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Stapled ligand for synthesis of highly emissive and
stable CsPbBrz perovskite nanocrystals in polar
organic solventy

Tianju Chen,? Qi Yang,® Peng Zhang, (2@ Ruihao Chen, {2 ** Yuke Lin,?
Weifang Zhou,? Laizhi Sui,*® Xuan Zheng,*® Guoliang Chen® and Feiming Li {2 *3

Colloidal cesium lead halide perovskite nanocrystals (CsPbXs PNCs) are prone to instability due to low
lattice energy and dynamic ionic bonding between the PNC core and the inorganic—organic interface. To
address this issue, we propose a stapled ligand, perfluoroglutaric acid (PFGA), that can effectively passivate
the surface of CsPbBrs PNCs through atomic-scale double chelating coordination with Pb%* between
neighboring [PbBrgl,~ unit cells. Theoretical calculations show that this precise double chelating on the
surface of CsPbBrs PNCs can achieve a much stronger bonding energy (-5.19 eV) compared to single-
chelated perfluoroadipic acid (-1.42 eV) or other similar ligands with trivial changes in chain length. The
PFGA enables CsPbBrs PNCs to achieve a high photoluminescence quantum yield of over 85% with a
single acid as a capping agent, as well as outstanding dispersion in a variety of polar solvents.
Furthermore, the PFGA-capped CsPbBrs; PNCs exhibit excellent purification stability after five rounds of
vigorous washing and long-term stability after more than six months of storage within ethanol, which has
been successfully applied for chloride sensing in different circumstances. Our findings provide insight into
the design of surface engineering strategies to produce highly emissive and stable PNCs and broaden the
sensing field of PNCs in polar media.

instability caused by the intrinsic ionic crystal characteristics
of CsPbX; PNCs has hindered their current applications. In

Colloidal cesium lead halide perovskite nanocrystals (CsPbX;
PNCs) are efficient semiconductors that exhibit impressive
optical properties, such as near-unity photoluminescence
quantum yield (PLQY), wide colour gamut, high light-absorp-
tion coefficients, and highly tunable band-edge emission."?
These advantages make PNCs the system of choice for classical
light emission devices, including light-emitting diodes,**
lasers,™® optical communication instruments,”® and
scintillators,”'° as well as promising light harvesters, such as

solar cells'™'? and photodetectors."*'* However, the structural
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particular, the highly dynamic interface between the PNC core
and surface ligands, which typically involves proton exchange
and association—-dissociation processes, has been the primary
challenge in obtaining sufficiently robust PNCs."

On the one hand, it has been observed that protonated
oleic acid (OA) and deprotonated oleyl amine (OAm) alone do
not interact effectively with the surface of the PNCs. However,
when the protonated N'H group interacts with lead species
(Pb-oleate, PbX,) through hydrogen bridging bonds, it reduces
their Coulomb force, ultimately resulting in the desorption of
the lead oleate Z-type ligands during colloidal purification or
storage."® These processes lead to rapid PL quenching, as well
as morphological degradation and coalescence of the colloids.
Therefore, various amine-free or ammonium-free methods
have been developed, involving use of glycyrrhizic acid,"> qua-
ternary ammonium salts,"®"” trioctylphosphine oxide,'®"°
alkylphosphonic acids,>**" trioctylphosphine,* and dodecyl-
benzene sulfonic acid,? to eliminate internal proton exchange
caused by Brensted acid-base equilibria, resulting in signifi-
cant improvements in colloidal purification and stability.
Additionally, use of ligands that comprise more than one func-
tional group have been demonstrated to be an effective strategy
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for improving the stability of PNCs by enhancing their adsorp-
tion capacity. Bakr et al. utilized a bidentate ligand (2,2"-imino-
dibenzoic acid (IDA)) to simultaneously passivate two surface-
exposed Pb atoms, resulting in a larger binding energy of 1.4
eV compared to that of the single carboxylic OA ligand with
1.14 eV. This allowed the IDA-treated CsPbI; PNCs to exhibit a
high PLQY of 95% and improved stability.>* Kovalenko et al.
used a zwitterionic soy lecithin as capping ligands to maintain
the structural integrity of CsPbBr; PNCs over a wide range of
concentrations.”> More recently, Snaith et al. employed multi-
dentate ligands, namely ethylenediaminetetraacetic acid
(EDTA) and reduced r-glutathione, to “clean” the lead atoms of
mixed-halide PNC surfaces, which suppressed the formation
of iodine Frenkel defects and inhibited halide segregation.?®
These results demonstrate the excellent potential of polyden-
tate ligands for improving the stability and optical properties
of PNCs. Interestingly, multidentate ligands with functional
groups spaced more than eight atoms apart have seldom been
reported for passivation of PNCs due to incomplete passivation
resulting from inappropriate bonding sites. Spatial matching
between the ligand functional group sites and PNC surfaces is
also a key parameter for the design of ligands, although it has
not been taken seriously so far, as more desirable binding
energy can be achieved by eliminating unnecessary energy loss
from molecular geometrical distortion.

In this study, we propose a novel approach to passivate the
surface of CsPbBr; PNCs using a stapled ligand, perfluoroglu-
taric acid (PFGA). The bidentate positions of PFGA are highly
matched to the cubic CsPbBrj; lattice parameter at an atomic
level, where Pb**-Pb®" interaction between neighboring
[PbBre],~ unit cells is stapled via a bidentate coordination
approach (see Scheme 1), allowing for precise passivation of
the PNC surface. Our first-principles density functional theory
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(DFT) calculations confirm that the surface of CsPbBr; PNCs
precisely double-chelated with PFGA possesses much stronger
bonding than that with single-chelated ligands or similar
double-chelated ligands, even with a difference of only one
atom. Moreover, CsPbBr; PNCs passivated with PFGA using
only a single ligand display a high PLQY of over 85% with out-
standing dispersion and stability in a variety of polar organic
solvents. The strong bonding energy and exposed hydrophilic
carboxyl interface of PFGA effectively passivate the CsPbBr;
PNC surface, making this an effective and promising approach
for improving the stability and optical properties of PNCs. Our
results suggest that the spatial matching between ligand func-
tional group sites and PNC surface is a critical parameter for
designing ligand molecules and should be taken into account
to achieve desirable binding energy while minimizing
unnecessary energy loss from molecular geometrical
distortion.

Results and discussion

In this study, we investigated the effectiveness of a proposed
stapled ligand for the synthesis of highly emissive CsPbBr;
PNCs. We synthesized CsPbBr; PNCs using a series of ligands
as capping agents, namely perfluoroglutaric acid (PFGA), per-
fluorovaleric acid (PFVA), perfluorosuccinic acid (PFSA), and
perfluoroadipic acid (PFAA), as shown in Fig. 1a. We found
that only PFGA was an appropriate ligand for the synthesis of
CsPbBr; PNCs, despite the similarity in molecular structures
of these ligands. We ruled out the possibility of partial PFGA
binding on the CsPbBr; surface through single chelating
coordination by comparing the PFGA and PFVA cases. To gain
further insights into the underlying mechanism, we calculated

Scheme 1 Schematic depiction of the PFGA stapled ligand on CsPbBr; PNCs in polar organic solvent.
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Fig. 1 (a) Structural formulas of PFVA, PFGA, PFSA, and PFAA. (b) Photograph of CsPbBr; PNCs using PFVA, PFGA, PFSA, and PFAA as ligands under
normal white light (above) and a 365 nm UV (below). (c) Size effects of CsPbBrs PNCs on the binding energy and space matching. (d) FTIR spectra
and their partial magnification in the COO™ region of Cs,PFGA and PFGA-CsPbBrz PNCs. (e) Atomic structure of an optimized CsPbBrz (001) surface
with the PFGA molecule. (f) The high-resolution O 1s spectra of Cs,PFGA and PFGA-CsPbBr3; PNCs.

the binding energy of each adsorbate by DFT methods (see
ESIt for computational details). During the calculation
process, we also considered PFSA and PFAA as having double
chelating coordination since their single chelating coordi-
nation is similar to that of PFVA. We found that PFGA was
anchored at two surface-adjacent Pb atoms on the optimized
CsPbBr; (001) surface with a larger binding energy (—5.19 eV)
than those of the PFSA/PFAA/PFVA cases (—4.83 €eV/-3.98
eV/—1.42 eV, respectively), indicating that the strongest stabi-
lity of the chelate bonds was that between Pb** and carboxyl
(COO™) of PFGA. This strong stability may be due to the mole-
cular size of PFGA being the most suitable, where the opti-
mized molecular radial length of PFGA (6.33 A) is well
matched with the edge length of the CsPbBr; cell (i.e., Pb-Br-
Pb, 6.02 A). In contrast, the radial length of PFSA or PFAA
(5.17 A or 7.75 A) appears to be too short or too long, respect-
ively (see Fig. 1c).

To gain a deeper understanding of how PFGA affects the NC
surface, Fourier-transform infrared (FTIR) spectra and X-ray
photoelectron spectroscopy (XPS) spectra were acquired for
Cs,PFGA and PFGA-CsPbBr; PNCs. As shown in Fig. 1d, the
absorption peaks of PFGA-CsPbBr; PNCs were similar to those
of Cs,PFGA, except for a strong band at the 3200-3600 cm™"
region corresponding to the coordinate bond of COO™ and
Pb>". This confirms the existence of chelating agents on the
PNC surface. These results were consistent with those of the
full-scan XPS spectrum, in which all the related ligand
elements can be observed above the detection limits (Fig. S17).

This journal is © the Partner Organisations 2023

Compared to Cs,PFGA, the antisymmetric stretching vibrations
V,5(COO™) and symmetric stretching vibrations v5(COO™) of the
PFGA-CsPbBr; PNCs were shifted from 1803 and 1691 cm™" to
1696 and 1656 cm™', respectively (Fig. 1d). The frequency
difference (Av = v, — v5) of PNCs reducing by 40 cm™" revealed
the chelating geometry of the dicarboxylic acid moiety under
their variation of bond order (Fig. 1e).”” Furthermore, the
high-resolution XPS spectrum showed that the O 1s signal of
PFGA-CsPbBr; PNCs shifted from 532.5 eV to 531.4 eV
(Fig. 1f). The large low-field offset indicates the stronger inter-
action between PFGA and CsPbBr; surface, as well as the elec-
tron-donating coordination from carboxyl.

The PFGA-CsPbBr; PNCs were synthesized using a modified
ligand-assisted precipitation method (see detailed methods in
the ESIf and related Fig. 2a).>® In this method, equimolar
amounts of cesium perfluoroglutarate (Cs,PFGA) and PbBr,
were dissolved in DMSO to prepare the precursor, which was
then injected into ethanol under magnetic stirring using a
water bath at 25 °C. Despite the shortage of bromine ions and
the use of a single acid as ligand, the PFGA-CsPbBr; PNCs
exhibited a relatively high QY of 86% (Fig. 2d). Previous
approaches that used only acid molecules as additives for
surface ligands resulted in enormous negatively charged
defects due to charge competition,"® leading to a low QY gen-
erated from the negative exciton trapping effect of the halogen
vacancy.”’

We believe that the relatively high QY of the resulting PNCs
can be attributed mainly to the precise passivation and little

Inorg. Chem. Front,, 2023, 10, 5303-5310 | 5305
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Fig. 2 (a) Schematic depiction of the ligand-assisted precipitation method of PFGA-CsPbBrs; PNCs. (b) In situ PL spectra during the precipitation
process. (c) TA spectra taken at several representative probe delays. (d) Absorption (purple area) and PL (green area) spectra of PFGA-CsPbBr3z PNCs.
Inset: photograph showing the PFGA-CsPbBr3; PNCs in ethanol solution under (left) normal white light and (right) 365 nm UV light. (e) XRD pattern;

(f) TEM image and (g) HR-TEM image of the PFGA-CsPbBrz PNCs.

steric repulsion in stapled PFGA, which can effectively remove
most of the lead atoms on the PNC surface. Furthermore, the
in situ PL spectrum shown in Fig. 2b demonstrates that the
PFGA-assisted precipitation process involves a rapid nucleation
and several minutes of slow growth due to the weak interfacial
tension between polar anti-solvent and ionic crystals, which
reduces the reactivity of crystal growth. In contrast, classic pre-
cipitation typically completes nucleation and growth within
several seconds.?® It is worth noting that the slow growth
process seems to promote the crystalline structural integrity
and optical performance of the PNCs, as a growth rate that is
too fast may not be able to compensate for all the missing
bromide ions in the [PbBrg]'~ octahedra.>® Therefore, the
different precipitation process may also be an important factor
influencing the optical performance of the PFGA-CsPbBr;
PNCs. We measured the ultrafast dynamics of PFGA-CsPbBr;
PNCs dispersed in ethanol using femtosecond transient
absorption (TA). Within the first 1 ps, the photon-induced
absorption (PIA) at 518 nm decayed immediately, and the
ground state bleaching (GSB) at 505 nm began to increase,
which was caused by the relaxation of hot carriers. The
absence of an obvious GSB signal in the low-energy region
indicates that the trap states are effectively passivated.*°
Transmission electron microscopy (TEM) images revealed
that PFGA-CsPbBr; PNCs tend to form loose and irregular clus-
ters (Fig. 2f) due to the lack of stereoscopic barrier on PFGA
ligands and the low surface energy of —-CF; and —CF,- groups
(16 and 18 mN M, respectively).>' The practical particle size

5306 | /inorg. Chem. Front,, 2023, 10, 5303-5310

distribution of the PNCs was around 120 nm, as measured by
dynamic light scattering (DLS) (Fig. S271), which is consistent
with the TEM image. The PFGA-CsPbBr; PNCs exhibited a
green PL peak at 500 nm with a full width at half-maximum of
22 nm (Fig. 2d). The obvious quantum confinement effect in
the PL peak suggests that the PNCs are individual aggregates
rather than being fused together. X-ray diffraction (XRD) pat-
terns of PFGA-CsPbBr; PNCs showed that their diffraction
peaks match well with the cubic phase of CsPbBr; (standard
card, ICSD#01-075-0412) (Fig. 2e). Moreover, the lattice
spacing of 4.2 A observed in the high-resolution TEM
(HR-TEM) image, corresponding to the (110) crystal plane of
the cubic CsPbBrj, further confirms the crystalline phase of
the CsPbBr; PNCs (Fig. 2g).

Theoretical calculations suggest that the ligands bind
tightly to the CsPbBr; PNCs, resulting in excellent stability and
dispersion in various polar solvents. The orientation forces
between the exposed hydrophilic carboxyl group and solvent
molecules contribute to the dispersity in polar solvents.
However, this dispersity comes at the cost of poor deposition
in non-polar solvents, as illustrated in Fig. S3.f To demon-
strate the stability of PFGA-CsPbBr; PNCs, we compared their
photoluminescence (PL) emission with that of OA/OAm-
capped CsPbBr; PNCs in ethanol over a period of two months.
While the PL intensity of OA/OAm-CsPbBr; PNCs rapidly
quenched within 5 min, PFGA-CsPbBr; PNCs showed no sig-
nificant difference in PL intensity even after 60 days (Fig. 3a).
This indicates a strong interaction between PFGA and the PNC

This journal is © the Partner Organisations 2023
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(a) Long-term stability of PFGA-CsPbBrs; PNCs. (b) Photograph under daylight and (c) corresponding normalized PL spectra of PFGA-CsPbBrz

PNCs after 1-5 washing cycles with ethanol. (d) Common application in chlorine ion detection. (e) Fluorescence spectra of PFGA-CsPbBrsz PNC solu-
tions with the addition of different concentrations of Cl™ from 0 to 330 mM. Inset in (e) shows corresponding fluorescence photographs under
365 nm UV excitation. (f) The working curve of the established sensing system. (g, h) The normalized PL; and UV absorption spectra of
PFGA-CsPbBr; PNCs reacting with river sand. (i) The normalized PL spectra of PFGA-CsPbBrs PNCs reacting with sea sand.

surface. Another important issue for practical applications is
the purification problem caused by the highly dynamic OA
and OAm, which easily escape from the surface of NCs. During
purification of OA/OAm-CsPbBr; PNCs in toluene, imperfect
passivation and particle aggregation caused the PL spectra to
gradually redshift and impure peaks to appear (Fig. S41). In
contrast, after violent washing of PFGA-CsPbBr; PNCs with
ethanol five times, there was no significant difference in
product color, colloidal dispersibility, or fluorescence emission
(Fig. 3b and c), which further demonstrates the strong adsorp-
tion capacity of PFGA and its outstanding stability, and the
fact that PFGA-CsPbBr; PNCs retain their excellent optical pro-
perties even after long-term storage and multiple washing.
Compared with the other ligands for the synthesis of CsPbX;
PNCs (especially for CsPbBr; PNCs) summarized in Table S2,}

This journal is © the Partner Organisations 2023

PFGA served as a powerful ligand for the synthesis of CsPbBr;
PNCs in polar solvents with high stability and PLQY, compared
with the other ligands.

The susceptibility of the intrinsic ionic structure of PNCs to
ionic attack and the tendency of ion migration to occur in a
polar environment make the polar stability and dispersion of
PFGA-CsPbBr; PNCs ideal for use as a fluorescent probe for
ion detection, especially for the chloride ion (CI7). CI” can
rapidly and selectively react with the CsPbBr; PNCs by halogen
exchange due to the low vacancy diffusion activation energy of
halides (CsPbBr; and CsPbCl; have activation energies of 0.25
eV and 0.29 eV, respectively).>> The detection of CI~ is of great
significance in practical applications due to its important
industrial uses and physiological functions, as highlighted in
previous studies (Fig. 3d).**° Here, we showcase two

Inorg. Chem. Front., 2023, 10, 5303-5310 | 5307
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common instances of homogeneous and heterogeneous CI~
detection using a PFGA-CsPbBr; PNC ethanol solution.

To detect Cl™ in aqueous solutions, such as urine samples,
homogeneous detection can be used. To optimize the system
stability and reaction time, several key parameters were
adjusted, as shown in Fig. S5 and S6.f The relationship
between the PL wavelength and the concentration of Cl~ was
then examined, as shown in Fig. 3e. The wavelength shift A1
(where A4 =1y — 4, and 4, and 4 represent the PL wavelength of
PNCs before and after the addition of Cl7) displayed a good
linear relationship with Cl~ concentration ranging from
0-300 mM (Fig. 3f). The XRD pattern in Fig. S7t shows the
structure of PFGA-CsPbBr; PNCs after addition of ClI™ and has
been investigated, and the relative XRD pattern is shown sub-
sequently. We could find that as Cl™ increased, the character-
istic peaks of the products still retain the cubic CsPbBr; phase
with a small amount of CsPb,Brs phase, and all the peaks
shifted to higher angles, which might be ascribed to the cell
being shrunk upon incorporation of Cl~, which is consistent
with the results reported in previous work.”> Besides, the PL
lifetime changes of CsPbBr; PNCs after halide exchange have
been investigated (Fig. S8f). Results showed that contrary to
previously reported results, the fluorescence lifetime increased
with increasing chloride ion concentration, since the pro-
portion of 13 increased with increasing Cl~ concentration,
indicating a nonradiative recombination process (such as
surface traps or/and bulk defect-related traps)."> The prepared
system demonstrated good selectivity and anti-interference
ability, as shown in Fig. S9.7 Direct detection was carried out
on urine samples obtained from three healthy volunteers
without any pretreatment. The results showed relative standard
deviations (RSD) ranging from 1.8% to 2.3% and recovery rates
in the range of 94%-106% (Table S3f), indicating the
reliability and reproducibility of the detection results. The
comparison of chloride sensing in different solvents has been
summarized in Table S4.1 The results show that the ligand in
CsPbBr; PNCs plays a decisive role in the detection of chloride
ions, and when polar-stabilized CsPbBr; PNCs are used, chlor-
ide ions can be detected by homogeneous determination, and
in contrast, when non-polar-stabilized CsPbBr; PNCs are used,
chloride ions can only be detected by non-homogeneous deter-
mination, and the diffusion of chloride ions needs to be accel-
erated through magnetic stirring,>® which makes the steps
relatively cumbersome.

The ability of PFGA-CsPbBr; PNCs to qualitatively detect
Cl™ in solids, such as in river/sea sand, is of great importance
in the construction industry. This is because the use of sea
sand in construction can lead to the formation of soluble
metal ions due to the enrichment of Cl~, which can cause cor-
rosion of stainless steel and ultimately affect the lifespan of
the building. The traditional method for detecting CI™ in
solids using silver ions is expensive and time-consuming, but
PFGA-CsPbBr; PNCs provide a simple, efficient, and visualized
identification platform. When river/sea sand is introduced
into an ethanol solution of PFGA-CsPbBr; PNCs, the system
shows no response to river sand (Fig. 3g and h), but sea sand

5308 | /norg. Chem. Front, 2023, 10, 5303-5310
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causes a pronounced color change and a wide wavelength
blue-shift within minutes (Fig. 3i and Fig. S61), demonstrating
the potential of this system for practical applications.

Conclusions

In summary, we have successfully passivated the surface of
CsPbBr; PNCs through atomic-scale double chelating coordi-
nation with Pb>" between neighbouring [PbBre],” unit cells
using the stapled ligand PFGA. This has resulted in precise
passivation of the CsPbBr; PNC surface and strong bonding
energy. Both theoretical and experimental results have con-
firmed the size matching and double-chelated mechanism of
PFGA, which has enabled excellent optical performance of the
PFGA-CsPbBr; PNCs under a single acid as ligand. Specifically,
we have demonstrated the ability of PFGA-CsPbBr; PNCs to
serve as robust fluorescent probes for real-time and on-site
detection of ClI”. In addition, we have shown that homo-
geneous detection of chlorine in urine can be achieved using
an ethanol solution of PFGA-CsPbBr; PNCs, with reliable and
reproducible results. Furthermore, we have demonstrated that
this solution can also rapidly identify river/sea sand hetero-
geneously within several minutes. Our work sheds light on the
spatial correlation between the crystal plane of PNCs and the
binding site of a polydentate ligand, and has broadened the
sensing field of PNCs in polar media.
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