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ABSTRACT: Mixed cation organic lead halide perovskites
attract unfaltering attention owing to their excellent photovoltaic
properties. Currently, the best performing perovskite materials
contains multiple cations and provide power conversion effi-
ciencies up to around 22%. Here, we report the first quantitative,
cation-specific data on cation reorientation dynamics in hybrid
mixed-cation formamidinium (FA)/methylammonium (MA)
lead halide perovskites. We use '“N, 2H, '3C and 'H solid-state
MAS NMR to elucidate cation reorientation dynamics, micro-
scopic phase composition, and the MA/FA ratio, in (MA)«(FA);.
«Pblz between 100 and 330 K. The reorientation rates correlate
in a striking manner with the carrier lifetimes previously report-
ed for these materials and provide evidence of the polaronic
nature of charge carriers in PV perovskites.

INTRODUCTION

Methylammonium (CH3NH;*, MA) and formamidinium
(CH(NH,),", FA) cations are two key components of ABX;
mixed cation metal halide perovskites, which provide an alterna-
tive to silicon-based solar cells, with currently achievable power
conversion efficiencies up to around 22 %.! The single-charged
cationic A site is typically formed by MA, FA or Cs* enclosed
in a perovskite cage formed by [BX3] octahedra (in which
B=Pb?", Sn**, Ge**, X=I', Br, CI'). The systems that are current-
ly providing best power conversion efficiencies and exhibit most
favorable current-voltage characteristics and carrier mobility are
based on mixed-cation iodoplumbates.>

Charge carrier lifetimes depend on the perovskite composi-
tion, with the mixed cation materials providing longest lifetimes,
but so far there is no clear explanation of the mechanism re-
sponsible for these differences. Very recently, Gong et al.? relat-
ed a difference in carrier lifetimes to a difference in inertia be-
tween protonated and deuterated MAPDbI;, as measured
through time-resolved photoluminescence.

Indeed, a considerable number of experimental methods have
been applied to characterize the dynamics of MA in MAPbXs,
such as NMR,*>!'*, neutron powder diffraction,'' quasielastic
neutron  scattering'> and ultrafast 2DIR  vibrational
spectroscopy'>!* as well as theoretical research.'> This has es-
tablished that MA is mobile and orientationally disordered at

ambient temperature pertinent to the operation of photovoltaic
(PC) devices. In particular, it has been shown that the MA cati-
on is not just a passive component only acting as a charge com-
pensation for the [Pblz] lattice; rather, it is actively involved in
carrier stabilization by taking on an orientation in which the
positive charge interacts with the photogenerated electron in the
conduction band formed mainly by the Pb 6p orbitals.* The
cation reorientation therefore effectively modifies the band
structure of the material.* 1
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Figure 1. Schematic representation of a) black a-FAPbI3;, b)
black (MA)«(FA)«Pblz and c) yellow non-perovskite 5-FAPbI;.

In comparison to MAPbIs, the black cubic perovskite phase
a-FAPbI; (Figure 1a) has advantageous photovoltaic properties
as its bandgap (1.40 eV) is closer to the Shockley—Queisser limit
of 1.34 eV (1.51 eV in MAPbIL;).!¢ Relatively little is known
about FA dynamics in a-FAPbI;. Molecular dynamics simula-
tions suggested a time constant of 2 ps for the reorientation pro-
cess at 300 K.'® However, the pure a-FAPbI; phase suffers from
being thermodynamically unstable at room temperature whereby
it undergoes a phase transition to a non-perovskite yellow 6-
FAPbI; phase (Figure 1c). Recently, mixed-organic-cation hy-
brid perovskites (MA)x(FA).«Pblz (Figure 1b) have been found
to be thermodynamically stable at room temperature, while re-
taining the excellent properties of the pure FA material.!” 4b



initio calculations link this enhanced stability of mixed phases to
their higher entropy and a lower enthalpy of formation than the
mixed 8-FAPbI; phase.'®

Here, we show that FA reorientation in FA containing materi-
als is faster than MA in the MA material, despite the fact that
FA is much larger than MA. The longer carrier lifetimes in the
mixed cation materials are thus attributed to faster cation reori-
entation. More specifically, we show how 2H and “N MAS
NMR can be used to probe the dynamics of FA and MA sepa-
rately in mixed-cation (MA)x(FA).«Pbl3 perovskites and that
their individual dynamics differs significantly from the dynam-
ics of FA and MA in the pure FAPbl; and MAPDI; phases. Ad-
ditionally, we use low-temperature '*C CP MAS NMR to detect
with excellent sensitivity the presence of the yellow 6-FAPbI;
and the black o-FAPbI; phases in (MA)«(FA)«Pbl;. We also
show that high-resolution 'H MAS NMR can be used to quanti-
fy the FA/MA ratio in the solid powders.

Solid-state NMR has emerged as a particularly useful tool for
studying microscopic disorder and phase segregation in
MAPbX; systems. For example, 2’Pb NMR chemical shifts
have been shown to be very sensitive to the nature of the halo-
gen ions in pure and mixed-halogen hybrid perovskites.” % 1°,
Static 2H and '"“N NMR spectra were used to study the tetrago-
nal-to-cubic transition in MAPbX; (X=Cl, Br and I)>® However,
both these nuclei have certain limitations associated with them
(Table S1). 2H is a sensitive probe of molecular dynamics in the
range of 102-10% s but requires isotopic enrichment which
might modify the original cation dynamics. Indeed, MA deuter-
ation has been shown to significantly affect carrier lifetimes in
MAPDbI; single crystals and thin films through the recently dis-
covered electron-rotor interaction.*

To the best of our knowledge there have been no spectroscop-
ic studies of cation dynamics in mixed-cation (MA)x(FA)Pbl3
hybrid perovskites

Surprisingly, little attention has been given to 3C NMR,
which should be a sensitive probe of the local environment and
dynamics of the cations. The usual experimental approach as-
sumes the use of cross-polarization (CP)?° from protons to en-
hance the '3C sensitivity and reduce recycle delays (which in a
CP experiment is dictated by 'H relaxation, typically much fast-
er than that of '3C). Since the CP transfer relies on H—C di-
pole-dipole couplings, which are averaged to zero by isotropic
molecular motion, it is not surprising that previously reported
CP spectra of MAPbX; had very low signal-to-noise ratios even
after a dozen hours of signal averaging. Direct *C detection is
an alternative which offers little benefit on account of the much
slower 3C relaxation.!” Here we show that the use of low tem-
peratures, where dynamics is significantly reduced, allows ac-
cess to high sensitivity '3C CPMAS spectra that allow direct
determination of the phase composition.

EXPERIMENTAL

Perovskite  synthesis and sample preparation.
FAo67MAo33Pbls was prepared according to the procedure re-
ported previously.!” Deuterated FA(ds)os7MA(d3)033Pbl; was
synthesized using the same procedure but using N-deuterated
substrates (CH3(ND;),I and CH3NDsl). N-deuterated FAI and
MALI were prepared by proton-deuterium exchange with heavy
water (1:40 mole/mole ratio), followed by evaporation.* The
procedure was repeated 5 times to ensure full deuteration. The
substrates (CH3(ND;),I and CH3;ND;I) were subsequently dried
under vacuum. FAo_goMAo_10Pb1321, 6-FAPbI322 and MAPbI3
were prepared by mechanosynthesis, as described previously.??
a-FAPbI; was prepared by heating up 3-FAPbI; above its phase
transition temperature (~125 °C).>* Perovskite samples were
packed into rotors under inert dry nitrogen atmosphere.

NMR measurements. Variable-temperature '“N (32.1 MHz),
2H (76.8 MHz), 13C (125.7 MHz) and 'H (500.0 MHz) NMR
spectra were recorded on a Bruker Avance III 11.7 T spectrome-
ter equipped with a 3.2 mm low-temperature CPMAS probe. 'H
(800 MHz) MAS experiments were carried out at 18.8 T
(Bruker, Avance III) using a standard 1.3 mm CPMAS probe.
(Further details in Supplementary Information).

’H and YN MAS lineshape analysis. '*N lineshape simula-
tions were carried out using EXPRESS, a MATLAB-based code
simulating the effect of dynamics on quadrupolar spectra.”
Quadrupolar coupling constants were extracted using the SOLA
fitting routine incorporated in TopSpin (Bruker).

EFG tensor calculations. The MAPbI; and FAPbI; clusters
were generated as described in the SI. The EFG tensor calcula-
tions were performed at DFT level using the GGA BP862¢%7
functional including relativistic effects (with spin-orbit cou-
pling) with the ZORA?- approximation and the Grimme®!
dispersion correction implemented within the Amsterdam Den-
sity Functional (ADF)*>-3? suite. Relativistic effects (with spin-
orbit coupling) were taken into account at all calculation stages.
Further details can be found in the SI.

RESULTS AND DISCUSSION

Our study sets out to compare the phase composition and dy-
namics of the following materials of photovoltaic relevance:
MAPDbI;, a-FAPDI; (black), 3-FAPbI; (yellow) and two mixed-
cation perovskite compositions: FAo90MAy.10Pbl,
FA¢67MA33Pblz (with the latter two being reported to have
excellent PC characteristics'’) and its N-deuterated variant
FA(d4)os7MA(d3)033Pbls.

Phase composition from low-temperature *3C CPMAS

While room temperature '*C CPMAS experiments are very
insensitive, we find that the CP efficiency in APbls perovskites
depends quite dramatically on temperature. At temperatures
around 100 K CP sensitivity increases dramatically, and it is
simple to obtain a good quality spectrum with high signal to
noise ratios. This is attributed to significant restriction of the
rotational dynamics of the A groups in the perovskite cages.
Furthermore, the chemical shifts vary significantly with temper-
ature (spectra at 100 K and 200 K are compared in Figure S1),
Thus, signals from the black and yellow phases overlap at 200
K, but they are well resolved at 100 K, allowing straightforward
identification of the phase composition at 100 K.

Figure 2a-e shows 3C CP MAS spectra of the series of bulk
materials acquired at 100+3 K. The region between 150 and 160
ppm can be ascribed to FA, and between 28 and 34 ppm to MA
in different local environments. Of practical importance is the
clear-cut difference between the yellow and black FAPbI3
phase. It offers an attractive alternative to powder X-ray diffrac-
tion (pXRD), in which the presence or absence of the yellow 6-
FAPbI; phase is concluded based upon its weak low-angle
(10.8° 260) main reflection that can be obscured altogether in
poorly prepared samples.

Previous reports have explored different FA\MA,<Pbls stoi-
chiometries with the overall conclusion that at least 10% of MA
is required to stabilize the black FAPbl; phase under ambient
conditions.!”- 34 Inspection of the FA region in Figure 2d and 2e
reveals that FAgoMAy10Pbls still contains a considerable
amount of the yellow FAPbI; phase, while FAgs7MAg33Pbl; is
entirely composed of the black phase.

Moving on to the MA region one sees compelling evidence of
the MA and FA phases being intimately mixed on the micro-
scopic scale. If the double-cation mixed phases were even to
some extent only a physical mixture of the black FAPbI; and
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MAPDI; phases one would expect to see a peak at 31 ppm in the
mixed phase corresponding to pure MAPbI;. Rather, there are
two peaks which coalesce at higher temperature (Figure S1)
indicating that they both originate from MA cations interacting
with FA cations in the neighboring cages. If we exclude the
possibility of MA hopping between cages, then the two peaks
must correspond to two distinct but different MA environments
at low temperature, which coalesce at high temperature once
rotational motion sets in. We note that this behavior has so far
prevented structure determination at low temperature by single
crystal X-ray diffraction.?* The same consideration applies to
the slightly asymmetric shape of the peak for the black FA com-
ponent which also becomes narrower at higher temperature,
consistent with an increase of symmetry. More detailed interpre-
tation using computational methods to predict chemical shifts
could shed more light on this low-temperature behavior in the
future, but require the use of large unit cells with many heavy
atoms.

Intensities of '*C CPMAS spectra are not straightforward to
quantify, but the relative amount of FA and MA can be deter-
mined with proton NMR. (Liquid-state 'H NMR has been previ-
ously used to quantify the composition of mixed-cation phases
after dissolution of the perovskite’). Figure 2f shows a 'H MAS
spectrum of a powder of FA¢¢7M Ay 33Pbl; obtained at 800 MHz
with fast (40 kHz) MAS. It provides extremely well resolved
peaks (FWHM between 130 and 250 Hz) which allow quantita-
tion of the individual components. In this case, by peak integra-
tion, we find that the actual composition of the material is
FAo62MA3sPbl3, within 10% of the calculated FA/MA ratio.
(In the following we stick to the convention used in the PV
community of reporting composition based on the stoichiometry
of substrates (MAI, FAI and Pbl) taken to the synthesis.)

Note that we also find that the proton T is strongly tempera-
ture dependent (Figure 3a). This behavior also reflects the in-
creased rate of motion of the cations as temperature increases
and as the system goes through phase transitions (indicated for
the pure phases by dashed lines in Figure 3a).* The lowest-
temperature phase transition of the pure phases studied here is
the f—y transition of FAPbI; which takes place at ~130 K. It is
reasonable to assume that at around 100 K any residual libra-
tional phonon modes associated with the rotational movement of
the [Pblz]" octahedra around the three principal axes will con-
dense leading to a largely rigid solid, and only residual methyl
and NH;"™ group rotation around the C-N axis in MA causes
relaxation. A similar trend is observed for deuterium relaxation
in FA(ds)os7MA(d3)033Pbl3 in which all exchangeable (N-H)
protons were deuterated (Figure S2). Moreover, since the phase
transitions are reversible, there is a one-to-one relationship be-
tween the low- and room-temperature materials. The cooling-
heating cycle can be repeated many times yielding reproducible
results.
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Figure 2. Solid-state MAS NMR spectra of different iodoplum-
bate phases. '3C CP at 11.7 T and 12 kHz MAS, 'H at 18.8 T
and 40 kHz MAS.
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Figure 3. a) Proton T, as a function of temperature (12 kHz
MAS), measured by fitting 'H magnetization recovery to a sin-
gle exponential function. The T reflects an average over all the
protons of both FA and MA in the sample of FAs7MA33Pbls.
Dotted lines indicate known phase transitions of pure MAPbI3
and FAPbI; phases for reference. b) Motionally averaged quad-
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rupolar coupling constants (Cq) extracted from N variable
temperature MAS spectra. Lower Cq indicates faster reorienta-
tion of the EFG tensor (and thus the C—N bond). Solid lines
serve as a guide to the eye. Experimental (lower, blue) and sim-
ulated (top, red) YN MAS spectra of ¢) MAPbI; (300 K), d)
FAPbI3 (294 K) and e) FA0_67MA0_33PbI3 (299 K)

Probing dynamics of individual cations in native double-
cation systems

Cation reorientation in perovskites can be probed quantita-
tively by 2H and '“N NMR, using well established formalisms.>
36

Variable-temperature >H MAS spectra on N-deuterated
FA(d4)o67MA(d3)033Pbl; are shown in Figure S3. Here the 2H
lineshapes are the result of two processes for both MA and FA:
rotation of N-D;3 or N-D, groups around the C-N bonds and the
overall cation reorientation. It is noteworthy that even below
150 K the apparent Cq never exceed 80 kHz. This result should
be compared with the static Cq value for methylammonium
chloride of 184 kHz.>” This clearly shows that rotation of the N-
D; and N-D; groups around the C-N bonds is occurring with a
correlation time 1. < 10 s even at 100 K (this is in agreement
with the 77 data discussed above). As the temperature increases,
we observe the onset of rotational motion of the whole cation
which becomes progressively faster leading to a further decrease
in apparent Cq. The apparent 2H Cq of MA tends to 0, to within
experimental error, above 280 K indicating fast isotropic motion
of the N-D bonds,! while FA exhibits a small but finite residual
2H Cq up to the highest experimentally available temperature
here (~330 K), suggesting that the overall motion of the N-D
bonds in FA might not be fully isotropic.

Finally, we note that deuteration has been shown to change
the intrinsic cation dynamics in lead halide perovskites, such
that the 2H approach above might not be optimal.*

The amine nitrogen-14 is a 99.6% abundant spin-1 nucleus
characterized, like deuterium, by a non-spherical (quadrupolar)
charge distribution, hence it couples to the electric field gradient
(EFG, a second-rank tensor) created by the neighboring elec-
trons and nuclei. The magnitude of this quadrupolar coupling,
expressed in terms of the nuclear quadrupolar coupling constant
Cq, is typically much larger (1-4 MHz) than for deuterium.
Nitrogen-14 spectra of static samples have been previously re-
ported in MAPbX3 model systems.> ® As regards cation dynam-
ics N quadrupolar couplings have the advantage that they will
not be sensitive to the N-Hz and N-H» motions, and will only be
averaged by overall cation mobility.

Figure 4 shows a selection of '“N MAS spectra of MAPbI;, a-
FAPbI; and FA ¢7MA¢33Pbls recorded as a function of tempera-
ture. In the single-cation cases only one manifold of spinning
sidebands (SSB) is present, whereas in the mixed-cation perov-
skite two separate manifolds correspond to the two nitrogen-
containing species, owing to the difference in their shifts (high-
lighting the advantage of using MAS here as compared to spec-
tra of static samples). The widths of the spectra decrease with
increasing temperature corresponding to a reduction of the aver-
aged quadrupolar coupling constant (Figure 3b). The reorienta-
tion of MA in MAPbI; becomes isotropic with the tetragonal-to-

! More precisely with cubic or lower symmetry, cubic symmetry being
sufficient to average a second rank interaction to zero. In the following
we will refer to this as isotropic motion, from the NMR point of view.

cubic phase transition (326 K, average '“N Co=0 kHz, no quad-
rupolar splitting), in agreement with previous reports.>$

The average '“N Cq of FA in FAPbI; is relatively constant
from 330 (the maximum accessible here) to ~280 K, below
which temperature a second component with a much larger ap-
parent Cq appears, corresponding to FA sites with either much
slower and/or more restricted motion.

At 327 K, in the mixed FAg¢/MAg 33Pbls perovskite, in con-
trast to the pure MA phase, the reorientation of the C-N bond in
MA at 327 K is not isotropic, as illustrated by the residual line-
shape, and for FA it is also different from the pure FA phase
(Cqpure<Cqmixed)- This observation provides further proof that in
FA67MA33Pbl; the two cations are intimately mixed (across
the whole temperature range studied here), and exhibit proper-
ties different to those of the pure phases.

(Note that when the spectra are nearly isotropic under the
combined effect of elevated temperature and fast MAS, 'Jyu
couplings become apparent making the signal assignment
straightforward (Figure 4, top spectra). The splitting in Figure
4a is not visible due to homogeneous broadening caused by
crystal defects, as discussed by Kentgens and coworkers.®)

Quantitative information on the rate of cation dynamics can
be extracted from these YN MAS spectra by simulating the ex-
perimental spectra using a stochastic Liouville formalism.2> The
spectral features generally depend on both the rate and the ge-
ometry of motion, but if we assume that the motion is in the
regime where the rate is faster than the magnitude of the intrin-
sic Cq (the fast motion limit), then the rate can be determined
from an analysis of the sideband linewidths.>* We assume this is
the case here at around ambient temperature.

Since at ambient temperature the pure FA phase is cubic and
the pure MA phase is close to its second-order tetragonal-to-
cubic phase transition, we chose to assume that the reorientation
of the cation inside a perovskite cage is well described by a
diffusion-in-a-cone model, first developed by Torchia and
Szabo* and widely used for example to study dynamics in pro-
teins and polymers**42. Numerically this can be approximated
as N random jumps between equilibrium positions on the sur-
face of a cone of semiangle 6 occurring at rate k (and thus with
correlation time T=M1k-1). This motion has the effect of partial
or full (when 0#=54.74°) averaging of the '*N electric field gradi-
ent interaction tensor. We found that N>6 is required to con-
verge to the effect of continuous reorientation (Figure S4) and in
what follows we use N=10. The model requires the static quad-
rupolar coupling constant as an input parameter and to that end
we carried out DFT calculations of static N EFG tensors in
MAPDI; and FAPbI; clusters. We found an average static
|Cql=2.81 MHz for the two “N sites in FA and a static |Cq|=0.77
MHz for the '“N site in MA. The latter value is about 30% high-
er than that reported by Kentgens et al., which was calculated
without taking relativistic effects into account.® This emphasizes
the importance of using relativistic corrections in DFT calcula-
tions involving heavy atoms such as lead and iodine. 6 is adjust-
ed in order to reproduce the sideband envelope of the experi-
mental spectrum, as shown in figure 3c-e. In all phases except
for cubic MA the motion needs to be anisotropic (6#54.74°), an
effect which has been predicted by DFT in MAPbI3 and demon-
strated experimentally by QENS and ultrafast 2D vibrational
spectroscopy.® 1214 43 We note that the small differences be-
tween the simulation and experiment are likely due to the pres-
ence of a slight distribution of sites. In all the cases studied, the
reorientation takes place in the fast motion limit (FML) and the
only effect of increasing reorientation rate & is to narrow lin-
ewidths without changing the overall shape of the spectral enve-
lope. This allows us to relate the simulated linewidth (FWHM)
to k (Figure S5) and thereby determine k£ from the experimental
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FWHM (Table S2). In order to confirm robustness of this ap-
proach we checked the effect of 8 and the input static quadrupo-
lar coupling constant on the simulated FWHM (Figure S6 and
S7, respectively). In the case of FA, an error in the cone semi-
angle leading to a 4 times broader spectral envelope translates to
only 10% difference in the simulated FWHM, which has a <1%
effect of the reorientation time constant.
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Figure 4. Solid-state '“N echo-detected variable-temperature MAS NMR spectra. The MAS rate was either 3 or 5 kHz (between 240 and
327 K) and 20 kHz for the two top 333 K spectra in b) and c). The top insets (red) show a close-up of the central peak with a characteristic
splitting due to the familiar J-coupling between the nitrogen and the proton.

The effect of the static Cq is more significant. Mis-setting by in-a-cone model are based on the relative values obtained using
20% leads to a time constant from shorter by 30% to longer by the same approach for a series of structures. They are fully valid
60%. We note, however, that given the accuracy of fully- within the framework of the model we adopted.

relativistic DFT calculations, the deviation of the static Cq from
the computed values is unlikely to be significant, and certainly not . . . . . 14
large enough to change the qualitative conclusion of this study (a Table 1. Cation reorientation .correlatlon times from N
factor of 4 difference between the static Cq values of MA and FA MAS spectra of APbI; perovskites.

leads to ca. 10 times faster reorientation of FA). When, however,

the experimental static Cq values become available, the protocol A T[K] T [ps]
described here can be easily reapplied to improve accuracy of the MA 300 108 +18
reported reorientation correlation times. The largest source of FA 204 87405
error is thus expected to be the measure of the FWHM, with the
errors reported in Table S2 given at 3 standard deviations. The FAo e MAoss 299 MA: 133 + 46
experimental linewidths were obtained as an average from a ' : FA: 1245
mixed Gaussian-Lorentzian fit of the most intense sidebands and
are summarized in Table S2. The limiting homogeneous broaden- The reorientation rates that we determine in this way are given
ing is estimated from the temperature dependence of the lin- in Table 1 for MAPbI;, FAPbI; a mixed FA/MA system. We find
ewidths. that FA rotates faster than MA, both in the pure material, and in
A comment is in order regarding the underlying physical mean- the mixed perovskites where both MA and FA are simultaneously
ing of the reorientation correlation times obtained from the diffu- present and found to be reorienting at different rates. Notably, FA
sion-in-a-cone model. Its fundamental feature is that it describes a and MA appear to rotate at the same rates (to within error) in both
motion using two parameters (cone semiangle 6 and rate k) with- the respective pure phase and in the mixed phase. It may appear
out invoking the physical path the reorienting moiety follows.*- 44 counterintuitive that FA reorients faster that MA even though it is
The model derives its power from this simplicity which rendered bulkier. However, MA is a stronger proton donor than FA and
it a gold standard to analyze dynamics in solid-state NMR. The therefore its propensity to form hydrogen bonds with the iodide
situation is different in optical spectroscopies (such as 2DIR) and atoms is expected to be higher, thereby restraining its motion to
in neutron scattering experiments, which require a physical model some extent.
of reorientation in order to analyze data. This renders the two These findings correlate in a striking manner with the charge
approaches not commensurable and explains the discrepancy be- carrier lifetimes previously reported for these materials, where
tween the absolute values of reorientation correlation times in our carrier lifetimes in FAPbI; and mixed-cation FA/MA lead iodide
results (108+18 ps) and those previously reported for MAPbI; (1- perovskites were found to be significantly longer than in MAP-
14 ps)'>'*#. That said, the conclusions drawn from the diffusion- bl;."7 As mentioned in the introduction, previous work found that
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charge-carrier lifetimes are correlated to the rotational momentum
of the rotors, with faster rotation leading to better orbital overlap,
easier polaron formation and therefore to the electrons overcom-
ing recombination more efficiently.* Further, our finding provides
a natural explanation of the fact that charge carrier lifetimes in PV
perovskites decrease with temperature, a striking property which
stands in stark contrast to classic semiconductors, such as Si or
GaAs, in which charge recombination is a phonon-driven process
and is thus hampered at lower temperatures.***#¢ More specifical-
ly, below 120 K charge carrier lifetimes were observed to drop
abruptly, by an order of magnitude, consistent with freezing of the
whole-body reorientation of the cation, as determined from 2H
spectra in this work. Other work*’ has reported that the fill factor
(FF) of a MAPbIz-based cell decreased roughly linearly with tem-
perature, by a factor of 2.6 between 300 and 100 K, and led to a
similar trend in the photovoltaic efficiency (PCE) (decrease by a
factor of 3 between 300 and 100 K). This effect was tentatively
attributed to the activation of trap states and defects. However, it
appears likely from our work that the decrease in FF is caused by
the accompanying reduction in charge carrier lifetimes due to
slowing of cation dynamics.

Finally, our findings provide further evidence of the polaronic
nature of charge carriers in PV perovskites.*8-4

CONCLUSIONS

In summary, we have shown that low-temperature '3C MAS
NMR can be used as a quick and sensitive check of phase purity
in single and mixed-cation systems. High-field (=800 MHz) fast
MAS 'H spectra can be used for routine quantification of the
cation ratio in solid PV materials.

H and, in particular, N MAS provide quantitative infor-
mation on cation dynamics at ambient temperature. We find that
FA rotates faster than MA, both in the pure material, and in the
mixed perovskites where both MA and FA are simultaneously
present and found to be reorienting at different rates. These
findings correlate in a striking manner with measured charge
carrier lifetimes, suggesting that the PV properties are correlated
directly to cation reorientation and confirming the polaronic
nature of charge carriers in PV perovskites. We highlight that
NMR is unique in that it allows the two cations to be probed
simultaneously in a mixed-cation sample. One obvious conclu-
sion is that if materials can be designed in the future to have
faster cation rotation, all other things being equal, then they are
likely to have better PV properties.
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Table S1. Key properties of NMR-active nuclei pertinent to photovoltaic materials.

Nat.

Receptivit
Nucleus Spin abund. pivity Characteristics
rel. to 13C
[%]
H % 99.99 5870 Excellent sensitivity, easy FA/MA ratio quantitation at 2800 MHz.

Sensitive to phase transitions (through cation dynamics)?, but cation reorientation difficult to probe
2H 1 0.01 0.0065 quantitatively. Requires isotopic enrichment which inherently alters the dynamics compared to the
native material.3

A sensitive indicator of phase composition (e.g. yellow/black FAPbIs), although typically not

1BC % 1.07 1 . . . L
quantitative. CP MAS provides good sensitivity but only works well in rigid systems (T~100 K).
Sensitive to cation reorientation dynamics in the native material but practically limited to the fast-
1N 1 99.63 5.88 . . . } . . s
motion regime (tetragonal and cubic phases), otherwise the linewidths are prohibitively broad.
Narrow lines, potentially a sensitive probe of phase composition but requires a costly isotopic
BN % 0.37 0.023 . . .
enrichment which modifies the sample.
" N . : - 2,45 i
207pp, % 221 221 A sensitive probe of the lead-halogen interaction and [PbXs] symmetry but comparatively

insensitive to the A-site composition (Figure S8)

-S2-



100 K 200 K
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FAPbI, (black)

MAPbI,

FA(67%)MA(33%)Pbl,

FA(75%)MA(25%)Pbl, /LA __AQ

FA(90%)MA(10%)Pbl,

160 150 30 ppm
Figure S1. Solid-state 3C CP MAS NMR spectra of different iodoplumbate phases at 9.4 T, 12
kHz MAS and two different temperatures (100 and 200 K).

FA(d )0 67 ( 3)0 33Pbl3
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3 ° o
8
3 °
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¢ [ J
o o ° ® MA(d,)
e o ° ® FA(d,)
0 L_n_n o , i .
100 150 200 250 300 350

Temperature [K]

Figure S2. 2H Tz relaxation in in FA(d4)o.s7MA(d3)o33Pbls as a function of temperature.
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Figure S3. Variable-temperature echo-detected 2H MAS spectra FA(d4)o.s7MA(d3)o33Pbls: a)
the full spectrum b) a close-up of the central line
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Figure S4. Diffusion-in-a-cone averaging using different number of points and EFG

parameters for MA (Cq=0.771 MHz) and cone semiangle 9=51.70°. For further details see the
description in the main text.
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Figure S5. Diffusion-in-a-cone averaging using 10 points on a cone for a) FA in FAPbIs at 294

K (Cq=2.810 MHz, 9=52.3°); b) MA in FA0.67MA0.33Pblz at 299 K (Cq=0.771 MHz, §=53.37°); c)

FA in FAos7MA033Pbls at 299 K (Cq=2.810 MHz, §=51.6°). For further details see the
description in the main text.
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a) 6=52.30°

b) 6=51.60°

| | |
50 0 -50
kHz

Figure S6. lllustration of the effect of misseting the cone semiangle ¢ (Cq=2.810 MHz,
simulated reorientation time t=10 ps).
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Figure S7. lllustration of the effect of static Cq on the reorientation correlation time.
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a)
static FAPDI, (yellow)

3k

Hz MAS

12 kHz MAS

I

b
FAPbI_ (black)

FA(67%)MA(33%)Pbl,

FA(75%)MA(25%)Pbl,

FA(90%)MA(10%)Pbl

3

(e

2000 1000 0 ppm

Figure S8. 297Pb echo-detected spectra of different iodoplumbate phases at 11.7 T and 100 K.
a) 6-FAPbI3 at two different spinning speeds and static showing the broadening originates
from chemical shift anisotropy (CSA). b) Black perovskite phases at 12 kHz MAS. In this case,
the broadening is not affected by spinning. Its likely origin is the recently reported fast MAS-
induced relaxation due to the crossing of 2°’Pb and 2’| energy levels.®
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Table S2. Full widths at half maximum (FWHM) and standard deviations (o) obtained by
fitting (SOLA) the most intense peaks (best SNR) in **N MAS spectra. The standard deviation
of the average FWHM is a square root of the average variance (02).

MASP Elljzaltw?}st\)g K, FA; i'ﬁ' Z"‘tmzfg K, FAo.s7MA0.33Pbls at 299 K, 5 kHz MAS

FWAM  _ , FWHM |,  FWAM  _ = FWAM o
[Hz] [Hz] (FA) [Hz] (MA) [HZ]
605 18 31 800 08 07 95 23 55 668 46 213
615 09 09 751 05 02 942 19 35 69.8 45 204
505 06 03 706 03 01 998 19 38 713 23 52
619 06 04 684 02 01 950 34 118 764 29 8.1
707 18 33 675 02 01 893 72 517
607 10 10 692 02 00 948 77 592
636 07 05 714 03 01  98.1 39  15.0
575 06 03 725 05 03 966 22 46
506 08 07 792 07 05 850 23 53

58.1 1.7 29

avg| 61.4 36 133 727 1.4 2.0 94.4 12.7 160.4 7M1 74 55.0

Table S3. Temperature dependence of FWHM in *N spectra of perovskites. The lowest
FWHM value in each case allows one to estimate the linewidth limited by homogeneous
broadening. Any motional process that yields a simulated linewidth lower than the
experimental homogenous broadening cannot be extracted from the data.

MAPDI3 FAPbDI3 FAo.67MA0.33Pbl3
(3 kHz MAS) (3 kHz MAS) (20 kHz MAS)
T K] FWHM [HZ] T[K] FWHM [HZ] T K] FWHM (FA) [Hz] FWHM (MA) [Hz]
326 26 333 45 333K 60-65 20-24
323 27 324 59
320 27 294 73
310 34 288 79
300 61 281 115
267 115
240 270
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Details of DFT calculations of EFG tensors

EFG parameters
FACs19Pbslse (cubic)
1) Vzz=-0.612695 a.u.,, NQCC= -2.94258 MHz, asym. parameter n = 0.68865
2) Vzz=-0.557585 a.u.,, NQCC= -2.67790 MHz, asym. parametern= 0.71117
MACs19Pbgl3s (tetragonal)
Vzz = 0.160433 a.u., NQCC= 0.770507 MHz, asym. parameter n = 0.18422

Cluster generation

The crystal structures of cubic (black) FAPbls” and tetragonal (black) MAPbIs® were used as a
starting point for the clusters. In a first step the proton positions in the periodic system were
density functional theory (DFT) optimized using the generalized gradient approximation (GGA)
functional PBE® including relativistic effects (with spin-orbit coupling) and the Grimmel©
dispersion correction within the Quantum Espresso suite!?. In every calculation a plane-wave
maximum cutoff energy of 90 Ry and a 3x3x3 Monkhorst-Pack!? grid of k-points was
employed.

The final clusters were assembled from the relaxed structures as a central MA*/FA* ion
enclosed by a Pb-I cage including 19 surrounding MA*/FA* to ensure charge compensation?3.
The surrounding MA*/FA*ions were then replaced by Cs* ions, leading to a cubic FACs19Pbslss
and a tetragonal MACs19Pbslss cluster.

EFG tensor calculation

The EFG tensor calculations were performed at DFT level using the GGA BP86'%'* functional
including relativistic effects (with spin-orbit coupling) with the ZORA®-18 approximation and
the Grimme?? dispersion correction implemented within the Amsterdam Density Functional
(ADF)!%-20 syite.All-electron basis sets were used, which were triple-Cin the valence with two
polarization functions (TZ2P)?!. Both the cluster generation and the EFG tensor calculations
were parametrized according to recent studies on calculations of electronic and magnetic
properties of heavy atoms.!3 2225
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