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Abstract

The role of organic molecular cations in the high-performance perovskite photo-
voltaic absorbers, methylammonium lead iodide (MAPbI3) and formamidinium lead
iodide (FAPbI3), has been an enigmatic subject of great interest. Beyond aiding in the
ease of processing of thin films for photovoltaic devices, there have been suggestions
that many of the remarkable properties of the halide perovskites can be attributed
to the dipolar nature and the dynamic behavior of these cations. Here, we estab-
lish the dynamics of the molecular cations in FAPbI; between 4K and 340K and the
nature of their interaction with the surrounding inorganic cage using a combination
of solid state nuclear magnetic resonance and dielectric spectroscopies, neutron scat-
tering, calorimetry, and ab initio calculations. Detailed comparisons of the reported
temperature dependence of the dynamics of MAPbI; are then carried out which re-
veal the molecular ions in the two different compounds to exhibit very similar rotation
rates (=8 ps) at room temperature, despite differences in other temperature regimes.
For FA, rotation about the N---N axis, which reorients the molecular dipole, is the domi-
nant motion in all phases, with an activation barrier of ~21 meV in the ambient phase,
compared to ~110meV for the analogous dipole reorientation of MA. Geometrical
frustration of the molecule-cage interaction in FAPbI; produces a disordered ~-phase
and subsequent glassy freezing at yet lower temperatures. Hydrogen bonds suggested
by atom-atom distances from neutron total scattering experiments imply a substantial
role for the molecules in directing structure and dictating properties. The temperature
dependence of reorientation of the dipolar molecular cations systematically described
here can clarify various hypotheses including large-polaron charge transport and fugi-
tive electron spin polarization that have been invoked in the context of these unusual

materials.



Introduction

The behavior of the organic molecular cations in the hybrid organic-inorganic main-group
halide perovskites has attracted great attention in recent years, in part because the liquid-
like disorder of this sublattice represents something of a novelty with respect to “tradi-
tional” semiconductors. ™ These dense, hybrid materials are of both fundamental and ap-
plied interest. These systems occupy an underexplored region of the space of plastic crys-
tals (which exhibit translational periodicity but orientational disorder)>-® between better-
studied molecular salts and open 3-D coordination polymers, and are likely to display
complex couplings between microscopic, dynamic processes and macroscopic phase tran-
sitions. Further, understanding the molecule-cage interaction in these high performance
semiconductors with potential optoelectronic applications®!! is essential for achieving full
compositional control of the different material properties, as well as for the design and dis-
covery of new functional materials.

Since the first preparation of the hybrid lead halide perovskites,!? the behavior of the
molecular cations has been studied by calorimetry, !>'# infrared spectroscopy, '>'>1¢ dielec-
tric spectroscopy, 1*17-20 Raman spectroscopy,?! quasi-elastic and inelastic neutron scatter-

22-26 puclear magnetic resonance (NMR) spectroscopy, 2’32 isotopic substitution,** and

ing,
ab initio methods,3*3° and these findings have been correlated to the structure evolution
from crystallographic techniques.%4%-4¢ Most of these efforts have focused on MAPbX;
(methylammonium lead halides; MA = CH3NH;, X =Cl, Br, I). In contrast, reports on
FAPDI; (formamidinium lead iodide; FA = CH[NH,],) have been less prolific, and under-
standing of the system remains incomplete in spite of the highly appealing photovoltaic
performance of compounds with the formamidinium ion. !

The molecular cations have at times been invoked to explain all manner of confounding
phenomena observed in these remarkable materials, including facile charge separation,

a high tolerance to intrinsic point defects,*® persistent hot carriers,*’ and possible dynamic

spin-splitting of the band extrema.®® These hypotheses are somewhat misaligned with the
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growing body of evidence suggesting an important role for local distortions of the inorganic
sublattice.?2°1-% Indeed, there are now numerous indications that the appealing optoelec-
tronic properties of the hybrid perovskites are qualitatively matched by their all-inorganic
analogues, >460-64

In order then to delineate the properties and functionality of the molecular cations from
those of the inorganic framework, one must first complete the description of the structure
and dynamics of each. To this end, we employ solid-state NMR, a technique which is

proved crucial for the study of plastic crystals. >27-2%:65-70

We complement the studies with
neutron scattering, dielectric spectroscopy, calorimetry, and ab initio calculations to estab-
lish the behavior of the formamidinium ion and its coupling to the lattice in FAPbI; between
4K and 340 K. Despite differences above and below room temperature, FAPbI; and MAPDI;
are seen to exhibit very similar rates of molecular reorientation near 300 K. The unusual
reentrant 3—y phase transition at 140 K reported in FAPbI;!? is revealed to be a cascade of
processes over a narrow temperature window, despite rather smoothly varying rotational
dynamics. Below 100K, molecular motion slows considerably, but the molecular geome-
try appears to be incompatible with the preferred ground state octahedral tilting pattern
of the inorganic framework, leading to disordered freezing. Temperature-dependent pair
distribution functions from neutron scattering suggest hydrogen bonds from the amine
groups to the iodines of the surrounding cage, highlighting the role of the molecule in
directing structure and modifying lattice dynamics and electron-phonon interaction. This
work establishes important structural and dynamical details necessary for the evaluation

of emerging hypotheses regarding the possible role of the molecular cations in the unusual

and appealing optoelectronic properties of these hybrid materials.



Results & Discussion

Solid state 'H nuclear magnetic resonance (NMR) spin-lattice relaxation time (7}) experi-
ments were conducted at temperatures between 4 K and 340 K. 1-D spectra and relaxation
times from 10 kHz magic-angle spinning (MAS) experiments above 220 K (wy, = 500 MHz)
are presented in Figure 1 (spectra for the yellow hexagonal §-phase are provided in the sup-
porting information in Figure S1 for comparison). Due to the strong dipolar interactions
associated with 'H, it is not possible to resolve the three chemically distinct protons un-
der achievable MAS speeds, as in an equivalent solution-state experiment.*® As expected,
the changes in the spectra with temperature are subtle, reflecting only temperature ef-
fects on spin polarization, slight broadening, and gradual changes in chemical shift. By
fitting a single pseudo-Voigt function to the central peak (which comprises features from
each of the chemically distinct protons, broadened by dipolar interactions and chemical
shielding anisotropy), we observe that the protons become slightly more shielded on cool-
ing (Figure 1c), consistent with lattice contraction and increased residence time near the
electron-rich iodides of the inorganic cage as molecular motion slows.

The peak shape and 77 are extremely sensitive to the onset of the otherwise subtle
continuous a—f phase transition near 275K (Figure 1d—e). The line broadening in the
tetragonal -phase suggests that molecular motions become anisotropic, consistent with
the reduced site symmetry from X-ray diffraction.!® Finally, we observe a hastening of
spin-lattice relaxation due to critical fluctuations in the vicinity of the transition.

1-D spectra from cryogenic experiments (wy = 300 MHz) at selected temperatures be-
tween 4K and 245K are presented in Figure 2a. Absorption lines are extremely broad as
MAS was not possible with this configuration. Increased shielding is observed on cooling
(smaller apparent chemical shift changes are not significant owing to the challenge of pre-
cisely phase correcting such broad features), again consistent with lattice contraction and
increased residence time of the protons near the electron-rich iodides of the inorganic cage

as molecular motion slows. Lineshapes are very similar down to roughly 100 K, confirming

5



B-phase | a-phase

17T | LN I |

(@) ”\ T 7410 |

g | |

’ =

T 72+ _|

\)\ 1 1 1 | 1 111 1 | | I |

t :\ 7" ‘“ : f 900 17T I T T7T 1 | I T T1

IIlIllll:\EN/850_0 |

S goo[- e .

- 3 L2 aa

E 750 __(d) ’0‘ __

700 S

i (e) ....._

= 401 P .

; - T g i

S22k N 300 0o, —

| | | | | | | | | | 20 1 1 1 I | | | | I I |
9 8 7 6 5 250 300 350

"H & (ppm) T (K)

Figure 1: (a,b) Solid state 'H NMR (10 kHz MAS) spectra of perovskite FAPbI; at tempera-
tures near ambient. Asterisks indicate spinning sidebands. (c) Chemical shift and (d) peak
width (full width at half maximum, FWHM) when the data are fit with a single pseudo-
Voigt function. (e) Spin-lattice relaxation time (7)) from inversion recovery experiments.
The a—f phase transition is indicated. For (c-e), lines are to guide the eye only, and error
bars are smaller than the markers and are omitted for clarity.



that the molecule retains considerable motion into the disordered ~-phase, ! unlike in the
corresponding orthorhombic y-phase phase of MAPbI;.*! Below 100K, the signal broadens
considerably as motion becomes too slow to average out dipolar interactions and chemi-
cal shielding anisotropy. Due to the presence of a small impurity of the yellow §-FAPbI;
polymorph detected after the cryogenic experiments, we cannot interpret conclusively the
additional lineshape structure that emerges at 60 K and below. This impurity phase was
accounted for in the extraction of spin-lattice relaxation times via a constrained fitting

routine as detailed in the Methods section.
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Figure 2: (a) Solid state '"H NMR spectra of perovskite FAPbI; at selected cryogenic tem-
peratures. (b) Real permittivity (¢.) and (c) loss tangent (tand) from AC capacitance
measurements. (d) Heat capacity (C,) in the vicinity of the freezing of the molecular
dipole from rapid warming (blue) and cooling (orange) sweeps, with prior measurements
at fixed temperatures from the literature for comparison.* Detailed calorimetry and en-
tropy analysis is provided in the supporting information, Figure S2.

The motional slowing of the molecular cation suggested by the broadening of the NMR
signal below 100K is corroborated by dielectric spectroscopy and calorimetry, shown in

Figure 2b—d. For the frequencies measured (100 Hz to 20 kHz) the static dielectric con-



stant, €., drops substantially over a ~25K temperature window as the dipolar axis of the
formamidinium cation is restricted from reorienting. Concurrently, the dielectric loss tan-
gent, tan 9, exhibits frequency-dependent peaks as the frequency of the AC probe resonates
with the timescale of dielectric relaxation.”! This glassy freezing of dipolar motion on cool-
ing is in accordance with our prior report,* and in contrast with the abrupt loss of dipo-
lar motion observed in dielectric measurements of MAPbI; at the 3—y transition. %17:1820
Calorimetry about the motional freezing temperature reveals two closely spaced peaks in
the heat capacity, C,, with a total transition entropy too small to be that of an abrupt
order—disorder transition (details in the supporting information, Figure S2), suggesting a
gradual loss of motion precedes the phase transition on cooling.

'H spin-lattice relaxation times in FAPbI;, as well as those reported for MAPbI;,2° are
displayed in Figure 3. For both compounds, excluding the known phase transitions, 7}
decreases on cooling until reaching a minimum, and subsequently increases on further
cooling. This general temperature-dependence is consistent with relaxation of nuclear
spins to the bath by dipole—dipole interactions that fluctuate due to molecular motion.

For FAPbI;, the f—y transition appears to be characterized by a small but abrupt in-
crease in 77 over a narrow temperature range (~135K to 138 K). Though this would
seem to suggest a first-order transition as suggested previously,*!° differential scanning
calorimetry and relaxation calorimetry (Figure S3) indicate that the transition is in fact a
cascade of multiple events with no noticeable hysteresis, and a total transition entropy that
is far too small to be a full order-disorder transition. This highlights the unusual nature
of this reentrant disordered ~-phase with cubic pseudosymmetry,'® and points to a more
complex molecule—cage interaction in FAPbI; than in MAPDI;, as suggested previously. 4

Similarly, the behavior below 100K is also more complex than that of MAPbI;. Though
scattering or complementary spectroscopies will be required to fully elucidate the structure
and dynamics in this regime, we note that the intricate temperature-dependence of T}

is consistent with the multiple sets of dielectric loss peaks observed above, the greater
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Figure 3: Temperature-dependence of 'H spin-lattice relaxation times (73) for FAPDI;,
with those reported for MAPbI; for comparison.?’ Temperature ranges for the a-, 3-, and
~-phase of each compound are indicated, and phase transitions are indicated by vertical
gray lines. Black lines are Arrhenius fits for activation barriers in each phase. Colored
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omitted for clarity.



fragility of the glassy freezing for this composition,!* and the predictions of frustrated
ground states. 3>3¢

The temperature-dependence of 7 for MAPbI; is discussed at length in the original
report.?’ Notably, there is a significant jump in 7} on cooling to the v-phase, which reflects
a change in relaxation mechanism as the four-fold rotation about an axis perpendicular to
the C-N bond is frozen out, but three-fold rotation about the C-N bond remains. 23>

The framework of Bloembergen, Purcell, and Pound’? has been widely used to interpret
T; for solids wherein relaxation occurs by dipole-dipole interactions mediated by molec-
ular motions involving the relevant nuclei. In such systems, the predicted 77 is given in
Equation 1, where C' = (3u2h*y*)/(1607%r%) is a lumped constant independent of correla-
tion time and field strength. 7. is the correlation time for molecular motion (the time to
rotate through one radian), wy is the Larmor frequency of the nucleus, pq is the vacuum

permeability, 7/ is reduced Planck’s constant, v is the gyromagnetic ratio of the nucleus,

and r is the dipole—dipole separation distance.

I Te n 4T,
T |14+ wir? 14 dwir?

(1)

In the “fast motion” limit (wy7. < 1), Equation 1 reduces to 7, = (1/5C)T; *, so activa-
tion barriers, F,, for molecular motion (assuming 7. ~ exp|—FE,/(kgT)]) may be extracted
directly from the slopes in Figure 3. The activation barriers for the various phases of both
compounds from 'H NMR T, measurements are provided in Table 1, as well as those we
predict from ab initio calculations of the energy surfaces for molecular rotations in FAPbI;
(Figure 4, vide infra). Somewhat remarkably, given the simplifications made in model-
ing this high-dimensional problem (vide infra), the barriers we calculate are in excellent
agreement with those from experiment for the a- and S-phases of FAPbI;, though we can-
not rule out the possibility of a fortuitous cancellation of errors. The underestimate of
the activation barrier in the reentrant, pseudo-cubic y-phase is consistent with our prior

finding that the relatively high symmetry and small octahedral tilt angle apparent from
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crystallographic studies masks substantial local tilting disorder in this regime!? which was

not included in periodic DFT calculations.

Table 1: Activation barriers (meV) for molecular rotation from 'H NMR (exp.) and DFT
(calc.) in the perovskite phases of FAPbI; and MAPbI;. For all phases of FAPbI;, the rotation
is about an axis parallel to the N---N line (¢35 rotations, by the notation of Figure4). The
behavior for MAPbI; is non-monotonic due to the change in relaxation mechanisms from
four-fold rotations (a-, S-phases) to three-fold rotations about C-N (y-phase).

a-phase  (-phase ~y-phase

FAPbI; (exp.) 21 45 84
FAPDI; (calc.) 21 39 63
MAPbDI; (exp.)?’ 95 110 60

Ab initio energy surfaces for molecular rotations in the perovskite phases of FAPbI; are
displayed in Figure 4. Each curve represents a two-dimensional study of rigid translation
and rotation of the molecule (no relaxation of atomic coordinates or unit cell parameters
is permitted), but only the locus of points forming the minimum energy path is displayed.
Rotations are about the three principal axes of a coordinate system fixed to the molecule,
and the structures of the inorganic cage are fixed to those from experiment.!® Van der
Waals corrections are not included.

Barriers to all rotation modes are lowest in the cubic phase, and are sensitive to both
lattice parameters and the degree of octahedral tilting. Rotations about an axis parallel to
the N---N line (¢5 axis) are the preferred mode in all phases, in agreement with a recent
report of heterogeneous dynamics at 300 K from ab initio molecular dynamics.3® As shown
in Table 1, the activation barriers for ¢5 rotations are in remarkable agreement with exper-
iment for the a- and -phases, and a slight underestimate of the experimental value for the
disordered ~-phase. Though a few meV higher in energy than the ¢; = 0° orientation, the
¢1 = 90° nominal orientation significantly reduces barrier heights for ¢, and ¢5 rotations,
suggesting this configuration may be entropy stabilized. This hypothesis is corroborated
by charge density analysis of X-ray diffraction experiments (Figure S4).

Figure 5 shows the reorientation times for molecular motion, 7,,;, that result from fit-
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Figure 4: Lowest energy paths for molecular rotations in the three known perovskite
phases of FAPbI3, from density functional theory (DFT). Each curve represents a two-
dimensional study of rigid translation and rotation of the molecule, but only the locus
of points forming the minimum energy path are displayed. Energies are per formula unit.
For each rotation mode about the principal axes of the molecule, the other two rotation
angles are fixed (for ¢, rotations, ¢» = ¢3 = 0; for ¢, rotations, ¢; = (0, 90°), ¢3 = 0; for
¢3 rotations, ¢; = (0, 90°), ¢ = 0).
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ting the 'H spin-lattice relaxation times for FAPbI; and MAPbI;2° within the framework
described by Bloembergen, Purcell, and Pound.”? Estimates of the dynamics reported from
a number of other techniques are shown for comparison. Correlation times from fitting 7}
experiments, 7., are multiplied by the angle of rotation of the corresponding mode (e.g.
7/2 for the four-fold rotations in a- and 5-MAPbI;) to obtain 7,,;. Note that some ambigu-
ity remains in defining a consistent reorientation time across these various techniques.
The large discontinuity in 7,.; for MAPbI; at 165K reflects the loss of four-fold molec-
ular rotation in the orthorhombic v-phase, as discussed above. For MAPbI;, reorientation
times from quasi-elastic neutron scattering over a wide energy-transfer and momentum-
transfer range (5ps at RT) are in general agreement with those from 'H NMR (7 ps at
RT) over much of the temperature range,?® while those from a more limited experimental
window estimate a slightly larger 7,,, at room temperature (14 ps).2* For both compounds,

room temperature estimates from ab initio molecular dynamics (2 ps to 4.3 ps) 16:36:41

are
somewhat shorter than those from 'H NMR (FA: 8 ps; MA: 7 ps). Among reported values,
the estimate of 7,.,, for MAPbI; from *N NMR experiments via a diffusion-on-a-cone model
(108+18 ps) 2 is an outlier.

It appears that despite rather different energetic barriers for molecular motion in the
two compounds, FAPbI; and MAPbI; coincidentally exhibit very similar rotational dynam-
ics near room temperature. Above the glassy freezing in FAPbI; (=50 K) and above the S—y
transition in MAPbI; (165 K), these reorientation times are associated with modes that re-
orient the dipole axis of the molecules, which are intimately linked to dielectric properties,
local electric fields, and dynamic symmetry-breaking. The coincident room temperature
dynamics observed here in the two compounds suggest a need for further study of the
molecular contribution to the full frequency-dependent dielectric response. With one ex-
ception, !° reports in this area appear to be limited to ab initio calculation of the molecular

dipole moments (MA: 2.3D; FA: 0.2D)% and to electrical'*'7-2° and optical’* measure-

ments of dielectric response which are far slower or far faster, respectively, than molecular
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Figure 5: Temperature-dependence of the molecular reorentation time (7,,;) in FAPbI; and
MAPbDI; modeled from 'H T} using the model of Bloembergen, Purcell, and Pound.’? Phase
transition temperatures are indicated by solid (FAPbI3) and dashed (MAPbI3) arrows.
Colored lines are to guide the eye only. (*) 'H T} data for MAPbI; are taken from Xu and
coworkers.2? Reported reorientation times from GHz spectroscopy, quasi-elastic neutron
scattering (QENS), ab initio molecular dynamics (MD), and *N NMR are presented for
comparison, 1516.23.24,36:42,73
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reorientation. In particular, it is intriguing to consider if the differing barriers to molecular
dipole rotation and differing dipole moments lead to important differences between FAPbI;
and MAPDI; on timescales relevant to exciton dissociation, interaction of charge carriers
with polar optical phonons or polarons, or momentum separation of excited electrons and
holes due to possible dynamic Rashba—Dresselhaus effects.

Near room temperature (where 77 is independent of field strength), the longer relax-
ation times in FAPbI; compared with MAPbI; despite similar dynamics suggest less effec-
tive spin-lattice relaxation, perhaps related to the reduced density of 'H nuclei. Indeed,
the ratio of the dipole-dipole distances obtained from fitting to the model of Bloember-
gen, Purcell, and Pound”? (rp4 = 2.35 A; rya=1.90R), is nearly inverse to the ratio of
the volumetric number density of H in the two compounds. As a matter of practice, the
broad agreement between the results for MAPbI; from 'H NMR and from QENS, techniques
which both probe hydrogen but leverage distinct physics, confers a degree of confidence in
our results and suggests the use of these methods for future studies of molecular motion
in related compounds.

To further understand the molecule-cage interaction in FAPbI;, we analyzed pair dis-
tribution functions at 100K, 300K, and 500K from neutron total scattering experiments
on an N-deuterated sample (CH[ND;],Pbl;, to reduce the incoherent scattering contri-
bution from 'H). One expects that substitution of D for H may impact the molecular
moment of inertia as well as hydrogen bond strengths,”® possibly modifying the evolu-
tion of structure’®”” and, concomitantly, of properties. 33 Isotope effects aside, the neutron
pair distribution functions (NPDFs) shown in Figure 6 exhibit clear features associated
with changes in molecular motion with temperature. By comparison with the reported
X-ray pair distribution function (XPDF, which will have a negligible contribution from the
weakly-scattering organic molecule) for hydrogenated FAPbI;°® and the calculated NPDF
for the isolated molecule (molecular geometry from DFT, Supporting Information Fig-

ure S5), we identify regions with substantial temperature dependence due to atom-atom
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correlations between the molecule and the inorganic framework.

I ' I ' | : : : : :
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Figure 6: Neutron pair distribution functions (NPDF) for N-deuterated perovskite FAPbI3
from neutron total scattering experiments, with the calculated NPDF for an isolated N-
deuterated FA cation (molecular geometry from DFT, Figure S5), and the reported X-ray
pair distribution function (XPDF) ¢ for comparison. (*) Particularly around ~3.7 A, which
corresponds to N---I correlations (see supporting information Figure S6, as well as Steiner’s
crystallographic database analysis of hydrogen bonding),”® the NPDFs are significantly
sharpened on cooling, consistent with a reduced reorientation rate of the molecule.

Of particular note, the PDF is significantly enhanced and sharpened with cooling near
~3.7 A, consistent with a slowing of molecular motion. This distance corresponds to the
N---I separation for hydrogen bonds between —-Nsp?H, donors and iodine acceptors from
ab initio structure relaxations (3.6 Ato 3.7 A, supporting information) and from the crys-
tallographic database analysis of Steiner (3.66 A).78

This evidence of molecule-cage correlations at distances consistent with hydrogen

bonding suggests the importance of the molecule—cage interaction for correctly describing
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local structure and lattice dynamics. Indeed, local distortions enhanced by the molecules
have recently been implicated in the anomalously large bandgaps of the hybrid perovskites
relative to their all-inorganic counterparts,’® and the hydrogen bonds in MAPDI; are sug-
gested to play an important role in directing structure evolution more broadly.3+3839 It
appears likely that standard methods for calculating phonon dispersions may fall short
given the sensitivity of lattice stiffness to the particular ordering of molecular orientations
(due to hydrogen bonding) and the overlapping timescales for molecular reorientation and
phonons.

An overview of the evolution of crystal structure and molecular dynamics for the known
phases of FAPbl; and MAPDI;, as well as the activation barriers for molecular rotations in
each, is displayed in Figure 7. This represents a synthesis of the results of this work with
the findings of complementary prior reports. 1416:19.23.29,36,41

As FAPDI; is cooled, molecular motion slows and the inorganic octahedra tilt to improve
coordination of the A-site cation and enhance electrostatic binding, but the molecular
geometry appears to be incompatible with the preferred ground state octahedral tilting
pattern. This leads to substantially more complex behavior in FAPbI; than in MAPbI3, with
a disordered pseudo-cubic y-phase with persistent dipole motion, ! followed by a fragile
glassy freezing into a disordered ground state.!* The activation barriers (above 100K) for
molecular rotation increase monotonically in each successive phase on cooling, reflecting
lattice contraction and the increasingly confined local environment of the A-site as the
degree of octahedral tilting increases. In the case of the disordered, pseudo-cubic y-phase,
the tilt angles increase only locally, but not crystallographically.

In contrast, as MAPbI; is cooled, the tetragonal 3-phase exhibits a tilt pattern (a®a’c™)
that is unusual for perovskite bromides and iodides,®® followed by a common orthorhom-
bic tilt pattern (a™b~b~) that somewhat easily accommodates the shape and hydrogen
bonding tendencies of the MA cation in antiferrodistortive ordering. This last transition is

accompanied by the loss of four-fold dipole reorientation, which drastically reduces the di-
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Figure 7: (a) Overview of the temperature evolution of crystal structure and molecular
rotations for FAPbI; and MAPDbI;. Crystal structures and phase transition temperatures
are taken from Weller and coworkers#! and Fabini and coworkers,'° while 7} mechanisms
and low temperature behaviors (<100K) are synthesized from this work and prior re-

pOftS 14,16,19,23,29,

36 (b) Activation barriers for molecular rotation mechanisms that mediate

spin-lattice relaxation for the known perovskite phases of FAPbI; and MAPDI;. Values for

FAPbI; are from this work, while those for MAPbI; are drawn from the literature.

23,29

18



electric response and leads to a reduced activation barrier for rotation from 'H NMR, since
relatively facile three-fold rotations about the C-N axis become the dominant relaxation
mechanism. While signatures of glassy freezing exist on cooling this compound below
100K, they are significantly subtler than for FAPbI;,* which comports with the findings

presented here.

Conclusion

With FAPDI; the closest end-member of the highest performing perovskite photovoltaic ab-
sorber solid solutions, establishing the dynamics of molecular motion is an important pre-
requisite for mechanistic explanations of the outstanding optoelectronic properties of these
systems. We show via spectroscopy, scattering, calorimetry, and computation that despite
differences in the details of the molecule—cage interaction in FAPbI; and the better-studied
MAPDI;, reorientation rates of the molecular dipole axis at room temperature are not sig-
nificantly different in the two. Both systems coincidentally exhibit reorientation times on
the order of 8 ps at ambient temperature, with weaker temperature dependence in FAPbI;.
For FA, rotations about an axis parallel to the N---N line are the preferred mode in all
phases above ~50 K. Incompatibility between the geometry of hydrogen bonding propen-
sities of the molecule and octahedral tilting tendencies of the inorganic framework lead to
a frustrated molecule-cage interaction. As the system is cooled, this frustration produces
an unusual disordered phase with reentrant cubic pseudosymmetry followed by a glassy
freezing into a disordered ground state. Hydrogen bonds between amine group hydrogens
and the halogens of the surrounding cage underscore the importance of the molecular
cation in directing structure evolution and modifying the electron—phonon coupling.

This work provides essential dynamical and structural information for resolving the
key outstanding questions in the halide perovskite field: Namely, why are these solution-

processed materials so insensitive to inevitable point defects and impurities; why are car-
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rier mobilities so modest relative to the expectation from the low effective masses indicated
from band theory; and how can strong optical absorption and extremely long carrier life-
times fortuitously coexist? Because of the couplings between molecular motion and dielec-
tric response, local electric fields, dynamic symmetry-breaking, and electron—phonon scat-
tering, any hypothesis which attempts to explain these (including those of large-polaron
transport and of transient Rashba—-Dresselhaus effects) must reconcile with this emerging
understanding of molecular motions.

Time-resolved spectroscopic®' and scattering®? techniques may afford the opportu-
nity to probe these promising semiconductors on time-scales relevant to the structural
and electronic perturbations that are proposed to play a role in enhanced carrier life-
times, 22:48-50,53,56-58,83 We hope that new results such as these may inform a key point of
contention: Are the molecular cations simply larger monocations than any (non-radioactive)
alkali metal (in a sense, “pseudo-francium”) that serves to un-tilt the surrounding inor-
ganic framework and improve orbital overlap, or are they indeed intimately linked to the

remarkable functionality of these intriguing materials?

Methods

HC(NH,),Pbl; samples for all experiments except neutron total scattering were prepared
as described previously,!® and HC(ND,),Pbl; samples were prepared following a modifi-
cation of the previously reported procedure, as described below.*° PbO and HC(NH,),Cl
were purchased from Sigma-Aldrich. 10 M solutions of the HC(NH,),Cl in D,O were pre-
pared by dissolving 8.05 g of HC(NH;),Cl in 10 mL D,O and left standing for 24 h prior
to use. 4.46 g (20 mmol) of PbO were initially dissolved in 15 ml of concentrated aqueous
HI (57% w/w) and the solution temperature was raised and held to boiling (ca. 130° C)
to afford a clear yellow solution. Addition of 2mL of a 10 M solution of HC(NH,),Cl in

D, 0 resulted immediately in the precipitation of a fine black precipitate. The solution was
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stirred for 1 min and filtered hot under vacuum to avoid the exchange of the deuterium
atoms with the hydrogen atoms. During filtration the black solid turns to yellow com-
pletely converting over a period of 5 to 10 min. The dry yellow solid produced 9g (71%
yield based on Pb) of crystallographically pure material.

Solid state 'H NMR experiments and 7} relaxation measurements under magic angle
spinning (MAS) near ambient temperature were conducted on a 500 MHz (11.7 T) Bruker
Avance NMR spectrometer with a Bruker 4 mm H/X/Y triple resonance MAS probe. Pow-
dered samples were packed into a 4 mm zirconia MAS rotor and capped with a Vespel
drive cap. For the black perovskite phase, the uncapped, packed rotor was first heated
at ~150° C under dynamic vacuum overnight to ensure complete conversion to the black
phase and prevent subsequent degradation to the yellow phase, as described previously. **
'H chemical shift was referenced to adamantane (1.71 ppm relative to TMS at O ppm).
Longitudinal relaxation (77) experiments utilized the inversion recovery method. All gas
flows (for MAS and temperature control) were dry nitrogen to reduce the risk of sample
degradation to the yellow /-phase, which appears to be hastened by moisture. Sample
temperature was calibrated with the 2°"Pb signal of lead nitrate®* under the same MAS
conditions, and the probehead was allowed to equilibrate for one hour at each tempera-
ture point before data acquisition.

Static solid state 'H NMR experiments below 200K were conducted in a 300 MHz
(7.05T) Bruker Avance DSX spectrometer equipped with a homebuilt NMR probe with
slight modifications from descriptions in previous publications.3>% The powdered sample
was packed in a Kel-F (CTFE) sample cup with inner and outer diameters of 5.3 mm and
7 mm, respectively, and height of 8 mm. After packing the sample cup, the sample cup
was covered using a Kel-F cap, and immediately placed into the NMR probe for cryogenic
cooling. The NMR probe is placed within a STVP-200-NMR cryostat (Janis Research Com-
pany) where a continuous flow of vaporized liquid helium is used to cool the entire NMR

probe and sample. Temperature control is achieved with a combination of continuous cold
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helium gas flow and a resistive heater. The temperature is monitored with a Cernox sensor
mounted on the cryostat at the sample position, while the heater output of the resistive
heater was controlled with a PID algorithm in LabView that controls the voltage level of
the resistive heater in relation to the desired temperature setpoint. The temperature is
maintained at an accuracy level of +/-50mK or better, depending on the temperature
range. The probehead was allowed to equilibrate for 15 to 30 minutes at each setpoint
before data acquisition, depending on the temperature step. Longitudinal relaxation ex-
periments utilized the saturation recovery method. A small impurity of the yellow §-phase
was detected due to brief sample preparation in air, which was reflected in a second T
feature. To account for this, a constrained fitting routine was written in python utiliz-
ing the least-squares minimization package 1mfit®” which constrained the ratio of the
black and yellow phase fractions (a fitting parameter) across all experiments for each non-
consecutive day of data acquisition, while other parameters (relaxation times, amplitudes)
were allowed to vary independently. The data were well modeled by this approach, and
T; of the black phase was evident as the dominant contribution. The phase fraction of the
yellow impurity phase ranged from 10% to 20% across the various non-consecutive days of
the experiment. Cross-checking against the measured 7 times for pure black FAPbI; (Fig-
ure 1) between 220K and 340K and pure yellow FAPbI; at 300K (unpublished) ensured
there was no amiguity in assigning the two T) features to the pertinent polymorphs.
Dielectric spectroscopy was performed as described previously.!® Heat capacity mea-
surements across phase transitions were carried out via the pulsed dual-slope analysis
method in a Quantum Design PPMS cryostat under high vacuum (9 x 10-¢ Torr). Poly-
crystalline samples were ground, mixed with powdered iron (51.52% by mass, to enhance
thermal conductivity), and cold-pressed to 1t in a 3mm x 9mm die. The pellet was
shattered, and a flat shard (5.00 mg) was measured. The background was subtracted by
separately measuring a similarly prepared sample of the iron diluent (8.10 mg), and the

heat capacity of the composite sample was assumed to be a simple linear combination of
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the two. For the rotational freezing region (=~ 50K), a T-rise of 30K from 30K was em-
ployed, and measured time constants were 7; ~25s, 7, =0s (strong thermal coupling).
For the f—y transition (=~ 140 K), a temperature rise of 50K from 110 K was employed, and
measured time constants were 7, ~54s, 7, =0s (strong thermal coupling). All measure-
ments were repeated three times.

Neutron total scattering experiments were performed on an N-deuterated sample us-
ing the NOMAD instrument (BL-1B)88 at the Spallation Neutron Source at Oak Ridge Na-
tional Laboratory. The as-prepared dried powders were transferred into a mortar and
pestle and thoroughly ground to a fine powder. The sample was packed into a 6 mm di-
ameter vanadium canister and sealed tightly under N, atmosphere. Measurements were
performed in an approximately 1.5 cm cross-section neutron beam, and the detectors were
calibrated with scattering data from a diamond powder standard prior to measurements.
The sample temperature was first raised to 500K to ensure complete conversion to the
black perovskite phase, and subsequently cooled to 300K and then 100 K. Approximate
data collection times were 20 mins at 500K and 2 hr each at 300K and 100 K. Data were
normalized against scattering data collected for a vanadium rod, container background
was subtracted, and the merged total scattering structure function was produced using
the IDL codes developed for the NOMAD instrument.®® Significant incoherent scattering
necessitated hydrogen correction of the structure functions, following the procedure of
Page and coworkers,® with the parameters L =0, u? = 0.05A2 (the salient features of
the PDFs shown in Figure 6 were found to be robust to variation of these parameters).
Fourier transforms of the corrected structure factors were performed with Q,,;, =1.0A1,
Qumaz = 21.88 A1, Hydrogen corrections®® and the generation of PDFs were performed
using custom python code. Simulated neutron PDFs for analysis were generated using the
PDFgui software suite.

Fourier difference maps were generated from high-resolution synchrotron X-ray powder

diffraction experiments at beamline 11-BM of the Advanced Photon Source at Argonne Na-
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tional Laboratory that have been described previously. !° The A-site molecule was removed
from the crystal structure models from Rietveld refinement, *° and the residual charge den-
sity was calculated using the program GSAS®! with the interface EXPGUI.®? Results were
visualized with VESTA®® and custom python code.

Ab initio calculations of the molecule geometry and energy surfaces for molecular ro-
tation were performed with the Vienna Ab initio Simulation Package (VASP),°*°7 which
implements the Kohn—-Sham formulation of density functional theory (DFT) using a plane
wave basis set and the projector augmented wave formalism.*®°° The generalized gradi-
ent approximation was employed using the revised exchange and correlation functional for
solids of Perdew, Burke, and Ernzerhof (GGA-PBEsol).'%° For Pb, d electrons were included
in the valence. The plane wave basis set cutoff energy (800 eV) and k-point mesh density
(a-phase: 6 x 6 x 6; 3-,y-phases: 4 x 4 x 6, both I'-centered Monkhorst—Pack sampling !
for molecular rotations) were chosen based on convergence of the total energy.

To map the energy surfaces for molecular rotation, the structure of the isolated molec-
ular cation was first relaxed in a (16 A)3 cube (to avoid interaction with periodic images)
with a homogeneous neutralizing background jellium. Rigid rotations and translations of
the molecule were then generated using Euler angle-based rotations in a custom python
program, and the total energies evaluated with static DFT calculations. Lattice parameters
and inorganic atom positions were fixed to those observed in experiment,'® and defor-
mations of the inorganic framework were not considered. The nominal orientations of the
molecule are depicted in Figure 4, with the dipole axes (C-H) oriented ferroically from cell
to cell (all parallel to ¢). For rotations about each principle direction of a coordinate system
fixed to the molecule, a 2-D translation-rotation study was performed, and the minimum

energy path for rotation was extracted.

24



Supporting Information

'H MAS NMR spectra of a-FAPbI; (black) and §-FAPbI; (yellow), calorimetry across the
rotational freezing transition (~50K) and across the S—y transition (~140K), Fourier dif-
ference maps from X-ray diffraction for analysis of preferred molecular orientations, molec-

ular geometries from ab initio calculations, analysis of hydrogen bonding geometries.
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Figure S1: Solid state 'H nuclear magnetic resonance spectra for (a) black «-FAPbI; and
(b) yellow 0-FAPbI; for various magic-angle spinning (MAS) speeds, at ambient tempera-
ture. (c) Detail of the central peak for both phases at 10 kHz MAS. The broader signal and
more intense spinning sidebands for the /-phase are consistent with the anisotropic site
symmetry for the disordered molecule in this phase,! versus the O, site symmetry in the
a-phase.?™
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Figure S2: Detail of the heat capacity of FAPbI; around 50K based on slope analysis of
long heating pulses (values based on short heating pulses from a prior report included for
comparison).® At least two distinct features are evident, though the total transition entropy
(~2Jmol ' K1) associated with the excess heat capacity is significantly less than that
associated with even a 2-fold order—disorder transition (5.8Jmol~*K™') The frequency
dispersion of the dielectric response® in this regime suggests a glassy slowing of molecular
motion, rather than a true structural phase transition. The apparent temperature hysteresis
may then be due to low thermal conductivity.
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Figure S3: (a) Detail of the heat capacity of FAPbI; around the S—y transition based on
slope analysis of long heating pulses (values based on short heating pulses from a prior re-
port included for comparison).® Despite challenges with low thermal conductivity and high
heat capacity in this regime, this reentrant phase transition® is revealed to be a complex
cascade of multiple events. The total transition entropy (<1.2Jmol 'K~!) correspond-
ing to the excess heat capacity is significantly less than that associated with even a 2-fold
order—disorder transition (5.8 Jmol~! K=1). (b,c) Previously reported differential scanning
calorimetry® does not resolve the multi-step process evident in (a), and the apparent lack
of temperature hysteresis in the transition temperature suggests this transition may indeed
be continuous rather than first-order.
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Figure S4: (a) Relaxed geometry of the formadinium ([CH(NH,);]*) cation from DFT
calculations. (b-d) Fourier difference maps of the residual electron density associated
with the molecular cation in the a-, 5-, and ~-phases of FAPbI3, from synchrotron X-ray
powder diffraction. This charge density, though only representing ~9% of the electrons,
suggests a preference for the ¢; = 90° orientation in the tetragonal phases. Though our
DFT calculations (Figure4) find that the absolute energy of this configuration is slightly
higher than that of the ¢; = 0° orientation, they suggest an entropic stabilization of this
orientation (at least above the molecular freezing near 50 K) due to significantly reduced
barriers for both ¢, and ¢3 molecular rotations. In the cubic phase, the positive residual
electron density near the iodides reflects the inadequacy of the Debye-Waller formulation
of thermal motion for these highly anharmonic systems.
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Figure S5: Molecular geometries of (a) [CH(NH,),]* and (b) (CH3NH3)™* from ab initio

structural relaxation.
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Various structure relaxations were performed to explore plausible hydrogen bonding ge-
ometries. Different supercells (1 x 1 x 1, v2 x v/2 x 1, V2 x v/2 x 2, 2 x 2 x 2) allow for
different octahedral tilting patterns and orderings of molecular orientation, but differences
in the H-acceptor and donor-acceptor distances below varied by only ~ 0.1 A. Inclusion
or omission of vdW corrections (DFT-D3 method of Grimme)® affected relevant distances
only by hundredths of Angstroms. Typical hydrogen bonding metrics are presented in the
table below, with atom labeling as defined in the following figure. These distances are
in excellent agreement with those of the crystallographic database analysis of Steiner for
—Nsp?H, donors (H-acceptor: 2.79 A; donor—acceptor: 3.664).7

H.--acceptor distance

H1---11 2.7A
H2.--12 2.8A
Donor---acceptor distance

N--I1 3.6A
N--12 3.7A

—

O340 —O—Ag
\‘,"A‘V

Figure S6: One molecule—cage unit from a typical DFT structure relaxation.
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