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Recently, hybrid (organic–inorganic) metal halide perovskites have gained significant attention due to their excellent performance
in optoelectronics and photovoltaics (PV). Single-junction PV cells made from these materials have achieved record efficiencies of
over 25%, with the potential for further improvement in the future. The crystal structure of organohalide perovskite semiconduc-
tors plays a crucial role in the success of perovskites. In this study, we used classical all-atom molecular dynamics simulations to
investigate the dynamics of ionic precursors as they form organic halide perovskite units in the presence of water as a solvent.
During the analysis of radial distribution functions, interaction energies, hydrogen bonding, and diffusion coefficients, it was
confirmed that organic precursors aggregate in the absence of water and disperse in the presence of water. The interaction energies
also showed that the organic precursors of the perovskite have weaker interactions with Pb than the other components of the
perovskite. The hydrogen bonding analysis revealed that the number of hydrogen bonds between the organic precursors and Cl
decreases in the presence of water, but hydrogen bonds form between the organic precursors/water and Cl/water. Additionally, the
diffusion coefficients of the organic precursors were found to be in the following increasing order: 2,2-(ethylenedioxy) bis
ethylammonium (EDBE2+)< guanidium (GA+)< phenethylammonium (PEA+)< iso-butylammonium (Iso-BA+).

1. Introduction

Organic–inorganic metal halide perovskites have gained sig-
nificant interest due to their high efficiency, high absorption
coefficient, high defect tolerance, low cost, and ease of prep-
aration in optoelectronics and photovoltaics devices [1–6].
The most common hybrid perovskites are methylammo-
nium lead triiodide (CH3NH3PbI3 or MAPbI3) and forma-
midinium lead triiodide (CH5N2PbI3 or FAPbI3). Single
junction perovskite solar cells (PSCs) have achieved record
efficiencies of over 25.2% [7], and tandem silicon/PSCs have
reached 29.8% [8]. One of the major advantages of perovskite
films is their ability to be prepared using low-energy intensity

techniques, such as spin coating, tape casting, and antisol-
vent dropping [9–11]. Although organic–inorganic metal
halide perovskites have many positive qualities, they have
not yet been widely commercialized due to their toxic com-
ponents and unstable nature. These toxic materials can cause
environmental pollution when disposed of, and the perovs-
kites’ efficiency can also decrease over time due to the
decomposition of their hydrophilic organic components
when exposed to the environment. Currently, researchers
are working on finding ways to replace these toxic materials
while maintaining the effectiveness of the devices.

The photoactivity of CH3NH3PbI3 and CH5N2PbI3 decreases
quickly in humid conditions due to the decomposition of
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their methylammonium and methylamine cations, respec-
tively [12]. This makes the photochemical stability of
organic–inorganic metal halide hybrid perovskite solar cells
(PSCs) relatively poor compared to traditional organic and
inorganic semiconductors [13]. There have been various
methods developed to improve stability, including interface
engineering, additive engineering, passivating defects, stabi-
lizing heterostructures, and encapsulating cells [14–20]. Among
the various strategies using long-chain hydrophobic organic
cations, such as butylammonium, ethylammonium, dodecylam-
monium, 2-(2-pyridyl) ethylamine, hydrazinium, trimethylam-
monium, and phenylethyl ammonium, have shown promise
[20–25]. Low-dimensional structures (2D) formed by long-chain
hydrophobic organic cations make them more stable.

Perovskite solar cells that are based solely on low-
dimensional structures have low efficiency due to their
wide bandgap and low absorption. An early study on 2D
devices using (PEA)2(MA)2[Pb3I10] demonstrated an effi-
ciency of only 4.73% [25]. However, using a combination
of 2D and 3D structures, or conventional hybrid perovskites,
can improve the efficiency of 2D/3Dmixed devices. At present,
dual-optimized 2D@3D/2D devices have shown the highest
efficiency of 23.2% when 2-(2-pyridyl)ethylamine (2-PyEA)
molecules with 2D structure and N atoms with a lone electron
pair are introduced into perovskite [21]. However, these
devices are slightly less efficient compared to conventional
3D devices.

According to the data from previous research, the crystal
structure needs to be modified in order to improve the move-
ment of charge carriers in 2D/3D devices. The incorporation
of a 2D structure into 3D solar cells is a relatively recent
development, and further research is needed to identify
structures that can withstand the effects of oxygen, moisture,
light, and temperature. To achieve this, it will be necessary to
study the photophysical processes and electronic properties
in greater detail and develop appropriate strategies. Herein,
molecular dynamics (MD) simulations are useful for studying
the formation of crystals in various materials, as they can
model systems with thousands of atoms and account for con-
centration and solvent effects. These simulations typically use
Lennard–Jones (LJ) potentials to describe the interactions
between atoms. Currently, MD modeling and simulation
techniques have not been applied to study the formation of
PSCs made from various organohalides.

In this work, classical all-atom MD simulations were per-
formed to study the intermolecular interactions within the
ionic precursors and to explore the organic halide perovskite
formation in the presence of solvent molecules. In particular,
we have selected various organic precursors, that is, iso-
butylammonium, phenethylammonium, 2,2-(ethylenedioxy)
bis ethylammonium, and guanidium to understand the
organic halide perovskite formation process in the presence
of aqueous media. The choice of the organic halides depends
on the available experimental and simulation parameters,
as we explained below. In the following sections, the classical
all-atom MD simulation methodologies, radial distribution
functions, interaction energies, hydrogen bonds, and diffu-
sion coefficients were described in detail.

2. Methodology

In order to study the formation of PSC, different MD simula-
tions were designed systematically. The actual PSC is highly
complex. At the same time, themain purpose of this work is to
study the formation mechanism of PSCs in the presence of
various organohalides. In this regard, several organohalides,
including iso-butylammonium (iso-BA+), phenethylammo-
nium (PEA+), 2,2-(ethylenedioxy) bis ethylammonium
(EDBE2+), and guanidium (GA+), were selected for the anal-
ysis. The choice of iso-BA+ (iso-butylammonium), PEA+

(phenethylammonium), EDBE2+ (2,2-(ethylenedioxy) bis ethy-
lammonium), and GA+ (guanidium) in the MD simulations
instead of the simplest option of MA+ (methylammonium)
can be explained due to (i) chemical diversity: the impact of
their chemical structures and properties on the perovskite for-
mation process, (ii) tunability of properties: different organic
cations can offer tunability in terms of their molecular size,
shape, and polarizability, (iii) experimental relevance:
Iso-BA+, PEA+, EDBE2+, and GA+ are organic cations that
have been experimentally investigated or proposed for use in
PSCs, (iv) comparative analysis: the inclusion of multiple
organic cations allows for a comparative analysis of their
performance and behavior within the perovskite structure.
Consequently, there were nine designed systems, which are
listed in Table 1.

Amixture of organic halides and lead halides was taken as a
representative model of perovskite (Figure 1). After that, the
optimized coordinates for the iso-butylammonium (iso-BA+),
phenethylammonium (PEA+), 2,2-(ethylenedioxy) bis ethy-
lammonium (EDBE2+), and guanidium (GA+) were obtained
from the ATB database. The LJ parameters and other opti-
mized force field parameters for the standard CHARMM force
field were generated using SwissParam. The optimized force
field parameters and charges for the lead and chloride ions
were taken from the standard CHARMM force field database.
The SPCmodel was used as an example and included explicitly
added water molecules.

To begin, a 5× 5× 5 nm3 was used for an initial simula-
tion with amaximum force of 500 kJ/mol/nm on any atom, all
at a temperature of 298K and pressure of 1 bar. The energy
was then minimized. Following this, the temperature and
pressure were held constant at 298K and 1 bar, respectively,

TABLE 1: Simulation details for the various organohalides perovskite
precursors in the water.

Designed systems Pb Cl Organohalides Water

1 Reference 20 40 − −
2

Iso-BA+ 20 60 20 −
3 20 60 20 500

4
PEA+ 20 60 20 −

5 20 60 20 500

6
EDBE2+

20 80 20 −
7 20 80 20 500

8
GA+ 20 60 20 −

9 20 60 20 500
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for 0.1 ns during canonical ensemble equilibration, where con-
stant amount of substance (N), volume (V), and temperature
(T) are conserved. Finally, MD simulations were run for a dura-
tion of 10ns at a temperature of 298K and pressure of 1 bar.

The linear constraint solver algorithm was used to con-
strain all bonds during the simulation. The particlemesh Ewald
summation method, using a fourth-order and 0.16 nm grid
spacing, was used to calculate long-range interactions. The
V-rescale method was utilized to maintain the temperature,
and Berendsen pressure coupling was employed to maintain
the pressure of the system. Additionally, periodic boundary
conditions were applied [26, 27].

In general, there were nine designed systems of PSCs in
the presence of various organohalides. In this regard, several
organohalides, including iso-BA+, PEA+, EDBE2+, and GA+,

are illustrated in Table 1. The analyses of classical all-atom
MD simulations were performed by obtaining radial distri-
bution functions, interaction energies, and the number of
hydrogen bonds. The classical all-atom MD simulations
are performed by the Gromacs software [28] and visualized
by the visual molecular dynamics package [29].

3. Results and Discussion

3.1. Molecular Structural Properties. The equilibrated classical
all-atom MD simulations for lead(II) chloride with precur-
sors in the presence and absence of water are illustrated in
Figures 1–9. Initially, it was found that the organic precursors
are aggregated in the absence of water. Furthermore, it was
observed that when water was absent, the clustering of

700

600

500

400

300

Ra
di

al
 d

ist
rib

ut
io

n 
fu

nc
tio

ns

Distance (Å)

Pb and Cl
Pb and Pb

0 8642

200

100

0

(a) (b)

FIGURE 1: Representative snapshots and radial distribution functions of lead(II) chloride ((a) and (b)).
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FIGURE 2: Representative snapshots and radial distribution functions of lead(II) chloride + iso-BA+ ((a) and (b)).
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organic precursors persisted over time, but the aggregates
were broken up in the presence of water. In fact, the organic
precursor ions were found to be highly solvated and dispersed
when water was present. This can be attributed to the polar
nature of water molecules and the ionic behavior of the
organic precursors, as shown in Figures 1–9.

In Figures 1–9, the radial distribution functions between
Pb, Cl, organic precursor, and water are reported. It can be
highlighted that there is practically no correlation between
lead and organic precursors. On the contrary, for Cl and
organic precursor, a smaller peak is detected. Accordingly,
the coordination is more pronounced for Pb and Cl interac-
tion. In the absence and presence of water, the first coordi-
nation peak reaches a value of around 100. In addition, the

Pb and Pb, and Pb with water had a moderate peak distance
at different precursors.

Moreover, from the weak interactions between Pb and
organic precursors, it can be observed that the organic pre-
cursors of the perovskite are less interacted than the rest of
the components of the perovskite. Pb and Cl ions tend to
“freeze” in a relatively robust PbClx–PbClx framework and,
the microscopic structure of the methylammonium cations
remains more liquid-like, as can be seen in Figures 1–9. The
predictions of the classical all-atom MD simulations in water
medium are consistent with experimental findings.

After the analysis of radial distribution functions, classical
all-atomMD simulations were performed to study the intermo-
lecular interactions within lead chloride-containing perovskite
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FIGURE 3: Representative snapshots and radial distribution functions of lead(II) chloride + iso-BA+ +water ((a) and (b)).
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FIGURE 4: Representative snapshots and radial distribution functions of lead(II) chloride + PEA+ ((a) and (b)).
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in the presence of different organic precursors. We continue the
analysis by examining the interaction energies between the com-
ponents. In particular, the interactions of Pb(II) ion with organic
precursor compounds, including iso-BA+, PEA+, EDBE2+, and
GA+ in the absence and presence of water, were evaluated. The
interaction energies were computed as the sum of short-range LJ
and columbic interactions between the molecules. The energies
reported are the average values over the last 2ns of the produc-
tion run. The standard deviation for all obtained data was less
than 1%. Table 2 reports energies between different components
for all nine systems.

Comparison between the interaction energies in the pres-
ence and absence of organic precursor and water showed that
organic precursor and water directly affect the intermolecu-
lar interaction energies of Pb and Cl case. For instance,
by comparing systems 1 and 2, we found that the intermolecular

interaction between Pb and Cl decreased from −160.45 to
−219.68kJ/mol. Moreover, interaction energies between Pb
and Cl increased in the presence of water in comparison with
the absence of water.

Next, the hydrogen bond is present in many chemical sys-
tems, and consequently, it is the highly important for describ-
ing the intermolecular interactions of molecules. Therefore, the
formation of perovskite is, in general, explained in terms of
hydrogen bonds, as can be seen in Table 3. Hence, in order
to compute the number of hydrogen bonds, geometric criteria
were employed herein, the distance between the donor and
acceptor should be less than 0.35 nm, and the angle should
be within 300.

The results, as shown in Table 3, revealed that the num-
ber of hydrogen bonds between organic precursors and Cl
was decreased in the presence of water, as can be seen in
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systems 2–9. Moreover, we can note a formation of hydrogen
bondings between organic precursors/water and Cl/water in
systems in systems 3, 5, 7, and 9. At the same time, strong
hydrogen bonding was observed between organic precursor/
Cl ion. In addition, the electrostatic interactions are domi-
nated inside charged particles of lead halide PSC and could
have lower hydrogen bonds [30–32]. At the same time, the
crystal dimensions could be manipulated with the collective
effects of hydrogen bonding in various lead halide perovskite
[33, 34]. In this regard, better hydrogen-bonded lead halide
perovskite crystals could yield a better stability toward lights
and moisture.

3.2. Dynamic Properties. The diffusion coefficients were
computed using Einstein–Smoluchowski equation. Diffusion

coefficients of the Pb, Cl, organic precursors, and water for
all nine simulation systems are illustrated in Table 4. As can
be seen from Table 4, the diffusion coefficients of Pb and Cl
were decreasing dramatically from systems 1 to 7.

At the same time, the diffusion coefficients of organic
precursors were in the following increasing order:
EDBE2+<GA+< PEA+< Iso-BA+. While the diffusivity
of water was in the following increasing order: PEA+

< EDBE2+< Iso-BA+<GA+. Herein, it can be noted that
the lead halide perovskites are a better conductor of ions
[35]. In addition, the intrinsic defects can migrate in lead
halide perovskite lattice. Moreover, iodine anion migration
also was noted via vacancies and organic cation displacement
in lead halide perovskite lattice according to the previously
studied density functional theory calculations [36–38].
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Desirable characteristics of organohalide perovskite mate-
rials encompass luminescence and optical behavior, electrical
conductivity, ease of processing, and flexibility, as well as sta-
bility [39]. By studying the diffusion coefficients of the organic
precursor species of lead halide perovskite, researchers can

assess the likelihood of diffusion-driven processes that may
lead to degradation or instability. Lower diffusion coefficients
found in MD simulations could suggest that the material sys-
tem has enhanced stability. Herein, Iso-BA+ and PEA+ yielded
a highermobility in comparison with EDBE2+ andGA+, which
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TABLE 2: Interaction energies for the various organohalides perovskite precursors in the water.

System name Pb and Cl
Pb and organic

precursor
Pb and water

Organic precursor
and Cl

Organic precursor
and water

Cl and water

1 Reference −160.45 – – – – –

2
Iso-BA+ −219.68 15.09 – −58.18 – –

3 −404.64 2.19 −1,951.36 −63.40 −254.04 −734.61
4

PEA+ −111.57 7.16 – −63.77 – –

5 −507.32 2.15 −1,799.12 −69.14 −267.21 −629.03
6

EDBE2+
−303.1 17.53 – −114.41 – –

7 −616.04 7.28 −1,520.38 −158.52 −423.67 −840.53
8

GA+ −219.27 −12.55 – −51.03 – –

9 −485.36 −44.60 −1,800.82 −97.94 −483.51 −554.94
Unit: kJ/mol.

TABLE 3: Number of hydrogen bondings for the interactions of
various organohalide perovskite precursors in the water.

System
name

Organic precursor
and Cl

Organic precursor
and water

Cl and
water

1 Reference – – –

2
Iso-BA+ 26 – –

3 17 52 356

4
PEA+ 40 – –

5 18 59 310

6
EDBE2+

77 – –

7 43 88 393

8
GA+ 36 – –

9 30 87 293

TABLE 4: Diffusion coefficients for the various organohalides perov-
skite precursors in the water.

System name Pb Cl Organic precursor Water

1 Reference 0.0221 0.0223 – –

2
Iso-BA+ 0.0003 0.0002 0.0016 –

3 0.00001 0.0047 0.0758 0.9906

4
PEA+ 0.0001 0.00012 0.0012 –

5 0.0002 0.0107 0.0551 0.3740

6
EDBE2+

0.0001 0.0001 0.0002 –

7 0.00001 0.0040 0.0114 0.6991

8
GA+ 0.00001 0.0002 0.0022 –

9 0.00001 0.0032 0.0129 1.0165

Unit: ×10−5 cm2/s.
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could mean their lower stability in the presence of water sol-
vent. However, it is important to note that diffusion coeffi-
cients alone may not provide a complete picture of stability.
Other factors, such as the thermodynamic properties, inter-
molecular interactions, and kinetic barriers, also play crucial
roles in determining the overall stability of PSCs [40–42].
Therefore, a comprehensive understanding of the organic
PSC behavior is also planned to study in the future by applying
experimental techniques and more advanced modeling and
simulation techniques via understanding relative energy levels
and absorption data.

4. Conclusion

In summary, classical all-atom MD simulations were used to
study the dynamics of ionic precursors as they form organic
halide perovskite units in the presence of solvent molecules.
The radial distribution functions between Pb and organic
halide showed that the organic precursors of the perovskite
have weaker chemical interactions with Pb than the other
components of the perovskite. Pb and Cl ions tend to
“freeze” in a relatively stable PbClx–PbClx framework.
Analysis of interaction energies indicated that the interaction
energies between Pb and Cl are stronger in the presence of
water than in its absence.

MD analysis revealed that the interaction between the
organic precursor and organic halides is due to hydrogen bond-
ing. Halide perovskites are good ion conductors, and themobil-
ity of the organic precursors was found to be in the following
increasing order: EDBE2+<GA+<PEA+< Iso-BA+. Herein,
Iso-BA+ and PEA+ yielded an improved diffusion in compari-
son with EDBE2+ and GA+, which can mean their lower stabil-
ity in the presence of water solvent. However, it is important to
note that diffusion coefficients alone may not provide a com-
plete picture of stability. This research can help to understand
the formation mechanisms of organic halide PSCs at the
molecular level and may aid in the molecular design of PSCs
with improved stability performance. Future research endea-
vors will focus on gaining a thorough comprehension of the
behavior of organic PSCs. This will involve employing experi-
mental methods as well as employing advanced modeling and
simulation techniques to better understand the correlation
between energy levels and absorption data.

Abbreviations

PV: Photovoltaics
Pb: Lead
Cl: Chloride ion
EDBE2+: 2,2-(Ethylenedioxy) bis ethylammonium
GA+: Guanidium
PEA+: Phenethylammonium
Iso-BA+: Iso-butylammonium
PSC: Perovskites solar cells
MD: Molecular dynamics.

Data Availability
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current study are available from the corresponding author
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Additional Points

Highlights. (i) The dynamics of ionic precursors toward
organic halide perovskite unit formation in the presence of
solvent molecules were studied via classical all-atom molec-
ular dynamics simulations. (ii) From the weak interactions
between Pb and organic precursors, it can be observed that
the organic precursors of the perovskite are less interacted
than the rest of the components of the perovskite according
to the interaction energies as well. (iii) At the same time, the
diffusion coefficients of organic precursors were in the fol-
lowing increasing order: EDBE2+<GA+<PEA+< Iso-BA+.
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