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ABSTRACT: A postsynthetic treatment is presented to improve the air
stability of PbSe nanocrystals (NCs) and PbSe square superstructures. The
addition of z-type Pb(oleate), ligands together with x-type iodide ligands
creates a hybrid ligand shell containing both ligands. The air stability of the
PbSe NCs is checked by enduring absorption spectroscopy under ambient
conditions. With a combined Nal + Pb(oleate), treatment, the absorption
spectrum remains unchanged for several days under ambient conditions.
Fourier transform infrared spectroscopy shows that the surface coordination
of the oleate ligands changes by the chemical treatment: from mixed chelating
bidentate + bridging to Pb for the pristine nanocrystals to almost exclusive chelating bidentate coordination after chemical
passivation. The shift of the C—H stretching vibration shows that the oleate hydrocarbon layer is in a more liquidlike state after
the chemical treatment, suggesting that oleate and iodide ligands are often present on adjacent surface positions.
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B INTRODUCTION Here, we introduce a method for chemical passivation
applicable for dispersed PbSe NCs and PbSe superstructures as
well. The method consists of the addition of x-type iodide
ligands, which exchange the oleate ligands, combined with the
intentional addition of z-type Pb(oleate), ligands. We show

Lead chalcogenide colloidal nanocrystals (NCs) are of great
interest as they possess a small band gap and a large exciton
Bohr radius." As a result, they show bright and strongly size-
tunable luminescence over the complete near-infrared region

in frequency regions that are important for data processing and that the PbSe NCs obtain a hybrid ligand shell composed of
biological labeling. Moreover, PbSe NCs show a high carrier both iodide and oleate ligands bound to surface Pb ions. The
multiplication efficiency, of interest for several optoelectronic air stability is confirmed by absorption spectroscopy and X-ray
devices.” ® Lead chalcogenide colloidal nanocrystals also photoelectron spectroscopy (XPS). While regular nanocrystal
showed the propensity to self-organize in two dimensions assembly and oriented attachment are carried out under
followed by oriented attachment, forming several super- oxygen-free conditions in a glovebox, the air-stable nanocryst-
structures wherein the NCs are electronically coupled.””” als allowed us to perform assembly and attachment experi-
The coupling results in a specific electronic band structure, ments in ambient atmosphere, yielding linear superstructures.
determined by the degree of coupling and the nanoscale Furthermore, the combined treatment can also be performed
geometry of the superstructure.'”"" on the superstructures themselves. In this way, the effects of

Besides these promises for optoelectronics, the chemistry of
the lead chalcogenides is complex and not application-friendly,
as they are very vulnerable for chemical oxidation in ambient

atmc?sphere, resAultilrzlg in irreversible changes of t_he optoelec- ligands on air-stable PbSe NCs are almost exclusively bound in
tronic properties. © Several approaches for air-stable Pb

chalcogenide nanocrystals have been published, for example, a chelating bidentate coordination tq lead. We introduc.e and
the growth of a cadmium-containing inorganic shell'>'* or use ? new C_I,_I s.tretc'h peak analysis that sh?ws that m.the
treatment with Cl, 'S Although these methods increase the hybrid oleate—iodide ligand shell the oleate ligands are in a
chemical stability, they also alter the NC facets, making the more hquld.state (have more freedom of motlon). Fhan mna
PbSe NCs unsuitable as building blocks for superstructures. pure oleate ligand shell. This hints to a molecular mixing of the
Another approach is the addition of halide-containing iodide and oleate moieties in the hybrid shells.

oxidation on square superstructures are delayed remarkably
after the chemical surface treatment. Fourier transform infrared
(FT-IR) spectroscopy was used to show that the carboxylate

precursors”' "7 or halide salts”'® during the aftermath of the

NC synthesis. This resulted in air-stable NCs, but these Received: May 14, 2019
methods cannot be used for two-dimensional (2D) PbSe Revised:  June 27, 2019
superstructures. Published: July 9, 2019
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B RESULTS

Stability Analysis by Optical Absorption Spectrosco-
py. We adapted the method from Woo et al.'® to make air-
stable NCs after the NC synthesis and purification: we
dropwise added a Nal solution in methanol to a purified PbSe
NC dispersion and intentionally add extra Pb(oleate), ligands
(see the Experimental Section for details). The experiments on
the surface passivation against oxidation have been performed
with PbSe nanocrystals from different batches. We also have
used two different synthesis methods (see methods). We
observed that the passivation against oxidation does not
depend on the batch of nanocrystals that we used nor on the
synthesis method (see Figure S1). We evaluated possible
oxidation of untreated and chemically treated PbSe nanocryst-
als in ambient by forming a thin, vacuum-dried, nanocrystal
film, which is exposed for 3 days to ambient atmosphere. The
electronic structure of the nanocrystals is measured by
absorption spectroscopy as shown in Figure 1. The absorption

Absorbance [a.u.]

A 4/
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Figure 1. Stability in ambient for differently treated PbSe nanocrystals
assessed by optical absorption spectroscopy. The figure shows
absorption spectra of PbSe NCs, 6.3 nm in size, all originating from
the same synthesis. Blue: spectrum of a dispersion of untreated PbSe
NCs, measured under oxygen-free conditions. Other colors: PbSe
NCs washed with methanol, centrifuged, dried, and subsequently put
in ambient atmosphere for 3 days. Yellow: untreated NCs strongly
blue-shifted due to oxidation after keeping for 3 days in ambient;
orange: PbSe NCs washed with solely Pb(oleate), added to the NC
suspension, strongly oxidized after keeping for 3 days in ambient;
green: PbSe NCs washed with Nal (dissolved in methanol), and red:
PbSe NCs washed with Nal in methanol and additional Pb(oleate),.

spectrum of untreated PbSe nanocrystals, kept under oxygen-
free conditions, is taken as a reference. A film of untreated NCs
shows a strong blue shift of the first absorption peak, indicative
of a diminishing PbSe nanocrystal volume by surface oxidation
(chemical details follow below).'” The red curve in Figure 1
shows the exciton peak of this NC film on the exactly same
position as for pristine PbSe NCs, demonstrating full stability
of the NCs treated in this way. Transmission electron
microscopy (TEM) images of both the original and chemically
treated NCs exposed to ambient are shown in Figure S2.

To be able to measure the action of the iodide and
Pb(oleate), components separately, we added either only
Pb(oleate), (Figure 1, orange curve) or only Nal (Figure 1,
green curve) to the purified PbSe NC suspension in toluene.
Treatment of the dispersion with only Nal did not prevent NC
oxidation, as demonstrated by a considerable blue shift of the
absorption peak. Even worse, addition of only Pb(oleate), did
not show any improvement in the stability of the PbSe NCs.
This shows that it is the combination of both oleate and iodide
ligands that make the NCs air-stable. We note that the full
width at half-maximum becomes slightly smaller (from 57 to
45 meV) after the chemical treatment with respect to pristine
nanocrystals. A similar result has been observed before."
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For a given NC size and concentration, there is an optimum
iodide concentration that yields completely air-stable NCs.
This optimum was found to be approximately 0.8 times the
amount of oleate ligands already attached to pristine NC
surfaces. This amount is determined by FT-IR and nuclear
magnetic resonance (NMR) spectroscopies, using procedures
published before.””~** Too much iodide results in aggregation
of the NCs and too little iodide in PbSe NCs that are only
partially air-stable, as visible from an absorption peak shift after
exposure to ambient conditions. Pb(oleate), should be added
in at least the same concentration as iodide, but higher
concentrations did not have an influence on the results.

Chemical Surface Analysis by X-ray Spectroscopy
(EDX) and XPS. To verify the presence of iodide on the NC
surface, we used energy-dispersive X-ray spectroscopy (EDX)
and X-ray photoelectron spectroscopy (XPS) on the air-stable
NCs; see Figure 2 as well as Figures S3 and S4. While iodide
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Figure 2. Stability in ambient for differently treated PbSe nanocrystals
monitored from the surface composition measured by XPS. On the
vertical axis, we indicate the different samples: first, Pb(oleate),;
second, oxidized PbSe; third, pristine PbSe NCs; and fourth, PbSe
NCs with hybrid oleate/iodide shell. The three different columns
show the XPS core-level spectra for (a) Se 3d, (b) Pb 4f, and (c) O
1s. The measured signal is shown in purple, and the background is in
black. The fitted components are in blue, red, and green and are
discussed in the main text.

peaks can be clearly observed in both EDX and XPS spectra
(Figures S3 and S4, respectively), sodium could not be
detected. The absence of sodium on the NC surface shows that
iodide acts as an x-type ligand and exchanges with oleate on
the NC surface. The x-type ligand exchange preserves the
required charge neutrality of each nanocrystal dispersed in an
apolar solvent. It is also not surprising that the exchange of too
much oleate for iodide results in insoluble NCs, since
hydrocarbon chains are necessary for the solubility of the
NCs in the apolar toluene solvent.

The role of Pb(oleate), can be twofold. It can either act as a
z-type ligand itself attaching to a surface Se, or it can react with
iodide to form Pbl,, which subsequently could also act as a z-
type ligand on the NC surface. Either way, it is required to add
a source of neutral z-type ligands to obtain complete chemical
stability. This is in line with EDX results, suggesting an
increase of the Pb/Se ratio for 6.1 nm NCs, from 1.1 for
untreated to 1.2 for treated NCs. These findings suggest that a
complete surface coverage of the Pb atoms on a given facet can
occur by a mixture of smaller iodide ligands, giving enough
room for the more extended oleate chains.

DOI: 10.1021/acs.chemmater.9b01891
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Figure 3. Effect of oxygen on the quality of 2D PbSe NC superstructures. TEM images of square superstructures, self-assembled and attached in a
glovebox in which different O, concentrations were present. (a) O, concentration lower than 3 ppm, (b) O, concentration approximately 8 ppm,
and (c) O, concentration >15 ppm. Electron diffraction patterns in the insets show that all of the NCs are oriented in the same way and have their
(100) facets upward. Scale bar is 200 nm.
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Figure 4. Diminution of the exciton peak on a square superstructure after exposure to ambient atmosphere. Oxidation on (a) a superstructure
made from pristine NCs and (b) for superstructures protected after the formation. The time intervals are indicated in the picture. The
superstructure made from pristine NCs immediately shows a shift and a decrease in intensity, while for the protected superstructure, this is delayed
substantially.

To study the air stability in more detail, we measured XPS carboxylate, in the reference Pb(oleate), sample. We should
on Pb(oleate),, oxidized NCs, and air-stable NCs exposed to remark that there is also no sign for the presence of hydroxide
ambient conditions (Figure 2) and compared the results with in our FT-IR spectra (see Figure S6).>* Peaks (c1) and (c2)
those of pristine, unexposed PbSe nanocrystals. The Se 3d core most likely originate from bound carboxylate (carboxylic acid
level is spin—orbit split into two peaks, 3d;,, and 3ds,,, with a is not present in the PbSe NCs).
splitting of 0.86 eV. The peak (a2) at BE(Se 3ds),) = 53.3 eV Chemical Surface Passivation of 2D PbSe NC Super-
represents Se’” in the core of the PbSe NCs.'”*** Another structures. It became clear that the formation of 2D
doublet appears for the oxidized NCs at a Se 3d;;, binding atomically coherent square and honeycomb superstructures
energy of 58.3 eV (al), corresponding to oxidized Se surface by assembly and attachment of PbSe NCs is a delicate process
species. This oxidation state points to the presence of SeO, or very vulnerable to traces of oxygen in the reactor, in our case,
SeO,”” moieties at the NC surface.'>>*™*" In the case of air- simply the glovebox. An example of the destructive influence of
stable NCs as well as the unexposed PbSe NCs, these species oxygen during the formation of square superlattices is shown in
could not be detected. This, together with the results from Figure 3. Electron diffraction shows atomic alignment at all
absorption spectroscopy, shows the unchanged surface three oxygen concentrations, but the square nanoscale
composition and air stability of the NCs treated after applying geometry is severely damaged at oxygen levels of 8 ppm and
a mixture of iodide and Pb(oleate),. completely destroyed above 15 ppm. Despite the disappear-

The Pb 4f,,, and 4f;;, core-level spectra (Figure 2b) were ance of the long-range nanoscale order, there is still some local
fitted by at least three components. The blue, higher-binding- atomic coherency. This suggests that oriented attachment
energy peak (bl, BE(Pb 4f,,) = 138.5 eV) is attributed to between the PbSe NCs via the (100) facets still occurs to some
oxidation products and is presumably combined with lead extent, even when small amounts of oxygen are present; yet,
bound to oleate, iodide, and possibly PbSeO; species.'* The the destructive role of oxygen for the long-range order is not

peak (b2) at BE(Pb 4f,/,) = 137.6 eV is related to the Pb** in fully understood.” There are two ways to make super-
the PbSe core.”® The peak (b3) at BE(Pb 4f,,) = 136.4 eV structures air-stable: first, use of PbSe NCs that are chemically

shows that there is a small quantity of metallic lead on the NC treated for air stability in the formation of superstructures and
surface® as well as in the oleate precursor. The origin of this is second, use of pristine PbSe NCs and application of the

not yet clear. chemical treatment on the superstructure after formation.
The interpretation and assignment of the O 1s core-level With the chemically treated air-stable NCs, self-assembly can
region are complex because of strongly overlapping peaks and be performed in ambient conditions, in principle. The
similar binding energies for a variety of different species. procedure of self-assembly and oriented attachment in ambient
Pb(oleate), has two main species, a carboxylate at 531.5 eV resulted in linear structures in which nanocrystals were (100)/
and an acid impurity at 532.7 eV, which are both confirmed by (100) facet-connected (Figure S7). From the structures that
FT-IR spectroscopy (see Figure SS). The oxygen peaks of the we observe, we can conclude that the presence of oxygen does
NCs are less clear, but the peak (c3) at BE(O 1s) = 529.2 eV not have the destructive effects visible as for untreated NCs in
seems to originate from lead oxide.’”*' The peak (c2) at Figure 3. We also performed the process of assembly and
around 531.0 eV is often attributed to h}rcirO)zjde,32’33 but this oriented attachment with air-stable NCs in a glovebox, which
is rather disputable since the peak is at a similar position as the resulted in small patches of square superstructures (Figure S8).
5810 DOI: 10.1021/acs.chemmater.9b01891
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The amount of (100)/(100) epitaxial connections is smaller
than that of untreated PbSe nanocrystals, and also the
superlattice domain size is smaller. It is not known if an
optimization for more perfect square superlattices is feasible
with these surface-passivated nanocrystals.

Pbl, is hardly soluble in ethylene glycol, which makes it
unlikely that it detaches from the NC surface. Besides that,
lead iodide has a hexagonal crystal structure, which fits better
on the hexagonal packing of lead atoms on the (111) facets
compared to a square packing on the (100) facets.”® This
makes us believe that the (100) facets, which are exclusively
used for oriented attachment, are not fully covered with Pbl, as
a z-type ligand. The same NCs are air-stable, which suggests
that (100) protection is not necessary for their air stability.

As a second method, we formed nanocrystal superstructures
from pristine PbSe NCs by the common procedure in an
oxygen-free glovebox and applied the chemical treatment (Nal
and Pb(oleate),) for air stability on the formed super-
structures. A TEM image of the superstructure after the
treatment is shown in Figure S9, and the air stability
experiments are presented in Figure 4. It is clear that the
chemical passivation after the superstructure formation is most
successful: the amplitude of the absorption related to the
exciton resonance diminishes much slower compared to that
for untreated superstructures. This confirms that the chemical
passivation with Nal and Pb(oleate), can be applied to both
individual nanocrystals and extended solid-state systems. Dried
or dispersed nanocrystals generally have longer air stability
(see Figure 1), which we attribute to the much less oxygen-to-
surface exposure compare to single NC thick superstructures.

Surface Passivation by Other Chemical Treatments.
We have seen that sodium does not end up on the NC surface.
We therefore tried to protect PbSe NCs with other salts as
well, for example, NaCl, NH,X, PbCl,, PbBr,, and CdX, (X =
Cl, Br, I). The results are summarized in Table S1. Protecting
PbSe NCs with CdX,, however, impedes oriented attachment
in the self-assembly of superstructures (Figure S10).

Oleate Coordination. A detailed picture of the surface
chemistry of pristine PbSe NCs and chemically passivated NCs
is obtained from FT-IR spectroscopy. Figure Sa shows the
carboxylate stretch region, where the spectral intensity has
been normalized for the number of oleate ligands. The spectral
shift (Av) between the symmetric (v1) and the asymmetric
(v2) carboxylic stretch indicates the bonding coordination of
the carboxylic group to the surface Pb atoms.””*”~*' Peaks v1

2925
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Figure 5. Structure of the oleate ligand shell for PbSe NCs with a
hybrid iodide/oleate ligand shell (red) or original PbSe NCs with
only oleate ligands (blue) measured by FT-IR spectroscopy. (a) FT-
IR spectra showing the CH, bending (§), symmetric (vl1), and
asymmetric (v2) carboxylic stretching vibrations. The energy
difference (Av) between the symmetric (v1) and asymmetric (v2)
carboxylic stretches indicates the carboxylic coordination to lead. (b)
Symmetric (v3) and asymmetric C—H stretch vibrations (v4). The
red curve is slightly blue-shifted, indicating more fluidlike hydro-
carbon chains for a hybrid ligand shell.
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and v2 are doublets, which are split by fitting two Gaussians,
which shows that there are two different oleate coordinations.
The deconvolution and characteristics of each peak are shown
in Figure S11 and Table S2. The energy difference
representing the two carboxylic coordinations is shown in
Table 1. The combination of the lower-energy symmetric (v1)

Table 1. Overview of the Peak Differences of the
Carboxylate Vibrations for the Untreated and Air-Stable
NCs

AVbridging (Cm_l)
133
124

AVgheiging (cm™)
104
92

untreated PbSe
hybrid ligand shell

peak with the higher-energy asymmetric (v2) peak is an
indication of a bridging bidentate carboxylate coordination,
while that of the higher-energy symmetric (v1) peak with the
lower-energy asymmetric (v2) peak (Av,,) represents a
chelating bidentate carboxylic coordination.”””’

The decrease in the intensity of the symmetric carboxylic
vibration also suggests a more symmetric bonding of the
carboxylate group to lead.””**** Oleate ligands are preferably
bound to lead on a (111) facet.”” However, the density of lead
atoms on a PbSe (111) facet is 6.16 nm™* and exceeds the
maximum packing fraction of hydrocarbon chains (~4—4.6
nm~2).** Most likely, some oleate must coordinate to two
lead atoms to lower the steric hindering, thus forming a
bridging coordination. The exchange of some oleate with
iodide makes room to accommodate more oleate ligands to
one single lead atom, which can explain the difference in the
carboxylate coordinations that we see here.

Aliphatic Chain Structure. The CH, bending vibrations
(8) in Figure Sa specify the crystallinity of the hydrocarbon
chain.*"***” The progression of bands between 1150 and 1400
cm™' is a series of well-defined peaks for all-trans crystalline
chains and can be assigned to the twisting—rocking and
wagging CH, vibration.***” The CH, groups can move freely
in a liquidlike state, which results in a large number of
rotational isomers resulting in the disappearance of the peaks
for liquid chains.*"**** The spectrum of NCs with a hybrid
ligand shell shows almost no sharp peaks, while the pristine
NCs possess sharp and pronounced peaks. This shows that the
aliphatic chains of the oleate ligands are more liquidlike (viz.
more internal motion) in the hybrid ligand shell, while partly
crystalline in the pristine PbSe NCs. In addition, also the peak
position of the symmetric and asymmetric CH, stretch in
Figure Sb can specify if the chain is crystalline (2850 and 2920
cm™') or liquidlike (2856 and 2928 cm™).>"*' We therefore
determined the accurate positions of the peaks by fitting them
with Gaussians. Figure 6 shows the peak positions for
untreated NCs in blue and for the chemical-treated NCs
with a hybrid ligand shell in red. Despite the considerable
spread of the data, the peak positions found for the hybrid
ligand shell are at a higher wavenumber, thus indicating a more
“liquidlike” structure compared with the hydrocarbon ligand
layers on the pristine PbSe NCs. Besides the hybrid ligand
shell, also the NC size and the ligand density influence the
ligand crystallinity. Ligands have more space and are therefore
more liquidlike if the ligand density is low or with increased
surface curvature (smaller NCs). This is also visible here,
where the low-density (LD, 2.2 oleate nm™2) and high-ligand-
density (HD, 3.6 oleate nm™2) NCs with the same size are

DOI: 10.1021/acs.chemmater.9b01891
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Figure 6. Structure of the oleate ligand shell for PbSe NCs with a
hybrid iodide/oleate ligand shell (red data points) or original PbSe
NCs with oleate ligands only (green and blue data points) measured
from the C—H stretch vibrations. (a) Position of the symmetric C—H
stretch vibration, where 2850 cm™' is indicative of crystalline
hydrocarbons and 2856 cm™ of liquid hydrocarbons. For oleate-
capped PbSe NCs, the vibration is at around 2852.5—2854 cm™,
indicative of an ordered hydrocarbon layer, while for the hybrid
iodide-oleate ligand-capped PbSe NCs (red), there is an upward shift
to 2854—2856 cm™, indicative of a more fluidlike capping layer. (b)
Asymmetric stretch vibrations: stretch vibrations at 2920 cm™!
indicate a crystalline hydrocarbon layer, while those at 2926 cm™
indicate a liquid hydrocarbon chain. The oleate-capped PbSe NCs
show this vibration at around 2924—2926 cm™'. The PbSe NCs with
a hybrid capping show the vibration at around 2927 cm™, indicative
of a more fluid capping layer. The green data points originate from the
same PbSe NCs with a high (HD) or low (LD) ligand density.

illustrated in green. The liquid-to-solid phase change of ligands
is important for the solubility’>>* and the NC self-assembly.
The attractive interactions between ligands with a ligand shell
and between adjacent NCs in an assembly sensitively influence
the energy and structure of the self-assembly, especially in the
absence of a good solvent.”

Recently, it was proposed that the broadening of the peaks
in '"H NMR gives an indication of solvent inclusion into the
ligand shell.*® The features in NMR are indeed broader for the
hybrid ligand shell (Figure S12). The broad signal also tells us
that the Pb(oleate), ligands are not detached from the NC
surface.”” This is also confirmed by the absence of a very
pronounced bridging coordination of the carboxylates, which is
typical for free Pb(oleate),” (see Figure SS). Based on the
arguments presented above, we propose a sketch of the NC
surface chemistry of the hybrid ligand shell compared to the
normal ligand shell in Figure 7.

B CONCLUSIONS

PbSe NCs can be made air-stable for several days using a
postsynthetic treatment with Nal dissolved in methanol with
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Figure 7. Representation of the change in surface chemistry for PbSe
NCs capped with Pb(oleate), ligands (a) to PbSe NCs capped with
Pb(oleate), and Pbl, ligands (b). (a) Surface for pristine PbSe NCs.
The oleate ligands are coordinated in bridging, and (a) symmetric
chelating bidentate coordination and some hydrocarbon chains are
packed together to illustrate the crystalline state. (b) Iodide/oleate
hybrid ligand shell, with the iodide ions shown in red. The oleates are
bound in (a) symmetric chelating coordinations and are more evenly
distributed on the NC surface.
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Pb(oleate), added to the NC dispersion. With the air-stable
NCs as building blocks, superstructures can be obtained,
however with a limited control of the geometry. It is advised to
perform the chemical passivation with Nal/Pb(oleate), after
the formation of the superstructures. The oleate coordination
on the PbSe NC surface changes from a mixture of symmetric
and asymmetric chelating bidentate and bridging carboxylate
coordination to exclusively chelating bidentate coordinated
oleates for chemically passivated samples. We also introduced
an FT-IR spectroscopic method to measure the degree of
molecular stiffness in the ligand layer. We show that after
chemical passivation, in the mixed iodide/oleate ligand shell,
the oleate ligands have more freedom of internal motion. Lead
chalcogenide nanocrystals show strong potential for optoelec-
trical devices, such as development of cheap but sensitive
photodetectors in the IR region. Our results show that air
stability can be achieved without dramatic changes of the
surface chemistry. This enables a much easier and cheaper
processing of chalcogenide nanocrystals in the optoelectronic
industry.

B CHEMICALS

Lead acetate trihydrate (>99.99%), 1-octadecene (90%), oleic
acid (90%), selenium powder (100-mesh) (99.99%), diphe-
nylphosphine (98%), lead fluoride (>99), lead chloride(1I)
(99,999%), lead bromide (99,999%), ammonium fluoride
(>99.99), ammonium chloride (>99.5), ammonium bromide
(>99.99), ammonium iodide (99,999%), cadmium fluoride
(99,8%), cadmium chloride (99,99%), cadmium bromide
(99,999%), cadmium iodide (99,999%), trioctylphosphine
(90%), tetrachloroethylene (TCE) (>99%) (anhydrous),
toluene (99.8%) (anhydrous), methanol (99.8%) (anhydrous),
butanol (99.8%) (anhydrous), cyclohexyl isocyanide (98%),
trifluoroacetic acid (99%), trifluoroacetic anhydride (>99%),
isopropanol (99.5%) (anhydrous), triethylamine (>99%), and
pyrrolidine (>99%) were purchased from Sigma-Aldrich and
used without further purification. Lead(II) oxide (99.999 + %)
was purchased from Strem. Hexadecane (>99%), ethylene
glycol (anhydrous, 99.8%), and diphenyl ether (>99%) were
purchased from Sigma-Aldrich and degassed under vacuum for
~14 h at 60 °C prior to use.

B EXPERIMENTAL SECTION

The PbSe NCs were synthesized using two different procedures.

The first method was developed by Steckel et al.>” In brief, 4.77 g
of Pb(C,H;0,),-3H,0, 10.35 g of oleic acid (Pb/oleic acid ratio of
1:2.91), and 39.75 g of 1-octadecene were mixed and degassed at 120
°C under vacuum for 5 h to remove water and acetate. The selenium
precursor was made by dissolving 3.52 g of Se power in 0.41 g of
diphenylphosphine and 46.59 g of trioctylphosphine. The selenium
precursor was injected into a heated solution of the lead precursor
(180 °C) under vigorous stirring. After 70 s, the reaction was
quenched via injection of 30 mL of a methanol/butanol mixture
(1:2). The mixture was centrifuged, and the black residue was
dissolved in toluene (10 mL). Methanol was added (8 mL) to
precipitate the suspension, which was subsequently centrifuged. The
black residue was dissolved in toluene, and the cycle was repeated two
more times.

The second method was developed by Campos et al.*>® The lead
oleate precursor was made via the method of Hendricks et al.>’ The
selenium precursor (N-cyclohexylpyrrolidine-1-carboselenoamide)
was prepared by mixing selenium (9.0 mmol), pyrrolidine (9.0
mmol), cyclohexyl isocyanide (9.0 mmol), and 10 mL toluene. This
mixture was heated to ~100 °C until a clear solution was obtained.
Extra pyrrolidine and/or cyclohexyl isocyanide was added if not all
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selenium reacted. The mixture was cooled down to room temper-
ature, at which the selenourea precipitated. The liquid was decanted,
and the obtained white solid was placed under vacuum for 24 h.
Subsequently, the solid was redissolved in 10 mL of toluene at 100 °C
and cooled down. The precipitate was filtered, and the solid was
placed under vacuum for another 24 h.

The synthesis of the NCs was performed in a Schlenk line where
1.6 g (2.08 mmol, 1.2 equiv) of Pb(oleate), was dissolved in 140 mL
of hexadecane in a 250 mL three-neck flask. Then, 0.45 g (1.7 mmol,
1 equiv) of N-cyclohexylpyrrolidine-1-carboselenoamide was dis-
solved in 8 mL of diphenyl ether. Both precursors were heated to 100
°C to yield a clear colorless solution. The selenourea was quickly
injected into the Pb(oleate), solution, which turned brown in
approximately 8 s. After 110 min, the reaction was cooled down with
an ice bath and introduced inside the glovebox. Furthermore, 90 mL
of n-butanol and 60 mL of methanol were added to precipitate the
NCs. The mixture was centrifuged, and the black residue was
dissolved in 10 mL of toluene. This solution was washed three more
times with methanol.

The PbSe NCs were made air-stable using Pb(oleate), dissolved in
the NC solution and Nal dissolved in methanol. The chemical
formula and concentration of the PbSe NCs were estimated from the
NC size and FT-IR and NMR spectroscopy techniques, as shown in
the main text. Extra Pb(oleate), (2.5 times the amount already
present on the NC surface) was added and dissolved in the NC
suspension in toluene (10 mL). For example, 0.5 mL of a 1.6 nm
PbSe NC stock solution (4.7 x 107> M) has, on average, 155
Pb(oleate), ligands. Pb(oleate), (9.1 X 107 mol) was dissolved in 9.5
mL toluene, which was subsequently added to the NCs solution. This
solution was stirred vigorously, and Nal (5.8 X 107% mol) was added
dropwise in the methanol solution (0.5 mL). Extra methanol was
added after 2 min to precipitate the NCs. The mixture was
centrifuged, and the black residue was collected and redispersed in
toluene.

Several batches of PbSe NCs were used throughout the study, but
for all samples, the change in the absorption peak position was
checked.

FT-IR measurements were performed on a Bruker Vertex 70
spectrometer. A special air-tight liquid cell was used, purchased from
International Crystal Laboratories, with a path length of 0.5 mm and
two KBr crystals at the back and front side to make it transparent for
IR light. Spectra where recorded from 400 to 7500 cm™", with a KBr
beam splitter, a DLaTGS D301 detector, and a mid-IR source. For all
measurements, tetrachloroethylene (TCE) was used as solvent.

Ligand density was determined using FT-IR spectroscopy by a
procedure published before.”® In short, a calibration curve of the
integral of the CH stretch vibration was made from known oleic acid
concentrations. PbSe NCs were dissolved in tetrachloroethylene, and
an infrared absorption spectrum of the 400—7500 cm™' region was
recorded with an air-tight liquid cell. The exciton peak was integrated
to determine the NC concentration and its peak position to determine
the NCs size.*” By combining the NC size, the NC concentration, and
the concentration of oleate, the amount of oleate per NC and the
oleates per nm” were calculated. Ligand density measurements were
always combined with NMR to make sure that all oleate ligands were
bound to the NC surface.”"*

The square superstructures were synthetized using a method
adapted from the literature.” A Petri dish was completely filled with
6.5 mL of EG, creating a flat surface. Subsequently, 350 uL of a
diluted NC solution (7.7 X 10™® M) in toluene was drop-casted on
top of the 6.5 mL EG. The square structure was formed on top of the
EG within approximately 30 min and could be transferred to any
substrate. Small quantities of high-boiling-point organics (oleic acid,
hexadecane) can increase the long-range order of the lattice. The
whole experiment is performed in a glovebox containing <0.1 ppm O,
and free from amines or other volatile gasses. The synthesis was
successful for NCs with sizes in between S and 9 nm. The oxygen
level reported in Figure 3 was determined with an analog MBRAUN
oxygen analyzer (#2974).

5813

'"H NMR measurements were performed using Agilent MRF400
equipped with a OneNMR probe and an Optima Tune system.
Spectra were recorded according to the following parameters: 400
MHz, CDCl;, 25 °C. Measurements of PbSe NCs were performed
using a longer relaxation delay (30 s) to allow complete relaxation.
For Pb(oleate),, A = 5.3 (m, 4H, HC=CH), 2.2 (t, 4H, 3JHH = 7.3
Hz, CH,), 2.0 (m, 8H, CH,), 1.6 (p, 4H, 3JHH = 7.8 Hz, CH,), 1.4-
1.1 (m, 42H, CH,), 0.87 (t, 6H, 3JHH = 6.7 Hz, CH,)

TEM images where obtained using a Philips Tecnai microscope
operating at 200 kV.

EDX spectra were obtained by a Philips Tecnai microscope
operating at 200 kV.

XPS samples for XPS measurements were prepared by drop-casting
NC solutions in toluene on aluminum plates, in a glovebox. Sample
shipping, handling, and loading to the XPS apparatus were done
under an inert gas atmosphere. XP spectra were recorded on a
Thermo Scientific K-Alpha spectrometer equipped with a mono-
chromatic small-spot X-ray source and a 180° double-focusing
hemispherical analyzer with a 128-channel delay line detector. Spectra
were obtained using an aluminum anode (Al Ka = 1486.6 eV)
operated at 72 W and a spot size of 400 um. Survey scans were
measured at a constant pass energy of 200 eV, and high-resolution
scans of the separate regions were measured at 50 eV pass energy. The
background pressure of the ultrahigh vacuum chamber was <2 X 107
mbar. Sample charging was compensated for by the use of an electron
flood gun, and binding energy (BE) calibration was done by setting
the C 1s peak of sp* carbon to BE(C 1s) = 284.8 eV.
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