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ABSTRACT: Mn?>*-doped amino lead halide molecular clusters (MCs) are synthesized using
amine (e.g., n-octylamine, or butylamine) as passivating ligand and MnX, (X = Cl or Br) as the

MCsin toluene

Mn®*" doping source at room temperature. Their optical properties are investigated with UV—

visible absorption, photoluminescence (PL), and PL excitation spectroscopy. The Mn?>*
precursor plays a vital role in the synthesis of Mn**-doped MCs. MnCl, seems to facilitate the
incorporation of Mn. The MnCl, doping causes electronic absorption blue shift and leads to a
spin-forbidden *T; — ®A; Mn d-electron emission. With the help of time-resolved PL, Fourier or
transform infrared, and electron paramagnetic resonance results, a model is proposed to
explain the formation mechanism. We suggest that Mn>* doping replaces Pb** is assisted by
CI” ions that replace Br™ ions. This study demonstrates the possibility of doping MCs and has
important implications in gaining new fundamental insight into the growth mechanisms of

perovskite nanostructures.

S emiconductor perovskite nanocrystals (PNCs) with a
general formula ABX;," where A is a monovalent organic
or inorganic cation (e.g, methylammonium (MA), formami-
dinium (FA) and Cs*), B is a metal cation (e.g, Pb** and
Sn?*), and X is a halide anion (I7, Br™ or CI7), are promising
materials for a diverse range of applications such as light-
emitting diodes (LEDs),” solar cells,* and photovoltaic
(PV).>° However, because of the large surface-to-volume (S/
V) ratio, the properties of such PNCs are heavily influenced by
the structural and electronic character of the surface. Better
control of the synthesis of PNCs and their surface chemistry is
the key to achieving the above-mentioned properties and
applications.

Recently, in our effort to understand the growth mechanism
of PNCs” and related magic sized clusters (MSCs),® a new
species named amino lead halide molecular clusters (MCs)
was discovered.” Compared with PNCs, MSCs and MCs are
single sized and/or very narrow size distributed particles that
are smaller and more uniform in size and shape. MSCs and
MCs have bluer and sharper absorption and emission bands
that are suitable for fundamental studies as well as emerging
applications such as blue light emitters. Compared with PNCs
or MSCs, MCs do not have the full perovskite composition
since the normal A component was not present. The MCs are
less ordered and do not have the perovskite crystal structure,
and they are molecule-like.'” Importantly, there is an
equilibrium existing between MSCs and MCs. MSCs are
converted spontaneously over time into MCs, and MCs can
revert back to MSCs under the right experimental conditions.”
MCs can be viewed as important precursors in the formation
of MSCs or PNCs.'""'* Their unique characteristics, including
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small and supposedly single size as well as relatively strong
photoluminescence (PL), make them intriguing for funda-
mental research'”'* and potentially useful for photonics
applications such as blue single photon emitters.

Doping is a useful approach to altering electronic, optical,
and magnetic properties of materials.'” For example, extensive
research has been conducted on Mn** doping of PNCs'*™'® in
which the Mn** dopant has characteristic PL around 580 nm,
with a PL lifetime around 1.0 ms, of interest for light
emission'”*° and energy conversion.”’ We have previously
shown that Mn>* can be doped into perovskite MSCs.*” In this
work, we demonstrate the first successful synthesis of Mn>*-
doped amino lead bromide MCs using amine (e.g, n-
octylamine (OcAm) or butylamine (BTYA)) as the only
ligand together with MnCl, as the Mn>* source at room
temperature. We further determined the influence of the
dopant precursor and doping concentration on the optical
properties of the Mn**-doped MCs. The CI™ ion in the MnCl,
precursor seems to play an important role in the doping of
Mn*, in a codoping manner, which is attributed to the
similarity in bond energy between Mn—Cl and Pb—CL>* With
increasing concentration of MnCl,, the absorption band blue
shifts and a broad PL band peaked around 590 nm appears. A
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Figure 1. Optical properties of undoped and Mn**-doped MCs. UV—vis absorption (black), PL (blue), and PLE (red) spectra of (a) undoped and

(b) Mn**-doped MCs.
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Figure 2. Dependence of PbBr,—OcAm MCs optical properties on different doping precursor concentration. (a) Normalized absorption and (b)
PL spectra of MCs of varying MnCl, doping concentration. (c) Normalized absorption and (d) PL spectra of MCs of varying MnBr, doping

concentration.

combination of PL excitation (PLE), electron paramagnetic
resonance (EPR), and time-resolved PL (TRPL) results
confirms the successful doping of Mn?".

The optical properties of Mn**-doped and undoped PbBr,—
OcAm solutions samples are shown in Figure 1. For the
undoped PbBr,—OcAm sample, the UV-—vis absorption
spectrum exhibits a strong and sharp electronic absorption
band peak at 40S nm, whereas the PL spectrum has an
emission band peak at 410 nm. We attributed these absorption
and emission bands to MCs based on our previous work.” The
PLE spectra collected at 410 nm emission shows a peak near
400 nm that is close to the electronic absorption peak. This
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indicates that the 410 nm emission originates from electronic
excitation of the host MCs.”"*

The Mn”*-doped PbBr,—OcAm sample with 8% of Mn
doping (at. %) introduced shows an absorption band that
peaked at 360 nm and a PL band centered on 590 nm. The
emission peak at 590 nm is characteristic of and thereby
attributed to a Mn d—d spin-forbidden *T, — °A, transition.*
This indicates successful doping of Mn*" into the host MCs.
Importantly, for the Mn>*-doped PbBr,—OcAm sample, the
PLE spectra collected at 590 nm emission shows a band
peaked around 350 nm, which is very close to the electronic
absorption band of the doped MCs. This reveals that the Mn?*

https://doi.org/10.1021/acs jpclett.1c02243
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Figure 3. Dependence of PbBr,—BTYA MCs optical properties on different doping precursor concentration. (a) Normalized absorption and (b)
PL spectra of MCs of varying MnCl, doping concentration. (c) Normalized absorption and (d) PL spectra of MCs of varying MnBr, doping

concentration.

emission is due to electronic absorption of the doped MCs.
The PLE spectrum confirms that the 590 nm from Mn?*
originated from the electronic absorption of the doped MCs
and successful doping of Mn”* into the MCs.

To better understand the nature of Mn®** doping, the
absorption and PL spectra of PbBr,—OcAm MCs prepared
with different amount of Mn precursors are shown in Figure 2.
With increasing amount of Mn?>*, the electronic absorption
peak systematically blue shifts from 39S to 350 nm. This is
somewhat unexpected because usually doping does not affect
noticeably the absorption spectrum.”"””” The blue-shifted
electronic absorption band for the doped samples compared
with the undoped sample suggested that Mn**-doping
fundamentally altered the energy gap between the ground
state and the first excited electronic state of the doped MCs.
The dopant has a significant effect on the electronic structure
of the host MCs. Another possible explanation is that the
doped MCs are smaller in size than the undoped ones and
have more localized electronic wave functions, which is
essentially quantum confinement. Furthermore, since MnCl,
is used as the doping precursor, there is possibly anion
exchange between Cl™ and Br~, which would increase the
excited state-ground state energy gap of the host MCs and also
lead to a blue shift in absorption.””** Meanwhile, for the Mn-
doped samples, the host emission at 405 nm first blue shifts
and then disappears at a high doping level, while the Mn d—d
emission was observed and slightly shifts from 585 to 590 nm.
At this point, it is not yet clear whether the blue shift of the
host electronic absorption peak is due to Cl/Br exchange,
decreased MC size, or influence of the Mn dopant, which
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requires further study in the future, as explained later. The
decreased host PL intensity is associated with increased Mn PL
intensity when the dopant level was increased, and this can be
explained by a higher percentage of MCs being doped with
increasing dopant concentration.”**” The results also seem to
indicate the transfer of energy from the host MCs to the Mn
dopant is highly efficient.

To determine if the above-mentioned blue-shifted spectra
upon doping is due to Cl/Br exchange, MnBr, was studied as a
precursor of Mn** doping. As shown in Figure 2c,d, all samples
show a sharp absorption band around 400 nm and a
corresponding characteristic MCs emission near 405 nm. In
this case, Mn>* doping has little effect on the optical properties
of MCs, and there is no Mn***T,; — A, emission observed. It
appears that under the current experimental conditions
studied, it is not possible to dope the MCs using MnBr,.
This seems to suggest the CI™ ion seems to be playing an
important role in the Mn doping, possibly similar to a
codoping scheme.’* ™

To determine the generality of the demonstrated doping
approach of the MCs, we studied the doping process of the
MCs using a different amine ligand, BTYA, instead of OcAm.
The UV—vis and PL spectra of PbBr,—BTYA MCs with
different amounts of MnCl, introduced are shown in Figure 3.
For PbBr,—BTYA MCs without doping, a strong absorption
band peak at 410 nm is observed, along with a PL peak at 412
nm, as we reported previously.” For doped PbBr,—BTYA MCs,
though Mn?* was added to all the samples, the Mn?* 590 nm
d—d emission was only observed in the case of the high
concentration of MnCl, but not MnBr,. Specifically, as the

https://doi.org/10.1021/acs jpclett.1c02243
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Figure 4. Normalized TRPL decay curves of (a) undoped MCs by exciting at 375 nm and monitoring the emission at 410 nm and (b) Mn*'-doped
MCs with different doping levels (0, 1, 8, 10, 12% at. %) by exciting at 350 nm and monitoring the emission at 590 nm. The symbols are
experimental data, and solid lines are corresponding fits using an exponential decay function.
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Figure 5. (a) FTIR spectra of Mn**-doped and undoped MCs. (b) Room-temperature X-band EPR spectra of Mn>*-doped MCs.

MnCl, concentration increases, the absorption peak blue-
shifted from 410 to 360 nm while the host PL peak blue-
shifted from 412 to 402 nm and then disappeared at 8% of
MnCl,, where the dopant Mn d—d emission was appeared. At
the same 8% concentration for MnBr,, no Mn PL emission was
observed. In this case, the host absorption peak and PL peak
did not blue shift with increasing MnBr, concentration. The
results show that the identity of the Mn** doping precursor
plays a vital role in the synthesis of Mn?**-doped MCs.

When MnBr, precursor is used, no anion exchange is
possible since there is no Cl™ introduced; further, the addition
of Mn®" alone to the MCs did not significantly change the
optical characteristics of MCs, and there is no Mn®** emission
observed even at high Mn®>" concentration. At this point, we
ruled out the previous hypothesis that Mn**-addition affects
the electronic structure of the host MCs, which leads to the
blue shift in absorption. When MnCl, precursor is selected, a
significant blue shift of the UV—vis absorption and a Mn PL
emission was observed, indicating that the codoping with CI™
results in Mn?" internal doping.”” A similar preference of Mn
doping in cesium lead halide perovskite was also reported,”***
where no characteristic Mn** d—d emission in the product
nanocrystals was observed when MnBr, and manganese
carboxylates were used.”” They suggest that the success of
using MnCl, as a precursor for doping can be attributed to the
similarity in bond strength within the precursor and the
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growing lattice (the bond dissociation energy of Mn—Cl, Pb—
Cl, Mn—Br, and Pb—Br is 338, 301, 314, and 249 kJ/mol,
respectively).’® In our approach, when CI~ was introduced
along with Mn**, halide anion exchange likely occurs between
Br™ and CI” in solution, leading to the formation of PbCl,,
which is conducive to the formation of doped MCs because
the bond energy between Mn—Cl and Pb—Cl is similar.

To further confirm the Mn doping, the PL lifetimes of the
undoped MCs and Mn?**-doped MCs samples were measured
using TRPL spectroscopy. For the undoped MCs, the TRPL
result was obtained by exciting at 375 nm and monitoring at
410 nm. The PL decay profiles can be fit to an exponential
function with a lifetime of 5.50 ns (Figure 4a). For the Mn>*-
doped MCs, the TRPL result was obtained by exciting at 350
nm and monitoring at 590 nm. Interestingly, the lifetime of the
Mn?* emission seems to depend strongly on the Mn doping
level. As shown in Figure 4b, at a lower Mn>* concentration
(0—1%), the lifetime slightly decreased from 10.19 to 9.54 us.
At higher Mn®" concentrations (8—12%), the lifetime
decreased from 1.28 to 0.71 ms. Since the characteristic PL
lifetime of Mn** emission is ~ 1.0 ms, this indicates that only
relatively high Mn®* concentration leads to doping. Low Mn®*
concentration does not lead to doping, but halogen ion
exchange between CI™ and Br™ can occur. The slight decrease
in lifetime at even higher Mn*" concentrations may be caused
by Mn—Mn coupling that can quench the Mn PL.”’

https://doi.org/10.1021/acs jpclett.1c02243
J. Phys. Chem. Lett. 2021, 12, 7497-7503
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Figure 7. Schematic illustration of Mn>*-doped amino lead halide MCs.

Importantly, the TRPL data support successful doping of Mn
into the MCs.

In addition, Fourier transform infrared (FTIR) spectra were
taken for the Mn>*-doped and undoped MCs (Figure Sa). The
characteristic bands at 1490 and 1625 cm™ are attributed to
the symmetric and asymmetric deformation vibrations of the
NH;"* group, respectively. The NH, bending for free amine at
around 1600 cm ™" shifts to 1580 cm™, consistent with a shift
to lower frequency when amine is bound to metals, indicating
the presence of amine ligands on or near the surface of the
MCs. Interestingly, the doping of Mn>* causes the sharp peak
at 3506 cm™', which corresponds to the N—H stretch in
lead(II)-halide-butylamine (PbX,[NH(CH,)CH,]), shift to
3445 cm™". This shift associated with Mn>" doping seems to be
indicative of interaction between Mn and the N in the ligand as
part of the MCs, in which Mn?* replaced Pb*".

The presence of Mn>" within the MCs was further
confirmed by EPR spectroscopy. As shown in Figure Sb, the
EPR spectra of Mn>*-doped MCs show a clear sextet hyperfine
splitting pattern (hyperfine constant A = 88 G). Comparing
the hyperfine splitting constant with the literature reports for
Mn-doped perovskites, it is confirmed that Mn was present in
the +2 oxidation state and resides in the size of Pb(II),
exgeriencing an octahedral coordination environment around
it.

The morphology of the host MCs and Mn**-doped MCs
was determined using transmission electron microscopy
(TEM). As shown in Figure 6, the average particle size for
the undoped and Mn**-doped MCs is 0.9 + 0.3 and 12 + 3.3
nm, respectively. The Mn?*-doped MCs seem to be
agglomerated, likely because some MnCl, crystals are
present.’® Previous studies of semiconductor clusters found
that the clusters tend to grow or aggregate into larger into
nanostructures upon drying.”” Thus, the measurement done on
dried samples was likely for the larger or aggregated structures
and not the original clusters in solution. Because of the
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ultrasmall size of MCs, it is difficult to determine their size
accurately.

On the basis of the above results, a model for the growth of
Mn?*-doped MCs is proposed, as shown in Figure 7. MnCl, is
used as Mn®" precursor to dope MCs and produce Mn>*-
doped MCs. With the addition of MnCl,, the ion exchange
reaction between CI™ and Br™ occurs, as indicated by blue-
shifted electronic absorption and PL spectra of the host MCs.
Mn** doping only takes place at relatively high MnCl,
concentration, as established on the basis of a combination
of PL, PLE, TRPL, and EPR data. Interestingly, the Mn doping
seems to be assisted by the CI™ ion, in a codoping manner. At
excessive Mn>" concentrations, Mn—Mn coupling possibly
occurred and resulted in a decrease or disappearance of Mn
emission and a decrease in the PL lifetime.

In conclusion, we have demonstrated the successful
synthesis of Mn?*-doped MCs by using OcAm or BTYA as
capping ligand together with MnCl, as the Mn®* doping source
at room temperature. The incorporation of Mn**dopants into
the MCs was characterized using UV—vis, PLE, PL, TRPL, and
EPR techniques. A blue shift of MCs electronic absorption and
emission spectra is observed and attributed to the halogen ion
exchange that occurs between CI™ from MnCl, and Br™ in the
MCs. Mn doping, replacing some Pb** ions, may be coupled
with the Mn doping is evidenced by its characteristic emission
peaked around 590 nm and PL lifetime of 1.28 ms as well as
EPR data. This work demonstrates the first synthesis of Mn>*-
doped MCs that are potentially useful for single photon
emission and other photonics applications. The strategy
developed in the synthesis of Mn**-doped MCs should be
general and can be easily extended to other amine ligands.

B EXPERIMENTAL METHODS

Materials. Lead bromide (PbBr,, 99.0%, Aladdin), n-
octylamine (OcAm, 99%, Aladdin), n-butylamine (BTYA, >
99%, Aladdin), manganese chloride (MnCl,, > 99%, Aladdin),

https://doi.org/10.1021/acs jpclett.1c02243
J. Phys. Chem. Lett. 2021, 12, 7497-7503
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manganese bromide (MnBr,, 98%, Aladdin), N,N-dimethyl-
formamide (DMF, > 99.9%, Ourchem), and toluene (>99.8%,
Ourchem) were commercially available. All chemicals were
used as received without any further purification.

Synthesis of PbBr,—OcAm. First, 0.080 mmol PbBr, was
dissolved in 1.0 mL of DMF. Then 0.80 mmol OcAm was
added and dissolved. Next, 100 yL of the precursor solution
was injected at a fast rate to 5.0 mL of toluene under vigorous
stirring. Finally, 100 yL of the as-synthesized solution was
added to 5.0 mL of toluene for further characterization.

Synthesis of Mn?*-Doped PbBr,—OcAm. Different amounts
of MnX, (X = Cl or Br) were dissolved in 1.0 mL DMF. Then
100 uL of the precursor solution was injected at a fast rate to
5.0 mL of the above as-synthesized PbBr,—OcAm solution
under vigorous stirring. Finally, 100 uL of the obtained
solution was added to 5.0 mL of toluene to obtain Mn**-doped
PbBr,—OcAm solution.

Synthesis of PbBr,—BTYA. First, 0.080 mmol PbBr, was
dissolved in 1.0 mL of DMF. Then 1.0 mmol BTYA was added
and dissolved. Next, 100 yL of the precursor solution was
injected at a fast rate to 5.0 mL of toluene under vigorous
stirring. Finally, 100 uL of the as-synthesized solution was
added to 5.0 mL of toluene for further characterization.

Synthesis of Mn?*-Doped PbBr,—BTYA. Different amounts
of MnX, (X = CI or Br) were dissolved in 1.0 mL of DMF.
Then 100 uL of the precursor solution was injected at a fast
rate to 5.0 mL of the above as-synthesized PbBr,—BTYA
solution under vigorous stirring. Finally, 100 uL of the
obtained solution was added to 5.0 mL of toluene to obtain
Mn**-doped PbBr,—BTYA solution.

Spectroscopic Measurements. The measurements were
carried out directly in the original environment without
purification. UV—vis absorption spectra were measured with a
Hitachi U-3900 UV—vis spectrophotometer, and the photo-
luminescence (PL) spectra were measured using a F-7000
spectrofluorometer using a quartz cuvette (1.0 cm X 1.0 cm) at
room temperature. MCs PL lifetime (LT) measurements were
performed on an Edinburgh Instruments Fluorescence
Spectrometer FLS1000 with an EPLED-375 light source and
a photomultiplier tube (900) detector. Mn>* PL LT measure-
ments were performed on an Edinburgh FLS1000 spectrom-
eter with a 350 ps lamp source. The infrared spectrum was
recorded on a Fourier transform infrared (FT-IR) spectropho-
tometer (Thermo Scientific Nicolet 6700). The electron
paramagnetic resonance (EPR) measurements were carried
out with a Bruker EMXPLUS spectrometer. Transmission
electron microscopy (TEM) was performed using a FEI Tecnai
G2 F20 TEM microscope operated at 300 kV acceleration
voltage. Inductively coupled plasma optical emission spectros-
copy (ICP-OES) was implemented using a PerkinElmer 8300.
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