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ABSTRACT: Manganese(II)-doped cesium—lead—chloride (Mn?**:CsPbCl;)
perovskite nanocrystals have recently been developed as promising luminescent
materials and attractive candidates for white-light generation. One approach to
tuning the luminescence of these materials has involved anion exchange to
incorporate Br™, but the effects of anion exchange on Mn*" speciation in doped
metal-halide perovskites is not well understood at a microscopic level. Here, we
use a combination of X-band electron paramagnetic resonance (EPR) and
photoluminescence spectroscopies to monitor the Mn?" dopants in
Mn*":CsPbCl; nanocrystals during CI~ — Br~ anion exchange. Analytical

measurements show that the nanocrystals retain their Mn** over the course of

ClI™ — Br™ anion exchange and they continue to show strong Mn>* d—d luminescence but, surprisingly, the Mn>* EPR
intensities all but vanish. Further results suggest that Mn?* ions migrate during anion exchange to form clusters that are still
luminescent but show no EPR signal due to antiferromagnetic superexchange coupling. Monte Carlo simulation and analysis of
the Mn?*:CsPb(Cl,_,Br,), lattice at various halide compositions (x) bolsters this interpretation by indicating a propensity for
Mn**—Cl~ units to cluster as the Br™ content increases, increasing the probability of the nearest-neighbor Mn**—Mn**
interactions. The driving force for this clustering is retention of the stronger Mn—CI bonds compared to Mn—Br bonds. In
addition, modeling predicts spinodal decomposition to form Mn?*-enriched domains even at the end point compositions of x =
0 and 1, with Mn** ordering in next-nearest-neighbor positions driven by Coulomb interactions and lattice-strain minimization.
These results have important implications for both fundamental studies and applications of doped and alloyed metal-halide

perovskites.

B INTRODUCTION

The facile synthesis, efficient and widely tunable lumines-
cence,"” and high defect tolerance® of cesium—lead—halide
perovskite (CsPbX;, X = Cl, Br, I) nanocrystals (NCs) have
made these materials attractive for application in light-emitting
diodes,"™° photovoltaics,7’8 [>hotodetectors,9’10 and other
optoelectronic technologies. The luminescence of CsPbX;
NCs is easily tuned via postsynthetic anion exchange'"'* and
has also been modified by deliberate introduction of
&13718 or trivalent
Among these materials, Mn**-doped perov-
skite NCs have attracted particular attention for both their
fundamental properties and for potential lighting and energy-
conversion applications.”"*™'*'?7>* Mn?*:CsPb(Cl,_,Br,),
NCs usually show the coexistence of sharp, composition-
tunable excitonic emission with broad, orange Mn?* 4T1g —
6A1g d—d emission, providing the ability to generate white light.

Although Mn*" is readily doped into CsPbCly NCs, it has
proven surprisingly challenging to dope Mn** into CsPbBr,
NCs directly.”*’ Similarly, Mn?>* is readily inserted into
CsPbCl; NCs by postsynthetic partial cation exchange,'®***®

impurities, for example, divalent manganese

lanthanides.'°™'®
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but the same approach has not been fruitful for doping Mn**
into CsPbBry NCs. Mn*"-doped CsPb(Cl,_,Br,); NCs (0 < x
< 1) can be accessed by postsynthetic CI~ — Br~ anion
exchange starting from preformed Mn*":CsPbCl; NCs, and
this approach additionally allows the PL of a given ensemble of
NCs to be tracked as a function of x. Such studies have
revealed an unusual trend of increasing excitonic PL intensities
and decreasing Mn** d—d PL intensities with increasing Br~
content.”**"** Compositional analysis before and after anion
exchange argues against Mn’* loss as the main cause of the
decreasing Mn?* luminescence following anion exchamge,20
and instead, more complex photophysical phenomena such as
thermally assisted Mn>* — exciton back energy transfer at high
Br™ content (narrow exciton-Mn**(*T,;) energy gap) have
been implicated.”*®

A common postulation in discussions of anion exchange in
metal-halide perovskites is that the cation sublattice is

Received: July 3, 2019
Revised:  August 16, 2019
Published: August 19, 2019

DOI: 10.1021/acs.chemmater.9b02646
Chem. Mater. 2019, 31, 7711-7722


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b02646
http://dx.doi.org/10.1021/acs.chemmater.9b02646

Chemistry of Materials

effectively rigid and remains intact.”'"*’ Given the ease of
Mn** (or other cation) insertion into CsPbCly NCs by cation
exchange or diffusion doping,'*'***' however, it appears
likely that both cations and anions may migrate within the NCs
during anion exchange. Pb** migration may be undetectable in
undoped perovskites, but in Mn?**-doped CsPbX; perovskites,
cation migration during anion exchange could potentially
generate detectable nonrandom Pb** and Mn** spatial
distributions. Spinodal decomposition has already been
reported in CsPbCly nanoplatelets at high Mn*" content
(>6%) under solvothermal diffusion-doping conditions (80
mol % Mn to Pb, autoclave, 200 °C for 2—5 h),** forming
what appear to be CsMnCl; inclusions within the CsPbCly
lattice. On the other hand, solid-state 33Cs nuclear magnetic
resonance (NMR) spectroscopy has been used to rule out the
formation of even small (radius > ~2.2 nm (~3 unit cells))
CsMnCl, inclusions in bulk 3% Mn*":CsPbX; (X = Cl or Br)
powders, but the possibility of smaller clusters could not be
addressed.”® Neither of these studies examined mixed-halide
compositions. The effect of anion exchange on Mn*" dopants
within metal-halide perovskite NCs has not yet been examined.

Here, we use X-band electron paramagnetic resonance
(EPR) and PL spectroscopies to track Mn** ions during the
postsynthetic transformation of Mn**-doped CsPbCl; NCs
into Mn**-doped CsPb(Cl,_,Br,); (0 < x < 1) NCs by room-
temperature anion exchange. These experiments reveal that
Mn** ions do indeed migrate within the NCs, clustering
together in nearest-neighbor positions as Cl™ is replaced by
Br~ in the lattice. Density functional theory (DFT)-based
Monte Carlo modeling predicts such Mn** clustering, driven
by differential Mn—X bond strengths. Even in the
Mn*":CsPbCly; and Mn”**:CsPbBr; composition limits, the
modeling predicts spinodal decomposition to form domains of
a new ordered phase with second-nearest-neighbor Mn*"—
Mn?* correlations, rather than the randomly doped
Mn**:CsPbX; typically assumed. This spinodal decomposition
is driven by Coulomb effects and lattice-strain minimization.
Overall, these combined experimental and modeling results
highlight the structural richness and complexity of alloyed
metal-halide perovskites. In particular, the observation of
anion-dependent B-site cation distributions has important
ramifications for the interpretation of the physical properties
displayed by doped or alloyed perovskite NCs and for
harnessing those properties in next-generation photonics
applications.

B METHODS

Chemicals. Unless otherwise stated, all chemicals were used as
purchased without further purification. Lead(I) acetate trihydrate
(99.9%) was purchased from Baker. Cesium acetate (99.9%), cesium
bromide (99.9%), manganese(II) bromide hydrate (98%), and lead
bromide (99.98+%) were purchased from Alfa Aesar. Manganese(II)
acetate tetrahydrate (99.999%) was purchased from Strem. Oleyl-
amine (70%, technical grade), oleic acid (90%, technical grade),
trimethylsilyl bromide (97%), trimethylsilyl chloride (99%), boron
nitride, and 3-methylpentane (99%, further dried over sodium
benzophenone and distilled before use) were purchased from
Sigma-Aldrich. Anhydrous toluene was purified through an alumina
column pressurized with Ar. Mn(oleate), was synthesized according
to a literature procedure.** Hydrochloric acid (ACS plus), ethyl
acetate (ACS), and acetone (ACS) were purchased from Fisher
Chemical.

Synthesis of Mn?*:CsPbCl; NCs and Undoped CsPbCl; NCs.
The synthesis of Mn**:CsPbCl; was adapted with a modification from
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the literature.” Briefly, in a glovebox under dinitrogen atmosphere,
0.1 mmol of CsOAc was added to a scintillation vial followed by S mL
of toluene. This step was performed under inert conditions because
CsOAc is highly deliquescent. The vial was then removed from the
glovebox, and 0.1 mmol of PbOAc,-3H,0, 0.005 mmol of MnOAc,-
4H,0, 100 uL of oleylamine, and 450 uL of oleic acid were added.
The mixture was allowed to stir capped at RT for 30 min to
completely solubilize the acetate salts. Concentrated HCI acid (100
uL) was then injected while stirring, and the reaction was allowed to
proceed for 1 min. After this step, the NC solution was transferred to
centrifuge tubes and flocculated with the addition of anhydrous ethyl
acetate, followed by centrifugation and resuspension with hexanes.
This precipitation—centrifugation—suspension step was carried out an
additional time to remove unreacted species. After these two washing
steps, there was no further change in Mn>* concentration as measured
by inductively coupled plasma—atomic emission spectroscopy. The
final product was dried in vacuo, transferred to the glovebox, and
resuspended in hexanes for further manipulation. The Mn?**:CsPbCl,
NC samples prepared for these studies typically showed photo-
luminescence quantum yields (PLQYs) of ~40% for the Mn** d—d
transition. Undoped CsPbCl; NCs were made similarly, with the
omission of the MnOAc,-4H,0. The doped and undoped NCs were
stored under inert atmosphere and did not show any noticeable
degradation over the course of the study.

Synthesis of 0.1% Mn?*:CsPbBr; Bulk Powder. Bulk powders
were synthesized by grinding the reactants in a planetary ball mill
using a zirconia grinding jar and balls (@ 30 mm) for 1 h at 600 rpm.
The resulting powder is further annealed at 250 °C for 30 min. For
the synthesis, 3 mmol of CsBr, 0.003 mmol of MnBr,-xH,0, and
2.997 mmol of PbBr, were used.

General Anion Exchange. A 0.1 M solution of TMS-Br in
hexanes was prepared for use in anion-exchange reactions. In a general
anion-exchange reaction, a specific amount of TMS-Br solution was
titrated into a solution of CsPbCly; NCs. The mixture was allowed to
react until there was no further change in the energy of the excitonic
emission. Following complete reaction, the solution was removed in
vacuo to remove the TMS-CI byproduct, and the NCs were then
resuspended for further measurements. The time delay between TMS-
Br addition and EPR measurement was less than ~10 min.

Reverse Anion Exchange. In a general reverse-anion-exchange
reaction, a solution of CsPbBr; NCs was dried to a powder and a
specific amount of neat TMS-CI was added. The NCs suspend in the
TMS-Cl. The mixture was allowed to react until the desired exciton
emission energy was reached. Following reaction, the solution was
removed in vacuo to remove unreacted TMS-CI and the TMS-Br
byproduct, and the NCs were then resuspended in 3-methylpentane
for further measurements.

General Characterization. UV—vis measurements were per-
formed on an Agilent Cary 60 spectrophotometer. Samples were
prepared for powder X-ray diffraction (XRD) by depositing NCs from
solution onto a silicon substrate and analyzed on a Bruker D8
Discover diffractometer. TEM samples were prepared by drop casting
suspensions of NCs onto 400 mesh carbon-coated copper grids from
TED Pella, Inc. and dried under an inert atmosphere. TEM images
were obtained on an FEI TECNAI G2 F20 microscope operated at
200 kV. Size distributions were determined by analysis of >200
individual NCs. Elemental composition was determined on nitric-
acid-digested samples using inductively coupled plasma—atomic
emission spectroscopy (ICP-AES) with a PerkinElmer 8300
spectrometer. For EDS analysis, samples were drop cast onto silicon
substrates and coated with an ~200 nm thick layer of carbon; spectra
were acquired in an FEI Sirion Scanning Electron Microscope
operating at 30 kV using an Oxford EDS spectrometer. Standardless
quantification was used. PLQY measurements were performed
according to procedures described previously."®

EPR Measurements. Continuous-wave electron paramagnetic
resonance (EPR) measurements were performed on a Bruker EMX
spectrometer operated at X-band frequencies equipped with an LN,
variable-temperature sample-cooling unit.
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Figure 1. Characterization of representative colloidal 1.1% Mn>*:CsPbCl; NCs. (A) Powder X-ray diffraction data collected for Mn**:CsPbCl, NCs
drop-cast on a silicon substrate (red) and literature pattern (black) for orthorhombic CsPbCly NCs. The NC data are consistent with the literature
pattern. (B) TEM image of Mn?*:CsPbCly NCs, with the scale bar representing 20 nm. The average edge length is 6.9 + 0.4 nm. (C) Absorption
(blue) and photoluminescence (red) spectra of the Mn?*:CsPbCl; NCs. A 365 nm diode was used for photoexcitation. (D) X-band electron
paramagnetic resonance (EPR) spectrum of the Mn*":CsPbCly NCs. All data were collected at room temperature.

133Cs Solid-State NMR Measurements. Solid-state MAS NMR
spectra of '33Cs (91.8 MHz at 16.5 T) were recorded on a Bruker
Avance III 16.5 T spectrometer equipped with a 3.2 mm Phoenix
HXY probe. NC samples were dried and mixed with boron nitride
forming a powder suitable for packing. The powders were then packed
into 3.2 mm zirconia rotors and closed using Vespel caps. The
samples were spun at 3 kHz MAS using dry air, and the temperature
was maintained at 298 K. '33Cs shifts were referenced to solid CsCl (6
2232 ppm).*® Relaxation delays ranged from 6 to 10 min
depending on the samples. The saturation-recovery experiments were
performed by applying a train of 30 7/2 pulses spaced by 3 ms in
keeping with a previous report.** For analysis and discussion of these
results, see Figure S16 and Table S1.

Photoluminescence Measurements. Room-temperature pho-
toluminescence measurements were performed on solutions of NCs
excited with a 365 nm LED or a 375 or 40S nm laser diode and
collected with an OceanOptics USB 2000+ spectrometer or an LN,-
cooled charge-coupled device (CCD) mounted to a monochromator.
Spectra are corrected for the instrument response. Liquid helium
photoluminescence experiments were performed on films of NCs
sandwiched between quartz plates. Samples were mounted in a flow
cryostat with a variable-temperature sample compartment.

For lifetime measurements, photoexcitation was provided by a 375
or 405 nm laser diode modulated using the square pulse waveform
output of a function generator at a 10 Hz repetition rate. The PL was
coupled into a fiber and passed to a monochromator equipped with
LN,-cooled CCD and photomultiplier tube (PMT) detectors.
Photoluminescence decay kinetics were measured using a multi-
channel scaler, averaging over several thousand laser pulses.

Modeling. Characterization of the space of low-energy alloy
configurations on the Pb- and halide-sublattices at the level of first-
principles theory is limited by the computational demands introduced
by the alloy degrees of freedom. For instance, a fixed lattice of n Pb
sites and 3n halide sites admits 2* possible configurations of Pb/Mn
and halide, and determining the ab initio ground-state energy of each
configuration requires optimization of both electronic and ionic
degrees of freedom. While the number of configurations could be
reduced by equivalence under symmetry operations from the space
group of the underlying lattice, the number of structural calculations
required to sufficiently sample the configuration space is still at best
computationally inefficient and at worst infeasible.*®
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To reduce the computational complexity of the problem, we built a
model for the bulk energetics of halide mixing in the presence of
substitutional Mn*" using the cluster expansion (CE) formalism.*” To
elaborate, the configuration of various chemical components on a
lattice of N sites can be represented by a vector 6 = (o), 6,, .., Oy),
where if M; chemical components can occupy lattice site i, then
admissible values of the site occupation variable o; are 6,¢{0, 1, ..., M;
— 1}. Similarly, a cluster of sites can be represented by a vector @ =
(ay, @y, ..., ay) that spans all sites in the lattice, where o; = 0 if site i is
not in the cluster and {0, 1, .., M; — 1} otherwise. Then,
orthogonal, single-site functions that faithfully represent the
occupation of lattice sites in a cluster can be defined in the basis of
Chebyshev polynomials:

1 ifa; =0

alo
—cos(Zﬂ:[—‘}—’] ifa, > 0and odd
2| M,

i

b, (0) =

;| G
—sin| 2717[—]— if ;> 0 and even
2| M; (1)
Here, [..] in eq 1 denotes the ceiling function.*® The ground-state
energy, E(6), of a given configuration of alloyed species can be
expanded in a complete, orthonormal, basis of cluster functions as
E(6) = Ey + 2 Jug.04(6), where the cluster function [,(6) =
h,,(0)) is a product of single-site functions in cluster & and the T,

denotes an average over clusters equivalent under symmetry
operations of the underlying lattice. Hence, the sum in the expansion
is carried out over symmetrically distinct clusters, and each cluster
carries a multiplicity factor g,. The coeflicients of the expansion J, are
commonly called effective cluster interactions (ECIs) and constitute a
coarse-grained description of the underlying electronic and ionic
degrees of freedom that contribute to the ground-state energy of a
configuration. Once the ECIs have been determined, the energy of
any configuration on the lattice can be rapidly calculated.

The ECIs were determined from density functional theory (DFT)
calculations of the energies of 200 distinct structures. To enhance
model sparsity and optimize bias-variance trade-off, cluster selection
and ECI fitting were carried out using a Least Absolute Shrinkage and
Selection Operator (LASSO) regression combined with 10-fold cross-
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Figure 2. (A) UV—vis absorption spectra of 1.1% Mn?>*:CsPbCl; NCs collected during the course of an anion exchange reaction using trimethylsilyl
bromide (TMS-Br). (B) Corresponding PL spectra collected during the course of anion exchange. NCs were photoexcited at 375 nm. The PL
spectra are plotted relative to the optical density of the sample at the excitation wavelength, allowing relative changes in quantum yield during anion
exchange to be assessed. (C) Total integrated excitonic (black) and Mn** d—d (orange) PL intensities from the data in panel B, plotted against the
energy of the excitonic PL. The dashed lines are guides to the eye. (D) Powder X-ray diffraction data collected before and after anion exchange.

Both patterns are consistent with the orthorhombic phase.

validation to determine the regularization parameter.*” The CE model
was found to have a root-mean squared error (RMSE) of ~2 meV/
atom. Monte Carlo (MC) simulations using the CE energy model and
the Metropolis-Hastings algorithm with Kawasaki exchange were used
to sample room-temperature, equilibrium alloy configurations in the
canonical ensemble for various fixed Pb/Mn and Cl/Br compositions.
Each MC run was initialized with a random configuration of alloy
components, and a minimum of 1000 MC passes were performed to
statistically sample the energy and short-range order observables, as
discussed in the Results and Analysis. Each MC pass is defined as the
number of MC trials becomes equal to the number of alloyed sites in
the simulation cell, where each simulation cell consisted of 32 000
alloyed sites. The CASM software and Scikit-learn libraries were used
in automating the first-principles calculations, developing the cluster
expansion, and performing MC.**~*

DFT calculations based on the all-electron projector-augmented
wave (PAW) method were fer_formed using the Vienna Ab Initio
Simulation Package (VASP). 670 The conjugate gradient algorithm
was used for structural optimization, and the volume, shape, and
atomic positions were relaxed until interatomic Hellmann—Feynman
forces were less than 0.01 e€V/A. To reduce total computation time,
the structure was optimized using the Perdew—Burke—Ernzerhof
(PBE) exchange-correlation functional in the generalized gradient
approximation (GGA).>' In the pseudopotentials, 9 electrons of Cs
(55*5p%6s'), 4 electrons of Pb (6s?6p?), 7 electrons of Cl (3s*3p°), 7
electrons of Br (4s?4p°), and 7 electrons of Mn (3d°4s*) were treated
as valence electrons. The plane-wave basis cutoff was set to 520 eV,
and a Gamma-centered Monkhorst Pack k-point mesh was used for
Brillouin-zone integration.”> A k-point density of 5000 k-points per
reciprocal number of atoms, which amounts to a 10 X 10 X 10 k-point
mesh for a 5-atom, cubic unit cell, was found to be well-converged for
various simulation cell sizes.

B RESULTS AND ANALYSIS

Synthesis and General Characterization. Figure 1 plots
general characterization data for a representative sample of as-
synthesized Mn?*:CsPbCl; NCs. The average concentration of
Mn?* in this sample is 1.1%, as determined by ICP-AES. Figure
1A plots powder-X-ray diffraction data for this sample. The
NC data index well to the pattern for orthorhombic CsPbCl,,
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and no additional phases are observed. Figure 1B shows a
representative TEM image of these NCs. The NCs are
approximately cubic in shape with good size homogeneity and
an average particle edge length of 6.9 + 0.4 nm. Figure 1C
plots room-temperature absorption and PL spectra of these
NCs. The absorption spectrum shows a sharp first-exciton
band centered at 395 nm, and the PL spectrum shows narrow
excitonic PL at 400 nm as well as an intense, broad band
centered at 610 nm assigned as the 4TIg - 6Alg ligand-field
transition of octahedral Mn**. Figure 1D plots the room-
temperature X-band EPR spectrum of these Mn*":CsPbCly
NCs. This spectrum shows a resonance at g = 2.01, split into
six lines by hyperfine coupling with the Mn®** nuclear spin.
From this splitting, a hyperfine coupling constant of 80.9 X
10™* cm™ is obtained, consistent with previous reports.' > As
noted previously, this hyperfine splitting is very large compared
to those of Mn>'-doped chalcogenide II—VI semiconductor
NCs, reflecting the high ionicity of Mn** bonding in the
CsPbCl, lattice.>

General Anion-Exchange Reactions. Trimethylsilyl
halides (TMS-X, X = Cl, Br, I) have been demonstrated to
be useful anion-exchange reagents in elpasolite (double-
perovskite) NCs>* and CsPbX; NCs and thin films.”® Here,
we apply TMS-Br to induce anion exchange in Mn?*:CsPbCl,
perovskite NCs. Figure 2 summarizes the evolution of
Mn*":CsPbX; NC physical characteristics during this anion
exchange. Figure 2A shows that the first absorption maximum
shifts to lower energy with added TMS-Br, consistent with CI~
— Br~ anion exchange. At the end point of the reaction (excess
TMS-Br), SEM/EDX measurements confirm essentially
complete halide exchange with no significant change in Mn?*
content (see Figure SI).

Figure 2B plots PL spectra collected as a function of added
TMS-Br. These data also show a red-shift of the excitonic
emission with added bromide, but there is no clear change in
the energy of the Mn”** d—d emission. A blue shoulder in the
excitonic region appears with greater bromide incorporation,
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Figure 3. (A) PL spectra of 1.1% Mn**:CsPbCly NCs in the EPR tube during the course of an anion exchange reaction; note that Mn>* PL is seen
centered at ~610 nm at every stage of the anion exchange reaction. The PL spectra are each normalized to their total integrated PL intensity. A 365
nm diode was used for excitation. Each spectrum was taken at the same NC concentration, and the NCs were never removed from the EPR tube
over the entire experiment. (B) X-band EPR spectra collected during the course of the same anion exchange reaction as described in panel A. (C)
Scatter plot of the relative Mn** spin, determined from double integration of the EPR spectra, vs the exciton PL peak energy from (A). The dashed
line is a guide to the eye. (D) Summary of hyperfine splitting constants, |Al, for Mn**:CsPb(Cl,_,Br,); NCs measured during anion exchange, taken
from the spectra collected in (B) and for Mn**:CsPbBr; bulk powder taken from the spectrum in Figure S6. The dashed line (- - -) is a guide to the
eye, tracing the experimental hyperfine splitting constants. The dot-dashed line (— - —) illustrates the Mn>* hyperfine splittings expected for
random solid solutions of halides in CsPbX;. Bromide concentrations are estimated from the known dependence of the excitonic PL energy on .

attributed to sample inhomogeneity. These PL spectra have
been corrected for the optical density of the sample at the
excitation wavelength, allowing quantitative analysis of their
integrated intensities (i.e., relative PL quantum yields) over the
course of the anion-exchange reaction, and these intensities are
summarized in Figure 2C. The same PL spectra normalized to
their total integrated intensities (which corrects for changes in
PL quantum yield) or normalized to the exciton maxima (for
comparison with published data®"”) are provided in Figure S2.
From Figure 2C, the excitonic PL becomes much brighter as
Br is incorporated, whereas the Mn”* PL intensity first grows
but then decreases with increasing Br™ incorporation. These
trends are generally consistent with previous data®*® but show
substantially more Mn** PL from the resulting Mn**:CsPbBr;,
NCs than observed in other samples.’ Overall, these data
demonstrate that Mn>* PL is still sensitized by NC
photoexcitation even after complete CI™ — Br~ anion
exchange. Figure 2D plots powder X-ray diffraction data
collected before and after NC anion exchange. The
orthorhombic crystal structure of the parent Mn>":CsPbCly
NCs is preserved upon conversion to Mn*":CsPbBr;.
According to previous literature, the changes in Mn*" and
exciton PL intensities with anion exchange (Figure 2C) can be
attributed to two effects. First, the increase in both the
excitonic and Mn** PL intensities with initial Br~ incorporation
is consistent with observations made for analogous undoped
NCs; the exciton PL quantum yield in undoped CsPbCly; NCs
generally increases substantially with CI© — Br~ anion
exchange,'"'> because narrowing the perovskite energy gap
diminishes nonradiative recombination losses by reducing the
number of accessible surface traps.”® Second, the decrease in
Mn?* PL intensity at larger Br™ content and the corresponding
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increase in excitonic PL intensity could reflect thermally
assisted “back” energy transfer from Mn>' to repopulate the
excitonic excited state when their energy difference narrows
sufficiently.”*® It is conceivable that such back energy transfer
does occur in Mn**:CsPb(Cl,_,Br,); NCs with large x, but as
noted previously,” this system is vastly different from the well-
studied system of dual-emitting II—VI Mn?*-doped NCs.***
For example, in dual-emitting II-VI Mn*"-doped NCs,
forward energy transfer is fast and thermally assisted back
energy transfer is strongly suppressed when the temperature is
lowered, yielding almost exclusively Mn** PL at low temper-
atures; however, the PL of Mn**:CsPb(Cly,,Bry); NCs
prepared here does not show an analogous temperature
dependence (see Figures S8 and S9). Instead, the excitonic PL
from these NCs increases and their Mn®" PL decreases with
decreasing temperature before both turn over at ~7S K, and
substantial excitonic PL is still observed even at 5 K. In fact,
this temperature dependence appears very similar to the
behavior reported for Mn**:CsPbCly; NCs,”* which have too
large an energy gap for back energy transfer. These
observations support the conclusion of a more complicated
origin of the spectral changes in Mn*":CsPb(Cl,_,Br,); NCs
with anion exchange. As detailed below, the experiments
performed here identify a new and unrecognized complication
contributing to such PL trends: Mn>" clustering within the NC
lattice during anion exchange.

Evidence for Mn?* Clustering upon Anion Exchange.
To probe Mn?** speciation, EPR measurements were also
performed at various stages of anion exchange. For these
measurements, anion exchange was performed in a gastight
EPR tube, and both PL and EPR data were collected after
addition of each TMS-Br aliquot. Importantly, the product of
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the anion-exchange reaction is gaseous TMS-CI, which can be
removed without removing any NCs, and the solvent volume
can be kept constant. Consequently, Mn>" cannot be lost from
the EPR tube because the sample is never removed from the
EPR tube throughout the entire experiment.

Figure 3A plots the PL spectra of a sample of Mn**:CsPbCl,
NCs collected during the course of such an anion-exchange
reaction. Each spectrum corresponds to a different stage of
TMS-Br titration. As in Figure 2C, TMS-Br addition redshifts
the excitonic PL as the host lattice is converted from CsPbCl,
to CsPbBry, but the Mn** d—d PL energy remains largely
unchanged. In contrast with the data in Figure 2C, the spectra
in Figure 3A have all been normalized to their total integrated
areas because the optical density of the solution in the EPR
tube was too high to measure accurately, so only trends in
relative PL intensities can be interpreted. Nonetheless, the key
observation from the PL data is that, as in Figure 2C, Mn?* PL
is still sensitized by NC photoexcitation even after complete
anion exchange, and hence, some if not all of the Mn?* is still
intimately integrated with the NCs and likely still inside the
NC lattice.

Figure 3B plots EPR spectra collected during this same
anion-exchange reaction. A striking decrease in the Mn** EPR
intensity is observed as TMS-Br is added, and at maximum
anion exchange, there is no detectable Mn>* EPR signal at all.
Again, we stress that this loss of EPR intensity cannot be
associated with any actual loss of Mn*" from the EPR tube.
Figure 3C summarizes the change in double-integrated EPR
intensity with anion exchange, the latter represented in terms
of the excitonic PL energy. This result shows a strong
correlation between the incorporation of Br™ into the NCs and
the loss of EPR-active Mn**, despite the retention of Mn** PL.

ICP-AES measurements confirm that Mn®" is still strongly
associated with the perovskite NCs after anion exchange: The
starting Mn>" concentration was measured to be 1.1% (of total
B-site cations) in these NCs. After complete anion exchange
and spectroscopic measurement, the NCs were removed from
the EPR tube and washed twice by standard precipitation/
centrifugation/resuspension methods to eliminate any Mn?*
that may have been expelled from the NCs, and the remaining
NC sample was then analyzed by ICP-AES. The resulting
Mn*" concentration was still 1%, ie., within error of the
starting concentration. The data thus rule out loss of Mn*"
from the NCs. This conclusion is bolstered by the continued
absence of any EPR signal even at 120 K; the EPR spectra of
plausible solvated Mn*" species (e.g., Mn(oleate),) are readily
detectable at low temperatures (see Figures S3—S5). More-
over, this low-temperature result also indicates that the loss of
Mn*" EPR intensity does not result from accelerated Mn** spin
relaxation in the CsPbBr; lattice. For reference, we prepared
bulk 0.1% Mn>":CsPbBr; and confirmed that its EPR signal is
readily detectable at room temperature (see Figure S6).

Insight into this strange loss in Mn®" EPR intensity with
anion exchange is obtained by analysis of the Mn** hyperfine
splittings observed in Figure 3B. These hyperfine splittings are
summarized in Figure 3D. In the starting Mn>":CsPbCl; NC
EPR spectrum (Figure 3B), the hyperfine splitting constant is
IAl = 80.9 X 10™* cm™', consistent with literature results.'>>>
Interestingly, there is little or no detectable change in the
hyperfine splitting constant over the entire course of the anion-
exchange reaction. For comparison, the EPR spectrum of
Mn?*:CsPbBr; shows a hyperfine splitting of lAl = 75.4 X 107*
cm™' (see Figure S6), illustrating the trend of decreasing
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hyperfine splitting with increasing metal—ligand covalency
within the local [MnX4]*~ cluster.®”®* These observations
yield the surprising conclusion that essentially all EPR-active
Mn** remains exclusively chloride-coordinated and that Mn**
ions coordinated by bromide either are not present in these
NCs or are no longer EPR active. In this vein, it is perhaps
telling that the literature does not yet have any clear examples
of EPR spectra of Mn** in CsPbBry NCs, and the few examples
that have been reported'®>* show hyperfine splittings greater
than that of Mn®" in CsPbBr;, suggesting oxygenic Mn?*
coordination.

To explain the above observations, we hypothesize that CI™
— Br~ anion exchange causes Mn®' clustering within the
perovskite NCs. Because of the 180° M>*—X—M?** bond angle
in this lattice, nearest-neighbor Mn**—Mn** superexchange
coupling in such clusters would be antiferromagnetic;***
hence, this Mn>* would be EPR silent, but it could still
luminesce. We further hypothesize that this clustering is driven
thermodynamically by a preference for Mn—Cl rather than
Mn—Br bonding. For example, the bond dissociation energies
of Mn—Cl (MnCl,) and Mn—Br (MnBr,) are 392.5 and 332.2
kJ/mol,*® respectively, reflecting this preference. To test this
interpretation, we investigated whether the spectroscopic
changes in Figure 3 are reversible, i.e, whether Br~ — CI~
anion exchange could reintroduce a Mn** EPR signal. For this
experiment, we first converted 3.7% Mn*":CsPbCl; NCs to
Mn**:CsPbBry NCs as in Figure 3. Following conversion, these
NCs were removed from the EPR tube and washed twice by
standard precipitation/centrifugation/resuspension methods to
eliminate any Mn”* that may have been ejected from the NCs.
We then added neat TMS-CI to the solution to drive the
reverse anion exchange, again monitoring the PL and EPR.
This reaction was performed under conditions that were
otherwise identical to those used for Figure 3. In particular, the
NCs were again not removed from the EPR tube during the
Br™ — CI” reverse anion exchange, and the NC concentration
in the EPR tube was held constant. Figure 4A plots the
evolution of the PL spectra during this reverse anion exchange.
The excitonic PL shifts to higher energy, consistent with
chloride incorporation, and concomitantly, the relative Mn**
PL intensity increases. The PL spectrum obtained after the full
forward and reverse anion-exchange cycle is very similar to the
initial spectrum, again consistent with full retention of Mn*" in
the NCs. Figure 4B plots the corresponding EPR spectra. In
this sample, anion exchange to form Mn*":CsPbBr; NCs
eliminates most but not all of the Mn?>* EPR signal; the
remaining EPR signal is weak, and its hyperfine splittings are
unresolved. This breadth is consistent with Mn>* being
magnetically concentrated, as hypothesized above. Upon
reverse anion exchange, the EPR intensity increases again
and hyperfine splittings emerge, consistent with dissociation of
Mn®* clusters and randomization of the Mn>" spatial
distribution. This recovered hyperfine splitting is described
by lAl = 80.9 X 10™* cm™/, consistent with [MnCl¢]*". From
these results, we conclude that Br— — CI~ reverse anion
exchange breaks up antiferromagnetic Mn*" clusters formed
during the CI” — Br~ forward anion exchange.

Effects of Mn*" clustering are also observed by PL. Figure 5
summarizes Mn®>" PL data collected at 5.2 K for 1.1%
Mn?*:CsPbCl; NCs and for the same Mn>*:CsPb(Cl,_,Br,),
NCs after partial bromide exchange (x = 0.78). The main
panel plots Mn?* PL decay curves for the two samples, and the
corresponding 5.2 K PL spectra are shown in the inset. The
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Figure 4. (A) Photoluminescence (PL) spectra of 3.7%
Mn**:CsPbBr; NCs collected during the course of reverse anion
exchange. Mn?* PL at ~610 nm is observed at each stage of anion
exchange. The PL spectra are normalized to the total integrated PL
intensity. (B) Corresponding X-band EPR spectra of Mn>*:CsPbBr;,
NCs made via anion exchange of Mn**:CsPbCl; NCs with TMS-Br
during the course of a reverse anion exchange reaction using TMS-CL
Each spectrum is taken at the same NC and Mn** concentration, as in
the experiment of Figure 3. The Mn** hyperfine splitting constant is
IAl = 80.9 X 107* cm™". The broad feature underneath the sharper
Mn®" hyperfine lines is assigned to magnetically concentrated Mn*".
EPR and PL spectra of the initial Mn?*:CsPbCl; NCs are shown as
dashed lines.
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Figure S. Photoluminescence decay curves measured for 1.1%
Mn**:CsPbCly; NCs (blue) using 375 nm and for 1.1% Mn**:CsPb-
(Cl,_,Br,); NCs (x = 0.78) (green) using 405 nm excitation. Both
excitation sources were pulsed as square waves at a 10 Hz repetition
rate. The data are normalized at time zero. Black lines are fits to the
data. The data for the Mn*":CsPbCl; NCs are fit to a single-
exponential function with a time constant of 3.36 ms. The data for the
Mn**:CsPb(Cl,_,Br,); NCs are fit to a double-exponential function
with time constants of 859 us and 2.3 ms. The inset shows the
corresponding PL spectra of the Mn>":CsPbCl; (blue) and
Mn**:CsPb(Cl,_,Br,); (green) NCs excited with 405 nm. All data
were collected at 5.2 K. EPR spectra of these samples are shown in
Figure 3. RT absorption spectra of these samples are provided in
Figure S7.
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Mn*":CsPbCly NCs show monoexponential PL decay with a
lifetime of 3.4 ms, consistent with the spin- and parity-
forbidden Mn** 4Tlg — SA,, ligand-field origin of this
emission.”* In contrast, the Mn§+:Cst(Cll_xBrx)3 NCs show
biexponential PL decay with components of 859 ys and 2.3 ms.
We note that the Mn>* PLQY increases after this anion
exchange, possibly due to reduced exciton trapping prior to
energy capture by Mn>'. Shorter Mn®>' PL lifetimes are
typically observed in bromide compared to chloride lattices
(e.g,, 54.9 ms in CsCaCly vs 23 ms in CsMgBr;, respectively, at
10 K°>%), attributable to the increased spin—orbit coupling of
the heavier halides, but this effect cannot explain the
biexponential decay or the short time constant observed in
Figure S. Moreover, the hyperfine splittings in the EPR spectra
of these NCs (Figure 3) indicate that Mn®* remains essentially
exclusively coordinated by chloride anions, also ruling out an
effect from bromide spin—orbit coupling. Mn** lifetime
shortening due to thermal back energy transfer to the exciton
state does not occur at these low temperatures either. Instead,
we propose that this lifetime shortening is attributable to Mn?*
clustering. In Mn**—Mn?* dimers and other clusters, magnetic
superexchange coupling generates spin ladders in both the
ground and excited states that introduce new spin-allowed
components to otherwise spin-forbidden electronic transitions,
accelerating radiative decay.”** High Mn** concentrations
also facilitate energy migration to traps, accelerating non-
radiative decay. Collectively, the experimental results point to
Mn*" migration and clustering induced by CI~ — Br~ anion
exchange in Mn?**:CsPb(Cl,_,Br,); NCs.

Thermodynamics of Mn?* Clustering. To explore the
thermodynamics of Mn>" clustering, we modeled atom
distributions in Mn>":CsPb(Cl,_,Br,); using a cluster-
expansion energy model and canonical Monte Carlo (MC)
methods, as detailed in the Methods. Figure 6 shows energy-
minimized distributions of Mn?*, CI~, and Br™ ions calculated
for x = 0.80 and 1.00. Similar plots for the complete halide
composition series are provided in Figure S10. A representative
energy-minimization trajectory is also given in Figure S11.

We quantify clustering predicted by the MC simulations in
terms of Warren-Cowley type short-range order (SRO)
parameters given by eq 2,

(alf) _ <Pl(a|ﬂ)> — Gy
1-¢ )

where p,(alf) is the conditional probability that any a species
has a f§ species at a lattice distance i € {INN, 2NN, 3NN, ...},
and iNN is the ith nearest neighbor shell.”’ Because we do not
consider anti-site formation in this work, in the case where a =
B, iNN denotes the ith nearest neighbor shell on the «
sublattice. The fractional composition of the alloy species a is
given by c,, and (...) denotes a thermal average with respect to
the canonical ensemble. The SRO parameters measure the
degree of pairwise a—p clustering. For nonzero concentrations
of species @ and f, the SRO parameters vanish identically for a
completely disordered state, which in principle occurs only in
the limit of infinite temperature. The lower bound for the SRO
parameter is given by —c,/(1 — ¢,). A value 0 < 7@ < 1
indicates a tendency toward ion segregation, and conversely,
—c/(1 = ¢,) < 7% < 0 indicates a tendency toward local
mixing with species distinct from f at the ith nearest neighbor.
Figure 7 plots Mn**—~Mn** SRO parameters for first, second,
and third NN positions as a function of the halide composition
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Figure 7. Short-range order (SRO) parameters for 1NN, 2NN, and
3NN Mn**~Mn** pairs in 4% Mn**:CsPb(Cl,_,Br,); plotted vs the
halide composition parameter x, as predicted by cluster-expansion
canonical Monte Carlo methods. Spinodal decomposition is observed
at both x = 0 and x = 1, and Mn?*~Mn*" INN clustering is observed
when x > 0. The SRO oscillations near x = 1.0 are due to fluctuations
between competing low-energy cluster configurations. The inset
shows the INN, 2NN, and 3NN sites around a central cation, with
chloride/bromide ions depicted in green/brown and lead/manganese
ions depicted in gray.

parameter «x. Interestingly, the pure and dilute chloride
compositions both show segregation of ordered Mn*'-rich
domains characterized by Mn**—Mn** pairs occupying 2NN
sites. The decomposition of an initially random mixture into
coexisting Mn?*-enriched and -depleted domains, i.e., spinodal
decomposition, suggests a tendency for each Mn** to maximize
its. number of Pb*" nearest neighbors in the absence of
significant halide mixing. The stability of the Mn*'-enriched
phase is consistent with a simple model of Coulomb energy
gain.”' In this picture, there is a transfer of partial charge, 9,
between Mn** and Pb** nearest neighbors due to their
different electronegativities and the high ionicity of the lattice.
This transfer leads to nominal oxidation states of Pb®~?* and
Mn®** and it lowers the Coulomb energy by an amount
proportional to -6%/2r, where 2r is the distance between the
Pb** and Mn*" ions. The configuration that maximizes the
number of INN Mn**—Pb?** pairs maximizes this Coulomb
energy gain. The optimal configuration thus corresponds to
Mn**~Mn** pairs ordered on 2NN sites. Using DFT and
Bader charge analysis,’” the average charge transferred
between INN Mn** and Pb** is § = 0.21 and 0.19 in the
cases of Cs,PbMnClg and Cs,PbMnBrg, respectively. This
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2NN ordering may also reduce the lattice strain associated
with substituting Pb** with the smaller Mn?*, leading to further
stabilization relative to the random alloy. Because super-
exchange is only a short-range interaction, superexchange
coupling between 2NN Mn** ions is negligible and 2NN
ordering therefore cannot explain the experimental clustering
concluded from the loss of EPR intensity in Figure 3. To
explain this observation, INN Mn*'—Mn>" clustering is
required.

For x = 0, the MC simulations predict no INN Mn**—Mn**
clustering. Figure 7 shows a rapid increase in 1NN clustering
with Br~ addition in the dilute-bromide limit (small x),
followed by nonlinear and generally increasing 1NN clustering
with increasing Br™ concentration. Indeed, clustering at all
Mn**~Mn** separations (1NN, 2NN, 3NN) generally
increases with increasing x, consistent with Mn?* segregation
into enriched crystalline domains as Br™ is added to the lattice.
Moreover, the modeling further predicts that CI~ will also
cluster with increasing x and specifically that the Mn** and CI~
ions are themselves correlated. For example, Figure 8 plots
INN and 2NN Mn—Cl and Mn—Br SRO parameters as a
function of x. These results show that Mn**—CI~ correlations
increase and Mn**—Br~ correlations decrease with increasing x
(see Figure S12 for CI™—Cl™ and Br —Br~ SRO plots).
Although the results generally show anticorrelation for Mn**—
Br™ pairs, there is in fact an initial positive correlation at low
bromide concentrations that may result from a slight energy
stabilization associated with relieving lattice strain by having a
smaller Mn*" dopant next to a larger bromide ion. Overall,
these results support the two key conclusions drawn from the
experimental results, namely, that INN Mn?* clustering occurs
with increasing x in Mn**:CsPb(Cl,_,Br,); NCs (Figure 3C)
and that Mn** remains coordinated by Cl~ despite the addition
of Br™ to the lattice (Figure 3D).

B DISCUSSION

The experimental and computational results presented above
provide strong evidence of Mn®* clustering in Mn*":CsPb-
(Cl,_,Br,); NCs induced by CI~ — Br~ anion exchange. Mn**
is highly mobile in Mn>*:CsPb(Cl,_,Br,); NCs, suggesting that
clustering is driven thermodynamically not kinetically. A
simple qualitative explanation for this observation can be
proposed within the framework of hard—soft acid—base
(HSAB) theory. As a hard Lewis acid, Mn*" has a stronger
preference for hard Cl~ (Lewis base) ligands relative to softer
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Figure 8. Short-range order (SRO) parameters 7M) for (A) Mn?*—
CI™ and (B) Mn**—Br™ pairs in 4% Mn?>*:CsPb(Cl,_,Br,),, plotted vs
the halide composition parameter x, as predicted by canonical Monte
Carlo simulations. Mn**—Cl~ clustering becomes more pronounced
as more Br™ is incorporated. The inset shows the 1NN and 2NN sites
around a central cation, with chloride/bromide ions depicted in
green/brown and lead/manganese ions depicted in gray.

Br~ ligands. The specific preference of Mn>* for CsPbCl,
compared to CsPbBr; is evident from the facile incorporation
of Mn?* into the former'®***® and the inability to easily

introduce Mn*" into the latter either by direct synthesis or by
cation exchange.””® We propose that this preference is a
primary driving force behind the Mn®** clustering we have
observed experimentally in Figure 3C. Such considerations
suggest that, as the lattice Cl~ concentration decreases, Mn*"
dopants migrate in order to retain their preferred Mn—CI
bonding, eventually requiring two or more Mn”* ions to bind
to the same CI” anion, in turn increasing the prevalence of
INN Mn*"—Mn?" pairs and their associated antiferromagnetic
superexchange coupling. This process is summarized in
Scheme 1.

The MC simulations support this interpretation, showing
positive and increasing Mn>*—Mn** INN and Mn**—CIl~ INN
correlations upon introduction of Br~ into a Mn*":CsPbCl,
lattice. This situation is an example of spinodal decomposition,
in which the free energy of an unstable solid solution is
reduced by separating into coexisting phases. This segregation
is driven in part by the difference between Mn—Cl and Mn—Br
bond enthalpies. Beyond supporting the experimental con-
clusion of Br -induced Mn®" clustering in Mn>":CsPb-
(Cl,_,Br,); NCs, the MC simulations reveal additional insights
not detected experimentally. In particular, the modeling
predicts that 2NN Mn**—Mn”* ordering is already thermody-
namically favored even at the composition end points of
Mn*":CsPbCly and Mn*":CsPbBrs. The clustering in these
compositions has a strong preference for ordering at the 2NN
site, driven by Coulomb interactions and potentially strain
minimization. This 2NN ordering cannot explain the Br™-
induced loss of EPR intensity, however; antiferromagnetic
superexchange coupling requires INN Mn**—Mn?" interac-
tions. Although INN Mn**—Mn”* interactions are not
observed or predicted in the CsPbCl; limit under the
conditions examined here, these conditions differ substantially
from those that caused formation of spinodal CsMnCl; phases
in CsPbCl; nanoplatelets, which involved prolonged 200 °C
solvothermal diffusion doping in the presence of high solvated

Scheme 1. Proposed Manganese Clustering during CI_ — Br~ Anion Exchange in Mn**:CsPbCl; NCs
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Mn?* concentrations;”” the present study provides further
evidence of condition-dependent nonrandom Mn** distribu-
tions within doped perovskite NCs.

The conclusions drawn here are based on thermodynamics
and should be largely generalizable to bulk and nanocrystalline
Mn**:CsPb(Cl,_,Br,); prepared by different routes or to
Mn?**":CsPb(Cl,_,Br,); NC anion-exchange reactions involving
different anion precursors. Still, a kinetic factor is also apparent
in the observation that the INN Mn**—Mn** clustering
induced by partial CI™ — Br™ anion exchange is not lost again
upon complete conversion to CsPbBr;, where computations
suggest the 2NN spinodal ordering would be more stable. The
stability of isolated Mn** in CsPbBr; is supported by the
observation of Mn?* EPR hyperfine splittings in bulk
Mn**:CsPbBr, prepared by direct synthesis (see Figure S6).
This apparent reduction in Mn*" mobility may be associated
with the requirement of cation vacancies for cation migration
in these lattices, a requirement that is more readily met during
anion exchange than under static conditions.

The large structural reorganization and Mn*" clustering in
Mn*":CsPb(Cl,_,Br,); NCs with anion exchange may impact
the physical properties of these materials broadly. For example,
the loss of Mn?* EPR described here suggests that anion
exchange converts paramagnetic Mn**:CsPbCl; NCs into
antiferromagnetic Mn**:CsPb(Cl,_,Br,); NCs, which should
fundamentally alter the magneto-optical or magneto-transport
responses of these materials. Additionally, this Mn>" clustering
complicates interpretation of the characteristic x dependence
of Mn** and excitonic PL intensities in Mn**:CsPb(Cl,_,Br,),
NCs noted in several publications,”**"** because Mn>*
clustering alters Mn*" radiative decay rates, Mn*" nonradiative
decay rates, and very likely also exciton-to-Mn>* energy-
transfer rates.

B CONCLUSION

In summary, we have studied anion exchange in Mn**-doped
CsPb(Cl,_,Br,); NCs by PL and EPR spectroscopies. During
the course of CI” — Br~ anion exchange, we observed the
disappearance of the Mn>" EPR signal despite retention of
strong Mn®"-based PL. These results are interpreted as
reflecting clustering of Mn*" dopants during anion exchange
to form antiferromagnetically coupled dimers or higher-
nuclearity clusters. The thermodynamic driving force for this
clustering comes from the stronger Mn—Cl bonding compared
to Mn—Br bonding, in keeping with HSAB principles. The
EPR hyperfine splittings measured during anion exchange
confirm retention of Mn—Cl bonding even when the majority
of lattice anions are bromides. DFT-based Monte Carlo
modeling supports these conclusions, predicting strongly
correlated Mn*" and Cl~ segregation as bromide is added to
the lattice. Monte Carlo modeling further suggests that
spinodal decomposition to form ordered Mn**-enriched
domains is thermodynamically favorable even at the CsPbCl,
and CsPbBr; end points of the lattice anion exchange reaction.
Mn*" ions are predicted to occupy second-nearest-neighbor
positions relative to one another in these spinodal domains.
Overall, these experimental and computational results
provide strong evidence that cationic dopants in metal-halide
perovskites are generally distributed nonrandomly, with
dynamic spatial distributions that depend on the lattice’s
anion composition. Although not explicitly tested here, this
conclusion likely extends to other cationic impurities beyond
Mn*, and it likely applies to both bulk and nanostructured
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perovskites. The high mobility of both cations and anions in
perovskite NCs contrasts the behavior established in
chalcogenide semiconductor NCs such as CdSe, Cu,_,S, or
PbS, where cation exchange typically occurs without
substantial perturbation of the anion sublattice.”””* The
findings here of dynamic anion-dependent cation distributions
within doped perovskite NCs impact the understanding of the
stability and electronic or photophysical properties of such
doped perovskites, which in turn has ramifications for how
these and related metal-halide semiconductor materials may be
used in future optoelectronic technologies.
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