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ABSTRACT: We devised a colloidal approach for the synthesis
of CsPbBr; nanocrystals (NCs) in which the only ligands
employed are alkyl phosphonic acids. Compared to more
traditional syntheses of CsPbBr; NCs, the present scheme
delivers NCs with the following distinctive features: (i) The
NCs do not have cubic but truncated octahedron shape
enclosed by Pb-terminated facets. This is a consequence of the
strong binding affinity of the phosphonate groups toward Pb**
ions. (ii) The NCs have near unity photoluminescence
quantum yields (PLQYs), with no need of postsynthesis
treatments, indicating that alkyl phosphonic acids are effectively
preventing the formation of surface traps. (iii) Unlike NCs
coated with alkylammonium or carboxylate ligands, the PLQY
of phosphonate coated NCs remains constant upon dilution, suggesting that the ligands are tightly bound to the surface.
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B INTRODUCTION anions and are not subjected to the loss (or gain) of protons.'”
Also, recently Yang et al. demonstrated that sulfonic acids, if
employed as the only ligands in the colloidal synthesis of
CsPbBr;, lead to stable NCs, which are resistant to both
washing procedures with polar solvents and long-term storage
under air."®

Similarly to sulfonic acids, alkyl phosphonic acids (PAs)
should be ideal ligands for the synthesis of LHP NCs, thanks to
their strong affinity toward Pb*" ions.'” Indeed, it has already

cence (PL) quantum yield (QY).* ! Such features stem from been observed that the addition of PAs (either as ancillary
the presence of labile ligands such as oleylammonium—halide ligands in the synthesis or during postsynthesis treatments) led
or Cs—oleate species on the surface of LHP NCs."'~"* These to LHP NCs with good PLQY and improved resistance against
heating and exposure to air."***~>? Still, a clear understanding

of the role of phosphonic acids/phosphonates in the synthesis

In recent years, lead halide perovskite (LHP) nanocrystals
(NCs) have attracted increasing attention due to their
excellent optoelectronic properties, which make them partic-
ularly interesting for bioimaging,' liquid crystal displays,” light
emitting diodes (LEDs),”* and solar concentrators.”~’ The
initial syntheses of LHP were characterized by the combined
use of oleic acid and oleylamine, and the corresponding NCs
exhibited poor colloidal stability and limited photolumines-

ligands can easily dissolve in neutral solvents because the
alkylammonium (oleate) ions can easily lose (gain) a proton in

favor of their counterion becoming electrically neutral. To of perovskite NCs and in their structural and optical properties
improve the stability of perovskite NCs and to achieve a better has not been attained so far. This is mostly due to the fact that
surface passivation, different types of ligands have been PAs have been always employed together with additional
employed in either postsynthesis ligand exchange procedures ligands, such as alkylamines,* oleic acid,"* or trioctylphos-
(including the use of softer Lewis acids'* and quaternary phine oxide (TOPO),”**"*" therefore generating complex
ammonium salts'”'>'®) or directly during the synthesis of ligand—ligand and ligand—NC interactions.

17,18

perovskite NCs. As a notable example, Krieg et al.
prepared CsPbX; NCs with high stability and high PLQY by Received: August 29, 2019
replacing oleylamine and oleic acid with zwitterionic Revised:  October 12, 2019
molecules, which can coordinate to both surface cations and Published: October 14, 2019
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In this work, we decided to close this knowledge gap by
developing a colloidal approach for the synthesis of CsPbBr;
NCs that employs PAs as the only ligand (see Scheme 1). The

Scheme 1. Colloidal Synthesis of CsPbBr; NCs Employing
Alkylphosphonic Acids
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Near unity PLQY

resulting NCs were characterized by a near unity PLQY and
almost single exponential PL decay. NMR studies revealed that
the surface of the NCs is passivated mainly by phosphonic acid
anhydrides and hydrogen phosphonates, where each phospho-
nate group anchors the NC surface with one oxygen atom, thus
bearing a formal —1 charge (see Scheme 1). In addition, the
NCs did not exhibit the typical cubic shape of perovskite NCs
which are enclosed by (001), (110), and (110) facets of the
orthorhombic phase. Note that in the cubic representation,
also widely employed as more intuitive, the above facets
correspond to (001), (100), and (010), respectively. To avoid
confusion, in the following we will always employ the cubic
nomenclature for the facets. In the truncated octahedron
morphology stabilized with alkylphosphonates new facets are
exposed, such as (110) and (111). Density functional theory
(DFT) calculations indicate that the phosphonate ligands can
efficiently prevent the formation of surface trap states by
effectively covering the surface of CsPbBr; NCs (explaining
the high PLQY) and are equally stabilizing the (001) and
(110) facets, thus rationalizing the truncated octahedron

shape.
B EXPERIMENTAL SECTION

Chemicals. Cesium carbonate (Cs,COs3, reagent Plus, 99%), lead
acetate trihydrate (Pb(CH;C0O0),:3H,0, 99.99%), benzoyl bromide
(C¢HsCOBr, 97%), toluene (anhydrous, 99.5%), and octadecene
(ODE, technical grade, 90%) were purchased from Sigma-Aldrich.
Methylphosphonic acid (MPA), hexylphosphonic acid (HPA),
octylphosphonic acid (OPA), tetradecylphosphonic acid (TDPA),
and octyldecylphosphonic acid (ODPA) were purchased from PCI
synthesis. All chemicals were used without further purification.

Synthesis of CsPbBr; NCs. A total of 76 mg (0.2 mmol) of
lead(II) acetate trihydrate, 16 mg (0.1 mmol) of cesium carbonate,
0.6 mmol of phosphonic acid, and 10 mL of 1-octadecene were mixed
in a 25 mL 3-neck flask. The reaction mixture was degassed for 1 h at
110 °C, and then the temperature was raised to 220 °C under a N,
flux to achieve a full dissolution of the precursors. Subsequently, this
(precursor) solution was cooled down to 105 °C and degassed at that
temperature for one additional hour. A total of 50 uL of benzoyl
bromide diluted in 500 uL of degassed ODE was then injected into
the mixture at 160 °C. Immediately after the injection, the reaction
was quenched by immersing the flask in an ice—water bath. It is
important to specify that if the reaction was allowed to proceed for
longer times, partial precipitation of the product occurred already
after 30 s. Ethyl acetate, at a volume ratio of 3.5:1 with crude NCs
solution, was used to wash the samples. After centrifuging at 6000
rpm for 10 min, the supernatant was discarded, and the NCs were
dispersed in toluene (1 mL). The NCs were washed a second time by
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adding 3.5 mL of ethyl acetate followed by centrifugation at 6000 rpm
for 10 min. Eventually, the precipitated NCs were redispersed in
toluene and kept in a N, filled glovebox for further characterizations.

Optical Characterizations. The UV—visible absorption spectra
were recorded using a Varian Cary 300 UV-—vis absorption
spectrophotometer. The PL spectra were measured on a Varian
Cary Eclipse spectrophotometer using an excitation wavelength (1)
of 350 nm. Samples were prepared by diluting NC solutions in
toluene, in quartz cuvettes with a path length of 1 cm. Photo-
luminescence decays of dilute NC solutions (OD,oq ym = 0.15) were
measured by time-correlated single-photon counting on a Edinburgh
Instruments FLS920 spectrofluorometer equipped with a 405 nm
laser diode (SO ps pulses) used to excite the NCs. The photo-
luminescence quantum yields of dilute NC solutions (OD,gg nm = 0.3
+ 0.1) were measured using an integrating sphere, exciting the
samples with a 400 nm continuous wave laser diode, and the emitted
light was collected with a TM-C10083CA Hamamatsu Mini-
Spectrometer.

Transmission Electron Microscopy (TEM). A JEOL JEM-1011
microscope at an accelerating voltage of 100 kV was used to acquire
bright field TEM images. The samples were prepared by dropping
diluted nanocrystal solution on carbon-coated 200 mesh copper grids.
High-resolution TEM (HRTEM) imaging, high-angle annular dark
field (HAADF) scanning TEM (STEM) imaging, and energy-
dispersive X-ray spectroscopy (EDS) analyses were carried out on a
JEOL JEM-2200FS microscope equipped with a Schottky emitter
working at an accelerating voltage of 200 kV, a CEOS spherical
aberration corrector for the objective lens, and a Bruker Quantax 400
system with a 60 mm? XFlash 5060 silicon drift detector (SDD). For
HRTEM analyses, the same diluted NCs were drop-cast onto
ultrathin carbon/holey carbon-coated 400 mesh copper grids. The
EDS spectra were quantified using the Cliff-Lorimer method for Cs
La, Pb La, Br Ka, and P peaks, and the reported STEM-EDS maps
were obtained by integrating the intensities over the same peaks.

Dynamic Light Scattering (DLS) Measurements. The
solvodynamic diameter of the NCs was determined by a Malvern
Zetasizer (Nano Series, Nano ZS) instrument. For each sample, three
measurements were taken with 10—20 acquisitions.

X-ray Diffraction (XRD). XRD measurements were performed on
a PANalytical Empyrean X-ray diffractometer, with a 1.8 kW Cu Ka
ceramic X-ray tube and PIXcel3D 2 X 2 area detector, operating at 45
kV and 40 mA. The samples were prepared by drop-casting onto a
zero diffraction silicon substrate.

X-ray Photoelectron Spectroscopy (XPS). This was performed
on a Kratos Axis UltraDLD spectrometer, equipped with a
monochromatic Al Ka source, which was operated at 20 mA and
15 kV. Concentrated solutions of NCs were drop-cast onto freshly
cleaved highly oriented pyrolytic graphite substrates. Survey scans
were carried out using an analysis area of 300 X 700 ym and a pass
energy of 160 eV. High resolution scans were performed on the same
analysis area, but with a pass energy of 10 eV. The Kratos charge
neutralizer system was used on all specimens. Spectra were charge
corrected to the main line of the carbon 1s spectrum (adventitious
carbon) set to 284.8 eV. Spectra were analyzed using CasaXPS
software (version 2.3.17).

Nuclear Magnetic Resonance (NMR). NMR spectra were
acquired on a Bruker Avance III 400 MHz spectrometer, equipped
with a Broad Band Inverse probe (BBI). 3'P spectra were performed
at 300 K, in chloroform-d, by using an inverse gated 'H decoupled *'P
NMR sequence (Bruker library). The main acquisition parameters
employed were: 64—2048 transients (depending on sample
concentration), 64K data points, 4 steady scans, and an interpulses
delay of 2 s, over a spectral width of 200.45 ppm (offset at 0.00 ppm),
at a fixed receiver gain (2050). NMR experiments at different
temperatures (from 300 to 323 K) were performed in toluene-dg. At
each desired temperature, the samples were allowed to equilibrate
inside the probe for at least S min before acquiring the spectra,
keeping the acquisition parameters fixed. All the NMR chemical shifts
were referenced to a TEP (triethyl phosphate) 10 mM solution in
CDCl,, setting at 0.0 ppm its >'P signal.
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Table 1. PAs Employed in the Synthesis of CsPbBr; NCs and the Corresponding Relevant Properties

PAs employed (ratio) colloidal stability size (nm) PL peak (nm) fwhm (meV) PLQY (%) 7, (ns) 7, (%)
TDPA yes 71+ 14 498 125 95.3 4.3 99.1
MPA-ODPA (1:3) yes 16.7 + 1.6 518 83 724 244 57.1
HPA-ODPA (1:3) yes 94 + L1 508 116 92.9 41 99.7
TDPA-ODPA (3:1) yes 74 £ 1.0 499 123 96.8 4.4 98.1
OPA no >200 522 87 - -
ODPA no 85+ 1.0 511 94 -
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Figure 1. TEM images of CsPbBr; NCs prepared by using different combinations of PAs: (a) TDPA-ODPA (ratio 3:1), (b) MPA-ODPA (ratio
1:3), (c) HPA-ODPA (ratio 1:3), and (d) TDPA only. The scale bars are 50 nm. (e) Solvodynamic radius of the PA capped NC measured by DLS.
(f) XRD pattern and (g) optical absorbance and PL emission of a representative CsPbBry NC sample synthesized using TDPA-ODPA (ratio 3:1).
In (f) the bulk reflections of CsPbBry (ICSD number 98751) are represented by means of black bars.

DFT Calculations. We have carried out atomistic simulations at employing either PAs having different alkyl chain lengths or
the ;leflSitYﬁlfun_Cﬁorl‘gSl thgor}’dle‘{fll usli)ng' the PIBE e"ICh?“Se_ combinations of PAs (see Table 1). Our results indicated that
correlation functional™ and a double-{ basis set plus polarization the use of either a short-chain PA, such as octylphosphonic

functions®®”” on all atoms as implemented in the CP2K S.1. All ) .
structures have been optimized in vacuum. Scalar relativistic effects acid (OPA, C8), or a long-chain PA, such as octadecyl

were incorporated as effective core potential functions in the basis set. phosphonic acid (ODPA, C18), did not yield colloidally stable
Spin—orbit coupling effects were not included, but their impact on the CsPbBr; NCs (see Figure S1 of the Supporting Information
relaxed structural properties was demonstrated to be negligible for (SI) and Table 1). These findings are different from those that

similar systems. More details on how the models were built can be

found in. the main text and in refs 16 and 28. have been recently reported by Tan et al, who could prepare

stable LHP NCs in the presence of OPA, Cs—oleate, and
. . . 20 .
B RESULTS AND DISCUSSION trioctylphosphine oxide (TOPO).”” The comparison suggests
) o that the NCs prepared by Tan et al., unlike ours, were not
Synthe5|s and Structural Characterization. .The syn- capped exclusively by OPA. On the other hand, we could
the51§ (ff phosphonat.e capped CsPbBry NCs was carried out by prepare colloidally stable NC dispersions either by using PAs
mod1f);1ng the ‘c01101dal approa}ch recently reported by our with intermediate alkyl chain lengths, such as tetradecyl
group, in which benzoyl halides are employed as halide phosphonic acid (TDPA, C14), or a combination of two PAs
precursors. In detail, metal cation precursors (Cs,CO; and (see Table 1 and Figure 1), in which one of the two
Pb(ac),) were dissolved in 1-octadecene together with the components is ODPA. TEM and DLS analyses revealed that

desired alkyl phosphonic acids at 220 °C, and subsequently, i ) : .
the nucleation and growth of the NCs was triggered by the by changing the chain length of the PAs it was possible to tune
the size of CsPbBr; NCs from ~7 to ~17 nm (Figure la—e)

swift injection of benzoyl bromide at 160 °C (see the

Experiment Section for details). It is important to highlight with no presence of aggregates. All the NC samples had an
that the “pre-heating step” at 220 °C was necessary to obtain a orthorhombic CsPbBr; perovskite structure (ICSD: 98751)
complete solubilization of the precursors, which resulted in and did not contain any secondary phases as evinced by our

fully transparent solutions. Various samples were prepared by XRD analysis (Figure 1f and Figure S2).
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The PL of PA-capped NCs was found at 498—518 nm with
full widths at half-maximum (fwhm) in the range of 83—125
meV (Figure 1g, Figure S2, and Table 1). Interestingly, most of
the NC products were characterized by high PLQYs, with
values approaching unity for TDPA and TDPA-ODPA capped
samples. The samples with PLQYs > 90% exhibited nearly
monoexponential PL decays (>98% amplitude weight) with
lifetimes of ~4 ns (Table 1, Table S1 and Figure S3),
indicating that phosphonate ligands can effectively suppress
nonradiative recombination pathways at the surface of
CsPbBr; NCs.

The TEM images of our samples showed that PA capped
NCs had an uncommon truncated octahedron shape (Figures
1 and 2), which has never been previously observed when
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Figure 2. HRTEM images of CsPbBr; NCs oriented in different zone
axes: (a) [110], (b) [111], and (c) [001]. The scale bars are 2 nm.
The corresponding (d—f) atomic models built using VESTA®
(containing Cs (cyan) and Pb (gray) and Br (brown) atoms) and
(g—i) polyhedron models with colored facets.

employing alkyl amines or carboxylic acids in “traditional”
colloidal synthesis methods (i.e., ligand assisted reprecipitation
and hot-injection routes).”*~''*1"212%39 15 some cases, our
NCs tended to form hexagonal self-assembly patterns on the
TEM grids (Figure 1a,d and Figure S4). To further investigate
the NCs’ morphology and faceting we employed a high-
resolution (HR) TEM analysis. Here the analysis corresponds
to large NCs, i.e,, those prepared using a combination of HPA
and ODPA (Figure lc), whereas smaller NCs tended to
degrade quickly under the electron beam during image
acquisition (Figure SS). Figure 2a—c reports representative
HRTEM images of NCs under commonly observed
orientations, with [110], [111], and [001] zone axes,
respectively (see also Figure S6 of the Supporting Informa-
tion). The corresponding atomic models are shown in Figure
2d—f. In addition to the three equivalent (010), (100), and
(001) facets, the NCs also exposed several new types of facets,
namely, (110) and (111) ones (Figure 2g—i and Figure S7). As
mentioned earlier, the faceting of our NC samples is different
from that of NCs synthesized by conventional routes, which
are known to be enclosed by the equivalent (100), (010), and
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(001) facets of the cubic phase (ICSD: 98751).*" We ascribe
this unusual faceting to the role that PAs played in passivating
the surface of NCs during their growth, as discussed in the
DFT section below.

Surface Characterization. To investigate the surface of
our NCs, we decided to work on the simplest colloidally stable
system we produced, that is, TDPA-capped CsPbBr; NCs. We
initially performed XPS, FTIR, and STEM-EDS analyses which
indicated the presence of TDPA at the surface of our
perovskite NCs: according to STEM-EDS elemental maps,
phosphorus was homogeneously distributed over the whole
NCs (Figure S8); FTIR spectra suggested the presence of
bound TDPA molecules chelating the surface metal cations
(Figure $9);°>** and the XPS analysis revealed a Cs/Pb/Br/P
molar ratio of 1/1.06/2.19/0.77, which suggested, following
the requirements of charge balance, that alkylphosphonates
replaced most of Br™ anions on the surface of the NCs, bearing
the same formal charge of —1.

To better elucidate the surface chemistry of our NC
products and, in particular, the binding motifs of PAs, we also
performed an in depth *'P NMR analysis.”>*° The NMR
spectrum of TDPA-capped CsPbBr; NCs evidenced multiple
broad *'P peaks in the range of 15—30 ppm (Figure 3a). If

d
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Figure 3. *'P{'H decoupled} NMR spectra in CDCl, of (a) TDPA
capped CsPbBry NCs, (b) reference “free” TDPA, (c) TDPA after the
reaction with chlorotrimethylsilane (TMS-Cl), and (d) TDPA capped
CsPbBr; NCs after the reaction with TMS-CL

compared to the sharp *'P singlet of the “free” TDPA (1)
NMR spectrum (Figure 3b), the broad peaks characterizing
the PA capped LHP NCs indicated a reduced diffusion in
solution and a longer correlation time (z.), characteristic of
TDPA species bound to the surface of the NCs. Also, the
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presence of multiple signals su%gested that TDPA adopted
different surface-binding motifs.”

To better elucidate the way TDPA molecules were anchored
on the surface of perovskite NCs, we performed control
reactions in which chlorotrimethylsilane (TMS-Cl) was
reacted with TDPA molecules (Figure 3c) and with the NCs
themselves (Figure 3d). This reaction has been previously
employed to reveal the binding motifs of alkylphosphonate
species on the surface of classical colloidal quantum dots, such
as CdSe and PbSe NCs.'”**>*® That is because TMS-halides
and -chalcogenides (i.e., TMS-Se or -S) are able to react with
alkylphosphonate species, which are passivating the surface of
NCs, forming the corresponding TMS-substituted counter-
parts (in which TMS groups replace the acid protons of PAs,
see Figure 3d and Scheme 2) and precipitating the NCs. The

Scheme 2. Cleavage of the Alkylphosphonate Ligands
Bound to the Surface of CsPbBr; NCs by TMS-CI
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specific species formed upon this reaction, which can be readily
detected by *'P NMR analysis, are directly related to the alkyl
phosphonate species present on the surface of the NCs
(Scheme 2).

Upon reaction of TDPA with TMS-CI we observed two
individual *P NMR peaks which could be assigned to (2)
mono- and (3) di-TMS substituted TDPA species (see Figure
2¢). Namely, these are TMS hydrogen tetradecylphosphonic
acid (2) and O,0’-bis(TMS)tetradecylphosphonic acid (3),
which are the only expected groducts of this reaction, as also
pointed out by Owen et al.”> On the other hand, after the
reaction of TMS-Cl with our perovskite NCs, we observed the
formation of three P NMR sharp peaks (Figure 3d). In
analogy to what was reported by Owen et al., one pair of sharp
peaks (13.83 and 14.43 ppm) with similar intensities could be
assigned to one pair of isomers of O,0’-bis(trimethylsilyl)-
tetradecylphosphonic acid anhydride (4, S, see Scheme 2 and
Figure 3d).*® The third peak, at 33.10 ppm, was assigned to
(2) despite being downfield shifted with respect to what was
measured when reacting TMS-Cl with TDPA only (Figure
3c,d). We attributed this shift to a matrix effect, due to the
presence of a large excess of TMS-CI, which acts as a Lewis
acid, employed in the reaction with NCs (Figure S10). A
similar shift has been also observed in our recent work, where
the *'P NMR signal of trioctylphosphine oxide (TOPO) was
observed to shift toward higher ppm when exposed to an
excess of a Lewis acid (namely, PbBr, or oleic acid)>' The
broad shoulder signal around 15 ppm (Figure 3d) was
tentatively assigned to polyphosphonic anhydrides that may
have formed by condensation of phosphonic acids during the
synthesis (macromolecules return broad NMR peaks).

Overall, the *'P NMR experiments indicated that TDPA-
capped CsPbB; NCs were passivated mainly by phosphonic
acid anhydride and hydrogen phosphonate, in which each
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alkylphosponate anchoring group carries a formal —1 charge, in
agreement with what emerged from the XPS characterization.
We thus attributed the two main broad peaks at 24.84 and
26.12 ppm, that characterize the *'P NMR spectrum of NCs,
to these two species, while the weak signal at 19.69 ppm was
tentatively assigned to a small amount of polymerized TDPA,
bound to the surface of the NCs (Figure 3a).

DFT Results. To reveal how the PA ligands are able to
provide an efficient passivation of CsPbBr; NCs and, at the
same time, to induce a truncated octahedron shape, we
performed DFT calculations. The CsPbBr; NCs were modeled
as having a 2.5 nm-sided cubic shape presenting two equivalent
(001) and four equivalent (110) facets in the cubic
representation (Figure S11). This model is slightly different
from the observed truncated octahedron shape, but it is
computationally more affordable and includes the same facets
relevant for our analysis. The (110) facet is terminated by both
Cs and Pb ions lying on the same plane, while the (001) type
can be either Cs- or Pb-rich terminated. In our calculations we
employed a simplified version of the PA ligands by replacing
TDPA with shorter alkylic chain ligands, like butyl
phosphonate. In these simulations we considered the presence
of both hydrogen phosphonate (HPA)~ and phosphonic acid
anhydride (anhy)®”, which carries two anchoring groups, as
emerged from the NMR analysis, and, although not
experimentally detected, also phosphonate (PA)>~ ligands.
The binding affinity (BDE) of the ligands to the NC surface
was computed as

BDE = E[NC] — (E[NC(o0)] + E[BX,]) (1)

where NC is the core with one facet capped with ligands,
NC(o) is the NC with a BX, vacancy, and BX, is the
dissociated ligand. Here B can be either Cs* or Pb**, and X is
the alkylphosphonate counterion. The calculated values of
BDE per ligand are reported in Table 2, while the
corresponding binding sites are depicted in Figure S11.

Table 2. Computed Values of BDE between Several Types
of Metal (Pb or Cs) Phosphonate Groups and the NC
Surface”

Pb-rich (001) Cs-rich (001) (110)
Pb(HPA), (no H-bonded) 522 // 44.4
Pb(HPA), (H-bonded) 532 // 55.1
Cs(HPA) // 48.5 544
Pb(PA) 47.9 // 47.5
Pb(anhy) 68.5 // 65.4

“Energies are in kcal/mol.

What emerged from our calculations is that the passivation
of a Pb-rich (001) surface with either Pb(HPA), or Pb(anhy)
moieties is energetically more favorable than passivating a Cs-
rich (001) surface with Cs(HPA). This indicates that Pb-rich
surfaces are more likely to be stabilized. In addition, both
Pb(HPA), and Pb(anhy) have similar binding affinities for the
(001) and (110) facets, suggesting that the growth rate along
these two axes should be equal, explaining the experimental
observation of the formation of truncated octahedra. It is
interesting to note that the two phosphonate anchoring groups
of a single anhydride molecule are expected to occupy two
adjacent anion sites at the NC surface. It is apparent from our
calculations that this configuration is allowed on both Pb-
terminated (001) facets and (110) facets, but less on the Cs-
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terminated (001) facets, since on the latter facets the anion
sites are too far apart. The formation of truncated octahedra
NCs could then be explained considering the presence of
Pb(anhy) species which form during the preparation of the
precursors and before the hot injection.

The binding of the Pb(HPA), on both the (001) and the
(110) facets should be further stabilized by the presence of
hydrogen bonds between the phosphonate units (see Table 2,
first two rows, and Figure S12). The presence of a network of
hydrogen bonds, which does not form at the high temperatures
used during the synthesis, but most likely after the growth of
the NCs, may increase the ligand binding affinity and can
explain the evidence (see below and also Table 2) that the
ligands are not detached from the surface of our NC even
when the NCs are suspended in solvents at high dilutions.

To demonstrate the tolerance of our NCs to the formation
of defect states, we have computed the electronic structure of a
fully passivated NC with a truncated octahedron shape,
exposing all facets as in the experiments (Figure 4a). To

-4 -3
Energy (eV)

Figure 4. (a) Relaxed CsPbBry; NC model of the 3.0 nm diameter
computed at the DFT/PBE level of theory. Here the phosphonate
ligands have been excluded only for pictorial reasons. (b) Same NC
model as (a) where also the methylphosphonate (MPA) ligands have
been visually included. (c) (top) Projected density of states (PDOS)
on each atom and ligand type of the NC model: Cs, orange; Pb, black;
Br, turquoise; methylphosphonate, red. A delocalized and free of traps
molecular orbital plot of the HOMO state is also shown: (bottom)
percentage contribution of each atom or ligand type to each
computed molecular orbital.

simplify the model, we have employed only hydrogen
phosphonates (i.e., HPA species). Here, we chose the number
of phosphonates based on the Cs/Pb/Br/P atomic proportions
of 1/1.06/2.19/0.77 found in the XPS elemental analysis. In
our model we have the ratio 1/1.12/2.14/1.09. In Figure 4a we
show the NC core after relaxing the full structure, whereas in
Figure 4b we present the full structure including the
phosphonate ligands. In this case, for computational efficiency,
we use methylphosphonate (MPA) ligands. What we can
observe is that the electronic structure and the geometry of the
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NC remains substantially intact, even after reconstructing the
surface. In Figure 4c we show the electronic structure of this
system. Here the VB edge, which is more sensitive to the
formation of localized trap states, is fully delocalized (see also
Figure S13). Unlike the Cs—oleate case,”’ we observed that an
excess of phosphonate ligands introduced subvalence and,
thus, shallow, localized states, which do not affect the emission
efficiency of these NCs.

Stability Test. In order to assess the colloidal stability of
our NC systems we first investigated the PL emission of both
“standard” oleylammonium-Br passivated NCs, prepared
following the synthesis procedure reported by Protesescu et
al,® and TDPA-ODPA capped CsPbBry NCs as a function of
their concentration in toluene (Figure Sab). This test, as
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Figure 5. Normalized PL emission intensity as a function of the NC
concentration in toluene for (a) TDPA-ODPA and (b) “standard”
oleylammonium—Br capped NC samples. P NMR spectra in
toluene-dg of TDPA capped CsPbBr; NCs (c) heated up to 323 K
and subsequently (d) cooled down to 300 K (room temperature).

already reported in detail by Nenon et al.,, can be used to assess
if surface ligands are either strongly or weakly bound to the
surface CsPbBr; NCs.'* Weakly bound ligands, such as
oleylammonium—halide ligand pairs, desorb from the surface
of the NCs upon dilution, leaving behind halide vacancies, and,
therefore, lowering the final radiative recombination.’* Our
measurements, reported in Figure Sa—b, indicated that (i) at
high NC concentrations (100—10 nM), the PL emission of
both samples increased in intensity by dilution, most likely due
to self-absorption phenomena; (ii) at low NC concentrations
(10—1 nM), the PL intensity of standard NCs was observed to
decrease by dilution, while that of TDPA-ODPA capped
CsPbBr; NCs remained constant (with PLQY values being
around unity). These results confirmed on the one hand the
weak binding of oleylammonium—Br~ ligand pairs'* and on
the other hand that alkyl phosphonates li%ands were strongly
bound to the surface of CsPbBry NCs.**

In order to assess the thermal stability of our PA capped
NCs, we performed a control experiment in which TDPA
capped CsPbBr; NCs, dispersed in toluene-dg, were heated up
to 323 K and then cooled down to 300 K (room temperature)
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while measuring the corresponding *'P NMR spectrum.'’
Upon heating, the broad *'P signals characterizing TDPA
capped NCs (Figure 3a) evolved into a single sharper peak at
about 26 ppm (Figure Sc). Furthermore, when cooling the
solution back to 300 K the peak at 26 ppm became sharper and
a second sharp peak appeared at 37 ppm, which could be
assigned to free TDPA (Figure Sd). These results suggested
that the heating step led to the irreversible detachment of
metal phosphonate ligands from the surface of NCs. This was
also supported by the observation that part of the NCs
precipitated at the bottom of the NMR tube at the end of the
thermal stability test. The presence of free TDPA was
tentatively ascribed to the fact that NMR tubes used for this
analysis were not hermetically closed and external moisture
might have reacted with metal phosphonates to form the
corresponding phosphonic acid. Overall our stability tests
evidenced that alkylphosphonates are strongly bound to the
surface of CsPbBr; NCs providing a high colloidal stability, but
at the same time they have a low thermal stability. Such a low
thermal stability is most likely a consequence of the marked
ionic character of the NCs: ligands that are strongly bound to
the surface of these ionic NCs (as in the present case) can
effectively detach surface atoms upon heating.

B CONCLUSIONS

We have developed a colloidal route to produce CsPbBr; NCs
by employing alkyl phosphonic acids as the only surfactants.
The resulting NCs exhibited an uncommon truncated
octahedron shape with new facets exposed. These NCs were
characterized by near unity PLQY with nearly monoexponen-
tial PL decays. Our NMR analysis revealed the presence of
both phosphonic acid anhydride and hydrogen phosphonate
species passivating the NCs surface. These ligands were found
to provide a high colloidal stability but a low thermal stability
(with metal phosphonate species leaving the NC surface upon
heating). DFT calculations corroborated the experimental data
by demonstrating the high affinity of phosphonate ligands to
the NC surface and by showing a similar stabilization energy of
the (001) and (110) facets, explaining the formation of a
truncated octahedron shape.

Our results, thus, further enrich the knowledge on this class
of materials offering a new tool to tune both the morphology
and the surface chemistry of LHP NCs. This, in turn, can be
exploited to devise and test new chemistry routes to engineer
the NC surface, for example, to attempt the synthesis of core—
shell heterostructures (ie, by employing our Pb surface
terminated NCs in cation exchange or colloidal atomic layer
deposition routes).***”
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