a) I-N and b) N-N
for BA, iPA, and HA systems. The g(r) functions are calculated from 200
configurations taken at 1 ps intervals.

the ligands, while ‘I’ borders the organic layer. Thus, the N-
N RDF reveals structure within the organic layer, and the N-I
RDF elucidates the ordering of cation ligands at the boundary
between the organic and inorganic layers. A full analysis of the
RDFs based on multiple Gaussian fits (including heights, po-
sitions, widths, and areas) is reported in Section SO (Support-
ing Information). Our analysis for HA, iPA, and BA of the I-N
(Figure 5a) and N-N (Figure 5b) RDFs shows that the presence
of narrower and more prominent peaks in the RDF correlates
with higher activation-free energies. Both RDFs for HA and iPA
exhibit peaks with greater prominence (i.e., taller) and smaller
widths than for BA, especially at shorter distances (<8 Å). More-
over, the RDFs for HA have more prominent and narrower peaks
than the iPA RDFs, with the I-N RDF being notably more struc-
tured at longer distances (> 9 Å). For example, the HA peaks
> 9 Å have smaller combined areas than the iPA and BA peaks
> 9 Å, despite their heights being larger. The implication of nar-
rower and more prominent peaks at shorter distances (denoted
in Figure 5a) for I-N and N-N is that the relative positions of the
I and N are more confined or restricted in the vicinity of PbI2
octahedra. At longer distances, the peaks generally reflect less
thermal disorder and thereby enhance structural correlation be-
tween the organic and inorganic layers. The increased structural
order implies fewer low-free-energy pathways for an ion to tra-

verse an organic layer. In the future, it may be interesting to as-
certain whether the trends in enhanced ordering are observed via
scattering experiments resolved at high wave vectors (q> 30 Å−1).

3.4. Role of Ligand Charge Distribution

The trend amongst PEA, Cl-PEA, and F-PEA systems mostly de-
fies the logic espoused in prior sections. Flexibility is not an ef-
fective discriminant in this group, and both Cl-PEA and F-PEA
are longer thanPEA,which has the highest activation-free energy.
We find that a combination of factors relating to the structure and
electrostatics of the organic layer explain these results (Figure 6).
First, comparing RDFs (Figure 6a) reveals that PEA is somewhat
more ordered than Cl-PEA and F-PEA, particularly at longer dis-
tances, which falls in line with prior arguments about restricting
diffusion pathways; however, Cl-PEA and F-PEA are largely sim-
ilar. Differences between these systems become apparent in the
average electrostatic potential ϕ experienced by the migrating io-
dine atom as it traverses the organic layer (Figure 6b). For PEA,
ϕ is slightly negative, while it is primarily positive for the Cl-PEA
and F-PEA systems. Because iodide is negatively charged, a posi-
tive ϕ implies attractive forces and a negative ϕ implies repulsive
forces. The first-order implication is that the Coulombic repul-
sion from the organic layer of PEA also enhances the activation-
free energy. Interestingly, the electrostatic potential of the F-PEA
system is more variable than that of Cl-PEA and characterized by
several notable minima. This is further illustrated in Figure 6c,
which compares standard deviations of electrostatic potential 𝜎ϕ

experienced by the diffusing iodide. Only F-PEA exhibits oscillat-
ing electrostatic fluctuations along the iodine pathway, suggest-
ing greater spatial charge heterogeneity and varied Coulombic
forces within the organic layer. Notably, this effect is not obvi-
ously reflected in Figure 5, which mainly captures edge interac-
tions of the organic layer. Thus, the observed energy barrier trend
(PEA > Cl-PEA > F-PEA) arises from a charge-repulsive migra-
tion pathway in PEA and increased spatial charge heterogeneity
in F-PEA, which reflects electrostatic structural disorder within
the organic layer.
To further understand the ramifications of charge heterogene-

ity, Figure 6d overlays the 2D charge density of the organic layer
(blue-gray-red color map) along with a projection of two exam-
ple diffusion paths for an iodide (yellow and green markers).
The corresponding molecular configurations are presented in
Figure 6e. These density projections and corresponding molec-
ular configurations emphasize how the organic layer of PEA is
unlike the structures of Cl-PEA and F-PEA. Interactions between
bifunctional ligands (such as Cl-PEA and F-PEA) in the organic
layer have previously been shown to modify the bonding charac-
teristics of the ammonium terminus.[60] In PEA, the positively
charged ammonia groups alternate in the b direction with the
negatively charged iodine of the PbI2 octahedra. However, in Cl-
PEA and F-PEA, the ammonia groups align with the PbI2 octa-
hedra in the a direction (pointing into the page). Thus, a diffus-
ing iodide experiences fundamentally distinct diffusion pathways
between PEA and the ostensibly analogous F-PEA and Cl-PEA.
In particular, iodide traversing PEA mostly navigates neutral to
repulsive regions whereas iodide in F-PEA or Cl-PEA can travel
alongside two organic ligands in the a direction, which allows
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Figure 6. Analysis of PEA, Cl-PEA, and F-PEA systems. a) N-N radial distribution functions g(r). b) The average electrostatic potential ϕ divided by the
Coulomb constant ke along iodide diffusion pathways determined from umbrella sampling. c) The standard deviation of the electrostatic potential 𝜎ϕ

along the same diffusion pathways as in (b). In (b),(c) the shaded regions represent standard errors (Section SK, Supporting Information); additional
checks for statistical significance of the data is provided in the Supplemental Information, Section L. d) The charge density of the organic layer averaged
across the a-axis for PEAPI, Cl-PEAPI, and F-PEAPI. Two diffusion paths are indicated by the green and yellow markers, with each marker representing
the time-averaged position of the migrating iodine atom projected onto the b-c plane. The charge density was computed at a grid density of 27 Å−3 with
a 10 Å cutoff using the partial charges from the MYP force field and those determined as described in the Methods and reported in Tables S10–S12
(Supporting Information). e) Representative configurations in the plane of the charge density plots depicted in (d). The images reflect an orthographic
projection onto the c vs. b plane, thereby simultaneously depicting many layers in the a direction. f) The partial charge distribution on the individual
ligands determined as described in the Experimental Section.

for more attractive electrostatic potentials throughout its trajec-
tory. Interestingly, the electrostatic characteristics and resulting
behavior for HA are functionally more similar to Cl-PEA and F-
PEA than to PEA, which may contribute to the activation free
energy of PEA being greater than HA (Section SN, Supporting
Information).
The relative ordering of systems is informed by considering

differences inmolecular polarizability. By comparison to Cl-PEA,
the interior of F-PEA has “hot spots” with heightened positive
charge density, which present more favorable environments for
the iodide. These hot spots (or lack thereof) are attributed to the
disparity in charge distribution over the ligands (Figure 6f). Be-
cause F-PEA is more strongly polarized, as might be expected
from the stronger electronegativity of fluorine over chlorine,

this generates multiple regions of partial positive and negative
charge. Correlations of molecular dipoles with passivation effi-
ciency have been similarly noted to explain the relative perfor-
mance of placing halogen substituents inmeta, ortho, or para po-
sitions of phenyl rings.[25] Returning to Figure 6d, the prevalence
of these regions allows for shorter “hops” to positive regions dur-
ing the diffusion pathway compared to Cl-PEA, which sustains
greater displacements in the c direction. Although PEA exhibits
a similar charge landscape to Cl-PEA, its eclipsed ligands con-
fine the iodide to paths of lower steric resistance, which do not
comprise the energetically-favored route alongside two ligands.
In summary, the eclipsed PEA system has the highest activation
free energy due to its enhanced order and nominally repulsive
interior, followed by the staggered Cl-PEA system, followed by

Adv. Energy Mater. 2024, 14, 2401087 2401087 (7 of 10) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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the staggered and more strongly charge-heterogeneous F-PEA
system.

4. Conclusion

We performed a systematic study of seven distinct 2D HOIP sys-
tems to understand the consequences of ligand chemistry for
mitigating ion transport in perovskite solar cells. Molecular dy-
namics simulations were used to first establish that activation
free energies for out-of-plane halide diffusion, which has been
nascently studied, generally exceed those for in-plane transport,
and such free energies are sensitive to ligand chemistry. More-
over, trends in activation free energies for out-of-plane diffusion
agreed well between simulation and experiment, although fur-
ther study is necessary to concretely assess systematic differ-
ences. By analyzing the simulations, we then formulated a se-
ries of design principles for optimizing ligand chemistry to mit-
igate out-of-plane halide diffusion in HOIPs. Explanation of all
trends requires consideration of both structural and electrostatic
effects. Most understanding can be framed through a simple ar-
gument of whether ligand effects result in more order or less or-
der within the organic layer, with enhanced order tending to re-
strict viable diffusion pathways. From a structural standpoint, ac-
tivation free energies for ion diffusion tend to increase as ligands
become bulkier, more rigid, and lengthier. From an electrostatic
standpoint, electrostatic potential and heterogeneity of charge
distribution over the organic layer can explain most results, al-
though such effects may be harder to anticipate a priori based
on ligand chemistry alone. Specifically, lesser polarized ligands
generate less favorable free-energy landscapes or more restric-
tive environments for diffusion pathways, which challenges dif-
fusion. Conversely, more polarized ligands generate more diffu-
sion “hotspots” - positively-charged regions where iodine atoms
prefer to hop - thereby minimizing the hop distance and lower-
ing the barrier to diffusion. The robustness of identified trends
would benefit from more expansive examination beyond the lig-
ands presented here; such future work could also elucidate the
relative importance of potentially competing effects. In addition,
the analysis and results presented are strictly limited to iodide as
the diffusing species. Although trends are expected to be broadly
transferable to different anions (e.g., chloride or bromide), some
ligand effects, particularly those depending on structural reorga-
nization, may become less pronounced with smaller diffusing
ionic species, while those that depend more on electrostatic ef-
fects may be more similar. Similar trends as seen here may also
be anticipated in DJ HOIPs, although this requires future inves-
tigation as diammonium ligands may exhibit reduced flexibil-
ity due to interactions with the inorganic lead iodide octahedral
framework at both ends of the ligand. Overall, this work provides
new insights into the nature of halide diffusion in 2DHOIPs and
offers guidelines that may be useful for engineering passivation
materials for perovskite solar cells.

5. Experimental Section
General Simulation Procedures: All MD simulations were performed

with LAMMPS using a 1 fs integration time step and periodic bound-

ary conditions.[61,62] Interaction parameters were taken from the classical
MYP force field developed for 3D MAPbI3.

[41] The force field was further
adapted for the 2D systems following the approach employed by Fridriks-
son et al. wherein formal charges of+2 and−1were assigned to the Pb and
I atoms, and a +1 charge was distributed over the organic cation.[63] This
approach was adopted to increase the transferability of the force field. Par-
tial charges were computed using the following protocol. First, the ligands
were built in Avogadro.[64] Next, they underwent initial geometry optimiza-
tion using the Universal Force Field (UFF)[65] followed by optimization at
the density functional theory (DFT) level using the BP86 functional,[66,67] a
double-zeta basis,[68] the RI-J approximation,[69] and DFT-D3 dispersion
correction.[70,71] After geometry optimization, partial charges were fit to
the electrostatic potential from a DFT calculation using B3LYP function-
als and the correlation consistent polarized valence quadruple zeta ba-
sis sets (ccpVQZ) using the CHELPG (CHarges from ELectrostatic Po-
tentials using a Grid-based method) approach.[72] DFT calculations were
performed using ORCA.[73] The final partial charges were determined
by averaging over symmetric atoms and symmetric configurations. All
charges and interaction parameters for the seven systems are reported in
the Supporting Information. Long-range electrostatics were modeled us-
ing the particle-particle-particle-mesh algorithm; short-ranged Lennard–
Jones, Buckingham, and Coulombic interactions were truncated at
10 Å.

System Preparation and Simulation: The initial configurations for
the seven systems were taken from experimental crystal structure unit
cells.[47–52] These cells were then replicated into 4 × 4 × 4 or 4 × 4
× 2 supercells in the three lattice directions a, b, c to construct sys-
tems with four layers of lead-iodide. Overlapping atoms were deleted
and bonds were connected across the periodic boundaries. The sys-
tems were then equilibrated at 300 K in several steps. First, the sys-
tems underwent initial relaxation by simulating for 0.5 ns with max-
imum positional displacements restricted to be within 0.1 Å for any
atom for each timestep. Second, systems were simulated under con-
stant temperature and constant zero-stress (N𝜎T) conditions for 10 ns.
Third, the volume of the final 2 ns was averaged, and constant tem-
perature, constant volume (NVT) simulations were performed at the av-
eraged volume for 3 ns. Simulations were then run for 2 ns to pro-
duce data for analysis and initial reference configurations for free energy
calculations.

Free Energy Analysis of Diffusion: The free energy pathway for iodide
diffusion was considered by first identifying an initial location A on the
lattice and a second vacant position B, which was constructed by remov-
ing an iodine from a previously generated reference configuration. After
A and B were defined, steered molecular dynamics (SMD)[74] was used
to identify an initial pathway for umbrella sampling.[75] From the refer-
ence configuration with the B vacancy, a moving spring with spring con-

stant K = 5000 kcal

mol−Å2
and pulling velocity v = −0.000013 Å

fs
was attached

between B and A. All atoms besides Awere held constant during SMD. For
out-of-plane calculations, after the initial pathway was identified, the reac-
tion coordinate Z was split into 50 “windows” from ZA to ZB with equal
spacing. The initial configurations of the diffusing halide A for each Zi were
extracted from the SMD trajectory in a forward search for each Z-value. For
in-plane calculations, the reaction coordinate was set to be the migration
distance, and a forward search was performed for the distance from the A
atom; 50 windows were also used in these calculations.

For each window, configurations first underwent initial structural re-
laxation by simulating the system for 0.1 ns with maximum displace-
ments limited to 0.1 Å. This was followed by 2 ns of simulation under
NVT conditions. The position of the diffusing halide ion was restrained
to a target position using a spring constant K = 50 kcal

mol−Å2
. In the out-

of-plane calculations, the restraint was only applied in the Z (out-of-
plane) direction, whereas the restraint was applied to all three Carte-
sian directions for in-plane calculations. To prevent drift in the system,
the halide atoms in the lead-iodide layers away from the diffusing A
halide were also mildly restrained using a spring constant of 0.1 kcal

mol−Å2
.

After conducting simulations on the separate windows, the overall free
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energy profile was generated using the weighted histogram analysis
method.[76,77]

Chemicals and Reagents: Lead iodide (PbI2) was purchased from
TCI Chemicals, and dimethyl formamide (DMF), acetone, and iso-
propyl alcohol (IPA) were purchased Sigma Aldrich. Isopentylammo-
nium iodide (iPAI), phenylethylammonium iodide (PEAI), and chloro-
phenylethylammonium iodide (Cl-PEAI) were purchased from Greatcell
Solar Ltd. Devices were made on prepatterned indium tin oxide (ITO) on
glass. Gold with 99.999% purity was deposited through a shadow mask
as electrodes.

Device Preparation: A 25 × 17.5 mm glass with a center ITO strip was
used as the device substrate. A 30 nm layer of gold was thermally evapo-
rated onto this glass over the ITO strip at a base pressure of 10−6 torr at
a rate of 0.5 Å sec–1. Perovskite films(2D) were grown via a spin-coating
method. Solutions with 2 M of iPAPI, PEAPI, and Cl-PEAPI were prepared
by dissolving the dry perovskite precursor powder (iPAI, PEAI, Cl-PEAI)
and PbI2 with 2:1 molar ratio in DMF. The solutions were shaken on a
Vortex shaker for roughly 10 min and then filtered for purity. Perovskite
solutions were then spun onto the substrates at 5000 rpm for 35 s and an-
nealed for 10 min at 100°C. The spin-coating was done in a nitrogen-filled
glovebox. Next, a 50 nm layer of gold was thermally evaporated on top of
the film at a rate of 0.5 Å sec–1 through a shadow mask. The 9 mm2 area
of the out-of-plane devices was defined by the overlap of top and bottom
electrodes. A scratch was made on the device to access the bottom gold
electrode. Images detailing the procedure are in the Supporting Informa-
tion.

Planar orientation of 2D perovskite films was verified by XRD measure-
ments conducted on a Bruker D8 Discover diffractometer using Cu K𝛼 ra-
diation source (𝜆 = 1.54 Å). SEM images of the 2D perovskite films were
taken using a FEI Verios 460 XHR SEMwith 5 keV accelerating voltage and
25 pA beam current.

Conductivity Measurements: To quantify the ionic conductivity in the
2D layered structures, we separated the ionic conductivity from the com-
bined ionic-electronic conductivity by following the procedure described in
Kim et al.[55]. In particular, ionic conductivity was calculated as the differ-
ence between the total conductivity taken from the high-frequency semi-
circle measured by alternating-current (AC) impedance spectroscopy and
the electronic conductivity taken from the steady-state voltage measured
by galvanostatic direct-current (DC) polarization. Ionic conductivity as a
function of temperature was fit by the Arrhenius equation to extract the ac-
tivation energy. All measurements were done on a Lake Shore Cryotronics
probe station in a nitrogen environment under white light with an inten-
sity of 61 W m– to facilitate the generation of charge carriers. A Lakeshore
366 temperature controller was used to heat devices for activation energy
measurements. Impedance spectroscopy was measured using a CH In-
struments 660C electrochemical workstation. Galvanostatic DC polariza-
tion measurements were performed using a Keithley 2400 sourcemeter.
Data is provided in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
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