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ABSTRACT: We investigate in situ the structural changes during self-
assembly of PbS nanocrystals from colloidal solution into superlattices, solvent
evaporation, and ligand exchange at the acetonitrile/air interface by grazing
incidence small-angle X-ray scattering (GISAXS). We simulate and fit the
diffraction peaks under the distorted wave Born approximation (DWBA) to
determine the lattice parameters. We observe a continuous isotropic
contraction of the superlattice in two different assembly steps, preserving the
body-centered cubic lattice with an overall decrease in the lattice constants of
11%. We argue that the first contraction period is due to a combination of
solvent evaporation/annealing and capillary forces acting on the superlattice,
whereas the second period is dominated by the effect of replacing oleic acid on
the nanocrystal surface with the short and rigid cross-linker tetrathiafulvalene
dicarboxylate. This work provides guidelines for optimized ligand exchange
conditions and highlights the structural particularities arising from assembling

NCs on liquid surfaces.

S elf-assembly of semiconductor nanocrystals (NCs) into
ordered and conductive superlattices is anticipated to lead
to coupled supercrystals and even mini-band formation, with
entirely new physical properties.' " Because as-synthesized
NCs are usually poorly conductive due to their insulating ligand
shell, exchange procedures with conductive ligands have been
extensively investigated.”'® Effective strategies include ligand
exchange before, after, or during self-assembly of NCs into
ordered superlattices, which are typically characterized by X-ray
scattering techniques.'' "> Performing such experiments in situ
allows elucidation of the complex structural evolution of the
superlattice during assembly and ligand exchange, which is
usually carried out on solid substrates or in suspended
droplets.'°™*°
the liquid surface, which requires the necessary infrastructure
for tilting the X-ray beam rather than the substrate.”' ~** Due to
the strong capillary waves and forces operative at liquid
surfaces, it has been suggested that self-assembly of NCs under
these conditions may be mechanistically distinct from the

In situ X-ray studies can also be conducted at

superlattice formation during drying of thin liquid films on
solids.””** In view of the growing importance of the liquid/air
interface method for the fabrication of conductive NC
superlattices, elucidating the mechanistic particularities of this
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procedure is important for the rational design of NC
superlattices with tailored electronic properties.

Here, we study self-assembly of oleic acid (OA)-stabilized,
6.8 + 0.2 nm PbS NCs from hexane:octane (1:1) solution at
the acetonitrile/air interface followed by ligand exchange with
the organic semiconductor (OSC) molecule tetrabutylammo-
nium tetrathiafulvalenedicarboxylate ([TBA],TTFDA) in situ
and determine the structural evolution.”’ We arrive at three
core conclusions: (1) The superlattice contracts isotropically
during both processes by preserving the initial structure with an
11% reduction in the lattice constant. (2) Roughly half of this
shrinkage occurs during self-assembly due to interdigitation
and/or vapor annealing, while the other half is due to exchange
with the smaller OSC molecule. (3) The final interparticle
spacing is precisely one molecular length of the bidentate
TTFDA molecule, suggesting that it is acting as a rigid cross-
linker between adjacent NCs. This is corroborated by the fact
that the interparticle distance does not change upon trans-
ferring the superlattice from the liquid to a solid substrate, in
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Figure 1. (a—c) In situ GISAXS patterns monitoring the self-assembly without ligand exchange (the elapsed time is marked in red). Red circles
(transmitted) and white boxes (reflected) denote simulated diffraction peaks of a bec superlattice with [110] orientation and Im3m SG symmetry. All
GISAXS patterns at different times can be indexed with the same reflection planes as marked in (a). (d) Temporal evolution of the bcc lattice

constant.

contrast to previous reports operating with monovalent surface
molecules.”

Self-Assembly into Superlattices without Ligand Exchange.
While details are provided as Supporting Information, in
brief, the self-assembly into superlattices was invoked by
dispersing ~200 uL of a 1:1 hexane:octane solution with a
concentration of 3.3 uM of PbS NCs on top of acetonitrile with
a surface area of 12 cm’. The NCs were capped with an OA-
ligand shell of initially roughly 3 molecules/nm? Typical in situ
GISAXS patterns for these unexchanged superlattices are
presented in Figure la—c, simulated with the distorted wave
Born approximation (DWBA) and fitted to extract the lattice
parameters (Table S1). We find that all of the GISAXS patterns
fit well to a body-centered cubic (bcc) superlattice with (Im3m)
space group (SG) symmetry, an initial lattice constant of a =
(10.3 + 0.02) nm, and a [110] orientation normal to the
substrate. As evident in Figure 1d, the lattice contracts from
10.3 to 9.9 nm during the first 45 min, followed by a very small
(~0.1 nm) contraction during the remaining measurement time
to result in a 5% overall contraction of the superlattice.

We use here the DWBA to simulate the diffraction patterns
because of the particular challenges inherent to interpreting
GISAXS patterns as in grazing incidence the scattering intensity
is affected by multiple scattering—reflection events.’>** In
contrast to the simpler Born approximation (BA), the DWBA
method is based on first-order perturbation theory and treats
structures like NCs, islands, and roughness as small
perturbations to a potential landscape of the perfectly flat
surface.™® In effect, the incident, reflected, and refracted
waves interfere and give rise to an effective form factor,
affecting each component of the momentum transfer in g-space
and thus the resulting scattering pattern. To obtain this
effective form factor, one needs to consider the electron density
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(ED) as well as the critical angle of the NC superstructures
with respect to the substrates (liquid or solids), which
ultimately determine the scattered pathways of X-rays with
the varied refractive index of the system. We estimate these
parameters from the X-ray reflectivity (XRR) profiles, obtained
at different time intervals during the assembly processes
(Figures S3 and S5), and incorporate them into the respective
simulations.

Self-Assembly into Superlattices Followed by Ligand Exchange.
In situ GISAXS measurements of NCs self-assembled on the
liquid surface followed by ligand exchange with TTFDA are
presented in Figure 2. After dispersing the NCs (—40 min)
onto the acetonitrile surface, the NCs self-assemble during the
first waiting period of 46 min with the same lattice constant and
kinetics as those observed in Figure 1d. After injecting TTFDA,
the representative GISAXS patterns obtained at +08, +153, and
+188 min are shown in Figure 2b—d (and other intermediate
time frames in Figure S4). All patterns at seven different
assembling times after ligand injection show a high resemblance
to the previous in Figures 1 and 2a, indicating that neither the
self-assembly nor the ligand exchange processes noticeably
alters the symmetry of the superlattice. A lattice parameter of
9.6, 9.25, and 9.2 nm is observed at +08, +153 and +188 min of
elapsed time after the ligand injection (t = 0) and upon fitting
of the corresponding patterns with bec (SG: Im3m) superlattice
symmetry. The plot of the evaluated lattice parameters (Table
S2) as a function of elapsed measurement time before and after
ligand injection is presented in Figure 2e, illustrating that the
superlattice contracts significantly further than what we
observed without ligand exchange.

To visualize the contraction of the unit cell as a function of
assembling/reaction time, we present the line profiles of the
two most prominent (110) and (101) reflections along the out-
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Figure 2. GISAXS patterns during the assembly process with elapsed times marked at the left corner of each image (a) before and (b-d) after ligand
injection. White boxes (1 (reflected) and red circles (transmitted) are the simulated diffraction patterns for a bee superlattice with [110] orientation
and Im3m SG symmetry. All patterns can be indexed with the same reflection planes as marked in (a). (e) Temporal evolution of the bcc lattice
constant. (f) Out-of-plane line profiles along g, through the (110) truncation rods (at gy = 0) for GISAXS patterns obtained at nine different
assembling/reaction times (—40, —08, +08, +24, +43, +102, +115, +153, +188 min). (g) In-plane line profiles along g, through the (101) truncation
rods (at g, = 0.06 A™') for GISAXS patterns obtained at nine different corresponding assembling times. Peak intensities have been scaled up for
clarity. (h) Temporal evolution of the normalized (g(t)/q(t = 0)) gy-values for all five reflections visible in the scattering pattern in (a).

of-plane (q,) and in-plane (q,) directions of the bce superlattice (see Figure S6 in the SI for details). The relative shift of each
in Figure 2f,g, respectively. Similar results are obtained for all peak position at higher q values with elapsed time clearly
other out-of-plane and in-plane reflections marked in Figure 2a depicts the ongoing contraction. We attribute the additional 6%
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contraction in the lattice constant from 9.8 to 9.2 nm to the
effect of exchanging the relatively large OA ligand with the
shorter TTFDA molecules. We note that vibrational spectros-
copy of the superlattice retrieved after the experiment suggests
a near-complete ligand exchange based on the disappearance of
the sp®> C—H vibrations. To illustrate the isotropic nature of the
unit cell contractions in the thick layer, we plot the temporal
evolution of the total momentum transfer q(t) with respect to
the initial g(t = 0) for five different diffraction peaks in Figure
2h. We find practically identical behavior for all five peaks,
which again confirms the continuous contraction of the unit cell
during self-assembly and ligand exchange.

We now compare the results of our work with other in situ
studies of the self-assembly of NCs on liquid surfaces. Geuchis
et al. observed a structural transformation from quasi-hexagonal
close-packed into square superlattices during self-assembly on
ethylene glycol.”’ This was attributed to necking and partial
fusion of the NCs during solvent evaporation. However, while
ethylene glycol is well-known to induce ligand stripping from
NC surfaces, acetonitrile (applied in the present work) has
been shown to leave lead chalcogenide surfaces largely intact.*®
van der Stam et al. reported on oleylamine (Olm)-capped ZnS
NCs assembled into superlattices on ethylene glycol in the
presence of OA.”> The authors found an in-plane contraction
by 1.8 nm without adding OA and 1.5 nm in the presence of
OA. This was attributed to the interdigitization/buckling of
surface ligands during solvent evaporation. We note again that
acetonitrile reportedly removes much fewer ligands from the
PbS surface, which may explain why the contraction during
drying in our work is significantly smaller.”® In addition, a
possible buckling in the structure would likely manifest in a
change of the in-plane scattering truncation rod into an “arc”
shape, which we do not observe here.”’

In contrast, we briefly discuss a few alternative explanations,
which we deem more likely to be held responsible for the
observed contraction during self-assembly and solvent evapo-
ration on the liquid surface without ligand exchange (Figure 1
and the period from —40 to 0 min in Figure 2). We argue that
this contraction is due to continuous interdigitization of OA
ligands during evaporation of the solvent and/or simultaneous
self—vapor—annealin% as the cell was mostly closed throughout
the experiment.”®”” The volatile carrier solvent (1:1 hexane/
octane) of the NCs evaporates over ~46 min and fills the
closed chamber with vapor. The drop of intensity in the
scattering pattern in Figure 1b is supporting evidence for this
scenario. As the NCs are partially immersed into the liquid, one
also has to consider immersion-induced effects.”’~** Thermal
fluctuation forces (capillary waves)*”*' are always present at
the liquid surface along with capillary forces, which are
foremost the result of NCs immersing into the acetonitrile
phase, inducing the assembly to conserve the structural
symmetry.“’43 In this regard, it is worth noting that the
ligand-stabilized NCs may have also other important
parameters because of their complex surfaces, different facets
with varying ligand densities and binding motifs.** Such surface
parameters or anisotropy may also lead to the formation of
multipoles at the liquid/air/NC interface and additional
interparticle attractive forces.*>*

In continuation of comparing the present work with the
results by van der Stam et al., we now discuss the origin of the
additional contraction observed after initiating ligand exchange
with TTFDA (the period starting at “0 min” in Figure 2).
TTEDA is a fully conjugated molecule with an sp*hybridized
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carbon backbone in contrast to OA or Olm, which are mostly
sp>-hybridized and flexible. In addition, only TTFDA with
anchoring groups on both sides of the molecule is capable of
cross-linking adjacent NCs. Therefore, TTFDA-capped NCs
are likely to exhibit some structural rigidity in the ligand shell
and cannot easily undergo further structural changes once the
interparticle distance is on the order of one TTFDA molecule
(1.1 nm). In view of the NC diameter of 6.8 + 0.2 nm and an
extracted interparticle distance (given by the half-diagonal of
the bcc cell) of 7.9 nm for the fully exchanged NC
superstructure (Figure 2e), we find that this limit may indeed
be reached here (1.1 nm). We sought to test this hypothesis by
recovering the ligand-exchanged superlattice from the liquid
surface and drying it on a solid support. A comparison of the in-
plane line profiles through the (011) lattice planes of the
corresponding GISAXS patterns in Figure 3a reveal no change

a)

Intensity(a.u.)

! 40 m hiqu

10° : :
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Figure 3. (a) Comparison of the temporal evolution of the superlattice
during contraction period 1 (“+8 min”), period 2 (“+188 min”), and
after retrieval and drying of the NC superlattice (“dried”) along the in-
plane direction (resembled by q, of the (011) reflection). (c—e)
Idealized schematics of the proposed sequential contraction of the PbS
superlattice upon drying on an acetonitrile surface and ligand exchange
with TTFDA. (b) In the beginning of the experiment, OA-capped PbS
NC:s begin to form a superlattice with bec structure, while the solvent
(indicated by the green color) has not completely dried. (c) In
contraction period 1, complete drying of the NCs on the acetonitrile
liquid leads to a lateral contraction of the superlattice. At this point,
the NCs are still capped with OA, acting as flexible spacers. (d) In
contraction period 2, OA is replaced by TTFDA, triggering further
contraction of the superlattice.

before and after this transfer. This is in contrast to the results of
a similar experiment performed by van der Stam et al. with the
monodentate molecules OA and Olm.”> We take this as
evidence that the seemingly reversible superlattice contraction
at the liquid/air interface can be “locked-in” by cross-linking
adjacent NCs with a rigid, bidentate molecule like TTFDA.
Our complete view of the sequential isotropic contraction of
a 3D superlattice on the liquid surface in this work is
schematically depicted in Figure 3b—d. Particularly noteworthy
is that the bec symmetry of the NCs superlattice is conserved
throughout the self-assembly processes, undergoing different
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physical/chemical effects with elapsed time. The first 5%
contraction before ligand exchange is mainly due to solvent
evaporation/annealing and the effect of capillary forces (from
(b) to (c)). Ligand exchange with TTFDA (from (c) to (d))
invokes an additional 6 % contraction due to near-complete
exchange and the shorter molecular length of TTFDA
compared to that of OA.

In summary, we have investigated the self-assembly of PbS
NCs into multilayered superlattices at the acetonitrile/air
interface in real time by grazing incidence small-angle X-ray
scattering. We used the bidentate cross-linker tetrathiafulvalene
dicarboxylate to exchange the native OA surface ligands and
monitored the structural changes to the superlattices in situ. We
arrive at three core findings: (1) The superlattice contracts
isotropically during solvent evaporation and ligand exchange by
preserving the initial structure with an 11% decreased lattice
constant. (2) Roughly half of this decrease occurs during self-
assembly due to interdigitation and/or vapor annealing, while
the other half is due to exchange with the smaller cross-linker.
(3) The final interparticle spacing is precisely one molecular
length of the bidentate TTFDA molecule, suggesting that it
rigidly connects adjacent NCs. Our work is intended to help
improve the structural coherence in NC superlattices and
provide guidelines for optimized ligand exchange conditions
and highlights the structural differences arising from assembling
NCs on liquid surfaces.
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