www.acsanm.org

Article

Controlling Quantum Conﬁnement in Luminescent Perovskite
Nanoparticles for Optoelectronic Devices by the Addition of Water
Anna Jancik Prochazkova, Yolanda Salinas, Cigdem Yumusak, Markus Clark Scharber,
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ABSTRACT: Here, a simple method for controlling the size of the perovskite
nanoparticles (PNPs) during preparation is reported. Metal halide PNPs have
great potential for application in optoelectronic devices, such as light-emitting
diodes, lasers, photodetectors, etc. They have exceptionally high photoluminescence quantum yields (PLQYs) and exhibit chemical tunability for
versatile modiﬁcations of the perovskite structural composition, enabling the
synthesis of nanoparticles with controlled size, shape, and optical properties. In
this work, methylammonium lead bromide PNPs were prepared using a
hygroscopic stabilizing ligand, tert-butoxycarbonyl-Lysine (tboc-Lysine).
Water was used as an additive in the precursor solution, which resulted in
the formation of highly mobile species and, thus, the nhancement of perovskite
lattice growth. This method allowed the preparation of PNPs with controlled
size between 4 and 7 nm. The quantum conﬁnement eﬀect led to a ﬁne-tuned
optical band gap of the nanoparticles. Increasing the amount of water added from 0 to 32 mol equiv with respect to Lead(II)
bromide (PbBr2) increased the PLQY to 70% in colloidal solutions and to 87% in thin ﬁlms. Therefore, because of control over the
size and high luminescent yields, the above-mentioned nanoparticles are targeted for use in optoelectronic devices.
KEYWORDS: perovskite nanoparticles, quantum conﬁnement, size control, addition of water, ligands, amino acids, luminescence
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line capping,13 emulsion synthesis,14 ligand-assisted precipitation,5 a method where lead iodide (PbI2) nanocrystals were
used as templates,15 and the recently reported diblock
copolymer micelle templating method,16 which resulted in
control over the size distribution due to controlled nucleation
and crystal growth. By following the aforementioned methods,
a stable colloidal solution can be obtained and further
deposited onto the desired substrate by various coating
techniques such as spin coating,17 centrifugal casting,5 or
inkjet printing.18 It must be noted that the tunability of the
band gap in all of the above-mentioned techniques was
achieved by either alternating the lattice chemistry of the
perovskite,19 ﬁtting the size of the precursor template
nanocrystals,15 or ﬁne-tuning the ratio of capping agents.13
In the present paper, we introduce a simple, yet elegant
method for ﬁne-tuning the PNP size and thus PNP optical
properties by means of adding water.
Water is a signiﬁcant consideration in perovskite-based
devices because it decomposes the chemical structure, thus

INTRODUCTION
Lead halide perovskite nanostructural materials have emerged
in many forms, including inter alia spherical nanoparticles,1
nanoplatelets,2 nanorods,3 and nanowires.4 Particular attention
has been focused on the extraordinary photoluminescence
quantum yields (PLQYs), ranging up to 100%, of perovskite
nanoparticles (PNPs), recently reported by Gonzalez-Carrero
et al.5 where the authors claimed the promising features of
charge conﬁnement and low defect concentration, demonstrating the possibility of lower sizes of perovskites in the nanoscale.
Because of the quantum conﬁnement eﬀect,6 the band gap of
the individual particles increases compared to that of the bulk
perovskite lattices. Given the band-gap tunability and exceptional luminescent properties of the perovskite nanostructural
materials, there is no doubt about their application potential.
PNPs can be used in optoelectronic devices, for example,
photovoltaics,7 photodetectors,8 or light-emitting diodes
(LEDs).9
Considering the processing aspect, one of the possibilities is
to conﬁne the size of PNPs during growth, dimensionally, by
placing the precursors in a porous matrix, where the size of the
pores deﬁnes the size of the crystallites.10 However, this
method places certain limitations on the porous substrates
where PNPs are synthesized. On the other hand, colloidal
techniques include hot injection,11 ball milling,12 nanocrystal© 2020 American Chemical Society
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making perovskite devices moisture-sensitive.20 On the other
hand, the addition of water helps to crystallize the perovskite
lattice. Moreover, the presence of an optimal amount of water
can solubilize the precursors in the solvent, providing them
with higher mobility. This results in “healing” of the perovskite
structure and removal of the excessive alkylammonium salt in
the solution, thus reducing the amount of traps in the
perovskite ﬁlms.21,22 It has been demonstrated23 that
anhydrous solvents used for perovskite-layer synthesis for
solar cells, in fact, result in lower power conversion eﬃciencies.
In this case, water weakly binds to the methylammonium
molecules and forms a reversible hydrated phase within the
perovskite, which quickly forms dehydrated perovskite after the
thin-ﬁlm deposition procedure. Additionally, interesting work
reported by Hsieh and coauthors describes the preparation of
perovskite thin ﬁlms using an aqueous lead nitrate precursor.24
Taking these facts into consideration, it can be stated that
water plays a crucial role in perovskite lattice crystallization.25−29 This report focuses on the eﬀect of the addition of
water in the formation of thin perovskite ﬁlms, which can be
used primarily in solar cells30−33 and photodetectors,34−36
when the inﬂuence of water in the formation of perovskite
nanostructures remains unreported. Therefore, in the present
study, from a diﬀerent point of view, we report a desirable
function of water, which allows controllable quantum conﬁnement in PNPs. The size of the PNP prepared by the ligandassisted precipitation method5 can be ﬁne-tuned by the
addition of a certain amount of water, and because of the
formation size of the nanoparticles, the optical spectrum can be
well-controlled as well. The key point in the present study is an
implementation of tboc-Lysine surface ligands. It has been
recently reported that tboc-Lysine can eﬃciently stabilize the
methylammonium lead bromide perovskite surface during the
formation of nanoparticles in the antisolvent medium.37 Here,
we show how, by means of the simple addition of water, it is
possible to change the size and optical spectra of PNP
stabilized by tboc-Lysine surface ligands.
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added) was not representative because the precursors were not
completely dissolved even after 7 days of stirring, whereas a
cloudy solution was formed. However, when a small amount of
water (e.g., 0.4 mol equiv) was added, a more homogeneous
solution was obtained, where all of the reagents were
completely dissolved. In general, increasing amounts of water
remarkably enhanced the PLQYs of the PNPs. In this context,
the perovskite nanocrystals prepared without any water added
exhibited a PLQY of 60%, but when 32 mol equiv of water
with respect to PbBr2 was added, the PLQY was further
increased up to 70% (see Figure 1F). A similar increase of the
PLQY in the solid state was also detected. Thin ﬁlms prepared
from PNPs without any water added exhibited a PLQY of 80%,
and after the addition of water (32 mol equiv with respect to
PbBr2), the PLQY in the solid state increased in the range of
87−92.5%. In order to test the maximal PLQY enhancement to
be achieved by this method, a sample containing double the
amount of water (64 mol equiv with respect to PbBr2) was
prepared. In this case, an emission maximum of 508 nm in thin
ﬁlms and a PLQY of 5% were obtained, demonstrating the
limit content of water needed to improve the PNP properties.
In order to investigate the origin of the shift in the emission
spectra, transmission electron microscopy (TEM) used to
determine the size of the samples. From the aforementioned
experiment, it can be observed (see Figure 1H,I), that the PNP
samples in which no water was added show signiﬁcantly
smaller nanoparticles at 4.6 ± 0.2 nm in comparison to the
sample where 32 mol equiv of water was added; here, the
average size of the PNPs was 6.2 ± 0.2 nm. The sample with
2.0 mol equiv of water addition contained PNPs with an
average size of 4.0 ± 0.2 nm. Considering that the exciton Bohr
radius for MAPbBr3 is between 2.2 and 3.5 nm,38 a band-gap
broadening, and therefore a blue shift, can be fully associated
with the quantum conﬁnement eﬀect: when the size of PNPs is
smaller than 5−7 nm, the exciton is conﬁned in the dimension,
thus resulting in a size-dependent band gap. Overall, to
determine the nanoparticle size, the images were taken from
diﬀerent positions in the sample, and we calculated the average
size with the standard deviation. The mean size was calculated
from 10 to 15 nanoparticles.
The optical stabilities of all colloidal solutions and thin ﬁlms
were tested. The PL spectra and PLQYs were measured after 2
days for samples with 0, 2.0, and 32 mol equiv of water with
respect to PbBr2 (see Figure S1). In general, after a certain
aging time, both colloidal solutions and ﬁlms exhibited shifting
of the emission maxima to higher wavelengths. Interestingly,
samples with no water added showed that the emission
maxima shifted about 11 and 16 nm to higher wavelengths for
ﬁlms and colloidal solutions, respectively. On the contrary,
samples with 32 mol equiv of water with respect to PbBr2
possessed improved colloidal stability and red-shift wavelengths of 1 and 4 nm for ﬁlms and colloidal solutions,
respectively. Regarding spectral broadening, it was assumed
that aggregates of nanoparticles were formed. Simultaneously,
PLQY values were observed to decrease with time (see Figure
S1). Notably, the sample with the most water added changed
the least simply because it had the biggest nanoparticles, so a
further increase in the size did not lead to changes in the
quantum conﬁnement insofar as the particle radius was bigger
than the exciton radius.38 The optical parameters of the
colloidal solutions are summarized in Table 1.
Water-soluble amino acids usually show poor solubility in
most organic solvents, including N,N-dimethylformamide

■

RESULTS AND DISCUSSION
PNPs were prepared by a ligand-assisted precipitation method5
(see Scheme 1). The emission maximum of the PNPs prepared
Scheme 1. Synthesis of the PNPs

changed rapidly after the addition of water from 0 to 4 mol
equiv, with an observed blue shift of up to 10 nm. The
emission maximum changes are shown in Figure 1E, where the
error bars came from a comparison of diﬀerent batches;
however, the trends in the individual batches were always the
same. As a reference, a sample not containing water was used
and exhibited a bright greenish-blue emission with an emission
maximum at ∼490 nm. Interestingly, when the water addition
was higher than >4 mol equiv with respect to PbBr2, the
emission maximum shifted to higher wavelengths (see Figure
1A), showing a direct correlation of the PNP features with the
amount of water added to the precursor solution. It must be
emphasized that the reference sample (0 mol equiv of water
1243
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Figure 1. (A) Photograph of colloidal solutions prepared from precursor solutions with increasing amounts of water under ultraviolet (UV)
irradiation (from left to right −0, 0.4, 0.8, 2.0, 4.0, 8.0, 16.0, and 32.0 mol equiv of water). (B) Normalized PL spectra of colloidal solutions. (C)
Normalized PL spectra of thin ﬁlms. (D) Band gaps calculated from Ultraviolet-Visible (UV−vis) spectra for colloidal solutions and ﬁlms. (E)
Emission maxima dependence on the water amount in precursor solutions, comparing colloidal solutions and thin ﬁlms, (F) PLQYs of colloidal
solutions and thin ﬁlms with varying amounts of water. (G−I) TEM images with fast Fourier transform images (insets) of PNPs prepared with 0, 2,
and 32 mol equiv of water, respectively.

Table 1. Optical Parameters of the Colloidal Solutions with Varying Amounts of Water Added
band gap (eV)
mol equiv of water
0
0.4
0.8
2
4
8
16
32

solution
2.50
2.45
2.45
2.52
2.50
2.47
2.40
2.38

±
±
±
±
±
±
±
±

0.10
0.05
0.10
0.05
0.05
0.05
0.03
0.03

emission maximum (nm)
ﬁlm

2.50
2.48
2.50
2.50
2.55
2.47
2.43
2.40

±
±
±
±
±
±
±
±

0.10
0.05
0.10
0.05
0.05
0.05
0.03
0.03

ﬁlm

solution
490
476
479
476
480
486
498
505

±
±
±
±
±
±
±
±

15
15
15
12
10
10
7
5

(DMF),39 as used in the present work. However, precursor
solutions were slightly acidic in pH (ca. pH 6) because of
possible protonation of the lysine amino group. In fact,
protonated ammonium salts are known to be extremely
hygroscopic;40 thus, water molecules may mobilize ammonium
salts within the precursor solution. Weak bonds between water
molecules and ammonium groups of tboc-Lysine are formed in

483
485
490
492
493
499
502
506

±
±
±
±
±
±
±
±

15
15
15
15
15
10
5
3

full width at halfmaximum (nm)
solution

ﬁlm

34.25
28.00
29.80
29.80
28.19
29.14
23.56
22.20

31.57
23.06
31.92
22.92
29.05
20.29
22.07
21.80

PLQY (%)
solution
60
68
67
57
68
69
75
70

±
±
±
±
±
±
±
±

10
4
8
7
7
8
5
9

ﬁlm
80
75
60
60
65
70
80
87

±
±
±
±
±
±
±
±

10
10
10
10
10
10
10
5

the solution; therefore, when precipitation occurs in the
antisolvent medium, more mobile water-containing species are
able to be formed and, hence, more eﬀective nanocrystal
formation occurs, resulting in smaller particle sizes. To support
the aforementioned assumption, the theoretical investigation of
molecular interactions was studied. The assumption of a
diﬀerence in the PNP formation derives from the nature of the
1244
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Figure 2. (A−C) B3LYP/6 311+G*-optimized geometries of the precursor complexes. (D) FTIR spectra show typical absorption peaks that are
attributed to the presence of tboc-Lysine on the surfaces of nanoparticles. (E) PNP prepared using adamantylamine as the stabilizing ligand. No
detectable changes in the emission maximum were observed.

complex is not present; instead, the hydrated coordination
complex of PbBr3−tboc-Lysine+−H2O is a key structure in the
formation of PNPs, where hydrated species showed vibration
in a region of ∼1680 cm−1. As can be observed from the FTIR
spectra of the precursor solution containing varying amounts
of water, the peak in that region clearly sharpens, but it still can
be observed in the anhydrous solution insofar as partial
hydration is possible during the measurements.
A comparison of the above-mentioned simulated results with
FTIR spectroscopy (Figure 2D) of anhydrous and hydrated
precursor solutions reveals a notable diﬀerence in the range of
1600−1700 cm−1. Taking all of these facts into consideration,
we can conclude that PbBr3+−tboc-Lysine− is indeed formed in
the precursor solution. Considering that the water molecule is
weakly bonded to the complexthe bond order was calculated
as 0.14the water molecule in the present case plays a
signiﬁcant role in PNP formation, in a manner in which the
hydrated species are more mobile, but during the PNP
formation, water molecules can be eﬃciently removed in the
antisolvent medium.43,44
Moreover, taking into account the hygroscopic nature of the
protonated amino acid used in the PNP preparation, water
molecules could be bonded directly to the ammonium group
of tboc-Lysine−, conﬁrming a dramatic increase in the
solubility of tboc-Lysine in DMF when water was added.
Nevertheless, on the FTIR spectrum, this region was
overlapped by the −CH2 vibrations.
Interestingly, if PNP were precipitated from the precursor
solution containing adamantyl-1-amine, instead of the amino
acid, as was previously described in the literature,5 no
detectable shift in the emission was observed (Figure 2D).

intermediate phases that formed in the precursor solution,
resulting from coordinative bonding.41 Thus, various complex
species in the precursor solution aﬀect the nucleation and
growth of the PNPs. In this regard, the complex adduct
bonding nature was investigated using Fourier transform
infrared (FTIR) spectroscopy42 and supported by density
quantum-chemical calculation.
To elucidate the mechanism of the inﬂuence of water on
PNP formation, low-degree-of-complexity models were simulated using quantum-chemical calculations in order to predict
the preferential generation of species under the eﬀect of the
solvent. Mainly geometry optimization and vibrational analysis
were studied in order to gain deeper insight into the formation
of coordination complexes in the precursor solution, which is a
key locus for the formation of nanoparticles.
First of all, to compare adamantylamine with tboc-Lysine,
we modeled the hydrated complexes of both compounds. By
comparing the optimized geometry of both complexes
modeled with the inﬂuence of the solvation medium, we ﬁnd
that indeed, in the case of the adamantylamine+−H2O
complex, the distance between the water molecule and
ammonium group is larger than that of tboc-Lysine+−H2O
(1.75 vs 1.70 Å), and thus tboc-Lysine+ forms a hydrate that is
more stable than the one formed by adamantylamine.
Therefore, three types of coordination complexes were
investigated: (a) tboc-Lysine+−H2O (see Figure 2B), (b)
PbBr3−tboc-Lysine+, and (c) PbBr3−tboc-Lysine+−H2O (see
Figure 2A). Vibrational analysis from quantum-chemical
modeling of part a showed a characteristic peak at ∼2800
cm−1 attributed to the hydrogen bond between water and tbocLysine+. However, we assume that in the precursor this
1245
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Insofar as the water molecule can be coordinated to the PbBr3+
in both cases, most likely, the main characteristic aﬀecting PNP
formation by the addition of water is the hygroscopicity of the
protonated tboc-Lysine−; thus, mobilization of the ligands by
the water molecule results in more eﬃcient perovskite surface
coverage and thus smaller PNPs.
Additionally, a dependence of the emission maxima was also
observed in the solid-state samples. Thin ﬁlms prepared by
centrifugal casting onto glass substrates showed the same
trend, where the optical shift increased with the amount of
water added to the precursor solution. This indicates that the
surfaces of the PNPs are stabilized, and thus they do not
aggregate in the solid state.
Taking the above into account, it can be assumed that a low
amount of water added increased the solubility of the
precursors in the solution by the formation of mobile species
weakly bonded to water molecules. Assumingly, because of the
high hygroscopicity of the amino acid precursor, when the
amount of water is relatively low, water molecules are mainly
bonded to tboc-Lysine; thus, stabilization of the PNPs is more
eﬃcient. This results in a blue-shifted emission and an overall
smaller size of the PNPs. However, with an increased amount
of water added, further precursor complexes can be hydrated.
Thus, water molecules are known to “heal” the perovskite
lattice, and additional hydration of the precursor solution
results in larger crystallites possessing remarkably high PLQYs.
The presence of water, in this case, may reduce the
concentration of lattice defects, which may act as traps.
It has to be noted that changes in the spectrum can be
unlikely associated with hydration of the perovskite structure
of the nanoparticles, insofar as hydration of the perovskite
lattice would cause irreversible degradation of lead halide;44,45
however, some amount of water reduces the surface and/or
interfacial defects of the PNPs.46 Thus, PLQYs can be
observed when some amount of water is added to the
precursor; however, this cannot be considered as hydration,
insofar as hydrated perovskite has a much larger band gap of
>3 eV and is not luminescent.47
Previous research on thin ﬁlms showed that the addition of
water results in larger crystallites in thin ﬁlms.48,49 Thus, in the
present case, the mechanism is similar; however, the particles
are conﬁned by the surface ligands. Hygroscopicity of the
surface ligands allows interaction between the ligands and
water molecules in the precursor, thus aﬀecting the formation
of PNPs.
In general, the current approach displays fundamental
ﬁndings on how the addition of water aﬀects the physical
and, therefore, the optical properties of methylammonium lead
bromide PNPs stabilized by tboc-Lysine ligands. So far the
biggest obstacle is providing ideally controlled conditions in
the laboratory to provide a precise investigation with respect to
the amount of water in the precursor solution, inasmuch as
many factors have to be considered including the inﬂuence of
ambient humidity during manipulation of the materials, poor
control, or/and possible contamination of commercial
products/gloveboxes. However, one can assume that, in a
well-controlled industrial environment, it would be possible to
implement such a method with a high level of precision.
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and thus improved performance of the solar cells, here we used
water to improve the mobility of the hygroscopic precursor,
thus resulting in more eﬃcient formation of the nanoparticles.
As a result, MAPbBr3 PNPs stabilized with amino acids were
prepared by a ligand-assisted precipitation method, where the
amino acid tboc-Lysine was used as the capping agent
alongside the stabilizer HeA. Interestingly, hygroscopic
protonated tboc-Lysine− formed complexes with additional
water molecules, thus inducing the formation of mobile
complexes that act as eﬃcient precursors for PNP formation.
To reach crystal lattice equilibrium, water molecules were
eﬃciently removed during PNP crystallization because of weak
interaction with the precursors. Thus, this promising method
allows control of the PNPs’ sizes without changing the
chemistry of the nanoparticle core. Moreover, because of the
“healing” eﬀect of water molecules in the perovskite lattice, the
addition of water dramatically increases the PLQY of PNPs
because of the lower concentration of the lattice defects, which
can act as traps, resulting in nonradiative transitions. Because
of the excellent luminescent quantum yields and controllable
sizes of the nanoparticles, they can be applied, for instance, in
LEDs.

■

EXPERIMENTAL SECTION

Chemicals. Lead(II) bromide (PbBr2; 99.999%) was purchased
from Sigma-Aldrich. Methylammonium bromide (MABr) was
purchased from GreatCell. tboc-L-Lysine (97%) was purchased from
Alfa Aesar. Hexanoic acid (HeA; 98%) was purchased from TCI.
Adamantyl-1-amine was obtained from Provicso CS. Anhydrous N,Ndimethylformamide (DMF) was purchased from Sigma-Aldrich.
Toluene of reagent grade (≥99.8%) was purchased from VWR and
used as received.
General Methods. Ultraviolet−visible (UV−vis) and ﬂuorescence spectroscopies were used to characterize the optical properties
of PNPs. UV−vis spectroscopy was carried out with a Lambda 1050
UV−vis−near-IR spectrometer (PerkinElmer). Photoluminescence
(PL) spectra were measured on a ﬂuorimeter from Photon
Technology International. UV−vis and PL spectra of colloidal PNP
suspensions were measured in a 1 × 1 cm quartz cuvette. For optical
characterization of the ﬁlms, an excitation wavelength of 405 nm at a
50° angle was used. The PLQYs of the colloidal PNP suspension and
thin ﬁlms were measured using an integrating-sphere Hamamatsu
Photonics A9924-06, with a Shamrock SR-303i monochromator and
an Andor iDus SiCCD detector at an excitation wavelength of 405
nm. Transmission electron microscopy (TEM) images were obtained
with a Jeol JEM-2200 microscope using holey carbon ﬁlm 300-mesh
copper grids. All sample grids were previously treated for 5 min in a
Jeol EC-52000IC ion cleaner before the TEM measurement. Fourier
transform infrared spectroscopy (FTIR) spectra of precursor solutions
were recorded on a PerkinElmer Spectrum 100. The precursor
solutions were measured using an attenuated-total-reﬂectance
technique under ambient conditions.
X-ray Photoelectron Spectroscopy (XPS). XPS was measured
in order to provide the binding energy of a core-level electron of an
atom in the nanoparticles.50 The binding energy, in turn, strongly
depends on the chemical environment of the atom and therefore is
used to determine the chemical bonding of the material. XPS sputter
depth proﬁles were performed using a Thetaprobe XPS system
(Thermo Scientiﬁc, U.K.), which was controlled and operated by the
Avantage software package from the system manufacturer. The device
was equipped with a monochromated Al Kα X-ray source (hν =
1486.6 eV) and a dual ﬂood gun for neutralizing the surface charges.
The X-ray spot on the sample surface exhibited a diameter of 400 μm.
Sputtering was performed by using a Ar+-ion gun. The survey spectra
were recorded with 200 eV of pass energy and with a binding energy
step of 1 eV, while for high-resolution spectra, a pass energy of 20 eV
and a step of 0.05 eV were taken. For the PNPs, the Pb 4f XPS spectra

■

CONCLUSION
In the present work, a simple nontemplate method of
controlling the PNP size is described. Similar to the thin
ﬁlms, where the addition of water results in larger crystallites,
1246
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Simultaneously, two precursor solutions were prepared: one used as a
control and another containing 8 mol equiv of water with respect to
PbBr2. The PNPs were prepared by precipitating 20 μL of the
corresponding precursor solution in 10 mL of toluene in an ice bath
(0−3 °C). For the ﬁlm preparation, the precursor solution (50 μL)
was precipitated in toluene (25 mL) in an ice bath with stirring at
1000 rpm. A glass substrate was placed in a centrifugation tube, and
the PNPs were centrifugally casted onto the substrate at 5000 rpm for
12 min. The supernatant was discharged, and then the ﬁlm was dried
under ambient conditions.

showed two characteristic symmetric peaks at 138.4 and 143.3 eV,
attributed to Pb 4f7/2 and Pb 4f5/2, respectively. The spin−orbit
splitting was 4.86 eV, which corresponds to the previously reported
results.51,52 The presence of metallic lead was conﬁrmed with peaks at
136.4 and 141.3 eV, which could point to the lead(0)-rich surface of
the nanoparticles.53,54 On the Br 3d XPS spectrum, two peaks, at 68.2
and 69.2 eV, were observed, which correspond to Br 3d5/2 and Br
3d3/2, respectively.53 The N 1s XPS spectrum was split into two peaks
with centers at 400.0 and 401.8 eV; these peaks can be associated with
the amide group51 of tboc-Lysine and with the ammonium salts of the
primary amine of tboc-Lysine55 and of the methylammonium salt,52
respectively. Additionally, the presence of only the peak at 401.8 eV
points to the charged character of the primary ammonium group in
the side chain of tboc-Lysine. The O 1s XPS spectrum exhibited peaks
at 531.8 and 533.3 eV associated with the carboxylate species CO
and C−O, respectively. In the C 1s XPS spectrum, we observed four
peaks: the peak at 285.0 eV can be assigned to C−C and C−H bonds,
followed by another peak at 286.1 eV that can be attributed to the C−
N bond of the amino group, the C−N bond of the amide group was
proven by the peak at 287.1 eV, and, ﬁnally, the peak at the highest
binding energy of 289.4 eV can be assigned to the C−O bond of the
carboxylic acid group.56 Because of the ionic form of the carboxylic
acid, only the C−O bond was proven in the spectra because of
delocalization of the negative charge among the carboxylic acid
group.57 (For the scan images, see the Supporting Information.)
Quantum-Chemical Calculations. For the quantum-chemical
modeling, in order to calculate the bond lengths and orders and to
visualize the molecular orbitals of the complexes, the Gaussian 09
software package was applied. A Becke, three-parameter, Lee−Yang−
Parr (B3LYP) functional expanded by 6-311+G* with split-valencepolarized triple-ζ basis set polarization and diﬀuse functions on heavy
atoms for the C, N, H, and O atoms and Los Alamos National
Laboratory 2 double-ζ (LANL2DZ) was used for heavy atoms. Force
constants and the resulting vibrational frequencies were computed in
order to simulate the IR spectra of the complexes.
Preparation of Colloidal Solutions of PNPs. Initially, the
precursor solutions were prepared by mixing PbBr2, MABr, HeA, and
tboc-Lysine in anhydrous DMF, at concentrations of 0.027, 0.030,
0.258, and 0.22 mol L−1, respectively, resulting in a ﬁnal molar ratio of
1:1.1:9.5:0.8. Consequently, a certain amount of 18 MΩ ultrapure
water was added to the precursor solutions in molar equivalents of
water with respect to PbBr2 of 0.0, 0.4, 0.8, 2.0, 4.0, 8.0, 16, 32, and
64. It must be noted that all of the solid perovskite precursor
components were freeze-dried prior to dissolution. All of the
manipulations were carried out in a glovebox under a nitrogen
atmosphere unless otherwise stated. In order to enhance the solubility
of the reagents and ensure complex formation, all of the precursor
solutions were stirred in the glovebox for 7 days. After this time, the
PNPs were precipitated from the glovebox by the addition of 20 μL of
a precursor solution with toluene (10 mL), under cold conditions (0−
4 °C). The resulting colloidal solutions were isolated by
centrifugation and ﬁnally washed and redispersed in 10 mL of
toluene. Directly after, the PNPs formed were redispersed in toluene,
and thin ﬁlms were prepared. For that, samples with 0.0, 0.4, 0.8, 2.0,
4.0, 8.0, 16, 32, and 64 mol equiv of water were used. Then, the
colloidal solutions were centrifugally casted onto glass substrates (1 ×
1 cm) at 5000 rpm for 10 min according to the approach reported by
Gonzalez-Carrero et al.5 Consequently, the ﬁlms were dried under
ambient conditions.
Interestingly, when freeze-dried chemicals were used for the
precursor solutions’ preparation, the sample with no addition of water
was not fully dissolved. Thus, all of the precursor solutions were
stirred in the glovebox for 7 days to provide the appropriate
complexation. In all of the other cases, the presence of water
signiﬁcantly increased the solubility of tboc-Lysine in the precursor
solution.
Preparation of Adamantyl-1-amine PNP Precursor Solutions. PbBr2, MABr, HeA, and adamantyl-1-amine were mixed in
anhydrous DMF at concentrations of 0.027, 0.030, 0.258, and 0.22
mol L−1, respectively, resulting in a ﬁnal molar ratio of 1:1.1:9.5:0.8.
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