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We report on the in situ monitoring of the formation of conductive
superlattices of Cu; ;S nanodiscs via cross-linking with semicon-
ducting cobalt 4,4',4",4'"'-tetraaminophthalocyanine (CoTAPc)
molecules at the liquid/air interface by real-time grazing incidence
small angle X-ray scattering (GISAXS). We determine the structure,
symmetry and lattice parameters of the superlattices, formed during
solvent evaporation and ligand exchange on the self-assembled
nanodiscs. Cuy 1S nanodiscs self-assemble into a two-dimensional
hexagonal superlattice with a minor in-plane contraction (~ 0.2 nm)
in the lattice parameter. A continuous contraction of the superlattice
has been observed during ligand exchange, preserving the initial
hexagonal symmetry. We estimate a resultant decrement of about
5% in the in-plane lattice parameters. The contraction is attributed to
the continuous replacement of the native oleylamine surface ligands
with rigid CoTAPc. The successful cross-linking of the nanodiscs is
manifested in terms of the high electrical conductivity observed in
the superlattices. This finding provides a convenient platform to
understand the correlation between the structure and transport of
the coupled superstructures of organic and inorganic nanocrystals
of anisotropic shape.

Self-assembly of nanocrystals (NCs) into ordered structures
has garnered increased attention due to their astonishing
properties which are valuable for fundamental studies and
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technological devices." > Most of the as-prepared NCs are usually
spherical in shape and produce essentially non-conductive super-
lattices as they feature insulating surface ligands. Relatively little
research has been carried out to improve the physical properties
of the superlattices by tuning the shape of the NCs, passivating
the surfaces of the NCs and cross-linking with organic semi-
conductor (OSC) molecules.”>™® Superstructures of copper
sulfide nanomaterials have demonstrated generous use due
to their rich transport and plasmonic properties."’ " The con-
trolled preparation of two dimensional ordered and conductive
assemblies of NCs with anisotropic shape is one of the challenges
in nano-fabrication as the overall properties of the assemblies
depend on their shape and orientation.>*>* Recently, the physical
properties of nanoparticle superstructures coupled electronically
with OSC molecules have been investigated by ex situ measure-
ments.”>>?® In such a typical superlattice, the OSC molecules bind
at certain facets of the NCs with their reactive groups as they have
a strong preference to couple between NCs. This might promote
high charge carrier transport across the superstructure through
resonant energy levels. In spite of the growing importance in the
field of fabrication of conductive superstructures by tuning the
shape of the NCs, the exact formation mechanism revealing
the process is still poorly understood. Here, we use this approach
to fabricate a superlattice with interesting transport properties by
(a) tuning the shape of the NCs, (b) passivating the NCs’ surfaces,
and (c) cross-linking with OSC molecules and following the
structure formation in real time.

We choose in situ grazing incidence small angle X-ray scatter-
ing (GISAXS),""*”*® which is particularly relevant to elucidating
the structure formation in real-time during the involved
chemical processes, starting from the self-assembly to ligand
exchange. In this context, GISAXS is crucial to determine the
in situ structural changes in the thin film at the liquid/air
interface. We report the in situ formation of a conductive
hexagonal superlattice of Cu, ;S nanodiscs (NDs) by exchanging
the native oleylamine (Olm) surface ligand with CoTAPc at the
dimethyl sulfoxide (DMSO)/air interface. Initially, the nanodiscs
(core diameter 12.7 £+ 0.5 nm and thickness 5.8 £ 0.2 nm)
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self-assemble into a two dimensional (2D) hexagonal super-
lattice after spreading them on the liquid surface with almost
unaltered lattice parameters. A continuous contraction of the
in-plane lattice parameters occurs during ligand exchange,
preserving the 2D hexagonal structure on the liquid surface.
The replacement of Olm with CoTAPc ligands in these super-
lattice films is confirmed by ex situ Raman spectroscopy.
A dramatic increase in the conductivity by more than 6 orders
of magnitude of the ligand exchanged films suggests that the
phthalocyanine derivative acts as an electronic linker between
the NDs.

Self-assembly of oleylamine-capped nanodiscs at the DMSO/air
interface. Self-assembly of Olm-capped Cu,; ;S NDs (Fig. Sia,
ESIT) has been monitored by dispersing 200 pL, 5 pM NC
solution in toluene at the DMSO/air interface in a custom-
built Teflon cell with a surface area of 3 x 4 cm?. In situ GISAXS
patterns are collected as a function of waiting time at intervals
of 4-6 minutes during the self-assembly process. Fig. 1a and b
show the GISAXS patterns for waiting periods of 5 minutes and
240 minutes, whereas others at intermediate times are shown
in the ESIT (Fig. S2). The appearance of several scattering peaks
along the in-plane direction (g,) corresponds to the formation
of ordered superlattices. Scattering peaks in the in-plane direc-
tion are observed at relative g,-values of 1:\/3:2, which is
characteristic of a 2D hexagonal superlattice, and are indexed
to the (10), (11) and (20) lattice planes, respectively. During the
self-assembly process, all the GISAXS patterns show resemblance
among themselves, which illustrates that the superlattices
remain in a hexagonal geometry for the whole assembling time
period. The scattering peaks in the GISAXS patterns are fitted by
the distorted wave Born approximation (DWBA)*”**7*! method
considering a model of a 2D hexagonal superlattice with suitable
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Fig. 1 GISAXS patterns of the NDs during self-assembly for waiting
periods of (a) 5 min and (b) 240 min. The white circles (transmitted) and
red crosses (reflected) are the simulated diffraction patterns considering a
2D hexagonal superlattice. (c) Temporal evolution of the lattice constants.
(d) In-plane line profiles along —q, through the {10} peak of the GISAXS
patterns.
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lattice parameters (a, b, ¢ = Inf., o = =90y =120°, 0. = 0.1°) and
P6mm space group (S.G.) symmetry oriented with the [001]s;-axis
perpendicular to the liquid substrate. We found a small
contraction in the lattice parameter (~0.2 nm) during the
first ~40 minutes of self-assembly and almost unaltered a = b =
16.8 + 0.1 nm for the remaining self-assembly period (until
240 minutes) as shown in Fig. 1c. The obtained lattice para-
meters also imply that the nanodiscs assemble into a 2D
hexagonal superlattice with an edge-to-edge configuration. Fig. 1d
shows that the in-plane scattering peaks show no shift in the
extracted line profiles of the GISAXS patterns, obtained at different
time intervals, except for the first two points (5 and 37 minutes).
Self-assembly of the nanodiscs during ligand exchange at the
DMSO/air interface. To gain insight into the ligand exchange
process of the self-assembled Cu,; ;S NDs (already in a 2D
hexagonal superlattice) at the DMSO/air interface, we inject a
CoTAPc ligand solution into the bulk DMSO and investigate the
structural change as a function of reaction time by in situ
GISAXS measurements. We recorded a series of GISAXS patterns
at regular time intervals of 4-6 minutes during ligand exchange,
and Fig. 2a-d presents four selected GISAXS patterns, collected
at —42, 6, 24 and 276 minutes, respectively. It should be noted
that in the present case the reference time (¢ = 0) is the time of
ligand injection into the bulk liquid subphase. During ligand
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Fig. 2 GISAXS patterns of the ND assemblies during ligand exchange for
waiting periods of (a) —42 min, (b) 6 min, (c) 24 min and (d) 276 min. The
red crosses (reflected) and white circles (transmitted) are the simulated
diffraction patterns considering a 2D hexagonal superlattice. (e) In-plane
line profiles along —qg, through the {10} peak of the GISAXS patterns. Peak
intensities have been scaled up for clarity. (f) Temporal evolution of the
lattice constants with elapsed time.
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exchange, the scattering patterns of all the GISAXS images
including the images in the intermediate time periods (Fig. S3,
ESIT) reveal a high resemblance to the patterns collected during
self-assembly (Fig. 1 and 2a). This clearly indicates that the
CoTAPc ligands do not significantly change the symmetry of
the superlattice during ligand exchange at the liquid/air inter-
face. To determine the transformation of the lattice parameter as
a function of reaction time, we again extract the in-plane lattice
parameters by simulating and fitting the scattering patterns of
each image taking into account DWBA. Additionally, we deter-
mine the lattice parameter at different time periods, from the
peak position of the corresponding GISAXS line profiles (Fig. 2e)
passing through the first correlation peak (—10) along the
gy-direction.

The patterns correspond to a 2D hexagonal superlattice
with Pemm SG symmetry and oriented with the [001]g -axis
perpendicular to the liquid surface with varied lattice para-
meters (Table S1, ESIt). The temporal evolution of the in-plane
superlattice parameters () after ligand injection is presented in
Fig. 2f. It illustrates that the lattice parameter shrinks almost
linearly from 16.75 £ 0.1 to 16 £ 0.1 nm during the time period
of 60 min (see Fig. 2f) at a rate of 0.18 A min~*. For the
remaining waiting period (276 minutes), we have not observed
any further major contraction of the superlattice. It is important
to note that the hexagonal symmetry of the ND superlattices
was conserved during the superlattice contraction via ligand
exchange with CoTAPc.

Ex situ measurements of the ligand exchanged films. The
Raman vibrational spectra of the native and ligand exchanged
superlattices are shown in Fig. 3a. The NDs capped with the
oleylamine ligand show a sharp peak at 471 cm™ ', which can be
attributed to the S-S stretching vibration in crystalline CuS
nanoparticles (NPs).>” Several new peaks appearing at 747,
1105, 1336, 1447, 1533 and 1607 cm ™" are due to the presence
of CoTAPc in the sample through ligand exchange (red curve in
Fig. 3a).*®* These Raman spectra of both are in good agreement
with those of the existing literature on crystalline copper sulfide
and CoTAPc.>>>?3 Fig. 3b shows the obtained current-voltage
(I-V) characteristics on a semi-log scale for the corresponding
samples. We observe an ohmic behavior of the current with
increasing bias voltage. The conductivity of the cross-linked
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Fig. 3 (a) Raman spectra of Cuy S nanodisc thin films before (blue) and
after ligand exchange (red). (b) Current—voltage (/-V) characteristics of
Cuy1S ND films. Blue circles: Olm-capped Cuy 1S ND films, and red circles:
Cuy4S ND films after ligand exchange. The graph is plotted on a logarithmic
scale for better comparison. Inset: Photograph of a substrate with Au
contacts for [-V measurements.
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superlattice is higher by about 6 orders of magnitude with
respect to the native Olm capped film.

We determined the structure of the colloidal nanocrystal
solution undergoing self-assembly via slow solvent evaporation
and the superlattice experiencing ligand exchange by CoTAPc
ligands as a function of reaction time (276 minutes) and
compared our results with few earlier works on the self-
assembly of anisotropic nanoparticles. Recently, Maiti et al.
observed the in situ formation of disc shaped single crystalline
CuS nano-objects and their self-assembly at liquid-liquid
interfaces."' Korgel’s group reported the self-assembly of disc
shaped CuS nanoparticles by using time resolved SAXS and
GISAXS, showing the formation of isotropic-to-columnar arrays
during solvent evaporation.® Li et al. also observed the columnar
self-assembly of Cu,S hexagonal nanoplates in which Sn-X com-
plexes act as the native inorganic surface ligands.>” In contrast to
the previous works on disc shaped nanocrystals, we have not
found any strong scattering peaks along the out-of-plane (q,)
direction, which undoubtedly rules out the possibility of the
formation of columnar assembly by the Cu,;S NDs. We have
not seen similar events even after adding external crosslinking
molecules. In our study, we find a very small (~ 0.2 nm) contrac-
tion of the nanocrystal superlattice parameter during self-
assembly via solvent evaporation, which is contrary to the solvent
evaporation induced assembly of a concentrated solution of
spherical PbS NPs (diameter 6.8 nm) at the acetonitrile/air
interface.” The self-assembly of NCs is attributed to the capillary
forces present at the liquid surfaces.” On the other hand, this
small contraction is consistent with the recent results on cubic
PbS NCs (edge length 11.8 nm)."” 1t has been proposed that the
effective capillary forces are not sufficient enough to displace the
relatively large size particles.**®*” We believe that in the present
case the small contraction during solvent evaporation is also due
to the ineffective capillary forces acting on large diameter
(12.7 nm) disc-shaped particles at the air/liquid interface.

In our previous ex situ study (prepared in an inert atmo-
sphere/glove box), we observed that similar NDs organise into
hexagonal superlattices for self-assembled (without ligand
exchange) and ligand exchanged films with copper 4,4’,4” 4"’
tetraaminophthalocyanine (CuTAPc) with similar lattice
parameters.?® In contrast, here we monitored the in situ self-
assembly and ligand exchange of similar nanodiscs with
CoTAPc as adligands directly at the air/liquid interface using
synchrotron X-ray scattering to know the formation kinetics of
the structural organization. To understand the effect of struc-
tural change on the optoelectronic properties, it is noteworthy
to correlate the structural, optical and transport behaviors of
the Cu,; ;S ND superlattices, formed before and after ligand
exchange. While Raman spectra (Fig. 3a), particularly the new
vibrational peaks above 1000 cm™', show that the strongly-
insulating Olm ligands are replaced by CoTAPc,* this removal
enhances the current by six orders of magnitude (see Fig. 3b).
The significant enhancement in conductivity depicts the effi-
cient charge transport in the coupled superstructures by
decreasing the inter-particle separation and increasing electronic
coupling among the NDs via semiconducting ligands.
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In summary, we have monitored the real time structural
evolution of Cu,;S nanodisc superlattices at the DMSO/air
interface during self-assembly followed by ligand exchange
with CoTAPc molecules. The nanodiscs self-assemble into 2D
hexagonal superlattices and their lattice parameters do not
change significantly during self-assembly. In contrast, the in-plane
lattice parameter of the superlattice contracts isotropically during
ligand exchange by preserving the initial structural symmetry with a
resultant shrinkage of about 5%. We attribute this contraction to
the continuous replacement of oleylamine surface ligands by small
CoTAPc molecules. Finally, we demonstrate that the OSC molecules
act as electronic coupling agents between the nanodiscs to promote
high charge carrier transport across the ordered superlattices.
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