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Abstract 
Diversity and unique properties, such as exceptionally high photoluminescence 

quantum yields (PLQYs), predetermine metal halide perovskite nanoparticles 
(PNP) to be applied in optoelectronic and photonic devices. In this work, nature-
inspired capping agents were employed not only for the PNP stabilization but also 
for modifying their surface to broaden the functionality of the resulting material. 
In the very beginning, a ligand-assisted precipitation technique was optimized for 
the preparation of these novel PNP. Here, adamantane-1-amine (AdNH2) 
alongside hexanoic acid (HeA) were chosen as capping agents for nanoparticles 
stabilization and passivation. It was demonstrated that the choice of the solvent 
system and the precipitation temperature have a crucial effect on the resulting 
optical properties of the colloidal solutions. Simultaneously, the influence of 
concentration of precursor chemicals on the resulting morphology and optical 
properties was investigated. Also, different carboxylic acids were tested as 
capping agents among AdNH2 and the colloidal stability of the resulting colloidal 
solutions was evaluated. 

To demonstrate the diversity of the ligand-assisted precipitation technique of 
PNP preparation, L-lysine and L-arginine were employed initially for the surface 
passivation. As a result, colloidal solutions with emission within a narrow 
bandwidth of the visible spectrum and remarkable photoluminescence quantum 
yield (PLQY) close to 100% were obtained. Blocking a-amino group of L-lysine 
by tert-butoxycarbonyl group suggested preferential binding of the side chain of 
L-lysine to the perovskite core. Furthermore, defined amounts of water were 
added into the precursor solutions which caused shifts of emission spectra due to 
quantum confinement effects. Water molecules were assumed to form highly 
mobile species leading to the enhancement of controlling the perovskite lattice 
growth. 

Merging perovskite nanomaterials with peptides are expected to pave a way to 
the new class of materials possessing exceptional optoelectronic properties 
alongside self-assembly and sensing abilities. As a proof-of-concept, a 
cyclic(RGDFK) pentapeptide was used for PNP stabilization. However, peptides 
are known for their sensitivity to their environment. Therefore, peptide nucleic 
acid (PNA) was used for PNP stabilization as a robust artificial analogue for 
deoxyribonucleic acid (DNA). Here, optical properties of thymine-based PNA 
monomer and trimer stabilized PNP were studied. Additionally, the sensing 
ability of the PNA ligand for adenine moiety was demonstrated by 
photoluminescence quenching via charge transfer. We envision that combining 
the unique tailored structure of PNA and the prospective optical features of PNP 
could expand the applications especially in the field of optical sensing devices. 
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Abstrakt 
Nanočástice perovskitů halogenidů kovů vykazují unikátní vlastnosti, 

především výjimečně vysoké hodnoty kvantových výtěžků fluorescence, které 
předurčují tyto materiály pro aplikace v optoelektronických a fotonických 
zařízeních. Tato práce popisuje přípravu nanočástic perovskitů halogenidů kovů 
pomocí stabilizačních činidel inspirovaných přírodou. Stabilizační činidla zde 
slouží nejen ke stabilizaci, ale i k modifikaci povrchu nanočástic za účelem 
zvýšení funkčnosti výsledných nanostruktur. Úvod práce popisuje optimalizaci 
přípravy nanočástic precipitační technikou za použití stabilizačních činidel; jako 
stabilizační činidlo byl zvolen adamantan-1-amin spolu s hexanovou kyselinou. 
Bylo prokázáno, že klíčový vliv na optické vlastnosti výsledných koloidních 
roztoků má volba rozpouštědel a teploty při precipitaci. Mimo jiné byl zkoumán 
vliv koncentrace prekurzorů na výslednou morfologii a optické vlastnosti 
nanočástic a jejich koloidních roztoků. V neposlední řadě byly nanočástice 
stabilizovány adamantan-1-aminem spolu s různými karboxylovými kyselinami 
a byly studovány optické vlastnosti a koloidní stabilita výsledných koloidních 
roztoků. 

V dalším kroku byly nanočástice perovskitů stabilizovány pomocí 
proetogenních aminokyselin L-lysinu and L-argininu. Takto stabilizované 
nanočástice vykazovaly úzká emisní spektra ve viditelné oblasti a kvantové 
výtěžky fluorescence dosahující hodnot téměř 100 %. Stabilizace nanočástic 
prostřednictvím postranních skupin aminokyselin byla prokázána navázáním 
chránící terc-butoxykarbonylové skupiny na a-amino skupinu. Nanočástice 
stabilizované modifikovaným lysinem v průběhu jejich přípravy vykazovaly 
závislost optických vlastností na přítomnosti vody. Předpokládá se, že molekuly 
vody jsou schopné kontrolovat růst krystalové mřížky po navázání na prekurzory 
perovskitů a ovlivňovat tak výslednou velikost nanočástic, což vede k projevení 
kvantových jevů. 

Spojení nanočástic perovskitů s peptidy představuje nový typ materiálů 
kombinujících výjimečné optické vlastnosti se samoorganizačními a 
senzorickými vlastnostmi. Tento koncept byl představen přípravou nanočástic 
perovskitů stabilizovaných cyklo(RGDFK) pentapeptidem. Vzhledem k citlivosti 
peptidů na jejich byly nanočástice stabilizovány peptidovými nukleovými 
kyselinami, robustními analogy nukleových kyselin. Ke stabilizaci nanočástic byl 
připraven monomer a trimer peptidové nukleové kyseliny obsahující thymin jako 
dusíkatou bázi. Thymin byl na povrchu nanočástic dostupný k interakci 
s adeninem přes vodíkové můstky umožňující přenos náboje. Kombinace 
peptidových nukleových kyselin a perovskitů s unikátními optickými vlastnostmi 
otevírá aplikační možnosti zejména v oblasti optických senzorů. 
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1 AIM OF THE DISSERTATION THESIS 
The aim of the doctoral dissertation is the synthesis and characterization of lead 

halide perovskite nanoparticles for a large variety of electrical and optical 
applications. The first goal is to find a suitable synthetic pathway for the 
perovskite nanoparticles preparation and to evaluate all parameters influencing 
the resulting morphology and optical properties of the hybrid materials. 

In the next steps, nanoparticles stabilized by amino acids possessing primary 
amine or guanidyl group alongside the a-amino and carboxylic groups are to be 
prepared. The primary amine or guanidyl group of the amino acid is intended to 
passivate the surface of the nanoparticles, whereas, the a-amino and carboxylic 
acid groups are supposed to decorate the surface and to be available for further 
interactions. Simultaneously, optical and electrical characterization is planned to 
be performed. Evaluation of the optical and electrical band gap, luminescence 
quantum yields absorption and emission spectra will help to reveal the potential 
applications. 

Finally, the possibility of employing more complex nature-inspired capping 
agents for the nanoparticles’ formation will be tested to control the growth of the 
nanoparticles. For example, peptides seem to be very attractive because of their 
sensing abilities, self-assembly properties and affinity to certain surfaces. The 
main goal is to merge perovskite materials with nature-inspired molecules to 
preserve the unique properties of both materials which would broaden the 
applicability of the resulting hybrid materials. 
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2 INTRODUCTION 
The clear vision of introducing nanomaterials into the real life was presented 

by the physicist Richard Feynman during his famous talk “There´s Plenty of Room 
at the Bottom” in 1959 [1]. He predicted the future of nanotechnology and 
suggested physical principles and approaches which could help for example with 
miniaturization of electronics even to an atomic level. Years later, Feynman´s 
ideas were followed by D. M. Eigler and E. K. Schweizer [2] from IBM´s 
Almaden Research Center, who succeeded in organizing single xenon atoms into 
the logo of the IBM company by the use of scanning tunnelling microscope (STM) 
in 1989. Since then, a real boom of nanotechnology started. 

Nanomaterials can be defined as materials with reduced, at least one dimension, 
to the nano-scale (usually in the range 1–100 nm). The use of nano-scaled 
materials leads primarily to the miniaturization in technology and industry, e.g. 
miniaturization of batteries, quantum dot light emitting diodes (QDLED) screens 
and smartphones. Higher surface-to-volume ratio of nanomaterials increases also 
the efficiency in environmental protection applications (i.e. water purification and 
nanocapsules for pesticide delivery), catalysis in catalytic CO2 reduction and in 
harvesting energy from renewable sources (solar cells fabrication). 
Nanotechnology has already been employed in food and cosmetics and of course 
in medicine. The latter actually represents one of the largest fields of 
nanotechnology where nanomaterials are used for diagnostics, imaging and 
detection of diseases (as nanobiosensors, drug delivery systems, scaffolds for 
tissue regeneration, among others) [3]–[4]. 

Metal halide hybrid and inorganic perovskites are materials related to calcium 
titanium oxide mineral with the chemical formula CaTiO3. It was firstly described 
by Gustav Rose in 1893 and it is named after Russian mineralogist Lev Perovski. 
Nowadays, perovskite materials are usually discussed with regards to 
photovoltaic applications because of the high efficiency of perovskite-based solar 
cells, up to 25.2 % [5]. Nevertheless, perovskites can be also used for the 
fabrication of light emitting diodes (LED), lasers, photodetectors, etc. [6]. 

Perovskites are known for their ability to crystallize at a large variety of 
different surfaces/interfaces, including few-centimeters large single crystals, 
without a nucleation or also to form colloidal nanocrystals at room temperature. 
Prominently, benign structural defects are highly abundant in these perovskite 
compounds, which play an important role with respect to optical and electronic 
properties. Therefore, perovskites have proven to have a bright future in a form 
of semiconducting nanoparticles, where the physical properties can be tuned not 
only by the chemical stoichiometry of the compounds but also by controlling the 
size of the particles at the dimensional scale where quantum confinement effects 
take place. Perovskite nanoparticles (PNP) have already shown their applicability 
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in optoelectronic devices such as light emitting diodes (LEDs) [7], photodetectors 
[8] and lasers [9]. 

In general, traditional bottom-up synthesis of colloidal nanoparticles usually 
involves stabilization by ligands and capping agents. In this regard, ligand-
engineering is an important factor to fine tune the nanoparticles processing 
techniques. One of the most efficient ways of the ligand engineering is the use the 
multifunctional ligands which do not only interrupt crystallization processes 
forming the nanoparticles, but also provide functional surface groups. 

One of the most promising materials that combine the ability to interrupt the 
crystallization of perovskite nanoparticles and bringing an additional 
functionality could be amino acids and their derivatives, such as oligo- and 
polypeptides, nucleic acids or their artificial analogues peptide nucleic acids. 
Amino acids are compounds of biological origin, relatively cheap and abundant. 
Moreover, amino acids can serve as a building block for oligo- and polypeptides 
while the functionality of the material is widespread due to uncountable 
combinations [10]–[11]. Hence, by combining the unique properties of perovskite 
nanoparticles, such as high absorption coefficient, high luminescent yields and 
charge carrier transport, together with the properties of amino 
acids/peptides/peptide nucleic acids such as affinity to the desired surfaces, self-
assembly and sensing abilities (molecular switches), the resulting materials can 
be extremely attractive from the application point of view. 

 

3 THEORETICAL PART 
Halide perovskite materials are of general formula ABX3, where A stands for 

a monovalent cation which can be both of inorganic nature such as cesium cation 
(Cs+) or of organic nature, for example, methylammonium (MA) and 
formamidinium (FA) cations. B symbolizes a divalent cation which stands in the 
centre of the unit cell and coordinates six halide anions (noted as X) to form 
octahedra [BX6]4−, as suggested in Figure 1 [12]. This PhD research work dealt 
with lead halide perovskite materials, hence, B is represented by lead atoms here. 
However, tin, antimony or bismuth, among the others, can represent the cation B 
as well [13]. 

Lead halide perovskites (further noted as perovskites) possess many unique 
properties, such as suitable bandgap engineering, high absorption coefficient and 
tunable optical properties, low exciton binding energy, long and balanced 
electron–hole diffusion lengths, high carrier mobility and high defect tolerance 
among the others. Which all predetermine these materials to be applied into 
various functional devices, for example solar cells, LEDs, lasers, ultraviolet-to-
infrared photodetectors, X-ray and γ-ray detectors [12]. 
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Figure 1: Metal halide perovskite general structure ABX3, modified from [12] 

 
Perovskites can be processed in solution into resulting functional devices. 

Therefore, their application is easy to scale-up, it is low-cost, and it does not 
require any special equipment. However, solution-processed deposition of 
perovskite on films leads to the formation of polycrystalline films which reduces 
the efficiency of the resulting functional devices [14]. Nevertheless, the 
performance of the functional devices can be further improved by employing 
additives into the precursor solutions [15] or by various post-treatment processes 
[16]. Another possibility for avoiding the polycrystalline film formation is the 
direct growth of single crystals. In fact, bulk lead halide perovskites are quite easy 
to grow up to few mm sized single crystals by inverse temperature crystallization 
[17]–[18]. Our group has recently described a microwave assisted inverse 
temperature crystallization providing single crystals of high quality [19]. 
Nonetheless, this type of crystallization is much more time consuming when 
compared to the polycrystalline thin film formation. 

On the other hand, preparation of nano-structured perovskite materials reduces 
both the time demands and the issues related to the formation of ground 
boundaries. Moreover, nano-scaled perovskite materials possess unique physical 
properties when compared to their bulk counterparts, such as high 
photoluminescence quantum yields (PLQYs) and wide optical bandgaps. Besides 
that, the final optical properties can be precisely tuned because of quantum 
confinement effects [20]. In addition, the processability of the colloidal solutions 
is straightforward, it can be processed by various deposition techniques (such as 
spin-coating, drop casting or ink-jet printing) [12]. 

There are several approaches available for the synthesis of the nano-structured 
perovskite materials. The commonly employed are bottom-up approached 
methods consisting in the preparation of precursor solution. The subsequent 
crystallization is controlled either by surfactants or by a specific matrix [21]. The 
matrices can be both of inorganic and organic nature and their morphology may 
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predetermine the size and shape of the resulting nanoparticles. Regarding to the 
inorganic-based matrices, for example, mesoporous silica and alumina were 
tested for the nanocrystals growth control [22]–[23]. The organic-based matrices 
employed to control the perovskite crystallization were comprised of organic 
polymers, such as polystyrene (PS), polycarbonate (PC), acrylonitrile butadiene 
styrene (ABS), cellulose acetate (CA), polyvinyl chloride (PVC), and poly(methyl 
methacrylate) (PMMA) [24]. Even better control of the perovskite nanocrystal 
growth was observed in a micelle-templated approach [25]. 

The mechanism of the surfactant-guided nanocrystal formation resides in 
passivating the perovskite core by a primary ammonium salt (typically 
octylammonium salt) and by a long-chain carboxylic acid (such as oleic acid), 
schematically presented in Figure 2 [26]. The primary ammonium salts are 
responsible for controlling the crystal growth by sterically hindering the A sites 
of the perovskite structure, whereas the carboxylic acids are balancing the charge 
on the surface and help to establish several Brønsted acid-base equilibria (as 
suggested further in Figure 3) [21]–[26]. 

The very first ligand-guided solution-synthesis of 0D nanostructured lead 
halide perovskites was described by L. C. Schmidt et al. [27] in 2014. MAPbBr3 
nanocrystals stabilized by a long-chain ammonium salt (octylammonium bromide 
or octadecylammonium bromide) alongside oleic acid were prepared by a hot 
injection method. Octylammonium-stabilized perovskite nanocrystals were 
6.2 ± 1.1 nm in size with an emission maximum of 527 nm and a PLQY of 17% 
in toluene colloidal solution. Even more facile and easily up-scalable technique 
for the preparation of perovskite nanoparticles is the ligand-assisted precipitation. 
This technique was firstly introduced by F. Zhang et al. [7] in 2015 for the 
synthesis of MAPbBr3 quantum dots. Typically, a precursor solution was prepared 
in advance, containing PbBr2, and MABr alongside capping agents (n-octylamine 
and oleic acid) dissolved in N,N-dimethylformamide (DMF) which acted as a 
good coordinating polar solvent. The precursor solution was then precipitated in 
a poor nonpolar solvent (typically toluene) at room temperature and a strong 
colour change was immediately observed indicating the formation of 
nanoparticles. After a purification procedure, toluene colloidal solutions with an 
emission maximum at 515 nm and a PLQY in the range of 50–70% were obtained. 
The presence of nanoparticles with average size 3.3 ± 0.7 nm was confirmed by 
transmission electron microscopy (TEM). 

Both ligand-guided solution-synthesis methods do not require any special 
apparatus and especially, the ligand-assisted precipitation method does not require 
any time consuming and costly heating procedures. Moreover, the colloidal 
solutions are obtained directly after the precipitation, so the material can be 
straightforwardly deposited via centrifugal casting, spin-coating or ink-jet 
printing [12] and [28]. Thus, PNP preparation can be easily scaled up which is 
very important from the industrial point of view. Finally, it is worth emphasizing 
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the great versatility of the ligand-guided solution-synthesis methods, so various 
PNP of different composition and morphology can be obtained. According to the 
halide composition, the band gap energy and emission in the whole visible range 
can be tuned, so the bromide-based perovskite nanoparticles exhibit green light 
emission. A presence of chloride anions causes a blue shift whereas a red shift is 
typical for the presence of iodide anions [29]. Furthermore, regarding to the 
choice and molar ratios of surfactants and the reaction conditions, various size 
and shape of nanoparticles of different dimensionalities can be obtained, from 
quantum dots and nanocubes, nanorods or nanowires to nanoplatelets [30]. 

 

 

Figure 2: Low dimensional MAPbBr3 perovskite nanostructures, passivated with capping 
agents, image modified from [7] 

As mentioned above, the choice of capping agents has a crucial effect on the 
resulting morphology and hence, on the optical properties of the resulting 
nanocrystals. To evaluate the suitability of the capping agents, the nature of 
binding of the ligands to the perovskite core must be evaluated. Capping agents 
are generally bound to the perovskite structure via electrostatic interaction (as 
suggested in Figure 2). J. De Roo et al. [26] proposed that several Brønsted acid-
base equilibria can occur on the surface of nanoparticles because of the strong 
dynamic character of the binding of ligands (Figure 3). Firstly, primary amine can 
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undergo an interaction with hydrogen bromide to form primary ammonium salt 
which passivates the surface of nanoparticles. Secondly, unprotonated primary 
amine can coordinate directly the surface cations via its free electron pair. And 
finally, primary amine can be involved in acid-base equilibrium with carboxylic 
acid. The resulting ion pair can passivate the surface of the perovskite core. 

However, due to the strong dynamic character of the equilibria, the ionic 
interaction can be easily weakened, especially upon isolation and purification of 
the nanoparticles [21] and [26]. Elimination of the capping agents leads to the 
agglomeration of the nanoparticles and bulk polycrystalline material formation 
[26]. F. Krieg et al. [31] reported that the incorporation of zwitterionic capping 
ligands enhances the nanocrystals stabilization. They suggested that structures of 
long-chain sulfobetaines, phosphocholine and γ-amino acids are the most suitable 
as the capping agents for nanoparticles formation and stabilization. 

 

 

Figure 3: Equilibria between amino- and carboxylic acid-based capping agents employed for 
the perovskite nanoparticles stabilization, modified from [26] 

It is worth noting that the long-chain capping agents are not charge transport 
compatible. Therefore, the complete removal of capping agents is necessary to be 
considered in many applications (for instance in thermoelectric devices or solar 
cells). On one hand, the quantitative removal of capping agents usually demands 
high temperature and pressure, which can be harmful for the perovskite core [32]. 
On the other hand, the dynamic character of the ionic interaction between ligands 
and the perovskite core enables a post-synthetic exchange of ligands. Capping 
agents which are the most efficient for nanoparticles stabilization can be easily 
replaced by different ones which for example favour a coupling between 
nanoparticles and improve charge transport. This approach was recently described 
by L. M. Wheeler et al. [33] for CsPbI3 quantum dots who replaced oleic acid 
with acetate anions and oleylamine with formamidinium cations to improve 
charge transport in solid state. 
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Due to a great versatility of the ligand-guided solution-synthesis methods of 
the preparation of nanoparticles, the ligands can be tailored for desired 
applications directly. Very effective approach of perovskite nanoparticles 
stabilization was introduced by S. González-Carrero and co-workers [34] who 
used 2-adamantylammonium bromide as the only capping agent for perovskite 
nanoparticles passivation. Incorporation of adamantane moieties into molecules 
was already described to enhance thermal and optical properties as well as self-
organization of the functional materials [35]–[36]. These authors also reported 
further related work [28], where different carboxylic acids were employed for 
improving the stabilization of the perovskite nanostructure. The best combination 
was 2-adamantylamine alongside a short-chain carboxylic acid, namely propanoic 
acid. As stabilized perovskite nanoparticles exhibited extremely high PLQY up to 
98% with emission maximum at 516 nm in films. In addition, the adamantane 
moieties were assumed to passivate the grain boundaries, enabling the charge 
transport. 

Apart from the above-mentioned traditional ligands, alkane thiols, peptides, 
nucleic acids such as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), 
tailor-made synthetic molecules and polymers among the others, were found to 
act as ligands for the stabilization of metals and semiconductor nanoparticles. 
Here, it is worth emphasizing that the use of above-mentioned molecules does not 
only help to control the nanoparticles growth, but they also provide the resulting 
material with an additional functionality [37]. Especially, combining metals or 
semiconductor nanostructured materials with biomolecules can significantly 
broaden their applicability. Bio-molecules decorating the surface of nanoparticles 
undoubtedly provide the resulting materials with unique properties, which 
predetermine them to by employed in i.e. sensing and diagnostics in medical 
applications (optical, magnetic or electrochemical sensors), structured materials 
formation, harvesting energy and catalytic systems and in cleaning and 
purification procedures [38]–[39]. 

In general, proteinogenic amino acids possess carboxylic acid and amino 
groups and their side chains are additionally decorated with various functional 
groups, such as carboxylic acid, amino, thiol or hydroxyl groups, and moreover, 
aromatic moieties can be found in the side chains. Hence, freestanding amino 
acids or side chains of amino acids among the peptide chain can interact via 
hydrogen bonding, electrostatic interactions and p-p stacking with each other or 
with different molecules providing a broad variability of the supramolecular 
structures. The presence of different functional groups enables also their effective 
binding to surfaces of different solid phases, such as metals, metal oxides and 
compounds, magnetic materials, semiconductors, polymers, and minerals [38]–
[40]. Nucleotides and nucleic acids (DNA and RNA) have also been employed to 
control the nanoparticles growth and to decorate the surface. Double-stranded 
DNA usually serves as a template for nanoparticles growth, for example, gold, 
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silver and palladium nanowires were grown in the presence of DNA [39]–[41]. 
Whereas, a single-stranded DNA is preferably used for the non-template methods 
because of an availability of the functional groups of purine and pyrimidine bases. 
The sequence of nucleobases and the length of the resulting chain are crucial for 
the determination of the resulting size and shape of nanoparticles [39]–[41]. 

Finally, it is worth emphasizing that nucleotides and nucleic acids and also 
amino acids and peptides are sensitive to their environment. Their ability to 
control the growth and stabilization of the resulting nanomaterial can be strongly 
affected by pH. For example, pH changes lead to the production of different sizes 
of CdS nanoparticles stabilized by mononucleotide [42]. Simultaneously, both 
nucleic acids and proteins can undergo denaturation processes in a presence of 
strong acids, salts or organic solvents. Also, high temperature cannot be applied 
during the synthesis to avoid peptide denaturation [43]. All these parameters 
might limit the traditional methods of the nanoparticles preparation. Preliminary 
results combining nature-inspired capping agents with perovskite structure was 
brought by B. Luo et al. [44] who incorporated non-proteinogenic 12-
aminododecanoic acid into the perovskite structure. Recently, S. Wang et al. [45] 
used cysteine as a trifunctional ligand for MAPbBr3 perovskite nanoparticles 
synthesis. Synergistic effect came along from amino, carboxylic and thiol groups 
passivating the nanoparticles´ surface effectively because of its self-assembly 
tendency. Additionally, glycine was studied for perovskite nanoparticles 
stabilization [44], and also, tryptophan, histidine, leucine and phenylalanine were 
used for the synthesis of nanostructured perovskites [46]. 

However, to the best of our knowledge, nobody has reported a combination of 
the robustness of perovskite materials with soft properties of amino acids, 
peptides or nucleic acids to broaden the functionality of the resulting 
nanomaterials yet. According to the above-mentioned findings from merging 
metal and semiconductor nanomaterials with nature-inspired ligands, it can be 
expected that perovskite nanoparticles decorated with nature-inspired ligands can 
possess self-assembly properties, sensing abilities and affinity to desired surfaces. 
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4 EXPERIMENTAL PART 
The results are presented in following sections, results from each section were 

published separately: 
1. Jancik Prochazkova et al. Scientific Reports, under revision [47]: Preparation 

of PNP by the ligand-assisted precipitation method and its optimization. 
2. Jancik Prochazkova et al. ACS Applied Nano Materials, 2019 [48]: 

Stabilization of PNP by bio-originated capping agents (L-lysine, L-arginine). 
3. Jancik Prochazkova et al. ACS Applied Nano Materials, 2019 [49]: Study of 

the influence of water on PNP formation. 
4. Jancik Prochazkova et al. Scientific Reports, 2019 [50]: Stabilization of PNP 

by a cyclic pentapeptide (RGDFK) possessing lysine and arginine moieties in 
its structure. 

5. Jancik Prochazkova et al. Materials Today Chemistry, 2020 [51]: Stabilization 
of PNP by peptide nucleic acids (PNA). 
 

4.1 Optimization of perovskite nanoparticles preparation 
Methylammonium lead bromide PNP are easy to be prepared by the ligand-

assisted precipitation technique which was firstly described by F. Zhang et al. [7]. 
This versatile and low-cost synthetic approach is performed at room temperature 
and does not require any special apparatus. However, there are several parameters 
that need to be controlled during the preparation of nanoparticles in order to obtain 
the desired optical properties together with a high reproducibility. These 
parameters are, for example, the choice of the capping agents [28], chosen 
precipitation media [27], temperature during the precipitation [52] and the ratios 
of the precursor chemicals [53] among others. However, to the best of our 
knowledge, there is no comprehensive report describing the influence of all the 
above-mentioned parameters on the resulting morphology and optical properties 
of the nanoparticles. Hence, adamantyl-1-amine (AdNH2) was chosen as the 
amino-based capping agent for MAPbBr3 nanoparticles preparation. AdNH2 was 
previously reported as a good capping agent providing high reproducibility and 
good optical properties of the resulting colloidal solutions and films [28]. The 
parameters influencing the morphology and optical properties of PNP were 
controlled during the synthesis providing a comprehensive optimization study of 
the ligand-assisted precipitation technique for PNP with one specific amino-based 
capping agent. The results from this section are a part of the publication by 
A. Jancik Prochazkova et al. [47]. 

Initially, different solvent systems were tested for the preparation of PNP 
stabilized by AdNH2 and hexanoic acid (HeA). It was demonstrated that DMF is 
the most suitable coordinating solvent for the precursor solution preparation. It is 
worth noting that the preparation of the precursor solution consisted in mixing the 
perovskite precursors, i.e. lead (II) bromide (PbBr2) and methylammonium 
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bromide (MABr), with the corresponding capping agents, here AdNH2 and HeA 
in molar ratios of 1:1.1:0.8:9.5. The initial concentration of PbBr2 was adjusted to 
0.027 mol∙dm–3. The precursor solution was subsequently precipitated in non-
polar solvent at 3–4 °C. Diethylether, chlorobenzene, chloroform, xylene and 
toluene were tested as precipitation media which were able to induce the 
precipitation of PNP from the precursor solution. Optical properties of the 
resulting colloidal solutions differed significantly according to the precipitation 
medium, emission maxima varied from ca 518 to 521 nm, and the PLQY differed 
from >1 to 48% (Table 1). In agreement with previous studies [28], the best 
optical properties were obtained when preparing the colloidal solutions in toluene, 
giving emission maximum of 521 ± 2 nm and PLQY of 48 ± 7%. However, the 
possibility of using different solvent systems is supposed to broaden the 
applicability into functional devices, especially on layered systems where the 
choice of solvent system is crucial to avoid damage of already deposited layers. 

Table 1: Optical properties of colloidal solutions prepared in different precipitation media 

Precipitation 
medium 

Emission 
maximum (nm) FWHM (nm) PLQY (%) Band gap (eV) 

Diethyl ether 518 ± 3 23 ± 1 33 ± 6 2.37 ± 1 

Chlorobenzene 519 ± 2 20 ± 1 34 ± 5 2.36 ± 1 

Chloroform 509 ± 2 23 ± 1 >1 2.37 ± 1 

Xylene 520 ± 2 20 ± 1 34 ± 5 2.33 ± 1 

Toluene 521 ± 2 22 ± 1 48 ± 7 2.33 ± 1 

 
Additional preliminary studies revealed that there is a strong influence of 

precipitation temperature on the optical properties of the colloidal solutions. 
Considering PLQY, the best precipitation temperature for the PNP preparation 
was around 3 °C, resulting in a formation of a colloidal solution with PLQY of 
51% and with an emission maximum of 521 nm. The PLQY dropped significantly 
and emission maxima shifted to higher wavelengths with increasing the 
temperature. For example, applying temperature of 80 °C during the precipitation 
caused a drop of PLQY to 4% and a shift of emission maximum to 528 nm. It can 
be assumed that perovskite lattice grows too fast at temperatures higher than 
60 °C, the surface passivation by the capping agents being not efficient to control 
the nanoparticles growth. Here, the nanoparticles were bigger which could be 
attributed to the red shift in emission maxima and insufficient surface passivation, 
causing a significant lowering of the PLQY. On the other hand, when the 
precipitation was performed at too low temperature (−5 °C), the solubility of the 
precursors decreased and the surface passivation was not sufficient, which caused 
the drop of the PLQY. 
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The influence of the concentration of the capping agents on the resulting optical 
properties has been reported previously [26] and [53]. Here, we tested different 
ratios between the precursor chemicals AdNH2, MABr and HeA with respect to 
PbBr2 of a constant concentration 0.027 mol∙dm–3. Initially, AdNH2 ratio was 
varied from 0.4 to 2.5 mol. eq. with respect to PbBr2 (Figure 4). Remarkably, the 
emission maxima of the corresponding colloidal solutions shifted to lower 
wavelengths with increasing AdNH2 amount. Simultaneously, the PLQY 
increased from 8 to 70% with AdNH2 amount up to 1.6 mol. eq. with respect to 
PbBr2. When AdNH2 was added in amount of 2.5 mol. eq. with respect to PbBr2 
into the precursor solution, a significant drop of PLQY to 57% occurred. 

Increasing the concentration of capping agents is known to help controlling the 
nanoparticles’ growth by efficient surface passivation [26]. An excess of capping 
agents helps to efficiently stabilize the PNP and thus, the nanoparticles grow 
smaller, what could be in agreement with already discussed blue-shift of emission 
spectra. TEM images of the samples confirmed the lowering of the average 
diameter of the nanoparticles with increasing concentrations of AdNH2. Average 
sizes of the PNP were 8.5±1.8 nm, 6.2±0.4 nm and 4.5±0.6 nm for the samples 
containing 0.8, 1.0 and 1.6 mol. eq. of AdNH2, respectively. Considering that the 
Bohr radius of MAPbBr3 perovskite material was theoretically calculated to be 
4.7 nm [54], the results from TEM indicated that the shifts in emission spectra 
were caused by quantum confinement effect. Finally, it is worth noting that no 
difference in the PNP morphology was observed with the concentration changes, 
all samples contained spherical and highly crystalline nanoparticles. 

As anticipated, the concentration of MABr in the precursor solution had a 
significant impact on optical properties. It was observed that increasing the MABr 
amount from 0.9 to 1.9 mol. eq. with respect to PbBr2 yielded to the formation of 
colloidal solutions giving a red-shifted emission maximum from 519 nm to 
529 nm. That was attributed to an excess of MABr, which might have replaced 
the capping agents which were preventing the nanoparticles from the additional 
growth. Therefore, the nanoparticles can be expected to grow bigger, as related to 
their red shift observed in emission maxima. Interestingly, the highest PLQY of 
40% was detected when 1.1 mol. eq. of MABr with respect to PbBr2 were added 
to the precursor solution. Moreover, increasing the MABr concentration up to 
1.9 mol. eq. with respect to PbBr2 caused a drop of PLQY to 18% what could also 
point out to the replacement of the capping agents which prefer the radiative 
recombination processes. 

Finally, the concentration of HeA in the precursor solutions did not exhibit any 
significant effects on the emission spectra of the resulting colloidal solutions. In 
fact, the emission spectra were only negligibly shifted from 523 to 521 nm while 
increasing the HeA concentration from 2.4 to 19 mol. eq. with respect to PbBr2. 
However, the HeA concentration had a considerable effect on PLQY which 
increased up to 53% when 19 mol. eq. were added with respect to PbBr2 into the 
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precursor solutions. Obviously, increasing amounts of the carboxylic acid-based 
capping agents helps to stabilize the PNP in the colloidal solutions and reduces 
the non-radiative recombination. 

 

Figure 4: Varying the concentrations of precursor chemicals in the precursor solutions 
influences the optical properties of the resulting colloidal solutions: a), b) varying AdNH2 

concentration and its influence on absorption and PL spectra, c) emission spectra of colloidal 
solutions containing different amounts of MABr and d) HeA. Photos of colloidal solutions 

prepared from different precursor solutions with varying the precursor chemicals 
concentrations under UV irradiation (366 nm) are shown in e, f and g) 

In conclusion, it was demonstrated that the concentration of precursor 
chemicals in the final precursor solution has a significant impact on the resulting 
optical properties, particularly on the PLQY. Here, the above-mentioned 
deviation of the PLQY of AdNH2 stabilized PNP (48 ± 7%) presenting almost 
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15% of the average value can be explained. Considering even tiny deviations in 
the ratios of the precursor chemicals in the precursor solution can cause significant 
changes in the resulting PLQY. 

To evaluate the role of the carboxylic acid-based capping agent, different 
carboxylic acids were selected to stabilize PNP: acetic acid (AcA), trifluoroacetic 
acid (TriflacA) and propanoic acid (PropA) were selected in order to study short-
chain carboxylic acids which act as stronger acids in comparison with already 
used HeA. Furthermore, n-octanoic acid (OctA), oleic acid (OleicA) and 
adamantanecarboxylic acid (AdA) were chosen to represent long-chain and bulk-
chain carboxylic acids. In addition, a reference sample (noted as ref) without any 
carboxylic acid addition was prepared for comparison. A fixed ratio of precursor 
was set to 1:1.1:0.9:9.5 for PbBr2, MABr, AdNH2 and carboxylic acid. The results 
are summarized in Table 2. 

Table 2: Comparison of optical properties of PNP colloidal solutions with different capping 
agents 

Carboxylic acid Emission 
maximum (nm) FWHM (nm) PLQY (%) Band gap (eV) 

AcA 528 ± 2 19 ± 1 42 ± 6 2.30 ± 1 

TriflacA 520 ± 2 20 ± 1 3 ± 2 2.33 ± 1 

PropA 521 ± 2 25 ± 1 58 ± 7 2.32 ± 1 

HeA 521 ± 2 22 ± 1 51 ± 7 2.32 ± 1 

OctA 523 ± 2 26 ± 1 35 ± 5 2.31 ± 1 

OleicA 521 ± 2 24 ± 1 16 ± 5 2.33 ± 1 

AdA 524 ± 2 19 ± 1 7 ± 4 2.27 ± 1 

Ref 528 ± 2 20 ± 1 45 ± 6 2.26 ± 1 

 
All samples containing different carboxylic acid-based capping agents formed 

the colloidal solutions. Here, the emission maxima differed in the range from 520 
to 528 nm according to the carboxylic acid. It was observed that the choice of 
carboxylic acid had also a strong influence on the resulting PLQY which varied 
from 3 to 58%. From the point of view of PLQY, the best capping agents were 
PropA and HeA, in agreement with already published results [28]. Obviously, too 
short carboxylic acids such as AcA and TriflacA are not suitable for the PNP 
synthesis. They were supposed to protonate AdNH2 easier than long chain 
carboxylic acids because they are stronger acids and they do not possess steric 
hindrances [55]. Nevertheless, it was already described that AcA can undergo a 
reaction with MABr forming a volatile methylammonium acetate that escapes 
from the precursor solution. That would cause lowering the concentration of 
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reagents in the precursor solution [56]. On the other hand, long- and bulk-chain 
carboxylic acids did not seem to be suitable for the surface passivation neither, 
probably because of the interplay of steric hindrances and the strength of the 
carboxylic acid. OleicA and AdA are weaker acids in comparison with HeA and 
thus, formation of Brønsted acid-base equilibrium between carboxylic acids and 
primary amines is not efficient. 

To conclude this study, from the point of view of the colloidal stability, it was 
demonstrated that HeA was the best carboxylic acid in combination with AdNH2 
since the PLQY decreased from 58 to 46% whereas a more significant drop was 
observed when PropA was used, from 60 to 27%. 

 
4.2 Proteinogenic amino acids for perovskite nanoparticles stabilization 

In general, amino acids have already been employed in surface decoration of 
different nanomaterials and they have proved to broaden the functionality of the 
resulting material. For example, the decoration of CdSe and ZnS quantum dots 
with cysteine and histidine ligands is proven to improve their solubility in water 
enhancing their biocompatibility [57]. Moreover, surface decoration of gold 
nanoparticles with amino acids enables self-assembly properties [58]. In this 
work, PNP were stabilized by proteinogenic essential amino acids L-lysine (Lys) 
and L-arginine (Arg) (structures are shown in Figure 5), alongside different 
carboxylic acids, namely before as HeA, OleicA and AdA. Both Lys and Arg 
possess primary amine and guanidine moiety in their side chains, respectively, 
which can be employed in PNP crystal growth control and stabilization. Whereas 
a-amino and carboxylic groups are supposed to be decorating the surface of the 
shell and being available for further interactions. Results from this section are 
summarized in a work reported by A. Jancik Prochazkova et al. [48]. 

 

Figure 5: Structure of amino acids L-lysine and L-arginine used to stabilized the PNP 

To support conclusions from section 4.1, both amino acids Lys and Arg were 
used for PNP stabilization alongside HeA presenting a short chain carboxylic 
acid, OleicA presenting a long chain carboxylic acid or AdA presenting a bulk 
chain carboxylic acid. Simultaneously, toluene and chloroform were employed as 
precipitation media to deepen the study about different solvent systems. Trying 
all possible combinations gave 12 samples (Table 3) and in all cases colloidal 
solutions were formed. UV-Vis and PL spectroscopy techniques were employed 
in order to evaluate optical properties of colloidal solutions (see in Figure 6 and 
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Table 3). Emission maxima of the toluene-based colloidal solutions were in the 
range of 520–528 nm whereas chloroform-based samples exhibited blue-shift in 
emission maxima ranging from 491 to 509 nm. To evaluate the factors causing 
the blue-shift in the emission spectra of chloroform-based samples, the 
morphology of all samples was determined by TEM (data collected in Table 3). 
As expected, PNP prepared in chloroform exhibited smaller diameter than 
nanoparticles prepared in toluene. An average size of PNP prepared in chloroform 
had size in the range of 5–6 nm, whereas PNP prepared in toluene had an average 
diameter of 6–8 nm. Therefore, the blue-shift in emission spectra of chloroform-
based colloidal solutions could suggest quantum confinement effects. Lowering 
the PNP dimension during the precipitation in chloroform was attributed to the 
presence of electronegative chlorine atoms of chloroform that can coordinate Pb2+ 
[59]. Nevertheless, solvatochromism effects could also take place here due to the 
solvent-induced aggregation [60]. 

 

Figure 6: Optical characterization of amino acids stabilized PNP 

Figure 6 showed not only a blue shift of chloroform-based colloidal solutions 
with comparison to toluene-based samples, but also a broadening of the emission 
spectra was evident. Interestingly, it was observed that full width at a half 
maximum (FWHM) tends to be lower in colloids containing AdA (Table 3) which 
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could be attributed to a higher degree of self-organization that is common in 
adamantyl-based compounds [35]–[36]. Regarding to the size distribution of PNP 
in individual samples, PNP prepared in chloroform exhibited broader size 
distribution than PNP prepared in toluene. For example, the average size of TOL-
Lys-HeA-PNP was of 8±2 nm, presenting a deviation of 25% of the average size 
of nanoparticles, whereas the average size of CHLF-Arg-HeA-PNP was of 
8±2 nm, presenting a deviation of 33%. This finding can support the difference in 
FWHM which was of 22 and 36 nm for TOL-Lys-HeA-PNP and CHLF-Arg-
HeA-PNP samples, respectively. Here, it is worth to note that PNP of sizes below 
3–4 nm were not detected because of the resolution of transmission electron 
microscope. 

Table 3: Optical characterization of amino acids stabilized PNP and comparison of their 
diameters 

Sample Carboxyli
c acid 

Emission 
maximum 
(nm) 

FWHM 
(nm) 

PLQY 
(%) Eg(eV) 

PNP 
diameter 
(nm) 

TOL-Lys HeA 520 22 76±17 2.31 8±2 

 OleicA 521 23 75±19 2.31 7±2 

 AdA 526 21 71±28 2.30 7±2 

TOL-Arg HeA 528 22 92±7 2.28 6±1 

 OleicA 525 22 72±20 2.29 6±1 

 AdA 526 20 71±17 2.28 7±1 

CHLF-Lys HeA 509 26 5±2 2.34 5±1 

 OleicA 506 25 19±9 2.38 5±1 

 AdA 508 26 6±1 2.38 5±1 

CHLF-Arg HeA 492 36 7±2 2.40 6±2 

 OleicA 507 36 33±14 2.28 6±2 

 AdA 491 22 4±1 2.46 5±1 

 
A significant decrease in PLQY was observed when PNP were prepared in 

chloroform (in agreement with previous experiments presented in Table 1). For 
example, PNP stabilized by Lys and HeA prepared in toluene (noted as sample 
TOL-Lys-HeA-PNP) and in chloroform (noted as sample CHLF-Lys-HeA-PNP) 
exhibited PLQYs of 76±17 and 5±2%, respectively. Additionally, the lower value 
of the PLQY which was detected in the samples prepared in chloroform was 
attributed to the aprotic nature of the solvent that often acts as luminescence 
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quencher, effect already reported [61]–[62]. To test this assumption, we added 
an equal amount of toluene to all the samples prepared in chloroform and vice 
versa. As a result, the addition of chloroform to toluene-based samples showed 
an average of five-fold PLQY decrease from initial ~100% to ~20%. On the other 
hand, the addition of toluene to chloroform-based samples yielded 
an approximately two-fold PLQY increase. 

DFT calculations revealed that the e-amino group and the guanidyl group of 
side chains of Lys and Arg are employed in PNP stabilization in preference to the 
a-amino group [48]. To support the calculation, Lys and Arg analogues with 
protected a-amino group Na-(tert-Butoxycarbonyl)-L-lysine (boc-Lys) and Na-
(tert-Butoxycarbonyl)-L-arginine (boc-Arg) (Figure 7), were used for PNP 
stabilization to favour selective bonding between positively charged side chains 
of the amino acids. The complete optical characterization of boc-Lys and boc-Arg 
stabilized PNP is summarized in Table 4. Interestingly, the emission spectra of 
the PNP stabilized with boc-Lys and boc-Arg were significantly blue-shifted by 
38 and 5 nm, respectively, when compared to their unmodified counterparts TOL-
Lys-HeA-PNP and TOL-Arg-HeA-PNP (comparison with data in Table 3). The 
PLQY of the samples synthesized with boc-protected amino acids remained high, 
though for boc-Lys was about 60%, whereas for boc-Arg was about 95%. 

In addition, TEM images of PNP showed spherical particles with an average 
diameter of 4.4±0.5 nm and 6.1±1.0 nm for PNP stabilized by boc-Lys and boc-
Arg, respectively. Notably, the nanoparticles prepared using amino acids with 
protected a-amino group had smaller diameter, when compared to their 
unmodified counterparts. As already discussed in Table 3, TOL-Lys-HeA-PNP 
and TOL-Arg-HeA-PNP exhibited an average diameter of 8±2 nm and 6±1 nm, 
respectively. Taking this into consideration, the blue shift obtained could be partly 
attributed to the quantum confinement effects. 

 

Figure 7: Structures of boc-Lys and boc-Arg used for PNP stabilization 

The formation of smaller PNP with the use of a-amino protected group can be 
caused by preventing the self-organization of the amino acids in the solution 
between deprotonated carboxylic group and the protonated a-amino group [63]–
[64]. Therefore, side chains in boc-protected amino acids do not compete with 
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a-amino groups to interact with the perovskite precursors, resulting into more 
efficient PNP formation. 

Table 4: Optical properties of colloidal solutions of PNP stabilized by boc-Lys and boc-Arg 
alongside HeA 

Capping 
agents 

Emission 
maximum 
(nm) 

FWHM 
(nm) PLQY (%) Eg (eV) 

PNP 
diameter 
(nm) 

boc-Lys 482 32 60±10 2.56 4.4±0.5 

boc-Arg 523 22 94±5 2.33 6.1±1.0 

 
4.3 Influence of additions of water into the precursor solutions 

A certain amount of water present in the precursor chemicals, precursor 
solutions or present during their processing is reported to facilitate nucleation and 
crystallization of the perovskite material [65]. Water molecule weakly binds to 
methylammonium ion and forms a reversible hydrated phase within the 
perovskite, which quickly forms dehydrated perovskite after the thin film 
deposition procedure [66]. For example, a defined amount of water added into 
methylammonium iodide solution in isopropyl alcohol improved the 
crystallization of the perovskite material, which helped to form larger grains 
during the sequential deposition of perovskite films [67]. Simultaneously, a 
certain amount of water can increase solubility of the precursor chemicals in the 
precursor solution [68]. 

In agreement with aforementioned, we found out that optical properties of boc-
Lys stabilized PNP described in the section 4.2 exhibited a dependency on the 
water content within the precursor solutions. Additions of water into the precursor 
solutions ranging from 0 to 32 mol. eq. with respect to PbBr2 caused shifting of 
emission maxima in the range from 476 to 505 nm due to quantum confinement 
(Figure 8e). The above-mentioned findings are presented in a publication by 
A. Jancik Prochazkova et al. [49]. Here, precursor solutions containing PbBr2, 
MABr, boc-Lys and HeA in ratio 1:1.1:0.8:9.5 with additions of water in 0–32 
mol. eq. with respect to PbBr2 were prepared. It is worth noting that boc-Lys was 
poorly soluble in the precursor solution if no water was added, observing the 
precursor solution as cloudy. Whereas, the precursor solutions with a small 
amount of water (e.g. 0.4 mol. eq.) appeared as a clear solution and thus, expected 
to be more homogeneously dissolved. Obviously, the addition of water favoured 
dissolving all precursor chemicals in the precursor solution. 

All prepared samples formed a colloidal solution after their precipitation in 
toluene (Figure 8e). The emission maximum of the PNP colloidal solutions 
changed rapidly after an addition of water from 0 to 2 molar equivalents, a blue 
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shift was observed of up to 10 nm. The reference sample without any water 
addition exhibited greenish-blue emission with an emission maximum at 
~490 nm. Interestingly, emission maxima shifted to higher wavelengths when the 
addition of water was further increased, as demonstrated in Figure 8. In addition, 
increasing additions of water remarkably enhanced the PLQY of the PNP. As 
shown in Figure 8b, the PNP prepared without any water addition exhibited a 
PLQY of 60%, but when 32 molar equivalents of water with respect to PbBr2 were 
added, the PLQY was further increased up to 70%. Simultaneously, FWHM of 
the emission spectra showed significant decrease with increasing amount of water 
in precursor solution. Colloidal solution without any water addition showed 
FWHM of 34 nm whereas colloidal solution prepared from the precursor solution 
containing 32 mol. eq. of water with respect to PbBr2 showed FWHM of 22 nm. 
All observations, such as the increase of PLQY and the decrease of deviation and 
FWHM with increasing additions of water into the precursor solutions could 
highlight better PNP stabilization in colloidal solutions. This could be attributed 
to the poor solubility of boc-Lys in the precursor solution without any addition of 
water. In addition, water is supposed not only to favour the solubility of the 
precursor chemicals [68], it can also support the complex formation and 
consequently, enhance the ligand-assisted precipitation [65]. 

To evaluate the influence of water in precursor solutions on the resulting 
morphology of PNP, TEM images of samples prepared from precursor solutions 
containing 0, 2 and 32 mol. eq. of water with respect to PbBr2 were taken. Again, 
spherical and crystalline nanoparticles were observed. The average size of PNP 
was 4.4±0.5, 4.0±0.5 and 6.2±0.6 nm in samples prepared from precursor 
solutions with addition of 0, 2 and 32 mol. eq. of water with respect to PbBr2, 
respectively. Aforementioned shifts in emission maxima were probably caused by 
quantum confinement effects. Here the most blue-shifted emission maximum of 
the sample prepared from the precursor solution with 2 mol. eq. of water was of 
476 nm, corresponding to the smallest measured diameter of ~4 nm. On the 
contrary, the biggest PNP of ~6.2 nm were detected in the sample prepared from 
the precursor solution with 32 mol. eq. of water which exhibited the most red-
shifted emission with a maximum at 505 nm. 

Finally, thin films from the colloidal solutions were prepared by centrifugal 
casting method [28]. The optical properties of the resulting films were in 
agreement with corresponding results obtained from the optical characterization 
of colloidal solutions. It is worth emphasizing that the films prepared from the 
precursor solution containing 32 mol. eq. of water with respect to PbBr2 exhibited 
emission maximum of ca 505 nm and PLQY up to 93 %. This film possessed 
a good optical stability with a shift of the emission maximum about 4 nm towards 
higher wavelengths over the period of 77 days. At the same time, PLQY dropped 
from 93% to 86% in the same period. Therefore, this material could be applicable 
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in the future especially in optoelectronic devices such as LEDs, lasers and 
photodetectors. 

 

Figure 8: Optical properties of boc-Lys stabilized PNP colloidal solutions, dependency of the 
addition of water into the precursor solutions on a) emission spectra, b) PLQY, c) emission 
maxima, d) band gap and e) the photo of the corresponding samples under UV irradiation 

(366 nm) 
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4.4 Cyclic peptide for perovskite nanoparticles stabilization 
Since lysine and arginine were found to be suitable capping agents for PNP 

stabilization (discussed in section 4.2), oligopeptides containing lysine or arginine 
moieties were expected to be also suitable candidates for PNP stabilization. RGD 
peptides (where R: arginine, G: glycine, D: aspartic acid) have been already 
employed to improve biocompatibility of desired materials due to enabling cell 
adhesion via the RGD sequence [69]. Since, cyclic oligopeptides in general 
possess higher stability in comparison with their linear counterparts, we selected 
cyclo(RGDFK) pentapeptide which contains arginine, glycine, aspartic acid, 
phenylalanine and lysine, see chemical structure in Figure 9. This cyclo(RGDFK) 
peptide possesses both lysine and arginine moieties which, as proven before, 
could be successfully employed in the PNP stabilization. PNP stabilized by the 
cyclo(RGDFK) alongside with HeA were prepared and their properties studied, 
summarized in a publication by A. Jancik Prochazkova et al. [50]. 

 

Figure 9: Chemical structure of cyclo(RGDFK) pentapeptide employed for PNP stabilization 

A colloidal solution (see in Figure 10a) was prepared from the precursor 
solution with an amount of 0.6 mol. eq. of cyclo(RGDFK) with respect to PbBr2. 
The colloidal solution exhibited green emission under UV irradiation and 
an emission maximum was positioned at 515 nm with the PLQY of 20%. The 
optical properties of the resulting colloidal solution are shown in Figure 10a. For 
the evaluation of the morphology of the nanoparticles, PNP were studied by TEM. 
A typical TEM image is shown in Figure 10b, showing a collection of particles 
with an average diameter of 6±2 nm. 

To investigate if the cyclo(RGDFK) is preferably bound to the lead bromide 
during the complex formation via the primary amine from the lysine moiety or by 
the guanidyl group of arginine moiety, DFT calculations were performed [50]. 
According to the calculations, Gibbs free energy of the complex of lead bromide 
and primary amine of the lysine moiety was about 0.39 eV lower than the energy 
of the complex formed between lead bromide and guanidyl group of the arginine 
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moiety. Moreover, FTIR measurements revealed the presence of a sharp peak in 
the region of 3200 cm–1 which indicates an evidence of the interaction between 
ammonium ion from the lysine moiety and lead bromide. 

 

 

Figure 10: PNP stabilized by cyclo(RGDFK) peptide, a) optical characterization and the 
photo of the corresponding chloroform-based colloidal solution under UV irradiation in the 

inset and b) TEM image of the nanoparticles with a FFT image in the inset 

 
4.5 Peptide nucleic acids for perovskite nanoparticles stabilization 

Peptide nucleic acid (PNA) is an artificial oligomer which was synthesized in 
order to mimic DNA/RNA in 1991 by P. E. Nielsen and co-workers [70]. PNA 
contains the same purine and pyrimidine bases attached to its backbone as DNA 
or RNA. In addition, thanks to N-(2-aminoethyl)-glycine backbone linked by 
amide bonds, the distances between neighbouring purine or pyrimidine bases are 
the same as in the case of DNA or RNA. This gives an opportunity to form 
complementary pairs not only between PNA-PNA, but also between PNA-DNA 
or PNA-RNA. Moreover, lack of phosphate groups in the PNA structure removes 
a negative charge among the PNA chain and thus, the PNA-DNA or the PNA-
RNA complex is bound even stronger than in the case of binding DNA-DNA or 
RNA-RNA. And finally, replacing sugar and phosphate groups by N-(2-
aminoethyl)-glycine units along the backbone gives PNA oligomers a better 
stability over a broader pH range and a resistance to degradation by enzymes. For 
that reason, PNA is usually used in molecular biology procedures, diagnostic 
assays or antisense therapies [71]–[72]. However, apart from bio-molecular 
applications, PNA has recently attracted a considerable attention because of 
charge transfer in PNA-metal complexes [73], the self-assembly properties of 
PNA layers [74] and the formation of PNA/DNA ensembles from the charge 
transfer point of view [75]. 

Bearing in mind these features and the presence of the primary amine in the 
terminal N-(2-aminoethyl)glycine unit, PNA was evaluated to be a suitable 
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capping agent for PNP stabilization. The use of the amino group for the perovskite 
crystal growth control would cause decoration of the surface of PNP by purine or 
pyrimidine bases available later on for sensing possibilities. Hence, thymine-
based monomer (PNA-M) and trimer (PNA-T) of PNA (Figure 11) were 
synthesized by S. Gaidies, from Institute of Polymer Chemistry in Johannes 
Kepler University Linz and they were used for PNP stabilization among HeA. 
The results were published by A. Jancik Prochazkova et al. [51]. 

 

Figure 11: Structures of synthesized thymine-based a) monomer and b) trimer of PNA 
molecule 

PNA-M and PNA-T stabilized PNP were prepared according to the standard 
procedure of the ligand-assisted precipitation method. HeA was employed as 
a carboxylic acid-based capping agent alongside both PNA-M and PNA-T. 
The colloidal solutions prepared from the precursor solutions containing 0.8 mol. 
eq. of PNA-M with respect to PbBr2 exhibited an average emission maximum of 
510 nm and a PLQY was of 2% (Figure 12a). The optical band gap was of 
2.36 eV. On the other hand, for the preparation of PNA-T stabilized PNP, 
an optimal amount of PNA-T was of 0.4 mol. eq. with respect to PbBr2. Here, the 
emission maximum was of 528 nm and the PLQY was of 12% (Figure 12b). 
The optical bandgap was of 2.30 eV. The presence of spherical and highly 
crystalline nanoparticles was confirmed by HRTEM. An average size of PNA-M 
and PNA-T stabilized PNP was 9.4±2.0 and 9.5±2.3 nm, respectively. 

PNA-M PNA-T

a) b)
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Figure 12: Absorption and emission spectra of a) PNA-M and b) PNA-T stabilized PNP 

PNA-M is supposed to bind to the PNP surface via primary amines according 
to DFT calculations [51]. Hence, the thymine moiety should be dangling out of 
the nanoparticles surface being available for further interaction. Considering a 
possibility of charge transfer between nucleic acid and PNA [73] and [76], 
adenine was introduced to the colloidal solution as a complementary pair to the 
thymine moiety decorating the surface (schematically shown in Figure 13). The 
complementary pairing is realized via hydrogen bonds which can enable PL 
quenching by the charge transfer between the PNP surface modified with thymine 
moieties and adenine [77]. 

 

Figure 13: Binding of adenine to thymine-based monomer of PNA present on the perovskite 
nanoparticles surface, via hydrogen bonds (represented as red dashed lines) 

Therefore, adenine was added into toluene-based PNA-M-PNP colloidal 
solution in defined amount to reach molar ratios of 0, 20, 60 and 100% with a 
respect to the amount of thymine-based PNA-M stabilizing the PNP. 
Subsequently, PL spectra of the samples were measured and the changes in PL 
intensity were studied (Figure 14). As expected, the intensity of fluorescence 
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emission dropped significantly with the addition of adenine while no notable 
changes in emission maxima were detected. The loading of 60% of adenine was 
evaluated as the limit of detection corresponding to 1.76 ppm which is 
comparable with other nucleic acid sensors [77]. 

 

Figure 14: Adenine sensing by PNA-M-PNP, a) PL spectra with different adenine loading in 
the colloidal solutions and b) changes in PL intensity with increasing adenine concentration 

in the colloidal solution 

In this work, DFT calculations were performed to elucidate electron density 
distribution in order to better understand the luminescence quenching by the 
addition of adenine [51]. The HOMO of the ground state was localized at the 
adenine molecule when considering the formation of the PbBr3––PNA+---adenine 
complex (--- stands for the suggested hydrogen bonding between thymine moiety 
and adenine as demonstrated in Figure 13). In contrast, the LUMO is localized at 
the PbBr3–, suggesting that the photogenerated charge carriers can be transferred 
from the perovskite material to the surface ligands due to the dominant hole 
mobility in the MAPbBr3 materials [78]. Therefore, this material is expected to 
be applicable in sensing devices which demand all above-mentioned properties. 
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5 CONCLUSION 
To summarize, a comprehensive optimization of the ligand-assisted 

precipitation method was performed for AdNH2 stabilized PNP. MAPbBr3 PNP 
stabilized by AdNH2 formed spherical and highly crystalline sub-10 nm 
nanoparticles in agreement with already published results [28]. It was 
demonstrated that there is a crucial influence of the choice of the solvent system. 
The most suitable solvent for the precursor solution preparation was DMF. 
Simultaneously, toluene, diethylether, chloroform and chlorobenzene were 
evaluated as suitable precipitation media for PNP colloidal solutions preparation. 
The highest PLQY was detected for colloidal solution prepared in toluene, 
nevertheless, the use of different solvents can broaden the applicability of these 
materials especially into multi-layered systems. In agreement with previous 
experiments [26], increasing concentration of amino-based capping agents led to 
the improvement of PLQY. At the same time, the growth of nanoparticles was 
limited with increasing amounts of capping agents due to better stabilization, 
hence, quantum confinement effects were observed. Moreover, it was found out 
that temperature selected during the precipitation has a significant effect on 
resulting optical properties. An optimal temperature for the ligand-assisted 
precipitation was found to be around 3 °C, which resulted in a formation of the 
most emissive colloidal solutions. Finally, different carboxylic acids as additional 
capping agents were tested, as well as their colloidal stability. Namely, TriflacA 
and AcA were chosen as strong carboxylic acids, then PropA, HeA, OctA and 
OleicA were tested as carboxylic acids with different length of the side chain and 
finally, AdA was tested as a bulk-chain carboxylic acid. It was evaluated that 
propanoic acid alongside AdNH2 induced the formation of the most emissive 
colloidal nanoparticle solutions, whereas the use of hexanoic acid alongside 
AdNH2 improved colloidal stability. Therefore, hexanoic acid was further 
employed with various amino-based capping agents. 

To prove the versatility of the ligand-assisted precipitation method of PNP 
preparation, different amino-based capping agents were tested. For that, 
proteinogenic amino acids Lys and Arg were chosen as capping agents. They were 
attached to the PNP by their side chains in order to decorate the surface with a-
amino and carboxylic groups to broaden the functionality of the resulting 
nanomaterials. Modifying Lys and Arg molecules by attaching t-boc groups to the 
a-amino groups led to an improvement of PLQY and made nanoparticles to grow 
smaller at the same time. That suggested that boc-Lys and boc-Arg stabilize PNP 
better than their unmodified counterparts. Moreover, additions of water into the 
precursor solutions containing boc-Lys alongside HeA facilitated the control of 
the PNP growth and quantum confinement effects were observed. It was assumed 
that water molecules improved the solubility of boc-Lys and simultaneously 
enhanced the mobility of the hygroscopic precursors. Hence, better complex 
formation within the precursor solutions was supposed to facilitate the crystal 
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growth control during the precipitation. In addition, boc-Lys stabilized PNP were 
centrifugal casted onto substrates and characterized. Boc-Lys stabilized PNP 
prepared from precursor solution with an addition of water of 32 mol. eq. with 
respect to PbBr2 exhibited PLQY up to 93% in thin films with an acceptable 
optical stability over a period of 77 days. The high PLQY could be attributed to 
the reduction of the traps which cause non-radiative recombination processes on 
the surface of the perovskite core. Due to high PLQY, easy variability of optical 
properties and good optical stability, boc-Lys stabilized PNP are expected to be 
applicable especially into optoelectronic devices, such as LEDs, lasers and 
photodetectors. 

As a proof-of-concept, a cyclo(RGDFK) pentapeptide was employed as a 
capping agent for PNP preparation. Nevertheless, peptides are known to be 
sensitive to the nature of their environment (temperature, pH, solvent systems, 
etc.). This makes their combination with perovskite materials more difficult 
because of their sensitivity to water and their solubility in polar aprotic solvents. 
Besides, PNA is more abundant material which is used in biology and sensing 
applications to mimic DNA/RNA. Hence, monomers and trimers of thymine-
based PNA were employed during the PNP stabilization. As demonstrated, 
thymine moiety was able to decorate the PNP surface and thus, being available to 
interact and to sense with adenine molecules via hydrogen bonding. 

It is worth emphasizing that PNP stabilized by nature-inspired capping agents 
(such as here selected cyclo(RGDFK) and PNA) exhibited significantly lower 
PLQY of the resulting colloidal solutions and corresponding thin films. This 
behaviour was probably caused by charge transfer between perovskite 
nanoparticles and the capping agents decorating their surface. Therefore, these 
nanomaterials are not ideal for applications such as light emitting devices 
fabrication. Nevertheless, charge transport properties and affinity to desired 
surfaces are required in sensing devices where the unique properties of 
peptides/PNA molecules (i.e. self-assembly properties, sensing abilities and 
affinity to desired surfaces) can be combined with perovskites to aim for those 
purposes. 

As a result, almost 7 papers directly related to the topic of perovskite materials 
have been published in peer reviewed journals. The aims of this work were 
accomplished and the foundations of the study of perovskite nanoparticles 
modified with nature-inspired capping agents, such as amino acids, peptides and 
peptide nucleic acids, were laid. The future perspective for this class of hybrid 
materials is their incorporation in functional devices requiring excellent optical 
properties with additional self-assembly and sensing abilities. Moreover, the 
influence of water on the formation of perovskite nanoparticles was described for 
the first time. Here, the boc-Lys stabilized PNP prepared from the precursor 
solution with an addition of water exhibited PLQY up to 93% in thin films which 
predetermines them to be applied in optoelectronic devices, such as LEDs, lasers 
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and photodetectors. An additional study revealing their anti-stokes 
photoluminescence was published very recently in collaboration with Linz 
Institute of Organic Solar Cells (LIOS) in Johannes Kepler University Linz, 
providing the fundamentals for their possible application in optical cooling 
systems [79]. 
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