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ABSTRACT

During the self-organization of colloidal semiconductor nanoparticles by solvent evaporation,
nanoparticle interactions are substantially determined by the organic ligands covering the
inorganic core. However, the influence of the ligand grafting density on the assembly pathway is
often not considered in experiments. Here, we carry out an in-situ synchrotron small angle X-ray
scattering and X-ray cross-correlation analysis study of the real-time assembly of oleic acid-
capped PbS nanocrystals at a low ligand coverage of 2.7 molecules/nm?. With high temporal and
spatial resolution, we monitor the transitions from the colloidal suspension through the solvated
superlattice states into the final dried superstructure. In a single in situ experiment, we observe a
two-dimensional hexagonal, hexagonal close-packed, body-centered cubic, body-centered
tetragonal (with different degree of the tetragonal distortion), and face-centered cubic
superlattice phases. Our results are compared to the self-organization of PbS nanocrystals with a
higher ligand coverage up to 4.5 molecules/nm?, revealing different assembly pathways.

This highlights the importance of determination of the ligand coverage in assembly experiments
in order to approach a complete understanding of the assembly mechanism as well as to be able

to predict and to produce the targeted superstructures.



INTRODUCTION

Colloidal semiconductor nanocrystals (NCs) represent a promising material for a wide range of
technological applications due to their monodispersity, ease of handling and tunable optical
properties by the particle size. The ability of colloidal NCs to form ordered structures via self-
assembly, e.g., upon solvent evaporation or destabilization using a non-solvent, is an attractive
way to obtain so called “superlattices” that, besides displaying the unique physical and chemical
properties of individual NCs, exhibit novel collective properties as a result of the strong
delocalization and electronic coupling between well-arranged nanoparticle layers. Typically,
widespread wet chemical synthesis methods yield colloidal NCs covered by a stabilizing surfactant
layer of organic ligands, which acts to solubilize the NCs in the desired organic medium and is
directly involved in the assembly process. Whereas various parameters are known to affect the
structure of the self-assembled NC superlattice in a solvent-mediated assembly, such as, e.g., the
rate of solvent evaporation and hence superlattice crystallization, NC core composition, size and
shape, NC concentration, type of ligand and solvent used etc.,* the relationship between the ligand
grafting density and the obtained superlattice structure is still poorly understood.

For potential electronic or optoelectronic applications, as-synthesized colloidal lead sulfide (PbS)
NCs with the commonly used oleic acid ligands require a thorough purification, which is in
particular necessary to ensure success of the consequent ligand exchange.*® During the post-
synthesis processing of semiconductor NCs, multiple parameters, such as the precise composition
and stoichiometry of NCs depending on the synthesis protocol, the exact washing procedure
(amount of precipitation steps and solvents used) as well as the storage conditions influence the
surface chemistry, which is why the ligand grafting density varies from sample to sample.®° For

PbS NCs a variety of superlattice structures has been reported, such as a face-centered cubic



(FCC), hexagonal closed-packed (HCP), body-centered cubic (BCC), and body-centered
tetragonal (BCT)%'® and only a few experimental studies considered the impact of the ligand
coverage of typically used ligands, e.g., oleic acid, on the final superlattice state.®!’ Due to the
faceted nature of lead chalcogenide NC cores and the different binding energy of oleic acid
molecules to the {100}nc and {111}nc facets,*82! the ligand grafting density might additionally
influence the anisotropy of a ligated nanocrystal and becomes an essential parameter that needs to
be taken into account for the desired assembly outcome.®°1” Moreover, it has been demonstrated
that different structures of binary NC superlattices consisting of PbS and Au NCs formed
depending on the oleic acid coverage of PbS NCs.?

The origin of a certain superlattice configuration for the case of PbS NCs is still a subject of
ongoing research, because even at seemingly similar conditions different self-assembled
superlattice structures have been observed.'®2 The recently emerged in situ X-ray scattering
methods of the self-assembly characterization represent a promising route for providing insights
into the assembly mechanism and uncover the time-resolved superlattice transitions.?*?” However,
the discussion and determination of the ligand grafting density is often absent in literature, which
complicates comparison between experimental results obtained for similar systems in independent
investigations and hinder development of theoretical models that would help navigating the
assembly pathway to produce the targeted superlattices.

Here, we aim to investigate the NC self-assembly on the example of faceted oleic acid-capped PbS
NCs (8.2 nm in diameter) dispersed in heptane using a combination of controlled solvent
evaporation and in situ synchrotron small-angle X-ray scattering (SAXS). We analyze the time-
resolved superlattice structures with high temporal resolution and, by determining the surface

ligand coverage of PbS NCs, try to elucidate the role of ligand grafting density in the assembly



process. In particular, we show that the lower density of oleic acids ligands of approx. 2.7
molecules/nm? in this study and the higher ligand grafting density up to 4.5 molecules/nm? from
ref 28 result in different self-assembled structures at all other conditions, i.e., synthesis, post-
synthesis processing, and self-assembly environment, kept the same. The measurement is
performed in transmission SAXS geometry, which allows us to obtain the SAXS signal over the
whole volume of the colloidal suspension and, during controlled solvent evaporation, over the
whole thickness of the self-assembled film. Thus, the structural information of the bulk
suspension/superlattice volume can be accessed. In addition to the conventional SAXS analysis,
where the scattering data are averaged along an azimuthal ring of a two-dimensional pattern and
thus some structural information might be lost, we perform the X-ray cross-correlation analysis
(XCCA) of the real-time SAXS data. This allows us to gain insights into the subtle structural

changes of the superlattice states and decipher some details that uncover the assembly mechanism.

EXPERIMENTHAL SECTION

Synthesis of Oleic Acid-Capped PbS Nanocrystals

The PbS nanocrystals were synthesized by the hot-injection method of Hines and Scholes.?
Concisely, 0.759 g of lead acetate trihydrate (99.999% Sigma Aldrich) and 20 ml of oleic acid
(90%, Sigma Aldrich) were placed in a three-neck round-bottom flask and heated at 120 °C for 1
hour under reduced pressure of 2.5x10" mbar. Subsequently, the reaction solution was purged
with argon and heated up to 147 °C. In a nitrogen glovebox, a syringe was prepared containing
0.210 ml of bis(trimethylsilyl)sulfide (Sigma Aldrich) dissolved in 10 ml of dried octadecene (90%
Sigma Aldrich). The content of the syringe was rapidly injected into the colorless reaction solution

with a G14 needle at approx. 145 °C under constant stirring. The heating mantle was removed



before the injection. After nanoparticle growth for the duration of 3 min the reaction was stopped
by quenching by a cold water bath and the suspension was allowed to cool down to room
temperature. The colloidal suspension was mixed with hexane and the particles were precipitated
with ethanol by centrifuging at 8,000 rpm for 5 min. Afterwards, the supernatant was removed and
the particles were redispersed in hexane. The purifying procedure was repeated three more times
(size-selective precipitation was applied during the second precipitation step) and the washed
particles were redispersed in anhydrous heptane (Sigma Aldrich). Overall, the particles have been
precipitated four times after the synthesis. It has to be noted that at this step nanoparticles could
be well suspended in heptane, whereas one more additional precipitation step removed too many
ligands and resulted in an inhomogeneous nanoparticle suspension. The PbS NC suspension in
heptane after 4 washing cycles was stored in a dry nitrogen glovebox at the concentration of 74
mg/ml. The concentration of PbS NC suspension in heptane for the in situ self-assembly
experiment was chosen to be 10 mg/ml in order to obtain well-ordered nanocrystal superlattices
with sufficient SAXS signal and to avoid multiple scattering in solution, which becomes an issue

at concentrations larger than 30 mg/ml.”
In Situ Small-Angle X-ray Scattering upon Controlled Solvent Evaporation

The in situ SAXS measurements were performed at the P10 Coherence Applications Beamline of
the synchrotron radiation source PETRA Ill, Hamburg, Germany. The energy of the incident X-
ray beam was set to 13.0 keV and the beam size was 2 um (v) x 3 um (h). The SAXS data were
collected using an EIGER X4M detector at 5.039 m sample-to-detector distance and a typical

exposure time of 0.2 s. Two-dimensional SAXS patterns were azimuthally integrated into one-

dimensional scattering curves I(q) presented as a function of scattering vector q = 4T’Tsin (g)



where 4 = 0.0954 nm is the wavelength of the incident X-ray beam and 6 is the scattering angle.
The 1(q) of the particle form factor of the colloidal nanocrystals was corrected for the background
scattering of the solvent and the experimental setup. It has to be noted that no radiation damage of
the sample was observed for the chosen exposure times.

The real-time self-assembly of PbS nanocrystals was monitored during controlled solvent
evaporation in a custom-built chamber.*° In brief, the solvent vapor chamber (inner volume approx.
72 cm?®) used for in situ SAXS measurements was equipped with two Kapton windows for the
incident and scattered X-ray beam. The chamber was evacuated and purged with helium to remove
oxygen and water content. After that the chamber was saturated with pure solvent (27 ul of
heptane). Subsequently, the nanoparticle suspension in heptane was injected into the inner liquid
sample cell, consisting of two silicon nitride membranes at 0.5 mm separation (membrane size of
5 mm x 5 mm and thickness of 500 nm). The helium flow through the chamber was started at a
controlled rate of 1.8 cm®min, allowing for the slow solvent evaporation from the colloidal
suspension (volume ~ 24.5 ul). The evaporation rate was 0.25 pl/min for the nanoparticle
suspension in heptane. During all measurements the cell temperature was kept constant at 23-25
°C. The start of the experimental time was defined by turning on the helium flow inside the
experimental hutch. The hutch was searched and the beginning of measurements was initiated at
3 min of elapsed time. The absolute time of solvent evaporation depends additionally on the solvent
saturation level and the filling level of the colloidal suspension. Thus, evaporation times presented
in this paper should be considered from the relative-to-each-other point of view rather than
absolutely.

The SAXS data during the in situ solvent evaporation of a 10 mg/ml PbS NC colloidal suspension

were recorded by scanning over three horizontal and nine vertical positions on the silicon nitride



windows to ensure adequate statistics and reasonable time resolution of around 1.4 min at each
measurement point. The form factor fit of the I1(q) of the PbS NC colloidal suspension in heptane
preceding the superlattice formation was carried out using the Schulz—Flory distribution for

dispersed spheres.
Nanoparticle Characterization

Transmission Electron Microscopy (TEM) images were acquired using a JEOL JEM-1011
instrument operating at 100 kV. To prepare the TEM sample, a drop of the diluted NC solution in
heptane was deposited on a carbon-coated copper grid and dried in air.

UV-Vis-NIR absorbance measurements were recorded using PbS NCs dissolved in
tetrachloroethylene at a VVarian Cary 5000 spectrometer.

Thermogravimetric analysis (TGA) was performed on a Netzsch TG 209 F1 Iris instrument. 7.667
mg of PbS NCs in an alumina crucible was heated up to 600 °C at a rate of 10 °C/min under
nitrogen atmosphere. Baseline correction was performed by running TGA on an empty crucible
under the same experimental conditions.

Scanning electron microscopy (SEM) was carried out using a LEO 1550 Gemini instrument at 2-

20 kV for the imaging of self-assembled superlattice films after the in situ SAXS measurements.

RESULTS AND DISCUSSION

For the investigation of the in-situ assembly of colloidal NCs into highly ordered superlattices
upon controlled solvent evaporation, we use a dedicated sample environment.?33%3! Briefly, in a
solvent vapor saturated atmosphere the colloidal suspension of PbS NCs, e.g., in heptane, is filled
into a cell consisting of two X-ray transparent silicon nitride membranes at a narrow separation
(Figure 1a). Afterwards, the slow evaporation of the solvent from the colloidal suspension — the
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evaporation rate for heptane is ~0.25 pl/min (Figure S1) —is initiated by a helium gas flow through
the chamber (for details see Experimental Section). PbS NCs self-assemble into ordered
superlattice films under quasi-equilibrium conditions along the silicon nitride cell windows during

the movement of the evaporation front (Figure 1Db).
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Figure 1. In situ self-assembly of PbS NCs: (a) Schematic representation of the sample cell with
PbS NC suspension during in situ solvent evaporation. The SAXS patterns are acquired in
transmission geometry through the silicon nitride membranes, which serve as the cell walls during
real-time NC assembly. NCs form highly ordered superlattice films along the silicon nitride
windows. (b) SEM images of the post-assembly NC films in side (left) and front (right) view. (c)
Azimuthally integrated SAXS curve of the colloidal suspension in the beginning of the self-
assembly with the corresponding form factor fit (left) and TEM image of PbS NCs obtained from

the colloidal suspension used for the in situ SAXS experiments (right).



In our previous study, we investigated the real-time self-organization of oleic acid-functionalized
7.8 nm sized PbS NCs (with 10% size dispersity) and exhibiting a high ligand coverage of 4.5
molecules/nm? estimated assuming a cuboctahedral-shaped NC core (obtained after 2 washing
cycles).?® To observe the effect of the ligand coverage on the self-organized NC superlattice, in
this study we utilize well-purified (4 washing cycles, see Experimental Section) oleic acid-
stabilized 8.2 nm in diameter (with 10% size dispersity) PbS NCs dispersed in heptane as a sample
system (Figure 1c). Such degree of purification is typically applied to semiconductor nanoparticles
for the subsequent utilization in optoelectronic device fabrication.>33 At this point, it has to be
noted that after 4 washing cycles the NCs could be still well suspended in heptane, whereas one
more additional precipitation step resulted in ligand-deficient nanoparticles that could not be
redispersed homogeneously in the corresponding solvent. The ligand grafting density of PbS NCs
after 4 washing cycles was determined using the thermogravimetric analysis to be 2.71 + 0.27
molecules/nm? considering a cuboctahedral shape of the inorganic core (for details see Supporting
Information and Figure S2). The error in this estimate results from the error in the diameter
determination of NCs and its dispersity (Figure 1c). For the SAXS and TGA measurements, the
same batch of NCs has been used. For the subsequent discussion, we use the value of 2.7
molecules/nm? as the average estimate of the ligand coverage. In view of recent findings in ref 7,
we estimate that such well-purified NCs after 4 steps of the precipitation-redispersion possess a
ligand density which is close to the monolayer coverage for oleic acid molecules (see
considerations in the Supporting Information). In other words, we suppose that the fraction of free
and/or physiosorbed oleic acid ligands is low for this particular sample and can be neglected during

further discussion.
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Because ligands exhibit different solvation in different solvents,® the choice of the solvent is
expected to determine ligand-solvent interactions during the assembly process. It has to be noted
that in ref 28 both heptane and toluene were used as a solvent for the NC suspension applied for
the in situ self-assembly, whereas no difference in the superlattice structures has been observed
for these two solvents. Due to better ordering of NCs in heptane,?® in this study we utilize only
heptane as solvent. In addition, it has been recently demonstrated that not only the choice of the
ligand influences the ligand grafting density of NCs but also the concrete processing and
purification procedure of NCs after the synthesis (including washing steps and solvents used).®’
In this respect, we note that the same purification procedure with the same solvents has been
applied in ref 28 and in this study, with the only difference of 2 versus 4 washing cycles.

As it can be seen from the post-assembly scanning electron microscopy (SEM) images (Figure
1b), the obtained NC superlattice film (upon evaporation from a 10 mg/ml PbS NC suspension in
heptane) has a thickness of approximately 200 nm, which corresponds to about 19-20 monolayers
of PbS NCs considering the ligand shell thickness (see following considerations in this paper).
This confirms the three-dimensional structure of the self-assembled superlattice. The front view
of the self-crystallized PbS superlattice film (Figure 1b) reveals large domain sizes of up to several
micrometers. For the in situ SAXS measurements, we employ a coherent X-ray beam at beamline
P10 of the PETRA 111 synchrotron facility with a beam size of approximately 2 x 3 um? (vertical
x horizontal). Such a focused beam allows for the observation of the superlattice transitions with
high spatial resolution.

During the in situ self-assembly of PbS NCs upon controlled solvent evaporation, the SAXS
patterns were acquired on a grid of 3 horizontal and 9 vertical positions as shown in Figure 2a, so

that a time resolution of 1.4 min was achieved at each measurement point. The results presented
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throughout this paper were acquired at the measurement point denoted by a red dot in Figure 2a.
It has to be noted that at other measurement points the same superlattice transitions and the final
superlattices with the same lattice parameters were observed with absolute time values depending
on the vertical position. Some differences have arisen at the bottom points due to the higher NC
concentration in the remaining liquid of the suspension, which is out of the scope of this paper due

to the lack of statistics and reproducibility.
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Figure 2. Transmission SAXS measurements: (a) Scheme of the side view of the silicon nitride
cell windows with typical measurement points during the in situ self-assembly. The red dashed
line shows the region of the SAXS scan performed on the dried superlattice, represented in (b). (b)
Total integrated intensity map of the dried superlattice after the in situ self-assembly took place.
(c) Temporal evolution of SAXS curves, obtained by the azimuthal integration of 2D SAXS
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patterns, during the in situ self-assembly of colloidal PbS NCs into superlattices upon solvent

evaporation acquired at the point shown in red in (a).

After the NC self-assembly had taken place, dried NC superlattice films were scanned over a larger
area as shown by the dotted red rectangle in Figure 2a with a spatial resolution of 200 pm
horizontally and 100 um vertically to obtain better statistics of the final NC superlattice. As it can
be seen from Figure 2b, the map of the total integrated intensity of the SAXS signal is quite
homogeneous in the measured region. Additional optical microscopy images of the self-assembled
NC film can be found in Figure S3.

Figure 2c depicts the temporal evolution of the azimuthally integrated SAXS signal during the in
situ self-assembly upon solvent evaporation from a 10 mg/ml PbS NC suspension in heptane. The
following regimes of the assembly states can be identified: the colloidal suspension, the swollen
superlattice state (with evident superlattice transitions within this phase), the drying region of the
self-organized superlattice, and finally the dried superlattice, where no further solvent evaporation
is observed. The superlattice transitions from the wet to the dry state for PbS NC superlattices have
been also reported in other in situ studies, 5% yet the role of the complex ligand-solvent and ligand-
ligand interactions is still poorly understood. In this work, due to the very slow and controlled
solvent evaporation under quasi equilibrium conditions we are able to capture several phases in
the solvated superlattice state and due to the simultaneous measurement of different vertical points
we determine the moment of evaporation of solvent molecules from the interstitial sites of the wet
superlattice, which allows us to resolve the assembling process in more detail.

The analysis of the time-resolved SAXS curves during the in-situ NC assembly shown in Figure
2c is presented in Figure 3 for selected times. The start of the experimental time of the assembly

process was defined by the start of the helium flow through the evaporation chamber, the exact
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time evolution depends on the volume of the colloidal suspension and the amount of the solvent

used for the chamber saturation.

19.50 min C 11 2915 min ! 30.51 min
M L 2 e
1 . Diluted 1 Concentrated 1 HEX . a=122nm |
C ' suspension S suspension s {%D} '
L A S R S .
= = = :
7] ] 7] g
g 011 5 0.11 % 0.14 =
E E E ,
g
0,01 Y] 001 e T ooty | lov]
02 04 06 08 10 12 14 16 02 04 06 08 10 12 14 16 02 04 06 08 10 12 14 16
q (nm"’) q (nm™) q (nm™")
' [ [ ¥ '_
1 |48.41 min
JJHCP+BCC | _1_ L
{ | Gt

12.8 nm

°
Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

0.01

02 04 06 08 10 12 14 16 02 04 06 08 10 12 14 16
q (nm™) q (nm™) q (nm™)
N BCT + FCC
= 3 3 %
L s )
I ) o
B B B
£ £ =
——= L 0.01 A— | = B A ———
02 04 06 08 10 12 14 16 02 04 06 08 10 12 14 16 02 04 06
q (nm™) q(hm™)

Figure 3. Tracking representative superlattice phase behavior. SAXS curves during in situ self-
assembly of colloidal PbS NCs at chosen time values show the superlattice structure formation
and transitions. The solvent evaporation from the swollen crystallized superlattice starts at approx.
89 min of elapsed time and continues up to approx. 96 min of elapsed time. The predominant
superlattice phases during the coexistence of different lattice structures are indicated in bold. The
positions of the Bragg peaks are shown for the corresponding dominating superlattices in the case

of phase coexistence.
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In the first 20 min of solvent evaporation, the SAXS signal of a colloidal suspension of not ordered
particles is observed. At this stage, the SAXS curve can be well described by a single form factor
of spherical particles (Figure 1c). Upon controlled solvent evaporation, the NC concentration
increases and at 30.51 min the formation of a hexagonal (HEX) superlattice is evident. Most
probably, at this stage the hexagonal superlattice is two-dimensional (2D), as it can be seen from
the fit in Figure 3 which gives a lattice constant a = 12.2 nm. During further solvent evaporation,
we observe a change of the hexagonal superlattice, namely a decrease of the intensity of the first
peak with simultaneous broadening (which corresponds to the {10}2p nex or the {100}ce
reflection) and shift towards larger g values, as shown in Figure S4. In addition, the Bragg peak
of the {11}.p Hex reflection widens and becomes less pronounced, which indicates that the
crystallite size decreases. Assuming that the 2D HEX structure transfers into the three-dimensional
one, we show a fit using the HCP reflections in Figure 3 at 37.43 min. This is in accordance with

our previous publication ref 23, where the HCP superlattice with the same lattice parameters (a =

118 nm and ¢ = \Ea) in the beginning of the self-assembly was detected. Moreover, the

thickness of the final self-assembled film of 19-20 monolayers exceeds the number of layers, for
which typically a 2D HEX structure can be modeled.®

At 38.80 min, the BCC superlattice starts to evolve from the hexagonal superlattice with the lattice
constanta = b = ¢ = 12.9 nm and becomes predominant at 48.41 min (a = b = ¢ = 12.8
nm) with the HCP superlattice still present, evident by a peak at ¢ = 0.61 nm™* (Figure 3 and Figure
4a). This observation is in accordance with our findings reported in ref 28. Furthermore, in recent
grazing-incidence as well as tangential and normal incident SAXS studies of the in situ self-
assembly of PbS NCs by means of the printing deposition and antisolvent diffusion, the

coexistence of the FCC (or FCC/HCP) and BCC phases in the self-organized superlattice has been
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reported.®>3" Due to the very similar free energy of the FCC and HCP structures both are equally
probable to occur.®®4! It has to be noted that the peak/shoulder at g = 0.61 nm™ originating from
the hexagonal superlattice remains present in the SAXS curves obtained by the azimuthal
integration of 2D scattering patterns during the whole assembly process until the final dried state
at 99.65 min (Figure 3).

Using XCCA,* we analyze the 2D SAXS patterns for azimuthal correlations at a certain g value
and different correlation angle A values according to

UCEFA '

C(q,b) =

where ¢ is the azimuth angle of a 2D scattering pattern. In the case of a crystalline material, such
as an ordered nanocrystal superlattice, the choice of the g value is typically determined by the
position of the Bragg peaks. Especially for the first strongest Bragg peaks of the superlattice, well-
resolved correlations can be obtained.*®

The analysis of the Fourier coefficients of the correlation function C(g, A) enables access to the
qualitative measures of the symmetry of a 2D scattering pattern.** In the case of Bragg reflections,
the fourth (C,) and the sixth (C¢) Fourier coefficients exhibit the highest values if the angle between
equivalent lattice planes corresponds to 90° and 60°, respectively (Figure S5). Interestingly, the
azimuthally integrated SAXS curves at 37.43 —48.41 min (Figure 4a) could be modeled using both
the BCC phase emerging from the HCP phase as well as the FCC superstructure (Figure 4b, c).
The XCCA approach to the data evaluation at 37.43 min to 48.41 min confirms the coexistence of
HCP and BCC phases through comparison of the experimentally observed values of the C, and C,
Fourier coefficients (Figure 4d, e) with the expected contributions to the C, and C, components
for the assumed lattice structures (HCP/BCC or FCC) with the corresponding Bragg reflections
(see Figure S5 and Table S1). Thus, by means of XCCA the formation of the BCC phase from

16



the hexagonal phase can be unambiguously revealed (see Table S1 and discussion in the
Supporting Information). This demonstrates the importance of the XCCA, where the two-
dimensional information from scattering patterns can be extracted at a higher extent without loss

due to averaging.
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Figure 4. Evolution of the cubic superlattice phase from the hexagonal ordering: (a) Time-resolved
azimuthally integrated SAXS curves during the in situ self-assembly of PbS NCs from 37.43 to
48.41 min after the start of solvent evaporation. (b), (c) Modeling of the SAXS curve at 42.93 min
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of elapsed time by a mixture of the HCP and BCC superlattice phases as well as by the FCC
superlattice phase, respectively. (d), (e) The fourth C, and the sixth C4 Fourier coefficients
obtained from the XCCA of two-dimensional SAXS patterns for the same assembly times as the
azimuthally integrated SAXS curves in (), respectively. The dotted lines in (d) and (e) show the
evolving contributions from reflections of the BCC superlattice, i.e., {110}sccin (e) and {200}scc
in (d).

Later on, the BCC superlattice undergoes a tetragonal distortion resulting in a BCT superlattice
with lattice constantsa = b =12.6 nmand ¢ = 13.2 nmat 66.29 min of elapsed time and further
a = b =124nmand c = 13.6 nm at 78.78 min (Figure 3). This is again in agreement with our
previous study performed with a different NC batch measured in a different experiment.® For this
particular measurement, the solvent evaporation from the remaining bulk colloidal suspension and
thus from the swollen self-assembled superlattice starts at approx. 89 min of elapsed time. The
detection of this temporal point is possible due to the simultaneous measurements over different
vertical positions on the cell windows.3! The SAXS curve at 89.90 min (not shown here) can be
best modeled by a mixture of two coexisting BCT superlattices with lattice constantsofa = b =
12.2 nm and ¢ = 13.8 nm (more pronounced) as wellasa = b = 10.4 nm and ¢ = 13.8 nm
(less pronounced). During further solvent evaporation, at 92.68 min of elapsed time (not shown
here) the BCT superlattice with a = b = 10.4 nm and ¢ = 13.8 nm becomes predominant and
the BCT superlattice with a = b = 12.2 nm and ¢ = 13.8 nm diminishes. At 99.65 min, the

superlattice is dried with no further signs of the solvent evaporation and can be described as the

BCT phase witha = b = 10.4 nm and ¢ = 13.8 nm (Figure 3) with some fraction of the FCC

phase witha = b =9.9nmand ¢ = 14.0 nm present (Figure S6). In the latter case, the unit cell

axes are referred to the BCC unit cell, meaning that the FCC lattice meets the condition ¢ = V2 -

a. Otherwise, using a more common description of the FCC lattice with three equal lattice axes,
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the Bragg reflections shown in Figure S6 for the FCC phase correspond to a; = b, = ¢ = 14.0
nm. The detailed analysis of the larger mesh acquired on the final dried superlattice shown in
Figure 2b revealed the average value of the lattice constant a = 10.2 £ 0.4 nm, resulting in a nearest
neighbor distance of 9.98 + 0.16 nm for the BCT structure and 9.88 = 0.14 nm for the FCC
structure.

The structural behavior of the time-resolved superlattice transitions and the phase coexistence

shown in Figure 2c and Figure 3 is summarized in Scheme 1.
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Scheme 1. Evolution of intermediate phases during the in situ self-assembly with evaporation time.
The color gradient shows the emergence or disappearance of a corresponding superlattice

structure.

The final BCT phase has a c/a ratio of 1.33, which is close to the c/a ratio of v2 describing the
FCC phase. Thus, upon solvent evaporation the PbS NCs in this study form a BCT superlattice
which approaches and partly results in the FCC one. The BCC to FCC transition through
intermediate BCT structures is described by the Bain path in martensite steel*® and has been
recently observed for PbS and PbSe NC superlattices upon solvent evaporation.®*>!® The Bain
deformation from the BCC to the FCC lattice occurs through expansion of the c-axis by 2%/3and
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contraction of the a, b-axes by 271/¢, whereas the volume of the lattice remains constant.*® Figure
5a shows the time-resolved lattice constant values of the a, b-axes and the c-axis during the
structural transitions from the BCC through the BCT to the FCC superlattice. As it can be seen
from Figure 5b, the volume of the superlattice does not change substantially during the transition
from BCC to BCT in the solvated state, whereas the values of the a, b-axes and the c-axis change
with solvent evaporation. After the solvent evaporation from the bulk suspension and from the

swollen superlattice voids, the volume reduces by about 27%. The same trend is observed for the

nearest-neighbor distance, defined as NN = for the general case of a body-centered

J(@%+b2+c?)
2

orthorhombic lattice, which does not change significantly during the BCC to BCT transformation

in the solvated superlattice (Figure 5c).
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Figure 5. Analysis of different parameters within the cubic phase transitions. Evaluation of the
hexagonal phase preceding the BCC superlattice (see Figure 3 and Scheme 1) is not shown in these
figures for simplicity. (a) Time-resolved lattice constants for the self-assembled BCC, BCT, and
FCC superlattices describing the SAXS curves shown in Figure 3. (b) Volume of the superlattice
calculated from the lattice constant values shown in (a). (c) Time-resolved values of the nearest
neighbor distance in the self-assembled BCC, BCT, and FCC superlattices (triangles pointing
right) calculated from the SAXS curves shown in Figure 3 and the corresponding interparticle
separation values (triangles pointing left). The dashed horizontal line shows the hard sphere
diameter of ligated NCs for the final NC superlattice calculated using the OPM formula. (d)
Packing efficiency of PbS NCs with consideration of the ligand corona, calculated assuming a
spherical NC core. For all subfigures, the full-colored points show the predominant structures at

the corresponding assembly stage, whereas the half-colored points describe the less pronounced
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phases. In (a) the c-axis values are denoted with the crossed star symbols for the BCC/BCT phases
(the c-axis values are the same both for the predominant and the less pronounced BCT phases in
the drying region) and the colorless star symbol for the FCC phase. The blue region in the graph
background corresponds to the superlattice in the swollen state. The gray region shows the time
period during which the final solvent evaporation from the bulk suspension and hence from the
swollen superlattice film, assembled along the cell windows, takes place. The orange region
describes the state of the dried superlattice. The cubic superlattice structures are indicated at the
corresponding points for better visualization according to the analysis in Figure 3, which depicts

several chosen times.

To keep the nearest-neighbor distance constant, the second nearest neighbor distance, which
corresponds to the length of the a-axis in both BCC and BCT Ilattices, gradually decreases from
12.8 nm in BCC to 12.6 nm (and later to 12.2 nm) in BCT, whereas the c-axis slightly increases
(Figure 5a). At 48.41 min of evaporation time, where the second-nearest neighbor distance is 12.8
nm, the interparticle separation of 4.6 nm between the second nearest neighbors corresponds to the
double length of the oleic acid molecule (~2.29 nm*"). After the superstructure has dried, at 99.65
min of elapsed time the BCT superlattice exhibits an a, b-axes lattice constant of 10.4 nm, resulting
in a second-nearest neighbor gap of 2.2 nm and thus approximately a single oleic acid molecule
distance. From these observations it is evident that there is a certain interaction between the
second-nearest neighbor particles, which acts as a driving force for the assembly pathway,
confirming the reported model in ref 48 where the BCT lattice is proposed to be stabilized by the
balanced ligand-ligand interactions between adjacent {111}pps-{111}rps and {100}ps-{100}rbs
facets.

By comparing these observations to our previous findings in ref 28, where the final BCT
superlattice exhibited a c/a ratio of 1.17, we conclude that the ligand grafting density influences

the degree of tetragonal distortion in oleic acid-capped PbS NC superlattices and the observed
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structural differences are caused by differences in the ligand-induced interactions between adjacent
particles. The higher ligand coverage of oleic acid molecules on the PbS NC core (i.e., 4.5
chains/nm? considering a cuboctahedral core shape) leads to the lower c/a ratio in a BCT
structure,?® whereas the lower oleic acid grafting density (i.e., 2.7 chains/nm? considering a
cuboctahedral core shape) results in the higher c/a ratio and thus the FCC(-like) structure. The
lower ligand coverage is expected to increase the anisotropy of the ligand corona due to the
different binding energy of oleic acid molecules to the {100}rps and {111}p,s facets.?®
Additionally, it has been demonstrated by molecular dynamics simulations that for the 7 nm sized
PbS NCs capped with oleic acid at a low ligand coverage (1.8-3.6 chains/nm?) the ligand
distribution is asymmetric around the NC core resulting in ligand-depleted regions in the interstitial
sites between adjacent NCs.*® This is confirmed by our experiment, where we observe a closer
distance between the nearest neighbors and the second-nearest neighbor particles for ligand-
deficient PbS NCs. Thus, in this study, the interparticle gap between the nearest neighbor particles
in the final BCT superlattice is NN — dyc = 1.9 nm (Figure 5c). For comparison, for ligand-rich
PbS NCs,? the separation between the nearest neighbor particles was slightly larger ~2.0 nm.

Much larger differences are observed for the separation between the second nearest neighbors, i.e.,
2.2 nm for the final BCT after drying (c/a = 1.33) for the case of PbS NCs with the lower ligand
coverage versus 2.9 nm for the final dried BCT superlattice (c/a = 1.17) for PbS NCs with the
higher ligand coverage?® indicating emergence of stronger interactions between the second nearest
neighbor particles. These observations are in accordance with the increase of the coordination
number during the transition from a BCC to an FCC lattice through tetragonal distortion. We note

that this conclusion is valid for the investigated core diameters of approx. 7.8-8.2 nm with the

length of oleic acid molecule (nm) 2.29

softness values of 0.56-0.59 ( ) and could be different for

NC core radius (nm) 390r4.1
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smaller or larger NC sizes (which would exhibit different shapes and different softness values for
the same capping ligand). This observation provides a possible explanation for the variety of
structures reported for the superlattices in a dried state obtained from the evaporation-induced
assembly of similarly sized oleic acid-functionalized PbS NCs, such as e.g., the FCC or BCT with
different degree of tetragonal distortion.*350-52

Calculating the hard sphere diameter (see ref 53) of ligated PbS NCs used in this study according
to the optimal packing model (OPM)** formula dys = D(1 + 318)Y/3, where 1 = %L (L is the

fully extended length of the ligand and D is the core diameter) and ¢ = a/0,,4, (o is the ligand
grafting density and a,,,4, is the maximum possible ligand grafting density for a given molecule),
we obtain dys = 10.02 nm (where L = 2.29 nm, o = 2.7 ligands/nm?, ¢,,,,, = 5.5 ligands/nm? (see
ref 47)). The hard sphere diameter of the nanoparticles is an important parameter which in the case
of ligand-coated nanocrystals is involved in theoretical calculations that predict the deformation
of the ligand shell.*"*® According to ref 53, the value of the hard sphere diameter of nanoparticles
can be experimentally obtained as the nearest neighbor FCC distance for single component
assemblies. In our case, the comparison of the calculated ds by means of the OPM formula using
the ligand grafting density determined by the TGA results is in a reasonably good agreement with
the nearest neighbor distance values obtained for the dried BCT, i.e., 10.08 nm, and the dried FCC,
i.e., 9.9 nm, superlattices (Figure 5c). Based on the estimated ligand coverage, we have calculated
the packing efficiency of ligated nanocrystals, assuming both a spherical and cuboctahedral shape
of the inorganic core, during the assembly process (Figure 5d and Figure S7) (for details of the
calculations see Supporting Information).

According to ref 56, the crystallization of the superlattice from ligand-coated nanocrystals by

solvent evaporation in equilibrium is initiated when the packing fraction reaches the hard-sphere
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liquid—solid transition ny,¢ = 0.49. Intriguingly, in our in-situ experiment at 42.93 min of elapsed
time, when the BCC structure can be undoubtedly determined from the hexagonal phase (Figure
4a), the packing efficiency of the BCC superlattice based on the calculations considering a
spherical NC core and taking into account the ligand corona is 0.49 (Figure 5d). This observation
allows us to assume that the BCC phase is formed from the HCP phase when the evaporation front
moves below the measurement point, caused by an increase of the volume fraction of
nanoparticles. In other words, we suggest that the HCP superlattice exists when the superlattice is
in a strongly solvated state, meaning that the bulk solvent is in direct contact with the self-
assembled superstructure. During further solvent evaporation, the evaporation front moves
downwards in the sample cell and the number of solvent molecules within the swollen superlattice
reduces. At this point the superlattice transforms to the weaker solvated state (with still some
solvent molecules trapped within the ligands) resulting in the formation of the BCC superlattice.

This subtle distinguishing between the “strongly” and “weakly” solvated states is possible because
of the relatively large NC size resulting in pronounced faceting of the core with a low softness
value. Thus, the ligand corona of the newly formed self-assembled superlattice is completely
swollen by solvent molecules and effectively masks the polyhedral shape of the inorganic core
leading to a more spherical NC core-ligand system and hence an HCP superlattice. However, as
the evaporation front moves downwards and the NC volume fraction increases at a particular
measurement point, the anisotropy of the entire inorganic core/organic shell system starts to play
a role causing the formation of the BCC superlattice. The BCC structure was shown to be
energetically favored over the FCC one due to more efficient ligand interactions on the second-
nearest neighbor particles for the case of sufficiently long ligands.>*°"-*® Furthermore, a recent

theoretical study predicted an FCC to BCC superlattice transition with decreasing solvent content
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driven mainly by changes in the translational entropy of the solvent, which stabilized the BCC
structure for low solvent content fractions.®® Additionally, the ligand packing frustration may play
a role in the formation of the BCC lattice, because the shape of the Wigner—Seitz cell in BCC
places less of entropic penalty on the ligand distribution (compared, e.g., with the FCC phase).®*

In the weakly solvated state, upon continuous solvent evaporation, the packing fraction of the cubic
phase increases marginally up to 0.51 in the solvent vapor saturated atmosphere (Figure 5d). After
drying of the superlattice, when the bulk solvent in the colloidal suspension and hence the trapped
solvent molecules within the solvated superlattice film evaporate the packing efficiency reaches

0.71 for the final BCT phase (c/a ratio of 1.33), which is in good agreement with the packing

fraction expected for hard spheres of 0.72 given by f = 2—’1 - C/ia [(c/a)? + 2]3/2.52

For the FCC fraction, the obtained packing parameter is 0.76 and thus higher than theoretically
possible for hard spheres, which could be a result of the subtle NC rearrangement in respect to the
size dispersity and/or ligand compression or rearrangement within the superlattice caused by the
shrinkage stress upon solvent evaporation.®® The changes in the ligand corona upon drying are
evident from a very narrow interparticle gap between both the nearest neighbor particles and the
second nearest neighbors, both equal to 1.7 nm. The shorter interparticle distances than a fully-
extended ligand length could be a result of a suggested tendency of ligands to lay flat against the
NC surface forming a “wet hair” model® or attaining a “mushroom” configuration through
bending of the chains that were previously stretched out.®® In the solvated superlattice state, the
solvent molecules penetrate the oleic acid ligands, which preferentially attach to the {111}nc
facets, and might additionally reside in the close proximity to the {100}nc facets, where void space
is left by ligands. The effective reduction of the shell thickness upon deswelling could probably

lead to higher packing densities as it is known for other soft systems.®® Considering experimental
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uncertainties in the determination of the ligand grafting density (2.71 + 0.27 chains/nm?) and lattice
parameters during the in situ self-assembly, we find that there is an excellent agreement between
experimental results and theoretical predictions. For completeness, Figure S7 depicts the packing
efficiency obtained for the assumption of a cuboctahedral shape of the core leading to substantially

lower values, as expected.

CONCLUSIONS

To conclude, we performed the in situ self-assembly of colloidal PbS NCs into superlattices upon
controlled solvent evaporation by means of SAXS in the transmission geometry and XCCA. We
observed the structural diversity of time-resolved transitions during the slow change of the
solvent/NC volume fraction and determined at the beginning of the self-assembly a so called
“strongly” solvated state (the HEX 2D and later the HCP superlattice) followed by a “weakly”
solvated state (the BCC superlattice). During further solvent evaporation, the BCC superlattice
underwent transformation into the BCT one, still being in a swollen state. Upon drying, the BCT
structure was found to exhibit a rather high degree of tetragonal distortion close to the FCC (with
a small fraction of the FCC structure present). Thus, in a single self-assembly experiment we have
observed a large variety of different superlattice structures, i.e., the HEX 2D, HCP, BCC, BCT
(with different c/a ratios), and the FCC, caused by the controlled solvent evaporation under quasi
equilibrium conditions.

Comparing the results obtained in this paper with the findings from ref 28, the role of the ligand
grafting density on the degree of tetragonal distortion in the BCT superlattice could be explicitly

deduced. Ligand-deficient PbS NCs (grafting density of 2.7 molecules/nm?) form the BCT

27



superlattice with a larger degree of tetragonal distortion (c/a = 1.33) which is close to the FCC
one, whereas ligand-rich PbS NCs (grafting density of 4.5 molecules/nm?) self-assemble into the
BCT superstructure with a lower degree of tetragonal distortion (c/a = 1.17). The driving force
for the larger tetragonal distortion was found to be caused by interactions between second nearest
neighbor NCs, which are located at the distance of the a-axis both for the BCC and BCT
superlattices. This result demonstrates the importance of the determination of the degree of ligand
coverage in assembly experiments, especially in view of possible comparison of structures
obtained in different laboratories. Furthermore, the ligand density represents a crucial parameter
that has to be known for the modelling of the assembly process and thus is encouraged to be
determined in every self-assembly experiment.

Despite the at first sight apparent simplicity of the single component NC assemblies, especially
based on well-investigated nanoparticle sample systems, such as, e.g., oleic acid-capped PbS NCs,
we are still far from a complete understanding of the driving forces governing the assembly
pathway. In this respect, a broader application of in situ measurement methods (e.g., scattering,
electron microscopy imaging etc.) emerging in the recent years should contribute substantially to
the acquisition of additional knowledge in the field of nanocrystal assembly, which would be as
well beneficial for more complicated systems, such as binary NC superlattices and assemblies from

non-spherical shaped nanoparticles.
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