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ABSTRACT

ORGANIC-INORGANIC DIPOLAR AND QUADRUPOLAR COUPLING UNDERLIES THE

STRUCTURE AND PROPERTIES OF HYBRID PEROVSKITES

Hybrid organic-inorganic perovskites are technologically relevant materials with ap-
plications in photovoltaics, solid-state lighting, and radiation detection. However, many
halide perovskites decompose in the presence of water, oxygen, or radiation. Empirical
studies have demonstrated that chemical substitution inhibits the decomposition of hy-
brid perovskites, but several questions remain about the chemistry and physics underlying
the beneficial effects. Here, I show that the organic sub-lattice mediates the phase sta-
bility and behavior of hybrid perovskites through dipolar and quadrupolar interactions,
which can be tuned with chemical substitution. This work discusses organic-inorganic
coupling and the implications of chemical substitution in formamidinium lead bromide
(CH(NH,),PbBr;), methylammonium lead bromide (CH;NH,PbBr;), formamidinium tin
(IV) iodide ((CH(NH,),),Pbl,), and methylammonium tin bromide (CH;NH;SnBr;).

Chapter Two describes how in formamidinium lead bromide the chemical pressure
originating from the organic cation modulates the structural and optoelectronic behav-
ior. Formamidinium lead bromide undergoes five distinct, temperature-dependent phase
transitions, three of which do not resolve crystallographically and relate primarily to the
orientation and dynamics of the formamidinium cation. These crystallographically unre-
solvable phase transitions resemble ferroelastic transitions with the formation of nanoscale

domains, which I demonstrate are mediated by the microstrain exerted from geometric
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frustration of formamidinium quadrupoles. Photoconductivity spectra demonstrate that
all five phase transitions affect the optoelectronic properties.

Chapter Three demonstrates that cesium substitution in formamidinium lead bromide
introduces competing geometric frustration that overpowers the geometric strain from
the formamidinium sub-lattice. Nuclear resonance spectroscopies and neutron scatter-
ing further elucidate the geometric frustration observed in formamidinium lead bromide
and describes the changes in molecular and lattice dynamics with cesium substitution in
(CH(NH,),);_,Cs,PbBr; as a function of z. Partial cesium substitution suppresses four
of the five phase transitions of CH(NH,),PbBr;. I conclude that cesium suppresses the
phase transitions through the relief of geometric frustration associated with the electro-
static quadrupolar interactions between formamidinium molecules, which may in turn
explain the greater phase stability of formamidinium perovskites on substitution.

Conversely, crystallography and neutron spectroscopy presented in Chapter Four demon-
strate that cesium substitution increases geometric frustration related to the octahedral
rotations preferences in methylammonium lead bromide. The geometric frustration man-
ifests as sluggish phase transitions in substituted methylammonium lead bromide, a reen-
trant phase transition in methylammonium lead bromide with 20% cesium substitution,
and inhibited methylammonium dynamics. The inhibited methylammonium reorienta-
tional dynamics, which are increasingly slow and glassy as cesium content increases, indi-
cate the formation of an orientational glass. These results suggest that cesium substitution
induces geometric frustration within methylammonium lead bromide, most likely originat-

ing from the mismatch between methylammonium and cesium bonding preferences.
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In three dimensional hybrid perovskites, organic-inorganic coupling must compete with
inter-octahedral interactions. To more directly investigate organic-inorganic coupling,
we can consider reduced dimensionality perovskite derivatives. Vacancy ordered dou-
ble perovskites (VODPs) have isolated octahedra, but the structure conserves the close
packed halide lattice that provide the advantageous optoelectronic properties of hybrid
perovskites. Chapter Five describes how organic-inorganic coupling manifests in the phase
behavior of the hybrid VODP formamidinium tin (IV) iodide. Formamidinium undergoes
a phase transition to a monoclinic distortion of the high temperature cubic phase that
is characterized by broad hysteresis and irreversible particle fracturing. We classify this
phase transition as ferroelastic, given that the hysteresis is indicative of domain formation
that the presence of spontaneous strain from the alignment of formamidinium cations in
the low temperature phase.

The molecular dipoles in methylammonium perovskites can also couple to dipoles re-
lated to intra-octahedral distortions, such as the metal off-centering related to stereochem-
ical activation of the s lone pair that occurs in tin and germanium perovskites. Methylam-
monium tin bromide exhibits crystallographically ordered, static tin off-centering at low
temperature indicative of stereochemical activation of lone pairs, while the low tempera-
ture phases of cesium tin bromide are characterized by symmetric, undistorted octahedra.
Both tin bromide perovskites undergo local, dynamic structural distortions related to stere-
ochemical activation at high temperatures. To understand the driving forces behind this
type of organic-inorganic coupling, Chapter Six examines the solid solution series between

methylammonium tin bromide and cesium tin bromide. Substitution suppresses the low
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temperature phase transition of methylammonium tin bromide, but it does not otherwise
change the phase behavior of the solid solution series. Examination of the local structure
suggests that all tin bromide perovskites exhibit short range structural distortions related
to stereochemical lone pair activation, although cesium rich members and methylammo-
nium rich members exhibit stereochemical activation through different mechanisms.
Chemical substitution moderates the lattice strain of hybrid perovskites in complex,
organic-cation dependent pathways. The organic cation identity will drive the phase be-
havior through dipole or quadrupole interactions with the octahedra. The characterization
of these interactions provides a rational approach to substitution in hybrid perovskites that
will enable high- performing devices and provide design principles for dynamic semicon-

ductors.
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lines, and the difference is shown as a gray line beneath the data. Excluding
the high temperature 7' = 260 K data, Rietveld refinements were carried out as
joint refinements with corresponding neutron diffraction data shown in Figure
2.6. Refinement statistics are provided in Table 2.1. . . . . . . . ... ... ...
High-resolution neutron diffraction patterns collected upon heating from a base
temperature of 7' = 100 K. Data are represented as circles, fits from Rietveld re-
finements are shown as orange lines, and the difference is shown as a gray line
beneath the data. Rietveld refinements were carried out as joint refinements
with X-ray diffraction data collected within 6 K of the corresponding tempera-
tures shown in Figure 2.5. Refinement statistics are shown in Table 2.1.. . . . .
Selected () region showing characteristic Bragg reflections in high-resolution

synchrotron X-ray diffraction (SXRD) patterns modeled with the Rietveld method.

The arrow indicates a low intensity peak that is not indexed in the P4/mbm
space group but is indexed in the Pnma space group to the (113) plane. Data
are represented by black circles, fits by orange lines, tick marks as red vertical
lines, and the difference curves as gray lines. Refinement statistics can be found
in Table 2.1 and full diffraction patterns are shown in Figure 2.5. . . ... . ..
Pseudo-cubic lattice parameters extracted from Rietveld refinements of high
resolution synchrotron X-ray diffraction. The pseudo-cubic lattice parameter
for the a axis is a’ = v/2aw: or @' = \/2a.+, and for the c axis is ¢ = ¢
or ¢ = cyn/2. Dashed gray lines indicate crystallographically unresolvable
phase transition temperatures and dashed-and-dotted gray lines indicated crys-
tallographically resolvable phase transition temperatures determined from heat
capacity and differential scanning calorimetrydata. . . . . ... ... ... ...
Selected () range of (a, b) neutron diffraction patterns collected as a function of
temperature on CH(NH;),PbBr3. (c, d) high-resolution SXRD patterns collected
on CH(NH,),PbBr; as a function of temperature. The arrows in (b) and (d)
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placement modes. Dashed circles are guides to the eye. The inorganic frame-
work deforms as expected for a halide perovskites as a function of tempera-
ture,”” with in-phase octahedral tilts in the ab plane in the tetragonal P4/mbm
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1. Introduction

Our society’s cutting edge technology, from cell phones and computers, to batteries
and solar panels, rely on solid materials. Predicting which materials work best in a given
application is a huge challenge for materials chemists, and a large portion of the break-
throughs in materials chemistry have been serendipitous. Developing structure-property
relationships enables the rationalization of these breakthroughs.

Most inorganic semiconductors for photovoltaic and lighting applications crystallize
in the diamond lattice, characterized by a covalent network of edge-sharing tetrahedra.®
These materials, such as silicon, gallium arsenide, and cadmium telluride are the basis for
most investigations into new inorganic semiconductors. In the late 2000s, however, hybrid
perovskites came to prominence as a family of inorganic semiconductors competitive with
conventional inorganic semiconductors when incorporated into a solar cell and yet struc-
turally distinct from diamond lattice materials.? Hybrid halide perovskites are character-
ized by an ionic, polarizable network of corner-sharing octahedra where a p-block metal
occupies the center of the octahedra, a halide ion occupies the vertices, and an organic
cation resides in the A-site between octahedra (Figure 1.1). Hybrid perovskites present
an exciting opportunity to expand the existing structure-property relationships based on
diamond lattice semiconductors.

Hybrid perovskites are ideal materials to build structure-property relationships because
they are structurally tunable (Figure 1.2). Early photovoltaic studies focused on three di-

mensional perovskites, such as methylammonium lead iodide and formamidinium lead



Si CdTe GaAs CH3NH3PbBrs

Figure 1.1: The structure of diamond lattice semiconductors silicon, gallium arsenide, and cadmium telluride
(a) compared to the structure of the hybrid perovskite methylammonium lead bromide (b). Arrows indicate
dynamic degrees of freedom of the octahedra and of the organic cation.

iodide,! where dimensionality reflects the connectivity of the octahedral framework. De-
creasing the connectivity to two dimensions by incorporating bulky organic cations to sep-
arate the octahedral framework into layers increases the exciton binding energy and there-
fore have increased potential for lighting applications.® A subset of these layered materials
exhibits broad band white light emission, suitable for single material white light emitting
diodes.* Vacancy ordered double perovskites (VODPs) are zero dimensional perovskite
derivatives, where every other metal site is vacant compared to the three dimensional par-
ent structure. Unlike two and three dimensional perovskites, in which the central metal
ion has a formal +2 oxidation state, the metal in VODPs has a formal +4 oxidation state.®
The preservation of the close packed halide sublattice makes the electronic properties of
VODPs closely related to those of the three dimensional perovskites.®

In addition to their structural tunability, hybrid perovskites are compositionally distinct
from conventional inorganic semiconductors. The bonding in silicon, gallium arsenide and

cadmium telluride is covalent and fairly directional. Hybrid perovskites have ionicity stem-



Figure 1.2: The dimensional tunability of hybrid perovskites: (a) the three dimensional perovskite methy-
lammonium lead iodide (b) the two dimensional layered perovskite n-butylammonium lead iodide (c) the
zero dimensional vacancy ordered double perovskite methylammonium tin iodide.

ming from the metal-halide bond character and from interactions between the inorganic
octahedra and the A-site cation. Rather than one unified lattice, hybrid perovskites can
easily be broken into two distinct sub-lattices - the organic and inorganic. In addition, most
perovskites implemented in devices are chemically substituted.’” Unsubstituted hybrid per-
ovskites can decompose rapidly under ambient conditions, which has been attributed to
reactivity with water, positive enthalpies of formation relative to their respective binaries,
and instability under infrared radiation.®'° Chemically substituted perovskites, where the
A-site is occupied by a mixture of methylammonium, formamidinium, and cesium and the
halide site is occupied by a mixture of bromine, iodine, and chlorine, undergo decompo-
sition or degradation much more slowly. !1:!2 Substitution can also tune the optoelectronic
properties, which is attractive for tandem solar cell applications. !>

The composition and bonding of hybrid perovskites introduces many dynamic degrees
of freedom, which are unusual compared to conventional materials. Hybrid perovskites
are known for their cooperative octahedral tilting and rotations, which are dynamic in

their high temperature cubic phase and freeze out in their low temperature tetragonal



Pm3m P4/mbm
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Figure 1.3: The typical phases of hybrid perovskites. The high temperature cubic phase (Pm3m) transitions
to a tetragonal phase (/4/mem or P4/mbm) and then to the orthorhombic phase (Pnam) on cooling. A-site
cations have been emitted for clarity.

and orthorhombic phases.!®> Symmetry-allowed dynamics include both in-phase rotations
(Glazer notation: a’a’ct) that are computed to be more favorable in halide perovskites,
out-of-phase rotations (Glazer notation: a’a’c™) that are computed to be more favorable
in oxide perovskites, and tilting perpendicular to the plane of rotation (Glazer notation
atb~b7).1%18 The rotations tend to freeze out first, resulting in a cubic (space group:
Pm3m) to tetragonal (space group: P4/mcm, I4/mcm) phase transition followed by a
tetragonal to orthorhombic phase transition (space group: Pnam) as the tilting modes
freeze out on cooling (Figure 1.3). In addition, tin and germanium perovskites can un-
dergo dynamic or static metal off-centering due to the stereochemically active lone pair on
the metal center. %2

The presence of the organic cation introduces additional dynamic degrees of freedom.

Methylammonium and formamidinium vibrate within the A-site similar to the behavior



Figure 1.4: Depictions of the symmetry and pseudo-symmetry allowed rotations and reorientations in (a)
methylammonium and (b) formamadinium.

of the isolated molecules.?>2> Additionally, both molecules librate and reorient within the
A-site void and the type of reorientation is determined by the symmetry of the molecule
and of the unit cell.2%?7 Density functional theory calculations and molecular dynamics
simulations predict that in addition to molecular librations, formamidinium will undergo
(', rotations along the pseudo C axis connecting the two amine groups and along C,
symmetry axis of the molecule, as depicted in Figure 1.4.27-2® Experimental identification
of the symmetry of formamidinium reorientations remains challenging, but the computa-
tional predictions are consistent with transient spectroscopy results that show two molec-
ular motions on femto- and nanosecond time-scales.?® Dielectric susceptibilities suggest
that the formamidinium dynamics change only slightly with temperature.3%3! Quasielas-
tic neutron scattering experiments have identified that methylammonium undergoes a C3
rotation parallel to the carbon-nitrogen bond and a C,, 90° rotation imposed by the C}
symmetry axes of the unit cell in the high temperature cubic phase of methylammonium
lead iodide.?%32 At the tetragonal to orthorhombic phase transition temperature the C,
mode completely and abruptly freezes out, in contrast to the more gradual changes in
formamidinium perovskites.263%3 The (3 rotations of methylammonium persist to low

temperature, 23033



As indicated by the simultaneous freezing of the octahedral tilting mode and the methy-
lammonium C rotation at the tetragonal to orthorhombic phase transition of methylam-
monium lead iodide,3® hybrid perovskites can exhibit strong organic-inorganic coupling.
The large dipole moment of methylammonium allows for hydrogen bonding between the
amine and the halides on the vertices of the octahedra.®*3¢ These hydrogen bonds are
thought to be the reason that methylammonium lead iodide and methylammonium lead
bromide crystallize in the /4/mcm tetragonal phase rather than the P4/mbm tetragonal
phase preferred by other halide perovskites.'® High energy resolution inelastic X-ray ex-
periments indicate that, even in the cubic phase, methylammonium librations and reorien-
tations are related to anharmonic octahedral dynamics at the edge of the Brillouin zone. 3’
Similar behavior occurs in VODPs, where organic-inorganic interactions lead to anhar-
monic lattice dynamics manifesting as a random distribution of octahedral tilting angles. 38

The dynamic degrees of freedom of hybrid perovskites affect many of their optoelec-
tronic properties, such as long excited state charge carrier lifetimes and modest carrier
mobilities. The long excited state charge carrier lifetimes of hybrid perovskites are at-
tributed to the formation of large polarons where the lattice locally deforms around an ex-
cited charge carrier to stabilize the excited state.3? Polaron formation also reduces charge
carrier mobility relative to an unstabilized charge carrier.*° Transient spectroscopy demon-
strates that the phonons responsible for the structural deformation in methylammonium
lead iodide correspond to lead-iodide bond bending and stretching.*! Similarly, photoe-
mission spectroscopy suggests that hybrid perovskites have Rashba splitting in the frontier

energy states,*? which transforms the relaxation of excited state charge carriers from an



allowed to a spin-forbidden process and increases the excited state lifetime.** Rasha split-
ting results, in part, from non-centrosymmetry in the structure. As perovskites crystallize in
centrosymmetric space groups, the non-centrosymmetry most likely comes from transient
lattice dynamics.

Organic cation dynamics tend to have a more indirect role on the electronic properties
of hybrid perovskites, since the energy states of the organic cation are far from the band
gap.* Computations predict that local structural distortions of the octahedral framework
induced by the organic cation orientation can modify the band gap.*>*® Optical Kerr spec-
troscopy and time-resolved photoluminescence data indicate that the liquid-like reorienta-
tions of the organic cation correlate to increased hot-carrier excited state lifetimes through
a similar mechanism.#” This could be related to polaron formation, as organic cation dy-
namics were recently shown to stabilize nascent polarons.*® The organic cation also modi-
fies the electron-phonon interactions; formamidinium perovskites exhibit temperature de-
pendent charge mobilities indicative of a simple Frolich mechanism, but methylammo-
nium perovskites appear more complex.*>>° Understanding the organic cation dynamics
will lead to insights into the optoelectronic behavior of hybrid perovskites.

In this dissertation, I investigate the organic cation dynamics in pure and in substi-
tuted hybrid perovskites. I demonstrate that the dynamics and electrostatics of the organic
cation affect the structure and optoelectronic properties through stress-strain relationships.
Further, the strain exerted on the inorganic octahedra can be tuned through chemical sub-

stitution. By examining the strain exerted by the methylammonium and formamidinium



on hybrid perovskites, I am able to build structure-property relationships that will allow
the rational design of the next generation of hybrid perovskite based devices.

Chapters two and three focus on formamidinium perovskites. Chapter two charac-
terizes the temperature dependent photoconductivity, structure, and molecular dynamics
of formamidinium lead bromide. The presence of five changes in the photoconductivity
of formamidinium lead bromide between room temperature and 100 K are linked to the
two known crystallographic phase transitions and three previously uncharacterized crys-
tallographically unresolvable phase transitions. All five phase transitions are characterized
by changes in the dynamic degrees of freedom of formamidinium, indicating an impor-
tant link between formamidinium dynamics and the photoresponse of the perovskite. The
phase transitions are attributed to geometric frustration within the formamidinium sublat-
tice. Chapter three discusses the effects of cesium substitution in formamidinium lead bro-
mide. Nuclear magnetic resonance (NMR) spectroscopies, neutron scattering, and crystal-
lography demonstrate that cesium substitution suppresses the four low temperature phase
transitions of formamidinium lead bromide and removes the driving force for concerted
changes in formamidinium dynamics. Cesium substitution, therefore, relieves strain from
formamidinium lead bromide.

Chapter four focuses on the effect of substitution in methylammonium lead bromide.
Quasielastic neutron scattering reveals that cesium substitution inhibits methylammonium
reorientations with increasing inhibition as more cesium is included. The changes in or-
ganic cation dynamics as a function of temperature become more gradual with cesium

substitution, and the clear discontinuities at phase transition temperatures become spread



out. Crystallography demonstrates that the phase transitions become glassy, and that 20%
cesium substitution results in an unusual cubic-tetragonal-cubic reentrant phase transition.
These data indicate the formation of an orientational glass that forms due to increased ge-
ometric frustration with cesium substitution. This strain occurs because of the mismatch
between coordination preferences of cesium and methylammonium.

Chapter five describes the low temperature structures the VODP formamidinium tin
(IV) iodide. Formamidinium tin (IV) iodide transitions into a typical VODP low temper-
ature monoclinic phase, and the hysteresis and crystallographic microstrain evidenced
during the phase transition indicate that this material is a ferroelastic. Organic-organic
interactions appear to lead to geometric frustration analogous to the three-dimensional
perovskite formamidinium lead bromide from chapter 2. These results indicate that the
types of organic-inorganic coupling observed in the three dimensional perovskites is exac-
erbated in VODPs due to the decrease in octahedral connectivity.

Chapter six focuses on a different type of organic-inorganic coupling by investigating
how substitution at the A-site of methylammonium tin(II) bromide affects tin off-centering
and octahedral deformations related to stereochemical activation of the tin s* lone pair.
Methylammonium tin bromide undergoes a low temperature phase transition that freezes
in tin off-centering. In contrast, cesium tin bromide does not undergo tin off-centering
phase transitions, but does exhibit increased dynamic tin off-centering at high tempera-
ture. This chapter investigates the structure of cesium substituted methylammonium tin
(I) bromide to elucidate the driving interactions between both dynamic and low tem-

perature tin off-centering. Organic-inorganic coupling related to a combination of steric



and hydrogen bonding interactions between methylammonium and the tin-bromide octa-
hedra encourage a polar alignment of the structural distortions related to stereochemical
activation, while cesium tin bromide is characterized by greater dynamics at the bromide
positions.

The final chapter discusses a unified perspective of the relationship between geometric
frustration, organic cation dynamics, and organic-inorganic coupling in hybrid perovskites.
The effects of quadrupolar molecules compared to dipolar molecules is discussed, as is the
strength of these interactions as a function of dimensionality. I propose that understanding
the strain exerted on the octahedral framework by the A-site cation allows a more complete

understanding of the structure and properties of hybrid perovskites.
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2. Dynamical Phase Transitions and Cation Ori-
entation Dependent Photoconductivity in For-

mamidinium Lead Bromide '

Summary

The choice of organic cation in hybrid perovskites has large implications for optoelec-
tronic properties, material stability, and crystal structure. In particular, formamidinium
(CH(NH,)3) perovskites exhibit unusual temperature-dependent trends in photolumines-
cence, dielectric constant, and phase behavior that are hypothesized to relate to CH(NH,)4
reorientations. This contribution describes five distinct, temperature-dependent phase
transitions in CH(NH,),PbBr; that produce changes in the steady-state photocurrent. Three
of these phase transitions do not resolve crystallographically and relate to the orientation
and dynamics of CH(NH,);. These crystallographically unresolvable phase transitions
resemble ferroelastic transitions with the formation of nanoscale domains, which we hy-

pothesize are mediated by the strain exerted from geometric frustration of CH(NH,);

TReproduced with permission from Mozur E. M., Trowbridge, J. C., Maughan, A. E., Gorman
M. J.,, Brown C. M., Prisk T. R., Neilson J. R. Dynamical Phase Transitions and Cation Orientation-
Dependent Photoconductivity in CH(NH3)oPbBrs ACS Materials Chemistry Letters 2019, 1, 2, 260-264,
https://pubs.acs.org/doi/10.1021/acsmaterialslett.9b00209. Copyright 2019 American Chemical Society.
Author contributions: Eve Mozur collected and analyzed the X-ray diffraction, photoconductivity, heat ca-
pacity, differential scanning calorimetry data, prepared the manuscript and analyzed the neutron diffraction
data. Julia Trowbridge prepared the samples. Annalise Maughan collected the diffraction data. Matthew
Gorman. built the photoconductivity instrument and software. Timothy Prisk and Craig Brown collected
and analyzed the neutron scattering data. James Neilson built the photoconductivity instrument, edited the
manuscript, and oversaw the project.

11



quadrupoles. This work demonstrates the importance of cation orientation and dynamics,
domain behavior, and their interdependence in the steady-state optoelectronic properties

of hybrid perovskites.

Introduction

Hybrid perovskites have emerged as high performing semiconductors, with applica-
tions in photovoltaics and solid-state lighting.>!->? Several studies suggest that their trans-
formative optoelectronic properties arise in part from the formation of giant polarons,
formed by transient structural fluctuations of the coupled lead-halide octahedral frame-
work and the organic sublattice.**®53 The topologically under-constrained nature of the
corner connected octahedral framework and stochastic, liquid-like reorientation of the or-
ganic cations methylammonium (CH;;NH;) and formamidinium (CH(NH,)J) that occupy
the cuboctahedral void render their potential energy landscape highly complex and time-
dependent relative to conventional inorganic semiconductors.>3=>> The interplay of the
functional properties and structural dynamics motivates investigation into their relation-
ships, such as the role that structural rigidity plays in efficient luminescence. >

Formamidinium-based perovskites exhibit complex structural and dynamic behavior
when compared to the archetypal methylammonium perovskites. Unlike CH3NH3;Pb.X;
perovskites, in which the octahedral tilt patterns couple strongly to CH3NH; dynamic
degrees of freedom to give a unique tilting pattern,>’ changes in CH(NH,)J molecular dy-

namics appear gradually over a large temperature range, with little dependence on crys-
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tallographic transitions and octahedral tilt patterns.®’>° The gradual change in molecular
dynamics correlates to similar trends in optoelectronic behavior. 4760

The differences between the molecular dynamics of CH;NH; and CH(NH,);, which
could arise from the increased steric bulk of CH(NH,);, the additional amine capable of
hydrogen bonding, the resonant 7 system, or the weaker dipolar moment and the stronger
quadrupolar moment relative to CH3NHj, are associated with differences in the overall
structure and phase behavior of formamidinium perovskites. CH(NH,); reorientations
and the resulting local strain have been implicated in the complex phase behavior of
CH(NH,),Pbl;. Depending on sample preparation or thermal history, CH(NH;),Pbl3 un-
dergoes a reentrant phase transition, a phase transition between a perovskite cubic phase
and a non-perovskite hexagonal phase, or retains the cubic phase between 400 K and
8.2 K.20:5761.62 While formamidinium perovskites show great promise for photovoltaic ap-
plications,®3-%> the implications and driving forces of the unusual phase behavior are not
well understood.

Here, we demonstrate that the molecular reorientations of CH(NH,); modify the steady-
state light-induced charge carrier separation in CH(NH,),PbBr3 by characterizing the
temperature-dependent photoconductivity, crystallography, calorimetry, and dynamics of
CH(NH;),PbBr3. In addition to the two previously reported crystallographic phase transi-
tions, specific heat and neutron scattering data reveal three phase transitions that are not
resolved crystallographically. We demonstrate that the additional three transitions per-
tain to changes in the molecular reorientations of CH(NH,); and also influence the pho-

toconductivity spectrum and intensity. This work indicates that the dynamic degrees of
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Figure 2.1: Photoconductivity data collected on a single crystal of CH(NH;)2PbBr3 at 300 K, 200 K, and 100
K, normalized to the lamp emission profile.

freedom of the organic sublattice influence steady-state optoelectronic properties in hybrid
perovskites and highlights the importance of studying domain structure in these complex

materials.

Results

A typical photoconductivity spectrum collected on a single crystal of CH(NH,),PbBrs
has three regions, which can be seen in Figure 2.1. For excitation energies below the
optical gap, there is no observable photocurrent. We attribute to the peak near the optical
gap to the generation of excitons as seen in single crystal specimens of related samples. °°
For excitation energies well above the band gap there is a non-zero photocurrent that we
attribute primarily to interband transitions.

The temperature dependent photoconductivity data presented on Figure 2.2 exhibit

a red-shift in energy of the excitonic peak on cooling between room temperature and
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Figure 2.2: False-color representation of the temperature-dependent photoconductivity as a function of ex-
citation wavelength of CH(NH,),PbBrs. Dashed-dotted gray lines indicate crystallographically resolvable
phase transition temperatures and dashed gray lines indicate crystallographically unresolvable phase transi-
tion temperatures determined from heat capacity and differential scanning calorimetry data. Representative
spectra are shown in Figure 2.1.

T = 180 K, and a blue-shift on cooling between 7" = 180 K and 7" = 100 K. In general,
hybrid perovskites exhibit red-shifting of the optical gap on decreasing temperature. ®7:58
This is in contrast to conventional inorganic semiconductors (e.g. Si, GaAs), in which
case the band gap energy decreases as temperature increases due both to lattice dilation
and electron-phonon coupling.® The blue-shift in the band gap on cooling in hybrid per-
ovskites can be explained by considering thermal lattice dilation. As temperature increases
the lattice expands, decreasing orbital overlap, which decreases the splitting of the bond-
ing and anti-bonding states. In hybrid perovskites, the top of the valence band is primarily
composed of anti-bonding interactions and the bottom of the conduction band is primarily
composed of bonding states.”® Therefore, as the lattice expands the energy between the

valence and conduction bands increases as the splitting between anti-bonding and bond-

ing states decreases. We observe this behavior in Figure 2.4a between room temperature
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and 7" = 180 K, until orientational phase transitions render electron-phonon coupling more
important than lattice dilation, which complicates the optoelectronic response.

By examining the width of the photolumincence (PL) peak as a function of temper-
ature, a previous study determined the primary mode of electron phonon-coupling in
formamidinium lead bromide and related hybrid perovskites to involve longitudinal op-
tic (LO) phonons.®® Therefore, the width of the PL peak follows the relationship: ' =
Co 4+ vro X exp(ELo/kT), where T is the width of the excitation peak, I’y is the intrinsic
peak width, v, is the electron-phonon coupling constant, and £} is the phonon energy.
This previous study showed that the temperature-dependent PL data for CH(NH,),PbBr3
yields v,0 = 61 £ 7 meV, E;p = 15.3 £ 1.4 meV, and I'y = 20 + 1 meV. The width of the
excitonic peak in the photoconductivity spectra presented here (Figure 2.2) closely agrees
with the values of v,0 and E;o (Figure 2.3). The photoconductivity data show a larger
intrinsic width (70 meV), which suggests that carrier scattering in electrical transport may
contribute to additional broadening. This comparison strongly suggests that the electron-
phonon coupling probed in PL experiments is comparable to that in charge transport.

Overlaid on these general trends, temperature dependent photoconductivity data, re-
solve several temperature-dependent transitions. The data exhibit discontinuities in the
intensity of the excitonic peak near the energy of the optical gap (A = 575 nm, hv = 2.16
eV), the intensity of the photocurrent at energies above the optical gap, and in the position
of the excitonic peak center, as indicated by the vertical lines in Figure 2.2 and Figure 2.4a.
These discontinuities in peak intensity, interband intensity, and peak center of the photo-

conductivity spectra correlate to the five phase transitions observed in the specific heat of
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Figure 2.3: Width of the photoconductivity excitonic peak (dots) as a function of temperature, compared to
an electron-phonon model®® described in the text.

CH(NH,),PbBrs3;, as apparent in Figure 2.4a-b, and agrees with recently reported disconti-
nuities in lattice expansion.”! Two of the five phase transitions correlate to known crystal-
lographic phase transitions from a high temperature cubic perovskite phase (space group:
Pm3m) to a tetragonal perovskite phase (space group: P4/mbm) at T = 266 K, and then
to a low temperature orthorhombic perovskite phase (space group: Pnma) at T = 153 K.”?
In both high-resolution neutron diffraction (NPD) and high-resolution synchrotron X-ray
diffraction (SXRD) data, these two phase transitions manifest only through the appear-
ance of low intensity Bragg reflections (Figures 2.5, 2.7, 2.11), in contrast to the resolv-
able peak splitting and discontinuities in lattice parameters observed in CH;NH3;PbBr; and
CsPbBr;.7%74 The remaining three phase transitions at 7' = 182 K, 162 K, and 118 K cannot
be resolved in either high resolution SXRD or NPD (Figure 2.9).

The phase transitions of CH(NH;),PbBr3; involve subtle changes to powder diffraction
and parameters extracted from Rietveld refinements. Figures 2.5 and 2.6 demonstrate that

the major reflections in the diffraction data remain extremely similar between 7' = 260 K
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Figure 2.4: (a) Excitonic peak center (left axis, gray circles), excitonic peak intensity (right axis, unfilled
green triangles), and interband intensity (right axis, pink triangles) of the photoconductivity data presented
in Figure 2.2. (b) Heat capacity data for CH(NH:)oPbBr3. The crystallographically-observed phase transi-
tions occur at 266 K and 153 K. While the crystallographically resolvable transition at 266 K is not observed
in the heat capacity, it is observed in differential scanning calorimetry (Figure 2.14). (c¢) Mean squared dis-
placement (MSD) of hydrogen determined from fixed window elastic neutron scattering (collected on HFBS)
of CH(NH,),PbBr3 measured on heating (orange circles) and cooling (blue squares). Dashed-dotted gray
lines indicate crystallographically resolvable phase transition temperatures and dashed gray lines indicate
crystallographically unresolvable phase transition temperatures determined from heat capacity and differen-
tial scanning calorimetry data. Estimates of the uncertainties are smaller than the symbols used to represent
the data in all subplots.
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Figure 2.5: High-resolution synchrotron X-ray diffraction patterns collected during a slow cool, resting at
each temperature for 30 minutes during data collection. Data are represented as circles, fits from Rietveld
refinements are shown as orange lines, and the difference is shown as a gray line beneath the data. Excluding
the high temperature 7' = 260 K data, Rietveld refinements were carried out as joint refinements with
corresponding neutron diffraction data shown in Figure 2.6. Refinement statistics are provided in Table 2.1.

and 7" = 100 K, although there are some changes in peak intensity. The two crystallo-
graphically resolvable phase transitions manifest primarily in the () region shown in Fig-
ure 2.7. Rather than refining atom positions, lattice deformations were modeled using
symmetry-mode refinements. Symmetry modes were based on previous symmetry analy-
sis of lead-bromide perovskites and implemented in ISODISTORT.?””> The phase behavior
is consistent with previous reports.”> Mode amplitudes were determined and rigid body
models organic cations were located using simulated annealing. Refinement statistics from
Rietveld refinements of the data are presented in Table S1.

CH(NH,),PbBr; remains almost metrically cubic through both phase transitions, as
evidenced by the close agreement between the pseudocubic lattice parameters a and ¢

determined from Rietveld refinement (Figure 2.8) at all temperatures. The Goldschmidt

19



L a T eeK

[d 476 K]
» 10000 - P4/mbm
O Pusmpesdogbespiribostst Yy 5 I ]
L b 140 K 8 5000 g R
» 10000 P4/mbm r
§ 0 T. ] .‘ h‘l ' i 1 1
3 5000, le = 201K’
0' o 5910000_ P4/mbm_
— 5 i
L c 155 K 8 5000F i | ’ ]
» 10000 | P4/mbm 3 e |
g [ 0 T e o o o
8 5000 N il h pecalla i R 1 2 3 4 5
2 -1
0 e I ' 1 AR I g I O(A )
1 2 3 4 5
QAT

Figure 2.6: High-resolution neutron diffraction patterns collected upon heating from a base temperature
of T' = 100 K. Data are represented as circles, fits from Rietveld refinements are shown as orange lines,
and the difference is shown as a gray line beneath the data. Rietveld refinements were carried out as joint
refinements with X-ray diffraction data collected within 6 K of the corresponding temperatures shown in
Figure 2.5. Refinement statistics are shown in Table 2.1.

Table 2.1: Refinement statistics for joint Rietveld refinements of high resolution XRD and neutron diffraction.

Temperature (K) Space Group R, %

95 Pnma 5.890
140 Pnma 5.516
160 P4/mbm 6.263
175 P4/mbm 7.687
200 P4/mbm 6.962
260 Pm3m 9.246
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Figure 2.7: Selected @ region showing characteristic Bragg reflections in high-resolution synchrotron X-ray
diffraction (SXRD) patterns modeled with the Rietveld method. The arrow indicates a low intensity peak
that is not indexed in the P4/mbm space group but is indexed in the Pnma space group to the (113) plane.
Data are represented by black circles, fits by orange lines, tick marks as red vertical lines, and the difference
curves as gray lines. Refinement statistics can be found in Table 2.1 and full diffraction patterns are shown
in Figure 2.5.
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phase transition temperatures and dashed-and-dotted gray lines indicated crystallographically resolvable
phase transition temperatures determined from heat capacity and differential scanning calorimetry data.

tolerance factor (¢t = 1.008) 7% suggests that CH(NH,),PbBr; should in fact remain cubic,
with little to no compression of the cuboctahedral void.

Despite the lack of crystallographic features for the three phase transitions at 182 K,
162 K, and 118 K (Figure 2.9), crystal structures obtained by simulated annealing of high-
resolution SXRD and NPD data determine the ideal octahedral tilt angle and CH(NH,);
average position and further demonstrate that the orientation of CH(NH,); changes be-
fore and after phase transitions. Figure 2.10 shows that at all characterized tempera-
tures, despite the significant positional disorder of CH(NH,);, the shapes of the nuclear
and electronic density are distinct. In the high temperature cubic phase, the overall lat-
tice symmetry dictates the CH(NH,), position, which approximates a sphere. After the
T = 260 K cubic to tetragonal phase transition, the nuclear and electronic density of

CH(NH,)J becomes more anisotropic and consistent with the shape of the deformed A-
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Figure 2.9: Selected @) range of (a, b) neutron diffraction patterns collected as a function of temperature on
CH(NH;)2PbBr3. (c, d) high-resolution SXRD patterns collected on CH(NH,)>PbBr3 as a function of tem-
perature. The arrows in (b) and (d) indicate the low intensity reflections that resolve from the background
between T'= 155 Kand 7' = 137 K.

site void. Throughout the 7" = 182 K, 162 K, 153 K, and 118 K phase transitions, the
anisotropy of CH(NH,); electric and nuclear density exhibits subtle changes. For instance,
in the ac plane, the distribution of CH(NH,); positions appears ellipsoidal at T = 200 K,
nearly spherical at 7" = 170 K, and ellipsoidal again at 7" = 160 K. The compression of the
cuboctahedral void in the ac plane after the 7" = 153 K tetragonal to orthorhombic phase
transition does correlate to a decrease in the anisotropy of CH(NH,)J positional disorder
within the same plane, perhaps indicating organic-inorganic coupling.

The crystallographic resolvability of the low temperature phase transition depends on
thermal history. As shown in Figure 2.11, the (113) peak at Q ~ 1.93 A~! appears if
diffraction patterns are collected on heating after quenching, but the same peak cannot be
resolved if the sample is incrementally cooled from room temperature. The path depen-
dence of the low temperature phase transition resembles the previously observed transition
between the cubic o phase and the hexagonal § phase in CH(NH,),Pbls.%? In the iodide

congener, the path dependence was attributed to a kinetic barrier between the two phases
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Figure 2.10: Structures generated from simulated annealing of organic cations defined by rigid bodies and of
the inorganic framework defined by symmetry-adapted displacement modes. Dashed circles are guides to the
eye. The inorganic framework deforms as expected for a halide perovskites as a function of temperature,””
with in-phase octahedral tilts in the ab plane in the tetragonal P4/mbm phase and additional tilts along the
¢ axis in the orthorhombic Pnma phase. The symmetry of the inorganic framework only changes due to the
phase transitions at 7' = 260 K and 7' = 153 K, but the distribution of organic cation positions change before

and after all structural phase transitions.
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Figure 2.11: False-color representation of a selected region in ) space with temperature-dependent high-
resolution synchrotron XRD. Data were collected (a) every 10 K upon heating after quenching from room
temperature to 7" = 100 K and (b) upon a slow cool, resting for 30 minutes every 10 K from room temperature
to T = 100 K. The resolution of the (210); and (212); peaks from the background indicates the cubic to
tetragonal phase transition and the resolution of the (113), peak indicates the tetragonal to orthorhombic
phase transition.

resulting from the activation energy needed to break and form lead-iodide bonds. As the
tetragonal to orthorhombic transition observed here follows a group-subgroup relation-
ship, another phenomenon likely underlies the path dependence.

Neutron scattering confirms the analysis of nuclear and electronic density from neutron
and X-ray crystallography. All five phase transitions involve changes in the orientation and
dynamics of CH(NH,); . The mean squared displacements (MSD) of hydrogen determined
from temperature-dependent fixed window neutron scattering (Figure 2.4c)”® show clear
discontinuities at all five transitions. Quasielastic neutron scattering (QENS) spectra indi-
cate that all five phase transitions change the relaxation times of CH(NH,); reorientations
and extent of hydrogen motion (by jump distance or by fraction participating in reorien-
tations), evidenced by changes in peak width in the QENS spectra and the slope of the

extracted elastic incoherent structure factors (EISF) (Figures 2.12, 2.13). Therefore, the
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Figure 2.12: Representative quasielastic neutron scattering (QENS) spectra collected above and below phase
transition temperatures of CH(NH;),PbBr;. The elastic peak has been modeled as a ¢ function convolved
with the instrument resolution function collected at 7" = 20 K and the quasielastic peak has been modeled as
a Lorenztian function. For data collected at 7' = 200 K and 7' = 110 K, visual inspection of the fit with only a
background function (a fixed linear offset) and the elastic function suggests no quasielastic component; any
dynamics at these temperatures are outside the energy resolution or bandwidth of the spectrometer. The
quasielastic component at the other measured temperatures narrows as a temperature decreases, indicative
of changes in the molecular dynamics within the energy resolution. Relaxation times are presented for the
data with quasielastic components in Table 2.2.

Table 2.2: Residence times calculated from QENS spectra according to the relationship HWHM = h/(t X
27), where HW H M is the half-width-half-maximum of the quasielastic component and 7 is the relaxation

time.

Temperature (K) 7 (ns)

130 98
155 50
160 43

crystallographically unresolvable phase transitions must relate to cooperative changes in
the dynamics of the CH(NH,); sublattice.

Neutron scattering data demonstrate that the crystallographically unresolvable phase
transitions of CH(NH,),PbBr; are characterized by changes in the dynamics of CH(NH,) .
As the temperature is reduced, the width of quasielastic neutron scattering (QENS) spec-
tra decreases, for dynamic processes that are within the energy resolution and bandwidth

of the spectrometer (Figure 2.12). At 7' = 200 K and 7" = 110 K, the dynamic processes

26



Figure 2.13: (a) Elastic incoherent structure factor (EISF) extracted from models of the QENS spectra at
shown in Figure 2.12 at T' = 160 K, 155 K, and 130 K. Spectra collected at other temperatures exhibited no
dynamics within the instrument resolution and so an EISF could not be extracted. The EISF is defined as
Tetastic/ (Tetastic + Iquasielastic), and its slope as a function of () is indicative of the extent of dynamics within a
material. For instance, the smaller slope at T = 130 K indicates that the geometry of the motion has changed
to encompass a smaller radius in the extent of motion compared to 7' = 155 K. For comparison, models
constructed based off of Cs, C3, and C, molecular rotations are shown in (b). Refinements of these models
against the data did not yield physically meaningful parameters, suggesting the motion of CH(NH,)J is
complex. Quasielastic neutron scattering measurements were performed on HFBS within a dynamic window
of +/- 15 ueV. The resolution function of HFBS at this bandwidth is approximately Gaussian in shape, and
it has a full-width at half-maximum of 0.85 peV.

are outside the bandwidth and energy resolution of the spectrometer, respectively, and no
quasielastic component to the QENS spectra is observed (Figure 2.12). These two obser-
vations indicate a change in relaxation time of CH(NH,); dynamics between each phase
transition. Qualitative examination of the elastic incoherent structure factor (EISF) calcu-
lated from the QENS spectra as a function of @ also demonstrates changes in CH(NH;);
dynamics as a function of temperature. The reduced slope of the EISF upon cooling (Fig-
ure 2.13a) indicates a smaller fraction of quasielastic events at lower temperatures, which
could either be due to a reduction in the percentage of hydrogen atoms participating in
molecular reorientations or due to a change in the symmetry and jump distances of the
motion. Attempts to fit the data with the models shown in Figure 2.13b did not yield

physically meaningful jump distances or fractions of CH(NH,); participating, and so de-

27



convolution of the percentage of CH(NH,); and any changes in symmetry remains out of
the scope of this work. The motion captured in the QENS spectra is likely quite complex.
In an attempt to determine the processes that underly each phase transition, we calcu-
lated the entropy release for each phase transition. The high temperature crystallographi-
cally resolvable phase transition does not appear in the heat capacity data, perhaps due to
a small entropy release, but can be observed in differential calorimetry data (Figure 2.14).
To capture latent heat contributions we conducted long-pulse heat capacity experiments
for the remaining four phase transitions; the data are shown in Figure 2.15. To calculate
entropy release for each phase transition (at 77 = 120 K, 150 K, 160 K, and 180 K), we
calculated a ‘background’ curve for each lambda anomaly. Background curves (shown in
black in Figure 2.15) were calculated by interpolation of the heat capacity on either side
of the lambda anomalies, shown in colored circles in Figure 2.15. We attribute the steeply
sloped deviations in the background at the beginning and end of each pulse to poor ther-
mal equilibration and radiative thermal losses.” The resulting subtracted data are shown
in Figure 2.16. Numerical integration of these peaks as ¢,/T" gave the entropy release val-
ues shown in Table 3. We also calculated the corresponding change in degrees of freedom,
Q/Q; via AS = RIn(Q;/();), provided in Table S2. These values do not reflect substantial
changes to the degrees of freedom of the system and cannot be used to determine the

changes in cation dynamics at the phase transition temperatures.
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Figure 2.14: Differential scanning calorimetry data of CH(NH;),PbBrs;. Arrows indicate the temperature
ramp direction. The dashed line is a guide to the eye for the end of the phase transition on heating (T' =266
K).
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Figure 2.15: Long-pulse heat capacity data for CH(NH,),PbBr3. To calculate entropy release for each phase
transition (at 7' = 120 K, 150 K, 160 K, and 180 K), we calculated a ‘background’ curve for each lambda
anomaly. Background curves (shown in black) were calculated by interpolation of the heat capacity on either
side of the lambda anomalies, shown in colored circles.
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Table 2.3: Entropy release corresponding to a change in degrees of freedom, according to AS = Rin(Q;/;),
for each lambda anomaly in Figure 2.16.

TE® AS@mol 'K Qp/Q

120 1.261 1.16
152 1.679 1.19
164 1.767 1.26
185 0.235 1.03
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Figure 2.16: Background subtracted heat capacity data for CH(NH;)>PbBr3 based on Figure 2.15. Calculated
change in entropy values and degrees of freedom are shown in Table S2.

Discussion

Comparison of the MSD and photocurrent data demonstrates that cation dynamics cor-
relate with steady-state optoelectronic properties; this relationship is most obvious around
the 7' = 182 K phase transition. At 182 K, the CH(NH,); motion changes rapidly, exhibit-
ing an abrupt increase in slope, and the photoconductivity excitonic peak center transitions
from red-shifting (> 180 K) to blue-shifting (< 180 K) on cooling. Hybrid perovskites typi-
cally exhibit red-shifts on cooling followed by an abrupt blue-shift during structural phase
transitions related to octahedral tilt patterns (further discussion in the SI), although the

red-shifting on cooling typically resumes after the phase transition.%7-6870.8081 Ag crystal-
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lography shows that, on average, the octahedral tilt pattern remains unchanged through
the phase transition at 7" = 182 K, CH(NH,)J dynamics must influence the optoelectronic
response. Considering the entire temperature range, CH(NH,); dynamics have the great-
est impact on the excitonic peak. At high temperature, cation reorientations have a strong
influence on the intensity of the excitonic peak and once cation dynamics begin to freeze
near 7' = 180 K the intensity of the excitonic peak decreases while the interband photo-
conductivity continues to increase on cooling, likely due to reduced electron-phonon scat-
tering. These trends further corroborate observations from transient spectroscopy that the
cation reorientations stabilize the nascent charge separation state.*®°3 In the data shown
here, the suppression of the exciton-derived photocurrent as the organic cations experi-
ence hindered motion demonstrates similar phenomena in the steady-state -that is, the
transient phenomena manifests in macroscopic, steady-state transport.

The observation of the entropy-releasing phase transitions at 182 K, 162 K, and 118 K
in the elastic intensities from QENS measurements, but not in the crystallography, imposes
a size restraint on correlation lengths, indicating that these phase transitions order into
small (e.g., nanoscale) and potentially dynamic domains. The formation of small domains
also explains the low entropy release associated with each phase transition (Table S2), as
a significant fraction of the material will remain in disordered domain walls. Imaging of
these domains poses a interesting technical challenge, given their size and dynamics, that
would shed light onto these conclusions.

The inference of domain behavior here suggests incipient ferroelasticity in the phase

transitions of CH(NH,),PbBrs3, which aligns with a previous description of an incipient fer-
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roelastic transition near the anti-ferrodistortive cubic-tetragonal phase transition in
CH(NH,),PbBr;.82 Such ferroelastic domains have previously been invoked as an alterna-
tive explanation to the claims of formation of ferroelectric domains in CH;NH;PbI;.83-8°
In a ferroelastic phase transition, the lattice responds to a spontaneous strain by undergo-
ing a reversible phase transition within discrete domains. Discontinuities in the thermal
expansion of CH(NH,),PbBr;”! show the manifestation of spontaneous strain at the phase
transition temperatures, which could arise from an incompatibility between the planar
shape and large quadrupolar moment of CH(NH,)J with the A-site void. If one considers
only the organic sublattice, the lowest energy local configuration between two neighboring
molecules is a “Tee” shape, in which adjacent CH(NH,); cations would orient themselves
perpendicular to their neighbors.®® However, as depicted in Figure 2.17 for an organic
sub-lattice in a cubic hybrid perovskite, no long range ordered configuration on any Bra-
vais lattice can satisfy this interaction completely. We hypothesize that the formation of
ferroelastic domains transition relieves strain from CH(NH,); quadrupolar frustration.

In CH(NH,;),PbBr3, the orientational dynamics of the organic cations influence steady-
state electronic excitation and transport. While organic cation dynamics are known to
affect the transient electronic properties, this work demonstrates a similar effect on steady-
state properties and implies a larger influence of the organic cation than previously thought.
As the frontier energy states of hybrid perovskites are composed of metal and halide elec-
tronic states, the relationship between CH(NH,); dynamics and optoelectronic properties
is likely indirect. The organic orientations can couple to the inorganic framework through

quadrupolar interactions, hydrogen bonding, or geometric strain, perhaps resulting in lo-
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Figure 2.17: (a) Schematic depiction of quadrupolar geometric frustration in the organic sub-lattice in a cubic
hybrid perovskite and (b) release of local strain through domain formation. Arrows represent the orienta-
tion of the elastic dipole moment of the formamidinium cation, which orients locally 90° from neighboring
molecules. Molecules in different domains do not necessarily orient 90° from each other and may not be
statically ordered.

cal distortions that contribute to the observed changes in electronic behavior. The presence
of local distortions is consistent with the observation of transient polaron formation in ul-
trafast spectroscopies. *4°387 Cation dynamics and related local distortions primarily affect
the center and maximum photocurrent of the excitonic peak.

Through these pathways, we propose that orientational strain from the quadrupole
moment of CH(NH,); provides an origin for incipient ferroelastic behavior that results in
nanoscale domains; these collectively correlate to changes in the intensity and energy of
the photocurrent. This work suggests that organic cation dynamics and domain behavior
are critical for the optoelectronic properties of hybrid perovskites. Furthermore, we sug-
gest that geometric strain arising from the organic sublattice underlies the complex phase

behavior and thus the optoelectronic properties of formamidinium perovskites.
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Experimental Methods

Certain commercial equipment, instruments, or materials are identified in this docu-
ment. Such identification does not imply recommendation or endorsement by the National
Institute of Standards and Technology nor does it imply that the products identified are
necessarily the best available for the purpose.

Sample preparation: CH(NH,),CH3COO and HBr were obtained from Sigma Aldrich
Corporation, PbBr, and other solvents were obtained from VWR and used without fur-
ther purification. In a typical preparation of CH(NH;),PbBr3;, approximately 0.4 g of
CH(NH,),CH3COO were dissolved in 8 mL of hydrobromic acid (47% v/v) at 80 °C for
15 min. 1.1 g of PbBr, (1.25:1.0 mole ratio CH(NH;),CH3COO:PbBr;) were added and
the solution stirred until all powder had dissolved. CH(NH,),PbBr; was precipitated using
ethanol as an antisolvent and the powder was washed with ethanol.

Single crystals were grown using an anti-solvent method.%® A small vial containing 0.5
mL of a filtered 1 M solution of CH(NH,),PbBr; in a 1:1 mixture of dimethylformamide and
~-butyrolactone by volume was placed in a sealed, larger vial containing approximately 5
mL of ethanol. Crystal growth reactions were carried out over three days.

Diffraction: Laboratory powder X-ray diffraction (PXRD) data were collected on a
Bruker D8 Discover X-ray diffractometer using a CuK, radiation source and a Lynxeye
XE-T position-sensitive detector to determine phase purity. High-resolution synchrotron
powder X-ray diffraction (SXRD) patterns were collected on the diffractometer 11-BM-

B at the Advanced Photon Source, Argonne National Laboratory (A ~ 0.41 A) between
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T = 300 K and T = 100 K in intervals of either 10 K or 20 K.% Powders were sealed
in Kapton® capillaries in ambient atmosphere. Neutron powder diffraction data were
collected on a non-deuterated sample with the instrument BT-1 at the NIST Center for
Neutron Research, National Institute of Standards and Technology at 7" = 95 K, 140 K, 155
K, 175 K and and 205 K. Powdered samples were loaded into vanadium canisters under
helium atmosphere. Data were collected at A = 2.078 A, using the Ge311 monochromator
with a 60’ collimator after the sample.

Data were modeled with the Rietveld method implemented in TOPAS v6. For all refine-
ments, the organics were located through simulated annealing of rigid bodies after initial
refinement of parameters related to the background, inorganic framework, and peak pro-
file. We performed joint refinements of neutron and X-ray diffraction for data collected
at (+/-5K) T = 200 K, 175 K, 160 K, 140 K, and 100 K. For the lower symmetry struc-
tures, rather than refine atomic positions of the lead-bromide framework, we preformed
symmetry mode refinements. To obtain the symmetry adapted modes, the higher sym-
metry space group was distorted to the lower symmetry space group using ISODISTORT
(Pm3m to P4/mbm along the M;" representation, P4/mbm to Pnma along the Z: repre-
sentation).'”7> Final values for the mode amplitudes were determined through simulated
annealing.

Heat Capacity: Initial heat capacity measurements were performed on single-crystal
samples using the quasi-adiabatic heat-pulse technique implemented in the Quantum De-
sign, Inc. PPMS at T' = 2 - 298 K, equilibrating for four time constants with a 2% tem-

perature rise. To validate the heat pulse measurements, heat capacity measurements were
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performed using large heat pulses analyzed using the dual-slope method. Pulse starting
temperatures were chosen to best capture the peaks found in the dual time constant quasi-
adiabatic heat-pulse experiments and each heat pulse spanned a 30% heat rise. Data were
reduced in the Quantum Design software.

Differential Scanning Calorimetry: Data were collected on TA Modulated DSC 2500
with an temperature ramp rate of 20 °C.

Quasielastic Neutron Scattering (QENS): Fixed window elastic scattering and quasielas-
tic spectroscopy experiments were performed on the high flux backscattering spectrometer
(HFBS) at the NIST Center for Neutron Research on non-deuterated samples of
CH(NH,),PbBr;.”® The sample environment employed in this experiment is a closed-cycle
refrigerator that cools/warms the sample by helium exchange gas. A mass of 3.27 g of
CH(NH,),PbBr; powder was used for this experiment. The cylindrical sample cell has a di-
ameter of approximately 3 cm, and the powder sample was held against the lateral area of
the sample can by enclosing it within aluminum foil pouches. The sample cell was loaded
within a helium glove box and sealed with an indium o-ring. The enclosed helium ensures
good thermal contact between the powder and the rest of the sample environment.

Fixed window scans were performed according to the following protocol. Initially, the
sample was quenched by placing it within the well of the closed cycle refrigerator when
it was at 60 K. The sample temperature dropped rapidly to approximately 200 K and
subsequently took 90 min to reach 6 K. Data was continuously collected upon warming at
0.8 K/min with 60 sec/point. Finally, data was collected upon cooling at the same nominal

ramp rate and time per point.
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A fixed window scan is a measurement of the elastic intensity /.;,(Q,T") as a function of
(@ and temperature. The effective mean-squared displacement of the hydrogen atoms is es-
timated by assuming that I,(Q,7) is governed by a Debye-Waller factor:
I,(Q,T) = I4(Q,T = 6.0 K) x exp(—Q*(u?)/3). This calculation was performed using
the DAVE software.*°

Quasi-elastic neutron scattering measurements were performed at 7' = 200 K, 160 K,
155K, 130K, and 110 K on cooling. The dynamic structure factor S((), F') was determined
within an energy range of +/- 15 p€eV. The scattering intensity was normalized to both the
incident beam monitor and a vanadium standard. This places the measured scattering at
all @ upon a common arbitrary intensity scale. The constant instrumental background was
subtracted from the scattering. QENS data were reduced and analyzed in DAVE.*°

Photoconductivity: Photoconductivity data were collected on single crystals of
CH(NH,),PbBr; using a home-built instrument based on prior literature.”! As the sample
is cubic, and remains nearly metrically cubic as a function of temperature vide infra choice
of the crystal facet was not considered. In short, monochromatic light supplied by a 75 W
Xe arc lamp chopped at 82 Hz was fiber guided onto a single crystal with Pt leads fixed
onto parallel, opposing facets using colloidal silver paste. A DC voltage of 1 V was applied
across the sample using a Keithley source meter (2401) and the photocurrent was detected
through lock-in amplification (Stanford Instruments SR5830). Five percent of the incident
light is fed into a Si photodiode (Thor Labs PM100) and is used to normalized the observed
photoconductivity to account for spectral features of the lamp. Temperature dependent

data were collected using the Quantum Design, Inc. PPMS with a fiber optic-guided into
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the multi-function probe. Parameters, such as peak centers, full-width-half-maximum, and
intensities, were determined by modeling the data as Gaussian functions convolved with a

step function.
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3. Cesium Substitution Disrupts Concerted
Cation Dynamics in Formamidinium

Hybrid Perovskites’

Summary

Although initial studies on hybrid perovskites for photovoltaic applications focused
on simple compositions, the most technologically relevant perovskites are heavily sub-
stituted. The influence of chemical substitution on the general phase behavior and spe-
cific physical properties remains ambiguous. The hybrid perovskite formamidinium lead
bromide, CH(NH,),PbBr;, exhibits complex phase behavior manifesting in a series of
crystallographically-unresolvable phase transitions. Here, we characterize the molecular
and lattice dynamics of CH(NH,),PbBr; as a function of temperature, and their evolu-
tion upon chemical substitution of CH(NH,), " for cesium (Cs*) with crystallography, neu-
tron scattering, 'H and *N nuclear magnetic resonance spectroscopy, and 7°Br nuclear

quadrupolar spectroscopy. Cs* substitution suppresses the four low-temperature phase

TReproduced with permission from Mozur E. M., Hope M. A., Trowbridge J. C., Halat, D. M., Daemen L.
D., Maughan A. E., Prisk T. R., Grey C. P., Neilson J. R. Cesium Substitution Relieves Geometric Frustration
in Formamidinium Hybrid Perovskites. Chem Mater. 2020 accepted. Copyright 2020 American Chemical
Society.
Author Contributions: Eve Mozur collected and analyzed the X-ray diffraction data and prepared the
manuscript. Michael Hope collected and analyzed the NMR and NQR data and prepared the manuscript.
Julia Trowbridge prepared the samples. David Halat collected and analyzed the NMR and NQR data. Luke
Daemen collected and reduced the INS data and performed the phonon calculations. Timothy Prisk collected
and analyzed the neutron scattering data. Annalise Maughan collected the X-ray diffraction data. Clare Grey
oversaw the NMR experiments. James Neilson. edited the manuscript and oversaw the project.
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transitions of CH(NH,),PbBr3;, which propagate through concerted changes in the dy-
namic degrees of freedom of the organic sub-lattice and local or long-range distortions
of the octahedral framework. We propose that cesium substitution suppress the phase
transitions through the relief of geometric frustration associated with the orientations of

CH(NH,),* molecules, which retain their local dynamical degrees of freedom.

Introduction

Hybrid halide perovskites tend to be more compositionally complex than compound in-
organic semiconductors, especially as most hybrid perovskites in devices are highly substi-
tuted. For example, the unsubstituted hybrid perovskites CH;NH3;PbX3; and CH(NH,),PbX3
(X =1, Br, CD), are not stable under ambient conditions, which has been attributed to their

9,92

positive enthalpies of formation.””* Recent calculations suggest that A-site mixing can de-

crease the Gibbs free energy of a given hybrid perovskite,**

which aligns with studies
showing that chemical substitution at the A and X sites prevents decomposition to the
binaries or competing non-perovskite phases.”?4?¢ While unsubstituted CH;NH3Pbl; de-
composes into the binaries in 20 hours under 85% relative humidity, partial substitution
of CH3NH;* with CH(NH,),* prevents decomposition under the same conditions.®” The
highly-substituted hybrid perovskite (CH(NH>)2)¢.70 (CH3NH3)0.16CS0.05Pb-(Io.83B10.17)2.97

maintains the perovskite structure after >250 hours under operating conditions, and sim-
ilar substituted perovskites remain stable in devices for >1,000 hours.”*® These studies

further demonstrate that chemical substitution preserves the advantageous optoelectronic

properties of hybrid perovskites, while also allowing tunability of parameters like the band
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gap and phase stability.'®> Chemical substitution is a powerful tool to improve the phase
stability of hybrid perovskites, but the fundamental chemistry and physics describing how
the substitution prevents decomposition remains underexplored.

Recent studies show that substitution at either the halide or A-site leads to inhibition of
organic cation reorientations. Comparison of two-dimensional infrared spectroscopy data
of the unsubstituted perovskites CH3NH3PbX3 (X = I, Br, Cl) with mixed halide perovskites
demonstrated that the organic cations become partially immobilized upon halide substi-
tution.”® Furthermore, our previous characterization of the series (CH3NHj3),Cs,PbBr3;
elucidated similar trends in A-site substituted methylammonium perovskites.!% In both
cases, the breaking of local symmetry was implicated in reducing the organic dynamic de-
grees of freedom relative to the unsubstituted materials. A-site substituted materials also
have higher activation energies for halide migration, which suggests a possible relationship
between decomposition from ion migration and the organic cation dynamics. 1!

Organic cation dynamics are known to be linked to device performance and behavior,

102 Computational studies

as they affect the optoelectronic properties of hybrid perovskites.
suggest that the orientation of the organic cation influences the character of the band edges
through organic-inorganic coupling.*>!% The liquid-like reorientations of these cations
also affect the electronic excited state lifetimes of hot carriers; charge carriers excited
far above the band gap relax more slowly in the hybrid perovskites CH(NH,),PbBr; and
CH3NH;3PbBr3 than in their inorganic counterpart CsPbBr3, and cation reorientations are

thought to stabilize nascent polarons.*”1%* The presence of a dynamic organic cation

changes the relationship between the carrier density and the hot carrier cooling rates,
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which was attributed to changes in the phonon density between hybrid and fully organic

perovskites. 19

The reorientations of the organic cation are also likely to participate in dy-
namic, local symmetry breaking that increases the electronic excited state lifetimes through
Rashba splitting of the frontier energy states.'°%1%7 Rashba splitting may be enhanced in
substituted perovskites. 108

These links between phase stability, cation dynamics, and optoelectronic properties
align with studies showing that the reorientations of the organic cations inform the struc-
ture and phase behavior of hybrid perovskites. In methylammonium perovskites, reduc-
tions in the dynamic degrees of freedom of methylammonium occur concurrently with
decreases in symmetry within the octahedral framework.3>1%° In formamidinium per-
ovskites, the organic-inorganic coupling manifests through more incremental, complex
pathways. %111 The reorientation of formamidinium in formamidinium lead iodide
(CH(NH,),Pbl;) participates in the path-dependent phase transitions, for which the cool-
ing rate determines whether the lattice remains in the cubic perovskite phase down to T
= 8.2 K, decomposes to a non-perovskite phase, or undergoes a reentrant phase transi-
tion. 12113 The bromide analogue also undergoes complex structural changes, manifesting
through five calorimetrically-observed phase transitions. 111>

We have previously described the contributions of the organic sub-lattice to the phase
transitions of CH(NH;),PbBr3.> CH(NH,),PbBr; undergoes two crystallographic phase
transitions upon cooling from room temperature. At T = 265 K, the lattice transitions

from the high-temperature cubic phase to a tetragonal phase characterized by in-phase

octahedral rotations perpendicular to the ¢ axis. Upon cooling to T = 153 K, the tetrag-
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Figure 3.1: Octahedral tilt patterns of formamidinium lead bromide (CH(NH,),PbBr3) in (a) the high-
temperature cubic phase (Glazer tilt: aa®a®), (b) the tetragonal phase (Glazer tilt: a®a’c*), and (c) the
low-temperature orthorhombic phase (Glazer tilt: a’bc’). Lead resides at the center of each octahedron,
coordinated by six bromide ions. Formamidinium cations, which are shown in idealized positions, reside in
the A-site void between octahedra. Transition temperatures are written above the arrows.

onal phase transitions to a low-temperature orthorhombic phase characterized by addi-
tional octahedral titling along the c axis (Figure 3.1).!'>11® The dynamic degrees of free-
dom of CH(NH)," change at both crystallographic phase transitions.!!® Three additional
phase transitions have been observed through dilatomatry!'* and heat capacity measure-

ments, '°

which neutron scattering data show are also related to the dynamic degrees of
freedom of CH(NH),*.!*> Furthermore, all five transitions influence the electronic trans-
port under steady-state light illumination.!!> Therefore, CH(NH,),PbBr; provides an ex-
cellent case study to probe how chemical substitution modifies the organic sub-lattice and
how organic cation dynamics inform the overall structure.

Nuclear magnetic resonance (NMR), nuclear quadrupole resonance (NQR), and neu-
tron scattering spectroscopies are ideal probes to investigate the relationships between or-
ganic cation dynamics, phase transitions, and chemical substitution, as they are element-
sensitive probes of local structure and dynamics.®!7-11? Specifically in NMR, the spin-

lattice relaxation constant (T;), which measures the return of nuclear magnetization to

equilibrium following a perturbation, is sensitive to motion on a similar timescale to the
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nuclear Larmor frequency and depends on both the correlation time of the motion and its
nature.Nuclear resonance studies also enable elucidation of the nuclear quadrupolar cou-
pling tensor, characterized by a magnitude Cq and an asymmetry 7 , which measures the
coupling between the nuclear quadrupole moment and any electric field gradient present
at the nucleus. Therefore, the nuclear quadrupolar coupling tensor is extremely sensitive
to the symmetry of the nuclear environment (or the motionally averaged environment).
The nuclear quadrupolar coupling tensor can be determined from the NMR spectrum in
the case of small C, constants (e.g., 2H and *N) or from the NQR spectrum for large
Cq constants (e.g., ’81Br and 1271),12%-12° although even nuclei with large Cq constants are
also becoming accessible by NMR in some cases, with sufficiently high-field magnets. 126127
Neutron scattering is a complementary technique to characterize dynamics of the organic
sub-lattice, as neutrons interact strongly with hydrogen. Furthermore, the tunable ener-
gies of incident neutrons allow access to low-energy modes that are difficult to probe with
optical spectroscopies. Neutron scattering has previously been used to characterize the
reorientation rate and nature of the organic cation dynamics in hybrid perovskites, as well
as organic-inorganic coupling, 100:128-130

In the present work, we have incrementally substituted cesium for formamidinium in
formamidinium lead bromide to prepare the series (CH(NH;),);_,Cs,PbBr3; to elucidate
the influence of chemical substitution on the temperature-dependent structure and dy-
namics. We confirm that in unsubstituted CH(NH;),PbBrs;, cation dynamics participate

114,115

in the previously observed crystallographically unresolvable phase transitions and

nuclear resonance spectroscopies show that these dynamics correlate with local distor-

44



tions in the octahedral framework at low temperatures. Cesium substitution suppresses
these phase transitions, while preserving the short-range organic-organic interactions. We
propose that chemical substitution disrupts the long-range order of the organic-organic
interactions by introducing compressive microstrain, thus removing the driving force for

the low-temperature phase transitions.

Results

Cation dynamics of CH(NH,),PbBr;

In CH(NH,),PbBr3;, neutron scattering and nuclear magnetic resonance spectroscopy
(NMR) demonstrate that overall CH(NH,),* dynamics become inhibited and slow upon
cooling (Figure 3.2). Mean squared displacement (MSD) values from fixed window elastic
neutron scattering data decrease as a function of temperature (Figure 3.2a), indicating
inhibited motions of the hydrogen atoms, and thus the organic cations, as the sample is
cooled. Figure 3.2b shows the 'H spin-lattice relaxation constant (T;) as a function of
temperature. Assuming idealized reorientations according to Bloembergen-Purcell-Pound
(BPP) theory, 3! the T, relates to the correlation time of motion through the spectral den-

sity as:

Til — A (wo) + 47 (20))) (3.1)
() = T755) (3.2)
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where J (w) is the spectral density, wy is the Larmor frequency, 7. is the correlation time
of the motion, and the pre-factor A is given by the magnitude of the oscillations in the local
field and depends on the nature of the motion. The Lorentzian form of the spectral density
predicted by BPP theory explains the overall trends in the data: rom room temperature,
the T decreases with decreasing temperature since the cation rotation is in the fast-motion
regime (wy7. < 1 and 7} « 1/7.,). This trend continues until at ~ 150 K the T; exhibits a
minimum as the motion rate approaches the Larmor frequency ( 7. ~ 1 ns). Below ~ 150 K
the T; then increases with decreasing temperature since the rotation is in the slow-motion
regime (w7, > 1 and 77 x 7).

Overlaid on these general trends, anomalies in the MSD and 'H T; data at T = 265
K, 182K, 162 K, 153 Kand T = 118 K correlate with previously reported thermodynamic
phase transitions.!!*11® At T = 265 K, CH(NH,),PbBr; transitions from the cubic per-

ovskite phase to a tetragonal perovskite phase, 4116

which appears as an anomaly in the
MSD data in Figure 3.2b, and as a dip in the 'H T;. This dip is ascribed to a convolution
of the discontinuity caused by a first order transition'3? with magic angle spinning (MAS)
induced temperature gradients. The MSD and 'H T, exhibit similar features at the T = 153
K tetragonal to orthorhombic phase transition. This transition also exhibits hysteresis that
is indicative of a sluggish first order phase transition. While they do not manifest crystallo-
graphically, the three additional phase transitions display anomalies in the MSD, indicating
that they relate to the dynamic degrees of freedom of CH(NH;),". The kink in the 'H T; at

the T = 182 K phase transition suggests second order character. 32 Any features associated

with the T = 162 K and 118 K phase transitions in the *H T; are too subtle to resolve. The
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Figure 3.2: (a) Mean squared displacement (MSD) from fixed window elastic neutron scattering spectra for
CH(NH,),PbBrs3. (b) 'H NMR T values as a function of temperature for CH(NH,),PbBr3, recorded at 12.5
kHz MAS and 14.1 T (T i 200K) or 16.4 T (T ¢ 200 K); the largest measured spread of sample temperatures
for these measurements was 6 K at 200 K. In (a) and (b) dotted lines indicate known crystallographic transi-
tions and dashed lines indicate crystallographically-unresolvable phase transitions. Measurement errors are
smaller than the symbols. (c) '*N NMR spectra of CH(NH,),PbBr3, collected as a function of temperature.
Colors on the temperature scale indicate phase transitions. 411> Spectra at T = 270 K and above were
recorded at 5 kHz MAS using a Hahn echo pulse sequence, while those at and below 250 K were recorded
under static conditions using a WURST CPMG pulse sequence with VOCS acquisition. The truncated signals
in the T = 134 K spectrum are due to probe ringing; this was removed from the other WURST CPMG spectra
by not recording the first two echoes. However, the short spin-spin relaxation (T,) constant made similar
modifications impossible for the 134 K spectrum due to insufficient signal-to-noise if the first two echoes
were removed.

47



'H T, and neutron MSD data demonstrate that the phase transitions of CH(NH,),PbBr;
correlate to modulation of the dynamic degrees of freedom of CH(NH,),*.

Further details about the changes to CH(NH,)," dynamic degrees of freedom are evi-
dent in the nuclear quadrupolar coupling observed in the *N NMR spectra. In the absence
of any rotation, the calculated Cg of a formamidinium *N is 2.8 MHz (further details
in Methods). In the high-temperature cubic phase, the *N NMR spectra exhibit nearly
isotropic tumbling, with a spectral width corresponding to effective C, constants less than
50 kHz. The lack of a single I = 1 nuclear quadrupolar line-shape indicates a distribu-
tion of cation motions with different anisotropies. This line-shape is conserved at higher
temperatures, signifying that the nature of the motion remains unchanged, despite the
changes in reorientation rate apparent in the 'H T;. Upon cooling, the cubic to tetragonal
phase transition at T = 265 K results in a greater anisotropy of tumbling and C, constants
are observed of up to ~ 600 kHz, with increasing anisotropy as the temperature decreases.
The lack of a single nuclear quadrupolar line-shape still indicates a distribution of motions.
In contrast, below the crystallographically-unresolvable T = 182 K phase transition, a sub-
set of signals can be distinguished with a well-defined nuclear quadrupolar line-shape (Cq
= 1.8 MHz, g = 0), in addition to a signal with a distribution of Cqy constants, akin to
the higher temperature spectra. Therefore, by this temperature, a component of the reori-
entational dynamics has been frozen out for a population of CH(NH,),*. The *N NMR
spectrum collected at T = 134 K, below the tetragonal to orthorhombic phase transition
and above the T = 118 K phase transition is characterized by only one nuclear quadrupo-

lar tensor, indicating that all the cations are now undergoing the same type of motion.
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The increase in the C,, to 2.4 MHz with 7o = 0.18, close to the calculated values for static
formamidinium, indicates that overall reorientations have been frozen out, leaving only
libration. Constricted or slow molecular motions are consistent with the quasielastic neu-
tron scattering spectra; between T = 130 K and 110 K any organic cation reorientations or
librations become slower than the resolution of the instrument (+ 1 x €V, or a residence
time > 4 ns; Figure 3.3), consistent with observations of the 'H T; (Figure refFig2b).
Bromine nuclear quadrupolar resonance (NQR) spectra (Figure 3.4a) suggest that the
organic dynamic degrees of freedom couple to local distortions of the octahedral frame-
work during the crystallographically-unresolvable phase transitions of CH(NH,),PbBrs.
Previous total scattering measurements of methylammonium lead bromide have suggested
that the orthorhombic distortion is still present in the higher symmetry phases, but is dy-
namically or configurationally averaged.!**> However, the single resonance observed at
temperatures above the cubic to tetragonal phase transition indicates that all bromine
environments are equivalent; therefore, any dynamic distortion is faster than the resul-
tant separation of the NQR signals (at least 100 kHz). The general trend of decreasing
quadrupolar frequency (v given by Cy/2 in axial environments) on cooling occurs be-
cause the anisotropy of the bromine environment is reduced by lattice contraction. At the
cubic to tetragonal phase transition at T = 265 K, the NQR signal splits into two distinct
bromine environments, consistent with the reduction in crystallographic symmetry. Above
the T = 182 K crystallographically-unresolvable phase transition, the ratio of v  for the
two signals depends linearly on the magnitude of the crystallographic tetragonal compres-

sion, quantified as the ratio of the lattice parametersv/2 c.;/ a.: (Figure 3.4b). We note
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Figure 3.3: Quasielastic neutron scattering spectra collected at (a) 110 K and (b) 130 K. At 110 K, only a
resolution-limited, elastic signal is observed. This implies the motion of hydrogen atoms occurs on time-
scales that are too long to fall into the experimental time window of HFBS (approximately 100 ps to 5
ns). At 130 K, quasi-elastic broadening is observed. In (b), the intrinsic Lorentzian lineshape is shown as a
solid orange curve. When fitting the scattering, we have folded the model dynamic structure factor with the
instrumental resolution function, resulting in the solid black curve.
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that the tetragonal compression of the unit cell (¢/a < 1) necessitates a large compression
of the apical lead-bromide bonds relative to the shrinking of a.../+/ 2 due to the octahedral
tilting, akin to the P4/mbm phase of AgTaO; and the pseudo-tetragonal Imma phase of
SrZr0Os.13%13> Below 182 K the higher frequency peak assigned to the c¢ axis bromide in
the NQR spectra begins to decrease in frequency. As the ratio of the nuclear quadrupolar
frequencies deviates from a linear relationship with thev/2 ¢, / airatio, contraction of the
inorganic framework is insufficient to explain the data. Below the phase transition at T
= 162 K no NQR signal could be determined between 60 and 80 MHz, which indicates
a significant change in the bromine environment. The disappearance of the NQR signal
could be due to rapid relaxation induced by the cation motion, the timescale of which is
approaching the NQR frequency as the temperature decreases (vide infra), or to a wide dis-
tribution of environments leading to signals that lie below the signal-to-noise ratio; if not
motionally averaged, the CH(NH,), " cation can induce large changes to the local bromine
environment (Figure 3.16), which could be exacerbated by the geometric frustration of
the CH(NH,)," cations. As the MSD and 'H T, data demonstrate a change in the organic
cation dynamics at 182 K and 162 K, the changes in the bromine environments exhibited

in the NQR spectra likely arise from bromine-CH(NH,),* interactions.

Effect of Cesium Substitution

The phase behavior of the series (CH(NH,));_,Cs,PbBr3; also suggests that the A-site
cation actively participates in the phase transitions of CH(NH,),PbBr3, as partial cesium

substitution suppresses the low-temperature phase transitions. All members of the series
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Figure 3.4: (a) 7°Br NQR spectra collected on CH(NH,),PbBr;. The T = 265 K phase transition results in
peak splitting. The relative intensities of each resonance indicate that the higher frequency (lower intensity)
signal relates to the bromine site on the unique c¢ axis. (b) Ratio of the frequency of the NQR signals
compared to the degree of tetragonal compression given by the ratio of the pseudocubic lattice parameters,
V201 /ase; according to the relationships v/2a.up = @er and acup = cres. The dashed grey line represents a
linear relationship. The vertical dashed line indicates the phase transition temperature. Measurement errors
are smaller than the symbols.
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with x i 0.4 crystallize in the high-temperature cubic phase. Any substituted sample with x
¢ 0.4 is phase separated between a substituted cubic perovskite phase and an orthorhombic
CsPbBr; phase. Phase separated materials were not investigated further. On cooling, all
single-phase materials undergo the cubic to tetragonal phase transition, which is observed
in the high-resolution synchrotron X-ray diffraction (SXRD) data (Figure 3.5, 3.6). In
contrast, SXRD data do not show any change in the characteristic region between Q =
1.5 A1 and 2.1 A~ to indicate a tetragonal to orthorhombic phase transition between
room temperature and T = 100 K (Figure 3.5) for the substituted samples. However,
the characteristic features of the orthorhombic phase in CH(NH,),PbBr; have low, path-
dependent intensities, so it may simply not be possible to resolve them.!!®

Characterization of the organic cation dynamics reveals an absence of any signatures
of the four low-temperature phase transitions in (CH(NH;),);_,Cs,PbBr3; with x ¢ 0. The
cubic to tetragonal phase transition manifests with features in the MSD, H T, values, and
14N NMR spectra; aside from these features, however, there is no indication of further
phase transitions (Figure 3.7).

For (CH(NH;)3):_,Cs,PbBr3; with x = 0.1 and 0.2, the MSD decreases smoothly with
temperature below the cubic to tetragonal phase transition. Similarly, with as little as
5% Cs* substitution, the features in the 'H T; that correlate to the low-temperature (T <
182 K) phase transitions do not appear. **N NMR spectra for (CH(NHx)2)0.05CS0.05sPbBr3
preserve the general trend of increasing anisotropy (Co) with decreasing temperature in
CH(NH,),PbBr3, but the component with a distinct nuclear quadrupolar line-shape ob-

served for CH(NH,),PbBr3 below T = 182 K is not observed in the 170 K spectrum. There
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Figure 3.5: False color representation of selected Q region of normalized high-resolution synchrotron X-ray
diffraction patterns of (CH(NH3)2)1_,Cs,PbBrs, collected between 300 K and 100 K.
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Figure 3.6: False color representation of selected Q region of normalized high-resolution synchrotron X-ray
diffraction patterns of CH(NHs)2);_,Cs,PbBrs, collected between 300 K and 100 K.
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Figure 3.7: (a) Mean squared displacement (MSD) extracted from fixed window elastic neutron scat-
tering spectra for (CH(NH)5);_,Cs,PbBr3;, where x = 0.1 and 0.2. (b) 'H NMR T; values for
(CH(NHx)2)0.95Cs0.05PbBr3 as a function of temperature. (c) "N NMR spectra of (CH(NH2)2)0.05Cs0.05PbBr3

as a function of temperature.
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Figure 3.8: The phase behavior of the series (CH(NH)3);_.Cs,PbBr33, constructed from crystallography,
neutron spectroscopy, and solid-state NMR spectroscopy. Black asterisks indicate dynamically driven phase
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peratures near phase transition temperatures. The increase in cubic-tetragonal phase transition temperature
as a function of x results from the substitution of a smaller cation in the A-site void.

is some evidence of a more defined environment near T = 150 K with C; ~ 1.8 MHz,
but the features are approximately 100 kHz broader than for the unsubstituted perovskite.
Together, these data demonstrate that Cs*™ substitution suppresses the low-temperature
phase transitions of CH(NH,),PbBr;. A summary phase diagram is presented in Figure
3.8.

Cesium substitution increases the number of distinct local environments in
(CH(NH,)5):_,Cs,PbBr3;, evidenced by *N NMR spectra (Figure 3.9a) and 7°Br NQR
spectra (Figure 3.9b) collected for all samples in the high-temperature cubic phase. The
14N NMR spectra broaden with increasing substitution due to components with larger C,
values. The broad features indicate increasing anisotropy of cation rotations with x, likely

due to the introduction of local distortions from Cs™ substitution. This anisotropy extends
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to the inorganic framework. With just 5% Cs™ substitution, the sharp peak observed in the
7Br NQR data of CH(NH,),PbBr; broadens and splits into multiple signals, corresponding
to different local environments throughout the bulk of the sample. Specifically, the broad
signals at ~ 74.4, 73.6 and 72.8 MHz are ascribed to "°Br environments with zero, one and
two Cs™ nearest neighbors, respectively. Increasing the level of substitution leads to a cor-
responding increase of the lower-frequency signals, as the probability of having Cs* in the
immediate coordination shells increases. By x = 0.35 only a broad featureless resonance
is observed, corresponding to an effectively continuous distribution of possible local envi-
ronments due to the different possible configurations of Cs* substitution in the immediate
and extended coordination shells. This NQR broadening is consistent with the microstrain
detected from XRD peak broadening with increasing substitution, x. The microstrain terms
in the substituted samples are larger than in unsubstituted CH(NH,),PbBr; (Figure 3.10).

Although Cs* substitution increases the disorder within the inorganic framework, the
local behavior of CH(NH,)," appears to be preserved. Spectroscopic characterization of
the vibrational modes of (CH(NH,),);_,Cs,PbBr3; with inelastic neutron scattering (INS)
demonstrates that the vibrational landscape around CH(NH,),* is similar across the se-
ries of (CH(NH,)3);_,Cs,PbBr3; compounds, as the major features in the INS spectra are
conserved (Figure 3.11). Several features are damped upon substitution, primarily the
features near 15 meV that broaden with increasing x and near 45 meV that cannot be
resolved for x > 0.1 (Figure 3.13). These modes correspond to coupled lead— bromide
bending and formamidinium librations, similar to those in related perovskites,!36-128 as

confirmed by the calculated phonon spectrum (Figure 3.17). Relative to the series of
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Figure 3.9: (a) Room-temperature *N NMR spectra of (CH(NH3)3);_,Cs,PbBr3s, where x = 0 to 0.35,
recorded at 16.4 T and 5 kHz MAS using a Hahn echo pulse sequence. (b) Room-temperature 7“Br NQR
spectra collected with VOCS acquisition in steps of 200 kHz on (CH(NH3)2)1_,Cs,PbBr33 . Data for CsPbBr3
are presented in the top left corner.
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Figure 3.11: Inelastic Neutron Scattering data for (CH(NH)2);_.Cs.PbBr3s, collected at T = 5 K showing
that chemical substitution has a minimal influence on the internal vibrational modes of formamidinium.
Phonon calculations indicate that the low-energy modes (i30 meV) correspond to coupled organic cation
librations and octahedral tilting, and high-energy modes (¢50 meV) correspond to internal organic cation
vibrations.
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compounds (CH3NH3);_,Cs,PbBr3;, which form an orientational glass on substitution, 1°°

these changes are minor and correlate to the changes in organic-inorganic coupling also re-
vealed by the 7Br NQR. The rates of cation reorientations also remain similar as a function
of x (Figure 3.12), where the correlation times from the 'H T; values have been predicted
using BPP theory (details in SI). Furthermore, the apparent activation energies for cation
motion extracted from Arrhenius plots of the correlation times change by less than 0.02
eV as a function of x (Figure 3.11). Above 140 K, the activation energy of cation motions
(E,) for (CH(NH,)3);_,Cs,PbBr3; with x = 0.00, 0.05 and 0.35 is close to 0.10 €V; below
~ 140 K E, decreases to 0.05 eV. The reduction in activation energy at lower temperature
may be associated with the freezing out of overall rotation observed by *N NMR at the T
= 153 K transition. The preservation of this reduction in activation energy with chemical
substitution implies that the same freezing still occurs in the substituted materials, but not
cooperatively and perhaps over a range of temperatures rather than as a sharp transition,
due to the heterogeneity in the local environment. The change in apparent activation en-
ergy occurs at approximately the minimum in the 'H T; (Figure 3.4b), and as such the T;
minimum is asymmetric (Figure 3.5).

An alternative explanation for the change in gradient is therefore non-BPP behavior,
rather than a change in the true activation energy. %49 An Arrhenius plot of the 'H T; ex-
hibits an asymmetric T; minimum, as shown in Figure 3.14 for x = 0.05. This could be due
to a coincidental change in the activation energy for the motion around the temperature
of the T; minimum, as discussed in the main text, but could also be caused by non-BPP

behavior. A symmetric T; minimum, as predicted by BPP theory, arises from the assump-
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mode centered at 15 meV in the INS as a function of x in (CH(NH>)2)1_,Cs,PbBr3s.

62



250

100

HT (s)

10 ————

0.097 eV

/

/
/

/ 0.046 eV

5

A%

1000/T (K)

/
8

Figure 3.14: Arrhenius plot of the 'H T} of (CH(NH,)2);_,Cs,PbBrs, where 2 = 0.05. Straight lines are

linear fits.

tion of an exponentially decaying autocorrelation function, which results in a Lorentzian

spectral density function (see above). If the autocorrelation function is not an exponential

decay, the slope of the T; is no longer simply given by the activation energy as predicted

by BPP theory.13%140 A non-exponentially decaying autocorrelation function could occur if

there is an energetic preference for a cation remaining in a locally favorable orientation,

for instance due to the arrangement of adjacent cations. These results could therefore

suggest correlations between the cations; however, to unambiguously determine the cause

of the change in gradient, a significantly higher or lower magnetic field would be required

in order to shift the temperature of the T; minimum.

Discussion

We propose that organic cation dynamics actively participate in the four low-temperature

phase transitions of CH(NH,),PbBrs3, and that organic—organic interactions underlie the
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three

crystallographically-unresolvable phase transitions. At each phase transition temperature
the MSD, 'H T, and *N NMR data demonstrate a change in the dynamic degrees of free-
dom of CH(NH;)," and the anisotropy of the A-site void. This does not necessarily indicate
positional long-range ordering of the organic sub-lattice; rather, these transitions are char-
acterized by a cooperative change in cation dynamics. While 7Br NQR data demonstrate
that the octahedra also experience changes in their local environment at these tempera-
tures, inter-octahedral interactions are unlikely to drive the phase transitions at T = 182
K, 162 K, and 118 K, as no analogous transitions occur in related hybrid perovskites. 190129
The changes observed in the NQR are likely a response of the lead-bromide octahedra to
CH(NH,),* dynamics. The frequency ratio between the two NQR signals in the tetragonal
phase correlates closely with the ratio of lattice parameters (v/2 ¢ /aw) until below the
T = 182 K phase transition, at which point the two ratios deviate dramatically (Figure
3.4b). Therefore, while lattice compression accounts for the changes in local bromide en-
vironment initially, below 182 K another interaction must lead to the observed peak shift.
As this transition occurs concurrently with a reduction in the dynamic degrees of freedom
of CH(NH,),", organic-inorganic coupling most likely leads to a change in the local bro-
mide environment. A similar argument can be made for the signal change at T = 162 K
and emphasizes the role of the organic cation in the low-temperature phase transitions.
These changes in the bromine environment also explain why transitions are observed in

the photoconductivity at the crystallographically-unresolvable phase transitions. !
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Organic interactions appear quite sensitive to disruption from Cs* substitution. As lit-
tle as 5% Cs™ substitution suppresses any signature of the four low temperature phase
transitions in the crystallography, MSD, 'H T;, and *N NMR. We cannot rule out the pres-
ence of sluggish phase transitions that have obscured signatures outside the sensitivity of
our techniques; however, we do not observe features characteristic of glassy dynamics or
other short-range ordered phenomena, which we and others have previously observed in

100,141 Therefore, we conclude that the phase transitions are suppressed

related systems.
in the cesium substituted samples below the cubic to tetragonal phase transition. While
these data indicate a lack of cooperative changes in the dynamic degrees of freedom in
substituted samples, CH(NH,),* molecules exhibit similar local behavior across the series
(CH(NH3)2);_,.Cs,PbBr3;, with similar temperature dependent reorientation rates and in-
ternal vibration energies.

Describing these interactions necessitates an understanding of the driving forces be-
hind perovskite phase transitions. Oxide and halide perovskite phase transitions generally
occur to maximize coordination of the A-site cation by the octahedral framework.!® In hy-
brid perovskites, the organic cations can coordinate the octahedral units through hydrogen
bonds, %142 but unlike CH;NH3 " perovskites, the geometry and coordination of the lead-
bromide octahedra conflict with the geometry and electrostatic interactions of CH(NH,),*.
The hydrogen-bonding pattern of CH(NH;)," is not compatible with the geometry of the
bromide hydrogen bonding acceptors and appears to have more complex molecule-cage

interactions than for CH;NH;* counterparts. 14! Furthermore, CH(NH,),* has a weak elec-

trostatic dipole (p = 0.35 D) but a strong molecular electrostatic quadrupole (|Qq;| =
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18.3 D o A) due to the cancellation of the strong bond dipoles between carbon and each
nitrogen (cf., CHsNH3*, p = 2.3 D, |Qy;| = 3.6 D o A).'* The quadrupolar moments of
formamidinium cations yield a strain field due to electrostatic interactions with the in-
organic lattice (Figure 3.15a,b), where positive charge attracts the anionic sublattice and
negative charge repulses the anionic sublattice. These strain fields are analogous to chemi-
cal pressure, as has been visualized in intermetallic compounds, 1** and are mathematically
equivalent to elastic dipoles (a second rank tensor).!* Pairs of axially-symmetric electro-
static quadrupoles (and elastic dipole tensors in a homogeneous dielectric) have a pref-
erence to order in a “T” shape due to their compatible compressive and expansive strain
fields (Figure 3.15c); this “T” -shape ordering can tile in two dimensions (Figure 3.15d),
however such local ordering cannot geometrically tile space in three dimensions.!1>14
The electrostatic quadrupole of formamidinium is not axially symmetric, but there are
nevertheless many possible low-energy 3D orientational arrangements, and we previously
showed that the resulting geometric frustration leads to the cation-orientation mediated

115,145

phase transitions. This aligns with the recent description of CH(NH;),PbBr; as an

incipient ferroelastic, 14°

as a uniform strain field causes elastic dipoles to spontaneously
align.'* Cesium substitution introduces a compressive microstrain in the lattice from size
mismatch (r¢, = 1.884, 7, H(NHy)} = 2.534) that induces a local alignment of neighboring
quadrupole moments, disrupting the “T” shape ordering and relieving geometric frustra-

tion (Figure 3.15e).1%7:1%8 Cesium substitution produces short-range ordered regions that

interrupt the long-range coherent, orientational phase transitions.
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The relief of geometric frustration upon substitution contrasts with the behavior of
CH3NH; ™" perovskites. In CH3NH3* perovskites, Cs* substitution leads to the formation
of an orientational glass in the methylammonium sub-lattice with reduced CH;NH;" dy-
namics, which derives from the conflicting inorganic octahedral tilting preferences im-
parted by CH3NH;* vs Cs*.1% This contrasts with CH(NH,),PbBr; and CsPbBr; which
both display the same octahedral tilting distortions upon cooling.!'¢14° In the case of
(CH(NH;)3);_.Cs,PbBr3;, the retained local dynamics of the organic molecules prevents
glass formation, but cesiation disrupts long-range ordered phase transitions. The INS
data in particular demonstrate the presence of local microstrain-induced broadening upon
substitution in (CH(NH,),);_,Cs,PbBr3; and the comparative lack of local microstrain
in (CH(NH),);_,Cs,PbBr3; (Figure 3.11), consistent with peak broadening observed in
PXRD (Figure 3.10). The lack of disrupted vibrational modes at T = 5 K in
(CH(NH;)3):_,Cs,PbBr3; with increasing cesium content emphasizes the high tolerance of
hybrid perovskites towards substitution, as Cs* is nearly 70 pm smaller than CH(NH,),™".
Each organic cation has markedly different responses upon substitution, which highlights
the complexity of the potential energy landscape within mixed-cation perovskites com-
monly used in photovoltaic devices.” The increased chemical stability of substituted for-
mamidinium perovskite solar cells relative to unsubstituted solar cells'*® could arise from
the relief of geometric frustration from long-range elastic dipolar interactions upon Cs™*

substitution.
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Figure 3.15: Schematic cartoon illustrating the role of quadrupolar and elastic interactions. (a) Electro-
static potential field lines emanating from the geometric representation of the quadrupolar moment tensor
of formamidinium'“® (orange density denotes negative; blue is positive) provide attractive or repulsive in-
teractions to the anionic lattice framework, as depicted in (b). (c) The resulting expansive and compressive
strain fields map onto an elastic dipole tensor model, depicted by the pairs of large arrows. (d) In a hypothet-
ical two-dimensional plane, the elastic dipoles have a stable long-range ordered configuration that minimizes
the elastic energy; however, a favorable three-dimensional configuration cannot be tiled. (e) Introduction
of a smaller Cs* cation results in a neighboring compressive microstrain, thus causing a preferred orien-
tation of quadrupolar cations around the Cs* and frustrated orientations of the next-nearest neighboring
quadrupoles.
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Conclusions

Chemical substitution in the hybrid perovskite CH(NH,),PbBr; leads to the release of
geometric frustration of CH(NH,)," interactions, while retaining the local dynamic de-
grees of freedom. From 'H NMR, N NMR, 7°Br NQR, and neutron scattering we con-
firm that the five phase transitions of CH(NH,),PbBr3 are characterized by changes to
the dynamic degrees of freedom of CH(NH,),*, further corroborating previous studies.
Additionally, these changes couple to the inorganic octahedral framework through either
long-range cooperative tilting or local distortions. Cesium substitution interrupts organic-
organic interactions and leads to the suppression of the four low-temperature phase transi-
tions, which we have demonstrated through dynamic and crystallographic characterization
of the series (CH(NH;),),_Cs,PbBr33. This work provides insight into the sensitivity of the
organic-organic interactions in CH(NH,),PbBr; and demonstrates that Cs* substitution
has important implications for the structure of hybrid perovskites that could explain the
increased phase stability of chemically substituted hybrid perovskites that retain advanta-

geous electronic properties.

Experimental Methods

Sample preparation: CH(NH,),PbBr; was prepared as previously described.!® In brief,
CH(NH,),CH3COOH (VWR, 98% ) was dissolved in hydrobromic acid (Sigma Aldrich, 48%
) and reacted with PbBr; (Sigma Aldrich, 99.99% ) at 80 ° C. CH(NH,),PbBr3 was precip-

itated with ethanol as an antisolvent and washed with ethanol. CsPbBr; was prepared via
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a solid-state reaction from the binaries CsBr (VWR, 99.9% ) and PbBr,, carried out at 600
° C for six hours. The solid solutions were prepared by grinding molar quantities of the
end members, sealing in an evacuated silica ampoule and gently heating at 150 ° C for
between one and three weeks.

Diffraction: Laboratory powder X-ray diffraction (PXRD) data were collected on a
Bruker D8 Discover X-ray diffractometer using a Cu K, radiation source and a Lynxeye
XE-T position-sensitive detector to check phase purity. Accurate lattice parameters were
obtained using an internal silicon standard intimately mixed with each sample. High-
resolution synchrotron powder X-ray diffraction (SXRD) patterns were collected on the
diffractometer 11-BM-B at the Advanced Photon Source, Argonne National Laboratory (A
~ 0.41 A) between T = 300 K and T = 100 K in intervals of A T = 10 K.!5! Powders were
flame sealed in glass capillaries under vacuum.

NMR and NQR: Low-temperature 'H T, measurements (i 200 K) were performed using
the low-temperature magic angle spinning (MAS) capabilities at the UK DNP MAS NMR
Facility at the University of Nottingham, on a 14.1 T AVANCE III HD spectrometer corre-
sponding to a 'H Larmor frequency of 600 MHz, with a 3.2 mm probe. All other NMR
experiments were performed on a 16.4 T AVANCE III spectrometer (University of Cam-
bridge) corresponding to a 'H Larmor frequency of 700 MHz using a 4 mm MAS probe.
The NQR experiments were performed on an AVANCE spectrometer (University of Cam-

bridge) using a 4 mm MAS probe designed for use with a 9.40 T (400 MHz) magnet.
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The 'H T; constants were measured using a saturation recovery experiment with an ap-
pended Hahn echo, without (or with truncated) phase cycling to reduce the experimental
time in the case of long T; constants.

14N NMR spectra in the cubic phase were measured at 5 kHz MAS using a Hahn echo
pulse sequence, a radiofrequency (rf) power of 41 kHz and a recycle delay of 5 ms; where
the spectra were broader than could be excited in a single spectrum, variable offset cu-
mulative spectroscopy (VOCS) acquisition was used in steps of 40 kHz. Below the cubic-
tetragonal phase transition, !*N NMR spectra were recorded under static conditions with
a WURST CPMG pulse sequence!>?1>* and an echo length of 200 1 s yielding a spikelet
separation of 5 kHz. Between 6 and 60 echoes were recorded depending on the T, con-
stant, using 50 © s WURST-80 pulses with a 500 kHz excitation width and a rf power of
22 kHz; recycle delays of 5 - 50 ms were used, and continuous wave 'H decoupling of
50 kHz was applied. Probe ringing was removed by not recording the first two echoes,
where the T, constant was sufficiently long to permit this. These ultra-wideline spectra
were recorded using VOCS acquisition in steps of 100 kHz, with retuning achieved by
an external automatic tuning and matching (eATM) robot, >> before being recombined by
taking the magnitude data for each spectrum and performing a skyline projection.!>* The
symmetric I = 1 quadrupolar interaction is expected to dominate the *N spectrum, and so
only the low-frequency half of the spectrum was recorded and then reflected to reproduce
the complete spectrum.

DFT Calculation of N, 7Br Quadrupolar Parameters
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Calculations of nuclear quadrupolar parameters were performed using the CASTEP
plane wave density functional theory (DFT) code,!*%!7 the PBE exchange-correlation
functional, '8 treating relativistic effects with ZORA and applying the GO6 semi-empirical
dispersion correction.'® To avoid interactions between adjacent formamidinium cations
and the need to consider different orderings, a 2x 2x 2 PbBrz~ supercell was constructed
with 7 Cs™ cations and a single formamidinium cation, so that there were no nearest-
neighbour or next-nearest-neighbour FA-FA interactions. A plane wave cut-off energy was
used of 800 eV and a 2x 2x 2 Monkhorst— Pack k-point mesh. The structure was geom-
etry optimized to within 10 eV/ion and allowing an orthorhombic distortion of the unit
cell. The optimized pseudo-cubic unit cell parameters were a = 5.929 A, b = 5.904 A, ¢ =
5.907 A. The *N quadrupolar coupling parameters were calculated to be C, = 2.83 MHz
and 7o = 0.23.

The calculated 7°Br quadrupolar frequencies are shown in Figure 3.16. The presence of
the formamidinium cation causes a significant change to the local environments of the
adjacent bromide ions: the ions in the plane of the cation, colored blue, have lower
quadrupolar frequencies (71 and 74 MHz), while the remaining adjacent ions have higher
frequencies (81 - 82 MHz), compared to the average CsPbBrs-like environment of ~ 78
MHz (colored green). The calculated quadrupolar frequencies are not expected to be
quantitatively accurate since the experimental 7Br v values for CsPbBr; are 67 and 68
MHz (Figure 3.9), compared to the calculated value of ~ 78 MHz for the CsPbBrs-like
environments, suggesting that the calculations overestimate the quadrupolar frequency.

Nevertheless, it can be seen that a single static formamidinium cation significantly affects
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Figure 3.16: Colormap of calculated 7”Br NQR frequencies, v , for a 2x 2x 2 supercell comprising 7 Cs*
cations and a single formamidinium cation.

the local environment of the bromide ions, which further depends on the orientation of
the cation.
Calculation of correlation times
The 'H longitudinal (T;) relaxation for (CH(NH,),);_,Cs,PbBr; is dominated by dipole-
dipole coupling over the temperature range studied here,'®° so that the relaxation rate is
given by
1

where wy is the Larmor frequency, J (w) is the spectral density at a frequency w and
the pre-factor A is determined by the magnitude of the oscillations in the dipole-dipole
coupling due to the motion (and hence is determined by the nature of the motion).

In order to continue the analysis of the relaxation data, a functional form for the spec-

130 which assumes that the au-

tral density is required. For this we resort to BPP theory,
tocorrelation function takes the form of a single exponential decay, characterized by a

correlation time 7, :
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Gt) = exp(—L). D)

Te

Fourier transformation of GG (¢) yields a Lorentzian spectral density function:

Tc

I = T

(3.5)

Substituting the above expression for 7} into this expression for J(w) and differentiating
yields the expected T; minimum at
0.616

= 2016 )

Wo

In the limits of fast or slow motion, the numerator or the denominator of [3] dominate,

respectively, resulting in the following limits for the relaxation rate: Fast:

1
Twy K 1, — =HA — 7, (3.6)
T
Slow:
1 2A 1
Tewo > 1, 7+ = — — — 3.7)

T]_ W 0 7—0

Furthermore, if one assumes an Arrhenius form of the correlation time

E,
Te = To €XP (ﬁ) , (3.8)
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with activation energy E,, we find that the T; constant also follows an Arrhenius de-

pendence in these limits, with at most a change of sign,

E,
T x exp (j:RT) , (3.9

so that an Arrhenius plot of In T; against 1/T should result in symmetric straight lines
of gradient + E, in the high- and low-temperature limits.

Although the BPP approximation makes several assumptions, it can be used to extract
estimations of the correlation time 7. as a function of temperature. As a starting point, we
use the fact that at the T; minimum the correlation time is known, since 7.wy ~ 1 (which
remains true despite correlated motional effects, although the exact numerical relation in
[4] may change). From this we use the BPP spectral density, again substituting [3] into
[1], and, using the experimental T; constant at the T; minimum, calculate the pre-factor
A . With this value for A , the correlation time 7. can be calculated from the experimental
T, constant at every other temperature (main text, Figure 3.12). This is effectively an
extrapolation of 7. away from the T; minimum using BPP theory; the further from the
T, minimum, the greater the error in the estimated value of 7. which will have been
introduced by non-BPP behavior.

It is also possible to calculate the pre-factor A from first principles, as previously used
to interpret the T, constants in hybrid perovskites by Fabini et al.'!® Assuming isotropic
reorientation of the internuclear vector and no vibrational motion,”

3ugh*y*
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where i is the permeability of free space, 7 is the gyromagnetic ratio, in this case of
the 'H nuclei, and r is the separation of the two nuclei, in this case of the two 'H nuclei
in each formamidinium NH, group. Taking r = 1.56 A, this yields A = 1.19 x 10 s,
which predicts a T; constant at the T; minimum of 0.04 s, compared to an experimental
minimum of 1.2 s for 5% cesium substitution. This discrepancy is ascribed to vibration
of the N-H bonds and anisotropic motion of the cation, both of which act to reduce A
and hence to increase T;; non-BPP behavior may also affect the effective pre-factor. For
these reasons, the pre-factor determined from the experimental T; minimum was used to
calculate the correlation times rather than the theoretical value.

7Br NQR spectra were recorded with a Hahn echo pulse sequence, a rf power of 200
kHz, a recycle delay of 25 ms and VOCS acquisition in steps of 200 kHz, again with retun-
ing by an eATM robot.

The sample temperature for all experiments was determined with an ex situ temper-
ature calibration using the temperature-dependent 2°’Pb chemical shift of Pb(NO3),, ¢!
except for the low-temperature 'H T, experiments (i 200 K), for which the sample tem-
perature was determined from an ex situ temperature calibration using the temperature-
dependent 7°Br T, constant of KBr.1*® N NMR spectra were referenced to NH4Cl at O
ppm.

Inelastic Neutron Scattering (INS): Data were collected using the indirect-geometry
spectrometer VISION at the Spallation Neutron Source, Oak Ridge National Laboratory.
The instrument measures neutron energy transfer in the range of — 2 to 1000 meV, with a

resolution of dE/E = 1.5% . Powders were packed into aluminum canisters under a helium
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atmosphere. Data were collected between T = 5 Kand T = 275 K in 25 K intervals, with
data collection times up to 1.5 hours. Time-of-flight data were reduced in MANTID. 162 Re-
duced data were modeled as damped harmonic oscillators in DAVE. %3 To lend assistance
to interpretation of the INS spectra, phonon calculations were performed.

Phonon Calculations:

The calculated phonon spectrum is shown in Figure 3.17. DFT calculations were
performed using CASTEP.'®* The Generalized Gradient Approximation (GGA), as imple-
mented by the Perdew-Burke-Ernzerhof (PBE) functional, was used to describe the exchange-
correlation interactions. Ultra-soft pseudopotentials were employed to account for the ef-
fects of core electrons. Tkatchenko-Scheffler dispersion correction* was used for van der
Waals interactions. The energy cutoff for plane-wave basis was 310 eV. The unit cell con-
figuration determined by powder x-ray diffraction was used as the initial structure for the
simulations. The atomic coordinates were relaxed to allow minimization of the potential
energy and the interatomic forces. The energy tolerance for the electronic structure calcu-
lations was 5 x 1071° eV, and the energy tolerance for ionic relaxation was 5 x 10 eV. The
tolerance for the interatomic forces was 1 meV/A. After convergence was reached, the dy-
namical matrix was obtained using the finite displacement method, from which the phonon
frequencies and vibrational modes were calculated. The supercell use for phonon calcu-
lation was 2x 2x 1 of the unit cell. The electronic structure calculations were performed
on an 8x 7x 5 Monkhorst-Pack mesh for the unit cell, and 3x 3x 5 Monkhorst-Pack mesh

for the supercell. Phonon sampling in the Brillouin zone was performed on a 9x 7x 5T
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Figure 3.17: Comparison of experimental INS data and calculated phonon density of states.
-centered mesh. The OClimax software® was used to convert the DFT-calculated phonon
results to the simulated INS spectra.

Quasielastic Neutron Scattering (QENS):
Fixed window elastic scattering and quasielastic spectroscopy experiments were per-
formed on the high flux backscattering spectrometer (HFBS) at the NIST Center for Neu-

165 The sample environment

tron Research on non-deuterated samples of CH(NH,),PbBrs.
employed in this experiment is a closed-cycle refrigerator that cools/warms the sample
by helium exchange gas. A mass of 3.27 g of CH(NH,),PbBr; powder was used for this
experiment. The cylindrical sample cell has a diameter of approximately 3 cm, and the
powder sample was held against the lateral area of the sample can by enclosing it within
aluminum foil pouches. The sample cell was loaded within a helium glove box and sealed

with an indium gasket. The enclosed helium ensures good thermal contact between the

powder and the rest of the sample environment.

78



Fixed window scans were performed according to the following protocol. Initially, the
sample was quenched by placing it within the well of the closed cycle refrigerator when
it was at 60 K. The sample temperature dropped rapidly to approximately 200 K and
subsequently took 90 min to reach 6 K. Data was continuously collected upon warming at
0.8 K/min with 60 sec/point. Finally, data was collected upon cooling at the same nominal
ramp rate and time per point.

A fixed window scan is a measurement of the elastic intensity I,; (Q, T ) as a function
of Q and temperature. The effective mean-squared displacement of the hydrogen atoms is

estimated by assuming that I;(Q,T) is governed by a Debye-Waller factor:

I.(Q,T) = I,(Q, T = 6.0 K) x exp(—Q*(u?)/3) (3.11)

This calculation was performed using the DAVE software. 163
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4. Orientational Glass Formation in Methylam-

monium Hybrid Perovskites'

Summary

Hybrid organic-inorganic perovskites have gained notoriety in the photovoltaic com-
munity for their composition-tunable band gaps and long lived electronic excited states,
which are known to be related to the crystalline phase. While indirect evidence suggests
that coupling between polar organic cations affects the phase behavior, it remains unclear
how the coupling manifests in hybrid perovskites such as methylammonium lead halides
(CH,;NH;PbX;). Here, we present crystallographic and spectroscopic data for the series
(CH;NH;);_.Cs,PbBr;. CH;NH,;PbBr; behaves as a plastic crystal in the high temperature
cubic phase, and substitution of CH;NH,* with Cs* leads to the formation of an orien-
tational glass. While the organic molecule exhibits slow, glassy reorientational dynamics,
the inorganic framework continues to undergo crystallographic phase transitions. These
crystallographic transitions occur in the absence of thermodynamic signatures in the spe-

cific heat, which suggests that the phase transitions result from underlying instabilities

TReproduced with permission from Mozur E. M., Maughan A. E., Cheng Y., Huq A., Jalarvo N., Daemen
L. D., Neilson J. R. Orientational Glass Formation in Substituted Hybrid Perovskites. Chemistry of Materials
2017, 29, 23, 10168-10177, https://pubs.acs.org/doi/10.1021/acs.chemmater.7b04017. Copyright 2017
American Chemical Society.
Author Contributions: Eve Mozur prepared the samples, collected and analyzed the diffraction data, heat
capacity data, neutron scattering data and prepared the manuscript. Annalise Maughan collected the X-
ray diffraction data and neutron scattering data. Luke Daemon collected and reduced the INS data. YQ
Cheng performed the phonon calculations. Ashfia Huq collected the neutron scattering data. Niina Jalarvo
collected and analyzed portions of the quasielastic neutron scattering data. James Neilson collected the
inelastic neutron scattering data, edited the manuscript, and oversaw the project.
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intrinsic to the inorganic lattice . However, these transitions are not decoupled from the
reorientations of the organic molecule, as indicated by inelastic and quasielastic neutron
scattering. Observation of a reentrant phase transition in (CH;NH;),sCs( 2PbBr; permits
the resolution of these complex behaviors within the context of strain mediated interac-
tions. Together, these results provide critical insight to the coupled phase behavior and

dynamics in hybrid perovskites.

Introduction

Hybrid organic-inorganic perovskites, characterized by an inorganic framework of corner-

connected octahedra with an organic cation occupying the cuboctahedral void, are techno-

166 167

logically relevant materials, with promise for use in photovoltaics, *°° solid state lighting,
and radiation detection.'%® The electronic and optical properties are heavily influenced by
the structure of the octahedral framework as cooperative octahedral tilting affects the de-
gree of orbital overlap.””1%°-173 Halide perovskites exhibit three major octahedral tilting
patterns, a cubic perovskite phase (space group Pm3m, Glazer tilt notation: a’a’a"), a

94%¢7), and an

tetragonal perovskite phase (space group /4/mcm, Glazer tilt notation: a
orthorhombic perovskite phase (space group Pbnm, Glazer tilt notation: a™b~b~) as de-
picted in Figure 4.1.5%77:174-176 The room temperature octahedral tilting pattern of halide
perovskites can be predicted with the Goldshmidt tolerance factor, a geometric argument
that relies on the ionic radii of the constituent ions.”®!77:178 Halide perovskites undergo

well-known symmetry lowering phase transitions upon cooling, from a high temperature

cubic perovskite phase to a tetragonal perovskite phase to an orthorhombic perovskite
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Figure 4.1: Possible crystalline phases for a generic halide perovskite ABXj3. At room temperature,
CH;NH;PbBr, crystallizes in the cubic Pm3m structure and CsPbBrj crystallizes in the orthorhombic Pbnm
structure. Both materials undergo the same phase transitions, from cubic at elevated temperature, to tetrag-
onal at moderate temperature, to orthorhombic at low temperature. 7484185 In CH;NH;PbBr; the phase
transitions have been correlated with the freezing of CH;NH,* dynamics, particularly molecular reorienta-
tions in the cuboctahedral void as shown at the bottom. 26-186

phase.!’#17> Compositional substitution, as in (CH;NH,); ,Cs,PbX,, where X = Br!®
and X = I,'7° has been shown to modulate the magnitude of octahedral tilting. Tem-
perature dependent studies demonstrate that the changes in octahedral tilting correlate
with substantial changes in optical,>®1%18 thermal, '8! dielectric,'®? and photovoltaic!8?
properties.

Hybrid organic-inorganic perovskites have additional structural and dynamic degrees
of freedom relative to all-inorganic perovskites. Cations like CH;NH," hydrogen bond
with the halide anions at the X -site, which can distort the octahedral framework. 2%-187-190
In the cubic and tetragonal phases, CH;NH,* dynamically rotates in the cuboctahedral
void (Figure 4.1).25175191-193 Gingle crystal neutron diffraction has been used to show that
in CH;NH,Pbl,, CH,NH," jumps between eight equivalent positions in the cubic phase
186,194

and four equivalent positions in the tetragonal phase, as predicted computationally.

After the material transitions to the orthorhombic phase, the molecular orientations of
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CH,;NH," freeze into a single antiferroelectric configuration, while the molecule continues
to hop around its Cy axis (Figure 4.1).2>261°! In CH,NH,PbBr,, this transition manifests
with an intermediate incommensurate phase, in which CH;NH,* dipoles begin to order.1%
The freezing of CH;NH, ™ molecular dynamics is correlated to the tetragonal to orthorhom-
bic phase transition and thereby any changes in optical, electronic, thermal, dielectric, and
photovoltaic properties discussed above.>%16%180-183 I addition, molecular dynamics asso-
ciated with phase transitions are thought to participate in electron-phonon coupling, which
affects the band gap and electronic excited state lifetimes in CH;NH,Pb X ;.4253196-199 Djs.
tortions to the octahedral framework from interactions with an organic cation can then
alter the electronic structure of the perovskite, 187:200,201

Recently, hybrid perovskites with mixed halide and mixed A-site occupancies have been
shown to improve photovoltaic device efficiencies.22203 Substitutions at the A-site have
been shown to reduce the propensity for hybrid perovskites to decompose into the bina-
ries PbX, and AX 29429 35 is enthalpically favored.?°” Ion migration is often implicated
in the decomposition pathway of hybrid perovskites, which suggests that substitution in-
hibits ion dynamics. 2208209 Halide substitution in CH;NH,Pbl, has been shown both to
inhibit lattice dynamics and to decrease the electronic excited state lifetime.2!%212 How-
ever, it remains unclear how these complex substitutions affect the phase behavior and
how substitution at the A-site changes the lattice dynamics.

We have prepared the series (CH;NH;);_,Cs,PbBr;, where + = 0.0,0.1,0.2,0.3, and

0.4 and have characterized the crystallographic phase behavior and dynamic behavior as

a function of = with diffraction, heat capacity, and time-of-flight neutron diffraction and
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spectroscopy. We show that cesium substitution leads to orientational glass behavior and
can produce materials with reentrant phase transitions. These data demonstrate that the
organic cation actively participates in the phase transitions of hybrid perovskites, as intro-
ducing geometric strain from Cs* substitution changes the phase behavior. These results
provide atomistic insight into the complex energy landscape and dynamics of CH;NH,PbBr,

and related hybrid perovskites.

Results

At room temperature, all members of the series (CH;NH;);_,Cs,PbBr;, where 0 <

x < 0.4 crystallize in the cubic perovskite structure (space group Pm3m). High resolution
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Figure 4.2: (a) High resolution synchrotron XRD patterns of (CH;NH;);_,Cs,PbBr; collected at room tem-
perature. Data are shown as black circles and fits from Rietveld refinements of the cubic perovskite structure
(space group Pm3m) are shown as colored lines. Difference curves are shown in gray beneath each data
set. (b) Narrower () range of the high resolution synchrotron XRD patterns illustrating the peak shift in the
diffraction pattern as a function of z. (c) Cubic lattice parameter of (CH;NH;);_,Cs,PbBr; as a function
of x determined from PXRD with an internal silicon standard demonstrating that the series follows Vegard’s
law for solid solution behavior.
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Figure 4.3: Representative temperature-dependent NPD of (CH3;NH;);_,Cs,PbBr; where (a) x = 0.1 (b)
x =0.2, (c) x = 0.3, (d) = 0.4. Shown here is the (200). peak in the cubic phase, which splits into the
(220),, and (004), peaks indexed to the tetragonal and orthorhombic phases.

synchrotron XRD patterns of the series (CH;NH;),_,Cs,PbBr; are presented in Figure 4.2a.
For all x the data have been modeled with the cubic perovskite structure and the series
follows Vegard’s Law for x < 0.4 (Figure 4.2b,c). For x = 0.4, a small fraction of a
second perovskite phase (approximately 3 mol% from Rietveld Refinement) is present,
demonstrated by the appearance of small shoulders on all peaks as described in Figure
4.4. This suggests that the solubility limit of Cs* into CH;NH,PbBr; is at or near z = 0.4.
Attempts to prepare (CH;NH,;); ,Cs,PbBr; with x > 0.4 leads to diffraction patterns with
dramatically split peaks indicative of phase separation.

All members of the series undergo temperature dependent changes of the lattice sym-

metry. Plots of temperature-dependent NPD data for the cubic (200) peak, which splits
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Figure 4.4: High-resolution synchrotron X-ray diffraction data for (CH3NH;).6Cso.4PbBry with data as black
dots, the Rietveld fit as a purple line, and the difference in gray. (a) The major phase is a cubic perovskite, but
(b) close inspection of the peaks shows a shoulder that indicates the presence of a second perovskite phase.
Rietveld refinement demonstrates that the minor phase is present in very small amounts, approximately 3
mol%.
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Figure 4.5: Schematic phase diagram of the series (CH3;NH;);_,Cs,PbBrs. Circles correspond to experi-
mentally determined features and are scaled to represent the uncertainty in the temperature based on the
temperature ramp rate.
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Figure 4.6: Neutron diffraction patterns of (CH;NH;);_,Cs,PbBry as a function of temperature, where © =
(a) 0.1, (b) 0.2, (c) 0.3, and (d) 0.4. These data were collected on the neutron diffractometer, POWGEN, at

the Spallation Neutron Source, Oak Ridge National Laboratory.
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Figure 4.7: Selected region of high resolution neutron diffraction patterns as a function of temperature for
(CH3NH;);-,Cs,PbBry where (a) z = 0.1, (b) z = 0.2, (¢) z = 0.3, and (d) = = 0.4. Shown here are three
peaks: a peak at Q@ = 1.7 A describes the (210)¢etragonat, @ peak at @ = 1.85 A describes the (202) .upic, a
peak at Q@ = 2.0 A describes the (212)¢etragonat-
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during symmetry lowering phase transitions, are presented in Figure 4.3. Full diffrac-
tion patterns are presented in Figure 4.6. The crystallographic phase behavior determined
from Pawley refinements is summarized in Figure 4.5. As the orientational disorder of
CH,;NH," prevents the determination of accurate atomic positions, Pawley refinements
were preformed to assign space groups and obtain lattice parameters. While no incom-
mensurate phases were detected, we cannot rule out their presence given the temperature

t. 192195 Initial space groups assignments were chosen based

steps used in this experimen
on those of the end members CsPbBr; and CH;NH,;PbBr; and were found to be consistent
with the collected neutron and X-ray diffraction patterns. Qualitatively, the cubic phase
(space group Pm3m) is characterized by a lack of peak splitting in the (200)... peak
(Figure 4.3). Splitting of this peak as well as the appearance of the (210)ctrqgonar Peak
at @ = 1.7 A (Figure 4.7) indicates a decrease in symmetry to either of two tetragonal
perovskite lattices (space groups /4/mem and P4/mbm) or the orthorhombic perovskite
lattice (space group Pbnm). Both the Pbnm and P4/mbm lattices are characterized by the
presence of a peak at Q = 2 A , while this peak is systematically absent in the 14/mem
lattice (Figure 4.7). The Pbnm and P4/mbm lattices can be differentiated by the peaks
shown in Figure 4.8; in the P4/mbm lattice these peaks describe the (204);.;,440na and the
(312)tetragonai> While in the Pbnm lattice these peaks split further into the (024) 1407 hombics
(204) orthorhompics (312) orthorhombics and (132) o thornombic- These descriptors were validated
with Pawley and Rietveld refinements (Figures 4.9, 4.10, 4.11, and 4.12).

CH;NH;( ¢Csg 1 PbBr; undergoes similar phase transitions as CH;NH,PbBr,, from a cu-

bic perovskite lattice (Pm3m) at room temperature, to a tetragonal perovskite lattice
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(I4/mem) at T = 240 K, and finally to an orthorhombic perovskite lattice (Pbnm) at
T = 130 K. (CH3NH,) 7Cs 7PbBr; transitions from the cubic Pm3m lattice to the tetrago-
nal P4/mbm lattice at 7' = 190 K. There is a subtle deviation in the c lattice parameter ex-
tracted from Pawley refinements that could indicate a second phase transition close to 7' =
100 K (Figure 4.13). However, based on the lack of peak splitting or appearance of new
peaks in the diffraction data within our resolution and signal to noise ratio (Figure 4.11)
we do not assign a different low temperature crystal structure. (CH;NH;)( ¢Csg 4PbBr; also
transitions from the cubic Pm3m lattice to the tetragonal P4/mbm lattice at T' = 260 K. A
small CsPbBr; impurity is also present (Figure 4.14), although the difficulty in describing
the atomic positions of the organic cation in the major phase means the intensities are
not well described in a Rietveld refinement, making accurate determinations of the mole
percent of the impurity challenging. (CH3;NH;)(6Csy4PbBr; undergoes a second phase
transition to the tetragonal Pbnm lattice at 7" = 140 K. However, the complex splitting
pattern near Q = 1.8 A cannot be described by the major Pbnm phase and the CsPbBr,
impurity (Figure 4.14). To accurately index the peaks, three phases must be included: the
major Pbnm phase, a P4/mbm phase, and an orthorhombic CsPbBr; impurity. This sug-
gests that the phase transition to the low temperature orthorhombic phase is not complete,
and the tetragonal phase persists to room temperature, as is consistent with the behavior
of (CH;NH;)( 7Cs( 3PbBr;.

Notably, (CH;NH;),sCs,2PbBr; undergoes a reentrant phase transition, transitioning
from the cubic perovskite lattice (Pm3m) at room temperature to the tetragonal per-

ovskite lattice (/4/mcem) at T = 240 K, before returning to the cubic perovskite lattice
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Figure 4.8: Selected region of high resolution neutron diffraction patterns as a function of temperature for
(CH3NH;);—,Cs, PbBrg where (a) z = 0.1, (b) z = 0.3, and (c) = 0.4. Shown here is the (211) peak in the
cubic phase, which splits into the (204) and (312) peaks in either tetragonal phase, and splits further into
the (024), (204), (312), and (132) when referenced to the orthorhombic phase.

at T' = 150 K. The increase in lattice symmetry upon cooling is apparent from the peak
splitting and rejoining in Figure 4.3b and is confirmed by low temperature high resolution
synchrotron XRD (Figure 4.15). Reentrant phase transitions have been previously observed
in hybrid perovskites; CH(NH,),Pbl; undergoes a reentrant phase transition on cooling
from a cubic lattice, to a tetragonal lattice, to a higher symmetry tetragonal lattice.20->
However, at 7" = 150 K (CH3NH;)(sCs; 2PbBr; reverts to the same cubic structure as at
high temperature (Figure 4.15); this ignores the CH;NH, " positions, which are disordered
in both phases. While the unit cell volume decreases monotonically in CH(NH,),Pbl,, in
(CH;NH,3)( sCsg oPbBr; there is a slight expansion of the unit cell volume at 7" = 150 K

during the low temperature phase transition (Figure 4.16).
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Figure 4.9: High resolution neutron diffraction data of (CH3NH;3) 9Csg.1PbBrg at (a) 7' = 250K (b) 7= 190K
and (c¢) T = 80 K. Data are represented as black circles, models from Rietveld refinements as solid orange
lines, peak indexes as vertical black lines, and the difference between the model and the data as a red line.
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Figure 4.10: High resolution neutron diffraction data of (CH3NH;)¢ sCs2PbBr; at () 7' = 270 K (b) T' =
180 K and (c) T = 130 K. Data are represented as black circles, models from Rietveld refinements as solid
orange lines, peak indexes as vertical black lines, and the difference between the model and the data as a
red line.
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Figure 4.11: High resolution neutron diffraction data of (CH;NH;)( 7Cso.3PbBr; at (a) 7 = 240 K (b) T =
170 K and (c) T = 50 K. Data are represented as black circles, models from Rietveld refinements as solid
orange lines, peak indexes as vertical black lines, and the difference between the model and the data as a

red line.
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Figure 4.12: High resolution neutron diffraction data of (CH3NH;) 6Cs 4PbBr; at (2) 7' = 300 K (b) T' =
150 K and (c) 7" = 10 K. Data are represented as black circles, models from Pawley refinements as solid
orange lines, peak indexes as vertical black lines, and the difference between the model and the data as a

red line.
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Figure 4.13: Temperature dependence of the lattice parameters of (CH;NH;3)(.7Cso sPbBr; from Pawley re-
finments of high resolution neutron diffraction data.

The NPD data collected of (CH;NH;);_,Cs,PbBr;, where x = 0.1,0.2,0.3, and 0.4 at
T = 300 K, 100 K, and 10 K were analyzed using the Rietveld method to determine
if there is preferred orientation of CH;NH," in the cuboctahedral void. Residual nu-
clear density maps generated from Rietveld refinements of only the inorganic framework,
shown in Figures 4.17, demonstrate that there is no preferred CH;NH,* orientation in
(CH;NH,;);_,Cs,PbBr;, where x = 0.1,0.2,0.3, and 0.4 in either the high temperature or
low temperature phases.

Heat capacity data indicate that cesium substitution changes the nature of the phase
transitions of the substituted materials relative to CH;NH;PbBr; (Figure 4.18). In the end
member CH;NH,PbBr;, all expected peaks appear in the heat capacity data (Figure 4.18a)
that correlate with the three previously known phase transitions (7" = 240 K, 7" = 154 K,
T = 148K).'7°> These peaks are narrow and well resolved. As cesium is added to the

lattice, these peaks broaden such that the curve shows no features when = > 0.2 (Figure
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Figure 4.14: Selection of high resolution neutron diffraction data of (CH3NH;) 6Csg.4PbBr; at (a) 7' = 300 K
(b) T =150 K and (c) T = 10 K. Data are represented as black circles, models from Pawley refinements as
solid orange lines, peak indexes as vertical black lines, and the difference between the model and the data
as a red line.
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Figure 4.15: High resolution synchrotron X-ray diffraction of (CH3NH;)( sCso 2PbBr; at (a) 300 K and (b)
100 K. Data are shown as dots, fits as lines and the difference is shown in gray. At both temperatures the
data are consistent with a cubic perovskite lattice.
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Figure 4.16: (a) The pseudocubic lattice parameters of (CH3NH;), sCsg oPbBr; extracted from Pawley re-
finements as a function of temperature. (b) Volume of a formula unit of (CH;NH;)( sCsg.2PbBr; calculated
from lattice parameters extracted from Pawley refinements. Crystallographic transition temperatures are
indicated with vertical dashed lines.

4.18b). When the heat capacity is normalized to 72 (based on the Deybe model of acoustic
phonons), the heat capacity at low temperature increases as x increases (Figure 4.18c),
suggestive of an excess of low energy modes from increased disorder.2?

Inelastic neutron scattering (INS) spectra show that the vibrational modes thought to
be indicators of the phase transitions in CH;NH;PbBr, become disordered as Cs* con-
centration increases. In particular, the phase transitions of hybrid perovskites manifest
crystallographically through tilting of the inorganic octahedra;!’#!7> the phonons related
to octahedral tilting can be tracked through INS.2>192 Calculations allow the assignment of
the peak at 4-5 meV to octahedral dynamics and the peak at 33-37 meV to CH;NH,* torsion
(additional details about the assignments can be found in Figures 4.20 and 4.21 and the

discussion within). Both the peaks describing the octahedral dynamics and CH;NH,™" tor-

sion (Figure 4.19a) broaden as Cs* is added to the lattice, indicative of heterogenous envi-
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10 K

Figure 4.17: Visualization of the residual nuclear density in (CH3NH;);_,Cs,PbBr; based off a Rietveld
refinement of high resolution neutron diffraction patterns with the A-site cation omitted for x = 0.1 at (a)
T =300Kand b) T = 100K, and (¢) T = 10K,z =0.2at (d) T = 300 Kand (e) T = 100 K, and (f)
T=10K,z=03at (g T=240Kand (h) T =100K, and (i) T = 10K, z = 0.4 at (j) T = 300 K and (k)
T =100K, and (I) T = 10 K. Residual nuclear density maps were extracted at an isosurface level of 0.19.

ronments of both the inorganic octahedra and CH;NH,". The average energy of the modes
as described in Figures 4.19b and 4.19c were extracted by fitting the peaks to a Gaussian

distribution and extracting the center of the peak (Figure 4.21a,b). In CH;NH,;PbBr; mul-
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Figure 4.18: Heat capacity data for (a) CH3NH;PbBr;, (b) (CH3NH;);_,Cs,PbBr;, where z = 0.1,
0.2, 0.3, and 0.4; (c) the low temperature heat capacity normalized by the T3 Debye model for
(CH3NH;);—,.Cs,PbBrg, where z = 0.1, 0.2, 0.3, and 0.4.

tiple optical phonons can be resolved; however, this resolution disappears with Cs™ substi-
tution. This analysis shows that the disorder at inorganic and organic sites are correlated
to a softening of octahedral dynamics and CH,NH,™ torsion as Cs™ is added to the lattice.

To further elucidate the dynamics of CH;NH, ™, particularly those that change the in-
termolecular interactions between CH;NH," and the inorganic framework, we collected
quasielastic neutron scattering (QENS) spectra of (CH;NH;);_,Cs,PbBr, for x = 0.0, 0.1,
0.2, 0.3, and 0.4. Representative QENS spectra are shown in Figures 4.24 and 4.25. From
QENS spectra, we extracted a mean squared displacement (MSD, (u?) as described in the
SI) which are plotted in Figure 4.23. The MSD are most representative of hydrogen mo-
tion, as the neutron scattering cross section of hydrogen is nearly an order of magnitude
greater than the neutron cross section of the other constituent elements. The data for
CH,;NH,PbBr, are consistent with previous experiments, showing a monotonic decrease in
MSD as temperature is reduced, until 7' = 150 K at which point the MSD dramatically de-
creases in magnitude.!°? The change in slope of the MSD correlates with the tetragonal to

orthorhombic phase transition, as illustrated by the bars describing the phase behavior in
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Figure 4.19: (a) INS spectra collected at 7' = 5 K of (CH3;NH,);_,Cs,PbBr; over the energy range 2-40 meV.
(b) The centroid of the low-lying optic phonons (4-5 meV) as a function of z. (c) The average energy of the
CH3NH3Jr torsion (33-37 meV) as a function of x. Error bars in (b) and (c) are taken from the instrument

resolution, respectively. The centroid of the peaks were determined by fitting the peak in the INS spectra to
a Gaussian function and extracting the center (Figure 4.22).
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Figure 4.20: INS spectra of (CH3NH;);_,Cs,PbBr; collected at T = 5 K. The modes of CH;NH;PbBr; are
labeled to correspond to modes calculated using phonopy as described in the Experimental Methods section:
a indicates an octahedral rotation, b and c indicate coupled octahedral rotations and CH;NH,* librations, d
indicates CH;NH, ™ torsion, e and f indicate internal methylammonium vibrations. Asterisks indicate second
overtones.
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Figure 4.21: Experimental INS spectrum of octahedral CH;NH;PbBr; collected at 7' = 5 K compared to the
calculated spectrum. More details about the calculation can be found in the Experimental Methods section.
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Figure 4.22: Gaussian fits to the INS spectra of (CH3NH;);_, Cs,PbBr; collected at 7' = 5 K for energy ranges
between (a) 4-5 meV and (b) 32-38 meV, which correspond to octahedral dynamics and CH;NH; ™" torsion
respectively.
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Figure 4.23: Mean squared displacement ((u2)) of hydrogen as a function of temperature extracted from
QENS spectra of (CH;NH;);_,Cs,PbBr; illustrating a smearing of transitions and decreased MSD amplitude
with increasing x. The bars at the top illustrate the observed lattice symmetry of (CH;NH;);_,,Cs,PbBr; for
z =0.0,0.1,0.2,0.3, and 0.4. Dotted fill indicates a cubic perovskite lattice, striped fill indicates a tetragonal
perovskite lattice, diagonal striped fill indicates an orthorhombic perovskite lattice, and hatched fill indicates
a two-phase region.

Figure 4.23. Two significant changes occur as cesium content increases. First, the overall
magnitude of the MSD decreases as x increases, as is especially clear at high tempera-

tures. Second, at low values of = the slope of the MSD still changes as the lattice symmetry
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changes, for z > 0.3, the MSD decreases continuously over all measured temperatures.

This is consistent with the smeared out features in the heat capacity data in Figure 4.18.

Table 4.1: Activation Energies extracted from the slopes of the fit lines in Figure 4.29.

x Activation Energy
0.0 22 meV
0.1 6.9 meV
0.2 4.5 meV
0.3 10. meV
0.4 9.6 meV

Further information about the inhibited molecular motion was obtained through analy-
sis of the ()-dependence of the QENS spectra in the form of the elastic incoherent structure
factor (EISF) extracted from the QENS spectra. The EISF is defined as the fraction of elas-
tic scattering out of total scattering, and the slope and shape of the EISF as a function of
@ gives additional information about the types of dynamics present in the material , as
shown in Figure 4.27.262 Previously, QENS has been used to identify two types of methy-
lammonium molecular dynamics in methylammonium lead halide perovskites: a rotation
along the (5 symmetry axis parallel to the C-N bond that dominates at low temperatures
(here denoted as a (5 rotation) and a C'; ® C, rotation in which rotation about the C5 axis
occurs concurrently with a molecular reorientation around the ) axis of the unit cell that

dominates at higher temperatures. 25191

The EISF curves are well modeled using zeroth-
order Bessel functions that describe these rotations with parameters derived from Group
Theory.?® These models assume that if a molecule is not participating in a given motion,

such as the C; ® C, rotation, the molecule is frozen on the timescale that falls within the

instrument resolution. The decrease in MSD with increasing = and decreasing 7' (Figure
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Figure 4.24: Representative QENS spectra of CH;NH,PbBr; at 7' = (a) 80 K, (b) 110 K, (c) 140 K, and (d)
180 K for Q = 0.9. The spectra are shown as black circles, with the overall fit shown as a thick orange line.
The data are modeled with a delta function convolved with an instrument resolution function collected for
each sample at 7' = 20 K to account for elastic scattering, shown here as a thin pink line. The broadening
from quasielastic scattering fit is with a Lorenztian, shown as a dashed green line. See Eqn. 4.3.
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Figure 4.25: Representative QENS spectra of (CH3NH;);_,Cs,PbBrs at 7' = 140 K at @ = 0.9. The spectra
are shown as black circles, with the overall fit shown as a thick orange line. The data are modeled with a
delta function convolved with an instrument resolution function collected for each sample at 7' = 20 K to
account for elastic scattering, shown here as a thin pink line. The broadening from quasielastic scattering is
fit with a Lorentzian, shown as a dashed green line. See Eqn. 4.3.
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Figure 4.26: Selected EISF values for (CH;NH;);_,Cs,PbBr; extracted from QENS spectra collected at (a)
T =245 K and (b) T = 180 K. Dashed lines are fits to the (aC3 + (1 — a)(C3 ® C4)) model, while solid lines
are fits to the Cs model. (c) The fraction of CH;NH, " participating in a C3 ® C, rotation (1 — ) as extracted
from the EISF modeling. Dashed lines are guides to the eye.

4.23) is consistent with the freezing out of the C3 ® C, rotation; however, at elevated
temperatures CH;NH, " may still reorient about its C3 axis. Above the C3®C) freezing tem-
perature the EISF curves are best described as a linear combination of the C; and C3 ® C,4
rotational models, such that a given molecule is either participating in the C5 ® C, rotation
or only the C rotation. The linear combination is denoted (aC3+ (1 — «)(C3® Cy)), where
« is a refineable scale factor. Fits of the extracted EISF values to both models (C5 and
(aC3+ (1 —a)(C3®Cy))) are plotted in Figure 4.27 for all compositions and temperatures.

From inspection of the EISF curves (Figure 4.26), as the concentration of cesium in-
creases, the fraction of elastic scattering increases at a given temperature, which is consis-
tent with the MSD (Figure 4.23). The fits of the models to the data demonstrate that this
decrease in dynamics corresponds to an inhibition of the C; ® C, rotation. Inspection of
the refining parameters (Figure 4.26¢) show that the fraction of molecules participating
in the C3; ® (), rotation decreases as x increases at all measured temperatures. This is

especially notable at 7' = 180 K, where the C5 ® () rotation is accessible in the samples
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Figure 4.27: EISF as a function of @) from QENS spectra of (CH3NH;);_,Cs,PbBr; collected at T = (a) 245
K, (b) 180K, (c) 140 K, (d) 110 K. Extracted EISF values are shown as data points, while the fit to either the
(ax C5+(1—a) x (C3®Cy)) or Cs rotational model is shown as a dashed or solid line, respectively. (d) The
scale factor (1 —a) for the (ax C5+ (1 —«) x (C5®Cy)) model as a function of temperature for several values
of . When (1 — «) < 0, shown by the dashed line, the model is no longer physically meaningful, and the
(5 model is used, which corresponds to a better or equivalent visual fit. (e) The fraction of hydrogen atoms
on methylammonium participating in the Cj5 rotation as a function of temperature for several values of x.
Assuming the ammonium hydrogen atoms hydrogen bond to bromide, an initial value of 0.5 is reasonable.
This model is used for temperatures where a < 0.
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Figure 4.29: (a) The Full-Width-Half-Maximum (FWHM) of the peak in the QENS spectra (Figures 4.24,
4.25) can be used to extract the activation energy of the mode contributing to the quasielastic broadening
of the peak. (b) Arrhenius plot where In (HWHM) =1n(A) — %% The activation energies (F,) extracted
from linear regressions are presented in Table 4.1. This analysis can be done if only one dynamic mode is
detected; therefore, activation energies cannot be extracted above the freezing temperature of the C3 ® Cy
rotation (i.e. after the aC3 + (1 — «)C3 ® Cy model is no longer used).
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for x < 0.3 but is completely frozen for x = 0.4 (Figure 4.26¢). The 3 ® C, rotation
is frozen out in the low temperature crystal structure for all samples studied. This aligns
with the longer residence times in more substituted samples (Figure 4.28) and decrease
in activation energies listed in Table 4.1, calculated from the widths of QENS peaks as

described in Figure 4.29.

Discussion

The inorganic lattice symmetry and CH;NH,* dynamics described above can be ex-
plained by considering these materials as transitioning from a dynamically disordered
plastic crystal to an orientational glass with inhibited molecular dynamics as a function
both of temperature and of Cs* concentration. This paradigm has recently been suggested
from the analysis of ab initio molecular dynamics simulations of hybrid perovskites.!”
The description of methylammonium lead halide perovskites as plastic crystals at high
temperatures is based on the observation that CH;NH," is dynamic in the cuboctahedral
void.26175192 However, the low temperature behavior of many hybrid materials has re-
mained enigmatic, as the organic cation and inorganic framework are not decoupled.

The data presented here show that (CH;NH,),_,Cs,PbBr; behaves as an orientational
glass at low temperatures and at high z. Both the smearing of the peaks in the heat capac-
ity data (Figure 4.18) during phase transitions and the increased low energy vibrational
density of states observed in Figure 4.18c and Figure 4.19 are consistent with a glass form-
ing system.?2!>216 The excess localized vibrational modes indicated in Figure 4.18c result

from local heterogeneities, further suggested by the increase in residence time calculated
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from the peak width in the QENS spectra (Figure 4.28). These slow relaxations are consis-
tent with the increasing persistence of temperature-dependent hysteresis during the phase
transitions as a function of z. The inhibition of CH;NH,* molecular reorientations (Fig-
ure 4.26), and the heterogeneity of CH;NH," environments (Figure 4.19) observable in
the neutron scattering data provide more evidence for orientational glass behavior. Fur-
thermore, the lack of preferred orientation of CH;NH,* observed in Rietveld refinements
demonstrates orientational disorder at low temperatures (Figures 4.17). The glassiness is
not isolated to the organic sublattice and influences the inorganic framework. The Pb-Br
framework and organic sublattice in hybrid perovskites are known to be coupled, 191:19%:217
and the peak broadening in the INS spectra (Figure 4.19) demonstrate the presence of
disorder in the inorganic framework as CH;NH," is diluted with Cs*. Furthermore, as the
concentration of Cs™ increases, the octahedral tilt patterns change to more closely resem-
ble those of CsPbBr,, even though the majority of A-site cations are still CH;NH,*. These
results together illustrate that the glassy CH;NH, ™ dynamics directly relate to the nature
of the crystallographic transitions.

A simple description of the slow molecular dynamics of CH;NH," and its influence
on the inorganic crystallographic transitions can be provided by considering the frustra-
tion caused by local strain, attributed to differences in size and shape of the Cs* and
CH,;NH," cations. According to the Goldschmidt tolerance factor, smaller cations pre-
fer a smaller, more distorted cuboctahedral void, which improves coordination of the
A-site cation by the surrounding X-site anions.’”'”” In the mixed cation solid solution

series (CH;NH;),_,Cs,PbBr,, the framework of corner-sharing lead bromide octahedra
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must sufficiently coordinate both the small, spherical cesium cation as well as the larger,
oblate methylammonium cation. The attempt to satisfy the bonding requirements for both
cations leads to strain in the cuboctahedral A-site void. This geometric strain manifests in
the behavior of the organic cation, where the collapse of the cuboctahedral void increases
steric barriers to molecular reorientation (Figures 4.23, 4.26). As discussed above, the
inhibition of CH;NH,* dynamics correlates with the disorder of the inorganic framework,
leading to the glassiness of the phase transitions.

The change in tilting preferences in the tetragonal phase — from a’a’

¢~ in I4/mem
when z < 0.2 to resemble CH;NH,PbBr; to a’a’ct in P4/mbm when 0.2 < z < 0.4 to
resemble CsPbBr; — highlights the nature of coupling between the organic and inorganic
components and rationalizes compositional solubility. If the phase behavior was dictated
solely based on cation size, we would expect solid-solution behavior across the entire
series between x = 0 and = = 1, given that the lattice parameters for all x values follow
Vegard’s Law (Figure 4.2). We can instead explain this transition by considering previous
descriptions of inorganic perovskite halides, which showed that in-phase tilting of CsPbBr;
(a®a’c™) permits increased Cs-Br covalency.”” Therefore, this in-phase tilting preference of
Cs helps us to understand the limited solubility of CH;NH," in CsPbBr; (z > 0.4), as our
results suggest static in-phase tilts are not compatible with a dynamic CH;NH,* cation and
provides guidelines for compositional engineering. >’

Previous studies of the series K(CN),_,Br, have shown that increasingly glassy behav-

ior of the lattice and the phase transitions as a function of CN~ dilution by Br~ can be

attributed to fluctuations in the local potential around substituted sites.?!>218-221 While it
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is tempting to assume the local field changes can be attributed solely to the dilution of the
electric field of CN~ or CH;NH, ™, dielectric susceptibility studies show that the geometric
strain from the size and shape differences between CN™ and Br~ is competitive with, if not
greater than, dipole field effects.?!%220 In either case, the reorientation of the substituted
ion is limited by the local potential of the surrounding ions.?2%%22 For any given CH,NH,*
cation to reorient the cation must overcome an energy barrier from the Born-Landé po-
tential of the inorganic framework. As the lattice deforms and changes tilt patterns to
accommodate the mixed occupancy of (CH;NH;);_,Cs,PbBr,, this Born-Landé potential
changes and, therefore, so does the ability of CH;NH," to reorient. Modulation of this
potential through ion substitution leads to the formation of the observed orientational
glass.

To better understand how Cs™ substitution in CH;NH,PbBr, leads to suppressed and
reentrant phase transitions, we turn to models previously used to describe reentrant phase
behavior in Rochelle salt (NaKC,H,O, -4H,0).??*> A modified Blume-Capel Hamiltonian
can be used to mathematically express the competing interactions that lead to this type of
reeentrant behavior (a.k.a. inverse melting) by describing strain coupling between pseu-

dospins.223224 The Blume-Capel Hamiltonian for S = 1 pseudospins is expressed as:

N
H=-J> 8S+DY S}+PsV Y S8
1

<1,7> 1= <1,7>

where the coefficient J describes the coupling strength between the i and j pseudospins, S;

D describes the self-interaction of the pseudospin with the lattice. The third term describes
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Figure 4.30: Schematic representation of (a) the cubic phase in (CH;NH;) sCsg 2PbBr;, where there is no
unique orientation of CH;NH;* and (b) the idealized, tilted tetragonal phase in (CH;NH;)3Cs 2PbBr;,
where there are two preferred orientations of CH;NH;*.

a modulation in J that accounts for the energetic cost from the increased strain of two
adjacent pseudospins with the same value of S if the material is compressed (PJV > 0).
According to the Blume-Capel Hamiltonian, reentrant phase transitions can occur when
J and D compete between ordered (J > D,(S) = 1) and disordered (J < D,(S) = 0)
ground states. This model has been mapped onto strained cubic lattices;??* here we can
map the strain pseudospin onto the strain of the cuboctahedral void. This strain di-
rectly couples the inorganic lattice via octahedral tilting to the orientational preference
of CH;NH,* depicted schematically in Figure 4.30. While the complex energy landscape
of hybrid perovskites prohibits explicit modeling, we can consider the forces that cause
strain and lead to the observed reentrant phase behavior. Hydrogen bonding between the
amine and the halides is known to occur for multiple orientations, with small energy bar-
riers between them. 186226 Therefore, hydrogen bonds provide a minimal driving force for
CH;NH,™ cations to align in the same direction and the coupling strength between neigh-

boring CH;NH, ™ is small relative to interactions between CH;NH;* and Br~ (J < D). If we
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consider the model used to describe Rochelle salt,??* we estimate D as approximately 400
K, the energy of a weak hydrogen bond.??” This strain coupling should supersede dipole-
dipole coupling between individual CH;NH,™ ions.? Conversely, the electrostatic interac-
tions between the cation in the cuboctahedral void and the halide anions that form the
void’s cage lead to the anisotropy of the cuboctahedral void (S = +1, —1).77 As depicted in
Figure 4.30, the geometry of the tilted lattice necessitates that this anisotropy has at least
short range order, which suggests a larger coupling strength between the shape of the
cuboctahedral void and the organic cation orientation (J > D). In (CH3NH;)(sCs( 2PbBr,

these are appropriately balanced to lead to a reentrant (i.e. inverse melting) transition.

Conclusions

In summary, we have prepared the series (CH;NH,),_,Cs,PbBr; and characterized the
phase behavior and organic cation dynamics as a function of x. Heat capacity and neu-
tron scattering demonstrate glassy behavior at low 7" and at high z, despite the crys-
talline nature of the inorganic component; the glassiness principally manifests in orien-
tationally disordered CH,NH,*. Temperature-dependent neutron diffraction shows that
(CH;3NH,)( sCs 2PbBr; undergoes a reentrant phase transition and that the transition from
an out-of-phase octahedral tilt pattern to an in-phase octahedral tilt pattern results with
increasing amounts of Cs*. We have examined these two phenomena in terms of a random
strain model and a modified Blume-Capel Hamiltonian to demonstrate that the glassiness
and reentrance can be explained by considering the effects of a disordered CH;NH,* sub-

lattice coupled to a periodic inorganic framework. This provides experimental validation
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for computational methods that describe hybrid perovskites as a combination of an ordered
lead-halide octahedral network and a disordered collection of dynamic organic cations.!”
Developing theory to describe the effects of substitution is essential for understanding how
substitution in materials such as Csg 5 (CH;NH;).16(CH(NH,),) o 70Pbl 49Br 51 22 improve
device function. Previous work has shown that 5% to 10% Cs* doping in CH;NH,PbI,
leads to the preservation of stoichiometry and a decrease in the rate of perovskite degra-
dation.2%52%¢ We have shown that Cs™* substitution inhibits dipole reorientations and disor-
ders molecular dynamics, which suggests that ionic mobility is also reduced. As migration
of halide and organic ions have been implicated in the degradation of hybrid perovskites, 12
the inhibition of organic cation dynamics through Cs™ substitution could be responsible for
the increased stability of doped perovskites. Similar inhibition of lattice dynamics has been
observed in halide substituted hybrid perovskites, perhaps indicating a shared mechanism
for resistance to decomposition.?!%2!1 Substitution in hybrid perovskites leads to geomet-
ric strain that has a profound influence on the dynamics and structure of hybrid perovskite
halides, suggesting that the molecular dynamics and internal strain plays a significant role
in the manifesting electronic properties and chemical stability that are essential for use of

these materials in semiconducting devices.

Experimental Methods

Preparation: CH,;NH,PbBr, and CsPbBr; perovskites were prepared based on litera-
ture reports. 18:18° In short, the precursor CH,NH,Br was prepared by dissolving CH,NH,, - HCI

in HBr and evaporating excess solvent. CH;NH;Br was dissolved in dimethylformamide
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with equimolar amounts of PbBr, to produce an orange precipitate. The solid was washed
with ethyl ether. To prepare CsPbBr;, CsBr and PbBr, were sealed in an evacuated sil-
ica ampoule (< 10 mTorr) and heated to 600 °C over 11 hours and held at temper-
ature for six hours before furnace cooling to room temperature. Members of the se-
ries (CH;NH;);_,Cs,PbBr;, where x = 0.1,0.2,0.3,0.4,0.45,0.5,0.6, and 0.8 were pre-
pared from the end members. Stoichiometric amounts of CH;NH,PbBr; and CsPbBr, were
ground together and sealed in an evacuated silica ampoule (< 10 mTorr). Solid-state
reactions were carried out at 150 °C for five days. After heating, samples were ground
together until laboratory X-ray diffraction demonstrated only a single phase was present
or appeared biphasic after regrinding. All samples were stored under inert atmosphere as
prolonged (> 12 hours) air exposure leads to phase separation.

Diffraction: Laboratory powder X-ray diffraction (PXRD) data were collected on a
Bruker D8 Discover X-ray diffractometer using a CuK, radiation source and a Lynxeye
XE-T position-sensitive detector to check phase purity. Accurate lattice parameters were
obtained using an internal silicon standard intimately mixed with each sample. PXRD
data demonstrated that (CH;NH,);_,Cs,PbBr;, where z = 0.0, 0.1, 0.2, 0.3, and 0.4
were majority single phase, while x = 0.45, 0.5, 0.6, and 0.8 showed peak splitting in-
dicative of a second phase. High resolution synchrotron powder X-ray diffraction pat-
terns were collected on the diffractometer 11-BM-B at the Advanced Photon Source, Ar-
gonne National Laboratory (A ~ 0.41 A) at T = 300 K for (CH;NH,);_,Cs,PbBr;, where
x =0.0, 0.1, 0.2, 0.3, and 0.4 and at 7' = 100 K for = 0.2. Powders were flame sealed in

glass capillaries under vacuum. Discrete detectors covering an angular range from —6 to
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16° 260 were scanned over a 34° 20 range, with data points collected every 0.001° 26 and scan
speed of 0.01° 20 per second.® X-ray diffraction patterns were analyzed using the Rietveld
method implemented in TOPAS v4.2 (Bruker AXS). Statistics for relevant datasets are
presented in Table 4.2. High resolution time-of-flight neutron powder diffraction (NPD)
patterns were collected on the diffractometer POWGEN at the Spallation Neutron Source,
Oak Ridge National Laboratory between 7" = 10 K and 7" = 300 K in 10 K increments for
(CH;NH,);_,Cs,PbBr;, where x = 0.0, 0.1, 0.2, and 0.4. For x = 0.3, diffraction data
were collected every 20 K between 7' = 10 K and 7" = 240 K. NPD were analyzed using
the Pawley method and the Rietveld method implemented in GSAS/EXPGUI.??8 Lattice
parameters were extracted using the Pawley method owing to the challenges in accurately
modeling the dynamically disordered methylammonium ion positions. '8 Statistics for rel-
evant datasets are presented in Table 4.3.

Residual Nuclear Density Maps: Residual nuclear density maps (Figure 4.17) were
generated based on Rietveld refinements implemented in GSAS/EXPGUI of neutron pow-
der diffraction patterns with all atoms with approximate atomic positions and fractional
occupancies (Figure 4.6). Space group assignments were taken from Pawley refinements
as described in the main text. To gain insight into the shape of the nuclear density in
the cuboctahedral void, all free parameters were fixed before erasing Cs, C, N, and H to
generate the residual nuclear density map.

Heat Capacity: Heat capacity measurements were performed on pelleted samples us-
ing the quasi-adiabatic heat-pulse technique implemented in the Quantum Design, Inc.

PPMS at T' = 2 — 298 K, equilibrating for 4 time constants.
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Table 4.2: Statistics from structural refinements from high resolution synchrotron X-ray diffraction.

x T Ryp
0.0 300K 11.410
0.1 300K 7.877
0.2 300K 8.479
0.2 100K 10.084
0.3 300K 7.213
0.4 300K 7.615

Inelastic Neutron Scattering (INS): Data were collected using the indirect-geometry
spectrometer VISION at the Spallation Neutron Source, Oak Ridge National Laboratory.
The instrument measures neutron energy transfer in the range of —2 to 1000 meV, with
a resolution of dE/E =1.5%. Powders were packed into aluminum canisters. Data were
collected at 7" = 5 K, with data collection times up to 1.5 hours. Time-of-flight data were
reduced in MANTID.??° To lend assistance to interpretation of the INS spectra, phonon
calculations were performed with phonopy23° using density functional theory (DFT) cal-
culated forces as implemented in VASP.231:232 DFT calculations used Projector Augmented
Wave (PAW) method?3323# to describe the effects of core electrons, and Perdew-Burke-
Ernzerhof (PBE) 23° implementation of the Generalized Gradient Approximation (GGA) for
the exchange-correlation functional. The energy cutoff was set to 800 eV for the plane-
wave basis of the valence electrons. The total energy tolerance for the electronic energy
minimization was 10~® eV and for structure optimization it was 10~7 eV. The maximum
interatomic force after relaxation was below 0.001 eV/A. The optB86b-vdW functional23°
for dispersion corrections was applied. Phonon calculations based on density functional
perturbation theory were performed on the 2 x 1 x 2 supercell of the optimized orthorhom-

237

bic structure=*” with a 1 x 2 x 1 Monkhorst-Pack k-point mesh. The vibrational eigen
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Table 4.3: Statistics from structural refinements from high resolution neutron diffraction. R,,, values marked
with an * are from refinements used to generate residual nuclear density maps (Figure 4.17).

x T R,, from Rietveld R, from Pawley
0.1 250K 3.08 2.84
0.1 190K 341 2.50
0.1 80K 3.96 2.70

0.1 10K 3.64* —
0.1 100K 3.44% —
0.1 300K 2.83* —

0.2 270K 3.67 3.46
0.2 180K 3.67 2.69
0.2 130K 3.93 3.18

0.2 10K 3.84* —
0.2 100K 3.80* —
0.2 300K 3.63* —

0.3 240K 3.21 2.72
03 170K 4.10 2.46
0.3 80K 4.68 2.54

0.3 10K 5.23* —
0.3 100K 7.89* —
0.3 300K 3.07* —

04 300K — 2.05
04 150K — 2.95
04 10K — 3.45

04 10K 5.13% —
0.4 100K 6.02* —
0.4 300K 2.70% —

frequencies and eigen vectors were then calculated by solving the dynamical matrix us-
ing Phonopy.23° The OClimax software?*® was used to convert the DFT-calculated phonon
results to the simulated INS spectra.

Quasielastic Neutron Scattering (QENS): Data were collected using the backscatter-
ing spectrometer BASIS at the Spallation Neutron Source, Oak Ridge National Labora-
tory.23° The center wavelength of the incident neutron beam was 6.4 A with 60 Hz opera-
tion of the pulsed source using the Si (111) analyzer, which yields a full width half max of

the energy resolution at the elastic line of 3.5 peV over the accessible momentum transfer
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range Q = 0.2 to 2.0 A~'. Time-of-flight data were reduced in MANTID.2%° Spectra col-
lected at ' = 20 K were used as the instrument resolution function. Samples were packed
in aluminum foil packets and placed in an annular aluminum cylindrical can sealed with
indium wire. Approximately 0.2 g of powder yields approximately 95% transmission of
the beam, which minimizes multiple scattering events. Spectra were fit in DAVE,?%° and
Elastic Incoherent Structure Factor (EISF) curves were modeled with ad hoc python codes.

The functions

12
EISF = (1 —p) +p[g + gjo(cgr)} (4.1
and
1 J
EISF = (1=p)+pgz > nsdo(Qry), (4.2)
1

where p is the fraction of quasielastic scattering, j, is the zeroth order Bessel function
sin(Qr)/Qr, r or r; is the relevant jump distance as previously described,?® @ is the mo-
mentum change of the neutron, and n; is a whole number coefficient derived from Group
Theory, were used to model the C5 and (5 ® C, rotations, respectively. Relevant jump
distances were calculated based on a geometric evaluation of an idealized CH;NH,*. Rel-
evant bond distances were taken from a previous report.?*! A linear combination of the
two jump models (Eqns. 4.1,4.2) was constructed to describe a material where a fraction
of CH;NH," undergo only the Cj rotation and the rest undergo the C; ® C rotation.
In the linear combination model, the fractions of quasielastic scattering (p), which can be
thought of as the fraction of hydrogen atoms participating in the relevant rotation, were

fixed to 1.0 for the C3 ® C, rotation since all hydrogens on a molecule must move in
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a dipole reorientation and to 0.5 for the (5 rotation as it was assumed the ammonium
group forms hydrogen bonds with the inorganic framework and is therefore fixed, while
the methyl group is still mobile.
Fitting QENS spectra: The measured QENS spectra were fit with the following expres-
sion:
(@)

S(Q7w) = f(AO(S(w) +1-— Ao%W) & R(Q,w) + B(Q’w>’ (43)

where A is the half width at half maximum (HWHM) of the quasielastic component, and
A, is elastic incoherent structure factor (EISF), defined as the fraction of elastic intensity
of the entire spectral intensity. The HWHM of the quasielastic component can reveal infor-
mation on the characteristic times of the diffusive motion. The Q-dependent EISF provides
a measure of the time-averaged spatial distribution of the hydrogen atoms. The delta
function represents the elastic component and the Lorentzian function the quasielastic
component. They are convoluted (represented by the symbol ® ) with the experimentally
determined resolution function R(Q,w). B(Q,w) is the background term, a straight line
that reproduces qualitatively the background arising from the instrument and the sample,
and f is a scaling factor.

Extraction of the MSD from QENS spectra: The temperature dependent elastic in-
coherent neutron scattering (EINS) contribution was extracted from the measured BASIS
spectra by integrating over the elastic peak. From the EINS the average mean-square dis-

placement (MSD) can be extracted and estimated using a Gaussian approximation:

— Q2,2

Su(Q,w =0) = Ae~ 5. (4.4)
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The Gaussian approximation reflects a situation where all the scattering atoms in the ma-
terial have the same isotropic (r?), and even if this is not truly the case for the samples
measured in this study, it can be used to obtain approximate MSD values. Since the inco-
herent neutron scattering cross section of hydrogen is an order of magnitude larger than
those of the other constituent elements in these samples, the MSD is dominated by the

displacements arising from hydrogen motions.
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5. Ferroelastic Phase Transitions in the Hybrid
Vacancy Ordered Perovskite Formamidinium
Tin (IV) Iodide Driven by Organic-Inorganic

Coupling

Summary

Hybrid perovskites are a technologically relevant family of materials, with potential
applications in photovoltaics, solid-state lighting, and radiation detection. Interactions
between the inorganic octahedral framework and the organic sublattice have been impli-
cated in the structure and optoelectronic properties, but characterization of these inter-
actions has been challenging because of competition between organic-inorganic coupling
and intra-octahedral interactions. Due to their decreased octahedral connectivity, vacancy-
ordered double perovskites present an ideal case study to examine organic-inorganic cou-
pling in hybrid perovskites and their derivatives. Here, we describe the low-temperature,
hysteretic phase transition of formamidinium tin(IV) iodide from the high symmetry cu-

bic phase to a a lower symmetry monoclinic phase. We propose that the hysteresis stems

TAuthor Contributions: Eve Mozur collected the powder diffraction data and wrote the manuscript.
Annalise Maughan collected and analyzed the powder diffraction data and total scattering data and outlined
the manuscript. Andrew Candia prepared the samples. Erica Howard and Brent Melot for collected the X-ray
total scattering data. James Neilson edited the manuscript and oversaw the project.
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from organic-inorganic coupling mediated by local and spontaneous strain from frustrated

orientations of the formamidinium cations, which result in a ferroelastic phase transition.

Introduction

Although hybrid perovskites perform competitively with conventional inorganic semi-
conductors when incorporated into photovoltaic devices, they are structurally distinct from
diamond lattice semiconductors like silicon, cadmium telluride, and gallium arsenide.?*?
Compared to these materials, hybrid perovskites are topologically under-constrained, char-
acterized by structural fluctuations of the octahedral framework and liquid-like reorienta-
tions of organic cations that reside in the cuboctahedral void.*®>® These dynamics have
been implicated both in the optoelectronic properties of hybrid perovskites through the

4148 and in the phase transitions of hybrid perovskites, which pro-

formation of polarons
ceed through softening of these octahedral rotation and titling modes. 7243

Coupling between the dynamics of the octahedral framework and the organic sublat-
tice has been implicated in the optoelectronic properties and phase behavior of hybrid per-
ovskites. In methylammonium hybrid perovskites, the dynamic degrees of freedom of the
organic sublattice couple strongly to the octahedral tilt pattern. 8118 Recent spectroscopy
studies demonstrate that the octahedral tilting, organic cation dynamics, and optoelec-
tronic properties are all closely correlated.?** However, in formamidinium perovskites the
organic-inorganic coupling manifests quite differently and the nature of these interactions

has not been fully elucidated. Some of this complexity is apparent in the phase behavior

of formamidinium perovskites; formamidinium lead iodide undergoes a reentrant phase
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transition, a transition to a non-perovskite phase, or retains the high temperature struc-
ture between room temperature and 7' = 8.2 K based on sample preparation and thermal
history.%2%> The dynamics of formamidinium appear to participate in this unusual phase
behavior. The technological relevance of these materials and the importance of organic-
inorganic coupling in dictating functional properties motivates a fundamental investiga-
tion of how organic cation dynamics and organic-inorganic coupling direct the structure
of hybrid perovskites.

Vacancy-ordered double perovskites present an ideal system to probe the role of organic-
inorganic coupling in the phase behavior and structure of hybrid perovskites. Hybrid per-
ovskites are characterized by a corner-sharing B X3 octahedral network with an organic
A-site cation occupying the void space between octahedra; any organic-inorganic coupling
must compete with the interactions within the octahedral framework. In vacancy-ordered
double perovskites every other B-site cation is replaced with a vacancy and have a gen-
eral formula A,BXg.° The retention of the closed-packed halide sublattice preserves the
optoelectronic properties of three dimensional perovskites, but the lack of octahedral con-
nectivity weakens inter-octahedral interactions and allows for organic-inorganic coupling
to manifest more strongly.

Organic-inorganic coupling manifests strongly in vacancy-ordered double perovskites,
primarily through the formation of hydrogen bonds. Hydrogen-bonding between the or-
ganic A-site cation and the octahedral halide ions directs the structure of A,Ptl; com-
pounds, especially at low temperatures.?4® We have previously proposed that similar organic-

inorganic coupling in (CH;NH;),Snl; and (CH(NH,),),Snl; modifies the room tempera-
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ture local coordination environment due to soft, anharmonic lattice dynamics that manifest
as random distributions of octahedral tilt angles.3®
Here we characterize the temperature dependent structural behavior of (CH(NH,),),Snl.

The lattice transitions from the cubic vacancy-ordered double perovskite structure (space
group: F'm3m) characterized by high amplitude, anharmonic dynamics to a monoclinic
P2, /n structure characterized by cooperative octahedral tilting and low amplitude, nearly
frozen, dynamics. The phase transition exhibits hysteresis, and the changes in particle size,
lattice strain, and volume per formula unit depend on the thermal history of the sample.
We propose that the phase transition behavior of formamidinium tin(IV) iodide, character-
ized by domain formation and spontaneous strain from the alignment of formamidinium
quadrupoles is indicative of ferroelasticity. These observations demonstrate the importance

of organic-inorganic coupling in VODPs and other hybrid perovskite derivatives.

Results

Formamidinium tin(IV) iodide

Formamidinium tin(IV) iodide crystallizes in the cubic vacancy-ordered double per-
ovskite structure at room temperature.3® Rietveld refinement of the cubic Fm3m structure
of (CH(NH,),),Snl, against high-resolution synchrotron powder X-ray diffraction (SXRD)

38

data confirms the previously reported room temperature structure,”® as shown in Fig-

ure 5.1a.
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Figure 5.1: High-resolution synchrotron powder X-ray diffraction patterns collected at (a) T = 300 K and
(b) T = 100 K (quenched). Data are shown as black circles, the fits to the cubic (F'm3m) and monoclinic
(P21 /n) structures are shown as orange lines, and the difference curves are shown as blue lines in the
subplots. The grey tick marks represent the location of predicted Bragg reflections for the structural models
shown adjacent.

Upon cooling, formamidinium tin (IV) iodide undergoes a phase transition to a mon-
oclinic structure (space group P2;/n) characterized by cooperative tilting and rotation of
the [Snl;] octahedral units, as shown in Figure 5.1b. The structure is similar to the mono-
clinic (P2, /n) structure reported for formamidinium platinum(IV) iodide.2*® The positions
of the formamidinium ions were determined by simulated annealing of rigid bodies as de-
scribed in the methods.

The monoclinic structural model also describes the local coordination environment
of (CH(NH,),),Snl; at low temperatures. Figure 5.2 shows the X-ray pair distribution

function (XPDF) analysis of formamidinium tin(IV) iodide collected at T = 100 K. Below
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r = 5 A, the first and second nearest neighbor pair correlations correspond to the Sn—I bond
distance and the intra- and interoctahedral I-I bond distances. The correlation between
the local coordination environment and average structure of (CH(NH,),),Snl, in the low
temperature phase contrasts with the high temperature behavior. In our previous study
we found that the local coordination environment in (CH(NH,),),Snl; at 7' = 300 K was
poorly described by the cubic structure.®® Rather, the XPDF was best modeled by anhar-
monic rotations of [Snlg] octahedra away from their crystallographic positions, presumably
due to high-amplitude octahedral rotations coupled with reorientations of the formami-
dinium cations. In the low temperature XPDF and SXRD data presented here, however,
harmonic atomic displacements capture the peak shape and breadth. The phase transi-
tion from cubic to monoclinic correlates with a transition from a regime of high-amplitude
anharmonic lattice dynamics to a regime of low-amplitude, nearly frozen octahedral and

formamidinium dynamics.

11-ID-B, XPDF{
T=100 K|
Quenched
P21/n-

Figure 5.2: X-ray pair distribution function analysis of (CH(NH,),),Snl collected at T = 100 K after quench-
ing. The data are modeled with the monoclinic P2;/n structure determined from the SXRD data. Black
circles are the data, the orange line is the fit, and the blue line is the difference curve.
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Formamidinium tin(IV) iodide exhibits path-dependent structural phase behavior. Slow
cooling (5 K/min) from 7' = 290 K to 7" = 100 K reveals the onset of new reflections
between 0.75 < Q < 1 A and 1.75 < Q < 2 A beginning at T = 250 K, indicative of a
first-order crystallographic phase transition (Figure 5.3a). Despite the onset of the phase
transition occurring at 7' = 250 K, peaks corresponding to the cubic phase persist to T' =
100 K, and dwell times up to several hours at 7" = 100 K do not result in full conversion
to the low-temperature structure. Upon heating the same sample from 7" = 100 Kto 7" =
300 K at 5 K/min (Figure 5.3b), the lattice regains the high temperature cubic structure,
though the reflections corresponding to the low temperature phase persist above T =
250 K. At T' = 300 K (Figure 5.3b), the cubic structure is regained fully, but the intensities
of the reflections are reduced by a factor of ~5 and we observe significant peak broadening
relative to the diffraction pattern collected before thermal cycling. Thermal cycling of
(CH(NH,),),Snl, appears to result in irreversible changes to crystallographic strain or
particle size within the polycrystalline sample, or a combination therein.

Although slow ramping results in incomplete phase conversion between the high- and
low-temperature structures of formamidinium tin(IV) iodide, full phase conversion is achieved
with thermal quenching. A new sample of formamidinium tin(IV) iodide was quenched
from room temperature to 7' = 100 K, and the resulting diffraction pattern is shown in
Figure 5.4. In the quenched sample, the reflections characteristic of the high-temperature
cubic structure have disappeared, and the peaks in the resultant diffraction pattern are nar-
rower relative to the slow-cooled sample. This path-dependence is similar to the phase be-

havior of formamidinium lead iodide.%? In formamidinium lead iodide, path-dependence
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Figure 5.3: False color representation of temperature-dependent high-resolution synchrotron powder X-ray
diffraction data of (CH(NH,),),Snl, collected in 10 K increments (a) upon cooling from T = 290 K to
T = 100 K and (b) upon warming from T = 100 K to T = 300 K. Measurements were performed upon
cooling first in (a), and then again upon heating in (b). The colored lines represent phase-decomposed
calculated diffraction patterns for the cubic (¢, pink) and monoclinic (m, teal) phases.

was attributed to a kinetic barrier related to the breaking and reforming of lead-iodide
bonds. As the inner octahedral geometry is conserved through the phase transitions of
formamidinium tin(IV) iodide, another phenomenon must underly the behavior observed
here.

Upon thermally quenching the same sample from 7" = 100 K to 7" = 300 K, the high-
temperature structure of formamidinium tin(IV) iodide is almost completely regained. Fig-
ure 5.5 compares the high-resolution diffraction data collected before cycling, after ther-
mal quenching to 7" = 100 K and then rapidly heating to 7" = 300 K (e.g. inverse thermal

quench) to a sample with a slow (5 K/min) cooling and then heating. In the sample
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Figure 5.4: Synchrotron powder X-ray diffraction patterns of (CH(NH,),),Snl¢ collected at T = 100 K from
a slow-cooled (5 K/min) sample (blue) and a quenched sample (orange). The asterisk denotes the (200)
reflection from the high-temperature cubic phase, indicating incomplete phase conversion.

ramped at 5 K/min, the 7" = 300 K structure is regained, but the peaks exhibit a significant
loss in intensity and exhibit markedly broadened relative to the pristine sample. In con-
trast, the diffraction data of the quenched and rapidly heated sample resembles the pristine
data, with sharp, narrow reflections and only small losses in intensity. These observations
indicate that particle size and crystallographic strain in (CH(NH,),),Snl; depend on the
thermal history of the sample.

In order to deconvolute particle size and lattice strain for (CH(NH,),),)Snl, under
different temperature cycling conditions, we performed a Williamson-Hall analysis for the
data presented in Figure 5.5. In Figure 5.6, the full-width at half-maximum (FWHM) of
the seven strongest reflections in the cubic diffraction pattern are shown as a function
of Q. The steeper slope of the resultant line for the quenched sample in comparison to
the pristine sample indicates a slight increase in microstrain broadening. In contrast, slow

thermal cycling results in a drastic increase in the slope and also yields a significant change
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Figure 5.5: Synchrotron powder X-ray diffraction patterns of (CH(NH,),),Snl collected at T = 300 K (a)
before thermal cycling, (b) after quenching to T = 100 K and then rapid heating to T = 300 K, and (c) after
slow-cooling to T = 100 K and then slow-heating to T = 300 K (5 K/min).

in the y-intercept, indicating a larger increase in lattice microstrain as well as a decrease in
particle size. Williamson-Hall analysis indicates that thermal cycling of formamidinium tin
iodide increases lattice strain relative to pristine samples, and that this effect is particularly
pronounced when the sample is cycled slowly. Further, slow temperature cycling affects
particle size, which suggests the formation of domains that may contribute to the observed
phase transition hysteresis.

Furthermore, differences in temperature ramp rate produce significant differences in
the evolution of lattice volumes. As shown in Figure 5.7, the lattice volumes of both the
cubic and monoclinic phases decrease smoothly upon slow cooling to T = 100 K. However,
upon slow warming the lattice volume of the cubic phase increases non-monotonically in
the temperature range T ~ 225-250 K, which corresponds with growth of the cubic phase

as shown in the temperature-dependent diffraction patterns in Figure 5.3b. In contrast,
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Figure 5.6: Williamson-Hall analysis of the cubic phase of formamidinium tin(IV) iodide for the pristine
(black circles), slow cooled and slow heated (orange squares), and quenched (blue triangles) samples. The
dashed lines represent linear regressions for each data set. The corresponding diffraction patterns are pre-
sented in Figure 5.5.

fast quenching of formamidinium tin(IV) iodide results in significant differences in the lat-
tice volumes. Quenching from the pristine sample to T = 100 K results in a monoclinic
lattice volume that is significantly reduced relative to that of the slow-cooled sample. Fur-
ther, after quenching back to T = 300 K, the cubic lattice volume is nearly identical to
that of the pristine value, indicating that quenching allows the structure to regain the orig-
inal structure reversibly, while slow-ramping results in irreversible changes to the lattice

volume.

Discussion

We propose that the cubic to monoclinic phase transition of formamidinium tin(IV)
iodide is ferroelastic in nature. The characterization of the phase transitions of formami-

dinium tin(IV) iodide presented above are consistent with the two primary characteristics
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Figure 5.7: Unit cell volume per formula unit for the cubic and monoclinic structures of (CH(NH,),),Snl
determined from temperature-dependent high-resolution synchrotron powder X-ray diffraction data. The
data were collected upon cooling first and then again upon heating at a rate of 5 K/min, denoted by the filled
and open symbols, respectively. The open grey circles represent the volumes of the cubic and monoclinic
structures from quenching. Lattice volume errors bars are smaller than the symbols and are therefore omitted
for clarity.

of a ferroelastic phase transition, the presence of spontaneous strain and two or more
orientational configurations.

In transitioning from a paraelastic high temperature phase to a ferroelastic low temper-
ature phase, the lattice must occupy two or more orientational states and necessitates the
formation of domains.?*” Hysteresis in the crystallography of (CH(NH,),),Snl is indica-
tive of domain formation (Figure 5.3). The difference in crystallography, lattice micros-
train, and particle size between samples that have been quenched or slow cooled suggest a
complex domain formation pathway. Similar features to the plateaus and negative thermal
expansion in Figure 5.7 have been observed in the lattice parameters and unit cell volume
of lead phosphate and were attributed to the formation and coalescence of micro-domains

within ferroelastic domains. 48
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The path dependence of the phase transition as a function of temperature ramp rate
(Figures 5.4, 5.5, 5.6) is likely a result of temperature dependent domain formation. Fer-
roelastic domain formation in barium titanate is known to be temperature dependent,?*
which is consistent with the mathematical treatment of ferroelastic domains that suggests
that domain formation depends on surface fluctuations, dynamic structural fluctuations,
and crystalline defects.?>° Dynamic structural fluctuations in particular will be temperature
dependent in hybrid perovskites and their derivatives, >128192.251,252

The presence of spontaneous strain is consistent with the large change in volume be-
tween the cubic and monoclinic phase at the same temperature. For instance, Figure 5.7
shows that at 7' = 250 K for data collected upon cooling, the volume per formula unit
in the cubic phase is 463 A3 and in the monoclinic phase is 450 A%, correlating to a 30%
average compressive linear strain ({/((463 A> — 450 A%)/463 A%)). Microscopically, there
appears to be residual microstrain within the individual crystallites, as indicated by the
Williamson-Hall analysis (Figure 5.6)

The strain in (CH(NH,),),Snl; most likely arises from releasing the conformational
frustration of dynamic CH(NH,)," quadrupoles. Unlike other cations commonly incor-
porated in halide perovskites and perovskite derivatives, such as CH,NH,*, CH(NH,),"
has a strong quadrupole moment. Electrostatic quadrupole moments couple strongly to
electric field gradients and can then produce directional compressive and expansive strain
on the surrounding framework.8625 At high temperature, thermally-activated reorienta-
tions of formamidinium yield a nearly isotropic local environment around formamidinium

that is compatible with the average cubic symmetry, despite significant local and dynamic
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Figure 5.8: (a) Cubic and (b,c) monoclinic structures of (CH(NH,),),Snl; shown at the same scale with
the shapes of the A-site void highlighted. The transition between these two phases involves large volume
changes and increased anisotropy around the A-site.

disorder (Figure 5.8a).%® However, on cooling, the organic-organic interactions mediated
through the quadrupole moment become more important. Crystallography indicates for-
mamidinium cations orient along the same plane at low temperatures (Figure 5.8c), which
has been proposed as a ground state for quadrupole ordering if long-range interactions are
strong.® This co-planar configuration results in the decrease in symmetry and size of the
A-site void between the cubic and monoclinic structures (Figure 5.8) that accompanies
the compressive strain produced during the cubic to monoclinic phase transition. In anal-
ogy with the ferroic or ferroelastic domains in methylammonium lead iodide,?** different

orientations of formamidinium would distinguish domains (Figure 5.8c).
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Conclusions

Organic-inorganic coupling is an important consideration of hybrid perovskites and
their structural derivatives, the understanding of which will increase the quality of structure-
property relationships. We suggest that changes in the orientation of formamidinium in
formamidinium tin (IV) iodide lead to spontaneous strain and domain formation, which
manifests in the ferroelastic phase transition from the high temperature cubic phase to the
low temperature monoclinic phase. The crystallography data here demonstrate the influ-
ence of organic cation orientations and organic-inorganic coupling on the phase behavior
of vacancy ordered double perovskites, which can be extrapolated to other perovskite ma-

terials.

Methods and Materials

Formamidinium tin(IV) iodide was prepared following the previous literature report.®
Briefly, stoichiometric amounts of the halide binaries CH(NH;)-I and Snl, were ground
together, sealed in an evacuated silica ampoule (P < 10 mTorr), and heated to 150 °C for

48 h.

Characterization

Temperature-dependent high-resolution synchrotron powder X-ray diffraction studies
were performed on beamline 11-BM-B at the Advanced Photon Source, Argonnne Na-

tional Laboratory. Powdered samples of formamidinium tin(IV) iodide were diluted with
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amorphous SiO, and packed in Kapton capillaries and sealed with modeling clay. The
temperature was ramped from T = 300 Kto T = 100 K at 5 K/min. Diffraction patterns
(~30 min scans) were collected in 10 K increments. The temperature was then ramped
to T = 300 K at 5 K/min, with diffraction patterns collected every 10 K on warming.
Quenching studies were performed on a pristine sample of formamidinium tin(IV) iodide.
Quenching to T = 100 K was achieved by pre-cooling the cryostat to T = 100 K and then
moving the sample into the cryostat. The sample was allowed to equilibrate at T = 100 K
for 5 min before data collection. The cryostat was removed and the sample was allowed
to come to room temperature for the rapid heating room temperature study.

Diffraction data were modeled using the Rietveld method in TOPAS v6 and the organic
molecules were located through simulated annealing of rigid bodies. First, the inorganic
[Snl,] octahedral sublattice and lattice parameters were refined against the T = 100 K
diffraction data. The positions of the octahedra and the lattice parameters were then fixed
and the formamidinium ions were introduced and allowed to rotate and translate as rigid
bodies. The bond distances and angles of the formamidinium ions were adopted from prior
literature.?>> Once the translational positions of the formamidinium ions were optimized,
the simulated annealing procedure was repeated while only allowing the formamidinium
ions to rotate as rigid bodies to reach the final structural configuration shown in Figure 5.1.
Crystallographic information files for the cubic (T = 298 K) and monoclinic (T = 100 K)
structures of formamidinium tin(IV) iodide are provided as supporting information.

Synchrotron X-ray scattering data suitable for pair distribution function (PDF) analysis

were collected at beamline 11-ID-B at the Advanced Photon Source, Argonne National Lab-
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oratory, using 86 keV photons and sample-detector distance of 25 cm. A powdered sample
of formamidinium tin(IV) iodide was loaded into a polyimide capillary and quenched to
T = 100 K. The sample was measured in transmission mode using a Perkin Elmer amor-
phous silicon image plate detector.2°® GSAS-II was used to calibrate the sample to detector
distance and detector alignment with data from a CeO, powder standard.?” Raw scatter-
ing data was integrated into one dimensional @)-space, applying a mask and polarization
correction during integration. The normalized total scattering patterns, S(()) were pro-
duced in PDFgetX3 by subtracting polyimide container scattering, utilizing the appropri-
ate sample composition, and applying standard corrections for the area detector setup.>®
Experimental PDFs were extracted using PDFgetX32°® and analyzed using PDFgui.2>° Pair
distribution function patterns, G(r), were calculated via Fourier transformation of the total
scattering data utilizing a Q maximum of 22 A1,

VESTA was used to visualize and render all crystal structures presented in this publica-

tion. 260
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6. Directed Local Ordering of Lone Pairs in Tin-

Bromide Perovskites

Summary

Halide perovskite semiconductors have complex and polarizable structures when com-
pared to conventional inorganic semiconductors. This makes halide perovskites more sus-
ceptible to static and dynamic structural deformations. Although many of these defor-
mations, such as cooperative octahedral rotations and tilting, are well understood and
synthetically controllable, metal off-centering that occurs in tin and germanium halide
perovskites due to stereochemical activation of the valence s* lone pair remains relatively
under explored. Here, we investigate the different metal off-centering in cesium tin bro-
mide and methylammonium tin bromide. Crystallographic characterization of the solid
solution series (CH3NHj3);_,Cs,SnBr; demonstrates that stereochemical activation can be
tuned with substitution by controlling the volume and anisotropy of the A-site void. This
study demonstrates that the A-site cation influences the structure of hybrid perovskites

through electrostatics and sterics.

TAuthor Contributions: Eve Mozur prepared the samples, collected and analyzed the diffraction, total
scattering, and absorbance data, and wrote the manuscript. Alexandra Koegel and Leighanne Gallington
collected the total scattering data. Daniel Olds collected the diffraction data. James Neilson edited the
manuscript and oversaw the project.
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Introduction

Hybrid halide perovskites are a technologically relevant family of materials, with appli-
cations in photovoltaics. Many of their advantageous optoelectronic properties are related
to the polarizability of their corner-sharing octahedral framework, composed of a p-block
metal coordinated by halide ions, and the organic A-site cation embedded between the
octahedra that undergoes stochastic, liquid-like reorientations.>3832>2 Hybrid perovskites
have long electronic excited state lifetimes that have been attributed to polaron formation,
in which local structural deformations stabilize excited state charge carriers, and Rashba
splitting, in which spin-orbit coupling and the absence of inversion symmetry make elec-
tronic relaxations across the band gap spin forbidden.*® Both of these mechanisms for
extending charge carrier lifetimes have been linked to the dynamic distortions of the per-
ovskite structure, including organic cation reorientations, low frequency phonons related
to cooperative rotations and tilting of the octahedral framework, and intra-octahedral dis-
tortions related to metal off-centering. 1:48:48,53,106,261,262

The nature of organic cation reorientations and cooperative octahedral modes have
been rigorously studied over the past several decades.!17:26-28,77,177,181,193,263,264 [ com-
parison, intra-octahedral structural distortions have received less attention and are less
well understood. As hybrid perovskites that exhibit metal off-centering and related dis-

t265—268

tortions become more technologically relevan understanding these distortions be-

comes more pressing.
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Metal off-centering, characterized by asymmetric octahedra with three long and three
short metal-halide bonds, is thought to occur because of stereochemical activation of the
valence s? lone pair on the metal.%21:2%° In extended solids, stereochemical activation oc-
curs when fully occupied s states mix with empty p states, leading to isotropic electron

270,271 The proximity in energy of s and

density in analogy to sp hybridization of molecules.
p states determines whether hybridization will occur. For example, structural distortions
related to stereochemical activation can be observed crystallographically in cesium germa-
nium iodide (CsGels), but not in cesium tin iodide (CsSnl3) due to the increase in energy
level separation between the valence s and p states moving from germanium to tin. 2272
There is some indication from photoluminescence data that CsSnl; exhibits stereochemi-

cal activation of lone pairs locally or dynamically at high temperatures2’2

in a process that
has been termed emphanisis, and is consistent with an anharmonic potential well orig-
inating from this lone pair.?”>2’% In general, germanium perovskites are the most likely
to exhibit structural distortions consistent with stereochemical activation of lone pairs,
followed by tin, while lead perovskites are unlikely to experience stereochemical activa-
tion.'? Although density functional theory computations on lead and tin chalcogenides
suggest that the cation p states contribute more than anion p states,?’° anion identity will
also affect the magnitude of the stereochemical activation when the energy of the anion p
states approaches the metal s states.!®

Although the energy levels of the A-site are remote from the relevant s and p states,

the identity of the A-site cation appears to impact the behavior of the 5s? tin lone pair

in tin bromide perovskites. At room temperature, both methylammonium tin bromide
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(CH3NH3SnBr3) and cesium tin bromide (CsSnBrs) crystallize in the cubic perovskite phase

20,275 1,0cal structural char-

(space group: Pm3m), which does not allow tin off-centering.
acterization in both materials suggest dynamic distortions indicative of stereochemical
activation of the metal 5s* lone pair occur on length or time scales too short to be detected
in traditional crystallography.2%2%° On cooling, however, CH;NH;SnBr; and CsSnBr; ex-
hibit markedly different behavior. CH;NH;3SnBr; undergoes two phase transitions between
room temperature and 100 K; the first to an orthorhombic phase (space group: Pmc2;)
characterized by tin off-centering and octahedral distortions indicative of stereochemical
activation and the second to an unknown triclinic phase.?”> CsSnBr3; does not exhibit any
obvious stereochemical activation in the average structure on cooling; rather, it undergoes
two typical perovskite phase transitions to a tetragonal phase (space group: P4/mbm) and

).29-276 As summarized in Figure 6.1,

then to an orthorhombic phase (space group: Pnam
the presence of methylammonium in tin bromide perovskites correlates both to local stere-
ochemical activation at high temperatures and to long-range stereochemical activation at
low temperatures, while the presence of cesium correlates only to local stereochemical
activation at high temperatures.

To investigate how the A-site cation affects stereochemical activation, this chapter char-
acterizes the structure of the solid solution series between CH;NH;SnBr; and CsSnBr; with
synchrotron X-ray diffraction and total scattering data suitable for pair distribution func-
tion (PDF) analysis collected between 100 K and 420 K. The series (CH3NH3);_,Cs,SnBr;

was prepared for 0.0 < x < 1.0, with a miscibility gap for 0.45 < x < 0.75. Bragg diffraction

data shows that CH3NH; rich samples have similar average structures to CH;NH;SnBr3,
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Figure 6.1: Phase behavior of (a,b) CH;NH,SnBr; and (c,d) CsSnBrj at 300 K and 200 K. At high temperature,
both materials crystallize in the high symmetry cubic perovskite phase and undergo local distortions that can
be modeled by phases that allow tin off-centering, such as the Pmc2; phase. On cooling, CH;NH;SnBr,
transitions to the Pmc2; phase on average. CsSnBr, transitions to the Pnam phase, which does not have tin

off-centering.
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although the formation of the low temperature triclinic phase is suppressed, and that Cs™
rich samples have average structures similar to CsSnBr;. Pair distribution function analy-
sis demonstrates that all samples undergo short-range structural distortions indicative of

stereochemical activation that can be tuned with substitution.

Results and Discussion

The solid solution series (CH3NH3);_,Cs,SnBr; was prepared for 0.0 < = < 1.0. A
miscibility gap occurs for 0.45 < = < 0.75, in which both a methylammonium rich phase
and cesium rich phase are present instead of a single, homogenous phase. This miscibility
gap suggests that cesium and methylammonium interact differently with the octahedral
framework, either due to their size mismatch or electrostatic interactions, and that com-
petition between these interactions with high levels of substitution cause too much strain
to form a stable, single phase material. The multi-phase materials were not investigated
further. Compositions were adjusted from the nominal x values for the single phase mate-
rials based on from Vegard’s Law, which states that the lattice parameters of solid solution
should vary linearly with composition. Accurate lattice parameters were obtained from Le
Bail refinements of powder diffraction data of the sample intimately mixed with a silicon
standard. Differences between the adjusted and nominal = values are a result of addi-
tional CH;NH,Br that was added to the reaction mixture to account for the volatility of
CH;NH,Br at reaction temperatures (Figure 6.2, Table 6.1). The adjusted x values are

used in the remainder of the manuscript.
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Figure 6.2: Vegard’s law plot for (CH3NH3);_,Cs, SnBrs3. Accurate lattice parameters were obtained from Le
Bail refinements of the sample intimately mixed with a silicon standard. The solid line is a linear regression
between the cubic lattice parameters of the two end members. The pink closed triangles are the compositions
adjusted based on Vegard’s Law and the green squares are the nominal compositions. Vertical dashed lines

show the edges of the miscibility gap. The adjusted lattice parameters are used in the remainder of the
manuscript.

Table 6.1: Comparison of the nominal cesium concentration and the cesium concentration adjusted based
on Vegard’s Law. The adjusted lattice parameters are used in the remainder of the manuscript.

nominal x adjusted x

0.1 0.04
0.2 0.19
0.3 0.23
0.4 0.43
0.8 0.79
0.9 0.85

Electronic Properties

Diffuse reflectance data collected on (CH3NH;3),_,Cs,SnBr; were transformed to ab-
sorption with the Kubleka-Munk transformation. Linear extrapolation over the linear re-
gion in the absorption data allows for calculation of the optical gap (Figure 6.3). The
optical band gap energy decreases linearly with x, as expected based on lattice contrac-
tion upon increasing concentration of the smaller cesium ion. Lattice contraction in hybrid

perovskites leads to a narrowing of the band gap because the top of the valence band is
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Figure 6.3: (a) Diffuse reflectance data for (CH3NHj3);_,Cs,SnBrs transformed to absorption with the
Kubelka-Munk transformation. The optical gap (b) can be found from linear extrapolation of the linear
region (dashed lines) in (a).

composed of anti-bonding states that increase in energy with increased orbital overlap and
the bottom of the conduction band is composed of bonding states that decrease in energy
with increased orbital overlap.”’® The diffuse reflectance data are roughly consistent with
the Vegard’s Law change in lattice parameters, indicating the successful preparation of a
solid solution.

In several members of the solid solution series, the absorbance data show tailing into
the IR (Figure 6.3a). This Moss-Burstein type shift is indicative degenerate doping of the
sample, likely though oxidation of tin from tin (II) to tin (IV).2”” The presence of small
quantities of nanoscale or amorphous impurities suggestive of this oxidation cannot be
ruled out from the diffraction data used to access sample purity. The tailing into the
IR is more pronounced for methylammonium rich samples, perhaps because of a similar
decrease in the favorability of the oxidation reaction with substitution as observed for bro-

mide substitution in methylammonium lead iodide.!' The presence of methylammonium

145



300

__‘—..L __'"
il PLGm __Ql&d?
250 ‘ | Mixed 2

b ‘ | Phase
iy 17— o
2
=
5 200
@
% P2, Pnam
e
150—/triclinic
100 T T I
0.0 0.25 0.5 0.75 1.0

x in (CHaNH3)1«CsxSnBrs

Figure 6.4: Schematic phase diagram of the temperature dependent phase behavior of the solid solution
series (CH3NH3);_,Cs,SnBr3) constructed from diffraction data. The intersections of the gray grid indicate
sampled temperatures and compositions.

appears to influence the propensity of tin perovskites to form defect dopants, which have
been implicated in their reduced power conversion efficiencies when incorporated into a

photovoltaic device.

Crystallography

At room temperature, all members of the solid solution series crystallize in the cu-
bic perovskite structure (space group Pm3m). On cooling, the methylammonium rich
samples behave similarly to methylammonium tin bromide and the cesium rich samples
behave similarly to cesium tin bromide. A summary phase diagram is presented in Fig-
ure 6.4. Methylammonium tin bromide undergoes two known phase transitions, from the
room temperature cubic phase to an orthorhombic phase characterized by tin-off center-
ing and octahedral rotations (space group: Pmc2;) at 230 K and then to an unknown

275

triclinic phase at 190 K.“”> The cubic to orthorhombic phase transition is characterized
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by the resolution of two Bragg reflections at Q = 1.6 A~ and 1.9 A-! (Figure 6.5). The
orthorhombic to triclinic phase transition is characterized by peak splitting of many of the
major reflections, perhaps most clearly seen when the peak at Q = 1.9 A~! splits from two
to three reflections (Figure 6.5). The methylammonium rich members of the solid solution
series all undergo the higher temperature cubic to orthorhombic phase transition, indi-
cated by the resolution of Bragg reflections from the background (Figure 6.5). However,
there is no evidence that the low temperature phase transition occurs in the substituted
samples above 100 K — even with only 4% cesium substitution the lattice parameters show
an anomaly only at the cubic to orthorhombic phase transition temperature (Figure 6.6).
Cesium substitution appears to suppress the orthorhombic to triclinic phase transition in
methylammonium tin bromide.

Cesium tin bromide undergoes two known crystallographic phase transitions, from a
high-temperature cubic phase (space group: Pm3m) to a tetragonal phase (space group:
P4/mbm) at 290 K, and then to an orthorhombic phase (space group: Pnam) at 230 K.2°
Tin off-centering is not observed in these phases. The cubic to tetragonal phase transition
is indicated by the resolution of a Bragg reflection at Q = 1.7 A~! and the tetragonal to
orthorhombic phase transition is indicated by the resolution of a Bragg reflection at () =
1.6 A-'and Q = 1.75 A~! (Figure 6.5). The resolution of the same Bragg reflections from
the background is evident in the cesium rich members of the solid solution series (Fig-
ure 6.5). With decreasing amounts of cesium, the phase transition temperatures become
lower, which also occurs with cesium substitution in methylammonium lead bromide and

formamidinium lead bromide.2>3278

147



Figure

6.5:

350

300

250 4

Temperature (K)

200

150

x =0.00

4 x 10!

3 x 10!

2 x 10

20

4004¢

350

300

Temperature (K)

200
150

14 16 18
Q(A™Y)

x=0.19

20

4 x 10!

3 x 10!

400 e

350

300

250

Temperature (K)
*

200
150

14 16 18
Q(A™Y)

x=0.42

20

4 x 10!

3 x 10!

2 x 10

350

300

250

200

Temperature (K)

150

x=0.85

4 % 10"

3 x 10!

2 x 10

h
hm.
h
H

*
*
14 16 18
Q(A™Y)

False color map of high resolution synchrotron X-ray diffraction patterns for
(CH3NH3){_,Cs,SnBrs where (a) z = 0.00, (b) z = 0.04, (¢) z = 0.19, (d) z = 0.23, (e) z = 0.43 ()
z = 1.00, (g) z = 0.85, (h) z = 0.79. Asterisks indicate the Bragg reflections characteristic of the phase

|

transitions. Intensity is depicted on a log scale.

(s3un0d) Aysuaau)
Temperature (K)

(s3un0d) Aysuaau)
Temperature (K)

(s3un0d) Aysuaau)
Temperature (K)

(s3un0d) Aysuaau)
Temperature (K)

148

400

350

300

250

200

150

400 f

350

300

250

200

150

4004 h

350

300

250

200

150

14

x=0.04

16 1.8 2.0
Q(AY
x 40.79
*
16 1.8 2.0
Q(AY
b X= 1'.00
*
‘ b
16 1.8 2.0

4 x 10!

3 x 10!

2 x 10

4 x 10!

3 x 10!

2 x 10

4 % 10"

3 x 10!

2 x 10

4 x 10!

3 x 10!

2 x 10!

(s3unod) Aysusyuj (s3unod) Ausuaqu) (s3uno) Ausuagu)

(s3unod) Aysusyu)



a.I T T T
Lae
...
6.092 L .
[ J
[ ]
®e
®e
Z 6.088} . . *oq
o bI N L=} ' T ' T
()
5] o “a
% o 3
5 862 ao o_ -
o ':'n o
8 "o ]
= | } | ] ]D
-'(_“‘ - * N T T I E
- C? e
a7l e .
8.46 METPON .
0000"
8.45

100 200 300 400
Temperature (K)
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diffraction patterns for (CH3NH3).96CSg.04SnBr3 as a function of temperature. The discontinuities corre-
spond to the Pm3m to Pmc2; phase transition at 210 K.

Substitution in methylammonium tin bromide and cesium tin bromide does not dra-
matically affect the phase behavior. For comparison, in methylammonium lead bromide
cesium substitution introduces a reentrant phase transition at 20% cesium substitution and
changes the intermediate temperature phase from 74/mecm to P4/mbm at 30% and 40%

cesium substitution. 2”8

These changes were attributed to frustrated interactions between
the A-site cations and the inorganic octahedra that manifested through long-range changes
to the octahedral tilt pattern. The lack of such changes in (CH3NHj3); ,Cs,SnBr; indicate

that the substitution has a small effect on long-range stereochemical lone pair activation,

despite the dependence of the tin off-centering on the A-site cation identity.
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Figure 6.7: Room temperature PDF fit to a cubic perovskite structure over only (a) the short range corre-
lations and (b) long range correlations in CsSnBrs and (c) the short range correlations and (d) long range
correlations in CH3NH3SnBrs.

Local Structure

Qualitative comparison of the room temperature PDF across the series
(CH3NH3);_,Cs,SnBrs mirror the diffraction data, in that the methylammonium rich sam-
ples resemble methylammonium tin bromide and the cesium rich samples resemble cesium
tin bromide. This is most noticeable in the first correlation at » = 2.8 A, which has a clear
shoulder in methylammonium rich samples that is lacking in cesium rich samples (Figure
6.7, 6.8). Based on the bond distances in the cubic perovskites, this first correlation de-
scribes both tin-bromide and cesium-bromide interactions, and modeling must be used to
distinguish the two.

Comparison of the models required to fit the diffraction data and the PDF confirm
that the local structure has additional complexity not captured in the average structure.
Attempts to model the PDF with the same Pm3m structure determined from Rietveld anal-

ysis capture the long-range correlations, but examination of the difference curves indicate
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Figure 6.8: Representative low r PDF modeled with the Pmc2; phase (CH3NH3)SnBrs for
(CH3NH3);_,Cs,SnBrs where (a) x = 0.00, (b) x = 0.23, (¢c) x = 0.79, (d) = 1.00. The PDF is repre-
sented by black circles, the fit by orange lines, and the difference by blue lines.
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Table 6.2: Symmetry descriptors of the displacement modes related to tin and bromine refined during mode
refinements of the PDF of (CH3NHj3);_,Cs,SnBr;. All three of the I') mode amplitudes were co-refined to
avoid parameter correlation. Refinement of the M; Ajy,, mode amplitude and the M; 7Tj, mode amplitude
lead to values within error of zero, and in final refinements were fixed at zero.

Subgroup Mulliken Symbol Space Group Wyckoff Site

r, Ti. Amm?2 [Sn:a]
Ao, Amm2 [Br:d]
E, Amm2 [Br:d]
Iy E, Amm2 [Br:d]
My E, P4/mbm [Br:d]
M As,, P4/mbm [Br:d]
M E, Pmma [Br:d]
Ty Pmma [Sn:a]

that this structure is insufficient to describe the short-range correlations (shown for the
end members in Figure 6.7). The short-range correlations are captured much better with
the low-temperature methylammonium tin bromide Pmc2; structure, which allows for tin
off-centering, for all members of the solid solution series (Figure 6.8).

The orthorhombic Pmc2, phase is related to the cubic Pm3m phase through struc-
tural distortions that can be described as displacement modes, which are categorized into
those that cause in-phase octahedral rotations consistent with P4/mbm space group sym-
metry, orthorhombic compression of the b axis and expansion of the ¢ axis consistent with
Pmma space group symmetry, and stereochemical activation related intra-octahedral de-
formations as found consistent with Amm2 space group symmetry (Table 6.2).27> The
displacement mode amplitudes were refined by grouping together each mode into their
symmetry related groups, as described in Table 6.2. Mode refinements of the PDF demon-
strate that the magnitude of the octahedral rotation mode labelled as P4/mbm does not
depend strongly on x, while the more substituted members of the solid solution series

generally have a larger amplitude orthorhombic displacement, labelled as Pmma (Figure
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Figure 6.9: Mode refinement parameters from the fits in Figure 6.8 resulting for the series
(CH3NHj3);—,Cs,; SnBrs. (a) Mode amplitudes related to stereochemical activation in the I'; subgroup and
the I'; subgroup. The overall displacement directions for each subgroup are shown above the plot. The
horizontal grey dotted line shows zero. (b) Calculated total tin displacement based on the representative
structures shown in Figure 6.10. (c¢) Mode amplitudes related to cooperative octahedral distortions leading
to P4/mbm symmetry or Pmma symmetry. The horizontal grey dotted line shows zero. (d) Ratio of lattice
parameters. The horizontal grey dashed line shows 0.7, where a = \/(2)b or a = \/(2)c.
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Figure 6.10: Representative structures resulting from the mode refinements of the PDF of the series
(CH3NH3)1_,Cs,SnBr3 where (a) = 0.00, (b) x = 0.23, (¢) x = 0.79 and (d) z = 1.00.

6.9b). The increase in the orthorhombic distortion magnitude close to the miscibility gap
likely indicates anisotropic chemical pressure originating from the different sizes of cesium
and methylammonium.

The modes relating to lone pair stereochemical activation belong to either the I'; or
I'; irreducible representation.?”> The I'; representation is composed of one mode related
to tin displacements (77, symmetry) and two modes related to bromide displacements
(As,, E, symmetries). Attempts to refine each mode amplitude individually demonstrated
that the variables were highly correlated, so a single amplitude was assigned to all three
modes within the I'; subgroup. The three amplitudes are all positively correlated; anti-
correlation between the I'; mode amplitudes or the other refined mode amplitudes results
in statistically and visually worse fits. In general, the amplitude of the I'; for cesium
rich members of the solid solution series have a smaller magnitude than those of the
methylammonium rich. This correlates with the tendency of cesium rich members of the

solid solution series to have lattice parameters that are locally more cubic, where the ratio
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of a/b or a/c is closer to the idealized cubic ratio of 0.7 (aeupic = V2 X Copepn) (Figure 6.9¢).
This relationship suggests that with increased chemical pressure exerted on the octahedra
to remain regular and consistent with cubic symmetry the tin lone pair will be less likely
to stereochemically activate.

The I'; representation contains only one mode, which relates to bromine scissoring
displacements depicted in Figure 6.9. The I'; mode amplitudes, in contrast to the I';
mode amplitudes, does not depend monotonically on = and decreases with cation mixing
(Figure 6.9a). The trend with = for the I'; mode amplitude correlates inversely to that
of the Pmma symmetry mode amplitude. This relationship demonstrates that anisotropic
chemical pressure on the octahedra, in this case from the the compression along b and
expansion along ¢ described by the Pmma mode, is in competition with stereochemical
activation of the lone pair.

Overall, stereochemical lone pair activation in these materials is a result of the com-
bined amplitudes of the I'; and I'; subgroups and can be evaluated by considering tin
displacement from the centroid of the octahedron formed by the bromide ions. Tin dis-
placement (Figure 6.9b) does not relate to x monotonically, but it can be tuned between
0.025 and 0.15 A across the solid solution series (CH3NH3);_,Cs,SnBr3. Previous charac-

terization 1920

of similar materials resulted in larger reported displacements for CsSnBrj,
most likely resulting from approach for binning the PDF at the Nyquist condition and the
pinning of the A-site position in this study. This tunability should have implications for the
optoelectronic properties of tin bromide perovskites, as modified or decreased lone pair

activation affects polarizability of these materials.?”?
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Figure 6.11: Temperature dependence of the PDF for (CH3NH3); ,Cs,SnBrs between 100 K and 420 K
where (a) z = 0.00, (b) x = 0.04, (c) z = 0.23, (d) z = 0.79, (e) = 0.85, and (f) = 1.00. While the peak
shape is conserved for cesium rich members of the solid solution, the peak shape abruptly changes at the
cubic to orthorhombic phase transition temperature in methylammonium rich members of the solid solution

series.
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As temperature increases from 100 K to 420 K, the PDF for all samples in
(CH3NH3);_,Cs,SnBr3 exhibit a decrease in peak height and tailing on the high r side of
the first correlation (Figure 6.11). In methylammonium rich samples, these trends become
more apparent after the Pmc2; to Pm3m phase transition, while in cesium rich samples
the trends are monotonic over the entire temperature range. The tailing and decrease in
peak height was captured in the room temperature structural refinements by the stereo-
chemical activation modes.2° In CsSnBrs, the increase in peak tailing with temperature has
been attributed to emphanisis, i.e. increased structural distortion on heating.2° Qualitative
examination of the temperature-dependent PDF therefore indicates that the local structure
in the entire (CH3NH;),_,Cs,SnBr; series exhibits local stereochemical activation over a
wide temperature range, including in the high temperature cubic phase. The structural
distortions actually increase in amplitude with increasing temperature in the cubic phase,
despite diffraction data that shows that these distortions are inconsistent with the average
crystallographic symmetry.2° The temperature dependence of lone pair activations in tin
bromide perovskites has implications for the temperature dependence of optoelectronic

properties that depend on the polarization of the material, such as polaron formation.

Conclusions

Understanding the dynamic landscape and structural distortions of hybrid perovskites
is essential to building comprehensive structure-property relationships. In tin bromide per-
ovskites, the nature of average or local and dynamic stereochemical lone pair activation

depends on the identity of the A-site cation; on cooling from room temperature methy-
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lammonium tin bromide exhibits long-range, static tin off-centering and octahedral asym-
metry while the average low temperature phase of cesium tin bromide is characterized by
symmetrical octahedra. To investigate the sensitivity of the stereochemical activation to
substitution, the local and average structure of the solid solution (CH3NHj3);_,Cs,SnBr;
was characterized. Comparison of the Vegard’s Law plot with absorbance data suggest the
formation of a homogenous solid solution, where the optical gap is determined by lattice
compression. The composition dependent sub-band gap IR tailing in the absorbance data
suggests A-site dependent intrinsic defect formation. Substitution leads to changes in the
average structure; cesium substitution suppresses the lowest temperature phase transition
in methylammonium tin bromide and methylammonium substitution in cesium tin bro-
mide decreases the phase transition temperatures. Comparison of the local structure as
a function of x demonstrates that stereochemical activation is in competition with other
forms of chemical pressure on the octahedra, and vary over an order of magnitude with z.
This tunability of lone pair activation is linked to the polarizability of halide perovskites,
and could lead to increased control over many of the advantageous optoelectronic proper-

ties.

Experimental Methods

Materials: The precursor methylammonium bromide (CH3NH3Br) was prepared by
dissolving methylamine hydrochloride in excess hydrobromic acid and evaporating excess

solvent.
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Methylammonium tin bromide (CH3NH3;SnBrs) was prepared according to previous

275 Briefly, equimolar amounts of methylammonium bromide and tin

literature methods.
(I) bromide were dissolved separately into anhydrous ethanol. The tin bromide solution
was heated to 80 °C and the methylammonium bromide solution was added dropwise.
The resulting red precipitate was filtered and dried. All procedures were carried out under
argon.

Cesium tin bromide (CsSnBr3) was prepared from the halide binaries CsBr and SnBrs;.
Stoichiometric amounts of cesium bromide and tin (II) bromide were ground together,
pelleted, and sealed in a quartz ampoule under vacuum. Samples were then heated to 400
°C over 6 h, held at temperature for 6 h, and then furnace cooled. All procedures were
carried out under argon.

The solid solution series ((CH3NH;3);_,Cs,SnBr3) was prepared by grinding stoichio-
metric quantities of the end member perovskites before powders were pelleted, sealed in
a quartz ampoule, evacuated, and placed in a convection oven at 150 °C for 5 to 7 d. All
procedures were carried out under argon.

The preparation of the solid solution series between CH3;NH3;SnBr; and CsSnBrj is
complicated by several competing phases with the cubic perovskite structure, such that
the preparation of pure materials can require multiple annealing steps and addition of
small amounts of the binary reactants. The A" poor phase ASn,Br; will react with ad-
ditional CsBr or CH3NH;Br during a 24 h post-synthesis anneal at 150 °C. The A* rich
phase A,SnBrg will similarly react with additional SnBr, in a 24 h post-synthesis anneal.

The presence of these two impurity phases in solid solution samples will modify the stoi-
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Figure 6.12: (a) High resolution X-ray diffraction pattern of (CH3NH3)¢.77Csg.203SnBrs with a ASnyBrs minor
phase indicated with red asterisks. (b) High resolution X-ray diffraction pattern of (CH3NH3)g.19Csg.80SnBr3
with a 4,SnBrg minor phase indicated with red asterisks. (c) High resolution X-ray diffraction pattern of
(CH3NH3)(.77Csg.23SnBrs with a ASnBrg minor phase indicated with red asterisks.

chiometry away from the nominal composition unless the A-site occupancy of the impurity
phase is known. For example, if the nominal composition is 70% cesium and 30% methy-
lammonium in a ASn,Br; impurity phase, the addition of CsBr will increase the cesium
concentration. The last major competing phase is Cs,SnBrg, which requires tin oxidation
and mostly likely occurs during air exposure. This reaction appears to be irreversible, and
so great care should be taken to limit air exposure. Each phase has characteristic peaks
that can be used as a first pass identification, as demonstrated in Figure 6.12, which shows
the incomplete synthesis of several members of the solid solution series.

Diffraction: Laboratory powder X-ray diffraction (PXRD) data were collected on a
Bruker D8 Discover X-ray diffractometer using a Cu K, radiation source and a Lynxeye

XE-T position-sensitive detector to check phase purity. High-resolution synchrotron pow-
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der X-ray diffraction (SXRD) patterns were collected on the diffractometer 28-ID-1 at the
National Synchrotron Light Source II, Brookhaven National Laboratory (A = 0.1668 A)
between T = 420 K and T = 100 K in intervals of AT = 20 K. Powders were flame sealed
in glass capillaries under vacuum.

Total Scattering: Total scattering data suitable for pair distribution function analysis
were collected on the diffractometer 11-ID-B at the Advanced Photon Source, Argonne
National Laboratory (A = 0.1423 A) between T = 420 K and T = 100 K in intervals of
AT = 10 K. Powders were epoxy sealed in glass capillaries under a nitrogen atmosphere.
Data reduction was performed with pdfgetx3.2°® Traditional PDF structural refinements
were performed in pdfgui?®® and mode refinements in TOPAS v6. To avoid overfitting,
the PDF was binned at dx = 0.05. The cifs for the mode refinements were distorted from
cubic symmetry using ISODISTORT. 28! Including all refineable modes leads to correlation
of parameters. Correlated parameters that were smaller than 0.01 were set to 0.0 and not
refined. Correlated parameters that were larger than 0.01 were refined together. Electron
density for the A-site was approximated in PDF refinements by considering the average
number of electrons at the A-site and using the analogous atom. For example, the number
of electrons for the average A-site cation in ((CH3NH3)(2CspsSnBr3)= 0.2 x 19+0.8 x 55 =
48, which corresponds to cadmium.

UV-Vis: Absorbance spectra were collected on the diffuse reflectance attachment on the
Agilent Cary 5000. Undiluted powders were sealed between two microscope slides under

argon.
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7. Conclusion

Summary

Characterization of organic cation dynamics and organic-inorganic coupling in hybrid
perovskites enables the development of structure-property relationships. In formami-
dinium perovskites, chemical pressure exerted on the inorganic octahedra by formami-
dinium electrostatic quadrupoles plays an active role in the phase behavior, whether that is
in the orientational phase transitions of formamidinium lead bromide or the hysteretic and
ferroelastic phase transition of formamidinium tin (IV) iodide. The formamidinium elec-
trostatic quadrupoles couple strongly to electric field gradient in the inorganic octahedra,
amplifying quadrupolar interactions that exert further chemical pressure on the structure.
In methylammonium perovskites, hydrogen bonding interactions between methylammo-
nium and the inorganic octahedra lead to unusual octahedral rotations in methylammo-
nium lead bromide, an instability in methylammonium tin (IV) iodide at low temperature,
and average tin off-centering in methylammonium tin (II) bromide. The distinction be-
tween quadrupolar and dipolar organic-inorganic coupling can determine the stress-strain
relationships that give rise to unusual phase behavior. In either case, the orientation and
dynamics of the organic cation participate and can direct the phase behavior.

The organic-inorganic couplings that give rise to the phase behavior of hybrid per-
ovskites can be tuned through chemical substitution. Cesium substitution in formami-

dinium lead bromide suppresses the low temperature orientational phase transitions by
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introducing a stronger elastic frustration that overrules the frustration of formamidinium
quadrupoles. Cesium substitution also suppresses the low temperature phase transition in
methylammonium tin bromide, indicating that cesium interrupts the interactions that lead
to that phase transition as well. In other cases, substitution increases lattice microstrain.
Cesium substitution in methylammonium lead bromide leads to the formation of an orien-
tational glass and a reentrant phase transition for 20% cesium substituted materials. Both
of these phenomena indicate the presence of strongly competing interactions, likely related
to the different coordination preferences of cesium and methylammonium in lead halide
perovskites. The characterization of substituted materials gives additional insight into the
strength and structure directing properties of the organic-inorganic coupling in lead halide
perovskites. Furthermore, the top-performing hybrid perovskites incorporated into photo-
voltaic devices tend to be highly substituted materials, and therefore structure-property
relationships for hybrid perovskites must include the impact of substitution.

For conventional inorganic semiconductors like silicon, structure-property relationships
tend to be built on the average structure as the covalent and directional lattice has few dy-
namic degrees of freedom. The polarizable halide perovskite structure, however, has many
dynamic degrees of octahedral and molecular dynamic freedom. Only by characterization
of the organic cation dynamics, for example, can we explain the changes in the temper-
ature dependent photoconductivity of formamidinium lead bromide or the hysteresis in
the phase transitions of methylammonium lead bromide. For hybrid perovskites and other

hybrid or polarizable materials, structure-property relationships must include dynamics.
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Outlook

Future Experiments

To build comprehensive structure-property relationships, the structural behavior de-
scribed in this document must be linked to high quality property measurements. Tempera-
ture dependent photoluminescence, time resolved photoluminescence, and photoconduc-
tivity are powerful probes of the optoelectronic behavior of semiconductors and can be
used to investigate the impacts of cesium substitution in methylammonium lead bromide,
formamidinium lead bromide, and methylammonium time bromide through the structural
changes observed in chapters 3, 4, and 6. The Central Instrument Facility has the capa-
bilities to collect photoluminescence and time resolved photoluminescence on powders at
room temperature and at liquid nitrogen temperatures. The sample stage on the pho-
toconductivity instrument developed by Matthew Gorman and Prof. James Neilson can
modified to be compatible with bulk powder measurements. Ideally, this sample stage
would also be compatible with use in the Physical Properties Measurement System in the

Central Instrument Facility or with a cryostat.

Remaining Open Questions

One of the perovskite materials most promising for commercialization in a photovoltaic
device is (CH(NHQ)Q)()]g(CHgNHg)0‘16CS0.05Pb(10.84Br0.16)3, which has three distinct chemi-
cal substitutions.22 In contrast, this dissertation discusses single substitutions only at the

A-site, and only provide a starting point to understanding the impact of substitution. For
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example, since cesium substitution relieves strain in formamidinium perovskites, but in-
creases strain in methylammonium perovskites, further studies are necessary to establish
how these competing strains manifest in a mixed organic cation material. Halide substi-
tution also affects the organic cation dynamics,®® and little is known about the structural
and dynamic effects of substituting at multiple sites. Substituted hybrid perovskites have
a complex potential energy landscape that we have yet to fully map.

Chemically substituting hybrid perovskites slows or suppresses their decomposition un-
der ambient and working conditions. There are several hypotheses in the literature that
propose explanations for this relationship. For example, cesium substitution in formami-
dinium perovskites relieves strain and therefore could stabilize the perovskite structure
relative to any competing phases.!”? In methylammonium perovskites, substitution can in-
crease the activation energy of halide migration, which suggests a link between organic
cation dynamics, orientational glass formation, and ion mobility that could explain the
suppressed decomposition with substitution.!®! Computational and experimental studies
focused on cation dynamics during decomposition would fill in several of the gaps in this
area and allow for validation of the most relevant hypotheses.

Two dimensional layered perovskites represent an exciting extension of structure prop-
erty relationships being developed for hybrid perovskites. Layered perovskites are more
compositionally diverse then their three dimensional parent compounds,® as the decrease
in octahedral connectivity lifts the size restrictions on the organic cation. Complex and
bulky organics introduce many additional dynamic degrees of freedom and types of organic-

inorganic coupling. For example, increasing the alkyl chain length introduces additional
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complexity to the organic cation dynamics, 283

which can influence the optoelectronic prop-
erties.>® These initial studies demonstrate the importance of organic cation dynamics in

layered perovskite materials, suggest that continuing these investigations will provide valu-

able insight into the optoelectronic properties of hybrid perovskites.
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