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Halide perovskite nanocrystals (HPNCs) have emerged at the forefront of nanomaterials research over the
past two decades. The physicochemical and optoelectronic properties of these inorganic semiconductor
nanoparticles can be modulated through the introduction of various ligands. The use of biomolecules as
ligands has been demonstrated to improve the stability, luminescence, conductivity and biocompatibility
of HPNCs. The rapid advancement of this field relies on a strong understanding of how the structure and
properties of biomolecules influences their interactions with HPNCs, as well as their potential to extend
applications of HPNCs towards biological applications. This review addresses the role of several classes of
biomolecules (amino acids, proteins, carbohydrates, nucleotides, etc.) that have shown promise for
improving the performance of HPNCs and their potential applications. Specifically, we have reviewed the
recent advances on incorporating biomolecules with HP nanomaterials on the formation, physico-
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chemical properties, and stability of HP compounds. We have also shed light on the potential for using
HPs in biological and environmental applications by compiling some recent of proof-of-concept demon-
strations. Overall, this review aims to guide the field towards incorporating biomolecules into the next-
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1. Introduction

Over the past two decades there has been a world-wide
increase in the use of optoelectronic technologies in nearly
every aspect of life. From display technologies to telecommuni-
cations and solar cells, the modern world relies on the rapid
development of optoelectronic devices. These devices rely on
the development of materials which can convert photons to
electrical energy, or vice versa. Semiconducting materials have
paved the way for the success of optoelectronic technologies.
In particular, semiconducting nanoparticles have garnered
particular attention. For example, quantum dot light emitting
diodes (QLEDs) based on CdSe and InP have risen to the fore-
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generation of high-performance HPNCs for biological and environmental applications.

front of display technologies; however, their price, elemental
rarity, and toxicity render them sub-optimal for continued
widespread use. There is therefore a need to develop alterna-
tive high-performance materials for optoelectronic appli-
cations that consist of earth-abundant elements." Fortunately,
halide perovskites (HPs) have recently emerged as attractive
candidates for developing low cost, earth abundant, and
highly efficient photovoltaic (PV) materials.>”” HPs have the
general chemical formula of ABX;, where “A” and “B” are
monovalent and divalent cations, respectively, and “X” is a
monovalent halide ion coordinated to both “A” and “B”. The
“A” cation is usually methylamine (MA"), or Cs" and the “B”
cation is most commonly Pb*" or Sn>". Nanocrystalline HPs
are a promising class of nanomaterials with remarkable
optical and electronic properties, allowing them to emerge not
only as strong candidates for PVs,® but also for many other
state-of-the-art applications such as light emitting devices
(LEDs),’ photodetectors,'® and lasers."* HPNCs are also com-
monly referred to as quantum dots, owing to their quantum
confinement effects. For the sake of brevity, we will refer to all
halide perovskite nanomaterials herein as halide perovskite
nanocrystals (HPNCs) or nanocrystals (NCs). Discussed herein,
there are a myriad of advantages and drawbacks of HPNCs,
which can be addressed through the introduction of
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biomolecules either at the surface or within the crystal struc-
ture of these materials.

The optoelectronic properties of HPNCs can be varied by
modulating their composition, size, dimensionality and syn-
thesis methods.">™* The ability to modulate the optical pro-
perties of HPNCs stems from their tunable bandgap, owing to
the strong quantum confinement effects exhibited in these
materials.">'® Recent studies have shown that HPNCs can
exhibit photoluminescence quantum yields (PLQY) approach-
ing 100% efficiency.””"® In addition to their impressive
efficiencies, HPNCs can be synthesized via low-cost, facile
methods relative to other types of semiconductor and PV
materials, making them highly attractive alternatives to tra-
ditional compounds.'® With regard to their electronic pro-
perties, high-performance HPNCs should exhibit conductivity
that is tolerant to the presence of defects, allow for a good
degree of charge separation and carrier mobility with minimal
recombination within the perovskite layer, and long carrier
diffusion lengths. With respect to optical properties, HPNCs
should exhibit efficient radiative recombination (high PLQY),
tunable spectral excitations and emissions, narrow full-width
at half maximum (FWHM) of emission bands, nanosecond
photoluminescence (PL) lifetimes, and minimal photobleach-
ing or photoblinking.

Despite their impressive optoelectronic properties, HPs
exhibit markedly-reduced physicochemical stability relative to
other state-of-the-art luminescent materials.’®>" They are sen-
sitive to high temperatures, broadband illumination, moisture,
and oxygen. This instability is due to the ionic nature of the
material, and the low energy of formation of the HPs crystal
structure. This is consequently accompanied by a propensity to
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form defects which allow moisture and air to further penetrate
the crystal and degrade.>** Ion migration due to the electron
vacancies of halides at the perovskite surface and at grain
boundaries, as well as ion clusters, caused by an excess of
anions or cations in the perovskite solution, are also believed
to facilitate material degradation.”>® Such defects are also
known to have deleterious effects on the optical properties of
the HPs, for instance serving as non-radiative recombination
centers and dramatically decreasing the optoelectronic per-
formance of HPs. Successful defect control not only reduces
non-radiative recombination centers to improve the materials
performance, but also increases the stability and thereby life-
time of the charge carriers.>**>*% Although the superior opto-
electronic properties of HPNCs make them attractive for indus-
trial use, several challenges remain that impede their mass
production and application. Of practical importance, it is cur-
rently not possible to produce HPNCs at an industrial scale
while maintaining the high performance obtained using
small-scale synthesis techniques. Additionally, HPNCs lack
long-term stability, and Pb*'-containing compositions are
inherently toxic. Consequently, there is an urgent need to
develop strategies to mitigate these concerns, such as making
physicochemical modifications to existing high-performance
lead-based HPNC materials, or through the development of
novel materials or techniques that facilitate their commercial
usage for a variety of applications.>'*

One of the most successful routes to generating high-
quality HPNCs with minimal defects is through the use of
ligand-mediated synthesis strategies. Ligands are organic
molecules which aid in nucleation and growth of the crystal
lattice, and also act to passivate the HPNC surface.***°
Ligands with a wide range of properties have been used,
including cationic, anionic, and zwitterionic species with
varying charges.*! In order to obtain well-passivated, highly-
crystalline HPNCs with strong luminescence and good stabi-
lity, it is of paramount importance to select an appropriate
ligand for the nucleation and growth process. The size, charge,
polarity, polarizability, shape, orientation, and types of poten-
tial inter-ligand interactions are all parameters that determine
the usefulness of a ligand.*""** The ligand-assisted reprecipita-
tion technique (LARP) and hot injection methods are two of
the most commonly used synthesis techniques. The LARP
process is conducted by mixing a precursor solution consisting
of (1) a polar solvent, (2) perovskite precursors and (3) organic
ligands, with a nonpolar solvent at room temperature. The
difference in solubility of perovskite precursors in polar and
nonpolar solvents induces rapid nucleation and growth of the
HPNCs, which is mediated by the ligands. The synthesis route
also impacts the shape, size, morphology and crystallinity of
NCs during the synthesis.*>**> Conventional organic ligands
used during the production of HPNCs include oleic acid (OA),
oleyamine (OAm), octadecene, octylamine, and (3-aminopro-
pyl)triethoxysilane (APTES), among others. These molecules
are hydrophobic, with long hydrocarbon tails that aid in
surface passivation by preventing the dissolution and re-
growth of the crystals.** Despite their wide-use, OA and other
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similar organic ligands have several drawbacks. First, the insu-
lating nature of the long hydrocarbon chain of these molecules
makes charge injection extremely difficult, therefore inhibiting
the application of HPNCs in conductive devices.** Second,
these ligands do not provide complete protection against
environmental stressors, such as humidity and oxygen, as they
do not continuously cover the HNPC surface. In addition, the
hydrophobicity of OA and similar ligands makes them unsuita-
ble for use in fully aqueous synthesis routes, which are much
more environmentally-friendly than conventional synthesis
methods which use large amounts of non-polar solvents.
Another challenge of achieving fully-aqueous synthesis,
besides the lack of suitable ligands, is the moisture sensitivity
of HP compounds. Particularly, the high degree of interaction
between water molecules and HPs results in the rapid conver-
sion of HPs to their metal halide salt precursors, thereby
degrading the HP crystal. At this time, a complete understand-
ing of the interactions hindering the formation of HPNCs in
fully aqueous media are not sufficiently understood, thus they
are difficult to control.*” Recently, the successful synthesis of
HPNCs in aqueous media by proper adjustment of solubility
equilibrium was reported.*® MAPbX; (X = Br or Cl/Br) NCs
were synthesized directly in acidic aqueous solution (pH =
0-5) via the reaction between a lead halide complex and
methylamine. The rapid degradation of MAPbBr; powders syn-
thesized in DMF in contact with pure water or CH;NH, solu-
tion was observed, while the HPNCs maintained stability in
the presence of lead halide complexes [PbBrg]*~ at low pH in
water. The fully aqueous synthesis route relies on solubility
equilibria of the reactants, which prevents decomposition of
HPNCs in water by maintaining the proper ionic balance at
the halide-rich surface of HPNCs through the presence of
excess [PbBrg]*” complexes and H" and CH;NH;" cations.*®
While the use of a monofunctional capping ligand such as
OA or OAm has proven crucial to the generation of high-per-
formance HPNCs, studies have proven a synergistic effect
exists when functional groups of both electron-donating and
accepting nature, such as amines and carboxylates, are intro-
duced to passivate the HPNC surface.”’>' Additionally, pre-
vious approaches aimed at neutralizing point defects using
ligands with electron donating and withdrawing properties
have been promising.’® Thus, ligands which possess both
amine and carboxylate moieties may provide greater benefits
than monodentate ligands, or two separate ligands.
Biomolecules are naturally occurring molecules with soph-
isticated chemical structures and well-preserved biological
functions, which are defined as substances produced by cells
in living organisms. The four major types of biomolecules are
carbohydrates, lipids, nucleic acids, and peptides. These bio-
molecules are essential for life and each can be found in
monomeric or polymeric forms. Interestingly, many types of
biomolecules including amino acids (AAs), peptides, DNA, etc.
often possess both amino and carboxylate functional groups,
making them ideal candidates for use as HPNC passivating
agents. They are greener alternatives to organic ligands, since
they are biodegradable and have minimal toxicity. Molecular
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self-assembly using biological macromolecules has been
shown as a promising alternative in bottom-up fabrication
routes to nucleate, bind and organize novel nanostructured
materials at low costs and a wider range of morphologies.>*>°

In light of the rapid development of HPs and the impor-
tance of ligands in the synthesis of HPNCs, starting around
2015, biomolecules, specifically AAs, were introduced as
ligands in the synthesis of HPNCs.>””® AAs are zwitterionic
molecules which possess both amine and carboxylate groups,
making them favorable candidates for HPNC synthesis as dis-
cussed in section 2.1. Later, other types of biomolecules were
also explored as ligands, owing to the success of AAs for this
purpose.”®®® Biomolecules are not only able to act as passivat-
ing agents, they can also functionalize the NC surface and
provide it with additional properties; for example they can
improve the self-assembly, control the shape or size, or tune
the optical properties of NCs.**"® In addition, biomolecules
have been directly incorporated into the crystal structure of
HPs to improve a variety of properties.®#*> While OA is techni-
cally a biomolecule (a fatty acid), it still suffers from the same
drawbacks previously mentioned with long-chain, hydrophobic
ligands. As such, it is clear that not all biomolecules are inher-
ently better-suited than synthetic molecules for use in HPNCs
development.

In this review, we will detail the recent advances in HPNCs
research involving the incorporation of biomolecules, both on
fundamental and applied levels and their impacts on HPNC
properties. This nascent field aims to develop biohybrid HP
nanomaterials with improved performance and stability and to
incorporate these novel materials into applications for biologi-
cal and environmental purposes. Biomolecules have been used
as either a stand-alone ligand or additional ligand in a cocktail
of precursors during the synthesis of HPNCs. We will discuss
the effects of biomolecules on the physicochemical and opto-
electronic properties of HPNCs, as well as their role in HPNC
synthesis. The impacts of biomolecules on the applications of
HPNCs in biologically-relevant fields will also be discussed.

2. Biomolecules as ligands

As previously mentioned, carboxyl and amino functional
groups can be used as ligands during the synthesis of HPNCs
to improve stability, optical properties, and other unique fea-
tures (Table 1 and Fig. S11).°®"®® AAs are biomolecules which,
by definition, contain both carboxylates and amines. The iden-
tity of each AA comes from the structure of its side chain,
which also governs the degree to which different AAs may
modulate HPNC synthesis and properties.

Unless otherwise stated herein, it has been established that
the carboxylate in AAs act as a Lewis acid, coordinating to
metal sites or cationic defects, donating electron density into
the nanocrystal and the amino group can act as a Lewis base,
coordinating to halides or anionic defects and remove electron
density from the lattice. Lastly, the properties of functional
groups present in the side chains will act in a similar manner
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DMA, OAm, OA, water

Recrystallization

N/A 86.4 46.18 79%, 72 h, H,0, AC

10

4-Bromo-butyric acid

CsPbBr;

“Hydrodynamic diameter, N/A: not reported. Abbreviations: 6,8,12-AA: 6,8,12-aminododecanoic acid, 6A-B-CD: (6-amino-6-deoxy)-p-cyclodextrin, a-ABA: a-amino butyric acid, AC: ambient conditions, ADA, BCP: poly-
saccharide-based maltoheptaose-block-polyisoprene-block-maltoheptaose triblock copolymer, BSA: bovine serum albumin, CD: cyclodextrin, CI: continuous irradiation, cyclo(RGDFK): cyclo(arginine, glycine, aspartic

acid, phenylalanine, lysine), DOPA: 1,2-dioleoyl-sn-glycero-3-phosphate DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane DOPG: 1,2-dioleoyl-sn-glycero-3-phospho-(1"-

rac-glycerol) DSPE-mPEG: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-methoxyl poly(ethylene glycol) HEA: hexanoic acid, Hex: hexanes, LARP: ligand assisted re-precipitation, MeOAC: methyl acetate, MPA, OA:

oleic acid OcAm: octylamine, OAm: oleylamine, ODE: octadecene, PEA: phenylethylamine, PEAI: iodo-phenylethylamine, PIDP: p-iodo-o-Phenylalanine, RP: Ruddlesden-Popper, SBE-p-CD: sulfobutylether-

B-cyclodextrin, SH-p-CD: mercapto-f-cyclodextrin, Tfa-Lys: N-6-trifluoroacetyl--lysine, Tol: toluene, UID: uracil imide derivative; PBS: phosphate buffered saline; DMA: dimethylacetamide.
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to carboxylates and amines depending on the electron donat-
ing and withdrawing nature of the functional group. AAs that
possess side chains with terminal functional groups are of par-
ticular interest for HPNCs, largely due to their greater differ-
ences in hydrophobicity, polarity, and length relative to AAs
with unfunctionalized alkyl side chains. It is therefore logical
to assume that bifunctional or trifunctional ligands possessing
two or more of these functional groups could be useful ligands
during the synthesis of HPNCs.

AAs can be divided into two classes, proteinogenic AAs
which are genetically-encoded for protein synthesis, and non-
proteinogenic AAs that are not encoded for protein assembly.

Derivatives of AAs discussed in section 2.1.9 are those
which are related to common AAs but have structural and/or
physicochemical modifications.

2.1. Proteinogenic amino acids as surface ligands

2.1.1. Cysteine. Sulfur-containing ligands such as thio-
cyanate and thiourea have been used to enhance the optical
properties of HPNCs via effective passivation of their surface
traps and defects.®®””> Cysteine (Cys) is a sulfur-containing AA
with a hydrophobic, neutral, polar sulfhydryl terminal group
(-SH). Generally, the lone pairs on sulfur have been shown to
coordinate with Pb®>" and cationic vacancies in all reports of
HPNCs synthesized with Cys.®"**°° The strong coordination of
S and Pb** have allowed for the possibility to modulate the
morphology of HPNCs during synthesis, and the ability of Cys
to form disulfide bonds has enabled the generation of
complex structures, as discussed below.

In terms of optical performance, the use of Cys has resulted
in varying outcomes that we believe can be attributed to differ-
ences in the A site cation in the perovskite. Zhao et al
observed no improvements in the performance of Cys-
CsPbBr;, relative to OA-capped CsPbBr;.®> Wang et al®
demonstrated that altering the concentration of Cys during the
synthesis of Cys-MAPDbBr; altered the PLQY, PL intensity and
lifetime of MAPDbBr3;, but report a maximum PLQY of 53.7%
for Cys-MAPDbBr;, which is lower than what is reported for tra-
ditional OA-capped MAPbBr;, around 83%.”% The conflicting
results seem to suggest that relative to using OA as a ligand,
Cys either causes no change in optical properties (in case of
CsPbBr;), or reduces the performance (in the case of
MAPDBr3;). Alone, these results suggest Cys may not be worth
pursuing for advancing HPNC based technologies. However,
the trifunctional nature of Cys enabled the formation of HPNC
superstructures, which were used to generate high-perform-
ance LEDs (Fig. 1a). Self-assembly of the supercrystal structure
was facilitated by the formation of disulfide bonds between
Cys molecules on different nanocrystals. Since Cys is the only
AA possessing a sulfhydryl group, this type of self-assembly is
unique to this AA, as shown by the lack of supercystal for-
mation when Ala was used as a control in the same study.®*

Additionally, Li et al. demonstrated the preparation of ultra-
thin CsPbBr; nanowires (NWs) through a post-synthesis treat-
ment of CsPbBr; nanocubes with aqueous solutions of sulfur-
containing Cys, thiourea and thioacetamide (Fig. 1b).*° As

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Specific examples of AA-HPNCs using AAs with an overall positive charge. (a) Schematic representation of the self-assembly mechanism of
MAPDbBr3 supercrystals using trifunctional Cys.61 (b) Schematic of the transformation of CsPbBrs from nanocubes to ultrathin NWs via ligand
mediated exfoliation in the presence of thiourea, Cys, or thioacetamide solutions and corresponding TEM images.®® (c) PL emission intensity of
HPNCs using different AAs.”® (d) Schematic illustration of MAPbBr; NCs capped by Lys-tBoc and Arg-tBoc with their corresponding TEM images and
PLQYs.”” All figures were re-produced and/or modified with permission from the listed references. Panels 1b and d adapted with permission from

ref. 69 and 77 Copyright 2019 American Chemical Society.

expected, the sulfur lone pair was shown to coordinate with
Pb>" to form relatively stable Pb*>'~ligand complexes. These
complexes then underwent a two-step conversion to NWs,
through a process similar to what is known as a ligand-
mediated exfoliation.””> As such, the presence of the sulfhy-
dryl group in Cys is a unique property of this AA that can
enable modulation of the morphology of HPNCs.

2.1.2. Lysine and arginine. Lysine (Lys) is a polar, hydro-
philic, and basic AA with a side chain composed of a 4-carbon
alkyl chain with a terminal amine that is positively-charged at
physiological pH. Arginine (Arg) is similar to Lys, except it has
a 3-carbon chain with a guanidinium group at the distal end
of the side chain, instead of a primary amine; it is also posi-
tively-charged at physiological pH. The additional terminal
N-containing groups in these AAs provides a unique opportu-
nity to passivate additional anionic defects or increase the
number of coordinated halides at the HPNC surface.

Lys has been shown to improve the properties of HPNCs
when acting as a surface ligand,”®”® and when directly incor-
porated into the crystal structure.®® Solid-phase mechano-
chemical synthesis of cesium lead bromide HPNCs (Cs,PbBr,
and CsPbBr;) was performed using Lys as a capping ligand.”®
HPNCs synthesized using Lys exhibited much higher PL inten-
sity than NCs with no AA capping ligand, or those synthesized
with other AAs (Asp, Glu, Gly, His, Ile, Leu, Met, Phe, Pro, Thr,
Tyr), shown in Fig. 1c. Interestingly, Lys was the only AA
studied in this series with an additional primary terminal
amine. It is unclear whether the presence of the additional
amine is the major contributor of the effect, though we postu-
late this the case. It would be interesting to see the results of
Arg, Asn and Gln, also possessing a terminal amine on the

This journal is © The Royal Society of Chemistry 2023

side chain, compared to Lys. Different structures and stoichi-
ometries of Cs.PbBr, (Cs,PbBrs and CsPbBr;) were formed
using the different AAs, and it was found that a larger percen-
tage of CsPbBr; was obtained when Lys was used, compared to
the other AAs. However, in the absence of Lys, no Cs,PbBrg
was observed. The authors use X-ray photoelectron spec-
troscopy (XPS) to confirm the interaction of the terminal -NH;
group with Br~ on the HPNC surface, and postulate the added
interaction made possible by the side group on Lys directs the
outcome of the composition.

Given that Lys contains two primary amines (one at the
alpha position and one on the terminal end of the side chain),
and Arg has 3 primary amines (one alpha, two on the side
chain), there are two and three opportunities for bonding to
HPNCs through an amine group in Lys and Arg, respectively.
Prochazkova and colleagues investigated the potential for
differences in the MAPbBr; HPNC synthesis using LARP with
both AAs, and the different amines within each one.”” To
achieve this, they used a tBoc protecting group on the alpha
amines of Arg and Lys in order to restrict coordination to the
terminal amine(s) in the side chains with Br~ during the
HPNC synthesis (Fig. 1d). HPNCs prepared with tBoc-modified
Lys and Arg had smaller sizes relative to their unmodified AA
counterparts. The change in size was attributed to improved
nucleation when only the terminal amine is available for
coordination to the HPNC precursors. Typically, unmodified
AAs are known to self-assemble, which can hinder the nuclea-
tion rate of HPNCs and consequently result in increased sizes.
With respect to their optical properties, Arg-HPNCs exhibited
higher PLQYs than their Lys counterparts in all cases (Fig. 1d).
Since, in both cases, the alpha-amine was protected, the major
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changes in luminescence stem from the number of terminal
primary amines on the side chains as well as the differences in
chain length. This suggests that the presence of more amines
acts to improve passivation of defects and/or remove more
electron density from the lattice, resulting in improved optical
performance. The tBoc-Lys HPNCs were chosen for subsequent
analysis regarding the effect of water on the optical properties
of HPNCs.”® The authors proposed that due to the strongly
hygroscopic nature of tBoc-Lys, hydrogen bonds formed
between water and Lys could induce more efficient formation
of HPNCs. Small amounts of water resulted in an increase in
PLQY, and a decrease in FWHM of tBoc-Lys HPNCs relative to
the same nanoparticles synthesized in an anhydrous con-
ditions. However, the perovskites were still unstable when
treated with high volumes of water, suggesting that there is a
limit to how much water can improve the properties of HPNCs
in the presence of tBoc-Lys.

In summary, the presence of the terminal amines in the
side chains of Arg and Lys present an additional opportunity
to coordinate to the halides on the HPNC surface through a
second (or third) amine. The increased coordination to
anionic sites due to the increased number of amine groups in
these AAs generally seems to improve the luminescence pro-
perties (PLQY, emission wavelength and FWHM) of the
nanoparticles.

2.1.3. Phenylalanine. Along with Tyrosine (Tyr) and
Tryptophan (Trp), Phenylalanine (Phe) is one of the three aro-
matic AAs containing phenyl groups. Phe is the most basic aro-
matic AA, with a single unmodified phenyl ring as a side
chain. Several studies have found that Phe improves the
optical properties and physical stability of HPNCs when used
as a ligand. Although its side chain is an unfunctionalized
hydrocarbon, the nature of the phenyl ring means Phe has the
ability to interact with HPNCs via its n system.''*'"
Additionally, the bulky and hydrophobic nature of the benzyl
ring can protect the HPNC surface from interaction with water,
thus improving the stability of the HPNCs,%>7°-81:11¢

Geng et al. demonstrated that Phe could be used to improve
the PLQY of MAPbBr; by nearly 40% in the first fully-aqueous
synthesis of HPNCs.*® The authors conclude that the three
necessary components of a successful aqueous synthesis of
HPNCs is the presence of a lead halide complex, an acidic pH
below 5, and the presence of an amine-containing ligand.
Interestingly, the reasoning for the use of Phe as the amine-
containing ligand in particular was not discussed. It is pre-
sently unclear whether other AAs would perform as well in this
synthesis method. Furthermore, it was demonstrated that an
increase in Phe concentration enhanced the stability of the
HPNCs under continuous light irradiation and prolonged
storage. Presumably, the hydrophobic nature of Phe, along
with the presence of the = system, plays a role in protecting the
HPNC crystals from the environment and thus improves the
stability.*®

Phe-capped MAPbBr; was found to yield a higher PL inten-
sity than HPNCs synthesized with Gly, Ala, and Leu.®® The
attribute the improvement in PLQY to the presence of the

3004 | Nanoscale, 2023, 15, 2997-3031
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phenyl ring, in agreement with other researchers who also
demonstrate that the phenyl ring can coordinate to Pb>*
through n-mediated Lewis base interactions.'**''® The HPNCs
in this study were synthesized mechanochemically, and Phe-
HPNCs showed improved PL with both increased grinding
time and Phe concentration up to a threshold, shown in
Fig. 2a. This was attributed to increased interactions between
the n system of Phe and Pb®*" as the grinding time is
prolonged.

Multiple additional studies using Phe in HPNC synthesis
have demonstrated improved optical properties and stability,
attributing the result to the hydrophobic bulky nature of the
phenyl ring in the side chain.®*”*#“''® In all cases, the
authors conclude Phe is able to provide more efficient passiva-
tion of the HPNC surface relative to traditional ligands used in
LARP and hot injection syntheses. Another study compared
the performance of Phe relative to other AAs, namely aspara-
gine (Asn) and aspartic acid (Asp). Phe-MAPDbBr; exhibited
greater PL intensity and smaller FWHM (Fig. 2b), attributed to
improved passivation in the presence of the bulky, hydro-
phobic phenyl ring."*

An in-depth comparison of the performance of CsPbX; (X =
Cl, Br, I) synthesized with the aromatic AAs (Phe, Tyr and Trp)
was performed to evaluate the effects of ligand hydrophobi-
city.®® The order of HPNC performance was Phe > Trp > Tyr >
bare HP. This was in agreement with the expected effects of
hydrophobicity, as Phe is the most hydrophobic and Tyr is the
least hydrophobic of the three AAs. To further demonstrate
this, the contact angles of CsPbBr; NCs with each AA coating
and bare NCs were evaluated. The bare HPNCs and Phe-
HPNCs had contact angles of 10.0° and 119° respectively
(Fig. 2c). Since larger contact angles indicate decreased physi-
cal contact with the environment, this conclusively demon-
strates that increased hydrophobicity of the capping ligands
directly influenced the degree to which HPNCs interact with
their environment.

Shi et al. investigated the use of Phe on the optoelectronic
properties of CsPbl; HPNCs, and modelled the effects of Phe
on defect density.®" Phe-capped HPNCs exhibited greater
PLQY and stability relative to uncapped HPNCs (Fig. 2d).
Density functional theory (DFT) calculations were used to
confirm that Phe reduces defect density when on the HPNC
surface. Phe had a higher adsorption energy (3.9 eV) than OA
(2.3 ev) and OLA (2.5 eV), and a higher vacancy formation
energy (3.5 eV) relative to OA (1.6 eV) and OLA (1.4 eV)
(Fig. 2e). Combined, these results suggest it is more difficult to
form trapping states in the presence of Phe. This also corres-
ponds to an increase in HPNC stability, as it requires more
energy to form a defect when Phe is present. Solar cell per-
formance and external quantum efficiency (EQE) of red LED
devices based on Phe-CsPbl; NCs were 14.62% and 10.21%, a
significant improvement relative to their pristine counterparts
at 13.59% and 3.71% for performance and EQE, respectively
(Fig. 2f).%"

In summary, the aromatic, hydrophobic, bulky properties
of Phe have been found to improve HPNC properties on mul-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Highlighted examples of HPNCs synthesized using Phe. (a) PL emission spectra of HPNCs synthesized with Phe, Leu, Ala and Gly via a
mechanochemical approach. Emission spectra of Phe-HPNCs synthesized under different grinding times and Phe concentrations.®® (b) PL emission
spectra of Phe-, Asn-, and Asp-capped MAPbBr; HPNCs synthesized via hot injection.”® (c) PL emission of CsPbBrs NCs mechanochemically syn-
thesized without aromatic amino acids (PNC-4), Phe, Trp, and Tyr as capping agents. The contact angles of CsPbBrs NCs with (i) Phe, (i) Trp, (iii) Tyr,
and (iv) without ligand.8° (d) PLQY and PL lifetime of CsPbls NCs prepared with different Phe concentrations.®! (e) Graphical depiction of the surface
of CsPbls NCs with and without Phe molecules and their corresponding adsorption energy (E,4s) and vacancy formation energy (E;) after the adsorp-
tion of OA, OLA, and Phe capping agents on the optimized HPNC surfaces.®! (f) (i) Structure of the solar cell device constructed based on Phe-
CsPblz NCs and its J-V curve and device PCE as a function of storage time. (ii) Photograph of the red LED constructed based on Phe-CsPbls; NCs
and its EL emission at various driving voltages.®* All figures were re-produced and/or modified with permission from the listed references. Panels 2c
and d adapted with permission from ref. 79 and 80 Copyright 2021, 2022 American Chemical Society.

tiple occasions, using different HPNC compositions and syn-
thetic routes. The variety of reports that demonstrate improve-
ments using Phe indicate that the use of this ligand may be
regarded as a general strategy for improving HPNC
performance.

2.1.4. Tryptophan and tyrosine. Tryptophan (Trp) is an AA
which possesses a neutral, nonpolar, aromatic indole as the
side chain. Notably, it has been demonstrated that the indole
group in Trp can be used to modulate the morphology of
CsPbBr; HPNCs. Zhao et al. reported 2D growth of CsPbBr; by
altering the Trp concentration in a modified LARP synthesis
(Fig. 3a).°> Five AAs were examined in this study (Cys, His, Leu,
Phe, Trp), and Trp was the only AA to form CsPbBr; in the
desired 2D platelet morphology. While it is not the only AA
studied that possesses an aromatic ring, or a ring possessing a
heteroatom, it is the only one with a bicyclic system. Reduced
growth kinetics were observed in the presence of Trp, con-
current with the production of a 2D morphology. The authors

This journal is © The Royal Society of Chemistry 2023

hypothesized that the indole nitrogen in the side chain of Trp
could interact with the surface Pb*>" ions, reducing the growth
rate and encouraging anisotropic growth. However, His was
also studied (which possesses an aromatic ring containing a
nitrogen) and did not yield 2D HPNCs. The major difference
between His and Trp is their monocyclic and bicyclic ring
systems, respectively. This comparison was not mentioned, but
should be considered for further investigation. Finally, as
detailed in Table 1, an increase in PLQY was observed with an
increase in the Trp: Pb ratio, along with a gradual red shift of
the PL (attributed to the quantum confinement effect), and
prolonged physicochemical stability.

Tyrosine (Tyr) is the least hydrophobic of the AAs that
contain an aromatic side chain. It has a neutral aromatic
phenoxy group at the terminal position of the side chain. As
explained in the previous section, Ghosh et al. compared the
effects of Trp, Tyr and Phe on the mechanochemical synthesis
of CsPbBr;, and concluded Tyr exhibited the lowest degree of
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enhancement.?® This was attributed to the lowest hydrophobi-
city relative to the other two AAs, as confirmed by their contact
angles (Fig. 2d). To our knowledge, no other studies evaluate
the performance of Tyr relative to other AAs, thus it is difficult
to draw conclusions on how this AA may further affect the pro-
perties of HPNCs.

2.1.5. Glutamic acid, aspartic acid,
Glutamic acid (Glu) and aspartic acid (Asp) are anionic AAs
which possess a terminal carboxylate on their side groups;
they differ by a single carbon on their alkyl chains. Of note,
they are the only AAs that possess multiple carboxylates. Thus,

and asparagine.

both exhibit higher electron donating capabilities than most
AAs. Asparagine (Asn) is an analogue of Asp, as it has a term-
inal amide instead of a terminal carboxylate.

Interestingly, both Glu and Asp were found to have deleter-
ious effects on HPNC performance.”®®® Glu was investigated®
for replacing OA/OAm in the synthesis of CsPbBr; while Asp
was investigated with MAPbBr; HPNCs.”® Despite having mul-
tiple carboxylate groups, Glu was found to have a lower
binding energy than OA to the HPNC surface, which explains
the decrease in performance as a lower degree of passivation

would be expected with reduced binding energy.®

3006 | Nanoscale, 2023, 15, 2997-3031

Interestingly, when compared with Asp-MAPbBr;, Asn-coated
analogues were found to exhibit greater luminescence. This
suggests that the presence of additional amines is more ben-
eficial than the presence of additional carboxylate groups. This
is corroborated by the results obtained for Arg and Lys-coated
HPNCs, as previously mentioned (Fig. 1d).”

In contrast, Zhang et al reported PLQYs of CsPbBr;
approaching unity when treated with tBoc-p-Glu (BDGA) post-
synthesis (Fig. 3b).** They report dramatically improved col-
loidal stability, high thermal resistance, structural stability,
and photostability upon continuous illumination relative to as-
synthesized HPNCs (see Table 1). However, the HPNCs were
produced using 4,4-aminobis(cyanoaminovaleric acid) (CA)
and OAm, and the authors previously report CA-capped
HPNCs to have significantly improved long-term optical pro-
perties relative to OA-capped HPNCs.''” In BDGA, the tBoc
group protects the amine, thus the only mode of interaction
with the NC surface is via the available carboxylate groups. It
is unclear why such large improvements in optical perform-
ance would occur when the amine is protected, but would be
interesting to investigate further. The BDGA-CsPbBr; NCs were
applied to produce white light-emitting diodes (WLEDs) with a

This journal is © The Royal Society of Chemistry 2023
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high luminous efficacy of 93.5 Im W' and a wide color gamut
about 95% of the value established in the International
Telecommunication  Union  recommendation  BT.2020
(Rec.2020) for ultra-high definition displays.®*

Interestingly, Fang et al. used the bicarboxylic nature of Asp
to form a core@shell structure of CsPb(Brl);@Asp-Cs,Pb
(Brl)s.** CsPbX;@Cs,Pb(Brl)s core@shell NCs could not be
formed using other AAs. Asp was the only AA studied that pos-
sesses two carboxyl groups, thus the formation of the core@-
shell material must be attributed to this property of the AA.
The core@shell HPNCs exhibited significantly improved ultra-
violet, water, and thermal stabilities in comparison with CsPb
(BrI);, owing to the protection of the HPNC core from the
environment.

The use of unmodified bicarboxylate-containing AAs does
not appear to be promising as a strategy for improving the
optical properties of core-only HPNCs, as evidenced by the
studies on Asp and Glu-coated HPNCs.**** However, the use
of bicarboxylate-containing AAs enabled the successful syn-
thesis of core@shell HPNC materials, which do exhibit
improved stability.®> More studies need to be performed to elu-
cidate the reasons why additional electron donating groups
would be deleterious for luminescence and additional electron
withdrawing groups are beneficial for HPNC luminescence.
Presumably since both act to passivate defects on HPNC sur-
faces, it is unexpected that one type of passivation is more
effective than the other. Interestingly, the results reported for
Asp and Glu-coated HPNCs are opposite of what is reported
for gelatin and bacteriophages, as discussed in sections 2.2.1
and 2.3.

2.1.6. Histidine. Histidine (His) is a hydrophilic amino
acid with an alkyl side chain having a terminal imidazole
group, which is partially protonated at physiological pH. It is
known as one of the strongest metal coordinating ligands
among AAs. %118

Although using His to synthesize CsPbBr; had minimal
impact on their optical properties,®” it was successfully used to
grow 2D layered structures based on MAPbI; Ruddlesden—
Popper (RP) perovskites with n = 2 and 3 (Fig. 3c).®®> The
layered nature of RP perovskites relies on the use of a bifunc-
tional spacer molecule, as discussed in section 3. The amount
of His determined the number of layers, and notably this is
the first instance reported of the imidazole from His success-
fully coordinating to Pb®>" in a HP. The authors demonstrate
that His acts as a spacer via coordination of the alpha amine
in His to I” in the [PbIs]*~ octahedra in one layer, while the
imidazole and carboxyl groups coordinate to metal centers on
the other layer. The coordination of His with the lead ions was
also observed to locally generate Pb*" instead of Pb>" at the
interface, which induced magnetic properties in the
material.®®

Given there are not many reports of using His to modulate
HPNC synthesis, it is difficult to draw conclusions about its
usefulness. However, the strong metal-coordinating properties
of His have been shown to facilitate the production of HPs
with magnetic properties. To our knowledge, this is not a

This journal is © The Royal Society of Chemistry 2023
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common occurrence and thus the use of His for generating
magnetic materials may be worthwhile for in-depth
exploration.

2.1.7. Alanine, glycine, and leucine. Glycine (Gly), alanine
(Ala), leucine (Leu) are the simplest AAs. Gly and Ala have a
single hydrogen atom and a methyl group as their side chains,
respectively. Leu has a slightly longer alkyl chain than Ala, also
with no functional groups. Sharma et al.®® demonstrated that
CsPbBr; synthesized with Gly exhibited almost no lumine-
scence, while PL intensity improved with increasing side chain
length and/or the addition of a functional group when using
other AAs. This suggests the presence of a side chain, however
short, is necessary to obtain HPNC luminescence. The use of
Ala gave markedly increased PL intensity relative to Gly,
despite the side chain being a methyl group (Fig. 2b), though
overall there was relatively insignificant improvement in
optical performance using Ala.

Studies on different compositions of HPNCs (MAPbBr; and
CsPbBr;) using different synthetic techniques (mechanochem-
ical and LARP, respectively) have both demonstrated a lack of
effect of Ala on improving the optical properties HPNCs.%"%?
The agreement in results, despite the very different synthesis
conditions, strengthens the likelihood that Ala is generally not
promising for improving optical properties of HPNCs. This
indicates that although amine and carboxylic acid functional
groups of AAs are vital to passivate HPNCs,*>®® the side chain,
however simple, also plays a role in the formation of stable,
luminescent HPNCs.

Although Gly is thus far not effective at improving the
optical properties of HPNCs, it has been demonstrated that it
can be used to increase the photocatalytic efficiency of
CsPbBr; HPNCs. Xu et al. applied a simple ligand-exchange
technique as a post-synthesis treatment to replace convention-
al OA and OAm ligands with Gly, endowing the CsPbBr;
HPNCs with a five times higher CO,-to-CO conversion
efficiency relative to their untreated counterparts (Fig. 3d).%°
This was attributed to the increased charge separation of
photogenerated carriers due to a reduction in steric hindrance
when using the short-chain Gly molecules.?® Despite these
promising results, further investigation is vital to conclusively
establish the role of AAs in the photocatalytic performance of
HPNCs, and the properties that govern their role in modulat-
ing the photocatalytic efficiency.

Leu has a slightly longer alkyl side chain than Ala, thus it
has increased hydrophobicity but no functional groups. The
addition of Leu in a LARP synthesis of CsPbBr; was not found
to affect the PL wavelength or intensity of the HPNCs, regard-
less of the concentration used, nor did it improve the PL of
Cs,PbBry and CsPbBr; HPNCs when synthesized via a mechan-
ochemical stirring approach (Fig. 1¢).°*’® In contrast,
MAPDbBr; synthesized via mechanochemical grinding using
Leu as a ligand resulted in improved optical properties relative
to the same HPNCs synthesized using Ala and Gly (Fig. 2b),
but no comparison was made to HPNCs synthesized with tra-
ditional ligands such as OA.®®> They further established that
there was an optimal Leu concentration required to obtain the
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highest PL intensity, and further increasing concentrations of
Leu were found to be deleterious (Fig. 3e-i). This suggests an
excess of Leu relative to the inorganic components hinders the
PL process, potentially due to the insulating effect hydro-
phobic molecules tend to have on HPNCs, as previously men-
tioned. While the authors did not perform a direct comparison
of the stability of Leu-MAPbBr; versus conventional OA- and
OAmM-MAPDBTr;, the reported stabilities of the Leu-HPNCs are
markedly improved relative to literature reports of OA and
OAmM-MAPDBr; (see Table 1). Whereas OA and OLA-MAPbBr;
are generally reported to be stable in ambient, dark conditions
for days, and decompose at temperatures above 70 °C, Leu-
MAPbBr; HPNCs were found to exhibit long-term storage stabi-
lity and high temperature and moisture resistance (Fig. 3e-
i{).!*®119:120 Thege results build on the observation that hydro-
phobic ligands maintain the stability of NCs by protecting the
HPNCs from water, and indicates that Leu might be superior
at improving the stability of HPNCs than OA and OAm.

Though more research is needed to demonstrate the uni-
versality of the observations presented above, the results of
these studies suggest that while the carboxylate and amine
functionalities of AAs improve the synthesis of HPNCs, with
respect to optical properties, the presence of an alkyl-based AA
side chain is essential for obtaining any degree of lumine-
scence. Interestingly, despite the reduced optical performance
of HPNCs made using Gly, a marked improvement in CO,-to-
CO conversion was demonstrated. Thus, AAs which have been
written-off as impractical for improving optical properties may
still be beneficial for improving other properties of HPNCs;
this should be investigated in more detail.

2.1.8. Non-proteinogenic amino acids and their deriva-
tives. As previously mentioned, non-proteinogenic AAs are not
used in protein assembly, but they still possess the desired
amine and carboxylate functionalities useful for HPNC syn-
thesis. Furthermore, many of the non-proteinogenic AAs and
AA derivatives have similar structures to the essential AAs, and
thus can expand the scope of their use in HPNC synthesis.

A ligand exchange method was used to synthesize
a-ABA-CsPbBr; NCs by ligand exchange with OA and OLA.*
a-amino butyric acid (a-ABA) is a non-proteinogenic AA with a
side chain that is one carbon longer than the alanine side
chain. The addition of a-ABA resulted in increased fluo-
rescence and a larger bandgap, despite a decrease in particle
size of HPNCs after ligand exchange. They also showed better
stability in toluene over seven days compared to the as-syn-
thesized HPNCs. It was proposed that the a-ABA was able to
better passivate the NC surface and improve electron trans-
port, thus reducing non-radiative recombination relative to OA
and OAm. While long chain organic ligands such as OA and
OLA are known to increase the stability of HPNCs, they are
also known to hinder efficient charge transport, thus the short
chains of a-ABA are advantageous in this respect. The authors
in this study were able to produce a single composition HPNC
with tandem band gaps, by encapsulating the pristine HPNCs
and the a-ABA-HPNCs with TiO,. The encapsulation brought
together two NCs with different ligands, showing no loss in
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individuality since there was no loss in PL intensity or changes
in the optical properties of either NC, as PL spectra showed
distinct peaks for the two different types of NCs. This further
demonstrates that a-ABA was able to effectively passivate the
surface anionic defects of HPNCs and minimize ion exchange.

In addition, several derivatives of Phe have been studied,
including phenylethylamine (PEA) and p-iodo-p-Phe.®®™**
Derivatives of Phe appear to produce a similar degree of
success to Phe itself, with multiple improvements to HPNCs
demonstrated through the use of these derivative molecules.
Phenylethylamine (PEA) has been used on multiple occasions
to produce CsPbX; (X = Br™, I") HPNCs with remarkably high
PLQY.**%° PEA is a derivative of Phe with a terminal primary
amine on one end, and a phenyl ring at the opposite end.
While PEA does not possess a carboxylate group, it is able to
coordinate with the HPNC surface through = interactions with
the phenyl ring, and through electrostatic coordination
between the amine and the halide ion on the NC surface, as
demonstrated by XPS.”® Two reports utilized a partial ligand
exchange technique to introduce PEA to the HPNC surface
while keeping OA and OAm partially intact on the surface.®®*’
By reducing the amount of OA and OAm, the insulating effects
of these ligands were reduced, allowing for increased charge
transport. Addition of PEA simultaneously acted to passivate
the HPNC surface and improve the PLQY and stability. Li et al.
reported a PLQY of 95% and 93% for PEA-treated CsPbBr; and
CsPbl;, respectively (Fig. 4a), while Zhang et al. reported a
PLQY of 82.6% for PEA-treated CsPbl;.5%%® Both works attri-
bute the improvements to efficient neutralization of surface
defects and improved surface passivation, thereby suppressing
deleterious non-radiative recombination pathways. The
improved surface passivation was proven by measuring contact
angles, showing PEA-treated CsPbl; was more hydrophobic
with a contact angle of 88°, while the untreated control had a
contact angle of 66°.”° This is in agreement with what was
observed for Phe, Tyr and Trp-coated HPNCs, where higher
contact angles were associated with better passivation and
stability, as previously discussed (Fig. 2d).*°

External quantum efficiencies (EQE) of 14.18% and 14.08%
were reported for PEA-treated CsPbI; HPNCs and PEA-treated
CsPbBr; HPNCs when incorporated into thin film solar cells”
and LED devices,®® respectively (Fig. 4a and b). It should be
noted that these HPNC thin films were generated using dis-
crete nanoparticles, unlike the HP thin films discussed in
section 3. Interestingly, these achievements may imply that the
presence of the carboxylates in AAs may not contribute signifi-
cantly to improved PLQY when aromatic groups are present, as
the major difference between Phe and PEA is the presence of
the carboxylate moiety, and both are found to improve the
PLQY of CsPbX; HPNCs. Given that both carboxylates and aro-
matic rings are able to coordinate to metal centers and act to
reduce electron density at the HPNC surface, it is unsurprising
that they may have interchangeable roles.

Halogenated derivatives of Phe have also been demon-
strated to passivate the surface of CsPbI; HPNCs upon post-
synthesis ligand exchange. Tang et al. used PIDP to replace OA

This journal is © The Royal Society of Chemistry 2023
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and OAm on the surface of CsPbl; HPNCs.’® The PIDP-treated
HPNCs exhibited improved PL intensity, PLQY, lifetime and
charge injection capabilities relative to their untreated
counterparts with identical size and bandgaps (Fig. 4c). The
improvement in optical properties was attributed to the ability
of PIDP to passivate the surface via the same mechanisms as
Phe, but with the added role of the terminal iodine to fill the
halogen vacancies on the HPNC surface, thereby reducing the
number of surface trap states and minimizing nonradiative
recombination pathways, as confirmed by XPS. Finally, the
authors also fabricated a highly efficient red-emission LED
device with an EQE of 12.4%, more than double that of pris-
tine NCs at 5.8%. Another halogenated Phe derivative,
4-trifluorophenethylammonium iodide (CF;PEAI), was shown
to assist the formation of CsPbl; HPNCs by effectively filling
the I" vacancy on the HPNC surface, as well as partially repla-
cing OAm ligands.”" The performance of CF;PEAI was com-
pared to unhalogenated PEAI and OAm ligands, and it was
found that the presence of the terminal fluorides substantially
increased the overall polarity of the ligand, which sub-
sequently reduced the defect density on the HPNC surface by
reducing the electron density of the nanocrystal. A quantifiable
decrease in defect density was demonstrated, along with an
increase in PLQY relative to OAm-CsPbI;. The reduced defect

This journal is © The Royal Society of Chemistry 2023

density also enhanced the thermal stability of the HPNCs and
improved their long-term storage in ambient conditions. As
observed with other AAs, the enhancements were dependent
on the concentration of CF;PEAI capping agent (Fig. 4d). The
red LEDs based on CF;PEAI-CsPbl; HPNCs were found to
produce a 4.6-fold improvement in maximal luminance relative
to OAm-CsPbl;. A maximum EQE of 12.5%, was obtained for
the CF;PEAI-NCs, while the EQE of the LEDs based on PEAI-
and OAm-CsPbI; NCs were 9.92% and 5.46%, respectively.”' A
similar report using a fluorinated analogue of Lys (Tfa-Lys)
demonstrated improved optical properties, presumably for
similar reasons.””

Overall, the introduction of halogenated aromatic AA
derivatives appears to be an attractive strategy to neutralize
surface defects resulting from halogen vacancies, as well as
remove excess electron density in the nanocrystal host. This
should be investigated further with other halogens, HPNC
compositions, and other AA derivatives.

2.1.9. Incorporating amino acids into the crystal structure
of halide perovskites. Biomolecules like AAs are not only
useful ligands for improving the properties of perovskites by
surface passivation, but they can also directly be incorporated
into the crystal lattice structure of HPs. Their incorporation
can either occur much in the same way that methylammonium
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has been used as the “A” cation in the ABX; structure to form
conventional HPNCs, or they can be used to generate 2D per-
ovskite layered structures with the general formula of A,BX,.

In this regard, a huge number of new HP compositions
have been formed using biomolecules including but not
limited to alanine,’*'*»*** 3-aminobutyric acid,'** 4-aminobu-
tyric acid (GABA),"**'*® 5-aminovaleric acid and its
derivatives,?%126-128 129 olycine,’*®  histidine,'**
leucine,"*? lysine, ornithine,"" phenylethyl-
amine,?%'327137 proline,"*® and taurine.'*® While a few of the
examples listed above represent novel ABX; HPNCs, the vast
majority represent novel 2D perovskite layered structures. The
A" cation in the 2D layered structure creates an organic bilayer
and divides the perovskite sheets, which generates a novel and
extensive class of HPs by varying the organic cation’s
structure.'?>'3? Therefore, the addition of such molecules into
the HP structure is of considerable importance due to their
intrinsic organic (insulating) and inorganic (semiconducting)
structures. HP thin films are discussed in section 3. This new
class of HPs often possesses increased stability and remark-
able optoelectronic properties on account of their structural
and compositional flexibility, which enables new functional-
ities in optoelectronic and magnetic HP materials.

2.1.10. General trends and outlook on the future use of
amino acids in halide perovskite nanocrystals. It has been
observed that functional groups, especially those on the side
chain of AAs, act to either modulate the synthesis or the opto-
electronic properties of HPNCs. While both carboxyl and
amine groups play a role in the synthesis dynamics,
amine groups seems to be investigated more thoroughly and
their presence may have a more prominent effect on modulat-
ing the morphology and optoelectronic properties of the
HPNCs. In addition, trifunctional AAs possessing additional
functional groups on their side chains make it possible to
generate more complex structures such as RP perovskites and
supercrystals.

The presence of a side chain on AAs generally improves
luminescence - it has a definite influence on the lumine-
scence properties over and above what is induced by the pres-
ence of the carboxyl and amine groups. Additional amines can
coordinate to halides and reduce electron density, seemingly
resulting in improved luminescence. In contrast, additional
carboxylates seem to be deleterious to the luminescence
despite their coordination to metal sites, owing to their elec-
tron donating properties. Aromatic groups can also coordinate
to metals via their © systems and increase electron densities,
having a positive effect similar to what is generated with car-
boxylates. There is also a positive correlation between
increased hydrophobicity of the aromatic group and stability
and luminescence of the HPNC.

Shorter, linear molecules are seen to improve the conduc-
tivity of HPNC, while longer and more hydrophobic molecules
have insulating effects. However, molecules that are more
bulky or hydrophobic were able to shield HPNCs from environ-
mental stressors such as humidity. These trade-offs should be
considered in each specific application.

cysteine,
65,131
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2.2. Peptides

Peptides are short chains of two or more AAs connected via
peptide bonds. Similar to AAs, peptides are interesting candi-
dates because they also possess terminal carboxyl and amino
groups. What separates peptides from individual AAs is the
possibility for incorporating an unlimited combination of
functional groups into a peptide chain through the choice of
AAs and their side chains, instead of using multiple individual
ligands. Furthermore, peptides have a much-reduced ratio of
free amines and carboxylates relative to AAs, as these groups
are used to form the peptide bonds that generate the peptide
structure.

Luo et al.>® simulated the effect of using short peptides by
using 6-, 8-, and 12-aminododecanoic acid (6-, 8,- and 12-AA),
in the synthesis of both MAPbBr; and CsPbBr; HPNCs via
LARP. These molecules have alkyl chains of various lengths,
with amine and carboxyl groups on either end, thus represent-
ing the terminal ends of a peptide chain but without the
complex functional groups or peptide bonds in the middle.
12-AA-HPNCs exhibited the strongest PL intensity, demonstrat-
ing adequate protection from the surrounding environment in
a similar manner to OA. This study found that increasing the
12-AA concentration beyond a threshold caused a decrease in
HPNC size, with a rapid loss in PL intensity when the ligand
concentration passed 0.15 mM, suggesting an increase in
defect density as the particles became smaller. Thus, there is
an optimal concentration of ligands needed to generate high
quality HPNCs, which is in accordance with the results
obtained using AAs.*

Prochazkova et al. synthesized MAPbBr; HPNCs with a com-
mercial cyclic peptide cyclo(RGDFK), composed of 5 proteino-
genic AAs: Arg, Asp, Gly, Lys, and Phe, as shown in Fig. 5a.%*
Computational analysis was used to determine whether cyclo
(RGDFK) coordinates to the HPNCs via its free guanidyl group
on Asp or through its free primary amine on Arg, but coordi-
nation via the terminal carboxylate and phenyl group on Phe
was not considered, nor was coordination via the central
peptide ring through the N atoms. Given the original OA-
mediated synthesis relies on coordination of the carboxylate to
mediate the nucleation and growth of the NCs, it is peculiar
that coordination via the carboxylate was not considered.
Regardless, bonding through the primary amine was found to
result in a minimized Gibbs free energy, thus the authors con-
clude this is the most likely scenario. This is consistent with
another study which used chains of nucleic acids where the
primary amine group is also the most favorable group in
binding to the surface of HPNCs.®° The PLQY of cyclo
(RGDFK)-MAPbBr; was reported to be 20%, is significantly
lower than most HPNC reports using ligands possessing
amino and carboxyl groups. The reduced PLQY was attributed
to charge transfer between the peptides and the HPNCs,
causing additional non-radiative quenching pathways.
Additionally, the absorption spectrum of cyclo(RGDFK) also
overlaps with the emissions of MAPbBr; *° thus it can re-
absorb some of the light emitted by the HPNCs and cause
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Fig. 5 Selected examples of HPNCs synthesized with macromolecules. (a) TEM of cyclo(RGDFK)-HPNCs, photograph of PL from cyclo(RGDFK)-
HPNCs and chemical structure of the cyclo(RGDFK) cyclic peptide.®® (b) Schematic of the aqueous synthesis mechanism of MAPbBrz NCs using BSA
protein as the surface capping agent. (c) UV-vis absorption and PL emission of BSA-encapsulated MAPbCls, MAPbBrs, and MAPbls NCs.%® (d) PL
emission (lex = 405 nm) of BSA-HPNCs as a function of protein concentration. The inset exhibits the PL peak intensities along with PLQY variations
with the amount of BSA protein.’® (e) Impact of pH of the synthesis solution on PL emission of BSA-HPNCs. The inset photos show the emission of
colloidal NCs under UV illumination at different pH.°¢ (f) The impact of casein, BSA, hemoglobin, trypsin, lysozyme, and pepsin proteins on the PL
spectra of HPNCs synthesized with constant protein molar ratio.°® (g) PL emission spectra of the encapsulated CsPbBrs NCs as a function of SH-
p-CD concentration.®® (h) TEM image and schematic of MAPbBrs/p-CD NCs achieved through host—guest interactions between p-CD and hexyla-
mine, photograph of LED fabricated using these HPNCs.®® Reproduced and/or modified with permission from the listed references.

reduced PLQY; this was not discussed by the authors but we
postulate this to be a contributing factor.'*°

2.2.1. Gelatin. Gelatin is a hydrolyzed form of collagen,
and can be regarded as a variant of a peptide. As such, it con-
tains both carboxyl and amino groups, along with other func-
tional groups depending on the source of the gelatin. Gelatin
extracted from animal skin®® and bone®® have been applied
post-synthesis to CsSnX; (X = Cl™, Br~, I") HPNCs with success-
ful results. In both cases, surface defect passivation was
achieved along with suppression of oxidation of Sn** to Sn*'.
These water-soluble, natural polymeric materials were found to
coordinate to the HPNC surface via amino-Sn, carboxylate-Sn,
and halogen-ammonium hydrogen-bonding interactions. The
bone-derived gelatin-HPNCs exhibited slightly better water
stability (95% retention of the PL intensity after 55 h) and
larger crystal size than the skin gelatin-HPNCs (80% retention
of the PL intensity after 48 h in water). The authors attribute
the increased stability of the bone gelatin-HPNCs relative to
the skin-gelatin HPNCs to be due to a substantially higher pro-
portion of carboxylate groups in bone gelatin, which they pos-

This journal is © The Royal Society of Chemistry 2023

tulate allows for a higher degree of coordination to the surface
metal cations. This is in contrast to what was observed with a
higher proportion of carboxylates when Asp and Glu were used
as ligands in HPNC synthesis. The hydrophilic, polymeric
nature of gelatin along with the variable carboxylate : amine
ratio depending on the source of the material may allow for
future tunable ratios of these functional groups that provide
even greater surface passivation and aqueous stability.
However, there appears to be limited understanding of the
degree to which each type of functional group contributes to
improving the HPNC properties, as discussed in section 2.1.

2.3. Proteins

Proteins exhibit a much higher degree of chemical, confor-
mational and functional diversity than AAs and peptides. The
complex nature of these macromolecules makes it possible to
rationally design protein-inorganic material interactions and
direct the synthesis of complex hierarchical structures which
are not easily attainable by traditional techniques. Various new
nanostructures generated through protein-inorganic material
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interactions have been synthesized using the templating pro-
perties of proteins.'*'™*> Thus far, the interaction between
proteins and HPNCs has not been extensively explored, nor
has the impact of proteins on the stability and optoelectronic
properties of HPNCs in an aqueous environment. Inspired by
the advancements made using AA-HPNCs, our research group
has used proteins for the first time, to the best of our knowl-
edge, to mediate and protect MAPbX; (X = Cl™, Br', and I") NCs
in a fully aqueous environment (Fig. 5b).°® We experimented
with different proteins during the synthesis process, including
casein, BSA, hemoglobin, trypsin, lysozyme, and pepsin, to
demonstrate the versatility of our approach. Overall, casein-
passivated HPNCs showed the highest PL intensity (Fig. 5d
and e) and PLQY, as well as the longest PL lifetime among the
other protein-capped HPNCs, which indicates that casein is
the most effective and efficient at passivation of surface
defects and traps. BSA- and casein-HPNCs are stabilized in
fully aqueous environment for about 3 months, with only a
10% reduction in PL intensity. This is a dramatic improvement
from most systems reported thus far, as most systems are
reported to be stable in ambient conditions (i.e. in powder
form) for only weeks. The protein-HPNCs are optically active
from pH 1 to 6, and their optoelectronic properties are contin-
gent on pH and protein concentration, with the optimal
luminescence observed at pH = 6 and protein content of 40 mg
in the case of BSA (Fig. 5f and g). These features are very
important and in high demand for biological applications. In
this regard, we believe that several characteristics of the
protein molecules can directly impact the quality of the NCs,
including but not limited to the 3D structure, AA sequence
and composition, size, degree of hydrophobicity and isoelec-
tric point.’® Given the complex nature of proteins and the
inter-related nature of these parameters, further studies are
needed to elucidate the precise roles of each of the above-men-
tioned parameters on the optoelectronic properties of HPNCs.

Complex biological agents like viruses also can be roughly
thought of as an amalgamation of macromolecules, and there-
fore may be interesting for passivating a HP surface. The M13
bacteriophage has pVIII proteins on its surface and has been
studied for the purpose of growing a stable one-dimensional
cubic-shaped CsPbBr; NC network.”” The M13 bacteriophage
possesses Ala, Lys, Asp, and Glu AAs on its surface. Asp and
Glu were found to coordinate to Pb>" and increase electron
density at the surface metal cation sites, thereby lowing the
energy of the valence band. The authors report suppressed
degradation of the HPNCs, which they attribute to the change
in valence band energy. They propose the change in valence
band energy makes it more difficult to oxidize the HPNCs and
induce their decomposition, which is an interesting avenue for
modulating stability and should be investigated in more
depth. Computational and experimental analyses proved that
adding the bacteriophage had a critical impact on the lattice
constant and band energies of the HPNCs, leading to
improved optical properties in all respects compared with the
pristine sample (Table 1). It was further demonstrated that it
was possible to induce genetic modifications in the bacterio-
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phages to bear more negative charges (i.e., increased surface
charge density) at the terminus of the p8 protein. This was
found to assist in improved growth and binding of NCs as well
as greater quantum confinement effects, thus improving PLQY
up to 82%.°

In summary, proteins and protein-containing agents are
highly promising for improving HPNC properties, especially
with respect to stability in aqueous environments. The virtually
unlimited variations in protein structures can allow for precise
tuning of properties that are optimal for the HPNCs being
investigated. Future studies taking advantage of proteins as
ligands are promising and can potentially also provide the
ability to sense analytes or deliver drugs conjugated to the
protein structure. It will be interesting to see the avenues
taken using these biomolecules as ligands.

2.4. Carbohydrates

Carbohydrates are macromolecules composed of saccharide
molecules, which are commonly five or six-membered rings
with the empirical formula C,,(H,0),. When two or more of
these simple macrocycles are bonded together via glycosidic
linkages, they are referred to as disaccharides, oligosacchar-
ides or polysaccharides. Cyclodextrins (CDs) are cyclic oligosac-
charides composed of glucose subunits joined together via
a-1,4-glycosidic bonds. The number of glucose units in the
ring gives rise to CDs of different sizes, where the inner cavity
of the macromolecule is hydrophobic and the externally-facing
rims are hydrophilic due to the presence of multiple hydroxyl
groups. The 3D, toroidal shape of cyclodextrins makes them
ideal candidates for use in host-guest systems, they can
accommodate a variety of different hydrophobic guest mole-
cules in their cavity. p-Cyclodextrin (p-CD) is the most popular
CD, consisting of seven glucose subunits. The hydroxyl groups
on the rims of CDs can be modified with a range of different
functionalities, imparting CDs with different properties.

Several modified CDs have been used to encapsulate or coat
the surface of HPNCs, taking advantage of the hydrophilic and
hydrophobic regions of these biomolecules.”®*'%* This has
been achieved either by host-guest interaction of CDs with
alkyl ligands on the surface of as-synthesized HPNCs, or by
using CDs as ligands themselves.

Mercapto-p-cyclodextrin (SH-B-CD) was used in the first
demonstration of PL emission modulation of HPNCs exclu-
sively through supramolecular interactions.”® To achieve the
supramolecular interaction, OA and OAm-capped CsPbBr;
HPNCs capped with OA and OAm simply dispersed in solu-
tions of different concentrations of SH-p-CD. The alkyl chains
of OA and OAm on the HPNC surface were included in the
hydrophobic cavity of SH-B-CD via host-guest interactions,
resulting in blue-shifted PL emissions that spanned over half
of the visible spectral region depending on the concentration
of SH-p-CD (Fig. 5h). Increasing concentrations of SH-p-CD
resulted in more substantial blue-shifts, as well as a decrease
in HPNC size as evidenced by TEM. The reason for the
decrease in NC size upon introduction of the CDs remains
unclear. Interestingly, the use of unmodified p-CD did not
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induce a shift in PL emission, and neither did the introduc-
tion of sulthydrl groups in the absence of CDs, thus indicating
both components were crucial for obtaining the change in
optical properties. The prominent role of the sulfhydryl group
of SH-B-CD in modulating the optical properties of CsPbBr; is
somewhat surprising, given that HPNCs synthesized with Cys
exhibited either no change in PL, or reduced PLQY.*"®* This
suggests a synergistic effect between the sulthydryl group and
CD host-guest interaction with the HPNCs that results in
desirable outcomes on the PL properties, and should be inves-
tigated in more detail.

Unmodified p-CD was subsequently shown to improve the
optical properties of MAPbBr; when hexylamine was used as
the capping agent.”® The obtained B-CD-hex-HPNCs exhibited
a high PLQY of about 90% and high stability in the presence
of water, heat, and UV light.”® The formed core/shell NCs were
been used as a phosphor to produce LEDs with good color
purity (Fig. 5h). The improvement in optical properties may be
attributed to the bulky nature of the CD, which could prevent
water from interacting with the HPNC surface. Sulfobutylether-
B-CDs have also been used to stabilize CsPbBr; NCs using the
host-guest interaction strategy.'®> The CD-coated HPNCs
demonstrated improved stability in aqueous media, but no
change in optical properties relative to OA/OAm-coated
CsPbBr;.

In summary, the three studies above demonstrated
different outcomes of CDs on HPNCs of the same compo-
sition. Taken together, type of CD, its functionalization, and
the effect of pre- or post-synthesis incorporation of CDs should
certainly be investigated further, as it is unclear to what extent
each of these variables has on the optical properties.
Regardless, host-guest interactions between the alkyl chains
on HPNC ligands and CD cavities appear to a viable route to
improve the stability of HPNCs, but their role in modulating
optical properties remains unclear.

Instead of utilizing host-guest interactions to passivate the
surface of HPNCs with CDs, Guo et al. synthesized CsPbBr;
NCs solely with a- and f-CDs as a ligand.'® XPS and FTIR ana-
lyses confirmed strong coordination of the electron lone pairs
on oxygen in the hydroxyl groups of CDs with the metal
cations in the HPNCs, generating surface-passivated HPNCs
solely using CD molecules. The HPNCs passivated with a-CD
exhibited higher PL intensity relative to -CD-HPNCs, attribute
to be due to the smaller size of a-CD, which leads to increased
coverage of the HPNC surface and therefore better passivation.
a-CD-CsPbBr; NCs exhibited similar optical properties to the
same NCs coated with OA/OAm, but vastly improved stability
(Table 1). Thus, directly capping HPNCs with CDs appears to
provide efficient passivation and represents an attractive route
to producing highly stable HPs.'® Of interest, the colloidal
stability of the a-CD-HPNCs in water was not demonstrated,
despite the demonstrated long-term stability of the NCs in
humid environments. Future studies should certainly aim to
investigate the stability of these materials in aqueous solu-
tions, given that the hydrophilic nature of the outer rim of
CDs should result in colloidal dispersibility in water.
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Beyond acting as surface passivating agents, CDs have also
been used as templates to modulate the size of HPNCs during
synthesis.'®! Ultrasmall CsPbBr; NCs (1-2 nm) with bright and
wide blue emissions and PLQY of 72.4% were synthesized
using (6-amino-6-deoxy)-p-cyclodextrin (6A--CD) to restrict the
growth of HPNCs to the width of the CD cavity.'”" There were
no variations on the size and morphology of NCs when the
concentration of 6A-f-CD was altered; this suggests the growth
of the NPs is restricted to the intrinsic size of the cavity, con-
firming that 6A-B-CD is acting as a template. Templated NC
growth through host-guest chemistry represents a unique and
highly attractive route to obtaining ultrasmall, highly uniform
NCs. It would be interesting to examine if the size of NCs
could be modulated through the use of larger or smaller CDs,
as well as the potential for obtaining different NC mor-
phologies through templated synthesis using other host mole-
cules like pillarenes, for example."*®

2.5. Nucleotides

Consisting of a five-carbon sugar, a phosphate group, and a
nitrogenous base, nucleotides are the building blocks of DNA
and RNA. There are five nucleotides which encode DNA and
RNA: adenine (A), thymine (T), cytosine (C), and (G) encode
DNA, and A, C, G, plus uracil (U) encodes for RNA. Along with
phospholipids (discussed in section 2.6), they are the only
class of biomolecules discussed which contain a phosphate
group, which is more electron-donating than a carboxylate.
Furthermore, nucleotides are able to bond to one another
through supramolecular interactions, and their intermolecular
interactions are more specific than amino acids or proteins,
thus they have great potential for use in HPNC-mediated bio-
sensing applications.

Thymine-based peptide nucleic acids (PNAs) have been
used as a surface ligand for stabilizing MAPbBr; HPNCs syn-
thesized via LARP.®® PNAs are different from oligonucleotides,
as the nucleotide subunits are joined together by a pseudo-
peptide backbone. Monomeric T-PNA (M-T-PNA) and trimeric
T-PNA (T-T-PNA) were added in situ during LARP with hexyla-
mine acting as a capping agent to form MAPbBr; HPNCs. FTIR
and DFT calculations were used to determine the PNAs were
coordinating to Pb** vig the primary amines in the peptide
backbone, not through the nitrogenous base of the nucleotide.
The optical properties of the HPNCs containing either both
types of T-PNAs exhibited extremely low PLQYs (below 5%) as
colloidal dispersions in chloroform and toluene. Interestingly,
M-T-PNA HPNCs showed slightly higher PLQY than the T-T-
PNA HPNCs, despite their similar size, which suggests longer
nucleotide chains may be deleterious for the optical properties
of HPNCs. Charge-transfer is a well-established phenomenon
in PNAs, as such one can postulate that increased chain length
would cause a greater charge-transfer effect and therefore be
deleterious for optical performance.

To our knowledge, this is the only example of nucleotide-
mediated HPNC synthesis. Unfortunately, the PLQYs obtained
in this report suggest that nucleotides may not be a viable
route to producing high-performance HPNCs. However, HP
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thin films have been synthesized using guanine and thymine,
both demonstrating improved properties, as discussed in
section 3.2. Moreover, the unique ability of nucleotides to pair
with one another with high specificity presents an attractive
route to achieving biosensing with a high degree of sensitivity
and specificity. We believe additional studies are needed,
especially with other nucleotides, other backbones, different
nucleotide combinations, chain lengths and HPNC compo-
sitions to determine the true value of nucleotides in the future
of HPNC development.

2.6. Lipids

2.6.1. Phospholipids. Phospholipids are a particularly
interesting class of biomolecules because of their amphiphilic
nature. This is due to the presence of hydrophilic phosphate
head-groups and hydrophobic hydrocarbon tails.
Phospholipids are perhaps best known for their role in
forming cell membranes. The propensity for phospholipids to
self-assemble into tightly-packed layers makes them highly
attractive for use as ligands, as this should allow for a high
degree of defect passivation and protection from the external
environment. Furthermore, phospholipids are also known to
interact with proteins and other complex biomolecules
through non-covalent interactions, thus providing the opportu-
nity to incorporate additional functionality to the HPNC
surface.'*”148

Phospholipids interact with the HPNC surface via their
phosphate head groups, similar to the coordination mecha-
nism of OA. But the amphiphilic nature of these molecules
makes it possible to generate bilayers through intercalation of
the lipid tails with the alkyl chains on as-synthesized
OA-HPNCs. Thus, its possible to also have phosphate groups
pointing toward the external environment. In 2019, Yang et al.
reported the first example of phospholipid-coated CsPbX; (X =
Cl7, Br™, I"), using DOPC, DOPE and with DSPE-mPEG."*” The
OA coating was retained on the HPNC surface to facilitate the
hydrophilic tails of the lipids interacting with the OA alkyl
chains, and the phosphate head groups were pointing toward
the aqueous environment generating a micelle-like structure.
This strategy strongly passivates the HPNC surface, as the
hydrophobicity of the alkyl chains prevent water from interact-
ing with the crystal surface, while the hydrophilic head groups
impart the HPNCs with colloidal stability in aqueous media. Li
et al. further explored how the structural properties of the
phosphate head group affect the properties of HPNCs.'*?
Phospholipid-coated CsPbBr; composed of DOPC, DOTAP and
DOPG were synthesized, each having the same hydrophobic
tail but different head groups; with DOPC, DOTAP and DOPG
having neutral (zwitterionic), positive and negatively-charged
head groups, respectively."*® Twelve combinations of these
lipids were explored and evaluated for their optical properties
and stability in aqueous media. A red-shift in PL maximum
was observed from 514 to 529 nm, concurrent with a change in
zeta potential from positive to negative when DOTAP was
replaced with DOPG. The authors attribute this red-shift to a
change in NP size, though they do not discuss why the size

3014 | Nanoscale, 2023, 15, 2997-3031

View Article Online

Nanoscale

change would occur. With respect to stability, a higher content
of DOPC resulted in improved retention of PL intensity over
the course of two weeks, suggesting the bifunctional nature of
this head group provides the greatest degree of passivation, in
line with what has been demonstrated using AAs. The much-
improved physicochemical stability of HPNCs encapsulated
with phospholipids, combined with the opportunity for
functionalization with other biomolecules, makes these bio-
molecules a particularly promising option for the use of
HPNCs in biological applications. Both of the phospholipid-
HPNC systems reported above were successfully applied for
biologically-relevant applications, as discussed in section 4.
2.6.2. Complex lipid mixtures. Soy lecithin (SL) is a
popular natural emulsifier in the food industry and is com-
posed of a mixture of phospholipids and triglycerides. There
are a variety of phospholipids in SL with varying degrees of sat-
uration and alkyl chain length. However, all phospholipids in
the mixture contain zwitterionic head groups, which makes SL
attractive bifunctional ligands for use in HPNC synthesis,
similar to what was reported when using DOPC.'°® Krieg et al.
demonstrated the use of SL as a passivating agent for the syn-
thesis of CsPbX; (X = CI7, Br™), and investigated the effects of
the surface coating on colloidal stability.'®® As expected, the
physical and optical properties of the SL-HPNCs were not
vastly different than what is obtained in a conventional syn-
thesis using OA and ODE, given the similarity in alkyl chain
lengths. The SL-capped HPNCs exhibited extremely high col-
loidal stability, allowing for the generation of ultra-concen-
trated and ultra-dilute colloids ranging from a few ng mL™" to
>400 mg mL~". The generation of colloids with such unique
properties was attributed to the polydispersity of the hydro-
phobic tails of the different phospholipids in the SL mixture,
allowing for tight packing and therefore a high grafting
density on the surface of the HPNCs. The effects of packing
density on colloidal saturation were determined experimental
and theoretically, showing the interdigitization of the lipid
chains was essential for generating the observed colloidal
stability, which was observed for over 1 month without sedi-
mentation or changes in optical properties. The ultraconcen-
trated colloids were applied as ink for one-step deposition of
thick, smooth, optically clear films by spin coating, and the
ultradilute colloids were proposed for single-dot spectroscopy
with single-photon emission. While the SL-HPNCs demon-
strated here exhibit a high degree of hydrophobicity and are
therefore unsuitable for dispersion in aqueous media, we pos-
tulate the same principles of polydisperse ligand mixtures
could be utilized to generate hydrophilic coatings which gene-
rate a high packing density and could be a