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ABSTRACT: In light of the intense recent interest in the CH;ND,Pbl, ’1 TIK
methylammonium lead halides, CH;NH;PbX; (X = Cl, Br, and I) I\ 344 l
as sensitizers for photovoltaic cells, the dynamics of the 331
methylammonium (MA) cation in these perovskite salts has been I\ 326
reinvestigated as a function of temperature via H, N, and 2’Pb M 204
NMR spectroscopy. In the cubic phase of all three salts, the MA M 237
cation undergoes pseudoisotropic tumbling (picosecond time scale). M o
For example, the correlation time, 7,, for the C—N axis of the iodide ML

salt is 0.85 + 0.30 ps at 330 K. The dynamics of the MA cation are A_A il |
essentially continuous across the cubic <> tetragonal phase transition; A A 167 1
however, ’H and "N NMR line shapes indicate that subtle ordering 151

of the MA cation occurs in the tetragonal phase. The temperature |50 40 30 20 wv{zH']::kHz_ il B L s

dependence of the cation ordering is rationalized using a six-site
model, with two equivalent sites along the c-axis and four equivalent
sites either perpendicular or approximately perpendicular to this axis. As the cubic <> tetragonal phase transition temperature is
approached, the six sites are nearly equally populated. Below the tetragonal <> orthorhombic phase transition, *H NMR line
shapes indicate that the C—N axis is essentially frozen.

B INTRODUCTION Scheme 1. Phase Transitions for MAPbX; Perovskites”’

The methylammonium (MA) lead halides CH;NH,PbX; (X = L

Cl, Br, and I) were first prepared and sh(l)wn to have a cubic oo « 2Ry verigonn w025 cuble
perovskite structure by Weber in 1978." The color of the

compounds, cream white (X = Cl), reddish orange (X = Br), i

and black (X = 1I), led to the suggestions of a charge-transfer Orthorhombic <224 Ky Tetragonal <2255 Tetragonal <2155 cubic
nature of the Pb—X bonds and the possibility of photo-

conduction.”” These compounds were also of interest because X=1

the position of the methylammonium (MA) cation is not fixed 1827 K 1266 K

Orthorhombic «——— Tetragonal «———> Cubic

by the crystal structure,” although it is known to reside in a
cuboctahedal cage formed by 12 X atoms. In 1985, using *H

and '"*N solid-state NMR spectroscopy, we found evidence that
the MA cation in these compounds undergoes rapid effectively
isotropic motion in the cubic phases (picosecond time scale).”
We also identified two lower-temperature phases for the
bromide and iodide, and at least one other phase for the
chloride. In 1987, Poglitsch and Weber used X-ray diffraction to
demonstrate that the lower-temperature phases of these
compounds are tetragonal and orthorhombic (Scheme 1).*
These authors also reported millimeter-wave spectroscopic data
that demonstrated picosecond relaxation processes in the cubic
and tetragonal phases. Later, we used adiabatic calorimetry to
characterize the phase transitions in these three compounds” as
well as H NMR spectroscopy to confirm that there is an

-4 ACS Publications  © 2018 American Chemical Society

ordering of the MA cations taking place in the tetragonal phase
as one cools the sample (Scheme 2). Similar calorimetric data
were also reported by Onoda-Yamamuro et al.” In 1991, Xu et
al’ reported the temperature dependence of the 'H NMR
spin—lattice relaxation times for these compounds, as well as
33Cl, 8'Br, and '*I nuclear quadrupole resonance (NQR) data.

Using neutron diffraction, Swainson, Knop, and co-workers
reported the low-temperature orthorhombic structures of
MAPDBr; in 2003° and MAPbCL, in 2005.” Lattice parameters
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Scheme 2. Asymmetric Units for (A) Orthorhombic, (B)
Tetragonal, and (C) Cubic Phases of MAPbX; Perovskites”

Cc

“The MA cation, which exhibits dynamic disorder (see text), is not
shown. Structures shown here were derived from those reported by
Weller et al. for MAPbI, at 100 (A), 180 (B), and 352 K (C).’

for both compounds were determined over a wide temperature
range. The changes in structure at the cubic—tetragonal phase
transition have also been investigated by Mashiyama et al."’
The structures of the MAPbX; compounds have been the
subject of several studies; "> for the iodide, we believe that
one of the most comprehensive is the neutron powder
diffraction data of Weller et al. acquired at 100, 180, and 352
K (Scheme 2).” In addition, the recent time-of-flight neutron
and synchrotron X-ray powder diffraction study of Whitfield et
al. provided important insights."> In the orthorhombic phase,
the space group is Pnma, in the tetragonal phase it is I4/mcm,
and in the cubic phase it is Pm3m.

Prior to 2009, interest in these compounds was primarily
confined to the solid-state-chemistry community,'® but in that
year, Kojima et al. reported that MAPbI; can be used as a
visible-light sensitizer for photovoltaic cells.'” Although the
initial photoconversion efliciency was only a few percent,
conversion efficiencies using organometallic lead hybrid
perovskites that exceed 20% are currently being
reported.'®™>* Charge carrier lifetimes are intimately tied to
photovoltaic performance, and for lead halide perovskites, the
dynamics of the cation play a key role.”® Higher rotational
momentum of the cation rotor is correlated to better orbital
overlap, more facile polaron formation, and thus lower charge
carrier recombination and a higher fill factor, leading to higher
solar cell efficiencies.”®”” A complete understanding of the
dynamics of these cations within the perovskite materials is
critical for improving, in a rational fashion, the optoelectronic
performance.”~

The utility of solid-state NMR spectroscopy in the
characterization of these materials is illustrated by the
numerous recent studies. Baikie et al.'’ used 'H and °C
NMR results to investigate the nature of the MA dynamics in
the MAPbX; compounds which help refine some X-ray and
neutron diffraction data on these compounds. Roiland and co-
workers®” undertook a multinuclear magnetic resonance study
of these compounds to investigate their local order and
dynamics. Kubicki et al.”® used variable temperature (VT)
solid-state NMR to investigate the reorientation dynamics for a
series of mixed-cation perovskites; on the basis of H and “N
NMR measurements, the authors conclude that the formami-
dinium cation rotates faster than does the MA cation, despite
the greater size of the former. This group also used
multinuclear (*C, N, *K, ¥Rb, and '**Cs) magnetic
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resonance to investigate the atomic-level structure of bulk
perovskites.” Senocrate et al.** used multinuclear solid-state
magnetic resonance and other experimental techniques
including "I NQR to investigate the behavior of the iodine
ions in CH;NH;Pbl;. Askar and co-workers investigated
MAPbI, and its decomposition products via 'H, *C, and
27pb  solid-state NMR ~spectroscopy.”” Kentgens and co-
workers reported results of a VT N and 2”’Pb solid-state
NMR and /I NQR study of MAPbI,. These authors conclude
that the MA cation is two-dimensionally disoriented (i.e.,
restricted to the ab-plane) in the tetragonal phase.’® Rosales et
al."® used ’Pb NMR spectroscopy to characterize mixed-
halide nano- and microcrystalline Pb perovskites. Previously,
this research group also used **’Pb NMR spectroscopy to
investigate mixed-halide perovskites.”” Finally, we have recently
proposed that the high sensitivity of the *’Pb chemical shifts
for MAPbLCl; make this an ideal material for NMR
thermometry.”®

Our goal in this work is to present a comprehensive VT *H
and "N NMR investigation of the methylammonium lead
halide perovskites. NMR line shapes and relaxation data are
used to characterize the dynamics of the MA cation in all three
MAPDX; perovskites, with a focus on MAPbI;. For
completeness, we also present *’Pb VT NMR data of these
perovskites.

B NMR BACKGROUND

’H or N NMR Line Shapes. The nuclear quadrupolar
coupling constant, Cq, is defined as eQV,,/h, where eQ is the
nuclear quadrupole moment of the quadrupolar nucleus and V,
is the largest principal component of the electric field gradient
(EFG) tensor. The quadrupolar asymmetry parameter, 7q, is
defined as (V,, — V,))/V,,, where IV, .| <1V, | <IV_I. Note that
the trace of the EFG tensor is zero; ie, V,, + V), + V_, = 0. For
’H and "N, both I = 1 nuclei, the nuclear quadrupole moments
are 2.860 and 20.44 mb, respectively.39 Figure 1 illustrates the
powder pattern expected for such nuclei if 7o = 0 (ie, V,, =
V,,), in the absence of motion incorporating the observed
nucleus. For example, in the absence of motion, CQ(ZH) values
for H nuclei within C—D bonds are typically approximately

L

< 314 C,

= Vas

——32c,—

Figure 1. Powder pattern expected for I = 1 nuclei with 7q = 0. The
relationship between Cq and the breadth of the spectrum illustrated on
the lower trace is only observed in the absence of motion. The upper
trace illustrates the effect on the spectrum if the nuclei are subject to
rapid C; jumps about an axis where ¢ = 109.47° (i, vgs = (1/4)Cg).
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160 kHz" and, with Nq & 0, the approximate separation
between the maxima, v, is 120 kHz.

Significant motion of the nucleus modifies the observed line
shape.*' ~*® For example, at temperatures slightly below that for
the tetragonal <> orthorhombic phase transitions, the *H NMR
spectra for the CH;ND;* cation of the three perovskites
considered here exhibit axially symmetric powder patterns with
Vs values of approximately 40 kHz. As discussed in our earlier
work on these samples™ as well as in an investigation of
CH;ND;NO;,* such a value for Vg indicates that the C—N
axis is restricted to small amplitude wobbling moderated by
rapid C; jumps of the ND; group about the C—N axis. Such
motion reduces the observed pattern by a factor (3 cos® ¢ —
1)/2, where ¢ defines the angle formed by the C—D or N—D
bonds with the axis of rotation.”"*>*® If one assumes that ¢ =
109.47° (ie., tetrahedral bonding), then vqg is reduced by a
factor of 1/3, from ~120 to ~40 kHz, as illustrated in Figure 1.
Significant reduction of v/qg below 40 kHz indicates motion of
the C—N axis, which, in favorable cases, may be modeled (vide
infra).

NMR Relaxation of Spin I = 1 Nuclei. In general, for spin
I = 1 quadrupolar nuclei such as *H or '*N, the main spin—
lattice relaxation mechanism is the quadrupolar mechanism

2
1 3

= 2 nc)| 1+ {000 + )]

= TIQ

R

(1)
where R is the rate of relaxation (s™') via the quadrupolar
mechanism and T is the spin—lattice relaxation time due to
quadrupolar relaxation (note that eq 1 is only valid for nuclei
with spin I = 1).**7>* J(w,) and J(2w,) are spectral densities
that are Fourier transforms of autocorrelation functions,™*’

where

27,
J(@y) = ——5—5
1+ w, 7. (2)

In the cubic phases of the three MA lead halides, reorientation
of the MA cation is extremely rapid with effective rotational
correlation times, 7, less than 107 s (vide infra). Under these
conditions (a)_o‘t'c)2 < 1 and J(wy,) = JQaw,) = 27, thus eq 1

50—52
reduces to> >

2

1 '7Q
= — — Iz
T2 3

R

C

= %(MCQ)Z 1+
®3)

Since, for the ?H and "N nuclei of the MA cation, Nq~0,eq3
further reduces to

(4)

In the limit where the molecule is undergoing rotational
diffusion, the effective NMR correlation time, 7, = 7,. Note

1

=
I(1+ 1)D

©)
where D is the rotational diffusion constant, and [ is the order
of the spherical harmonics (for NMR, [ = 2; for dielectric
relaxation, [ = 1), thus 7; = 37,.>>~>° For a prolate symmetric
top, such as CH;NH;", the relaxation of the '*N nucleus probes
the motion of the C; symmetry axis. On the other hand,
relaxation of the “H nuclei depends on both the motion of the
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C; symmetry axis and motion about this symmetry axis.***°~>*

The relationship between 7. and the rotational diffusion
constants parallel and perpendicular to the C; axis, Dy and
D), respectively, is given by

@3 cos’@ — 1)*
24D,

0.75 sin* 0
2D, + 4D
(6)

For the N nucleus of the methylammonium cation, 6 = 0°,
(3 cos? @ — 1)* = 4, and thus

3 sin® 0 cos® 0

C

Tc(14N) = 1
6D, (7)
If one assumes that the C—N—"H angle is 109.47°, then
1 8/27 16/27
e =2y 8 /

Clearly, a rotational diffusion model allows one to obtain both
D, and Dy; however, this is no doubt a rough model,
particularly in the tetragonal phase where quadrupolar splittings
are observed. Note that the NMR rotational correlation time
for "N is simply 7, or 7.

Critical Phenomena. In solids that exhibit solid—solid
phase transitions, the temperature dependence of the physical
properties (e.g., lattice parameters, magnetic properties, electric
field gradients) can often exhibit critical phenomena.”” For
example, vqg can be described by an equation of the form

vos = (T, = T)" ©)
where T. is the phase transition temperature, a is here
expressed in units of kilohertz, and n is the critical
exponent.”'"'°%% Kawamura et al. found that lattice
parameters for the tetragonal phase of MAPbI; are proportional
to (T, — T)" with n = 0.42.""

B EXPERIMENTAL SECTION

Deuterium NMR spectra of MAPbX; or of MAX (X = Cl, Br, I)
were obtained at 11.75 T on a Bruker Avance NMR
spectrometer and at 21.1 T on a Bruker Avance II NMR
spectrometer, operating at 76.8 and 138.1 MHz, respectively.
The samples were *H-enriched at either the carbon or nitrogen
of the MA cation. Spectra of the samples in the cubic phase
were acquired with single-pulse excitation, while those for
samples in the tetragonal or orthorhombic phases were
acquired with a solid-echo pulse sequence (x/2—7,—7/2—7,—
ACQ, where 7, and 7,, the interpulse and refocusing delays,
respectively, were set to 30 to 50 s and ACQ_is the acquisition
time); the resulting free induction decays were left shifted to
remove points prior to the echo maxima. 77/2 pulses were 5.0 or
8.0 us for spectra acquired at 11.75 and 21.1 T, respectively.
For spectra of the sample in the cubic phase, T, relaxation data
were obtained with the standard inversion—recovery pulse
sequence (7—7,—m/2—ACQ, where 7, is the variable delay);
for the broader NMR powder patterns of the sample in the
tetragonal phase, a solid-echo series of pulses was incorporated
into the inversion recovery pulse sequence (ie, 7—7,—7/2
—1,—7/2—7,—ACQ). Recycle delays ranged from 2 s for
spectra acquired at lower temperatures (vide infra) to 120 s for
those acquired at higher temperatures. Spectra, acquired with
'H decoupling, were referenced to TMS (§(*H) = 0.0 ppm) by
setting the *H peak of D,0(I) (99.9% *H) to 4.8 ppm. Samples

DOI: 10.1021/acsjpca.7b11558
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Figure 2. >H NMR spectra for a stationary sample of CH;ND;PbL;, acquired at the indicated temperatures, at 11.75 T.

were packed in 4 mm zirconia rotors; at 11.75 T, a Bruker 4
mm MAS probe was used to acquire the data, while at 21.1 T
the rotor was placed into a S mm outer diameter glass tube and
the spectra were acquired with a Bruker S mm H/X solenoid
probe.

Nitrogen-14 NMR spectra for the MAPbX; samples were
acquired at 36.1 and 64.5 MHz respectively for spectra acquired
at 11.75 and 21.1 T. The 7/2 pulses were 6.0 (11.75 T) or 10.0
us (21.1 T). Samples were packed in 7 mm outer diameter
NMR rotors and acquired with a Bruker 7 mm MAS probe
(11.75 T); those acquired at 21.1 T were packed as described
above. Recycle delays ranged from 0.25 to 2.0 s, depending on
temperature. Spectra, acquired without 'H decoupling, were
referenced such that 6,, = 0.0 ppm for an external sample of
solid NH,CL. "N spectra for the MAX salts were acquired at
21.1 T with the WURST—QCPMG pulse sequence,”"* with a
30 kHz 'H decoupling field and with a 2 s recycle delay; the
spikelet spacing was 5.0 kHz. Spectra were acquired in two
frequency offset steps and the resulting spectra added to yield
the total spectrum.

Lead-207 NMR spectra were obtained with either single
pulse excitation or with solid echoes at 470 T on a CMX
Infinity 200 spectrometer, at 11.7S T on a Bruker Avance
spectrometer and at 21.1 T on a Bruker Avance II
spectrometer, with 90° pulses ranging from 3.0 to 5.4 us.
Spectra were referenced to the 2”’Pb chemical shift of
Pb(CH;), (84, = 0) by setting the isotropic value of a **’Pb
NMR spectrum of a stationary sample of Pb(NO;),, acquired at
294 K, to —3491.6 ppm. This value is based on that reported by
Neue et al. but adjusted for the slightly lower temperature in
our lab.*?

Variable temperature NMR experiments were undertaken at
11.75 and 21.1 T using the Bruker BVT 3000 temperature
controller on both instruments. Temperatures were calibrated
based on the 2’Pb chemical shifts of solid Pb(NO,),.*"% Dry
nitrogen gas, obtained from the boil-off of N, (liquid), was used
as the variable temperature gas. N,(liquid) was also used for the
heat-exchange medium for temperatures below 250 K, while an
ethanol/dry ice bath was used in the 250—293 K range.

1563

Relativistic density functional theory (DFT) calculations of
the nuclear magnetic shielding and indirect Pb—X spin—spin
coupling for model PbXy complexes were undertaken with the
Amsterdam Density Functional (ADF) programéﬁ_68 mounted
on a four-core processor. Relativistic effects were incorporated
in the results through the zero-order relativistic approximation
(ZORA).®"7* Octahedral symmetry with ropct = 2.85 A, rpy e
= 298 A, and rp,; = 3.20 A was used for the calculations,
undertaken with a triple-{ basis set incorporating two
polarization functions (TZ2P) and a quadruple-¢ basis set
incorporating four polarization functions (QZ4P). Calculated
magnetic shielding was converted to chemical shift according to
5C”Pb).. = o(Pb),s — o(Pb)., where o(Pb).; is the
magnetic shielding for the reference compound, Pb(CH,),,
calculated at the same level of theory. The structure for
Pb(CHj), was that reported by Oyamada et al.”*

Lead(Il) acetate trihydrate (ACS grade) and lead(1I)
dichloride were purchased from Fisher Scientific. HCI (37%
in H,0) was purchased from Caledon Laboratories, while HBr
(48% in H,0), HI (57% in H,0), and methylamine (40% in
H,0) were purchased from Sigma-Aldrich. Methyl-d;-amine
HCI (99.5% *H) and D,0 (99.9% *H) were purchased from
MSD Isotopes, Montreal.

MAPDbX; compounds were synthesized as per the procedures
described in refs 1 and 2. The deuterated versions were
prepared according to the procedures described in refs 2 and 9.
X-ray diffraction (XRD) spectra were collected on a Bruker
AXS D8 diffractometer with a large-area detector using a Cu
Ka radiation source.

B RESULTS AND DISCUSSION

The tetragonal and orthorhombic phases of the MAPbX; salts
are in effect distortions of the cubic phase, and in all three
phases it is reasonable to consider that the MA cation is located
inside a pseudocube, where the eight corners are the Pb atoms
with the 12 edges consisting of linear or bent halogen atom
bridges between two Pb atoms (Scheme 2). In the
orthorhombic phase for MAPDI; determined by powder
neutron diffraction,”**"° the C—N axis of the MA cation is

DOI: 10.1021/acsjpca.7b11558
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Figure 3. "N NMR spectra of a stationary sample of CH;NH,Pbl,, acquired at 21.1 T at the indicated temperatures. The asterisks indicate '*N

signal from the VT gas, N,.

fixed in the plane perpendicular to the long axis of the unit cell
and points toward a face of the pseudocube. Similarly, the
neutron diffraction data acquired at 180 K suggests that in the
tetragonal phase the C—N axis is also close to the plane
perpendicular to the long axis of the unit cell, but disordered
over four equivalent positions, and although tilted slightly out
of the plane, the C—N axis still points toward the pseudocube
faces.” In a neutron diffraction study of the isostructural
tetragonal phase of the MAPbBr; salt,” it was also suggested
that the data supported orientational disorder of MA cations in
this plane. An X-ray diffraction study'' of MAPbI; also
suggested four disordered positions of the C—N axis, albeit
tilted further out of the plane perpendicular to the c-axis.
Similarly, Mashiyama and co-workers,'® Baikie et al,'* and Yin
et al.”* have investigated the structure of the higher-temper-
ature tetragonal phase of MAPbBr;.

Figure 2 illustrates *H NMR spectra for CH;ND,Pbl,,
acquired at 11.75 T in the 151—344 K range. The spectrum
acquired at 151 K consists of an axially symmetric powder
pattern with a v/qg value of 40 kHz, approximately 1/3 the value
expected in the absence of motion of the MA cation.”” These
results are consistent with the determined structure, indicating
that the only significant motion is the rapid reorientation of the
ND; group about the C—N axis. The spectrum acquired at 167
K illustrates the abrupt change in dynamics of the MA cation at
the tetragonal <> orthorhombic phase transition. The axially
symmetric powder pattern with vqs = 38.9 kHz is due to
crystallites in the orthorhombic phase, while the narrower
pattern, vqs = 7.8 kHz, is due to crystallites that are in the
tetragonal phase. Values of v decrease as the temperature is
increased, such that vqg ~ 1.7 kHz at 326 K. A plot of vg vs
1000/T for CH;ND;Pbl; is shown in Figure S1 of the
Supporting Information. Likewise, for the CD;NH;" cation of
MAPbI;, vqs decreases from ~7.0 kHz at 198 K to ~1.8 kHz at
325 K, as shown in Figure S2. At temperatures greater than the
tetragonal <> cubic phase transition (i.e., >326.6 K), vqs = 0 for
both CH;ND;Pbl; and CD;NH;Pbl;; Figure S3 shows that the
temperature dependence of vos(*H) is virtually identical for
these two isotopomers.

Figure 3 illustrates a series of '*N NMR spectra of MAPbI,
acquired at various temperatures. "N v values for the salt in
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the tetragonal phase range from 76.5 kHz at 175 K to 14.4 kHz
at 327 K. There is no indication of magnetic shielding
anisotropy in these spectra. Unfortunately it was not possible to
obtain "N NMR spectra for the salt in the orthorhombic phase,
so the vqg value in the absence of significant motion of the
C—N bond axis has been estimated (vide infra). The N NMR
line shapes are consistent with axially symmetric EFG tensors in
the fast motion limit (i.e, they do not show the distortions
observed for an activated motion in the intermediate rate
regime).”' = The splittings observed for the tetragonal phase
rapidly decrease as the temperature approaches the tetragonal
< cubic phase transition temperature, and can be fit to an
equation with a critical-temperature dependence (Figure 4). As

80 4.
‘.

60 !

] ]
I '
=
z :
5 40 4!
s :
20 {!

200 250 300
T/K

Figure 4. Plot of vos(**N) vs T for MAPbI,, which was fit to eq 9 with
a = 11.39 kHz and n = 0.3813, R* = 0.9878. The cubic <> tetragonal
and tetragonal <> orthorhombic phase transition temperatures are
indicated with red and blue dashed lines, respectively.

for the *H spectra discussed above, at the transition to the cubic
phase the '*N quadrupolar powder pattern collapses, leaving a
symmetric Gaussian peak, consistent with rapid pseudoiso-
tropic reorientation of the C—N axis in the cubic lattice.
Estimating Co(**N) from 2H and "N NMR Line Shapes.
As discussed below, determination of rotational correlation
times for the MA cation requires knowledge of the *H and '*N
Cq values. These values must not be reduced by motional
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Table 1. Order Parameters and Calculated v4g Values for MAPbBr; and MAPbI,

salt nucleus T./K T/K
CH,;ND,Pbl, “N 326.6 162.7
CH;ND,Pbl, ’H 326.6 162.7
CD,;NH,PbI, ’H 326.6 162.7
CH,ND;PbBr;, UN 235.1 148.4
CH;ND;PbBr, *H 235.1 1484

a/kHz n vos”/kHz R?

11.39 0.3813 79.6 0.9878
1.270 0.357 7.9 0.9889
1.129 0.374 7.6 0.9843
6.497 0.431 43.2 0.9958
0.3438 0.5611 4.0 0.9720

“Expected vqg values immediately above the tetragonal <> orthorhombic phase transition temperature, derived from best fits to eq 9.

averaging and, in principle, should be determined for the
sample in the same environment (i.e., the tetragonal phase in
this case) for which the correlation times are being measured.
Of course this is not practical for the MAPbXj salts, since the
MA cation is known to be undergoing rapid motion above the
tetragonal <> orthorhombic phase transition,” so, for *H, this
value will be derived from the Z/QS(ZH) value measured for the
sample in the orthorhombic phase. Unfortunately, hardware
limitations precluded direct measurement of vqg(**N) for
MAPbI, in the orthorhombic phase (vide infra), so Co(**N)
was estimated according to

4 VQ_S (2 H )ortho

C (14I ])
L ClS(Z )max,tetra

14
UQS( N)ma.x,tetra
(10)

where Z/QS(ZH)th is the v(*H) value for the sample in the
orthorhombic phase and “maxtetra” indicates the maximum
quadrupolar splitting in the tetragonal phase for the indicated
nucleus. For CH;ND;Pbls, the maximum *H v values that we
observed in the orthorhombic and tetragonal phases are 40.0
and 7.9 kHz, respectively. Since the H and "N v values
appear to vary with temperature in a fashion analogous to the
lattice parameters, vqg('*N) at the tetragonal < orthorhombic
phase transition temperature may be estimated from the order
parameters a and n obtained from a fit of vqg( “N) vs T to eq 9
(see Figure 4 for the fit for the MAPbDI; data); the order
parameters resulting from these fits and the g values expected
at the tetragonal <> orthorhombic phase transition temperature
are listed in Table 1. For MAPDI;, vgs("*N) s etra & 80 kHz at
this temperature and thus, from eq 10, Co("*N) values of 525—
540 kHz are predicted, depending on whether vqg(*H) values
for the CD;NH;" or CH;ND;" isotopomers are considered.
Acknowledging that the C—N axis may be undergoing some
small amplitude wobbling in the high-temperature region of the
orthorhombic phase (i.e., at 151.3 K), our value for vqs(*H) oreho
for a rigid C—N axis, 40 kHz, may be 2 or 3 kHz lower than the
value expected in the absence of any motion. For example, a
maximum “H splitting of 42 kHz yields Co(**N) = 570 kHz. In
the calculations that follow we will use CQ(14N) = 550 + 80
kHz. Our estimated value is within experimental error of the
value calculated by Kentgens and co-workers (600 kHz)*° but
smaller than the calculated value reported by Kubicki et al. (770
kHz).*

We also examined the temperature dependence of vqs(*H)
and I/QS(HN) for MAPDBr;; see Table 1 as well as Figures S4
and SS in Supporting Information. At the tetragonal <
orthorhombic phase transition for the bromide, I/QS(ZH) and
vas(**N) values of 4.0 and 43 kHz are expected, based on the
order parameters summarized in Table 1. Both these values are
approximately half the corresponding values for the iodide,
indicating greater disorder of the MA cation in the bromide
(vide infra). Also, our value of I/QS(ZH) in the orthorhombic
phase is in excellent agreement with the value measured at 50 K
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by Roiland et al.>> Using eq 10 and the data summarized in
Table 1, Co("*N) for MAPbBr; is approximately 570 kHz, again
probably a lower limit.

The narrow range of temperatures for which MAPbCl; exists
in the tetragonal phase precluded a similar treatment for this
salt. Reported values of Co('*N) for an MA cation that is
assumed to be stationary range from 413 kHz for MA
perchlorate75 to 959 + 3.0 kHz in MA chloride.”® We have
also obtained "N (Figure S6) and *H (Figure S7) NMR data
for the methylammonium halides; Table S1 summarizes the
data for these samples obtained at several temperatures. At 293
K, all three salts are in the tetragonal phase, P4/nmm, where
motion of the CH; and NHj; groups are confined to rotations
about the C—N bond. Cy(**N) values for the MAX salts
decrease on going from X = Cl to X = I (960, 895, and 785 kHz
for data measured at 293 K). In contrast, the corresponding
I/QS(ZH) values increase slightly: 34.1 (X = Cl), 37.9 (X = Br),
and 39.2 kHz (X = 1I).

Modeling the Disorder of the MA Cation in the
Tetragonal Phase for CH;ND;Pbl;. The *H line shapes for
the MA cation (e.g, see Figure 2), with an asymmetry
parameter 7 = 0, are consistent with rapid reorientation about
an n-fold axis with n > 2. As discussed above, the *H NMR
spectra acquired for the MAPbX; salts below the tetragonal <>
orthorhombic phase transition temperature indicate rapid
reorientation about the C—N axis, yielding an averaged, axially
symmetric quadrupole coupling tensor with its unique
component along the C—N axis. Any further averaging (ie., a
further reduction of v) reflects reorientation of the C—N axis
itself. The structure refinement with space group I4cm'” puts
the C—N axis parallel to the c-axis, in which case there can be
no further narrowing of the NMR line shape, from Z/QS(ZH) =
40 kHz, in the tetragonal phase; thus the ’H and "N results
rule out this structural model. Most of the refine-
ments,”¥! 1413 including the two most recent,'¥'* assign the
tetragonal phase to space group I4/mmm, in which the C—N
axis must be disordered over four or eight positions, depending
on the model, to conform to the symmetry. Dynamic disorder
will lead to narrowing of the *H and '*N line shapes. If
reorientation of the C—N axis is restricted to the four
orientations determined in these refinements, one obtains
averaged H NMR line shapes with quadrupolar splittings that
in all but one case (ref 15) do not match observations: since the
quadrupolar tensor is insensitive to inversion, the averaging
over the four orientations can be modeled as a C, rotation. For
simple 4-fold rotation when the initial EFG tensor has n = 0,
the averaging equations reduce to

V3coszﬂ—1

1% =
@ 2 (11)

where V is the initial quadrupolar splitting (i.e., the splitting
expected in the absence of motion of the C—N bond), assumed
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Table 2. Calculated Populations Based on VQS("H) Values for the Six-Site Model

Vos(CH)“ /kHz 4 sites”/% f = 90° 2 sites”/% ff = 0°
0.0 66.67 33.33
1.0 68.33 31.67
2.0 70.00 30.00
3.0 71.67 28.33
4.0 73.33 26.67
5.0 75.00 25.00
6.0 76.67 23.33
7.0 78.33 21.67
8.0 80.00 20.00
9.0 83.33 16.67

10.0 83.42 16.58

4 sites”/% p = 77.7°

69.84
71.58
73.33
75.07
76.82
78.57
80.31
82.06
83.80
85.55
87.29

2 sites’/% p=0° 4 sites”/% p=566° 2 sites”/% p=0°

30.16 95.65 4.35
28.42 98.04 1.96
26.67 100.43 —0.43
24.93 102.83 -2.83
23.18 105.22 —=5.22
2143 107.61 —7.61
19.69 110.00 —10.00
17.94 112.39 —12.39
16.20 114.78 —14.78
14.45 117.17 -17.17
12.71 119.57 —19.57

“Expected vog(*H) value for V = 40.0 kHz. /g and V are assumed to have opposite signs. “The total population for the four or two sites of an

orientation type is listed.

b
A

b
B

b

c

Figure S. Representation of the population distribution of the MA cation for MAPDI; with £ = 90° in the tetragonal phase near the tetragonal <
orthorhombic phase transition temperature (A), in the tetragonal phase near the tetragonal < cubic phase transition temperature (B), and when the
sample is in the cubic phase (C). Note that (A) and (B) represent asymmetric units rather than the unit cell, and that edges are not drawn to scale: a

=b # cfor (A) and (B), and a = b = ¢ for (C).

to be 40.0 kHz, the splitting measured at 151 K for X =1, and
is the angle between the C—N axis and the ¢ direction of the
crystal. Note that, for an angle of f = 54.736°, the calculated
splitting would be zero.

Based on the available C and N atomic coordinate data from
each of the four I4/mmm refinements, we calculated the
orientation of the C—N bond relative to the crystal c-axis to
obtain the f value and then determined the expected averaged
Vos(*H) value for a four-site model: for the neutron powder
diffraction structure determined by Weller et al. at 180 K,” 8 =
77.7° and a vqs(*H) value of 17.3 kHz is predicted with this
model, significantly greater than the observed value of 7.5 kHz
at 180 K. Similarly, based on the single-crystal X-ray structure
of Kawamura et al. obtained at 220 K,'' = 56.6° and a
Vos(*H) value of 1.82 kHz is predicted, significantly less than
the value of 6.7 kHz observed at this temperature. For the
recent sin%le crystal neutron diffraction structure by Ren et al.
at 295 K, = 66.05° giving an expected vqg(*H) value of
10.112 kHz, compared to an observed value of 4.0 kHz
measured at 294 K, and for the neutron powder and
synchrotron X-ray diffraction structure reported by Whitfield
etal at 190 K,'* = 62.23° yielding an expected vs(*H) value
of 6.973 kHz, compared to an observed value of 7.4 kHz at
1924 K. Only in the last case is there any reasonable
agreement, and considering that correct refinement of
disordered structures can be fraught with difficulty, as noted
by the authors,'® even that agreement may be accidental.
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The foregoing discussion demonstrates that a simple four-site
model of the disorder in the structural refinement is not
adequate. However, the introduction of another two equivalent
sites along the c-axis (C—N up and down) with a lower
population than the original four sites will yield a modified v/
With the total population normalized to 1.0 and the four
equivalent sites each with a population x, then the sum of the
latter is 4x and the two equivalent c-axis sites each have a
population (1 — 4x)/2. The averaging equation becomes

3cos’ f— 1 1- 0-1
vos = V| 42 cos” + 2( 4x) 3 cos
2 2 2

(12)

= V[1 — 6x(1 — cos® f)]
In the very symmetric case where all the orientations are
orthogonal, i.e,, # = 90°, then

vos = V[1 — 6x] (13)

The choice of this simple six-site model is based on known
information: First, diffraction studies of samples in both the
orthorhombic and tetragonal phases indicate that the C—N axis
is preferentially aligned toward the faces of the pseudocube,
angled close to the plane perpendicular to the c-axis.”'"'*'
Second, recent molecular dynamics (MD) calculations also
suggest a greater preference for orientations of the C—N axis

toward the faces of the pseudocube, both from a classical MD
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Figure 6. In(T,) plotted as a function of 1000/T (K) for the N (A) and *H (B) spin—lattice relaxation of CH;NH;Pbl; and CH;ND,PbL,,
respectively. From the '*N data, E, = 11.3 + 2 kJ-mol™" for the salt in the cubic phase (first six points) and 18.1 kJ-mol™' when in the tetragonal
phase (last five points). Likewise, from the *H data, E, = 5.9 + 1 kJ-mol™" for the salt in the cubic phase and 7.9 + 2 kJ-mol™" if the first six points for
the salt in the tetragonal phase are considered, or 10.0 + 2 kJ-mol™" if all points are considered.

investi%ation by Mattoni et al.”” and from quantum MD
studies”®”” (see also Figure 4c of ref 80). The classical MD
simulations were done as a function of temperature and suggest
that in the tetragonal phase there is a greater preference for C—
N orientations in the ab-plane facing toward the pseudocube
faces, but that as the temperature increased there are an
increasing number of orientations aligned with the c-axis.
Furthermore, sites with inequivalent populations imply an
energy difference, and the thermal population of the higher
energy sites increase relative to the lower energy sites as the
temperature increases, thus causing Vgs to decrease. However,
for all sites and their populations to become equivalent at the
transition to the cubic phase, the energy difference must
decrease to zero so that all sites become equivalent at the
transition. This is clearly linked to the known tiltin% of the
corner-sharing Pbl; octahedra in the tetragonal phase.”’

Table 2 lists populations for the two types of sites calculated
for the —ND; group from this six-site model, for vqg values
ranging from 0 to 10 kHz, and assuming a splitting of 40.0 kHz
before dynamic averaging due to motion of the C—N bond.
Note that only for # = 90° do the populations become equal
when vqg = 0. When f3 is set to the approximate value reported
from the neutron diffraction study,7 77.7°, the relative
populations are generally reasonable, although they do not
reach equal populations for vqg = 0, but for the f value from
the X-ray diffraction study,'' 56.6°, unreasonable or impossible
populations are obtained. Note that it is quite conceivable that,
in the tetragonal phase, /3 is indeed less than 90°, and that with
increasing temperature 8 tends toward 90°. See Figure 5 for a
representation of this model where f = 90°.

For the value of vqs = 7.5 kHz determined at 180 K, we
calculate that the two on-axis sites account for only 20.8% (S =
90°) or 17.1% (f = 77.7°) of the total population. Thus, the
small on-axis population may have gone unnoticed in the
structure refinement. These observations prompt the question:
could existing or future diffraction data on MAPbI; be refined
with the suggested six-site model, and would such analyses yield
reasonable or even improved R factors? Other models can be
considered, including eight sites with C—N oriented in the
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directions of the corners of the pseudocube, or 12 sites oriented
toward the edges of the pseudocube, but neither of these is
consistent with observations from diffraction studies. The ab
initio quantum MD simulations reported by Leguy et al.*’ also
show that the corners are the least favored orientations, with
slightly more alignment density along the edges, and the
greatest alignment toward the faces.

For the methylammonium lead bromide, MAPbBr;, this
same model is probably valid, since the tetragonal phase II (i.e.,
the higher-temperature phase of the two tetragonal phases for
MAPbBr;) is in space group I4/mmm and is probably
isostructural with tetragonal MAPbL,.* With vos(CH) = 4.0
kHz at 163 K, a population of roughly 27% for the two sites
(ie., those parallel to ¢) is calculated, compared to
approximately 20% for the iodide at this temperature (see
Table 2).

Dynamics of the MA Cation for MAPbI;. Figure 6
illustrates a plot of In(T;) vs 1000/T for the '*N and *H data
for MAPbL; similar plots for *H data acquired for the Br and Cl
salts are illustrated in Figures S8 and S9. Table 3 summarizes
"N and *H T, relaxation data obtained for MAPbI,, as well as
correlation times derived from that data. The determination of
correlation times at a given temperature as outlined below
requires the determination of T;(*H) and T;(**N) values at
that temperature, but in some cases, the former were not
obtained at the same temperatures as for the '*N data. In such
cases, “H values were obtained by interpolation based on fits of
the measured T,(*H) (see Figure 6). Here we will focus on
rotational correlation times for the MA cation of MAPDL;
however, rotational correlation times from *H NMR relaxation
data for all three halides will be summarized. First, it is
important to recognize that NMR measures 7, while dielectric
relaxation measures 7, and, in the special case of rotational
diffusion, 7, = 37,.%

The dynamics of the MA cation were first investigated by us
in 1985.” At 303 K, *H T, data lead to rotational times, 7, of
approximately 0.35 ps for X = Cl and Br, and 0.46 ps for the
iodide. Note that the iodide is in the tetragonal phase at this
temperature while the chloride and bromide are in the cubic

DOI: 10.1021/acsjpca.7b11558
J. Phys. Chem. A 2018, 122, 1560—1573


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b11558/suppl_file/jp7b11558_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b11558
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpca.7b11558&iName=master.img-008.jpg&w=357&h=200

The Journal of Physical Chemistry A

Table 3. "*N and *H Spin—Lattice Relaxation Data for
MAPbIL,*

/K  T,(*N)/s 7. (*N)/ps T,CH)/s z.(*H)/ps 1”1’/ps 7,/7)
Cubic
355 0.354 0.632 7.71 0.342 0.180 3.5
350 0.339 0.659 7.47 0.353 0.184 3.6
345 0.324 0.689 7.23 0.365 0.187 3.7
340 0.296 0.755 7.00 0.377 0.183 4.1
335 0.289 0.772 6.76 0.39 0.192 4.0
330 0.264 0.846 6.53 0.404 0.189 4.5
Tetragonal
320 0.203 1.10 5.58 0.473 0.201 S.5
315 0.176 1.27 5.32 0.496 0.193 6.6
310 0.159 1.40 5.07 0.52 0.193 7.2
300 0.129 1.73 4.58 0.576 0.194 8.9
293 0.106 2.11 4.25 0.621 0.185 114

“?H data are for the CH;ND,Pbl, isotopomer. b‘rH = (GDH)_I. 7
values were obtained from 7, values and 7.(*H) using eq 8.

phase. Rotational correlation times were derived from '*N T
data at 303 K for X = Cl and Br using an early Cq(**N)
obtained from liquid crystal data, 1.107 MHz;* these analyses
yielded 7, values of approximately 0.22 and 0.24 ps,
respectively. A similar value of 7,, 0.2 ps, was obtained for
the iodide at 333 K, just above the tetragonal < cubic phase
transition temperature, 326.6 K. Now we know that it is
unlikely that Co('*N) in the iodide exceeds 700 kHz, so this
would increase the value of 7, by a factor of (1.107/0.700)?, a
factor of 2.5, ie, 7, = 0.5 ps. Unfortunately, hardware
limitations combined with the nuclear properties of '*N
(relatively low Larmor frequency and a large quadrupole
moment) rendered impractical the acquisition of '*N NMR
spectra for the MAPbX; perovskites in their orthorhombic
phase. Our data point toward Co(**N) = S50 + 80 kHz; had
this value been used in our early paper,”’ the reported
correlation time at 333 K would have been greater by a factor
of 4.05 and 7, & 0.8 ps, in good agreement with our present
data; see Table 3.

Poglitsch and Weber used dielectric measurements to
determine rotational correlation times at 300 K.* For
MAPbX;, 7, values of 5.63, 2.73, and 5.37 ps were obtained
for the chloride, bromide, and iodide, respectively. These values
are longer than our values as expected given that 7, & 37, in the
limit of rotational diffusion; however, the agreement is only
approximate. For a recent review of correlation times and
activation energies for MAPbI, see Mattoni et al.**

The correlation time, 7., for a cation such as MA" is
comprised of components that are perpendicular and parallel to
the molecular C—N axis, 7, and 7, respectively, as shown in
Figure 7. However, since the '*N relaxation of this cation
depends only on motion of the C—N bond, z.(**N) = 7, (**N).

Ty

N

H

|

Figure 7. Perpendicular (z,) and parallel (7)) components of z, for
the MA cation.
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The latter was calculated from eq 4, the “N T, data, and the
estimated value for Co(**N), 550 kHz. Likewise, 7.(*H) was
calculated from the corresponding “H data and Co(*H) ~ 160
kHz. D, was determined from eq 7 and the value for 7, (**N).
Finally, from this value and the value for z.(*H), and eq 8, Dy
and 7] were calculated. Note that 7] shows little variation with
temperature (i.e., the rate of rotation of the ND; group about
the C—N axis exhibits little variation with temperature). In
contrast, the motion of the C—N axis is strongly dependent on
temperature. Clearly the motion becomes more anisotropic
with decreasing temperature. It is recognized that a simple
rotational diffusion model is not strictly valid for the MA cation
of MAPbI;, particularly in the tetragonal phase, but the results
are believed to be qualitatively valid.

It is important to emphasize that both the *H and "N T,
values for MAPDI, are essentially continuous across the cubic to
tetragonal phase. For example, at 330 K (cubic phase) the '*N
and *H values are 0.264 = 0.013 and 6.53 = 0.33 s, while at 320
K (tetragonal phase) these values are 0.203 + 0.010 and 5.58 +
0.28 s, respectively. Obviously the T values decrease slightly
because the temperature has decreased by 10 K, but clearly the
change in dynamics across the phase transition is subtle. Similar
"N relaxation data for MAPbI; were recently reported by
Senocrate et al,;** plots of In T,(**N) vs T~* yielded E, values
of 0.1 eV (9.6 kJ-mol™) and 0.16 eV (15.4 kJ-mol™"), within
experimental error of the values we obtained (Table 4). Also,

Table 4. Apparent Activation Energies for the MAPbX; (X =
Cl, Br, I) Perovskites Derived from ?H and N T, Data”

perovskite nucleus phase E,/kJ-mol™! T/K
CD,;NH,PbCl, ’H cubic 6.3(14) 178-353
CH,ND,PbCl, *H cubic 5.7(1.1) 188—373
CH,;ND,PbCl, “N cubic 9.2(1.8) 183-313
CH,ND,PbBr, ’H cubic 5.4(1.1) 238-313
CH,ND;PbBr, H tetragonal 9.8(2.0) 227-183
CH;ND;PbBr, “N cubic 9.4(2.0) 243-353
CH,ND,Pbl, ’H cubic 5.9(1.0) 334-385
CH;ND,PbI, H tetragonal 7.9(2.0) 258-313
CH,ND;Pbl, “N cubic 11.3(2.0) 330-355
CH,ND,Pbl, “N tetragonal 18.1(2.0) 294—320

“E, values are apparent energies over the indicated temperature
ranges. The plots of In(T,) vs 1000/ T exhibit non-Arrhenius behavior.
In such cases the E, values were derived from the initial slopes near the
tetragonal < cubic phase transition. For example, H T, data for
CH,ND;Pbl, yield E, ~ 10 kJ-mol™" if all data in the tetragonal phase
are considered. See the captions to Figure 6 and Figures S8 and S9 for
more details.

Baikie et al.'’ found proton T, values to be essentially
continuous across the cubic to tetragonal phase transition, again
confirming little change in the rotational correlation time at the
phase transition. For MAPbBr;, we also find the *H T values to
be continuous across the cubic to tetragonal phase transition:
346 + 0.17 s at 238 K and 2.79 + 0.14 s at 227 K (see Figure
S8).

Interpretation of the '*N T, data in the cubic phases of the
MAPbX, salts is unambiguous (see eq 3). Given that the 'H,
’H, and "N T, values are essentially continuous across the
cubic < tetragonal phase transition, we believe that the
rotational correlation times of the MA cation are also
continuous to a first approximation. Obviously the observation
of a small quadrupolar splitting as one enters the tetragonal
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Table 5. *’Pb NMR Data for MAPbX; in the Cubic Phase”

Giso/ppm expt
Calcl®
Calc2®
v,,/kHz; 470 T expt
vy,/kHz; 7.05 T expt
vy/kHz; 11.75 T expt
v,,/kHz; 21.14 T expt
J(*Pb,X)/Hz expt
Calcl®
Calc2®
IK(Pb,X),,s/10*° N-A™> m™3 expt
Calcl®
Calc2®

X=Cl X = Br X=1
—646(1) 354(5) 1482(10)"
-1162 236 489
-892 204 1455
3.6(2) - _
3.1(2) 16(1) -
3.3(2) 15(2) 21(2)¢
3.7(2)¢ 16(1) 22(2)"
400(40) - -

460 2128 2166
644 3207 3075
168(17) - -

185.8 3113 4267
260.2 469.1 605.8

“Measured on nonspinning samples at 293 K unless otherwise specified; spectra were acquired either with a Hahn echo or with single-pulse
excitation. v, , = full width at half-maximum. YMeasured at 335 K. “Calcl, TZ2P basis set; Calc2, QZ4P basis set. Calculated magnetic shielding was
converted to chemical shifts based on the corresponding lead magnetic shielding of PbMe,: 6(Pb) = 7349 ppm for the TZ2P basis set and 6(Pb) =
8797 ppm for the QZA4P basis set. Calculated 'J(*’Pb,X) values are those for the isotope with the highest natural abundance (i.e., **Cl, "Br, or '¥'I
spin—spin coupled to 2’Pb). “Measured at 350 K; spectrum processed with 500 Hz line broadening. °A spectrum acquired with SPE and 'H
decoupling (70 kHz) had v,,, = 3.4(1) kHz. A spectrum acquired with MAS and 'H decoupling had v, , = 2.7(1) kHz.

phase points to subtle ordering of the C—N axis, but the change
in dynamics is not dramatic.

For MAPbI,, Kubicki et al.”® recently reported a reorienta-
tional correlation time of 108 + 18 ps for the MA cation from
"N NMR data at 300 K using a “diffusion-on-a-cone” model.
We believe that this value is incompatible with our data and
other reported values (see Table 3 of ref 84). Using the '*N T,
value at 300 K, 0.129 s, and our best estimate of Co(**N) = 550
+ 80 kHz, yields a rotational correlation time, 7,, of 1.7 & 0.6
ps (see Table 3). Recently Fabini et al. reanalyzed VT '"H NMR
T, data of Xu et al.’ and reported a rotational correlation time
of approximately 8 ps at room ternperature.27 It is important to
recognize that the 'H T, data do not yield the same correlation
time that the '*N data yield. The "N relaxation times depend
only on fluctuations of the '*N EFG (i.e., motion of the C—N
bond axis), while the proton T,’s depend on fluctuations of the
"H-'H dipolar interactions (rotations about the C—N axis,
rotations of the C—N axis, and intermolecular dipolar
interactions).

Our correlation time for rotation of the C—N axis at 300 K,
7y, of 1.7 + 0.6 ps, may be compared to jump times of 3.0 + 0.7
and 2.6 + 0.3 ps obtained at room temperature from ultrafast
two-dimensional vibrational spectroscopy and molecular
dynamics simulations, respectively.”**> We suspect that these
correlation times correspond to 7, values which are longer than
7, values. Using elastic and quasi-elastic neutron scattering
together with group theoretical analysis, Chen et al.** reported
characteristic correlation times of 4.70 and 0.82 ps, respectively,
for C, and C; rotations for the MA cation of MAPbI; at 300 K.
Again it appears that their values are for I = 1 that can be
converted to 7, values by dividing by 3.0; that is 7,(C,) = 1.57
ps and 7,(C5) = 0.27 ps at 300 K, in very good agreement with
our values of 7, = 1.73 ps and 7 = 0.19 ps. Likewise, dividing
the values obtained by Chen et al. at 350 K by 3.0 yields values
of 091 and 0.20 ps, respectively, for C, and C; jumps, which
compare well with our values of 0.66 and 0.18 ps, respectively.
Considering the uncertainty in the CQ( “N) and CQ(ZH) values
used to calculate the 7, and 7 values listed in Table 3, the
uncertainty in the values may be on the order of 35%.
Numerous MD calculations have been reported, and the reader
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is referred to a recent topical review of perovskite molecular
dynamics for reported correlation times and activation energies
for MAPbBI,.**

Table 4 lists the apparent activation energies obtained from
fits of our relaxation data. As expected, '*N E, values are greater
than the corresponding *H values for a given phase, since “H
relaxation probes both motion about the C—N axis (fast, less
hindered) and motion of the C—N axis itself, while '*N only
probes the latter. Note that, because of the changes taking place
in the structure of the tetragonal phase as the temperature
increases, the real E, will likely be changing as well, so although
the relaxation data may be fitted linearly to give an “apparent”
E,, this value should be treated with caution. Also, as expected,
E, values are greater for motion in the tetragonal phase than
those in the cubic phase. In an early investigation of these
compounds in their cubic phases, Xu et al.’ used 'H NMR
relaxation data to determine E, values ranging from 104 to
11.9 kJ-mol ™" for the halide perovskite considered in this work;
these are similar to those we observe for '*N. Likewise, Maalej
et al. reported an activation energy of 10.1 kJ-mol™" for
MAPBCI,, based on the results of a VT Raman study.®’

Using our *H and "N T, values obtained at 313 K for
MAPDBr;, 6.7 and 0.280 s, respectively, from eqs 4—8, we
calculate 7, = 0.743 ps, 7 = 0.203 ps, and 7, /7 = 3.66. The
value for 7 is slightly shorter than that obtained for MAPbI; in
the cubic phase at 330 K; the 7) values are the same within
experimental error. Our value for 7, is approximately one-third
that reported by Poglitsch and Weber," as expected, since these
authors measured 7, rather than 7,. Finally, for pure MAPbX,
films, Selig et al.%® determined via two-dimensional vibrational
spectroscopy that the cation jump times decrease with
decreasing size of the halide (3.0 + 0.7, 1.5 + 0.3, and 1.2 +
0.3 ps, respectively, for X = I, Br, and Cl). Given that the
Cq(**N) for MAPbCI, is almost certainly larger than that for
the corresponding bromide or iodide, the T, data in Table S3
indicate the same trend in cation jump times (i.e., 7, decreases
on going from X = I to X = Cl in the cubic phase).

27pb NMR Spectroscopy. Variable temperature **’Pb
NMR spectroscopy was undertaken to investigate the response
of 5(*”’Pb) to temperature. See Table S for a summary of the
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Figure 8. 2’Pb NMR spectrum of CH;NH;PbCl; acquired at 4.70 T with an MAS frequency of 3.0 kHz at 293 K. The arrows indicate adjacent

peaks in the multiplet attributed to ‘J(**Pb,*>Cl).

27Pb NMR data and the Supporting Information for a detailed
discussion of these results; a brief summary is provided below.

The *”Pb magnetic shielding increases as the temperature
decreases for all three perovskite salts in their cubic and
tetragonal phases. For X = Br and I, the change in 6(**’Pb) at
the cubic < tetragonal phase transition is consistent with the
’H and '*N NMR data discussed above: the trend in chemical
shifts is essentially continuous, although the slope of T vs
5(*"Pb) does depend on the phase. It was not possible to
investigate this trend for MAPbCl; because of the narrow
temperature range of the tetragonal phase. For the X = Cl and
Br salts, there is a dramatic change in 5(**’Pb) at the tetragonal
< orthorhombic phase transition temperatures (Figures S11
and S14), although, surprisingly, the shielding decreases upon
the transition to the orthorhombic phase for MAPbCl,;, but
increases with decreasing temperature regardless of phase for
the X = Br and I salts. Nevertheless, the large change in
S5(”Pb) at this transition is consistent with the observed
changes in l/QS(ZH) and Z/QS(HN) at these temperatures.
Hardware limitations precluded the acquisition of sufficient
low-temperature points to discern a trend for the 5(*“’Pb)
values of MAPDI,, but the one datum acquired for the sample in
the orthorhombic phase suggests that the transition to this
phase leads to a significant increase in shielding.

Figure S10 illustrates 2”Pb NMR spectra for the MAPbX,
salts when these are in their cubic phase (i.e, 293 K for X = CI
or Br and 335 K for X = I). These spectra are notable for their
breadths, with v, ;, values ranging from 3.7 kHz for MAPbCl, to
>20 kHz for MAPbI; (Table S). Comparable line widths were
reported by Roiland et al. in their investigation of these
compounds.”> Dybowski and co-workers have presented a
detailed discussion of factors affecting the *’Pb NMR line
widths for spectra of PbL,.*® Franssen et al.*® and Senocrate et
al.** have studied the temperature dependence of the *’Pb T,
of MAPbIL;. The 2”’Pb T, values are very short, ~20 us, and
appear to be continuous across the cubic <> tetragonal phase
transition.”* Senocrate et al. attributed the short 2’Pb T, values
to strong dipolar coupling and particularly to cross-relaxation to
the quadrupolar "I nuclei which have a magnetogyric ratio
similar to that of *’Pb.** Given the large values of 'J(**’Pb,'?"I)
predicted for MAPDI, (see Table S), scalar relaxation of the
second kind must also play an important role in contributing to
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the 2’Pb spin—spin relaxation.”* Rosales et al.”” also found
short *’Pb T, values for MAPbBr, at room temperature (~87
us); again on the basis of the calculated values 'J(**’Pb,”’Br)
listed in Table S, it is clear that scalar relaxation of the second
kind must also make a significant contribution to the observed
line widths at room temperature. The smaller nuclear
quadrupole moments for 3*Cl allowed us to obtain a **’Pb
NMR spectrum for MAPbCly at 470 T (Figure 8) which
clearly exhibits a splitting pattern that we attribute largely to
indirect spin—spin coupling to Cl. Each **’Pb nucleus in this
sample is spin—spin coupled to six chlorine nuclei (see Table
S2 for the nuclear spin properties of isotopes that factor in the
analysis of spectra presented herein). Indirect spin—spin
coupling with each chlorine isotope should give rise to a 19-
peak multiplet™ in the *’Pb spectrum, with an approximately
3:1 intensity ratio of the multiplets, based on the natural
abundance of the isotope giving rise to the multiplet. The
splitting pattern observed in Figure 8 is attributed to spin—spin
coupling to **Cl since this isotope has the greater natural
abundance. The peak—peak separation measured near the
center of the spectrum suggests that 'J(**’Pb,**Cl) = 400 + 40
Hz; a large error of +10% has been assigned due to
complications arising from the perturbation of the Zeeman
splitting arising from nuclear quadrupolar interactions with the
six neighboring 3/37C1 nuclei”® Note that the 3Cl NQR
frequency is approximately 8.1 MHz for MAPDbCl, in its cubic
phase.

Although the two magnetically active isotopes of bromine are
also spin-3/2 nuclei, as discussed above, it is not possible to
resolve any splitting due to 'J(*’Pb,””/*!Br) for MAPbBr;. The
much greater nuclear quadrupole moments for the two
bromine isotopes means that they are expected to have much
larger nuclear quadrupolar coupling (NQR frequencies of
70.451 and 58.842 MHz, respectively, were reported for the
7Br and *'Br NQR spectra of MAPbBr;, measured at 298 K)°
giving rise to an uneven splitting pattern in the **’Pb NMR
spectra, further complicating the analysis. Likewise, splitting
patterns due to 'J(**’Pb,'*I) are not observed for *’Pb NMR
spectra for MAPbL;, as discussed above.

Table 5 summarizes calculated 'J(**’Pb,X) values obtained
using a basic PbXy model structure. These calculations yield a
reasonable value for 'J(**’Pb,**Cl) for MAPbCl; and suggest
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that much larger values are expected for the X = Br and I
perovskites. Table 5 also summarizes the calculated reduced
coupling constant, 'K(Pb,X), which factors out the effect of the
magnetogyric ratios from the observed spin—spin coupling. The
calculated 'K values reproduce the expected trend, with
IK(Pb,Cl) < 'K(Pb,Br) < K(Pb,I).”"**

B CONCLUSIONS

As demonstrated more than 30 years ago, solid-state NMR
spectroscopy is an ideal tool for characterizing phase transitions
and dynamics in MAPbX; perovskites and in related photo-
voltaic materials. Modern instrumentation and computational
resources have permitted a more careful NMR investigation of
the MAPDX; salts. Consistent with structural data, variable
temperature NMR data show that the *H and '*N spin—lattice
relaxation times for MAPDI;, although sensitive to temperature,
are continuous through the cubic < tetragonal phase
transitions. *H T, values for CH;ND,PbBr; are also continuous
across this transition. Likewise, the 2“’Pb chemical shifts are
very sensitive to temperature, but there are no large
discontinuities in the observed ”’Pb chemical shifts at the
cubic > tetragonal phase transition. Although some inves-
tigators have suggested that the MA cation may reside
exclusively in or near the ab-plane for these salts in the
tetragonal phase, our 2H data demonstrate that, although the
cation favors this plane, it must spend some time parallel to the
c-axis; a model has been proposed to describe this behavior. On
the basis of our T data it is difficult to envision a model where
the motion of the C—N axis of the MA cation immediately
below the cubic < tetragonal phase transition is confined to a
plane or diffusion about a cone. Finally, we show that the
breadth of the *’Pb NMR spectra for MAPbCl, is primarily
due to spin—spin coupling to */*’Cl, with 'J(**’Pb,**Cl) ~ 400
Hz; DFT calculations suggest larger 'J(**’Pb,X) values for the X
= Br and I salts.
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