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ABSTRACT: Cs4PbBr6 (0D) nanocrystals at room temperature have both
been reported as nonemissive and green-emissive systems in conflicting
reports, with no consensus regarding both the origin of the green emission
and the emission quenching mechanism. Here, via ab initio molecular
dynamics (AIMD) simulations and temperature-dependent photolumines-
cence (PL) spectroscopy, we show that the PL in these 0D metal halides is
thermally quenched well below 300 K via strong electron−phonon coupling.
To unravel the source of green emission reported for bulk 0D systems, we
further study two previously suggested candidate green emitters: (i) a Br
vacancy, which we demonstrate to present a strong thermal emission
quenching at room temperature; (ii) an impurity, based on octahedral
connectivity, that succeeds in suppressing nonradiative quenching via a
reduced electron−phonon coupling in the corner-shared lead bromide
octahedral network. These findings contribute to unveiling the mechanism
behind the temperature-dependent PL in lead halide materials of different dimensionality.

KEYWORDS: Density Functional Theory, Green Emission, Nonradiative Quenching, Molecular Dynamics

Driven by the recent breakthroughs in lead halide
perovskite (LHP) nanocrystals (NCs),1−5 their “zero-

dimensional” lead bromide Cs4PbBr6 (0D) counterparts have
gained attention in the last years.6−9 The lack of corner-sharing
connectivity between the PbBr6 octahedra confers this 0D
metal halide properties that are different from those of the
intensively studied perovskites; the band structure of the bulk
0D system is mostly flat, and its electronic density is localized
on each lead bromide unit in a molecule-like fashion.
Consequently, the bandgap of the bulk 0D at room
temperature of 3.95 eV is quasi-identical to that of a
hypothetical isolated Cs4PbBr6 molecule.10 The formation of
small and highly energetic polarons and self-trapped
excitons11−14 enabled by such strong electronic localization
makes 0D halides appealing from both fundamental and
applicative standpoints.
At the core of an ongoing debate around 0D lead bromides

is the origin of the green emission, frequently observed in bulk
powders and single crystals and occasionally reported in
nanocrystals (NCs).15 Early speculations of an intrinsic
emission of the material6,16,17 gradually sedimented into two
main lines of interpretation; i.e., the emission has been
assigned to either deep band levels induced by point defects,
likely Br vacancies,16−21 or to embedded nanoscale inclusions
of, e.g., CsPbBr3 (3D)7,12,22−27 or lower-dimensional struc-
tures,28 whose small size evades facile characterization, e.g., via
X-ray diffraction (XRD). Although more recent works lean
toward the hypothesis of a 3D contamination,29 no final

consensus has been achieved so far. This can be attributed to
the difficulty of attaining an atomically resolved elemental
mapping/structural analysis of crystals that would allow to
unambiguously demonstrate the presence of a specific impurity
or defect in the material. A way to overcome this experimental
uncertainty is to use computational approaches.
In this work, we present an ab initio molecular dynamics

(AIMD) study of bulk Cs4PbBr6 in a wide range of
temperatures, from 34 K to room temperature (300 K).30−36

We demonstrate that strong electron−phonon coupling is
responsible for fast nonradiative decay in the pure 0D structure
already at temperatures well below 300 K. Ultimately, we
discard the presence of point defects as a possible cause for the
green emission of the crystal, due to a similar dynamic
behavior as the pure crystal. Instead, we demonstrate that the
connectivity between lead-bromide octahedra in the 3D
structure suppresses nonradiative recombination, thus suggest-
ing that the experimentally observed green emission is
attributable to LHP-like impurities embedded in the 0D
crystal. The results of our computational study are
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corroborated by spectroscopic experiments on 10 nm 0D NCs
that are nonemissive at room temperature but become emissive
at temperatures below ∼130 K.
Computational PL Excitation and Emission Spectra of

the 0D System. A robust computational methodology for
structure, excitation, and emission characteristics of the defect-
free 0D phase is an essential starting point (see Supporting
Information for computational details). The band structure
presents substantially flat conduction and valence bands,10

suggesting that the emissive centers are localized on the single
octahedra. Because a full evaluation of spin−orbit coupling
(SOC) on the entire supercell is computationally prohibitive,
we decided to cleave a [Cs8PbBr6]

4+ unit with a pseudo Oh
symmetry from the supercell and compute the ground state

and the lowest excited states at the ground state geometry (GS,
singlet geometry, Figure 1a) and the excited state one (ES,
triplet geometry, Figure 1b). The corresponding transition
energies in the GS and ES geometries (Figure 1c) are in close
agreement with the experimental PL excitation and emission
spectra, respectively (Figure 1d,e). While the employed PBE
functional leads to a slight underestimation of the computed
band gap (∼3.6 eV) with respect to the experimental gap
(∼3.95 eV, Figure 1f) and only qualitatively describes the
oscillator strength,33 the computed Stokes shift of ∼1.0 eV
between the lowest-energy excitation and emission state
reproduces the experimental observations (see below).
Furthermore, the calculated transition energies, oscillator
strengths, radiative lifetimes, and symmetries of the 12

Figure 1. Computed energy levels of [Cs8PbBr6]
4+ in the equilibrium geometries of the (a) singlet-spin-multiplicity state (GS) and (b) triplet-spin-

multiplicity state (ES). Geometrical variations are highlighted in the structures. The energy levels are shown at the scalar relativistic level (left side)
and upon inclusion of spin−orbit coupling (right side). (c) The 12 lowest-energy excitation energies computed at the TDDFT-SOC/PBE level of
theory at the GS and ES geometries. (d) 2D excitation−emission map for the 0D NC sample at T = 26 K; (e) corresponding slices of emission
spectra at three different excitation energies: 3.89, 3.96, and 4.16 eV (indicated by numbers 1, 2, and 3 in the 2D map, respectively); (f)
corresponding slices of excitation spectra at the three emission maxima: 3.09, 3.19, and 3.29 eV (indicated by numbers 4, 5, and 6 in a 2D map,
respectively); (g) temperature dependence of the most intense emission at 3.29 eV (excitation 3.96 eV), with spectra for two other peaks provided
in the Supporting Information.

Figure 2. (a) Time evolution of the relevant electronic energy levels of Cs4PbBr6, calculated by ab initio MD at different temperatures. (b) Time
evolution of the lowest three one-electron excitations computed as the energy difference between occupied and unoccupied molecular orbitals. The
dotted line indicates the moment in which the system is excited from the ground state to the excited state, computed with the triplet spin
configuration. All calculations are carried out at the DFT/PBE level of theory.
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lowest-energy transitions (Table S1) serve as a basis for
identifying and assigning the main features of the experimental
excitation spectra.
Experimental PL Excitation and Emission Spectra of

0D NCs. We investigated the optical properties of 0D NCs
prepared by colloidal synthesis37 for a comparison with the
calculations. These NCs are ∼10 nm in diameter and
demonstrate a broad absorption peak at 5.44 eV and a narrow
lowest-lying absorption peak at 3.95 eV in hexane dispersion
(see Supporting Information). The 0D NCs are nonemissive in
dispersion or drop-cast film at room temperature and show
emission upon cooling below ∼130 K. Figure 1d shows a 2D
excitation−emission map of the drop cast 0D NC sample
measured at 26 K. The slices 1−3 along the emission energy
axis reveal three PL peaks at 3.09, 3.29, and 3.19 eV (Figure
1e), while the slices 4−6 along the excitation axis reveal three
absorption peaks at 4.16, 3.96, and 3.89 eV (Figure 1f). The
3.96 eV peak, the strongest feature in the excitation spectra, is
virtually unchanged as compared to the lowest absorption peak
at room temperature, is well-correlated with the most intense
emission at 3.29 eV and is in line with the computed oscillator
strengths in absorption that identify the second band (T1u
states) as the most optically active one.
The Mechanism of PL Quenching. Figure 1g reports the

temperature dependence of the most intense emission peak at
3.29 eV (Supporting Information for the temperature depend-
ence of the other two). In all cases, an increase in temperature
causes emission broadening and quenching at temperatures
above 100 K. To provide further insights into the quenching
mechanism, we performed AIMD simulations of the bulk
Cs4PbBr6 at 34, 66, 110, and 300 K (Supporting Information
for further details), i.e., in a temperature range similar to the
experiment. The electronic structure of the system has been
computed at each time step of the MD trajectory (2.5 fs) at the
scalar relativistic DFT/PBE/DZVP level of theory on a 2 × 2
× 2 supercell. Due to the strong excitonic localization,
consistent with the rather flat band structure of the 0D
system,10 the k-sampling was limited to the Gamma point.

Considering the size of the system and the fact that the PBE
exchange-correlation functional accidentally provides a fair
energy gap for lead−halide perovskite systems,38 we decided to
describe ES by one-electron transitions.
For temperatures from 34 to 300 K, Figure 2 shows the

time-dependent energy fluctuations of relevant one-electron
states during an AIMD trajectory of several picoseconds. The
time evolution in the ground state (GS, singlet spin
configuration without SOC, Figure 2a) is shown up to 4 ps
(vertical dashed line), where a photoexcitation is emulated by
continuing the AIMD trajectory for a triplet spin configuration.
The latter configuration is chosen based on the triplet spin
character of the lowest ESs. Since the triplet trajectory (i.e., t >
4 ps in Figure 2a) starts from the same structure and velocities
as in the last point of the GS singlet trajectory, we here address,
at least partially, also the effect of structural relaxation
occurring right after photoexcitation.
To relate the observed energy-level fluctuations in GS and

ES AIMD simulations to the experimentally observed optical
bandgap in absorption and emission, Figure 2b displays the
three lowest one-electron excitations, computed as energy
differences between occupied and unoccupied molecular
orbitals (MOs). While we should acknowledge that the
depicted energy gaps in Figure 2b neglect possible many-
body effects, we expect the latter to not change our results for
this compound qualitatively.31,32 Consistently with the
previous sections and prior reports,39,40 we obtain at 34 K
an average band gap of ∼3.9 eV for GS, in excellent agreement
with the measured absorption onset (3.95 eV).40 As expected,
we notice minimal fluctuations of the gap throughout the
simulation time, whereas when we steadily increase the
temperature up to 300 K, the vibrational fluctuations increase
and a clear nonuniformity of the gap appears, corresponding to
a broadening of the first excitonic peak. We also observe a clear
broadening as temperature increases, along with a slight
redshift, in line with increased exciton−phonon coupling.
Regarding the atomic positions, the occurrence of a phase
transition implying a deformation of the isolated octahedra in

Figure 3. (a) One-dimensional parabolas constructed at different temperatures using the time-averaged energies from AIMD on the ground state
(GS) and excited-state (ES) trajectories. The GS parabolas all intersect at the Pb−Br equilibrium position set as 0. The ES parabolas all intersect at
the ES equilibrium position, stretched by 0.675 Å compared to the GS equilibrium distance. More details on how the parabolas are constructed are
given in the Supporting Information. (b) Magnification of the black square in panel a, highlighting the variation of the energy of the ES minima and
of its curvature. The reported values indicate the energy required to access a nonradiative decay path through the crossing with the respective GS
curve for each temperature.
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Cs4PbBr6 could cause variations in its spectroscopic properties.
However, previous Raman spectroscopy studies did not
identify any phase transition of Cs4PbBr6 from room
temperature down to 80 K.29

The triplet ES trajectory shows a relevant qualitative
difference with the GS: after a few tens of femtoseconds, the
lowest triply degenerate t1u MOs (Figure 1a,b) are split
significantly, reflecting the rupture of the octahedral symmetry
upon photoexcitation due to Jahn−Teller distortion.10 Notice
that, at low photon fluxes, only one exciton is formed, thus
only one of the 48 octahedra is excited in our simulations. All
other MOs remain unaffected and contribute equally to the
GS. The Jahn−Teller distortion provokes a substantial
reorganization, significantly decreasing the energy of unoccu-
pied MOs, hereby decreasing the bandgap. Upon increasing
the temperature from 34 to 300 K, time-dependent
fluctuations of the gap increase in amplitude such that the
energy difference between occupied and unoccupied MOs
momentarily becomes very small. Its immediate implication is
relevant: when the temperature is increased, many channels for
nonradiative decay are opened, i.e., the unoccupied MOs
collapse on the occupied ones. These channels are formed in a
few picoseconds, especially at temperatures higher than 110 K.
The destabilization of the ES is also evidenced by the difficult
total energy (kinetic+potential) equilibration along the triplet
MD trajectory right after excitation at 110 and 300 K.
This fast-quenching mechanism implies that the room

temperature green emission of the emissive 0D crystals is
not an intrinsic feature of the pure material but arises from
other sources. This quenching mechanism is also in stark
contrast with what is observed for the isostructural Cs4SnBr6 or
Sb-doped Rb3InCl6, where the intrinsic photoemission is
robust in a wide temperature range.12,41,42 In those systems,
the exciton can survive quenching from high-temperature
vibrational fluctuations despite similar reorganization energies
as in Cs4PbBr6. On the other hand, the electron−phonon

coupling in Cs4PbBr6 is much stronger in comparison to that
of CsPbBr3, where the more efficient emission comes from
excitons with lower binding energies (see below).
To obtain a more quantitative picture of the quenching

mechanism, we use the time-averaged energies from the AIMD
trajectories to construct a configuration coordinate diagram
(Figure 3a). Herein, we approximate the potential-energy
surfaces (PES) of the GS and ES at different temperatures with
one-dimensional parabolas. The parabolas imply the adoption
of the harmonic approximation along the main reaction
coordinate that, in this case, is represented, for simplicity, by
the axial Pb−Br bond, which is substantially elongated after
photoexcitation. In this approximation, we consider all other
changes, e.g., angle distortion and equatorial Pb−Br shrinkage,
as minimal. In principle, within the harmonic approximation,
the GS and ES parabola should be temperature independent,
however, as it will be seen later, this is not strictly true because
clear anharmonic effects take place at higher temperatures. To
keep our model simple, however, we will employ a “coarse”
harmonic approximation; i.e., the anharmonic effect is
embedded still within a one-dimensional parabola, whose
width changes with temperature.
The parabolas in Figure 3a are constructed using Nelsen’s

four-point method, i.e. by assessing the energy at four different
points along the PES.43 The first two points are taken at GS
equilibrium Pb−Br bond distance, where we fix the lowest
point from the average GS energy from the MD simulation,
and the highest point from the average vertical HOMO−
LUMO energy taken from the MD GS trajectory. The
remaining two points are fixed at Pb−Br bond distance
computed at ES optimized geometry, and whose energies are
evaluated from the triplet ES trajectory (details in the
Supporting Information). The parabolas allow us to estimate
two parameters: the spring constants of the Pb−Br axial bond
at the GS and ES geometries and the reorganization energies λ,
i.e., the energy that the system needs to dissipate to reach the

Figure 4. AIMD-derived temperature-dependent Huang−Rhys exciton−phonon coupling spectrum for Cs4PbBr6 in (a) absorption, and (b) PL.
The dashed vertical lines indicate the average phonon energy, obtained after weighing all phonon modes with their corresponding coupling strength
S. (c) Temperature-dependent PL fwhm in Cs4PbBr6 determined experimentally (solid symbols) for the PL bands displayed in Figure 1e, i.e., with
maxima at 3.09 eV (red squares), 3.19 eV (black triangles), and 3.29 eV (blue circles), respectively, in good agreement with the PL fwhm computed
from the AIMD trajectories (open purple circles). As a guide to the eye, a square-root dependence on temperature, as expected from a simple
displaced harmonic-oscillator model, is depicted as a purple dashed line. For comparison, the computed room-temperature PL fwhm for 3D
perovskites (CsPbBr3) is given as a gray open circle.
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equilibrium geometry after the electronic transition has taken
place (λ0 and λ1 in Table S3, for GS and ES, respectively). An
alternative approach to construct the parabolas is presented in
the Supporting Information and shows a similar qualitative
behavior as above.
As anticipated, the obtained parabolas depicted in Figure 3a,

differ, at the various temperatures, in curvature and in
reorganization energy. Especially the variation in curvature
strongly affects the energy and the reaction coordinate point
where the GS and the ES curves cross. Employing Marcus
theory,44 the nonradiative rate can be evaluated as

π
πλ

=
ℏ

−k V
k T

e
2 1

4
E k T

nr
2

B

/act B

where V is the electronic coupling between the GS and ES
estimated using the Mulliken−Hush approximation,45 and Eact
is the activation energy for crossing nonradiatively from the ES
PES to the GS PES (annotations in Figure 4b). Because the
two parabolas present different curvatures, we assume that
during the deactivation from the ES to GS only the GS
rearranges, thus λ ∼ λGS. Figure 3b shows that the activation
energy for the nonradiative decay is reduced with increasing
temperatures, suggesting accelerated nonradiative decay at
room temperature. While we acknowledge that the rough
approximation of translating GS and ES trajectories into one-
dimensional parabolas can only be a coarse description of the
real, potentially anharmonic PES, our configuration-coordinate
diagram still provides a reasonable qualitative indication of the
acceleration of the nonradiative decay with increasing
temperature, in line with the temperature-dependent PL
spectroscopy in Figure 1g.
To further investigate the phonon-induced nonradiative

quenching mechanism, we quantify the coupling strength of
phonons to electronic degrees of freedom by calculating the
Huang−Rhys spectrum ω ωℏ = | | ·ℏ ·S E t k T( ) ( ( )) /(4 )ij

2
B ,

where ℏω is the phonon energy, E( )ij denotes the fast
Fourier transformation of the time-dependent energy differ-
ence Eij(t) between states i = HOMO and j = LUMO, kB is the
Boltzmann constant, and T the temperature. Figure 4a,b

displays the computed Huang−Rhys spectra in absorption
(using the energy gap fluctuations throughout the GS
trajectory in Figure 2b) and in PL (using the energy gap
fluctuations throughout the ES trajectory in Figure 2b),
respectively. It is clear that many phonon modes couple to the
HOMO−LUMO transition in both the absorption and
emission processes. While the magnitude of the exciton−
phonon coupling strength, S, is rather modest in absorption, in
line with the experimentally found narrow PLE spectrum
(Figure 1f), S increases by one to two orders of magnitude in
emission, in line with the experimental finding of thermally
quenched, broad, and red-shifted PL (see Figure 1g). Within
the uncertainty of our AIMD-based computational method-
ology, we do not observe clear temperature-dependent trends
for the Huang−Rhys coupling spectra. However, we notice a
predominant coupling of low-energy phonons (≤200 cm−1) to
the PL gap, consistent with the shallow PES in the ES
(parabolas in Figure 3).
From the energy gap fluctuations of the ES trajectory

(Figure 2b and related histograms in Figure S2), we can
furthermore compute the expected PL fwhm for Cs4PbBr6.
Figure 4c shows that the computed PL fwhm (purple open
circles) is, at all temperatures, in excellent agreement with the
experimentally determined one for this material (solid markers,
obtained from the PL spectra in Figure 1g). These results lead
for several conclusions: (a) the good agreement between
experiment and theory lends credibility to the employed
computational framework; (b) the similarity to a proportion-
ality to the square root of the temperature (dashed line in
Figure 4c) is consistent with the expected temperature
dependence for the simple displaced harmonic-oscillator
model employed to deduce the nonradiative quenching rates
(Figure 3); (c) the more than four times larger PL fwhm in
Cs4PbBr6 compared to CsPbBr3 (gray open circle) is a clear
manifestation of the large exciton−phonon coupling in
Cs4PbBr6. Overall, we suggest that the significant exciton−
phonon coupling in Cs4PbBr6 is a key factor to include when
explaining the experimentally observed thermally activated
nonradiative PL quenching in this material.

Figure 5. Time evolution of relevant electronic energy levels at 300 K calculated by AIMD for (a) CsPbBr3 with a CsBr pair vacancy and (b)
Cs4PbBr6. Both plots contain the AIMD results for the respective GS (left of the dashed line) and ES (right of the dashed line).
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Origin of Green Emission. After clarifying the intrinsic
features of the material, we use this approach as a predictive
methodology to unravel the origin of the green emission in 0D
crystals. To this aim, we decided to model the two systems that
are considered9,10 responsible for the green emission: a
defective 0D with a Br vacancy and a pure 3D CsPbBr3
inclusion mimicking the effect of interconnecting lead bromide
octahedra. Similarly to the pure material, we performed room-
temperature simulations of the GS and ES of both systems
(details in the Supporting Information). For the Br vacancy,
we modeled the same 2 × 2 × 2 supercell of the 0D phase
calculations where we removed a CsBr atom pair to keep
charge neutrality. For the 3D, we employed a 2 × 2 × 2
orthorhombic CsPbBr3 supercell.
Figure 5a shows the results obtained for the Br vacancy

system. In the GS trajectory, we observe a slight perturbation
on the electronic structure levels of the pure 0D material,
where the LUMOs vibrational fluctuations are significant and
oscillate even more widely than in the pure 0D. In the ES
simulations, however, we see wide fluctuations of the electronic
levels through the simulations at room temperature that point
toward a thermal quenching of any emission that could be
originated from Br vacancies, as in the case of the pure 0D
crystal.
In the case of the 3D perovskite (Figure 5b), we find a well-

defined band gap of around 2 eV, in line with the experimental
value, which changes very little switching from the GS to the
ES trajectory, consistent with the minimal Stokes shift typically
found in 3D perovskites. Even at 300 K, phonon-induced
energy-level fluctuations are far smaller than the band gap, such
that no crossing between energy levels of occupied and
unoccupied MOs are observed throughout the entire AIMD
trajectory. Hence, we can deduce a very long time scale for
nonradiative recombination, which likely cannot compete with
the rapid radiative recombination in 3D perovskites. From the
simulations, it is then evident that a 3D defect embedded in
the 0D crystal, or any other defect that connects the octahedra,
will remain emissive regardless of the vibrational fluctuations.
This, in contrast with the high band crossing amount still
taking place with the Br vacancy system, identifies the
impurities with octahedra interconnection as the only
reasonable source of green emission in 0D lead bromides at
room temperature.
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Switzerland.; orcid.org/0000-0002-8399-5773

Dmitry Baranov − Nanochemistry Department, Istituto
Italiano di Tecnologia, 16163 Genova, Italy; orcid.org/
0000-0001-6439-8132

Roman Krahne − Optoelectronics Research Line, Istituto
Italiano di Tecnologia, 16163 Genova, Italy; orcid.org/
0000-0003-0066-7019

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.1c02537

Author Contributions
⊥U.P. and G.B. contributed equally.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

I.I. acknowledges The Netherlands Organization of Scientific
Research (NWO) for financial support through the Innova-
tional Research Incentive (Vidi) Scheme (723.013.002), and
S.C.B. acknowledges financial support through the Innova-
tional Research Incentives (Veni) Scheme (722.017.011). R.K.
received funding from the European Union under the Marie
Skłodowska-Curie RISE project COMPASS no. 691185 and
from the AI-4-QD project financed by the Italian Ministry of
Foreign affairs and International Cooperation (MAECI) within
the bilateral Italy−Israel program. The computational work
was carried out on the Dutch national e-infrastructure with the
support of the SURF Cooperative.

■ REFERENCES
(1) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.;
Caputo, R.; Hendon, C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V.
Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br,
and I): Novel Optoelectronic Materials Showing Bright Emission with
Wide Color Gamut. Nano Lett. 2015, 15 (6), 3692−3696.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c02537
Nano Lett. 2021, 21, 8619−8626

8624

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02537/suppl_file/nl1c02537_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02537?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02537/suppl_file/nl1c02537_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liberato+Manna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4386-7985
https://orcid.org/0000-0003-4386-7985
mailto:Liberato.manna@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+Infante"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3467-9376
https://orcid.org/0000-0003-3467-9376
mailto:Ivan.infante@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Urko+Petralanda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Biffi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+C.+Boehme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8399-5773
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+Baranov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6439-8132
https://orcid.org/0000-0001-6439-8132
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+Krahne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0066-7019
https://orcid.org/0000-0003-0066-7019
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02537?ref=pdf
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(2) Akkerman, Q. A.; Raino, G.; Kovalenko, M. V.; Manna, L.
Genesis, Challenges and Opportunities for Colloidal Lead Halide
Perovskite Nanocrystals. Nat. Mater. 2018, 17 (5), 394−405.
(3) Shamsi, J.; Urban, A. S.; Imran, M.; De Trizio, L.; Manna, L.
Metal Halide Perovskite Nanocrystals: Synthesis, Post-Synthesis
Modifications, and Their Optical Properties. Chem. Rev. 2019, 119
(5), 3296−3348.
(4) Imran, M.; Caligiuri, V.; Wang, M.; Goldoni, L.; Prato, M.;
Krahne, R.; De Trizio, L.; Manna, L. Benzoyl Halides as Alternative
Precursors for the Colloidal Synthesis of Lead-Based Halide
Perovskite Nanocrystals. J. Am. Chem. Soc. 2018, 140 (7), 2656−
2664.
(5) Almeida, G.; Ashton, O. J.; Goldoni, L.; Maggioni, D.;
Petralanda, U.; Mishra, N.; Akkerman, Q. A.; Infante, I.; Snaith, H.
J.; Manna, L. The Phosphine Oxide Route toward Lead Halide
Perovskite Nanocrystals. J. Am. Chem. Soc. 2018, 140 (44), 14878−
14886.
(6) Saidaminov, M. I.; Almutlaq, J.; Sarmah, S.; Dursun, I.;
Zhumekenov, A. A.; Begum, R.; Pan, J.; Cho, N.; Mohammed, O.
F.; Bakr, O. M. Pure Cs4PbBr6: Highly Luminescent Zero Dimen-
sional Perovskite Solids. Acs Energy Lett. 2016, 1 (4), 840−845.
(7) Akkerman, Q. A.; Park, S.; Radicchi, E.; Nunzi, F.; Mosconi, E.;
De Angelis, F.; Brescia, R.; Rastogi, P.; Prato, M.; Manna, L. Nearly
Monodisperse Insulator Cs4PbX6 (X = Cl, Br, I) Nanocrystals, Their
Mixed Halide Compositions, and Their Transformation into CsPbX3
Nanocrystals. Nano Lett. 2017, 17 (3), 1924−1930.
(8) Liu, Z.; Bekenstein, Y.; Ye, X.; Nguyen, S. C.; Swabeck, J.;
Zhang, D.; Lee, S.-T.; Yang, P.; Ma, W.; Alivisatos, A. P. Ligand
Mediated Transformation of Cesium Lead Bromide Perovskite
Nanocrystals to Lead Depleted Cs4PbBr6 Nanocrystals. J. Am.
Chem. Soc. 2017, 139 (15), 5309−5312.
(9) Xu, J.; Huang, W.; Li, P.; Onken, D. R.; Dun, C.; Guo, Y.; Ucer,
K. B.; Lu, C.; Wang, H.; Geyer, S. M.; Williams, R. T.; Carroll, D. L.
Imbedded Nanocrystals of CsPbBr3 in Cs4PbBr6: Kinetics, Enhanced
Oscillator Strength, and Application in Light-Emitting. Adv. Mater.
2017, 29 (43), 1703703.
(10) Yin, J.; Maity, P.; De Bastiani, M.; Dursun, I.; Bakr, O. M.;
Bredas, J.-L.; Mohammed, O. F. Molecular Behavior of Zero-
Dimensional Perovskites. Sci. Adv. 2017, 3 (12), e1701793.
(11) Zhou, C.; Lin, H.; Tian, Y.; Yuan, Z.; Clark, R.; Chen, B.; van
de Burgt, L. J.; Wang, J. C.; Zhou, Y.; Hanson, K.; Meisner, Q. J.; Neu,
J.; Besara, T.; Siegrist, T.; Lambers, E.; Djurovich, P.; Ma, B.
Luminescent Zero-Dimensional Organic Metal Halide Hybrids with
near-Unity Quantum Efficiency. Chem. Sci. 2018, 9 (3), 586−593.
(12) Han, D.; Shi, H.; Ming, W.; Zhou, C.; Ma, B.; Saparov, B.; Ma,
Y. Z.; Chen, S.; Du, M. H. Unraveling Luminescence Mechanisms in
Zero-Dimensional Halide Perovskites. J. Mater. Chem. C 2018, 6 (24),
6398−6405.
(13) Bhaumik, S.; Bruno, A.; Mhaisalkar, S. Broadband Emission
from Zero-Dimensional Cs4PbI6 Perovskite Nanocrystals. RSC Adv.
2020, 10 (23), 13431−13436.
(14) Bhaumik, S. Exciton Relaxation Dynamics in Perovskite
Cs4PbBr6 Nanocrystals. ACS Omega 2020, 5 (35), 22299−22304.
(15) Zhang, Y.; Guo, T.; Yang, H.; Bose, R.; Liu, L.; Yin, J.; Han, Y.;
Bakr, O. M.; Mohammed, O. F.; Malko, A. V. Emergence of Multiple
Fluorophores in Individual Cesium Lead Bromide Nanocrystals. Nat.
Commun. 2019, 10 (1), 2930.
(16) Seth, S.; Samanta, A. Fluorescent Phase-Pure Zero-Dimensional
Perovskite-Related Cs4PbBr6 Microdisks: Synthesis and Single-
Particle Imaging Study. J. Phys. Chem. Lett. 2017, 8 (18), 4461−4467.
(17) Zhang, Y.; Sinatra, L.; Alarousu, E.; Yin, J.; El-Zohry, A. M.;
Bakr, O. M.; Mohammed, O. F. Ligand-Free Nanocrystals of Highly
Emissive Cs4PbBr6 Perovskite. J. Phys. Chem. C 2018, 122 (11),
6493−6498.
(18) Yin, J.; Yang, H.; Song, K.; El-Zohry, A. M.; Han, Y.; Bakr, O.
M.; Brédas, J. L.; Mohammed, O. F. Point Defects and Green
Emission in Zero-Dimensional Perovskites. J. Phys. Chem. Lett. 2018,
9 (18), 5490−5495.

(19) De Bastiani, M.; Dursun, I.; Zhang, Y.; Alshankiti, B. A.; Miao,
X.-H.; Yin, J.; Yengel, E.; Alarousu, E.; Turedi, B.; Almutlaq, J. M.;
Saidaminov, M. I.; Mitra, S.; Gereige, I.; AlSaggaf, A.; Zhu, Y.; Han,
Y.; Roqan, I. S.; Bredas, J.-L.; Mohammed, O. F.; Bakr, O. M. Inside
Perovskites: Quantum Luminescence from Bulk Cs4PbBr6 Single
Crystals. Chem. Mater. 2017, 29 (17), 7108−7113.
(20) Hu, M.; Ge, C.; Yu, J.; Feng, J. Mechanical and Optical
Properties of Cs4BX6 (B = Pb, Sn; X = Cl, Br, I) Zero-Dimension
Perovskites. J. Phys. Chem. C 2017, 121 (48), 27053−27058.
(21) Jung, Y.-K.; Calbo, J.; Park, J.-S.; Whalley, L. D.; Kim, S.;
Walsh, A. Intrinsic Doping Limit and Defect-Assisted Luminescence
in Cs4PbBr6. J. Mater. Chem. A 2019, 7, 20254−20261.
(22) Nikl, M.; Nitsch, K.; Mihokova, E.; Polak, K.; Fabeni, P.; Pazzi,
G. P.; Gurioli, M.; Santucci, S.; Phani, R.; Scacco, A.; Somma, F.
Luminescence of CsPbBr3-like Quantum Dots in CsBr Single
Crystals. Phys. E 1999, 4 (4), 323−331.
(23) Weerd, C.; De; Lin, J.; Gomez, L.; Fujiwara, Y.; Suenaga, K.;
Gregorkiewicz, T. Hybridization of Single Nanocrystals of Cs4PbBr6
and CsPbBr3. J. Phys. Chem. C 2017, 121 (35), 19490−19496.
(24) Akkerman, Q. A.; Abdelhady, A. L.; Manna, L. Zero-
Dimensional Cesium Lead Halides: History, Properties, and
Challenges. J. Phys. Chem. Lett. 2018, 9, 2326−2337.
(25) Quan, L. N.; Quintero-Bermudez, R.; Voznyy, O.; Walters, G.;
Jain, A.; Fan, J. Z.; Zheng, X.; Yang, Z.; Sargent, E. H. Highly Emissive
Green Perovskite Nanocrystals in a Solid State Crystalline Matrix.
Adv. Mater. 2017, 29 (21), 1605945.
(26) Palazon, F.; Urso, C.; De Trizio, L.; Akkerman, Q.; Marras, S.;
Locardi, F.; Nelli, I.; Ferretti, M.; Prato, M.; Manna, L. Postsynthesis
Transformation of Insulating Cs4PbBr6 Nanocrystals into Bright
Perovskite CsPbBr3 through Physical and Chemical Extraction of
CsBr. Acs Energy Lett. 2017, 2 (10), 2445−2448.
(27) Kang, B.; Biswas, K. Exploring Polaronic, Excitonic Structures
and Luminescence in Cs4PbBr6/CsPbBr3. J. Phys. Chem. Lett. 2018, 9
(4), 830−836.
(28) Ray, A.; Maggioni, D.; Baranov, D.; Dang, Z.; Prato, M.;
Akkerman, Q. A.; Goldoni, L.; Caneva, E.; Manna, L.; Abdelhady, A.
L. Green-Emitting Powders of Zero-Dimensional Cs4PbBr6: Delineat-
ing the Intricacies of the Synthesis and the Origin of Photo-
luminescence. Chem. Mater. 2019, 31, 7761.
(29) Qin, Z.; Dai, S.; Hadjiev, V. G.; Wang, C.; Xie, L.; Ni, Y.; Wu,
C.; Yang, G.; Chen, S.; Deng, L.; Yu, Q.; Feng, G.; Wang, Z. M.; Bao,
J. Revealing the Origin of Luminescence Center in 0D Cs4PbBr6
Perovskite. Chem. Mater. 2019, 31, 9098.
(30) Zapata, F.; Ridder, L.; Hidding, J.; Jacob, C. R.; Infante, I.;
Visscher, L. QMflows − A Toolkit for Interoperable Parallel
Workflows in Quantum Chemistry. J. Chem. Inf. Model. 2019, 59,
3191.
(31) Akimov, A. V.; Prezhdo, O. V. Advanced Capabilities of the
PYXAID Program: Integration Schemes, Decoherence Effects,
Multiexcitonic States, and Field-Matter Interaction. J. Chem. Theory
Comput. 2014, 10 (2), 789−804.
(32) Akimov, A. V.; Prezhdo, O. V. The PYXAID Program for Non-
Adiabatic Molecular Dynamics in Condensed Matter Systems. J.
Chem. Theory Comput. 2013, 9 (11), 4959−4972.
(33) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 3865−
3868.
(34) Hutter, J.; Iannuzzi, M.; Schiffmann, F.; Vandevondele, J. Cp2k:
Atomistic Simulations of Condensed Matter Systems. Wiley
Interdiscip. Rev. Comput. Mol. Sci. 2014, 4 (1), 15−25.
(35) VandeVondele, J.; Hutter, J. Gaussian Basis Sets for Accurate
Calculations on Molecular Systems in Gas and Condensed Phases. J.
Chem. Phys. 2007, 127 (11), 114105.
(36) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca
Guerra, C.; van Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T.
Chemistry with ADF. J. Comput. Chem. 2001, 22 (9), 931−967.
(37) Baranov, D.; Caputo, G.; Goldoni, L.; Dang, Z.; Scarfiello, R.;
De Trizio, L.; Portone, A.; Fabbri, F.; Camposeo, A.; Pisignano, D.;
Manna, L. Transforming Colloidal Cs4PbBr6 Nanocrystals with

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c02537
Nano Lett. 2021, 21, 8619−8626

8625

https://doi.org/10.1038/s41563-018-0018-4
https://doi.org/10.1038/s41563-018-0018-4
https://doi.org/10.1021/acs.chemrev.8b00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b05262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b05262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b05262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b05262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201703703
https://doi.org/10.1002/adma.201703703
https://doi.org/10.1126/sciadv.1701793
https://doi.org/10.1126/sciadv.1701793
https://doi.org/10.1039/C7SC04539E
https://doi.org/10.1039/C7SC04539E
https://doi.org/10.1039/C8TC01291A
https://doi.org/10.1039/C8TC01291A
https://doi.org/10.1039/D0RA00467G
https://doi.org/10.1039/D0RA00467G
https://doi.org/10.1021/acsomega.0c02655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-10870-1
https://doi.org/10.1038/s41467-019-10870-1
https://doi.org/10.1021/acs.jpclett.7b02100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b02415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b02415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b02415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b10629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b10629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b10629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TA06874K
https://doi.org/10.1039/C9TA06874K
https://doi.org/10.1016/S1386-9477(99)00016-8
https://doi.org/10.1016/S1386-9477(99)00016-8
https://doi.org/10.1021/acs.jpcc.7b05752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b05752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201605945
https://doi.org/10.1002/adma.201605945
https://doi.org/10.1021/acsenergylett.7b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b03333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b03333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b03426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b03426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400934c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400934c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400934c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400641n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400641n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1063/1.2770708
https://doi.org/10.1063/1.2770708
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1039/D0SC00738B
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Poly(Maleic Anhydride-Alt-1-Octadecene) into Stable CsPbBr3
Perovskite Emitters through Intermediate Heterostructures. Chem.
Sci. 2020, 11 (15), 3986−3995.
(38) ten Brinck, S.; Zaccaria, F.; Infante, I. Defects in Lead Halide
Perovskite Nanocrystals: Analogies and (Many) Differences with the
Bulk. ACS Energy Lett. 2019, 4 (11), 2739−2747.
(39) Nikl, M.; Mihokova, E.; Nitsch, K.; Somma, F.; Giampaolo, C.;
Pazzi, G. P.; Fabeni, P.; Zazubovich, S. Photoluminescence of
Cs4PbBr6 Crystals and Thin Films. Chem. Phys. Lett. 1999, 306 (5−6),
280−284.
(40) Kondo, S.; Amaya, K.; Saito, T. Localized Optical Absorption in
Cs4PbBr6. J. Phys.: Condens. Matter 2002, 14 (8), 2093−2099.
(41) Zhou, C.; Lin, H.; Tian, Y.; Yuan, Z.; Clark, R.; Chen, B.; Van
De Burgt, L. J.; Wang, J. C.; Zhou, Y.; Hanson, K.; Meisner, Q. J.;
Neu, J.; Besara, T.; Siegrist, T.; Lambers, E.; Djurovich, P.; Ma, B.
Luminescent Zero-Dimensional Organic Metal Halide Hybrids with
near-Unity Quantum Efficiency. Chem. Sci. 2018, 9, 586.
(42) Zhu, D.; Zaffalon, M. L.; Zito, J.; Cova, F.; Meinardi, F.; De
Trizio, L.; Infante, I.; Brovelli, S.; Manna, L. Sb-Doped Metal Halide
Nanocrystals: A 0D versus 3D Comparison. ACS Energy Lett. 2021, 6
(6), 2283−2292.
(43) Nelsen, S. F.; Blackstock, S. C.; Kim, Y. Estimation of Inner
Shell Marcus Terms for Amino Nitrogen Compounds by Molecular
Orbital Calculations. J. Am. Chem. Soc. 1987, 109 (3), 677−682.
(44) Marcus, R. A.; Sutin, N. Electron Transfers in Chemistry and
Biology. Biochim. Biophys. Acta, Rev. Bioenerg. 1985, 811 (3), 265−
322.
(45) Hush, N. S. Intervalence-Transfer Absorption. Part 2.
Theoretical Considerations and Spectroscopic Data. Prog. Inorg.
Chem. 2007, 391−444.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c02537
Nano Lett. 2021, 21, 8619−8626

8626

https://doi.org/10.1039/D0SC00738B
https://doi.org/10.1039/D0SC00738B
https://doi.org/10.1021/acsenergylett.9b01945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0009-2614(99)00477-7
https://doi.org/10.1016/S0009-2614(99)00477-7
https://doi.org/10.1088/0953-8984/14/8/334
https://doi.org/10.1088/0953-8984/14/8/334
https://doi.org/10.1039/C7SC04539E
https://doi.org/10.1039/C7SC04539E
https://doi.org/10.1021/acsenergylett.1c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00237a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00237a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00237a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0304-4173(85)90014-X
https://doi.org/10.1016/0304-4173(85)90014-X
https://doi.org/10.1002/9780470166093.ch7
https://doi.org/10.1002/9780470166093.ch7
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

