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ABSTRACT: Recent developments in the field of high efficiency
perovskite solar cells are based on stabilization of the perovskite
crystal structure of FAPbI3 while preserving its excellent
optoelectronic properties. Compositional engineering of, for
example, MA or Br mixed into FAPbI3 results in the desired
effects, but detailed knowledge of local structural features, such as
local (dis)order or cation interactions of formamidinium (FA) and
methylammonium (MA), is still limited. This knowledge is,
however, crucial for their further development. Here, we shed light
on the microscopic distribution of MA and FA in mixed
perovskites MA1−xFAxPbI3 and MA0.15FA0.85PbI2.55Br0.45 by
combining high-resolution double-quantum 1H solid-state nuclear magnetic resonance (NMR) spectroscopy with state-of-the-art
near-first-principles accuracy molecular dynamics (MD) simulations using machine-learning force-fields (MLFFs). We show that on
a small local scale, partial MA and FA clustering takes place over the whole MA/FA compositional range. A reasonable driving force
for the clustering might be an increase of the dynamical freedom of FA cations in FA-rich regions. While MA0.15FA0.85PbI2.55Br0.45
displays similar MA and FA ordering as the MA1−xFAxPbI3 systems, the average cation−cation interaction strength increased
significantly in this double mixed material, indicating a restriction of the space accessible to the cations or their partial
immobilization upon Br− incorporation. Our results shed light on the heterogeneities in cation composition of mixed halide
perovskites, helping to exploit their full optoelectronic potential.

■ INTRODUCTION

Over the past decade, lead halide perovskites have attracted
great interest due to their potential application in solar cells,
with excellent power conversion efficiencies of currently up to
25.5%.1 Other efficient perovskite-based optoelectronic
devices, such as light-emitting diodes and X-ray detectors,
were demonstrated as well.2−6 A key aspect is the simplicity of
tuning the composition of halide perovskites, which makes it
possible to adapt their structural and optoelectronic properties,
such as phase transitions, band gap energy, as well as charge-
carrier lifetimes and mobilities,7−11 to achieve desired
properties for the different applications. Halide perovskites
typically have an APbX3 composition, in which Pb2+ forms
corner-sharing PbX6 octahedra with X being a halide (X = Cl−,
Br−, or I−).8,12,13 The dodecahedral A site is occupied by a
monovalent cation, typically methylammonium (CH3NH3

+,
MA), formamidinium (CH3(NH2)2

+, FA), or Cs+.12,14 The
first efficient perovskite solar cells were realized using ternary
halide perovskites, especially MAPbI3, before a further increase
in efficiencies above 20% was achieved on the basis of mixed
multinary halide perovskites,15,16 such as a “triple cation”

perovskite of the form MAxFA0.95−xCs0.05Pb(I1−yBry)3.
17

However, these highly alloyed perovskites show phase
segregation especially under illumination,18,19 limiting their
optoelectronic performance and long-term stability.20,21 In
recent years, the highest perovskite solar cell efficiencies of
>23% were achieved with perovskites that again have a less
complex stoichiometry, e.g., double cation perovskites17 or
even simple FAPbI3.

22,23 The latter requires stabilization into
its optoelectronically desired α-phase,24−26 which can be
achieved by adding a second cation, e.g., MA.26−28 Upon
incorporation of MA in FA-based perovskites, the Goldschmidt
tolerance factor is better fulfilled,29 decreasing strain within the
structure and thus improving charge transport properties.30,31
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This recent progress has made it very clear how extremely
sensitive the optoelectronic performance and stability of halide
perovskites are with respect to their stoichiometry and
compositional microstructure.9,32−37 Developing a fundamen-
tal understanding of structure−property relations is crucial to
further advance perovskite-based optoelectronic devices. Even
though the mixing behavior of A cations in the perovskite
structure was the focus of various works in the past,26,38−43 a
complete understanding of the microstructure of A cation
mixtures is not yet established.
Nuclear magnetic resonance (NMR) spectroscopy provides

an accurate probe of the local environment of different
functional groups embedded in the crystal structure. NMR
spectroscopy of perovskites has proven valuable to accurately
probe the cation ratios of mixed compositions, halide order
and disorder, halide or cation phase segregation, and cation
dynamics.25,26,42,44 Organic A cation mixtures can be analyzed
in terms of types, ratios, and dynamics by high-resolution 1H,
13C, and 14N NMR spectroscopy.26,42,45−49 Furthermore, 13C
magic angle spinning (MAS) NMR offers a sensitive probe for
the phase purity of single and mixed cation perovskites.48 2H
and 14N NMR experiments are especially useful to study cation
dynamics, which have been evaluated for the parent MA lead
halide perovskite compounds45−47,49,50 and MA/FA and MA/
guanidinum mixed systems.26,39 Often NMR spectroscopic
studies are complemented with first-principles simulations to
obtain even more detailed information about the investigated
material structure.51−53 However, the description of disordered
systems requires a large set of models and large supercells
rendering it computationally expensive,54−56 which is aggra-
vated if dynamics play an important role and need to be
modeled in addition, such as in halide perovskites. Recent
developments in machine-learning force-fields (MLFFs)
opened up the possibility of achieving near first-principles
accuracy molecular dynamics (MD) trajectories of thousands
of atoms on a nanosecond time scale.57 This allows for
capturing cation dynamics and gaining detailed information
about the microstructure in perovskites by MD simulation
approaches. These MLFF MDs are able to resolve the entropy-
driven phase transitions in MAPbI3 and other related
(inorganic) perovskites with great accuracy.57,58

In this work, we investigate the perovskite microstructure in
detail, i.e., distribution and order/disorder of FA and MA in
mixed halide perovskites of the form of MA1−xFAxPbI3 and
MA0.15FA0.85PbI2.55Br0.45. High-resolution 1H MAS NMR
spectroscopy based on double-quantum (DQ) coherences
allows us to identify individual 1H−1H correlations55,59−61 of
MA and FA cations in close proximity and to quantify the 1H
dipolar interactions. Through a combination of the DQ NMR
data with MLFF MD simulations of the disordered and highly
dynamic MA1−xFAxPbI3 systems, we are able to identify and
quantify the effects that influence the experimentally
determined 1H−1H dipolar couplings. Here, we also find that
the latter significantly increases upon Br− incorporation in the
perovskite structure. The knowledge about the nature of the
dipolar couplings enables us to quantitatively analyze the
relative occurrence of contacts between different cations in the
2D 1H−1H DQSQ MAS NMR spectra. This analysis indicates
the presence of local compositional fluctuations due to a partial
clustering of MA and FA cations over the entire investigated
compositional range.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Synthesis. We synthesized the powders employing a
mechanochemical approach62 by ball-milling in a Fritsch
“Pulverisette 5/4” planetary ball mill. The reactants (FAI, MAI,
MABr, PbI2, and PbBr2 or already completely synthesized
hybrid perovskites) were weighed to the desired stoichiometry
(see Supporting Information for exact amounts) and trans-
ferred into an 80 mL stabilized ZrO2 milling jar, containing
stabilized ZrO2 milling balls with 10 mm diameter. Then, 7−
11 ml of cyclohexane was added as a milling agent. The
powders were milled at 400 rpm for 5 min. Then milling was
paused for 20 min to allow cooling of the jar. The procedure
was repeated until the desired milling time was reached. The
cyclohexane was evaporated by opening the finished milling jar
and leaving it at room temperature in air for 15 min. Finally,
we sieved the powder with a 90 μm sieve. The resulting
powders were transferred into an inert atmosphere for storage.
FAI, MAI, and MABr were synthesized as described in ref 62,
while PbI2 (purity >99.8%) and PbBr2 (purity >98%) were
purchased from Sigma-Aldrich.

X-ray Diffraction. For powder diffraction analysis, samples
were prepared inside a glovebox by hermetically sealing the
powder in a 0.5 mm soda lime glass capillary. The X-ray
diffractograms were recorded in capillary mode on a
Panalytical Empyrean diffractometer using Cu Kα radiation
and a PIXcel3D 1 × 1 detector.

Solid-State NMR Spectroscopy. NMR spectra were
recorded on Varian VNMRS systems operating at a magnetic
field strength of 9.4 T (400 MHz) and 20.0 T (850 MHz).
Probe heads used were a Varian 3.2 mm T3 HXY (400 MHz)
and a Varian 1.6 mm T3 HXY (850 MHz) probe. The
chemical shift was referenced using lead nitrate for 207Pb
(−3494 ppm) and using adamantane for 1H (1.85 ppm) and
13C (38.5 ppm) as secondary references. All experiments were
performed at room temperature and using boil-off nitrogen for
performing MAS.

207Pb MAS NMR spectra were recorded at 5 kHz spinning
speed with a recycle delay of 0.5 s.
Single-pulse excitation (SPE) 13C MAS NMR spectra were

recorded at 12.5 kHz MAS rate, with a recycle delay of 75−90
s to ensure full relaxation (13C T1 ∼ 15s) and thus warrant
quantitative results. SPINAL63 decoupling at an 1H decoupling
strength of 50 kHz was employed during acquisition.
For 1H−13C CP-MAS spectra, rf field strengths were

optimized using adamantane (ν (1H) ∼ 60 kHz and ν (13C)
∼ 72 kHz). CP contact times were optimized for each sample
resulting in values of 15−50 ms. For such long pulses it is
important to carefully obey the power limits of the hardware.
Proton decoupling (SPINAL) was employed at a field strength
of 50 kHz, the recycle delay was set to 50−70 s (1H T1 ∼ 10−
14 s determined by 1H saturation recovery experiments), and
an MAS frequency of 12.5 kHz was used.
High-resolution 1H MAS NMR experiments were performed

at a magnetic field of 850 MHz and a MAS frequency of 35
kHz. For 1D 1H MAS NMR spectra the recycle delays (65−
120 s) were optimized for each sample to reach full relaxation
(1H T1 ∼ 13−24 s determined by 1H saturation recovery
experiments). 2D 1H−1H DQSQ MAS NMR spectra and 1H
DQ buildup curves were recorded using the BABA-xy1664

sequence (ν (1H) ∼ 140 kHz) at a MAS rate of 35 kHz. Zero-
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quantum (ZQ) reference measurements were used for a
normalization of the 1H DQ buildup curves:60,64

I t
I t

I t I t
DQ efficiency: ( )

( )

( ) ( )DQ
norm

exc
DQ exc

ZQ exc DQ exc
=

+ (1)

Molecular Dynamics with Machine-Learning Force
Fields. A smoothened machine-learned potential energy
surface is modeled by the Gaussian approximation potential65

with two- and three-body descriptors and kernel function
similar to the smooth overlap atomic positions (SOAP)
method.66 The descriptors are defined within a cutoff sphere of
6 or 4 Å for the two or three body term, respectively. They are
discretized on radial basis functions (NR = 6 or 7) and, for the
three body term, multiplied with spherical harmonics (lmax =
4). The reference structures to train the MLFF are selected on-
the-f ly during first-principles molecular dynamics calculations
under isothermal−isobaric conditions; see refs 57 and 67 for
methodological details. This method is integrated in the
Vienna ab initio simulation package (VASP) code68,69 and
calculates the potential energy, forces on the atoms, and stress
tensor for all the reference structures, which are, by
construction, well spread over the available structural phase
space. The state-of-the-art meta-gradient corrected functional
SCAN70 is applied in the first-principles (FP) calculations,
since it accurately describes the physical interactions in the

material.71 The electronic minimization was performed within
the projector augmented wave formalism72 with a plane wave
basis (cutoff 350 eV), a 2 × 2 × 2 k-point grid, and Gaussian
smearing (σ = 0.01 eV). For the training, three 2 × 2 × 2 unit
cells of MA1−xFAxPbI3 (x = 0, 0.5, 1) each containing eight
cations were used. Starting from scratch, we trained the MLFF
on FAPbI3 (x = 1) for 100 ps at 400 K with time steps of 3 fs,
resulting in 707 included reference structures. Hereafter,
training was continued on MAPbI3 (x = 0) for the same
time and at the same temperature. The total number of
reference structures in the resulting MLFF was only raised to
836. Last, we trained in the same way on MA0.5FA0.5PbI3; this
increased the number to a total of 960 structures. These
structures supply the finished MLFF with 121, 1432, 201, 244,
and 1213 local reference configurations for the Pb, I, C, N, and
H atoms, respectively. This MLFF was then used (in
production mode, i.e., no more training) for all MD
simulations shown in this work.
For the MLFF isothermal and isobaric NPT-MD simulations

4 × 4 × 4 unit cells of MA1−xFAxPbI3 were constructed with x
= 0, 1/8, 1/4, ..., 1, where Langevin thermo- and barostats were
applied to control the conditions. To study the influence of the
spatial distribution of the FA and MA cations, ordered (O) and
randomly (R) packed cells were constructed. In the O case, the
4 × 4 × 4 cells are constructed by replicating 2 × 2 × 2 unit
cells in which the cations are distributed to maximize the

Figure 1. (a) XRD patterns, (b) 207Pb MAS NMR spectra, (c) 1H−13C CP-MAS NMR, and (d) 1H MAS NMR spectra of the three mixed
MA1−xFAxPbI3 samples (x = 0.25, orange; x = 0.5, red; x = 0.75, green), as well as of the double-mixed sample MA0.15FA0.85PbI2.55Br0.45 (blue). (a)
The XRD patterns of all samples show reflections of a cubic crystal lattice. The lattice constants are summarized in Table S1. (b) Additionally, a
207Pb MAS NMR spectrum of MAPbI3 (δiso = 1430 ppm) is depicted for comparison and dashed lines indicate chemical shifts for FAPbBr3 and
MAPbBr3 from literature.50,76,77 The 207Pb isotropic chemical shift of α-FAPbI3 is reported to be 1495 ppm.77 (d) Asterisks in the 1H MAS NMR
spectra indicate a small cyclohexane impurity, which is also observed in the 13C SPE MAS NMR spectra (Figure S2).
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distance to neighboring cations of the same species. In the R
cells, the cations are randomly placed. All 4 × 4 × 4 cells were
run for 100 ps at 300 and 400 K under 1 bar standard pressure.
We calculate the dipolar coupling coefficient between all H−H
pairs and divide them in two groups, with the intra- and
intermolecular H−H connecting vectors. Applying the
ensemble averaging over time and space following the
approach by Goc et al.73−75 (see Supporting Information for
details) then gives the average dipolar coupling that can be
compared to the value measured by NMR.

■ RESULTS AND DISCUSSION

Characterization. We prepared three mixed cation perov-
skites of the form MA1−xFAxPbI3 with x = 0.25, 0.50, 0.75 and
a mixed cat ion and mixed hal ide composi t ion
MA0.15FA0.85PbI2.55Br0.45 (here referred to as double-mixed)
by mechanochemical synthesis. The resulting powders were
analyzed by powder X-ray diffraction, 207Pb MAS, as well as
13C MAS and high-resolution 1H MAS NMR spectroscopy to
determine their crystal structure, exact FA/MA ratio, and
possible impurities. The XRD patterns of all samples (Figure
1a) show reflections of a cubic lattice corroborating the
stabilization of the cubic lattice upon mixing FA and MA
cations.26−28 The corresponding lattice constants (Table S1)
for MA1−xFAxPbI3 increase from 6.31 to 6.34 Å with increasing
FA content, while the double-mix shows a smaller lattice
constant of 6.30 Å due to incorporation of the smaller Br− ion,

consistent with literature observations.34 All 207Pb MAS NMR
spectra of the mixed samples and MAPbI3 (Figure 1b) show a
single resonance, which gradually shifts with increasing FA
content from 1430 ppm for MAPbI3 to 1490 ppm for α-
FAPbI3.

50,76,77 The 207Pb MAS NMR spectrum of the double-
mixed sample MA0.15FA0.85PbI2.55Br0.45 (Figure 1b, blue)
reveals a broadening of the 207Pb resonance in comparison
to the other mixed cation perovskites. In general, multiple
effects can play a role in the 207Pb line shape: T2 broadening
due to very short spin−spin relaxation, scalar couplings
between Pb−X species, or disorder around the lead atoms
by halide mixing.49,76−79 Scalar couplings were found
prominent for CsPbX3, while for MA- and FA-based
perovskites only Pb−Cl species show features arising from
the J-couplings but not for Pb−I or Pb−Br species at room
temperature.78 Therefore, as the observed broadening is
slightly asymmetric and the spin−spin relaxation (T2
relaxation) of pure MAPbI3 at room temperature is already
very short (∼40 μs),49 we attribute the observed additional
broadening for MA0.15FA0.85PbI2.55Br0.45 to I/Br mixing. This,
in combination with the absence of any signal intensity in the
chemical shift region for MAPbBr3 and FAPbBr3 (300−600
ppm),50,76,77,79 corroborates the incorporation of the Br− ions
in the lattice.
Characterization of the cations in terms of types and ratios,

as well as the identification of impurities, is achieved by
recording single-pulse 13C MAS (Figure S1) and 1H−13C

Figure 2. 2D 1H−1H DQSQ MAS NMR spectra of the mixed perovskite samples (a−d), as well as of a physical mixture of MAPbI3 and α-FAPbI3
(e) at an excitation time texc of 229 μs. Solid lines between resonances and circles on diagonal signals mark 1H−1H correlations between MA
cations (green), FA cations (blue), and MA−FA cations (red). The existence of mixed MA−FA correlations demonstrates a successful mixing of
MA and FA on the A site for all mixed perovskite compositions (a−d), while in the case of cation phase segregation the red correlations would
diminish as in the case of a physical mixture MAPbI3 and α-FAPbI3 (e).
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cross-polarization (CP) MAS NMR spectra (Figure 1c), which
show the typical resonances at 155.5 ppm for the CH-group of
FA and at 31.3 ppm for the CH3-group of the MA cation.
Additionally, the direct 13C single-pulse excitation (SPE) NMR
spectra of MA0.15FA0.85PbI2.55Br0.45 and MA0.5FA0.5PbI3 (Figure
S1) exhibit a sharp resonance at 27.5 ppm, which is absent in
the CPMAS NMR spectra, suggesting that the heteronuclear
dipolar coupling between 1H and 13C is averaged, indicative of
a small, mobile impurity. The high-resolution 1H MAS NMR
spectra of all samples (Figure 1d) show four distinct signals,
which can readily be assigned to the 1H species of the MA and
FA cations. The signals of the CH3-group and the NH3-group
of the MA cation occur at chemical shifts of 3.3 and 6.2 ppm,
respectively, while the NH2-groups and the CH-group of the
FA cat ion are observed at 7 .3 and 8 .1 ppm.
For MA0.15FA0.85PbI2 .55Br0.45 , MA0.5FA0.5PbI3, and
MA0.75FA0.25PbI3 an additional sharp signal is observed at 1.4
ppm, which together with the 13C NMR signal at 27.5 ppm is
assigned to residual cyclohexane, which was used as a milling
agent in the mechanochemical synthesis of the powders. The
cation ratios obtained from the 13C and 1H NMR spectra are in
excellent agreement with the nominal ratios from the synthesis
as summarized in Table S2.
Intermolecular Cation Interactions. In order to probe

the distribution and mixing behavior of MA and FA cations in
the different mixed perovskite systems, we recorded two-
dimensional (2D) 1H−1H DQSQ MAS NMR spectra. 1H−1H
correlations of protons in close proximity with similar chemical
environments result in signals along the diagonal (δDQ = 2δSQ)
of the 2D spectra, while off-diagonal resonances stem from
correlations between protons of differing chemical groups at
the sum of the corresponding chemical shifts (δDQ = δSQ1 +
δSQ2).
The experimental 2D 1H−1H DQSQ MAS NMR spectra of

the four mixed samples are shown in Figure 2a−d. We observe
correlations between the 1H resonances of MA cations (MA−
MA; green; δDQ = 6.6, 9.5, and 12.4 ppm), between the 1H
resonances of FA cations (FA−FA; blue; δDQ = 14.7, 15.5, and
16.2 ppm), and between the 1H resonances of MA and FA
cations (MA−FA; red; δDQ = 10.7, 11.5, 13.6, and 14.4 ppm).
The occurrence of MA−MA, FA−FA, and MA−FA
correlations indicates the mixing of the cations for all
compositions. In contrast, a 2D 1H−1H DQSQ MAS NMR
spectrum for a physical mixture of α-FAPbI3 and MAPbI3
(Figure 2e) only shows DQ correlations between MA cations
(green), as well as FA cations (blue), but no FA−MA
correlations, as expected for a phase-separated system.
After qualitatively determining the 1H−1H correlations from

the 2D 1H−1H DQSQ MAS NMR spectra, a quantification of
the interaction strength between the coupled 1H species of the
FA and MA cations provides further structural information.
These can be accessed as the dipolar coupling is proportional
to the number of contributing spins, as well as their relative
alignment and distance (eq 4).55,60,80,81 Therefore, 1D 1H DQ
buildup curves, which describe the buildup of DQ intensities of
coupled spins as a function of excitation time, were recorded
for all mixed perovskite samples, as well as the physical mixture
of MAPbI3 and α-FAPbI3 (Figure S3). In the latter case, the
DQ buildup curves are distinguishable for MA and FA signals
(Figures 3a and S3). In contrast, for the mixed MA1−xFAxPbI3
and the double-mixed MA0.15FA0.85PbI2.55Br0.45, the individual
DQ buildup curves for each 1H signal corresponding to
MACH3, MANH3, FANH2, and FACH show a very similar behavior

(Figure S3). Therefore, for each mixed composition, it is
reasonable to average the individual DQ buildup curves
resulting in the average DQ buildup curves shown in Figure 3b.
All experimental DQ buildup curves exhibit the typical shape
of a multispin system (Figure S3) with a distribution of dipolar
interactions, which can be analyzed using either expensive
modeling55 or a second moment approximation.60,64 Here, we
used the so-called BABA-xy16 pulse sequence, which can be
evaluated by the following approach to extract the average
dipolar couplings:64
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The average dipolar coupling D̅ in this approach is defined as60
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The extracted average dipolar couplings D̅ from the
experimental data for the mixed compositions show a gradual
increase with increasing MA content, from about 2800 Hz for
pure α-FAPbI3 to ∼3300 Hz for MAPbI3 (Figure 5, pink,
Table S3). In contrast, the double-mixed composition
MA0.15FA0.85PbI2.55Br0.45 exhibits a significantly larger dipolar
coupling of ∼3900 Hz (Figure 5, light blue, Table S3). It is
expected that the fast reorientation of the MA and FA cations
within their cage in the perovskite lattice26,43,47 will average the
intramolecular dipolar interaction within the cations. Thus, the
extracted dipolar couplings are connected to the number of FA
and MA cations contributing, as FA has five and MA has six
hydrogen atoms, and the average spatial intermolecular
distances between neighboring cations. The decrease in D̅
with increasing FA content x could be related to a smaller
number of contributing protons or to, on average, longer

Figure 3. Average 1H DQ buildup curves (a) of MAPbI3 (green) and
α-FAPbI3 (blue) and (b) of the mixed perovskite compositions
MA1−xFAxPbI3(yellow, red, green), as well as MA0.15FA0.85PbI2.55Br0.45
(blue). The dashed lines are fits of the DQ buildup curves according
to eq 2 to extract the average dipolar couplings, which are summarized
in Figure 5 and Table S3.
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distances between hydrogens in nearest neighbor cations or a
combination thereof.
In order to understand the correlation between the dipolar

coupling D̅ and the FA content x (Figure 5), we carry out
state-of-the-art MLFF molecular dynamics simulations of
MA1−xFAxPbI3 supercells containing a total of 64 MA and/
or FA cations with long simulation times (100 ps). The MD
trajectories are used to calculate the H−H pair distribution
function g(r) (eq 5, Figure S4) that describes the likelihood to
find H atoms at distances r:

g r
V
r N

r r( )
4

( )
i j i

ij2 2 ∑ ∑
π

δ= −
≠ (5)

Figure 4a depicts the pair distribution function for nearest
neighbor coordinations (2−5 Å) for MAPbI3, MA0.5FA0.5PbI3,

and α-FAPbI3 (see Figure S4 for full range). The distances
resulting from intramolecular H−H pairs are between 1.5 and
4.5 Å depending on the molecular structure of the cations FA
and MA (Figure S4). The onset of the intermolecular part of
g(r) occurs at larger distances for MA cations (x = 0) than for
FA cations (x = 1), and it gradually decreases with increasing x
(Figure 4a), as expected considering the different MA and FA
cation sizes.2 As observed above, an opposite trend is needed
to explain the decrease of D̅ with increasing x considering only

interatomic distances. Evidently, an interpretation of the
dipolar couplings in terms of average intermolecular distances
between the cations is insufficient.
To clarify these apparently contradicting results, we calculate

the average dipolar coupling (D̅) directly from the MD
trajectories following the approach of Goc et al.73−75

(Supporting Information, section 5). This provides access to
the intra- and intermolecular contribution to D̅ as a function of
the inverse trajectory length (1/tMD). In Figure 4b the black
and red lines show the intra- and intermolecular contribution
in MA0.5FA0.5PbI3, respectively. The intramolecular contribu-
tion decays only slowly with time, whereas the intermolecular
contribution quickly converges and thus appears nearly
constant (see Figure 4b and Figure S5). About 100 ps (1/
tMD = 0.01 ps−1) of simulation time is needed for the
intramolecular contribution to be smaller than the intermo-
lecular contribution. The intramolecular contribution is still
noticeably decreasing after these 100 ps. In view of the nearly
free rotation of the cations in the cubic perovskite lattice, on
longer time scales (1/tMD → 0 ps−1) one would expect a
(vanishly) small intramolecular dipolar coupling. This can be
demonstrated if costly MD runs are carried out for which
several orders of magnitude longer simulation times will be
needed. As an alternative, it is possible to significantly reduce
the computational effort by considering symmetry within the
large supercell (see Supporting Information). Averaging over
similar intramolecular H−H vectors results in three remaining
inequivalent vectors for MA and six for FA. In this way we can
improve the statistics for D̅intra without elongating the
trajectory, which causes a drastic reduction of D̅intra (Figure
4b, blue, and Figure S5). These results demonstrate that the
average dipolar coupling D̅ is very well approximated by solely
considering intermolecular contributions, i.e., D̅intra = 0 on the
NMR time scale.
In Figure 5 the calculated D̅ versus perovskite composition x

is plotted as well as the experimental values obtained from the
1H DQ buildup curves. The values calculated for the
MA1−xFAxPbI3 systems are in excellent agreement with the
experiment. The small offset (∼300−400 Hz) of the calculated
values is caused by the slightly larger lattice constant (∼0.08
Å) predicted by the MLFF (Figure S1). At 400 K simulation
temperature the lattice constants are slightly larger (∼0.02 Å)
than at 300 K due to thermal expansion (Figure S1), which
results in a decrease of the calculated D̅ (Figure 5). In order to
investigate the influence of the packing order on the calculated
D̅ values, we also compared two types of homogeneous
distributions of FA and MA cations, a random (R) and an
ordered (O) packing. The O packing represents FA and MA
cations in alternating positions resulting in solely nearest-
neighbor MA−FA correlations for x = 0.5. Interestingly, we
find that the packing order has no noticeable effect on the
average dipolar interaction D̅ between the cations (Figure S6).
With these results it becomes clear that the linear

dependence of D̅ on x stems from a change of the contributing
average amount of hydrogen pairs in the mixed perovskites. As
MA possesses six hydrogens, whereas FA has only five, the
average dipolar coupling D̅ decreases with increasing FA
content x (Figure 5, pink and black solid). Placing all H in the
center of the A lattice site is also a good approximate model
(Figure 5, black lines). In contrast, the ordering of MA/FA on
the grid and the change of the (pseudo)cubic lattice constant
have a much smaller effect. As the change of D̅ with x is
dominated by the hydrogen content in mixed MA1−xFAxPbI3,

Figure 4. (a) Close-up of the pair distribution function between 2 and
5 Å for hydrogen atoms in MA1−xFAxPbI3 for x = 0, 0.5, and 1
obtained in the cubic phase at 400 K. The intra- and intermolecular
contributions are depicted separately to demonstrate the onset of the
intermolecular contributions. The full H−H pair distribution function
of the simulation is depicted in the Supporting Information (Figure
S4). (b) Intra- (black) and intermolecular (red) contributions to the
average dipolar coupling as a function of simulation time for
MA0.5FA0.5PbI3. Additionally, the intramolecular term averaged by
applying symmetry of the intramolecular H−H vectors is shown in
blue.
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we conclude that average intermolecular proton−proton
distances in nearest neighbor coordination are rather similar
throughout the investigated compositional range.
Figure 5 (light blue diamond) also shows the experimental

average dipolar coupling of MA0.15FA0.85PbI2.55Br0.45. At about
3900 Hz it is significantly larger than for the binary MA/FA
mixtures. Although the lattice contracts slightly upon Br−

incorporation (Table S1), a shrinkage of the pseudocubic
lattice constant of about 0.04 Å in comparison to
MA0.25FA0.75PbI3 and α-FAPbI3 cannot account for an increase
in D̅ of about 1000 Hz. The increase therefore indicates a
restriction in cation mobility either by a significant reduction in
reorientation frequency or by a restriction in spatial degrees of
freedom, i.e., an anisotropic motion over specific orientations.
Stronger interactions of the FA and MA cations with the
inorganic sublattice, induced by the presence of more
electronegative Br− ions (compared to I−), or the lattice
contraction itself could cause this. Both these effects will raise
the average dipolar couplings D̅ and might give rise to a non-
negligible intramolecular contribution to D̅.
These findings fit in a recently proposed scenario of

restricted MA cation dynamics upon mixing I− and Br− in
the lattice. In this scenario specific hydrogen bonding
situations for the MA cations result in a higher activation
barrier for rotational jumps in certain directions and thus in
their partial immobilization causing an anisotropic dynamical
behavior.82 For FA cations, however, the hydrogen bonds to
the inorganic sublattice are much weaker,26,83 initially resulting
in faster reorientations in comparison to MA. Consequently,
one would expect less influence of I/Br mixing on the FA
dynamics, which was not resolved in our experiments. To fully
understand the origin of the increase of D̅ and to characterize
the possible dynamical restriction of cations due to interactions

with the inorganic sublattice, further MLFF calculations on
mixed cation and anion compositions are needed.

Microscopic Cation (Dis)order. The MLFF calculations
corroborate that the intramolecular dipolar coupling of the
cations is averaged through the rapid reorientation within the
A site, and thus only intermolecular dipolar interactions are
measured experimentally. Consequently, all 1H−1H correla-
tions measured in the 2D 1H−1H DQSQ MAS NMR spectra
(Figure 2) are due to a close proximity of protons on
neighboring cations. As we established, the strength of the
dipolar interaction only depends on the number of interacting
spins and hardly on slight variations of the lattice parameters
for the different compositions. Therefore, differences in DQ
intensities in the 2D spectra of the different compounds are
directly proportional to the number of intercation interactions,
i.e., the relative amounts of MA and FA cations, taking the
different numbers of protons for MA and FA into account. The
quantitative analysis of the DQ signal intensities thus makes it
possible to extract the relative occurrence of each of the
intercation dipolar contacts MA−MA, MA−FA, and FA−FA
(hereafter referred to as MA−MA, MA−FA, and FA−FA
contacts). Their population provides a measure for the
microscopic order/disorder of the cations within the perov-
skite lattice.
In the cubic perovskite lattice, each A site cation, MA or FA,

is surrounded by six nearest-neighbor A cations. Different
ordering of the cations within the cubic lattice, e.g., random
mixing, alternating MA and FA ordering, or clustering of MA
or FA cations, results in different probabilities for local nearest
neighbor coordinations MA[MA6−nFAn] and FA[MA6−nFAn]
(n = 1, 2, ..., 6). These are experimentally accessible as the sum
of resulting MA−MA, FA−FA, and mixed MA−FA contacts. A
random cation distribution can be described by a binomial
distribution based on the relative occurrence of MA or FA in

Figure 5. Average 1H dipolar couplings for MA1−xFAxPbI3 extracted from 1H DQ buildup curves (pink) and MD simulations at 300 K (blue) and
400 K (red, solid line). Additionally, solely intermolecular contributions to D̅ are shown for the MD run at 400 K (red, dashed lines) revealing
minor differences to the full average dipolar coupling (red, solid line). Additionally, linear trends resulting from models, where all H atoms are
placed in the center of the lattice A site neglecting dynamics, etc., are depicted in black. The solid line depicts the model with a fixed lattice constant
over the whole compositional space resulting in a linear curve with a slope proportional to the hydrogen ratio of FA and MA (y = (√(5/6) − 1)D0
+ D0, black solid). The dashed black line is the model using experimental lattice constants of MA1−xFAxPbI3, fitting the experimental data slightly
better. This demonstrates that the linear dependence of D̅ on x is dominated by the number of contributing spins. Furthermore, the experimental
average dipolar coupling of the double-mixed perovskite composition MA0.15FA0.85PbI2.55Br0.45 is depicted (light blue), revealing a significantly
higher average dipolar coupling than the MA1−xFAxPbI3 compositions.
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the lattice, providing the statistics of the total of MA−MA
(Figure 2 and Figure 6, green), FA−FA (Figure 2 and Figure 6,
blue), and MA−FA contacts (Figure 2 and Figure 6a, red).

The comparison of the experimentally observed populations
(Figure 6a, dots) with the populations resulting for a random
distribution (Figure 6a, dashed lines) shows an overall good
agreement, with small but systematic deviations especially for
the mixed contact MA−FA (red). This indicates a weak
tendency for clustering of MA and FA cations, leading to local
fluctuations in composition, which can be quantified by
introducing an order parameter S,84−86 in analogy to the
analysis of XRD data.87 For a cluster model, an order
parameter of S = 0 corresponds to a random distribution,
whereas S = 1 characterizes a complete phase separation. The
site occupancies rMA and rFA describing the clustering tendency
of the cations and thus the local compositional changes can
then be parametrized as

r x Sx1MA = − + (6)

r x S x(1 )FA = + − (7)

With that, the theoretical populations for the three cation−
cation contacts are defined as

p x r x r(1 ) (1 )MA MA MA
2

FA
2= − + −− (8)

p xr x r(1 )(1 )FA FA FA
2

MA
2= + − −− (9)

p xr r x r r2 (1 ) (1 )(1 )MA FA FA FA MA MA= [ − + − − ]−
(10)

Parts b−e of Figure 6 depict the calculated populations for the
three cation−cation contacts MA−MA (green), FA−FA
(blue), and MA−FA (red) as a function of S for different
mixed cation compositions MA1−xFAxPbI3 (x = 0.25 (b), x =
0.5 (c), x = 0.75 (d), x = 0.85 (e)). Additionally, the
experimentally determined occurrence of each contact for each
composition x is depicted as dashed lines, where the width of
the bars accounts for the experimental error. The intersection
of the observed occurrences with the calculated populations
reveals that partial MA−MA and FA−FA clustering with an
order parameter S between 0.2 and 0.4 takes place for
compositions with x = 0.25 and x = 0.5. For compositions with
higher FA contents (x = 0.75, 0.85, Figure 3d,e) the
intersection covers a range between S = 0 and S = 0.3 for a
composition x = 0.75 and covers a range between S = 0−0.4
for x = 0.85. At low and high values of x the changes in
populations are less pronounced, preventing a precise assign-
ment of S within the experimental accuracy. Interestingly, the
experimentally determined populations show a similar trend
over the entire compositional range.
In order to visualize the effect of cation clustering with S =

0.3 in comparison to a random scenario, the distributions of
FA (blue) and MA (red) cations for MA1−xFAxPbI3
compositions on a 2D grid are schematically depicted in
Figure 7. The circles labeled rMA and rFA demonstrate the local

compositional fluctuations resulting from MA and FA
clustering, respectively, within the perovskite particles. The
schematic representation illustrates that the nominal overall
composition MA1−xFAxPbI3 is heterogeneous with MA and
FA-rich regions, where the average compositional fluctuations
can be described by rMA and rFA. An upper limit for the size of
these clusters is deducted by analyzing the width of the X-ray
reflections. Pronounced domains of local compositional
fluctuations would lead to the measurement of a distribution
of lattice constants and in turn to a broadening of XRD peaks.

Figure 6. (a) Populations of cation−cation contacts, MA−MA
(green), FA−FA (blue), and MA−FA (red), as a function of FA
content x. The experimental data are indicated by dots, while the
populations according to a random distribution of cations are shown
by dashed lines. Dotted lines represent the populations of contacts for
a cluster model with an order parameter S of 0.3. (b−e) Calculated
populations of cation−cation contacts, MA−MA (green), FA−FA
(blue), and MA−FA (red), as a function of order parameter S for the
different compositions of the mixed MA1−xFAxPbI3 (b−d), as well as
MA0.15FA0.85PbI2.55Br0.45 (e). The horizontal bars indicate the
experimental accuracy for the observed populations (dashed lines)
of cation−cation correlations in the 2D 1H−1H DQSQ MAS NMR
spectra (Figure 2). Figure 7. Schematic representation of MA (red)/FA (blue)

distributions within MA1−xFAxPbI3 (x = 0.25, 0.50, 0.75) perovskites
following random statistics (a) and MA or FA clustering (b) to a
degree of S = 0.3 labeled rMA and rFA, respectively (according to eqs 6
and 7). As the experimental NMR data do not provide information
about domain sizes of MA-rich and FA-rich regions, arbitrary sized
circles were chosen to represent the statistics.
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As no broadening is observed (Figure S7), the cluster domains
must be smaller than of the order of 100 nm.
To be thermodynamically stable, the Gibbs free energy of

the clustered structure must be lower than for the random mix
(S = 0) structure. In general, the formation of domains results
in strain at the domain walls, which is marginal in this
particular case, as the pseudocubic lattice constants differ only
0.06 Å between the parent composition MAPbI3 and α-FAPbI3
and 0.03 Å for the mixed compositions x = 0.25 and x = 0.75.
Furthermore, if the clusters are very small, i.e., in the range of
several nearest neighbor shells, domain walls might not even
form. If only gradual compositional changes occur, subtle
distortions of the inorganic sublattice will be sufficient to
compensate for the compositional fluctuations. In a clustered
structure, there are less different ways to distribute the cations
over the lattice of A sites, resulting in a lower entropy and thus
higher free energy. However, the clustering might raise the
entropy in case there is an impact on the cation dynamics.
Recently it was discussed that the rotational motion of FA
cations is confined upon mixing with MA+ or Cs+ cations
because of a preferential orientation of the FA cations.41,43,88

As the local configuration of neighboring MA+ or Cs+ was
important for the ordering of FA,43 local clustering of MA or
FA cations may suppress this reduction of the degrees of
motion, thus resulting in a higher dynamical freedom and
lowering of the free energy compared to a random mixture.

■ CONCLUSION
We have combined NMR spectroscopy and MLFF MD
simulations to study the dynamics and local (dis)order of FA
and MA cations in the mixed hybrid perovskite systems
MA1−xFAxPbI3 and MA0.15FA0.85PbI2.55Br0.45. On the basis of
our results, we can sketch a plausible scenario for an ordering
pattern of the cations in MA1−xFAxPbI3 mixed hybrid
perovskites. The population analysis of the 1H−1H DQSQ
MAS NMR spectra indicates that a microstructure (order
parameter S ∼ 0.3) with MA-rich and FA-rich regions occurs.
XRD analysis indicates that the average size of the domains is
below ∼100 nm. Furthermore, the novel MLFF method has
been shown to accurately predict the average dipolar coupling
measured in the NMR experiment. Building on this excellent
agreement, we can conclude (a) that the average dipolar
coupling D̅ is dominated by intermolecular nearest neighbor
cation interactions, (b) that it scales with the number of 1H
spins on the neighboring cation, which explains its decrease
with FA composition x, and (c) that it depends on average
composition, i.e., we did not observe changes by short-range
compositional fluctuations. While a similar MA and FA
o r d e r i n g w a s f o u n d f o r t h e d o u b l e - m i x e d
MA0.15FA0.85PbI2.55Br0.45 perovskite and the MA1−xFAxPbI3
systems, the average 1H−1H dipolar coupling was observed
to be significantly higher in the double-mixed system. This
indicates a restriction of the mobility of the organic cations
resulting in an anisotropic motion upon incorporation of the
smaller Br− ions, possibly induced through the slight lattice
contraction. Both these effects will raise the average dipolar
coupling D̅.
Heterogeneity in local cation compositions results in a local

variation of perovskite lattice constants and in local variations
of the electrostatic interaction between cations and inorganic
sublattice.89,90 Both effects cause a distribution of band gap
energies of mixed perovskites, as was concluded from the
observed distribution of optical properties and ab initio

calculations.89,90 As a consequence, the charge carriers will
localize in energetically favorable domains limiting the overall
charge transport. Furthermore, it was found that local
compositional heterogeneities can cause the formation of
clusters of deep traps.91 These trap clusters in turn appear to
be the key factor limiting the optoelectronic properties,91 ion
migration,92,93 and stability of mixed halide perovskites. On the
basis of these considerations, it appears attractive to reduce the
degree of mixing while ensuring a robust stabilization of the
perovskite lattice. This indeed is in line with the most recent
developments in the field of perovskite solar cells,17 where our
results will help to better exploit the full potential of mixed
halide perovskites and corresponding optoelectronic devices.
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(14) Park, N.; Graẗzel, M.; Miyasaka, T. Organic-Iorganic Halide
Perovskite Photovoltaics: From Fundamentals to Devices Architectures;
Springer International Publishing: Cham, Switzerland, 2016.
(15) Jeon, N. J.; Na, H.; Jung, E. H.; Yang, T.-Y.; Lee, Y. G.; Kim,
G.; Shin, H.-W.; Il Seok, S.; Lee, J.; Seo, J. A Fluorene-Terminated
Hole-Transporting Material for Highly Efficient and Stable Perovskite
Solar Cells. Nat. Energy 2018, 3, 682−689.
(16) Yang, W. S.; Park, B.; Jung, E. H.; Jeon, N. J.; Kim, Y. C.; Lee,
D. U.; Shin, S. S.; Seo, J.; Kim, E. K.; Noh, J. H.; et al. Iodide

Management in Formamidinium-Lead-Halide-Based Perovskite
Layers for Efficient Solar Cells. Science 2017, 356, 1376−1379.
(17) Lu, H.; Krishna, A.; Zakeeruddin, S. M.; Graẗzel, M.; Hagfeldt,
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(62) Leupold, N.; Schötz, K.; Cacovich, S.; Bauer, I.; Schultz, M.;
Daubinger, M.; Kaiser, L.; Rebai, A.; Rousset, J.; Köhler, A.; et al.
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(72) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B:
Condens. Matter Mater. Phys. 1994, 50, 17953−17979.
(73) Goc, R. Effective Spatial Averaging for NMR Second Moment
Calculation. J. Magn. Reson. 1998, 132, 78−80.
(74) Goc, R. Calculation of the NMR Second Moment for Materials
with Different Types of Internal Rotation. Solid State Nucl. Magn.
Reson. 1998, 13, 55−61.
(75) Goc, R. Computer Calculation of the Van Vleck Second
Moment for Materials with Internal Rotation of Spin Groups. Comput.
Phys. Commun. 2004, 162, 102−112.
(76) Karmakar, A.; Askar, A. M.; Bernard, G. M.; Terskikh, V. V.;
Ha, M.; Patel, S.; Shankar, K.; Michaelis, V. K. Mechanochemical
Synthesis of Methylammonium Lead Mixed-Halide Perovskites:
Unraveling the Solid-Solution Behavior Using Solid-State NMR.
Chem. Mater. 2018, 30, 2309−2321.
(77) Askar, A. M.; Wiltshire, B. D.; Patel, S.; Fleet, J.; Shankar, K.;
Karmakar, A.; Bernard, G. M.; Ha, M.; Michaelis, V. K.; Terskikh, V.
V.; et al. Composition-Tunable Formamidinium Lead Mixed Halide
Perovskites via Solvent-Free Mechanochemical Synthesis: Decoding
the Pb Environments Using Solid-State NMR Spectroscopy. J. Phys.
Chem. Lett. 2018, 9, 2671−2677.
(78) Aebli, M.; Piveteau, L.; Nazarenko, O.; Benin, M. B.; Krieg, F.;
Verel, R.; Kovalenko, M. V. Lead-Halide Scalar Couplings in Pb NMR
of APbX3 Perovskites (A = Cs, Methylammonium, Formamidinium ;
X = Cl, Br, I). Sci. Rep. 2020, 10, 8229.
(79) Rosales, B. A.; Men, L.; Cady, S. D.; Hanrahan, M. P.; Rossini,
A. J.; Vela, J. Persistent Dopants and Phase Segregation in Organolead
Mixed-Halide Perovskites. Chem. Mater. 2016, 28, 6848−6859.
(80) Zorin, V. E.; Brown, S. P.; Hodgkinson, P. Quantification of
Homonuclear Dipolar Coupling Networks from Magic-Angle
Spinning 1H NMR. Mol. Phys. 2006, 104, 293−304.
(81) Bradley, J. P.; Tripon, C.; Filip, C.; Brown, S. P. Determining
Relative Proton-Proton Proximities from the Build-up of Two-
Dimensional Correlation Peaks in 1H Double-Quantum MAS NMR:
Insight from Multi-Spin Density-Matrix Simulations. Phys. Chem.
Chem. Phys. 2009, 11, 6941−6952.
(82) Selig, O.; Sadhanala, A.; Müller, C.; Lovrincic, R.; Chen, Z.;
Rezus, Y. L. A.; Frost, J. M.; Jansen, T. L. C.; Bakulin, A. A. Organic
Cation Rotation and Immobilization in Pure and Mixed Methyl-
ammonium Lead-Halide Perovskites. J. Am. Chem. Soc. 2017, 139,
4068−4074.
(83) Svane, K. L.; Forse, A. C.; Grey, C. P.; Kieslich, G.; Cheetham,
A. K.; Walsh, A.; Butler, K. T. How Strong Is the Hydrogen Bond in
Hybrid Perovskites? J. Phys. Chem. Lett. 2017, 8, 6154−6159.
(84) Knijn, P. J.; van Bentum, P. J. M.; van Eck, E. R. H.; Fang, C.;
Grimminck, D. L. A. G.; de Groot, R. A.; Havenith, R. W. A.;
Marsman, M.; Meerts, W. L.; De Wijs, G. A.; et al. A Solid-State NMR
and DFT Study of Compositional Modulations in AlxGa1‑xAs. Phys.
Chem. Chem. Phys. 2010, 12, 11517−11535.
(85) Tycko, R.; Dabbagh, G.; Kurtz, S. R.; Goral, J. P. Quantitative
Study of Atomic Ordering in Ga0.5In0.5P Thin Films by P31 Nuclear
Magnetic Resonance. Phys. Rev. B: Condens. Matter Mater. Phys. 1992,
45, 13452−13457.
(86) Degen, C.; Tomaselli, M.; Meier, B. H.; Voncken, M. M. A. J.;
Kentgens, A. P. M. NMR Investigation of Atomic Ordering in
AlxGa1‑xAs Thin Films. Phys. Rev. B: Condens. Matter Mater. Phys.
2004, 69, 1−4.
(87) Cullity, B. D. Elements of X-Ray Diffraction, 2nd ed.; Addison
Wesley: Reading, MA, 1978.
(88) Mozur, E. M.; Hope, M. A.; Trowbridge, J. C.; Halat, D. M.;
Daemen, L. L.; Maughan, A. E.; Prisk, T. R.; Grey, C. P.; Neilson, J. R.
Cesium Substitution Disrupts Concerted Cation Dynamics in
Formamidinium Hybrid Perovskites. Chem. Mater. 2020, 32, 6266−
6277.
(89) Chatterjee, R.; Pavlovetc, I. M.; Aleshire, K.; Hartland, G. V.;
Kuno, M. Subdiffraction Infrared Imaging of Mixed Cation Perov-
skites: Probing Local Cation Heterogeneities. ACS Energy Lett. 2018,
3, 469−475.

(90) Maheshwari, S.; Patwardhan, S.; Schatz, G. C.; Renaud, N.;
Grozema, F. C. The Effect of the Magnitude and Direction of the
Dipoles of Organic Cations on the Electronic Structure of Hybrid
Halide Perovskites. Phys. Chem. Chem. Phys. 2019, 21, 16564−16572.
(91) Doherty, T. A. S.; Winchester, A. J.; Macpherson, S.; Johnstone,
D. N.; Pareek, V.; Tennyson, E. M.; Kosar, S.; Kosasih, F. U.; Anaya,
M.; Abdi-Jalebi, M.; et al. Performance-Limiting Nanoscale Trap
Clusters at Grain Junctions in Halide Perovskites. Nature 2020, 580,
360−366.
(92) Tong, C.-J.; Geng, W.; Prezhdo, O. V.; Liu, L.-M. Role of
Methylammonium Orientation in Ion Diffusion and Current-Voltage
Hysteresis in the CH3NH3PbI3 Perovskite. ACS Energy Lett. 2017, 2,
1997−2004.
(93) Huang, Y.; Li, L.; Liu, Z.; Jiao, H.; He, Y.; Wang, X.; Zhu, R.;
Wang, D.; Sun, J.; Chen, Q.; et al. The Intrinsic Properties of
FA(1‑x)MAxPbI3 Perovskite Single Crystals. J. Mater. Chem. A 2017, 5
(18), 8537−8544.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c10042
J. Phys. Chem. C 2021, 125, 1742−1753

1753

https://dx.doi.org/10.1103/PhysRevB.50.17953
https://dx.doi.org/10.1006/jmre.1998.1384
https://dx.doi.org/10.1006/jmre.1998.1384
https://dx.doi.org/10.1016/S0926-2040(98)00082-4
https://dx.doi.org/10.1016/S0926-2040(98)00082-4
https://dx.doi.org/10.1016/j.cpc.2004.06.071
https://dx.doi.org/10.1016/j.cpc.2004.06.071
https://dx.doi.org/10.1021/acs.chemmater.7b05209
https://dx.doi.org/10.1021/acs.chemmater.7b05209
https://dx.doi.org/10.1021/acs.chemmater.7b05209
https://dx.doi.org/10.1021/acs.jpclett.8b01084
https://dx.doi.org/10.1021/acs.jpclett.8b01084
https://dx.doi.org/10.1021/acs.jpclett.8b01084
https://dx.doi.org/10.1038/s41598-020-65071-4
https://dx.doi.org/10.1038/s41598-020-65071-4
https://dx.doi.org/10.1038/s41598-020-65071-4
https://dx.doi.org/10.1021/acs.chemmater.6b01874
https://dx.doi.org/10.1021/acs.chemmater.6b01874
https://dx.doi.org/10.1080/00268970500351052
https://dx.doi.org/10.1080/00268970500351052
https://dx.doi.org/10.1080/00268970500351052
https://dx.doi.org/10.1039/b906400a
https://dx.doi.org/10.1039/b906400a
https://dx.doi.org/10.1039/b906400a
https://dx.doi.org/10.1039/b906400a
https://dx.doi.org/10.1021/jacs.6b12239
https://dx.doi.org/10.1021/jacs.6b12239
https://dx.doi.org/10.1021/jacs.6b12239
https://dx.doi.org/10.1021/acs.jpclett.7b03106
https://dx.doi.org/10.1021/acs.jpclett.7b03106
https://dx.doi.org/10.1039/c003624b
https://dx.doi.org/10.1039/c003624b
https://dx.doi.org/10.1103/PhysRevB.45.13452
https://dx.doi.org/10.1103/PhysRevB.45.13452
https://dx.doi.org/10.1103/PhysRevB.45.13452
https://dx.doi.org/10.1103/PhysRevB.69.193303
https://dx.doi.org/10.1103/PhysRevB.69.193303
https://dx.doi.org/10.1021/acs.chemmater.0c01862
https://dx.doi.org/10.1021/acs.chemmater.0c01862
https://dx.doi.org/10.1021/acsenergylett.7b01306
https://dx.doi.org/10.1021/acsenergylett.7b01306
https://dx.doi.org/10.1039/C9CP02866H
https://dx.doi.org/10.1039/C9CP02866H
https://dx.doi.org/10.1039/C9CP02866H
https://dx.doi.org/10.1038/s41586-020-2184-1
https://dx.doi.org/10.1038/s41586-020-2184-1
https://dx.doi.org/10.1021/acsenergylett.7b00659
https://dx.doi.org/10.1021/acsenergylett.7b00659
https://dx.doi.org/10.1021/acsenergylett.7b00659
https://dx.doi.org/10.1039/C7TA01441D
https://dx.doi.org/10.1039/C7TA01441D
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10042?ref=pdf

