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Dynamic disorder restriction of methyl-ammonium (MA) groups in
chloride-doped MAPDbBr3 hybrid perovskites: a neutron powder

diffraction study

Carlos Alberto Lopez,*2°] Maria Consuelo Alvarez-Galvan,! Maria Victoria Martinez-Huerta, Maria
Teresa Fernandez-Diaz[® and José Antonio Alonso*?

Abstract: The hybrid methyl-ammonium (MA) lead halide MAPbX;
perovskites present an appealing optoelectronic behavior with
applications in high-efficiency solar cells. The orientation of the
organic MA units may play an important role in the properties, given
the degrees of freedom for internal motion of MA groups within the
PbXs network. The present neutron powder diffraction study reveals
the dynamic features of the MA units in the hybrid-perovskite series
MAPb(Br1xCly)s, with x = 0, 0.33, 0.5, 0.67 and 1. From difference
Fourier maps, the H and C/N positions were located within the PbXg
lattice; the refinement of the crystal structures unveiled the MA
conformations. Three different orientations were found to exist as a
function of the chlorine content (x) and, therefore, of the cubic unit-cell
size. These conformations are stabilized by H-bond interactions with
the halide ions, and were found to agree with those reported from
theoretical calculations.

Introduction

Methyl-ammonium (MA) lead halide perovskites CHzNHsPbX3 (X
=1, Br, Cl), and their mixed-halide crystals have attracted wide
interests in recent years due to their applications in optoelectronic
devices."81 While methylammonium lead iodide (MAPDI3)
remains the most widely studied perovskite due to its ability to
absorb broadband light below its bandgap of 1.6 eV, the
degradation in a humid atmosphere has remained a major
obstacle for commercialization.’!. MAPbBr; is a promising
alternative to MAPDbI; with a large band-gap of 2.2 eV, which gives
rise to a high open circuit voltage (Voc = 1.2-1.5 V).B Their long
exciton diffusion length (>1.2 ym) enables good charge transport
in devices. In addition, MAPbBr; demonstrates higher stability
towards air and moisture due to its stable cubic phase and low
ionic mobility relative to the pseudocubic MAPbI;.) MAPbCI3
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possesses a wide band gap of 3.11 eV and it is visibly transparent
but sensitive to the ultraviolet (UV) region. It has been reported
that the trap-state density, charge carrier concentration, mobility,
and diffusion length of MAPbCI; are comparable with those of the
best quality crystals of MAPbIl; and MAPbBr3.12!

It is evident that the methyl-ammonium configuration plays an
important role in the physical and optical properties and must be
taken into account for the design of optoelectronic materials. The
first evidences of MA rotations in lead halide perovskites were
reported by Wasylishen et al. in 1985 from Nuclear Magnetic
Resonance (NMR).! Later this MA rotation was evidenced from
X-ray diffractions techniques,*?® and then Yamamuro et al.
proposed three possible orientations: [111], [110] and [100] in the
cubic system.l'] Although the MA orientation restrictions
described for the low-symmetry phases observed at low
temperatures (tetragonal - orthorhombic) are well known, 1518 the
delocalization in the cubic system still remains uncertain.
Recently, many authors have studied the MA groups in the PbXs
framework using theoretical and experimental tools. From
experimental methods, the MA delocalization has been reported
to happen in the [110] direction 9; however, the three mentioned
orientation possibilities have only been induced from theoretical
methods.[20-22

In the present work, we present for the first time experimental
evidences of the preferred MA configurations in the compounds
of the MAPDb(Bri1xCly)s series. Neutron powder diffraction with
non-deuterated samples was an essential tool to unveil the MA
orientations and the effect of the chloride doping in MAPDBr3
hybrid perovskite.

Results and Discussion

The initial crystallographic identification was performed from
laboratory XRD. All the samples exhibit a high purity; only for
MAPDCI; minor amounts of MACI were identified. Figure 1 shows
the XRD patterns of the obtained samples in comparison with
MAPDBr3.181 As shown, the diffraction lines exhibit a systematic
shift at high 26 values as x increases, evidencing the decrease of
the unit-cell size due to chloride introduction into the crystalline
network. All the patterns can be indexed in a cubic symmetry with
space group Pm3m. Previous reports for MAPbXs with X = Br or
Cl also described these phases in this cubic space group at room
temperature.[B17-1923 A recent  temperature-dependent
synchrotron XRD study was useful to identify different phase
transitions depending on the Cl contents.?!l However, the
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crystallographic features obtained from x-ray techniques (either
laboratory or synchrotron; powder or single crystal) for these
hybrid compounds are sketchy.

MAPbBr
J | LL TP Y PO T O

5

<

b MAPbBr Cl
%’ A AA A A rn z
5 MAPbBr, Cl
Q

1 N T T

I l l MAPDbBrCI,

I I I MAPbCI,

T T T T
20 40 60 80

20 (degree)

Figure 1. XRD patterns of synthesized samples in comparison with the parent
MAPDBr3 perovskite.

A neutron powder diffraction investigation was essential to obtain
a more detailed description of these materials, in particular
concerning the distribution of MA groups. As a first step, the initial
refinements were performed using the Le Bail method in order to

fit the instrumental parameters and refine the unit-cell parameters.

Then, the structure of the covalent PbXe octahedral network was
included in the model, where the lead atoms are placed at la
(0,0,0) sites and bromine/chlorine atoms are statistically
distributed at 3d (1/2,0,0) positions in the Pm3m space group.
Next, difference Fourier maps (DFM) were obtained from the
observed and calculated neutron powder diffraction data for each
Br/Cl ratio.

From the same analysis in the parent compound of the series,
MAPbBTr3, recently reported by us, it was shown that the MA
groups are delocalized at room temperature along the [110]
direction, involving six possible orientations.!® However, the Cl-
doped phases show different patterns with positive and negative
nuclear densities, indicating that the delocalization of the MA units
differ from those observed for the bromide phase. These
differences in the nuclear density (in terms of scattering length
density) will be analyzed individually.

The DFM for MAPbBIr,Cl is shown in Figures 2 a) and b). Here the
positive and negative densities exactly match with those expected
for the H3C—NH3* cations oriented along [111] directions. The
negative scattering regions (represented in blue) are, of course,
due to the negative scattering of protons. It is possible to deduce
that the C/N and H atoms are placed at 8g (x,x,x) and 24m (x,X,z)
Wyckoff positions, respectively. MAPbBr; sCl; s exhibits a peculiar
negative distribution, as shown in Figure 2 c). There are four
negative zones along the [001] directions, which suggests that the
MA units are along this direction. However, a non-negligible
density also appears along [111] directions, which is unrealistic.
To discern this case, Figure 2 d) shows the positive surface
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limited to 0.39 fm, which reveals that the C/N are indeed
delocalized along the [100] directions. Hence, the C/N and H
atoms are placed in this case at 6f (x,0.5,0.5) and 24l (0.5,y,2)
Wyckoff positions, respectively.
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Figure 2. Selected DFM iso-surfaces of MAPb(Br1xCly)s, which illustrate the
different orientations of the MA groups. a) and b) for MAPbBr2Cl at § = 0.15 fm.
c) and d) for x = MAPbBr15Clis at 8 = 0.13 and 0.39 fm, respectively. e) for
MAPDBICI; at 8 = 0.1 and f) for MAPbBrClz at 5 = 0.1.

Following the same procedure for MAPbBrCl, and MAPbCls;, see
Figures 2 e) and f), it is possible to find that the MA groups are
oriented along [100] directions, in the same way as MAPbBr 5Cl; 5.
Figure S1 (Supporting Information) illustrates the DFM for
MAPDCI; in comparison with MAPbBr; reported previously by
us.B®l From this result, a clear restriction in the MA delocalization
is revealed, evolving from [110] to [111] and finally to [100]
directions, while X is progressively enriched in Cl- anions.

Taking those results from the Fourier synthesis maps into account,
the crystallographic models were completed with the MA
configurations. Additionally, the MA displacement towards the -
NH; group also was experimentally observed, as suggested from
theoretical calculations and experimentally from single crystal
neutron diffractions for MAPbBr3.12225281 The full refinement of the
crystal structures yielded the NPD plots illustrated in Figure 3 for
x = 0.33 and 1.00, and in Figure S2 for x = 0.50 and 0.67. The
main crystallographic data are listed in Table 1 for x = 0.33 and
1.00 and in Table S1 for x = 0.50 and 0.67. Three different
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combinations of C/N and H positions are observed in MAPb(Br;.-
«Cly)s series, which allows for three possibilities for the MA
delocalization in the PbXe framework. Figure 4 illustrates the
variation of the unit-cell parameter with the Cl-doping, where an
inflection point is observed in the perovskite with an equimolar
amount of Br and Cl atoms. Analyzed from the point of view of the
MA conformations, it is possible to observe that the unit-cell
contraction upon Cl introduction keeps a constant slope when the
MA direction is the same, (for x=0.5, 0.67 and 1), whereas for x
= 0 and 0.33, where the MA conformation is different, the unit-cell
parameter falls apart from this slope.

From these observations, it underlays that the contraction of the
PbXg framework upon Cl introduction limits the degree of freedom
of the MA units, or it is closely related to the orientation of the
organic group. This reduction in size was exhaustively studied
across the reported phase transitions below room temperature
(cubic — tetragonal — orthorhombic),®21222427l: however, this
behavior is original if the same crystal system is maintained, as
found in the CH3NH3Pb(Br1.4Cly)s series at RT.
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Figure 3. Observed (circles) calculated (back line) and difference (blue line)
NPD profiles after the Rietveld refinement in a cubic unit cell for CHsNHzPb(Br1-
xClx)s with x = 0.33 (upper) and 1.00 (lower) at room temperature. The plots for
x= 0.5 and 0.67 patterns are included in the SI.
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A singular case was found in the parent MAPbBr3; described from
NPD and SXRD data,® where the MA units are delocalized along
[110] at RT; the reduction in size driven by cooling the sample
down to 240 K, still described in the cubic Pm3m s.g., forced the
MA units to delocalize along the [100] directions. !

This nice example shows that the reduction in size of the PbXs
network, either by a decrease of the temperature or by chemical
doping, leads to an orientation evolution of the organic group.

Table 1. Crystallographic parameters for MAPb(BrixClx)s with x = 0.33 and 1
phases refined in the cubic Pm3m space group from NPD data. The parameters
for x= 0.5 and x= 0.67 are included in the SI.

a) MAPbBr.Cl, a = 5.8454(8) A

Ato Wyckoff

m site X y z Uiso*/Ueq Occ
Pb la 0 0 0 0.048(3) 1

Br 3d 0.5 0 0 0.096(5) 0.62(3)
Cl 3d 0.5 0 0 0.096(5) 0.38(3)
N1 8g 0.5809(5) 0.5809(5)  0.5809(5) 0.061(1)* 0.125
c2 8g 0.4378(5)  0.4378(5)  0.4378(5) 0.061(1)* 0.125
H11 24m 0.5839(6) 0.7363(9) 0.5839(6) 0.063* 0.125
H21 24m 0.4416(7)  0.2841(8)  0.4416(7) 0.063* 0.125

U11 U22 U33 U12 U13 U23

Pb 0.048(3) 0.048(3) 0.048(3) 0.00000 0.00000 0.00000

N 0.028(5) 0.130(5) 0.130(5) 0.00000 0.00000 0.00000

Rp = 1.34%, Rwp = 1.71%, x2= 1.14 and Rerag = 10.80%

b) MAPbCls, a = 5.6813(5) A

Ato Wyckoff

m site X y z Uiso*/Ueq Occ
Pb la 0 0 0 0.0239(4) 1
Cl 3d 0.5 0 0 0.0924(8) 1
N1 6f 0.5 0.5 0.6594(5) 0.039(1)* 0.16667
H11 241 0.5 0.670(1) 0.720(2) 0.059(2)* 0.04167
H12 48n 0.6445(9)  0.4166(9) 0.720(2) 0.059(2)* 0.04167
c2 6f 0.5 0.5 0.4113(5) 0.039(1)* 0.16667
H21 241 0.5 0.326(1) 0.351(2) 0.059(2)* 0.04167
H22 48n 0.354(1) 0.585(1) 0.351(2) 0.059(2)* 0.04167
U11 UZZ U33 UlZ U13 U23
Pb 0.0239(4)  0.0239(4)  0.0239(4) 0.00000 0.00000 0.00000
Cl 0.0471(8)  0.1151(7)  0.1151(7) 0.00000 0.00000 0.00000

Rp = 0.75%, Rwp = 0.94%, x2= 1.23 and Reragg = 6.36%

It is important to remark the differences in the negative densities
(H positions) observed between [111] and [001] orientations.
While along the [111] direction, the three terminal H atoms of the
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HsC-NHs* units are visualized at fixed positions (see Figures 2 b)
and c)), along [100] the negative density seems to reveal four H
atoms contained in the (100) plane (see Figures 2 c), e) and f)).
This suggests that along the [100] orientation, the MA units can
be rotated to four equivalent positions, so that each H points to
each of the four halides in the edges of the perovskite unit cell,
thus manifesting the importance of H---X hydrogen bonds. This
bonded H is allocated in H11 site and the other two H of the amine
group are allocated in H12 site. Similarly, the methyl groups are
formed by C2, H21 and H22 atoms (Tables 1 and S1).
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Figure 4. Unit-cell parameter as a function of x value in MAPb(Br1xClx)s. The
error bars are much smaller than the experimental symbols.

The role of H---X interactions in the MA conformations is not
unknown. Theoretical studies from density theory (DFT) indicate
that the energy difference between the low index [100], [110] and
[111] orientations of the MA units are similar, but with a subtle
preference for the [100] orientation in the tetragonal MAPbI;.[27]
On the other hand, Shimamura et al. demonstrated from ab initio
simulations that the H--X interactions in MAPbI; stabilized the
[110] orientation instead of [111] and [100].” In contrast, Li et al.
found that the more stable configurations are [111] and [100] for
both MAPbIs and MAPbCI; perovskites.?®l Recently, Varadwaj et
al. also reports these orientations ([111] and [100]) as the most
energetically favorable.?? In spite of these possibilities, there are
few reports with experimental evidences concerning the MA
orientation in cubic symmetry.=1% Qut of these works, only
Baikie et al.'¥ report on the three structures for X = I, Br and ClI
from X-ray and neutron diffraction data, where the MA units were
refined in the [110] direction. Based on these previous theoretical
studies, it is possible to achieve a detailed analysis of our crystal
study. From the refined atomic positions for C, N and H it is
possible to “deconvolute” the different MA orientations for both
[111] and [100] directions and to compare the H---X interactions
with those given by the theoretical studies.

Figure 5 a) illustrates a unigue MA unit in the cubic unit cell for x
= 0.33 (directed along [111] direction) where the H-C and H-N
bonds interact with a unique halide ion (X = Clo33Broes7) with
distances of 2.921(5) and 3.088(5) A, respectively. As mentioned
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above, the MA unit is shifted, such that the (N)H---X distances are
shorter than the (C)H---X ones, which is expected considering the
greater electronegativity of N respect to C. DFT results for this
configuration in MAPbBr3; show that these distances are =2.44
and =3.47 A for (N)H--X and (C)H--X, respectively, as reported
by Varadwaj et al. from DFT calculations.?? In spite of the
different content of X= Br or Cl in these systems, both NPD and
DFT results are in good agreement.

A similar analysis can be carried out for x = 0.5, 0.67 and 1, where
the orientation is along [100]. As mentioned above, in this case
the MA in each of the three [100] directions can be rotated in four
positions, giving 12 possible conformations for the MA units.
These conformations are also deduced from DFT calculations for
bromine and chlorine phases.???? Figures 5 b) and 5 c) illustrate
a MA unit extract of the obtained C, N and H atomic positions for
MAPDCIs. As illustrated in Figures 5 b) and 5 c) with pale lines,
there are two types of H-bond: normal (N1-H11---X) and
bifurcated (N1-H12---X). In the same way, the methyl group
shows the same interactions through H21 and H22 atoms. The
obtained distances for x= 1 phase are 2.459(8) and 2.615(8) A for
N1-H11---X and N1-H12---X, respectively. These distance are in
agreement with these distances reported from DFT, namely 2.31
and 2.38 A28

Figure 5. Schematic view of refined structures where a unique MA conformation
is shown for x = 0.33 (a) and x = 1 (b) and c)). Pale-green lines illustrate the
H---X bonds from NPD data.

Conclusions

In summary, for the first time we have found experimental
evidence from diffraction data of the most likely orientation of the
MA units in the perovskites of the MAPb(Br1.«Cly)s series. The MA
units in the PbXe network suffer a restriction in its dynamic
disorder, where the delocalization follows the sequence: [110],
[111] and [100] as the chlorine contents (x) increases from O to 1,
and the unit cell progressively shrinks, always keeping a cubic
symmetry. This sequence constitutes a clear progressive
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reduction in the degrees of freedom of the MA units, considering
that the delocalization along [110], [111] and [100] directions
involves 6, 4 and 3 possible orientations, respectively.
Furthermore, the MA orientations and their H---X distances
obtained from NPD data exhibit a good agreement with the
calculated values from DFT. These findings are enlightening
since the crystal features obtained from NPD data can be
contrasted and understood from previous results from theoretical
analysis. An understanding of the structure of these compounds
will assist in rationalizing how halogen-centered non-covalent

interactions play an important role in the design of these materials.

Experimental Section

MAPb(Br1xCl)s with x = 0, 0.33, 0.5 0.67 and 1 were obtained as
microcrystalline powders from solutions of stoichiometric amounts of PbBr2
(or PbCl2) and MABr (or MACI) in N,N dimethyl-formamide. The choice for
compositions was decided in view of the halide contents of perovskite
formula, MAPbX3, by replacing one (x= 0.33), two (0.66) or the three (x=
1) Br atoms per formula by Cl atoms. A particular case is x= 0.5, with
ClusBris. The crystals were ground prior to the diffraction experiments.
Laboratory XRD patterns were collected on a Brucker D5 diffractometer
with KaCu (A = 1.5418 A) radiation; the 28 range was 4° up to 90° with
increments of 0.03°. The NPD patterns at RT were collected in the D2B
diffractometer, at the Institut Laue Langevin (ILL), Grenoble (France) with
a wavelength of 1.594 A. The use of non-deuterated samples was
preferred since this is the form they will be used in devices, and the
deuteration may change some structural features. The samples were
contained in 6 mm diameter vanadium cylinders. NPD diffraction patterns
were analysed with the Rietveld method using the FullProf program.[?829
The coherent scattering lengths for Pb, Br, Cl, C, N and H were, 9.405,
6.795, 9.577, 6.646, 9.36 and -3.739 fm, respectively.

The crystal structures have been deposited via the joint CCDC/FIZ
Karlsruhe deposition service, with the numbers: CCDC 1884880-1884883
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