Downloaded viaUNIV LINZ on November 21, 2019 at 12:05:44 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

X APPLIED
N A N O M AT E R I A L S @ Cite This: ACS Appl. Nano Mater. 2019, 2, 4267-4274

www.acsanm.org

Proteinogenic Amino Acid Assisted Preparation of Highly
Luminescent Hybrid Perovskite Nanoparticles
Anna Jancik Prochazkova,”* Stepan Demchyshyn,_}_’§ Cigdem Yumusak,’ Jiri Masilko,*

Oliver Brijggemann,” Martin Weiter,” Martin Kaltenbrunner,’ Niyazi Serdar Sariciftci, Jozef Krajcovic,
Yolanda Salinas,'® and Alexander Kovalenko™ "

&>

"Linz Institute for Organic Solar Cells (LIOS), Physical Chemistry, Johannes Kepler University Linz, Altenbergerstrale 69, 4040
Linz, Austria

iFaculty of Chemistry, Materials Research Centre, Brno University of Technology, Purkynova 118, 612 00 Brno, Czech Republic
$Soft Electronics Laboratory, Linz Institute of Technology (LIT), Johannes Kepler University Linz, Altenbergerstrafie 69, 4040 Linz,

Austria

Mnstitute of Polymer Chemistry (ICP), Johannes Kepler University Linz, Altenbergerstrale 69, 4040 Linz, Austria

O Supporting Information

ABSTRACT: Versatile approaches to nanoparticle synthesis
offer unprecedented opportunities for the development of
optoelectronics, photonics, and biosciences. With the current
advancement of hybrid organic—inorganic metal halide
perovskites, the next step is to expand their field of
applications via utilization of functional and modifiable ligand
chemistry. Here, we present a ligand assisted reprecipitation
approach for highly luminescent perovskite nanoparticle
synthesis using for the first time L-lysine and L-arginine for
surface passivation. These nanoparticles exhibit emission
within a narrow bandwidth of the visible spectrum and
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photoluminescence quantum yield close to 100%. Additionally, preferential ligand orientation is achieved via amino acids a-
amino group blocking which results in blue-shifted emission as well as smaller and more uniform particle size. These
experimental results demonstrate the effectiveness of naturally occurring proteinogenic amino acids as surface ligands and ofter
possibilities for versatile modification of perovskite nanoparticle properties via well-studied amino acid chemistry.
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B INTRODUCTION

Lead halide perovskites have ushered a new era in the field of
electronics and photonics. In addition to the superior perform-
ance in photovoltaic cells,'® perovskites are successfully
implemented in solid state lasers,” light emitting diodes,"’
photodetectors,'" and solar fuel production,'” which is possible
due to their high-absorption coeflicient and long-ranged
ambipolar transport. Besides thin film and single crystal
71 perovskite nanoparticles (PNP) are of great
interest owing to their high photoluminescence quantum yield
(PLQY) and optical tenability. PNP are prospective active
materials for light emitting diodes (LEDs),'” photodetectors,"®
and lasers."” The main advantage of perovskites over classic
inorganic semiconductors is their low-temperature, low-cost
solution based deposition on a large variety of the substrates via
coating or printing techniques.zo_22 One of the most significant
issues in perovskite thin film production is that the final material
is synthesized in situ from its precursors. This formation process
places high demand on the processing conditions, which can
result in significant increase of the final cost of the product and

!
devices,
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hinder the mass production of perovskite-based devices. Films
produced from a stable dispersion of PNP can resolve this issue.

One of the key aspects to PNP synthesis is crystal growth
termination through surface ligands, which are essential
components of nucleation and growth processes, thus effecting
material stability and PLQY. Long alkyl chains are commonly
used as surface ligands;z‘%’24 however, the perovskite nano-
particles stabilized by multidentate polymer micelles,” con-
jugated ligands,” and cysteine” were also reported. CdSe and
ZnS, conventional semiconductor quantum dots, become water-
soluble and biocompatible when decorated with appropriate
cysteine and hystydine ligands.”® Recently reported work
described perovskite films cross-linked with bifunctional S-
aminovaleric acid”” and perovskite nanoparticles passivated with
peptide chains of various length for potential photovoltaic and
optoelectronic application.” In this paper we demonstrate the
next step toward combining the unique properties of PNP such
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Figure 1. MAPbBr; PNP capped with AA ligands: (A) schematic representation of PNP; (B) crystalline structure of MAPbBr;, the core material of
PNP; (C) chemical structures of LYS and ARG, proteinogenic amino acids with positively charged R-groups (highlighted in red are secondary amino
group (LYS) and guanidine group (ARG)).
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Figure 2. Optical data of the colloidal PNP. PL spectra and Tauc absorption plots of (A) LYS and (B) ARG capped PNP dispersed in toluene
compared to (C) LYS and (D) ARG capped PNP dispersed in chloroform. Samples dispersed in toluene show red-shifted emission (Ay4x(Tol-LYS) =
520 nm, Ayax(Tol-ARG) = 528 nm) when compared to the samples dispersed in chloroform (4y;4x(ChI-LYS) = 509 nm, Ay;4x(Chl-LYS) = 492 nm)
(optical data summarized in Table 1). (E) Comparison of PLQY of the PNP prepared in different solvents and ligands, with 95% confidence intervals.
Samples prepared in toluene show significantly higher PLQY than those prepared in chloroform. (F) Photographs of the corresponding PNP

suspensions under UV illumination.

as high absorption coefficient, high PLQY and charge carrier
transport with properties of amino acids (AAs)/peptides such as
affinity to the desired surfaces, self-assembly through the weak
interactions, and sensing abilities.

Here, we introduce proteinogenic essential AAs L-lysine
(LYS) and vr-arginine (ARG) as effective ligands for PNP
synthesis. Comparative measurements of PNP preparation
procedures using these AAs in combination with different
solvents and stabilizing carboxylic acids illustrate the intricate
nature of the synthesis route. Another key point is the ability of
amino acids to self-organize through the weak interaction, which
acts as a useful tool for the PNP preparation. In the present paper
we focus on preserving the amino acid functional group; thus we
describe the possibility of blocking the amino group and
selectively passivating the surface of the perovskite nanoparticles
in a manner such that primary amine or guanidyl group is
bonded to the surface of PNP, and the a@-amino acid group is
directed outward. Therefore, in order to reveal the practicality of
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AA chemistry, we blocked the a@-amino group with tert-
butyloxycarbonyl (tBoc) protecting group, which serves a
twofold purpose: (i) selective orientation of the AAs ligand
due to selective bonding of the positively charged R-groups with
the core of the nanoparticle and (ii) possible further
functionalization of the PNP via deprotection and modification
of a-amino group that now are preferentially exposed to
additional reactants. The synthesis route utilizing tBOC
modified AAs results in PNP with diameters of <6 nm, a small
size distribution, and bright blue emission.

B EXPERIMENTAL SECTION

Perovskite NP Preparation. PNP were prepared by the ligand
assisted reprecipitation method, according to Gonzalez-Carrero et al.*’!
Alongside LYS and ARG ligands, hexanoic acid (HEA) was chosen as
the primary stabilizing carboxylic acid. Additionally, oleic (OLA) and
adamantanecarboxylic (ADA) acids were used to test what influence
long/bulk chain carboxylic acids exert on the formation of nano-
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Table 1. Summary of Optical Data Obtained from Spectroscopic Experiments and PNP Average Size Measured from TEM

Images”
sample label stabilizing acid Amax (nm)/(eV) fwhm (nm)/(eV) PLQY + CI (%) E, (eV) PNP diameter + CI (nm)
Tol-LYS HEA 520/2.4 22/0.1 76 + 17 2.0 9.3+ 0.9
Tol-ARG HEA 528/2.3 22/0.1 92+7 1.7 6.9 + 0.4
Chl-LYS HEA 509/2.4 26/0.1 S+2 2.1 55+03
Chl-ARG HEA 492/2.5 36/0.2 7+2 1.9 64+03

“CI, 95% confidence interval; A, wavelength at the emission maximum;

bandgap.

fwhm, full width at half-maximum of the emission peak; E,, optical
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Figure 3. Structural analysis of PNP capped with amino acids. (A) Powder XRD analysis of samples precipitated from toluene (blue, orange) and
chloroform (green, red) PNP suspensions. Diffractograms show characteristic peaks that can be directly compared to MAPbBr; reference (gray). (B—
E) TEM images of corresponding PNP (scale bar S nm) with FFT pattern inset (additional information on size and distribution shown in Table 1). (F)
FTIR spectra show typical absorption peaks that are attributed to the presence of AA ligands on the surface of PNP.

particles. Additionally, we attempted to synthesize PNP using acetic
acid as a stabilizer; however no colloidal dispersion was obtained, which
assumingly occurred due to high hydroscopicity of acetic acid; thus

excessive water in the precursor solution hindered the formation of
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PNP. For precipitation, toluene (Tol) and chloroform (Chl) were used
as antisolvent and dispersion media. As a result, four main samples using
HEA and eight supplementary samples using OLA and ADA were
prepared.
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B RESULTS AND DISCUSSION

Precursor solution was prepared by dissolving MABr (0.150
mmol), PbBr, (0.136 mmol), relevant amino acid (0.109
mmol), and carboxylic acid (1.30 mmol) in 2.5 mL of DMF, at
room temperature. The molar ratio of chemicals was
1:1.1:0.8:9.5 for PbBr,, MABr, amino acid and carboxylic acid,
respectively. Consequently, the solution was sonicated in an
ultrasonic bath at room temperature for 10 min and then was left
to be magnetically stirred overnight. For the precipitation of
PNP the vial with chloroform/toluene was placed in the ice bath
at 0.3—1.0 °C with a magnetic stirrer. Then an amount of 20 uL
of the precursor solution was added dropwise to the vial with
chloroform/toluene. To adjust the concentration of the PNP in
the solvent, the volume of toluene/chloroform was filled to a
total 5/10/25 mL. Similarly, to the previously reported work on
perovskite nanoparticles no further purification step was
applied." It has to be noted that other conventional solvents
were used for the PNP precipitation, such as heptane, acetone,
and diethyl ether. However, none of the above-mentioned
dispersion media resulted in green-emitting colloidal suspen-
sion.

In order to obtain solid material for FTIR and powder XRD
characterization, colloidal solutions were prepared by precip-
itation of 1 mL of precursor solution in S0 mL of solvent in an ice
bath, followed by centrifugation (5000 rpm for 20 min).
Supernatant was discarded, and the solid material was dried in a
vacuum oven (40 °C) overnight.

Here we present perovskite nanoparticles (PNP) synthesized
using surface ligands comprising naturally occurring proteino-
genic amino acids (AAs) (Figure 1A). The PNP consist of a
methylammonium lead bromide (MAPbBr;) core known for its
excellent optical properties’** (Figure 1B) capped with a shell
of L isomers of LYS or ARG (Figure 1C). The zwitterionic
nature of these AAs, i.e., the presence of both negatively and
positively charged groups in one molecule, allows for the
passivation of Pb** and excess Br™ defects on the surface of the
PNP, therefore increasing the effectiveness of ligand passiva-
tion.”” Hexanoic acid (HEA) used as a stabilizing component
serves the role of a protonation agent, thus increasing the
amount of charged groups present in the solution.”* Photo-
luminescence (PL) and absorption spectra of MAPbBr; PNP
colloid prepared with the above-mentioned components in
toluene (Figure 2A,B) and chloroform (Figure 2C,D) show
strong emission and an absorption onset in the green part of the
visible spectrum. Toluene based colloids exhibit red-shifted
emission at Ay4x(Tol-LYS) = 520 nm and Ay (Tol-ARG) =
528 nm, whereas PNP dispersed in chloroform show emission at
higher energy, Ayax(ChL-LYS) = 509 nm and Apux (Chl-ARG)
=492 nm (complete optical data summarized in Table 1). PNP
prepared in toluene exhibit an order of magnitude higher PLQY
(7(Tol-LYS) = 76 + 17%, n(Tol-ARG) = 92 + 17%) when
compared to the complementary samples prepared in chloro-
form (7(Chl-LYS) = S + 2%, n(Chl-ARG) = 7 + 2%) (Figure
2E). The different optical behavior of the PNP in these solvents
can be attributed to electronegative chlorine groups in CHCl,
that also influence PNP synthesis by coordination with Pb%*,*°
Additionally, lower PLQY in chloroform samples might be the
direct outcome of the aprotic nature of the solvent that often acts
as luminescence quencher.””** To test this assumption, we add
an equal amount of toluene to all the samples prepared in
chloroform and vice versa. As a result, addition of chloroform to
toluene-based samples results in an average S-fold PLQY
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decrease from initial ~100% to ~20%. On the other hand, the
addition of toluene to chloroform-based samples yields an
approximately 2-fold PLQY increase. The bright green
luminescence (Figure 2F) of the colloidal suspensions in
toluene remained stable over the period of 1 week, retaining
>80% of the initial PLQY values, whereas chloroform based
counterparts lost most of their luminescence in the same period
of time. Notably, during the experiments no visible sedimenta-
tion was observed.

Corresponding measurements were performed for the
samples prepared with OLA and ADA as stabilizing acid (Figure
S1A). The peak PL emission is in the same range as in HEA
samples (Figure S1B), whereas the full width at half- maximum
(fwhm) tends to be lower in colloids containing ADA (Figure
S1C). This can be attributed to a higher degree of self-
organization that is common in adamantyl compounds.”*

Structural Characterization. In order to further investigate
the material’s properties, PNP were deposited onto a solid
support by centrifugation from colloidal dispersion, followed by
vacuum drying. Using powder XRD, we confirm the perovskite
crystalline structure by comparing PNP diffractograms to bulk
MAPbBr, diffraction patterns available in the literature®'
(Figure 3A). The peaks positioned at 14.90°, 21,17°, 26,01°,
30,13°, 33,80° 37,10° 43,09°, and 45,88° correspond to the
reflections (001), (011), (111), (002), (021), (211), (220), and
(300), respectively. These results are comparable to previously
published literature*** and confirm the PNP cubic unit cell
structure. A broad peak at around 26° is observed in Tol-LYS
samples and can be attributed to incomplete crystallization
influenced by HEA as stabilizing agent. When replaced with
ADA, two narrow peaks appear in the same position, which
suggests that the ability of ADA to self-organize improves PNP
crystallinity (Figure S2A). PNP samples in general exhibit peak
broadening when compared to bulk MAPDbBr; that stems from
the small size of the crystallites. However, in the present case this
is not a quantitative method for the size determination since AAs
tend to decompose under X-ray irradiation.””** PNP size
analysis was performed via transmission electron microscopy
(TEM) (Figure 3B—E). In general, highly crystalline PNP with
diameters of <10 nm are observed in all the samples (Table 1).
Samples prepared with OLA and ADA result in PNP with a
slightly smaller diameter that is on average <9 nm (Figure S2B—
I, Table S1). It was observed that the smallest PNP were formed
when adamantanecarboxylic acid was used, as confirmed by
TEM analysis. However, these samples did not show a
significant difference in the optical gap. Thus, it can be assumed
that in the case when adamantanecarboxylic acid is used as a
stabilizer, the shell of the nanoparticles is smaller as compared to
the other samples. Regarding the precipitation medium, samples
prepared in chloroform possessed wider bandgap; thus the
emission maxima were blue-shifted. This phenomenon can be
related to the interaction of electronegative chlorine groups in
CHCI,; with perovskite precursors. It has to be noted that when
no amino acid was added in the precursor solution, after the
precipitation immediate sedimentation of an orange solid was
observed. TEM images revealed relatively large cubic crystallites
were observed (see Supporting Information).

Fourier transform infrared (FT-IR) spectroscopy is used to
detect the presence of LYS and ARG capping ligands on the
surface of the PNP (Figure 2F). MABr has three main
characteristic peaks at 2700—3300 cm ™" (broad signal) assigned
to Br—H and two more signals at around 1000 (narrow) and at
912 cm™'(medium) assigned to the C—H rocking
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Figure 4. Characterization of PNP capped with modified amino acids. Chemical structures of (A) LYS and (B) ARG modified with tBOC group at
their a-amino group position (highlighted in red) in order to promote selective bonding to the PNP perovskite core. PL spectra and Tauc absorption
plots of (C) LYS-tBOC and (D) ARG-tBOC. PL emission of tBOC modified samples (4y;5x (LYS-tBoc) = 463 nm, Ayzx (ARG-tBoc) = 501 nm)
appear to be blue-shifted (A ys = 57 nm and A s = 27 nm) when compared to their unmodified counterparts (optical data summarized in Table S1).
TEM images and FFT data (insets) of precipitated (E) LYS-tBOC (scale bar = S nm) and (F) ARG-tBOC (scale bar = 10 nm). The images clearly
show formation of nanoparticles (highlighted with dashed lines) with an average diameter of d(LYS-fBoc) = 4.4 + 0.3 nm and d(ARG-tBoc) = 5.7 +
0.3 nm. (G) PLQY results for LYS-tBoc and ARG-tBoc samples, with 95% confidence interval error bars. (H) Photographs of LYS-tBoc and ARG-tBoc
PNP suspensions under UV illumination show bright blue and cyan luminescence visible to the naked eye (scale bar = 1 cm).

bonds.*Those signals were detected in all prepared PNP, which
can be an indication of residual MABr traces, since no further
purification was perfomed after PNP preparation. However,
those bands can also be attributed to the amino groups from the
AAs, which are also visible in all the PNP spectra. The shift of
C=O0 vibration from AA carboxylic group of LYS (at 1577
cm™) or ARG (at 1672 cm™) appears at higher wavenumbers
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in Tol-LYS-ADA (1584 cm™) and lower in Chl-ARG-ADA
sample (1639 cm™"), respectively. Furthermore, the peak in the
region around 1498 cm ™ is assigned to the ~COO™NH;" group
from the carboxylic acid incorporation, in agreement with
Ebrahiminezhad et al.* Generally, pure LYS and ARG show two
bands at 2851 and 2925 cm ™" attributed to the asymmetric and
symmetric CH, stretching, respectively, signals confirmed in
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Table 2. Summary of Optical Data Collected from PNP Containing tBoc Functionalized Amino Acids®

sample label stabilizing acid Amax (nm)/(eV) fwhm (nm)/(eV) PLQY + CI (%) E, (eV) PNP diameter + CI (nm)
LYS-tBoc HEA 463/2.7 32/0.2 57 + 10 2.4 44 +03
ARG-tBoc HEA 501/2.5 22/0.1 94 +5 22 57+0.3

“CI, 95% confidence interval; A, wavelength at the emission maximum; fwhm, full width at half-maximum of the emission peak; E,, optical

bandgap.

both materials Tol-LYS and Chl-LYS spectra. Additionally, as
expected, C—N stretching and amine groups from the AAs were
succesfullly detected at 1181 and 3150 cm™ in both LYS- and
ARG-based PNP spectra.*’

ARG and LYS amino acids are known to self-organize through
the weak interaction between deprotonated carboxyl and the a-
amino group or between carboxyl and amine (LYS)/guanidine
(ARG) in the R-group™™®*’ (Figure $3). Additionally, there are
two possibilities for PNP stabilization with positively charged
AA functional groups: interaction between Br~ surface defects
and a-amino groups or amine (LYS)/guanidine (ARG). In
order to force selective bonding between positively charged R-
groups of the AAs and Br™ PNP defects, @-amino groups of LYS
and ARG are protected with the tBoc group (Figure 4A,B). This
prompts passivation via amine (LYS)/guanidine (ARG) and
leaves the a-amino group facing the outer surface of the PNP.
This can be utilized for further functionalization of the
ligands.””*" Parts C and D of Figure 4 show the spectra of
PNP prepared using N,-tBoc-L-lysine (LYS-tBoc) and N,-tBoc
-L-arginine (ARG-tBoc) in combination with hexanoic acid and
dispersed in toluene. These samples result in PNP emission in
blue and cyan parts of the spectra, respectively (Ayax(LYS-tBoc)
= 463 nm, Ayax(ARG-tBoc) = 501 nm) (complete optical data
summary available in Table 2). Additionally, the emission peak
of LYS-tBoc and ARG-tBoc is significantly blue-shifted when
compared to their unmodified counterparts (AA(LYS) = 57 nm,
AA(ARG) = 27 nm). TEM images of PNP centrifuged onto a
solid surface and dried under vacuum show a collection of
particles with an average diameter d(LYS-tBoc) = 4.4 & 0.3 nm
and d(ARG-tBoc) = 5.7 + 0.3 nm. Notably, PNP prepared using
modified AAs had smaller diameter, when compared to their
unmodified counterparts. This can be attributed to better self-
assembly and more organized bonding via amine (LYS)/
guanidine (ARG) of the modified ligands, as well as by the
presence of the tBoc group, which prevents self-organization of
the amino acids in the solution. Thus, functional groups are free
to interact with the perovskite precursors, resulting in more
efficient PNP formation. The FFT pattern reveals the presence
of a large amorphous phase fraction. We assume that the
perovskite core size is below the diameter observed in TEM due
to the presence of surface ligands. Taking this into consideration,
the large blue shift can be partly attributed to quantum
confinement effects (reported MAPbBr, exciton Bohr radius
between 2.2 and 3.5 nm>”). The PLQY of the samples
synthesized with modified AAs remains high, though for LYS-
tBoc it is at ~60%, whereas for ARG-tBoc it is ~95% (Figure
4G). Both LYS-tBoc and ARG-tBoc PNP suspensions show
bright blue and cyan luminescence under UV illumination
visible to a naked eye (Figure 4H).

The above-mentioned approach shows a great application
potential for development of the optoelectronics devices based
on PNP stabilized with amino acid, mainly due to the versatility
and large variety of naturally occurring amino acids and short-
chain peptides. However, at the moment the biggest challenge,
which hinders the implementation of these devices, is the
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preparation of smooth and compact layers to provide electrical
characterization (i.e., charge carrier transport) of the PNP.
Preliminary results, showed that thin films, prepared by spin
coating or centrifugal casting,31 had excessive roughness (see
Figure SS5) to be further implemented for the electrical
characterization and device fabrication. To solve this issue, a
thorough investigation has to be performed. Possibly, different
substrates or different surface ligands have to be used (e.g,
shorter chain hydroxylic acids). Another possibility seems to be
the utilization of different amino acids or short-chain peptides,
which tend to self-aggregate in in a manner, such that smooth
and compact layers would be obtained.

B CONCLUSION

We demonstrate a new and frugal approach to effectively
stabilize PNP using naturally occurring proteinogenic AAs. The
PNP showed bright green emission with the exact PL peak
position influenced by the ligand and solvent used. Structural
analysis confirmed the preservation of the core MAPbBr;
crystalline structure, as well as the presence of AAs ligands on
the surface of the PNP. Particle sizes have been analyzed via
TEM imagining revealing PNP diameters of <10 nm. AAs
modified with tBOC group, blocking a-amino group, allowed for
preferential ligand bonding via their positively charged R-group.
This resulted in more efficient PNP surface passivation,
manifesting itself in strong blue shift, smaller PNP diameter,
and high PLQY. Further modification of AAs ligands may open
new ways for chemical functionalization finding the use in
sensing, solar cells, and optoelectronics. Eventual improvement
in stability of AA modified PNP will allow them to enter the field
of biological applications such as imaging and assays.
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