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ABSTRACT: Recently two-dimensional (2D) hybrid organic−
inorganic perovskites have attracted a lot of interest as more stable
analogues of their three-dimensional counterparts for optoelec-
tronic applications. However, a thorough understanding of the
effect that this reduced dimensionality has on dynamical and
structural behavior of individual parts of the perovskite is currently
lacking. We have used molecular dynamics simulations to
investigate the structure and dynamics of 2D Ruddlesden−Popper
perovskite with the general formula BA2MAn−1PbnI3n+1, where BA
is butylammonium, MA is methylammonium, and n is the number
of lead−iodide layers. We discuss the dynamic behavior of both the
inorganic and the organic part and compare between the different
2D structures. We show that the rigidness of the inorganic layer
markedly increases with the number of lead−iodide layers and that low-temperature structural phase changes accompanied by tilting
of the octahedra occurs in some but not all structures. Furthermore, the dynamic behavior of the MA ion is significantly affected by
the number of inorganic layers, involving changes both in the reorientation times and in the occurrence of specific preferred
orientations.

■ INTRODUCTION

Over the past few years hybrid halide perovskite materials have
attracted a lot of interest due to their impressive properties as
photovoltaic materials.1−3 This has led to high-efficiency solar
cells, reaching efficiencies over 25%,4 but applications in light-
emitting diodes (LEDs),5−7 photodetectors,8,9 lasers,6,10 and
radiation detectors11−13 are also rapidly emerging. Perovskites
are characterized by a general ABX3 structure where A is a
monovalent cation, often organic (methylammonium, for-
mamidinium, cesium), B is a divalent cation (lead, tin), and X
is a monovalent halide anion (iodide, bromide). The most
studied perovskite for photovoltaic applications is (CH3NH3)-
PbI3 or methylammonium lead−iodide (MAPbI). In this
material the A cation is the organic cation methylammonium
(MA).
One of the major drawbacks of perovskites is that they are

very sensitive towards air and moisture, causing a rapid
degradation of devices when they are not properly encapsu-
lated.14,15 A possible approach to counter this is replacing (part
of) the MA by a large organic cation, leading to a two-
dimensional (2D) structure.16−21 The large organic cation
breaks up the structure in 2D layers of inorganic Pb−I
octahedra separated by the large organic cations. The
hydrophobic nature of the organic component protects the
material from air and moisture, resulting in a higher

stability.17,18,22,23 The most common 2D perovskites are
Ruddlesden−Popper type materials that have a general (R−
NH3)2An−1BnX3n+1 structural formula.16,21 In these structures,
A, B, and X are the same as in the case of the 3D perovskite,
but R−NH3

+ is a large monovalent ammonium cation that
does not fit inside the 3D perovskite structure and hence is
responsible for breaking up the structure into layers. Because
the large cation does not have to fit into the inorganic metal−
halide cage structure, there is considerable freedom in size and
nature. The most common choices at present are the
commercially available phenylethylammonium (PEA)24,25 or
aliphatics like n-butylammonium (BA),16,18,21 but there are
also examples of the incorporation of large conjugated
molecules.26−30 By modifying the ratio between the large
(R−NH3) and the small (A) organic cation, it is possible to
systematically vary the number of inorganic perovskite layers
(n) between each spacer layer of the large organic cations. This
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tuning of the layer thickness is accompanied by changes in the
optoelectronic properties.21 When n = 1, no small A cation is
present, and a single layer of Pb−I octahedra is sandwiched
between the large organic cations. For larger values of n, the
number of inorganic perovskite layers in between the organic
layers increases, but at the same time small organic cations are
introduced in the materials. These changes have a large effect
on the local environment of the individual molecules in the
system. The optoelectronic properties (exciton diffusion,
fluorescence quantum yield) are intricately linked to the
(dynamic) structural properties of the 2D layers in the
material.31 As shown recently, structural variations in the layer
of large organic cations or altering the number of inorganic
layer can result in significant changes in the exciton diffusion
properties,32,33 which is believed to be a result of differences in
the rigidity of the 2D structure. Therefore, it is of considerable
interest to explore the structural dynamics of 2D perovskites
and how it depends on the number of inorganic layers.
In this work we have performed model potential molecular

dynamics (MD) simulations on 2D Ruddlesden−Popper
perovskites with varying number of inorganic layers (n = 1−
4) as well as on the corresponding 3D perovskite. In all cases
lead and iodide form the inorganic layer and where appropriate
the large cation is BA and the small cation is MA. We have
studied the effect of the number of layers on the individual
parts of the structure: the inorganic layer, the small organic
cation, and the large organic cation. In this way we gain insight
into the rigidness of the inorganic layer, the mutual angles of
the octahedra, and the rotational diffusion of the small and
large organic cations. These simulations indicate that the
interplay between the dynamics of the inorganic lattice and the
organic cations is very subtle and that the behavior of the
different parts of the materials are strongly interconnected. The
presence of the organic cations has a pronounced effect on the
structure of the inorganic lattice, but the motion of the organic
cations is also strongly correlated to distortions of the
inorganic lattice. The results show that it is possible to tune
the distortions in the inorganic lattice by changing the organic
cations but increasing the layer thickness of the inorganic part
generally makes the lattice more rigid. Both the average
structure and rigidity of the inorganic lattice and the rotational
dynamics of the organic cations will affect the electronic
structure of the materials.34−36

■ METHODS
All molecular dynamics simulations were performed by using
the LAMMPS software.37 We have adopted the force field
from the work of Mattoni et al.38 on 3D methylammonium
lead−iodide. In this force field the interactions between Pb and
I are described with a Buckingham potential, while the
organic−organic interactions are described by Lennard-Jones
terms which are derived from the standard Amber force field.39

The inorganic−organic interactions are described by either a
Lennard-Jones (when hydrogen is involved) or a Buckingham
potential. To make the force field transferrable between the
different materials that we consider, we deviate from the
Mattoni force field in one respect: the partial charges for the
Coulomb interactions. We assign the full formal charges +2
and −1 to the lead and iodide ions (versus +2.02 and −1.13 in
the Mattoni force field). In addition, the organic cations have a
full +1 charge that is distributed over all atoms as obtained
from an electronic structure calculation. This leads to small
deviations as can be seen if the results for 3D perovskite are

compared to our previous work which did not use full formal
charges.40 This leads to a decrease of the temperature at which
the phase transition is observed (Figure S1). We have explicitly
chosen to adapt the way charges are assigned to the individual
ions because this leads to a straightforward transferrable force
field that can be adapted easily to structures for different n and
other organic cations. We recognize that this may affect the
detailed description, for instance, of phase transitions;
however, it does make it possible to make a direct qualitative
comparison between different related structures. The latter
would not be possible if the force field was optimized for each
compound individually.
The partial charges on the individual atoms in MA and BA

were obtained by fitting them to the electrostatic potential
from a density functional theory calculation (B3LYP/cc-
pVQZ) using the CHelpG approach41 in the Gaussian09
software.42

The initial structures used for the 2D perovskites and the 3D
perovskite were obtained from experimental crystal struc-
tures.21,43 In the case of the 3D perovskite the simulations were
performed on a supercell of 10 × 10 × 10 unit cells, while for
the 2D perovskite a supercell of 10 × 10 unit cells was used.
The direction perpendicular to the lead−iodide layer was not
replicated for the 2D systems, but it should be noted that the
unit cell already contains two Pb−I layers. In all cases periodic
boundary conditions were used in all directions, and the
volume was kept constant.
For all simulations an initial temperature of 400 K is used

where the system is allowed to equilibrate for 1 ns with a time
step of 1 fs. This time step was used throughout all simulations
discussed. After the equilibration, the temperature is lowered
to the desired temperature with a fixed annealing rate of 125
K/ns. Once the desired temperature is reached, the system is
again allowed to equilibrate for 1 ns before a 100 ps production
run is performed. Throughout the production run the positions
of all atoms are recorded.

■ RESULTS AND DISCUSSION
To gain insight into the structural and dynamical properties of
2D Ruddlesden−Popper perovskites, we have performed a
series of MD simulations as outlined above. Following these
MD simulations, we now analyze the trajectories that were
obtained to compare their structural features. More specifically,
we want to understand what the effect will be on the rigidness
of the lead−iodide layers and the orientation and motion of
the MA and BA ions. We start by focusing on the lead−iodide
layer and its rigidness, after which we discuss the dynamics of
the organic component.

Structure and Dynamics of the Pb−I Lattice. To
compare the rigidness of the lead−iodide layer between
different structures, we compare the positions of the lead
atoms throughout the simulations. For each simulation the
coordinates of every lead atom at every time step is extracted,
and a histogram of the out of layer coordinate (the z-
coordinate) is made. Depending on the initial structure, the
histograms will differ in number and positions of peaks.
However, each peak will in all cases represent a single layer of
lead ions in the structure. Every peak is fitted with a simple
Gaussian function, and the standard deviation is extracted. The
latter is an indicator of the structural flexibility of the lead
atoms in each layer. In a more rigid layer, the movement of the
lead atoms in the direction perpendicular to the layer will be
diminished and therefore give rise a narrower peak with a
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Figure 1.Motion of lead atoms. (a) Histogram of out of layer coordinates for an n = 2 simulation. (b) Lead−iodide octahedral layer with the out of
layer direction highlighted. (c) Single peak from the histogram at close with a fitted Gaussian. (d) Average standard deviation of the fitted Gaussian
for each structure versus temperature.

Figure 2. Pb−I−Pb angles in the different simulated structures. (a) Average Pb−I−Pb angles in the lead−iodide layer. (b) Average Pb−I−Pb
angles perpendicular to the lead−iodide layer. (c) Standard deviation of the Pb−I−Pb angles in the lead−iodide layer. (d) Standard deviation of
the Pb−I−Pb angles perpendicular to the lead−iodide layer.
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smaller standard deviation. This procedure is illustrated in
Figures 1a−c with an example of a histogram and a fit, while in
Figure 1d the average standard deviation of each structure is
plotted as a function of temperature.
In Figure 1d, it can be seen that lowering the temperature

leads to the expected trend of a reduced movement of the lead
atoms around their equilibrium position. Furthermore, at high
temperatures the general trend is that the movement of lead
atoms decreases on increasing the number of lead−iodide
layers. This shows that increasing the number of stacked lead−
iodide layers makes the structure more rigid. At 50 K, the
lowest temperature simulated, all the structures except for the
n = 1 material exhibit a more or less identical standard
deviation of the position of the lead atoms.
While all the other structures have a similar change in

standard deviation with temperature, for the n = 1 the
dependence on temperature is much stronger. This results in a
substantial difference between the n = 1 and the other
structures at higher temperatures. Moreover, the gap between
the standard deviations in the Pb positions between n = 1 and
n = 2 is much larger than between all other structures. This
shows that the n = 1 structure is considerably less rigid than
the n > 1 structures at all temperatures.
To obtain a more detailed understanding of the effects of

temperature on the structure of the inorganic framework of the
different RP compounds, we have examined the average Pb−
I−Pb angles as a function of the temperature (Figure 2). The
Pb−I−Pb angle corresponds to the mutual angle between two
neighboring octahedra and will therefore give an indication of
the tilting of the octahedra in each structure. In a perfectly
cubic structure, the Pb−I−Pb angle will be 180°, but any
tilting will result in a smaller angle, and the smaller the angle is
the more tilted the octahedra are. Furthermore, because of
thermal motion, a cubic structure will show a slightly lower
average Pb−I−Pb angle than 180°. We make a distinction
between the Pb−I−Pb angles that are present in the lead−
iodide layers (Figure 2a) and the Pb−I−Pb angles that are
perpendicular to the lead−iodide layers (Figure 2b), and we
also show the standard deviations for both sets of angles in
Figures 2c and 2d. The Pb−I−Pb angles within the lead−
iodide layer are two separate angles, but as can be seen in
Figure S3 there is no difference between these two angles in
the simulated structures.
The first clear trend observed from Figure 2a is that the

average Pb−I−Pb angle in the layer approaches 180° as the
number of lead−iodide layers increases. It is also clear that the
tilting of the octahedra in the n = 1 structure is substantially
more pronounced than in their counterparts with n > 1. This
can be seen from the large gap in average Pb−I−Pb angle for
the n = 1 as compared to all other structures. As the
temperature is lowered, all the 2D structures show a similar
gradual decrease in the average angle. The exception to this
trend is the 3D perovskite where the average angle initially
increases gradually before decreasing significantly between 100
and 50 K. The gradual increase can be due to structural
changes but can also be a result of statistical effects as noted
above. The initially decreasing temperature leads to a
reduction in the thermal motion of the resulting in an average
angle closer to the optimal Pb−I−Pb angle of the structure,
which is close to 180°. The sudden decrease in the average
angle between 100 and 50 K cannot, however, be explained by
such statistical effects and must therefore be due to distinct
structural changes in the materials, a phase transition. This is

well-known for 3D perovskites but happens at higher
temperatures than observed in these simulations.43

The Pb−I−Pb angle perpendicular to the lead−iodide layer
for the 3D perovskite (Figure 2b) shows exactly the same
behavior as in the lead−iodide layer. This is not surprising
since the 3D perovskite is not a layered structure, and all three
principal directions are roughly equivalent. For the 2D
structures, however, significant differences arise between the
perpendicular and the in-layer angles. First, all compounds
show a larger Pb−I−Pb angle in the direction perpendicular to
the lead−iodide layer than in the layer at all temperatures.
Second, decreasing the temperature has a very different effect.
The n = 3 and n = 4 now behave more like the 3D structure,
where at first the angle increases and then at a specific
temperature it decreases. For the n = 4 the decrease happens
between 100 and 50 K and is very small. Therefore, it is
difficult to say whether this is due to a phase transition in the
material or a slight alteration in optimal angles. In the case of
the n = 3 the decrease in the angle is more profound, starting
with a slight decrease between 150 and 100 K followed by a
steeper decrease between 100 and 50 K. This is very similar to
the behavior of the 3D perovskite and suggests that the n = 3
goes through a phase transition at similar temperatures as the
3D perovskite. The n = 2 structure exhibits a very different
behavior. In this case, the Pb−I−Pb angle increases steadily
with decreasing temperature, indicating less tilting of the
octahedra.
The n = 1 structure has no Pb−I−Pb angle perpendicular to

the lead−iodide layer. To show some comparison of the out-
of-layer tilting of that structure versus the other structures, we
define an angle between the lead−iodide plane and the out-of-
layer iodides (see Figure S2). This analysis shows that the n =
1 has the largest tilting in the out-of-layer direction by some
margin as it does in the in-layer direction (Figure 2a); i.e., the
structure is more flexible overall.
From Figures 2c and 2d it can be seen that the standard

deviation of the angles decreases in most cases with the
temperature, as we would expect from the decreased motion of
the atoms. There are, however, some notable exceptions. For
instance, the standard deviation for the 3D perovskite becomes
slightly larger when the material goes through its phase
transition. This can be explained by the definition of the angle
adopted here. Because the Pb−I−Pb angle is defined in the
range form 0−180°, the distribution of angles is one-sided
when the optimal angle is close to 180°. If the optimal angle
shifts to a slightly lower angle, the distribution will become
two-sided and therefore a bit broader.

Rotational Dynamics of the Methylammonium. The
structure and dynamics of the inorganic Pb−I lattices are
intricately linked to the presence and dynamics of the organic
cations. Therefore, we now turn to the MA ions and their
dynamics in the different structures. To compare the rotational
dynamics of the MA ions, we evaluate the rotational
autocorrelation function (ACF) of the MA ions averaged
over the number of MA ions (Nion) and over all possible initial
times t0 during the simulation time (Nt0).

∑ ∑= ⟨ ̂ · ̂ ⟩ = ̂ · ̂
= +

A t n t n
N N

n t n t( ) ( ) (0)
1 1

( ) ( )
i t t t t

i i
ion

1 0
0 1 0

The ACF gives an indication of whether the MA ions can
rotate freely and on the time scale at which they reorient. If the
MA ions are fully free to rotate and can obtain any orientation,
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Figure 3. Rotational autocorrelation function for MA ions in the different structures at (a) 300, (b) 150, (c) 100, and (d) 50 K.

Figure 4. Normalized heat maps of MA ion directions in the structures examined at 300 K (top row) and 50 K (bottom row): (a) n = 2 at 300 K,
(b) n = 3 at 300 K, (c) n = 4 at 300 K, (d) n = ∞ at 300 K, (e) n = 2 at 50 K, (f) n = 3 at 50 K, (g) n = 4 at 50 K, and (h) n = ∞ at 50 K.
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the ACF value will decay to zero, indicating a random
distribution of directions, on average. The time scale on which
this happens is the rotational diffusion time. However, if the
rotational motion is restricted, for instance by directional
interactions with the Pb−I lattice, the ACF will not fully decay
to zero but saturate at a certain value. This saturation value
indicates how much freedom the MA ion has to move around.
In Figure 3 the ACF of the MA ions in the structure that
include MA ions is shown at the following temperatures: (a)
300, (b) 150, (c) 100, and (d) 50 K. The reason we focus
more on the lower temperatures is that at high temperature
there is no significant change in behavior with temperature.
As can be seen from Figure 3a, the ACF reaches a plateau

within the first 5 ps for all structures at 300 K. The most
interesting observation is that for the n = 2 structure the ACF
does not fully decay to zero. This means that at this
temperature the rotation of the MA ions in the n = 2 material
is not completely free, and some forbidden orientations exist.
The data in Figure 3 also show that for all temperatures the n =
2 structure always has the highest ACF value, by some margin.
This indicates that the MA ions in this structure have the least
freedom to rotate as compared to the other compounds. This
is interesting since in the n = 2 structure the environment in
which the MA ions rotate differs considerably from the other
structures. In this material, each MA layer is flanked by two BA
layers on each side, while the MA layers in the structures with
n > 2 have at least one layer of MA as a neighbor, at least on
one side. This indicates that the neighboring MA layers
increase each other’s ability to move freely around.
At 150 K, shown in Figure 3b, we see that for the n = ∞

structure the ACF decays to zero within roughly 10 ps, while
for n = 3 and n = 4 the decay is slower and saturates at a value
above zero, indicating some preferential orientations. Interest-
ingly, the plateau value of the ACF is almost identical at this
temperature for n = 3 and n = 4. If the temperature is lowered
even more, to 100 K, we see that n = ∞ still decays fastest and
reaches zero in roughly 40 ps. In addition, at this temperature
the ACF of the n = 3 decays faster than the ACF for the n = 4
structure, although the difference is small. This is the same
temperature as we earlier saw changes in the octahedral tilting
of the lead−iodide lattice for the n = 3 structure.
When considering the results at 50 K in Figure 4d, we see

that the ACF of n = 3 still decays to a lower value than for n =
4 and is now also lower than the one for n = ∞. The n = ∞
structure has a significantly higher ACF plateau value at this
temperature, and the MA ions seem now much more static
than before. This occurs at the same temperature where we
previously saw the average Pb−I−Pb angle change and is
consistent with a phase transition occurring in the material.38,40

The structural changes of both n = 3 and ∞ seem to affect the
motion of their MA ions but in an opposite fashion. In the case
of the n = 3 the ACF value decays faster compared to the n = 4
structure, meaning more movement of the MA ions, while for n
=∞ the ACF gets higher and saturates at higher value than the
n = 3 structure, indicating significantly less movement. This
shows that the relation between structural changes and MA
movement is not straightforward and influenced by multiple
factors. These factors include the thickness of the lead−iodide
layers that affect their rigidity and the interaction with ions in
neighboring layers (either BA or MA).
To analyze the dynamics and behavior of the MA ions in the

different structures in more detail, we plot in Figure 4
normalized heat maps indicating the occurrence of different

directions of the MA ions in terms of the polar and azimuthal
angles, throughout a simulation at 300 and 50 K. On the heat
maps we have also plotted the relative positions of iodides and
leads with respect to the MA ions based on the initial structure
of the system. The normalization is done to compensate for the
fact that we are plotting spherical surface on rectangular grid
and results in all values larger than one to represent a higher
density of MA ions than random distribution would predict
and values lower than one representing less density than if the
ions were distributed randomly.
If we first focus on the 300 K simulation for n = ∞, we see

six high-density areas indicating preferential orientations of the
MA ions. These areas correspond to structures where the CN
axis of MA points to centers of the facets of the tetragonal
lead−iodide surroundings. The reason that these orientations
are preferred over others is the possibility of forming hydrogen
bonding between the hydrogens on the MA nitrogen atoms
and the iodides in the Pb−I layers. At high temperatures these
hydrogen bonds are short-lived, and after they break up, the
MA ion can jump to the next iodide forming a new hydrogen
bond. These jumps happen rapidly and seem to happen
primarily within a lead−iodide facet, resulting in a high density
of MA ions pointing toward each facet.
For n = ∞ the six tetragonal facets are roughly equivalent as

the organic cation on the other side of the facet is always
another MA ion. This is not the case for the 2D structures
where the top and bottom facets have either in all or most
cases at least one BA ion as a neighbor. These structures also
show different behavior than the n = ∞ material at high
temperatures, where top and bottom facets are less occupied
than the others. This becomes increasingly visible when the
number of layers is decreased (note the difference in the color
scale for different materials). The n = 2 structure has even
fewer MA ions pointing to the top and bottom facets than
random orientation predicts. This is caused by the repulsion
with the BA ions that are in a fixed global orientation with
respect to the Pb−I layers. As a result, the MA ions are
prevented from taking a certain orientation and explains why
the ACF for n = 2 does not reach a plateau at zero.
If we now focus on the 50 K heat maps, we see that the n =

∞ structure has a similar MA ion distribution as at 300 K in
the sense that still all the orientations are available for the MA
ions. What is different in this case is that we clearly see higher
density of MA ions next to the iodides where the hydrogen
bonds are formed. This happens since at low temperature the
thermal motion of the MA ions is reduced and the hydrogen
bonds live longer. Therefore, the MA will spend more time at
the most preferred position, next to the iodide.
For all the other structures the difference between the high

and low temperature is clearer. In all the cases the top and
bottom facets are more or less unoccupied at 50 K, meaning
that almost no MA ions point in this direction at low
temperatures. The high-density areas next to the iodides are
also clearer than for the n = ∞, and for the occupied facets not
all positions next to iodide have high density. For the n = 2
only the position next to the top iodide is highly occupied with
some minor occupation next to the lower iodides, meaning
that the MA ions are really fixed in a certain orientation and
rarely move to another orientation. This is consistent with the
decay of the ACF for n = 2 structure at 50 K, which showed
very little decay (see above). For the n = 4 structure the
preferred orientations are very similar to the n = 2 material.
The main difference is that the alignment next to the bottom
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iodide is now roughly equally probable as the alignment next
to the top iodide. We also see that between these preferable
areas there is a path with some occupancy; this implies that
over the course of the simulation all or some of the MA ions
manage to jump between these positions. This explains why
the ACF of the n = 4 compound reaches a plateau at a
significantly lower value than for n = 2.
Once again, the n = 3 structure shows a somewhat different

behavior compared to the others. For some reason the n = 3
structure only has MA occupancy in two tetragonal facets. We
attribute this to the observed structural changes in the Pb−I
lattice, accompanied by octahedral tilting at low temperatures,
as seen in the change in the average Pb−I−Pb angles in Figure
2b. As the octahedra tilt, certain orientations of the MA ion
become preferable because of steric effects. As was the case for
n = 4 the areas next to the top and bottom iodide are the
preferred areas, and there is a path with some occupancy
between the two. The difference is that now there is an area on
the path next to one of the middle iodides, which also has an
appreciable occupancy. This means that when the MA ion is
jumping between favorable positions next to the top and
bottom iodide it can occupy an intermediate orientation in the
case of n = 3. This decreases the energy barrier needed to make
the jump and therefore allowing the MA ion to move more

rapidly between the preferred areas. This explains why the n =
3 structure has the lowest ACF plateau at 50 K.

Rotational Dynamics of the Butylammonium. Finally,
we consider whether there is any difference in the behavior of
the BA ions for the different structures. To do this, we
compare the ACF of the N−C bond in BA for the different
structures at some of the simulated temperatures in Figure 5. It
is important to keep in mind that these ACF plots will differ
from the ones for the MA ions. The MA ion is a small ion that
can rotate relatively freely as long as nothing hampers its
motion. The BA ion, on the other hand, and is bulkier and is
only surrounded by Pb−I on one side. Therefore, it cannot
reorient completely and ACF will not reach zero at any
temperature.
Upon comparison of the ACF for BA in the different

structures, the main observation is that the n = 1 structure
plateaus at significantly higher ACF value than the other
structures and thus reorients less. This surprising observation is
related to the lack of MA ions in the structure. The BA ion
interacts strongly with the Pb−I lattice for the n = 1 structure.
When the inorganic layer becomes thicker and MA ions are
introduced, this leads to a screening effect with a net repulsive
interaction between the MA and BA ions. The overall result of
this is an increased rotational freedom for structures with n > 1.

Figure 5. Rotational autocorrelation function for N−C bond in BA ions in the different structures at (a) 300, (b) 150, (c) 100, and (d) 50 K.
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■ CONCLUSIONS
In this paper we have analyzed the structural dynamics of
Ruddlesden−Popper perovskites using model potential molec-
ular dynamics simulations. Calculations were performed for
different thicknesses of the inorganic layer. The results show
that the dimensionality (layer thickness) of 2D Ruddlesden−
Popper perovskites has a clear, but not always a straightfor-
ward, effect on the structure and dynamics of both the
inorganic and organic part of the perovskite. In the case of the
inorganic part, we see that the rigidness increases as the
number of inorganic layers is increased and that the n = 1
structure is substantially less rigid than the structures with n >
1. In addition, we clearly observe phase transition where the
tilting of the average Pb−I−Pb angles changes for the n = 3
and n = ∞ structures, but in the other structures this is not as
clearly visible.
In the organic part, certain orientations of MA ions are not

as favorable in the case of the 2D perovskite when compared to
its 3D counterpart. This clearly shows the effect of the edges of
the perovskite structure where relatively static BA cations are
present. This nonuniform surrounding leads to restricted
rotational freedom of the MA cations in the 2D structures, as
compared to the 3D material. The motion of the organic
cations is also directly linked to deformations in the inorganic
lattice, and clear differences are observed for different
thicknesses of the inorganic layer. The results highlight the
interplay between the inorganic and organic part in these
materials, which is complex and not necessarily uniform for all
the different structures. An improved understanding of the
structural dynamics is essential for systematically engineering
the electronic properties of Ruddlesden−Popper perovskites as
the electronic structure is directly linked to the structure of the
inorganic lattice and the rotational dynamics of the dipolar
organic cations.
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