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We present a new set of interatomic potentials for modelling Methylammonium Lead lodide. The potential model uses

existing potentials for lead iodide and methylammonium, and new functions are fitted to enable these pre-exisiting
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potentials to be used together, while still be capable of modelling lead iodide and methylammonium iodide as spearate
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materials. Fitting was performed using a combination of ab initio, and experimental reference data. The model is tested by

simulating methylammonium lead iodide at a range of temperatures. Our simulaltions are in agreement with experiment

and reveal the short and long range ordering of the molecular cations and lead iodide octahedra.

Introduction

MALI is an important discovery along the path of developing better
photovoltaic devices, and is one of the most extensively studied
hybrid halide perovskites. It is the focus of numerous experimental
and computational studies, seeking to understand its properties
better, how they may be tuned for greater efficiency, and to
improve the manufacture of the material for incorporation into
photovoltaic devices™.

Hybrid metal halide perovskites are utilized in the production of
solar cells, as an alternative to organic dyess. However, the dye
based systems cannot be manufactured as thin films, restricting
their use in solid-state solar cells®. The need for thin films of less
than 2 um suitable for solid state solar cells’” has driven the use of
alternative inorganic light absorbers, including hybrid metal halide
perovskitess. The necessity to use of a liquid electrolyte in these
new perovskite absorbers, as the perovskite is dissolved by ionic
quuidsg, led to their further development as solid-state perovskite
solar cells, displaying power conversion efficiencies (PCEs) of 8%
and 10% for MAPbl;_,Cl,, and MAPblI; respectivelym‘u. The report by
Kojima et al on the photovoltaic performance of the MAPbX; (X =
Br, I)lzseries dramatically changed the focus of the photovoltaic (PV)
field™.

PCEs of 13% have been achieved for liquid electrolyte based dye-
sensitised solar cells (DSSCS)B, compared to a 7% for solid state
DSSCs (ssDSSC) ® However, the perovskite solar cells present
significant improvements by absorbing light over a wider spectrum,
allowing for a more complete absorption and conversion of the
incident light, within thin films of just 500nm to 2 um. In previous
ssDSSCs the thickness of these films was limited by the spiro-
MeOTAD hole transport medium (£ 2 um) to 10 um to achieve
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significant solar adsorption 2,

The versatility of the perovskite structure known for oxides is also
found for the halides. We consider here perovskites with the
general formula of AMXs, where A" = Cs, CH;NHs, CH(NH,), etc, M**
= Pb, Sn and X = I, Br, Cl Many studies show that mixing the
composition can improve the stability of the materials or tune the
properties for better solar cell materials. The stability of
CH3NH;Pbl; (MALI) has been heavily studied using experimental and
computational methods, however, there is very little mention of the
synthesis mechanism.

Methylammonium lead iodide (MALI) is synthesised by the reaction
of hexagonal layered Pbl, and the organic halide CH3;NH;3l (MAI).
Initial syntheses reported by Weber® and Poglitsch15 were solution
based methods using concentrated hydroiodic acid, lead acetate or
lead nitrate, and methylamine.

MALI is one of a number of hybrid metal halide perovskites, a class
of material that exhibits a wide range of structural diversity owing
to the formation of corner-sharing octahedral sub-units within the
crystalle. The A cation occupies a cuboctahedron cavity, where the
vertices are the X anions. The X anions also form octahedral
arrangements about the M cation. The formation of the perovskite
is limited by the geometric tolerance factor, t, which is a measure
determined from the relative ion sizes within the perovskite. In Egn.
1r, ry and r, are the radii of each of the ions that form the
perovskite

Tyt
f=— A4 X 4

[\/ 2(ry + Tx)]

For a stable perovskite, t is expected to fall with the range of 0.813-
1.107 in the case of alkali metal halide based perovskites”, and 0.9-
1.0 for hybrid metal halide perovskitesls. Using the effective radii
for the ions, Park et al. determined that the A-site cation would
form a stable perovskite if it had an effective ionic radius of 1.6-2.5
A2 MA has an effective ionic radius of 1.8 A *®?°, which results in a
tolerance factor of 0.8., This predicts that the perovskite structure
of MALI should not be cubic and a tetragonal structure has been
reported at room temperatures.

J. Name., 2013, 00,1-3 | 1
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Figure 1 Unit cell of MALI. Atoms are coloured to denote lead (grey),
iodide (purple), carbon (light grey), hydrogen (beige), and nitrogen
(brown). The central Pbls octahedron is rendered.

Computationally, significant effort has been dedicated to
understanding the band gap of these materials, and the structural
and chemical influences upon them, in order to guide synthetic
processes to tune this critical propertyn. The electronic properties
of MALI are primarily determined by the iodine 5p orbitals that
form the valence band, and the lead 6p orbtials which form the
conduction band. The hybridization of these orbitals results in a
valence band that consists of anti-bonding orbitals and a
conduction band formed from the empty Pb p orbitals®. The band
gap of MALI is 1.55-1.61 eV, determined by room temperature
photoluminescencezs_ze, and is computationally predicted using a
relativistic self-consistent quasiparticle GW method as 1.66-1.72
eV?"?. Such calculations are required to account for the behaviour
of the electrons about the heavy Pb and I ions, since the valence
electrons experience significant relativistic effects? including spin-
orbit coupling, which must be appropriately accounted for despite
the fortuitous cancellation of errors if these corrections are
neglected from calculations for determining the band gap3°‘31.

The main role of the A-site cation in determining the band gap is
how it controls the linearity of the I-Pb-lI bonds. These perovskites
consist of Pblg octahedra, connected together by corner shared |
ions. Filip et al. determined from X-ray diffraction data that the Pb-I
bonds are all of a similar length, displaying at most a 0.1% deviation
from the 3.18 A bond Iengthaz’aa. In addition, the Pblg octahedra
have regular geometries, where the octahedral diagonals are near-
perfectly aligned perpendicular to each other, with a maximum
distortion from the ideal right angles of 4°. The manner in which
these octahedra are aligned relative to a perfectly cubic
arrangement is described using the Glazer notation®**°. Filip et al.
investigated the manner in which the A-site cation influences the
structure of the Pblg based perovskite and hence the band gap.
Different A site cations were tested, ranging from small atomic ions
to larger ions, including various organic ions. The structure of the
perovskite is modified by the effective size of the ion, the
anisotropy of the ion, the steric hindrance of the ion, and
intermolecular bonding such as hydrogen bonding. Perovskites
incorporating atomic ions smaller than Cs were found to be less
stable and decomposed into their constituent reagentsls’az.

There have been numerous studies using ab initio techniques and

molecular dynamics to gain an understanding of the structure of
MALI. In particular, effort has been directed at understanding the
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influence of the organic MA cation on the perovskite structure and
how this gives rise to the different phases of MALIL.
Methylammonium forms significant interactions — hydrogen bonds
— between its amide hydrogen atoms, and the iodide ions. The
influence of these interactions is to further distort the Pb-I-Pb
interations, altering bond angles, and in turn influencing the band
gap of the material. There is potential for tuning the material
through modification of both the shape of the MA cation and the
number of hydrogen bonds that it forms. Furthermore, the dipole
on the MA ion will influence both the long and short range ordering
of the cations, which in turn will affect the perovskite octahedral
arrangements%. Lee et al. studied the strength of the hydrogen
bonding by systematically looking at the ease by which the amine,
methyl, or the entire MA cation, rotates within the perovskite. The
shortest H-bond interaction occurs between an amine hydrogen
and an iodide ion, assuming that there is head-to-tail alignment of
the organic ions and that the tilt of the perovskite octahedral is
strongly correlated with the strength of the hydrogen bonds. Phase
changes induced by increasing temperature are detected by the
change in dielectric permittivity, which shows a sharp jump on
changing from the orthorhombic to tetragonal structure®’. Chen et
al. demonstrated the dynamic behaviour of the MA ion within the
three phases and the role it plays in the charge carrier diffusion
rates and recombination®®. At lower temperatures in the
orthorhombic phase, the rotation of the C-N bond within the
perovskite cage is frozen, whereas the rotation of the hydrogen
atoms about their respective C and N atoms is not. The influence of
heating on the MALI structure, and the MA ion disorder is further
demonstrated by Weller et al. and confirms the importance of
hydrogen bondinng.

The disorder of the MA ion has been modelled using Monte Carlo
methodsm, where the dynamics of the MA rotation is not explicitly
modelled, but instead particular “jumps” from one alignment within
the cuboctahedron cage to another are considered. To control the
probability of these jumps occurring, the simulation determines the
energy change caused by the change in dipole-dipole interactions
between the MA ions, and the induced strain energy caused by the
realignment of an ion. It was shown that, depending on the
magnitude of the strain energy, the simulation would form either
spontaneously antiferroelectric or ferroelectric domains as the
simulation was cooled. Strain energy was defined as the energy
change when rotating a MA ion by 180° from facing one side of the
cubic cell, to the opposite, while all other MA ions within the
simulation are aligned head-to-tail facing in the original direction.
When the strain energy was 25 meV the simulated MALI upon
cooling formed alternating layers, giving rise to an antiferroelectic
material. But with a higher strain energy of 50 meV the MALI would
form ferroelectic domains. Furthermore, it has been shown that
care must be taken when interpreting simulations and the ordering
that occurs, as periodic boundary conditions and I sampling will
influence the stability of MA ion alignmentsM, which in turn has an
influence on the relaxation times for the MA ions. Based upon their
simulations and extrapolations, a relaxation time for the MA ion
rotations was determined to be 10.4 ps. Ab initio molecular
dynamics simulations suggest that the MALI material is like an
orientational glass, with frustrated cation interactions. However,
the ability of an ab initio simulation to assess the long-range
orientational correlations is hampered by the limited size of the
simulated supercell.

This journal is © The Royal Society of Chemistry 20xx
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Ab initio molecular dynamics simulations have also been used to
investigate the thermal effects upon the MALI structure and the
band gap. In order to perform the simulations, the supercells were
limited to a 3x3x3 construction from the unit cells, or smaller. These
fully dynamic simulations established that the ordering of the MA
ions depends upon the hydrogen bonding the MA ion participates
in, with relaxation times for the MA ion determined to be
approximately 1.5 ps for a 3x3x3 supercell, or 17.5 ps for the
smaller 2x2x2 supercell, with periodic boundary conditions being
cited as the reason why long range interactions were too strongly
correlated to the MA ion rotations. The band gap of MALI was
found to vary with a standard deviation of 0.113 eV over the course
of the simulation. However, a supercell simulation consisting of
2x2x2 unit cells is insufficient to model the disorder of the MA ions

properly.

The significance of the hydrogen bonding to the structure has been
examined by Lee et al Using DFT calculations, various
orientations of the MA ion in the cuboctahedron cage have been
compared in terms of energetic stability, hydrogen bond distances
and also by performing a topological analysis of the electron density
— following the method of discussed in 34 Two main modes of
hydrogen bonding motifs are identified, and their influence on the
MALI band gap is determined. The a form, where two hydrogen
bonds are formed between the amine group hydrogens and the
iodide ions, results in a bandgap of 1.73 eV, while the B form, where
only one of these hydrogen bonds is formed, gives rise to a bandgap
of 2.03 eV. Bonding energies and bond lengths are compared to the
electron density found at the hydrogen bond critical points, with
the hydrogen bonding satisfying the trends for hydrogen bonds in
other materials.

Most simulations of MALI have been performed using DFT. The only
example of a classical potential for MALI that we have found is the
MYP potential of Mattoni etl al.® Within this potential the
interactions between the atoms that make up the MA ion are
governed by the potentials and parameters taken from the AMBER
force field. A Buckingham potential is used to describe the
interactions between the lead and iodide ions. The potential for
determining the interactions between the inorganic and organic
ions of MALI is less typical, and uses a combination of Buckingham
potential and Lennard-Jones 12-6 potential, along with a standard
Coulombic interaction term. The initial potential parameters were
developed for CsPbls, which in turn was a rescaling of parameters
for a MgSiO; potential. The potential is able to recover the phase
transitions with increasing temperature, and also to demonstrate
the ordering of the MA ions, and the loss of this ordering as the
temperature of the simulation is increased. However, the charges
assigned to the atoms in the MYP potential are larger than the
standard valence charges of the constituent ions, which is
inconsistent with the suggestion of this material exhibiting a degree
of covalency. Furthermore, the size of the charges makes the
potential incompatible with many other inorganic and organic
potentials, which impedes its transferability beyond the MALI
perovskite to other mixed hybrid metal organic perovskites and
their precursors limiting the use of this potential model.

Even though the corner sharing octahedral motif is fundamental to
the perovskite structure, and to the band gap itself, very little effort
has been focused on understanding how the signature perovskite
cage of the materials forms, given that the perovskite can be
synthesised by simply grinding together the two constituent

This journal is © The Royal Society of Chemistry 20xx

._|.46,47 . .
precursor materials™"". This means that Pbl,, a layered material

consisting of planes of edge sharing Pblg octahedra, readily
incorporates MA ions, and changes from an edge-sharing
configuration to a corner-sharing structure. Understanding the
mechanism of this reaction is of critical importance, given how
sensitive MAPbl; synthesis is to the processing conditions, such as
the presence of water.

We present a new forcefield that has been designed to be
transferable, and to simulate both the reactants and the products
when forming MALI.

Methods

Simulation Details

All reference structures used for fitting were obtained either from
XRD data, or generated by simulation. Simulations were performed
using Density Functional Theory calculations using CASTEP 16.0%.
The PBE functional was used with on-the-fly pseudopotentials with
a cut-off energy of 700 eV (determined to be sufficient following
cut-off energy convergence testing) and a convergence tolerance of
1x10”. The systems were fully geometry relaxed using the BFGS
method. Convergence criteria were set at 0.005 eV (energy), 0.1 eV
(forces), 0.1 eV (stress), and 0.05 eV (displacement). A single
gamma point was used and found sufficient for the size of the
simulation box. Dispersion interactions are accounted for by the
Tkatchenko-Scheffler method™.

All  molecular dynamics simulations were performed using
DL_POLYSS. The simulations used 0.5 fs time steps. NVT ensemble
simulations used the Berensden thermostat with a relaxation time
of 0.001 ps, and NPT simulations were performed with the Hoover
thermostat (relaxation time 0.001 ps) and barostat (relaxation time
of 0.1 ps). All simulations utilised the Ewald summation for
electrostatic interactions, with a precision of 1.0x10° A All
simulations used the Verlet algorithm. For the determination of the
auto-correlation functions, simulation time steps of 0.05 fs were
used.

Defect calculations were all performed in GuLp*® using the Mott-
Littleton method. The inner region around the defect, within which
atoms are all freely able to relax, used an initial cut-off of 15 A. The
outer region within which only short-range interactions and
Coulombic interactions are considered, used an initial cut-off of 55
A. Defect energies were tested for convergence by increasing both
region cut-offs by a 1 A increment at the same time.

Potential Development

Potential Model Selection

The potential consists of two core parts; the organic molecule,
which uses functions and parameters taken from the GAFF force
field, and the inorganic part that models the interactions between
lead and iodide, derived from the potential developed by Winkler™®.
New functions have been fitted to model the interactions between
the organic cation and the lead and iodide ions. This is where the
fitting of the potential parameters has been focused.

While the GAFF force field is well known and studied for
biochemical simulationsﬂ, the Winkler model for lead iodide is less
well known. The Winkler model uses Buckingham type potentials to
model the interactions between the ions, and includes polarisation

J. Name., 2013, 00, 1-3 | 3
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effects via a shell model. We have modified this potential for
simplicity, and removed the tethered charges on springs, and the
ionic charges are now the sum of their previous nuclei charge and
the charges on their associated spring.

To account for the interactions between the organic cation and the
lead and iodide ions, Lennard-Jones potentials were fitted, with the
aim of reproducing key features of the structure and the material.
In particular, the lattice parameters for MALI, and the phonon
density of states were important guides to the fitting procedure.
Confirmation of the quality of the fit was also revealed through
molecular dynamics simulations, where phase changes were
explored as the simulation was increased in temperature, as a
fundamental test of the transferability of the potential.

Potential Fitting

Typically, the combining of inorganic and organic potentials is
hampered by the disparity of the charges used in the two
potentials, which causes unrealistic Coulombic interactions
between the inorganic ions and the organic molecule atoms. This
can be corrected by rescaling the inorganic ion potential to account
for the rescaling of the inorganic ion charges. However, in the case
of the Winkler potential, the lead and iodide charges — determined
as a summation of the original nuclei charges and the shell charge,
are comparable in magnitude to those of the organic atoms. After
coalescing the nuclei and shell charges of lead and iodide, the
Buckingham potential parameters for this potential had to be
refitted. The Buckingham potential consists of three parameters, A,
p, and C, which represent the size of the close range repulsive
barrier, the length of the repulsive region, and the magnitude of the
attractive dispersion interaction. In total nine parameters were
adjusted in order to return the bulk lead iodide structure for the 2H
polytype.

The parameters for the methylammonium cation were taken from
the GAFF forcefield and generated using the ANTECHAMBER
application and were unmodified®>.

Following this procedure means that the MALI potential is equally
capable of simulating the reactants individually, rather than
resulting in potentials and parameters that have been overfitted to
give a model capable of simulating only the MALI bulk material and
not the surface, defects and formation of MALI.

To account for the interactions between the MA cation and the lead
and iodide ions, Lennard-Jones terms have been included, in the
“12-6” form. The Lennard-Jones potential consists of two
parameters, A and B. A determines the magnitude of the close
range repulsion, while B determines the magnitude of the long
range dispersive attraction. In order to obtain an appropriate
starting point for these parameters Lennard-Jones potentials were
fitted to the potential energy curves for lead and iodide obtained
from the Winkler potential. Then, using the Lorenz-Berthelot mixing
rules, Lennard-Jones potentials were generated for the interactions
between the lead and iodide ions, and the four atoms types of the
MA cation — the hydrogen atoms attached to the carbon atom are
chemically different to those attached to the nitrogen atom. With
these eight new sets of Lennard-Jones parameters, the force field
could then be fitted to reproduce the structure and phonon density
of states for MALI.

4| J. Name., 2012, 00, 1-3
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Parameterisation was performed, and tested against increasing the
supercell size, using the GULP programsa. The increase in the size of
the supercell is accompanied by increased flexibility of the system
as more of the octahedra are strung together. In the smaller
systems, and where an odd number of octahedra span the
supercell, the tilting of the octahedra can become frustrated and
not representative of the real system.

Table 1 Parameterisation

Buckingham Potentials (A exp (-p/r) — C/re)

A (eV) p (A) C (eV A-6)

Pb | 6876.2 0.32367 510.0
Pb Pb  17032.7 0.285 1100.19
| | 1791.81 0.46529 470
Lennard-Jones 12-6 Potential (X/r12 —Y/r6 )

X (eV AT Y (eV A6)
Pb C 100000.89 121.072
Pb N 90000.60 131.856
Pb H1 1435.31 8.789
Pb H2 3590.72 16.445
| C 15180.13 0.743
| N 40465.16 0.809
| H1 1134.51 0.054
| H2 942.79 0.025
C C 45262.52 29.32
C N 43197.02 31.98
N N 40975.84 34.77
C H1 986.76 2.66
C H2 111.38 0.90
N H1 875.63 2.80
N H2 92.25 0.91
H1 H1 8.76 0.15
H1 H2 0.40 0.033
H2 H2 0.006 0.004
| H2 1142.79 0.025
Two Body Potentials (Vzk(r—ro)2 )

k(evA?) r0 (A)
C N 25.480 1.499
C H1 29.395 1.091
N H2 32.024 1.033
Three Body Potentials ((k/2)(6-6,)°)

k (eV) 6o (°)

N C H1 4.254 108.0
C N H2 4.009 110.11
H1 C H1 3.388 110.74
H2 N H2 3.517 108.11

4 Body Potentials (A[1+cos(md-6)])

A (eV) 5(°) m

H1 C N H2 0.00675 0.0 3
Charges
q

Pb 1.263

| -0.632

C 0.072

N -0.832

H1 0.058

H2 0.405

This journal is © The Royal Society of Chemistry 20xx
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and on the far right, the computational determined phonon density of states from the force field.

Results and Discussion

An initial guide to the quality of the fit, beyond the lattice
parameters, is the phonon density of states (DOS), figure 2. Our
parameterisation provides good qualitative fits to the
experimentally derived DOS, with key peaks reproducedzz. The bulk
modulus has an average value of 13.62 GPa, which is comparable to
the value of 13.9 GPa as determined by Rakita et al.>* The Sheer
Modulus was also determined by Rakita et al. to be 5.4 GPa,
compared to our calculated value of 7.28 GPa.

Molecular dynamics Simulations were initially run at 400K for 0.3 ns
and then quenched. The initial 5000 steps were discarded as the
simulations approached equilibration. Simulations were initially
performed using the NVT regime and then final simulations were
performed with the NPT regime.

From table 2 it is clear that there is an increase in the volume as
temperature increases, but no significant change in the lattice
angles or in the ratio between the lattice parameters. This does not
suggest any phase change from orthorhombic to tetragonal, as
reported by Mattoni et al.”®. However, our room temperature
lattice parameters are in good agreement with experiment56 and
produce a similar cell volume. We have explored the lattice
parameters themselves, for simulations at 300K, with small
increases in decreases in a, b, and ¢, or through small deviations
away from 90 for each of @, 8, and y, however in all cases, the
lattice parameters returned to the same average optimal values
suggesting this is the preferred structure.

The phase changes reported have primarily been linked to a change
in the tilt of the octahedral as the system and a shift in the ordering
of the methyl ammonium cations. Therefore to further investigate
the influence of temperature on the phases we have examined the
structure at a range of temperatures. These show an obvious
change in structure as the system is heated, and this can be shown
using radial distribution functions (RDF), and simply by looking at
snap shots of the structure. Figures 3-6 show the structure of the
simulation, looking down the c-axis. Figure 3, from a simulation at
300K shows significant disorder, both for the octahedra tilts,
octahedra shapes, and the orientations of the methylammonium
cations. Figures 4-6 are from a simulation at 50K. There is clearly
ordering of the methylammonium cations, and the octahedra have
more regular tilts and shapes. Many layers show the same tilt
arrangement, but this can reverse, and continue, for a number of
layers. The MA cations can also have domains of alignment.

This journal is © The Royal Society of Chemistry 20xx

The RDF for the C-C interactions, figure 7, shows that at low
temperature there is ordering, which is related to the arrangement
of the MA cations in neighbouring cuboctahedra aligning head to
tail, head to head, or orthogonally. As the temperature is increased,
the distance between the C-C atoms on average is increased as the
system expands, and much of the structure in the RDF is lost, as the
MA cations become more able to tumble and rotate within the
cuboctahedra cavities. This is why the peak at 7.7 A is lost, and the
shortest C-C distance on average increases from 6 A, to 6.5 A. The
fine structure, and so the short and long range ordering present in
MALI, is removed once a temperature of >150K is achieved, which
falls in line with the phase transition seen at that temperature. In
the RDF for the iodide-methyl hydrogen atom distances, figure 8,
we also see again a shift to longer distances for the peaks, and the
loss of fine structure such as the shoulder in the first peak. The
shoulder is due to the fact that at low temperature, while there is
one close range I-H interaction, there are two more methyl
hydrogen atoms. The shift in peak distance, broadening, and loss of
the shoulder at higher temperatures, reflects that the MA cation
then occupies a more central position, and is able to freely rotate.
The peaks around 6.5 A, 8 A and 9 A, which correspond to the
methyl hydrogen atoms interacting with the other iodide ions that
make up the cubo-octahedron occupied by the MA cation, clearly
shift and merge with increasing temperature, and this can be
related to the loss of octahedral tilt of the Pblg subunits. Therefore
our model appears to replicate the atomic relaxations observed
during the phase changes within this material. We do not observe
any phase change between 300 K and 400 K (identified as
tetragonal to cubic).

Table 2 Average Simulation Lattice Parameters and Structure Data

Temperature
Lattice
Parameters

Experiment

50K 100K 150K 200K 250K 300K 293K*°

a/ A 8.79 8.66 8.68 8.71 8.74 8.79 8.90

b/ A 8.98 8.85 8.88 8.90 8.94 8.98 8.90

o/ A 12.56 12.39 12.42 12.46 12.50 12.56 12.67
a/° 88.25 88.25 88.25 88.25 88.25 88.25 90.0

B/ 90.00 90.00 90.00 90.00 90.00 90.00 90.0

v/ ° 90.00 90.00 90.00 90.00 90.00 90.00 90.0

Volume/ A* 941 949 957 966 976 991 1000
Volume

change/ A® - 8.3 15.8 24.9 35.0 49.8

c/a 143 143 143 143 143 143 142

a/b 0.98 0.98 0.98 0.98 0.98 0.98 1.0
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Figure 5 A slice through a snapshot of MALI simulation of a 5x5x5
supercell, at 50K. Methylammonium cations are represented as just

Figure 3 Snapshot of MALI simulation of a 5x5x5 supercell, at 300K.  C-N rods to better see the ordering that emerges on quenching the
Methylammonium cations are represented as just C-N rods to simulation from 400K. The direction of the tilt has interchanged

better see the lack of ordering.

with respect to the layers in figure 4.

Figure 6 A slice through a snapshot of MALI simulation of a 5x5x5
supercell, at 50K. Methylammonium cations are represented as just

»

Figure 4 A slice through a snapshot of MALI simulation of a 5x5x5 C-N rods to better see the ordering that emerges on quenching the
supercell, at 50K. Methylammonium cations are represented as just ~ Simulation from 400K. The interface between layers is seen where
C-N rods to better see the ordering that emerges on quenching the  the direction of the tilt interchanges.

simulation from 400K.
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Figure 7 Radial Distribution Function for C-C interactions between
MA cations

I-H(C) RDF
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Figure 8 Radial Distribution Function for the I-H(C) interactions. H(C)
are hydrogens atoms attached to the methyl group carbon atom.

We can further probe the accuracy of our model be examining the
strength of the hydrogen bonding by extracting the rotational
relaxation times for the MA cations.

N
c©) = QRO Flo)

i=1

N
£ =2 ) feosoy(0)
i=1

In equation 2, the autocorrelation function, C(t) at a time t, is
determined as the ensemble average of the dot product of the
dipole vector at time t and the dipole vector at time t=0. Given that
any point in our simulations can be used as starting point, we can
then further average over the entire simulation.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9 Plots of the Dipole Autocorrelation Function at different
temperatures.

From the plot of the autocorrelation function, figure 9, it is clear
that, at low temperatures, the direction that the MA cations point
in is highly correlated with their orientation over time. The
autocorrelation dies away quickly as temperature increases, and
there is more dramatic change as the material is simulated at
temperatures above 150 K, which is a temperature that coincides
with an experimentally observed transition state. Compared to the
work of Mattoni et al. the autocorrelation function is not as strongly
influenced by increasing temperature45.

From these curves we can extract the rotational relaxation time,
which is a measure of how long it takes for the system to evolve
and become disordered, relative to a starting configuration.

t
C(t) = ae to#3

2

_t t _(tL 2mt 1
C(t)=e A+T—e (71) +(1—A)cos<—)—t 3
0 2 (_+1)

T3

Equations 3 and 4 represent two different approaches to extracting
the relaxation time, 75. Whereas equation 3 assumes a simple
exponential decay, equation 4 assumes a more complex form
where dipole alignments correlations are represented by the

. . . 57
#zlnclusmn of a cosine term’”.

From equation 3, 1, is found to be 1.860 ps, which is much faster
than that determined experimentally for MALI. Using equation 4,
we extract a value 7.15 ps which agrees well with the experimental
values of 14 ps4°, and 4.70 ps 38, suggesting our parameterisation is
correctly modelling the rotational dynamics of the MA cations.

We have briefly investigated the intrinsic vacancies that occur in the
MALI cell using our potential. The values are listed in table 3.

In all cases convergence is achieved to a satisfactory level that
allows difference defects to be compared. A more rigorous defect
examination using supercells, defect clusters and variability in the
ideal lattice is beyond the scope of this paper and will be

J. Name., 2013, 00, 1-3 | 7
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considered in future work. We particularly note that in all our
calculations the MA cations are all aligned head to tail.

Defects 11, 12, and I3 refer to different lodide positions relative to
the MA cation. |1 and I2 reside at the ends of the molecule while 13
is in a position equatorial to the MA N-C bond vector, all the Pb
atoms are equivalent with respect to the MA cation.

As can be seen from table 3 the defect energies for the | sites are all
very similar. The MA vacancy is the most favourable defect with a
value close to that of the lodides while the Pb vacancy is much less
favourable. The values compare well with those of Yin at al.?®
except the energy of formation of the Pb defect is much larger in
our model. We would expect differences in the absolute values due
to the differences in methodology. The trend in defect energies is
also in agreement, with the formation of Pb defects costing more
energy than forming MA or | defects, both of which have similar
energies of formation.

Table 3 Average Defect Energies of Formation

Defect Energy/ eV
11,12, 13 1.87,1.93,1.91
MA 1.43

Pb 8.21

The presence of defects does have an influence on the structure, in
particular the removal of an iodide ion results in the reorientation
of MA cations (figure 10). The iodide defects also induce a structural
change, where in phase tilting changes to be out of phase tilting,
figure 11. However, this again, is only in the case of an optimization
of the structure about a defect.

Figure 10 A section of the Mott-Littleton simulation, centred on the
Pb defect. Pictured are three layers of octahedra, hence why the
defect is hidden. MA cations are represented as blue nitrogen
atoms, and red carbon atoms.
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Figure 11 A section of the Mott-Littleton simulation, centred on the
13 defect. Pictured are three layers of octahedra, hence why the
defect is hidden.

Conclusions

We have created a new forcefield that enables the simulation of
MALI. The forcefield is designed in a manner that allows the
greatest amount of transferability, in particular the forcefield
utilizes existing functions and parameters for the reactants, lead
iodide and methylammonium iodide. We have shown that adding
functions to describe the short-range repulsion and long range
attraction between the lead and iodide ions, and the MA cation
results in a forcefield that returns qualitatively the expected MALI
crystal structure, and phonon density of states. Our forcefield also
demonstrates accurate behaviour in the cation dynamics which are
fundamental to the functionality of this material. We briefly
examine the relative stability of single ion vacancy defects, and
their influence on the optimized structure.
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