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ABSTRACT: When functional films are cast from colloidal dispersions of
semiconductor nanocrystals, the length and structure of the ligands capping
their surfaces determine the electronic coupling between the nanocrystals.
Long chain oleic acid ligands on the surface of IV—VI semiconductor
nanocrystals such as PbSe are typically considered to be insulating.
Consequently, these ligands are either removed or replaced with short ones
to bring the nanocrystals closer to each other for increased electronic coupling.
Herein, using high-angle annular dark-field scanning transmission electron
microscopy imaging combined with electron energy loss spectroscopy, we
show that partial oxidation of PbSe nanocrystals forms conjugated double bonds within the oleic ligands, which then facilitates
enhanced plasmonic interaction among the nanocrystals. The changes in the geometric configurations of the ligands are imaged
directly and correlated with the changes in the surface plasmon intensities as they oxidize and undergo structural modifications.

olloidal semiconductor nanocrystals are the building blocks

for a variety of optoelectronic devices including photo-
detectors,’ light-emitting diodes,” sensors,® and solar cells.”
Commonly used synthesis methods produce nanocrystals with
surfaces capped with organic ligands. These ligands stabilize the
colloidal dispersions of the nanocrystals and often electronically
passivate the defects on their surfaces.’” The ligands are
particularly important when the nanocrystal size is so small
that their surface—to—volume ratio is large and electrons and
holes are quantum confined within the periodic atomic lattice of
the semiconductor.® Consequently, the ligands on semi-
conductor nanocrystal surfaces play a critical role in determining
their individual, as well as collective, electronic and optical

properties. A technologically important example is lead salt (e.g., Figure 1. Geometric arrangements of the oleic acid ligands. (a)
PbSe and PbS) nanocrystals, which have been used widely in Schematic representation of the as-synthesized PbSe nanocrystal with
quantum dot solar cells and infrared detectors.'™* Films cast oleic acid ligands. (b) Chemical structures of oleic acid and hydrazine

molecules. (c) Atomic-resolution HAADF-STEM image of PbSe

insulating because the nanocrystals are capped with long oleate nanoerystals suspended on a ~ S nm thick a:Si TEM grids. Atomic
planes along different crystallographic directions are visible for majority

ligands that form a shell around the nanocrystals (Figure 1) and of the nanocrystals. The oleic acid ligands are attached to nanocrystals

keep them too far apart from each other for facile chargs and extend to less than 1 nm radially from the surface of the
transport. The oleate ligands are often removed with hydrazine, nanocrystals. Indicated dimensions are in nanometers.

or replaced with shorter ligands such as ethanedithiol® or
pyridine’ to decrease the distance between the nanocrystals and
i i i i ~ in solar cells." Interestingly, although simple description of the
to improve electronic coupling between the neighboring . &y g ple p
nanocrystals.'"’ This ligand-exchange approach results in MEG suggests thafsthe proc.:ess'sh.ould be 1r'1dependent of the
enhanced electrical conduction in thin nanocrystal films"* choice of ligands,™ there is significant evidence that nano-

without loss of quantum confinement and enables novel solar

from dispersions of as-synthesized PbSe nanocrystals are

cells that produce multiple electron—hole pairs per absorbed Received: April 9, 2014
photon.* The latter is attributed to multiple exciton generation Revised:  May 1, 2014
(MEG) and leads to greater than 100% external quantum yields Published: May 2, 2014
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Figure 2. Atomic-resolution HAADF-STEM images and low-loss EELS of PbSe nanocrystals at different stages of oxidation. (a) As-synthesized, (b)
partially oxidized, and (c) completely surface oxidized PbSe nanocrystals. Changes in ligands and reduction of nanocrystal size are visible as oxidation
progresses. In the completely surface oxidized samples, the STEM probe beam first passes through the oxide shells on the outer surface resulting in
additional spreading of the probe and hence the observed blurriness. (d) HAADF-STEM images of PbSe nanocrystals after hydrazine treatment. In
hydrazine-treated samples, the oleic acid ligands were removed and nanocrystals are structurally modified. The residuals of the hydrazine treatment can
be seen on a:Si substrate. (e) Low-loss EELS measurements from oleic acid-capped PbSe nanocrystal at different stages of oxidation and when the
ligands treated with hydrazine. The spectra are vertically shifted for clarity. Narrowing of the LSPR EELS peak at 6.5 eV at the early stage of oxidation is
seen. After complete surface oxidation, the LSPR EELS peak shifts to 7.5 V. When nanocrystals are partially oxidized, an additional peak due to 7-

plasmons at 4.5 eV (arrow) is also detected.

crystal—ligand interactions and ligand-mediated internanocrystal
electronic coupling affect the MEG efficiency,"* with most
reports demonstrating high MEG efliciency in PbSe nanocrystals
when short ligands are used.*"

The importance of the ligands attached to PbSe nanocrystals
has motivated various studies of their structural properties. A
variety of different techniques such as photoluminescence (PL),
nuclear magnetic resonance (NMR), and molecular dynamics
simulations were used to understand the bonding, stability, and
geometric arrangements of these ligands on the PbSe nanocrystal
surfaces."®"? Direct imaging of ligands has only been reported
for a few cases; citrate-capped Au nanocrystals and dodecene-
octadecene-capped Si nanocrystals.”®*' Transmission electron
microscopy (TEM) operated in scanning mode (STEM) with
~1-2 A electron probe is capable of such molecular scale
imaging. Moreover, STEM equipped with an electron energy loss
spectrometer (EELS) can be used to simultaneously image and
probe the electronic coupling between nanocrystals when this
coupling manifests itself as changes in the localized surface
plasmon resonance (LSPR) within the nanocrystals. Such
STEM-EELS studies have been reported for ligand-free Au and
Ag metallic nanocrystals where high free electron densities allow
probing of LSPR modes.*>**

Herein, we show direct imaging of oleic acid ligands attached
to the surface of semiconductor PbSe nanocrystals and observe
chemical reactions within the ligands that lead to enhanced
coupling between the nanocrystals. Specifically, the oleic acid
ligands undergo oxidative dehydrogenation initiated by oxide
layers on the nanocrystal surfaces. This chemical reaction leads to
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enhanced coupling between the nanocrystals and facilitates
surface plasmon interactions. Comparisons of oleic-acid-capped
oxidized PbSe nanocrystals with hydrazine-treated nanocrystals
verify this conclusion.

B RESULTS AND DISCUSSION

The geometric arrangements of surface ligands were studied
previously using molecular dynamics simulations of ligands
bound to Pb atoms on perfectly faceted PbSe nanocrystals. These
studies suggested that, generally, the ligands prefer to wrap
around the surface when the number of the ligands is small. The
same simulations showed that the ligands might stand in a more
upright configuration (45° off the normal to the surface) when
the Pb atom density on the facet is large and the configuration
space is limited."® The ratio of upright and wrapped ligands is
determined by the balance between the van der Waals forces that
tend to wrap the ligand around the surface and the entropic
forces that tend to straighten the chains. This prediction is
consistent with our experimental observations. Thickness and
composition sensitive high-angle annular dark field STEM
(HAADF-STEM) images of 6 nm as-synthesized PbSe nano-
crystals (Figure 1) cast on thin a:Si TEM grids show that the oleic
acid ligands form a corona around the nanocrystal surface. Most
of the ligands are confined to a region less than 1 nm from the
surface. Only a small fraction of the ligands are stretched and
extend the entire length of the ligand, ~2 nm, indicating that
most of the ligands prefer conformations where the molecules
stand at relatively small angles off the surface normal or lie
against, and wrap around, the surface of the nanocrystals.
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The appearance and structure of the oleate ligands on PbSe
nanocrystals are function of the period of time the nanocrystals
were exposed to air. Although it is well-known that PbSe
nanocrystals oxidize when exposed to air, the changes in the
ligands surrounding the nanocrystals have not been examined
before. Oxidation of the PbSe nanocrystals blue shifts their
photoluminescence spectrum® and changes the electronic
conductivities of the nanocrystal films.> We examined the
structural changes within the oleic acid ligands upon oxidation.
We exposed the PbSe nanocrystals to air for different durations
(see Methods) and examined their surfaces and interfaces with
other PbSe nanocrystals. HAADF-STEM images show that upon
oxidation, the region between the PbSe core and the oleate ligand
corona becomes blurry and the diameter of the core decreases by
approximately 1 nm (Figure 2). These changes are attributed to
the formation of a self-limiting oxide shell on the nanocrystal
surfaces.”” During the early stages, when surface oxidation is
minimal, the ligands are more stretched than those on the as-
synthesized nanocrystals resulting in the interdigitation of the
ligands with ones on adjacent nanocrystals (Figure 2b).

To understand the effects of oxidation on the nanocrystals and
ligands, we examined the nanocrystals with low energy loss
EELS. The as-synthesized PbSe nanocrystals exhibit an EELS
peak at 6.5 eV, which arises from the generation of LSPR in
individual nanocrystals. The location of this peak agrees well with
the frequency at which the Frélich condition is satisfied® (see
the Supporting Information). During the early stages of
oxidation, LSPR EELS peak narrows and its intensity increases
significantly (Figure 2e), which suggests that the plasmon
lifetime also increases. However, when surface oxidation is
complete, the LSPR EELS peak broadens again. The decrease in
the plasmon lifetime with surface oxidation is due to the oxide
shell, which acts as an insulating barrier for the dephasing of the
plasmons. When insulating oxide shells are formed, the
conducting channels become blocked and hence the coupling
of LSPR is suppressed. The blue shift of the peak to 7.5 eV is
most likely due to changes in the size of nanocrystals after
oxidation. The oxide shell has a smaller red-shift effect compared
to the blue-shift due to the shrinking core size. However, the
increase in the plasmon lifetime during the early stages of
oxidation is unexpected. Because these low-loss EELS spectra
were recorded under similar conditions (electron beam energy
and dose), the observed changes in EELS cannot be electron
beam induced.

A detailed core-level EELS study of the changes in bonding
within the ligands during oxidation revealed the surprising reason
for the plasmon lifetime increase. Figure 3 shows the carbon K-
edge spectra collected from the oleic acid ligands on (i) as-
synthesized, (ii) partially oxidized PbSe nanocrystals, and (iii)
control bare oleic acid molecules not attached to nanocrystals.
The spectrum from as-synthesized nanocrystals shows a 7* peak
at 286 eV and a 6™ onset around 288.5 eV with relative intensities
similar to those recorded from oleic acid molecules not attached
to a nanocrystal (recorded from dried molecules deposited on
a:Si TEM grid). Because EELS carbon K-edge spectra were
recorded with same electron beam energy and similar beam
doses, the results presented in Figure 3 also indicate that
observed structural and electronic changes in ligands are not
induced by electron beam, but inherent to oxidation of PbSe
nanocrystals. The oleic acid molecule has 16 carbon—carbon ¢
bonds and 1 carbon—carbon 7 bond (see Figure 1b). In as-
synthesized nanocrystals, the oleic acid ligands position, fold and
wrap around the nanocrystals but do not undergo any dramatic
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Figure 3. EELS carbon K-edges from ligands on PbSe nanocrystals
before and after partial oxidation. Fine structures of the C K-edge
recorded from oleic acid ligands when they are attached to the as-
synthesized and partially oxidized PbSe nanocrystals. Spectrum from
bare oleic acid molecules not attached to nanocrystals are also shown for
comparison. Changes in 7* peak are visible. Differences with respect to
the C K-edge spectrum from oleic acid ligands on as-synthesized PbSe
nanocrystal are shown at the bottom. The noise levels are indicated by
the dashed lines.

chemical changes when they are attached to the PbSe
nanocrystals. However, changes in the internal bonds of the
ligand are detected upon partial oxidation of the PbSe surface:
specifically, the 7#* peak increases, indicating the formation of
new 7 bonds (see also the Supporting Information).

Additional evidence for appearance of new 7 bonds in the oleic
acid ligands upon oxidation of the PbSe surface comes from the
low-loss EELS (see Figure 2e). When the as-synthesized PbSe
nanocrystals are partially oxidized, in addition to the LSPR peak
at 6.5 eV, they also exhibit a weaker feature at 4.5 eV. This feature
arises from the resonant oscillations of the delocalized &
electrons, known as “z-plasmons”. They are readily observed in
graphene”” and Cg).*® Observation of z-plasmons and enhanced
7 loss at the carbon K-edge within oleic acid ligands is evidence
for the formation of new & bonds. Moreover, the presence of 7-
plasmons indicates that these new 7 bonds are conjugated and
their electrons are delocalized.

Formation of conjugated double bonds on carboxylic acids
such as oleic acid typically occurs through oxidative dehydrogen-
ation mechanism. Oxygen reacts with saturated carbon bonds in
oleic acid to produce H,O and form 7 bonds between the
adjacent carbon atoms.”” The presence of catalysts has been
shown to reduce the activation energy for such dehydrogenation
reaction.*” In the case of partially oxidized PbSe nanocrystals, the
oxygen on the surface of the nanocrystals can act as an initiator
for the oxidative dehydrogenation. Specifically, we surmise that
the oxidized PbSe surface provides the oxygen atoms to the
ligands that are in close proximity of the surface as they wrap
around the nanocrystal. As conjugated double bonds form, the
ligands stiffen, straighten out, and interdigitate with the ligands
on neighboring nanocrystals (Figure 4). In the absence of PbSe
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Figure 4. Schematic illustration of the changes in oleic acid ligands with
oxidation. Oxidized PbSe nanocrystal acts as a catalyst for the wrapped
ligands to undergo oxidative dehydrogenation by providing oxygen
atoms. This dehydrogenation reaction with the formation of additional
conjugated double bonds results in the disruption of the equilibrium
wrapping arrangement and increase in the rigidity of the ligands
facilitating interdigitation with neighboring ligands.

nanocrystals, there is no detectable oxidative dehydrogenation as
evident from EELS data from bare oleic acid molecules cast on
the same TEM grids: there are no significant changes in the 7*
peak of the carbon K-edge in oleic acid molecules after they
undergo similar oxidation treatment (see the Supporting
Information).

As illustrated in Figure Sa, the oleic acid ligands on the as-
synthesized nanocrystals passivate the dangling bonds of surface
Pb atoms and introduce ligand states near the conduction band

edge.'”*! The HOMO level of the ligands accepts electrons from

the nanocrystals and act as dephasing routes for surface plasmons
(see Figure Sa). This dephasing is responsible for the broadening
of the LSPR peak.*” This decay mechanism is often referred to as
“chemical interface damping”. As the oxidation of the surface
begins and surface oxygen facilitates the formation of conjugated
ligands, conducting channels form between the nanocrystals.
The conjugated ligands can support plasmonic interactions
among the nanocrystals through charge transfer plasmons®
(Figure Sb) and the plasmon decay mechanism via dephasing is
removed. Consequently, the plasmon lifetime becomes longer,
the LSPR peak narrows and the LSPR peak intensity in the low-
loss EELS measurements increases (see Figure 2e¢). Similar LSPR
peak narrowing and intensity enhancement with minimal red
shift (<10 meV) have been observed previously when arrays of
gold nanocrystals were brought closer together to induce
electronic coupling.** We note that this charge transfer plasmon
interaction is different from the more common dipolar
interaction observed in metal nanocrystals at larger separation
distances.>

PbSe nanocrystals treated with hydrazine can be an excellent
benchmark for evaluation of the surface plasmon lifetime and the
LSPR peak, because hydrazine removes the oleic acid ligands and
brings the nanocrystals as close to each other as possible (see
Figures 2d and e). These touching nanocrystals have conducting
channels between both the conduction bands and the valence
bands of the neighboring nanocrystals through overlapping
electronic wavefunctions (Figure 5¢)."° Indeed, the LSPR
excitations of the electrons in the conduction bands of the
hydrazine-treated PbSe nanocrystals exhibit narrower and more
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Figure S. Schematic energy band diagrams for the PbSe nanocrystals and the ligands. (a) As-synthesized PbSe nanocrystal with oleic acid ligands, (b)
partially oxidized PbSe nanocrystal with modified oleic acid ligands, and (c) nanocrystals after hydrazine treatment. (d) Low-loss EELS measurements
from oleic acid-capped PbSe nanocrystal at different stages of oxidation and when nanocrystals are treated with hydrazine. The spectra are vertically
shifted for clarity. The FWHM of the bulk plasmon EELS peak narrows from 11.5 eV for as-synthesized and partially oxidized nanocrystals with oleic
acid ligands to 9 eV for nanocrystals when treated with hydrazine. The Pb O, s-edge with onset at 17.5 eV is also detected in this EELS energy window.
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intense LSPR peak than the LSPR of the as-synthesized and
unoxidized PbSe nanocrystals. Remarkably, the intensities and
widths of the LSPR peaks from hydrazine-treated and partially
oxidized PbSe nanocrystals are very similar indicating similar
plasmon lifetimes and coupling between the nanocrystals. This is
despite the significant distance (~1.5 nm) between the partially
oxidized nanocrystals, which are still covered with long and
conjugated ligands. The important difference in the case of
hydrazine-treated nanocrystals is the absence of the “z-plasmon”
peak at 4.5 eV. This is expected because interactions in
hydrazine-treated nanocrystals are governed by their proximity
to each other instead of conjugated carbon—carbon bonds of
ligands as in partially oxidized nanocrystals.

The bulk plasmons, which originate from excitations of the
valence band electrons, also exhibit the same behavior (Figure
Sd). The bulk plasmon in as-synthesized PbSe nanocrystals
appears at 16 eV with FWHM of 11.5 eV. This peak increases in
intensity and narrows upon hydrazine treatment (FWHM = 9
eV). Such narrowing of bulk plasmon peaks has been observed in
Si nanocrystals*® and polycrystalline Au films.*® The hydrazine
treatment also red shifts the bulk plasmon peak to 15 eV, closer
to the value for bulk PbSe (14.9 €V).*” This shift is associated
with the loss of quantum confinement as the individual
nanocrystals electronically couple to each other.'”* In
ensembles of partially oxidized nanocrystals, coupling of the
valence band electrons between neighboring nanocrystals is not
expected (Figure Sb) and no changes should be observed in the
FWHM of the bulk plasmon excitations. Indeed, our EELS
measurements show that FWHM of the bulk plasmon signal
from partially oxidized nanocrystals is practically the same as that
from as-synthesized oleic acid capped PbSe nanocrystals (Figure
5d).

B CONCLUSION

Using analytical HAADF-STEM, we have successfully imaged
oleic acid ligands on PbSe nanocrystals and studied their
chemical and conformational changes as the PbSe surface is
oxidized. In as-synthesized nanocrystals, the ligands tend to wrap
around the nanocrystal surface to maximize the nanocrystal core-
ligand interaction. When exposed to atmosphere, PbSe nano-
crystals begin to oxidize and the ligands undergo structural and
chemical changes through oxidative dehydrogenation catalyzed
by oxygen atoms on the nanocrystal surface. This oxidative
dehydrogenation forms conjugated 7 bonds, which has profound
effects on the electronic coupling between the nanocrystals. The
7 bonds stiffen the ligands enabling them to extend out and
interdigitate with the ligands from neighboring nanocrystals.
This provides enhanced electronic coupling between the
nanocrystals. The effects of this coupling are detected with
low-loss EELS measurements as enhanced plasmon lifetime and
enhanced plasmon coupling between the nanocrystals.

B MATERIALS AND METHODS

Materials. Selenium shot (Se, 99.999%) was purchased from Alfa
Aesar. Anhydrous 200 proof ethanol (99.5%), anhydrous methanol
(99.8%), anhydrous butanol (99.8%), anhydrous octane (99%),
anhydrous hexane (99%), anhydrous acetonitrile (99.8%), trioctylphos-
phine (TOP, technical grade, 90%), oleic acid (technical grade, 90%), 1-
octadecene (90%), lead(II) oxide (PbO, 99.999%), anhydrous
hydrazine (98%), and diphenylphosphine (DPP, 98%) were purchased
from Sigma-Aldrich.

Synthesis of Colloidal PbSe Nanocrystals. PbSe nanocrystal
synthesis was based on the protocol developed by Murphy et al.® and
Luther et al.® In a typical synthesis, PbO (2.5 g), oleicacid (9 mL), and 1-
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octadecene (35 mL) were degassed three times on a Schlenk line at 40
°C and 15 mTorr, while stirring. The solution was then heated to 185 °C
under N,. A 1.00 M solution of selenium in trioctylphosphine (21 mL)
and diphenylphospine (0.3 mL), which was prepared inside an N,-filled
glovebox, was then swiftly injected. The solution turned black
immediately. The temperature of the solution was maintained at
140—150 °C for 1 min. Then, 15 mL of ice-cold anhydrous octane was
injected and the heat source was quickly replaced with an ice bath. The
reaction mixture was extracted via cannula to a degassed Schlenk flask,
which was then brought into the N,-filled glovebox. The reaction
mixture was then precipitated using anhydrous 200 proof ethanol via
centrifuge and redispersed in anhydrous hexane, three times. The
resulting particles were dispersed in hexane and stored in the glovebox.
The size of the particles was determined from optical absorption of the
collsoidal dispersion using a published calibration curve in Moreels et
al.

Preparation of Nanocrystal Films on TEM Grids. The as-
synthesized PbSe nanocrystals were dispersed into hexane solution with
10 mg/mL concentration and dropcast onto TEM grids inside a
glovebox. Nonporous amorphous Si from SIMPore, Inc. was used as the
substrate for obtaining the images of oleic acid ligands and measuring
LSPR and carbon K-edge signals. The substrates consist of nine
windows of etched 3.5—5 nm thick a:Si sputter deposited on 100 ym
frames (see the Supporting Information). Ultrathin amorphous carbon
(<5 nm) from Ted Pella, Inc. was used for acquiring bulk plasmon loss of
the nanocrystal films since the bulk plasmon loss of the a:Si substrate at
17 eV, close to the bulk plasmon loss of PbSe.

Oxidation of Nanocrystals. The data from the as-synthesized
samples were obtained from the freshly dropcast samples on TEM grids
inside a glovebox that were transferred into TEM column without being
exposed to air for more than 10 s. After collecting images and EELS data
in TEM, these as-synthesized samples on TEM grids were stored in a
low-humidity desiccator (24% RH). The samples were then re-
examined with TEM at 5-day intervals. The signals from the partially
oxidized samples were obtained after the third/fourth week. Samples
typically become completely surface oxidized after 2 months.

Acquisitions of HAADF-STEM and EELS data. HAADF-STEM
images and EELS spectra were acquired using FEI Tecnai G2 F30 S-
TEM operated at 200 kV accelerating voltage and 60—300 mrad
HAADF detector geometry. S-TEM is equipped with Gatan Enfina-
1000 spectrometer with 30 mrad collection angle. The energy resolution
achieved for these experiments was 0.8—0.9 eV. Operating microscope
at 200 keV, while is not the best condition for EELS, has advantage of
improving high spatial resolution for HAADF-STEM imaging and
minimizing possible radiolitic damage.*® To avoid knock-on damage of
the specimen (for both ligands and nanocrystals), the beam dose was
dramatically reduced by recording EELS data in “area” mode at low
magnifications. The area size used here was 20 X 20 nm* with beam
exposure time of 1 s for low-loss EELS and S to 8 s for core-level C K-
edges. To improve signal-to-noise ratio of EELS, the data were recorded
from 2-D or 3-D arrays of nanocrystals andtwo or three individual
spectra were added. To ensure that recording HAADF-STEM images
and EELS data are without significant contamination, we recorded ADF-
STEM images before and after every critical EELS measurement or
image acquisition and checked for signs of contamination. At the end, B-
spline smoothing was applied to EELS data in Origin software for clarity.

Image Processing. The HAADF-STEM images of were processed
using contrast equalization algorithm performed in Digital Micrograph
software to enhance the contrast of the surface ligands. The contrast
equalization algorithm weights the intensity distribution of the ligands
and nanocrystals using a nonlinear contrast instead of the customary
linear contrast resulting in improved image contrast (see the Supporting
Information). This was done only to improve the image representation
in TIFF format. The actual image intensity from the surface ligands is
above the noise level and quantifiable for one layer and multilayer
ligands sticking on top of each other (see the Supporting Information).
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