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Understanding the assembly of nanoparticles into superlattices with well-defined morphology and
structure is technologically important but challenging as it requires novel combinations of in-situ
methods with suitable spatial and temporal resolution. In this study, we have followed evaporation-
induced assembly during drop casting of superparamagnetic, oleate-capped ~-Fe,0; nanospheres
dispersed in toluene in real time with Grazing Incidence Small Angle X-ray Scattering (GISAXS) in
combination with droplet height measurements and direct observation of the dispersion. The scattering
data was evaluated with a novel method that yielded time-dependent information of the relative
ratio of ordered (coherent) and disordered particles (incoherent scattering intensities), superlattice
tilt angles, lattice constants, and lattice constant distributions. We find that the onset of superlattice
growth in the drying drop is associated with the movement of a drying front across the surface of the
droplet. We couple the rapid formation of large, highly ordered superlattices to the capillary-induced
fluid flow. Further evaporation of interstitital solvent results in a slow contraction of the superlattice.
The distribution of lattice parameters and tilt angles was significantly larger for superlattices prepared
by fast evaporation compared to slow evaporation of the solvent.

Nanoparticle superlattices consisting of dense packed particle assemblies with periodic arrangements and tunable
spacings are of interest for magnetic, plasmonic and optolectronic applications!. Robust methods to produce
nanoparticles with controlled compositions, sizes, and shapes’! have enabled the production of nanoparticle
superlattices with a wide range of structures and compositions® !>-1°. There are many methods to produce nan-
oparticle superlattices, but evaporation induced self-assembly on solid substrates (drop casting) is arguably the
most widely used!®-%. Self-assembly of nanoparticles from a dilute dispersion by drop casting is a complex pro-
cess that is controlled by the particle interactions, packing constraints, mass and heat transfer during drying,
together with kinetic and thermodynamic factors*' -2,

While the structural diversity of the nanoparticle assemblies is beginning to unravel, the understanding of
how the nanoparticle arrays form is poorly developed. Measuring the dynamics of assembling nanoparticles
in liquids is challenging and requires not only methods with suitable spatial- and time-resolution, but also the
design of measurement environments where e.g. the evaporation rate can be controlled®. Light microscopy'® 2
and liquid-cell electron microscopy?’~* have provided important insight into evaporation-driven phenomena on
large and small lengths scales, respectively. Small Angle X-ray Scattering (SAXS) and Grazing Incidence SAXS
(GISAXS) have recently evolved to be the methods of choice to obtain time-dependent information on the assem-
bly process!”18:20:22:30-37 The main strength of scattering experiments compared to local probes is the unique
combination of resolution and statistics as they provide the relevant ensemble averages directly.
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Figure 1. Characterisation of nanoparticles and superlattices. (a) TEM image of monolayer of spherical iron
oxide nanocrystals. (b) SAXS pattern of a dilute nanoparticle dispersion together with the fit to the data with
a spherical form factor. (c,d) SEM images of 3D nanoparticle superlattices produced at (c) fast and, (d) slow
evaporation rates. The inset on the right corner shows a higher magnification of the marked area (circle). The
inset on the left side of (d) is a fast Fourier transformation (FFT) of the superlattice.

Recent work using GISAXS has shown that nanoparticle superlattices may undergo time-dependent structural
transitions during solvent evaporation®”3® and that the separation distance in DNA-capped nanoparticle assem-
blies can be reversibly increased or decreased by dehydration and rehydration®. Routh recently reviewed how the
structural transitions and cracking during drying of colloidal films are related to fluid flow and the dynamics of
capillary pressure gradients*’. Previous work has indeed shown that the evaporation-induced assembly process
can be strongly influenced by the fluid flow and convective particle transport, including e.g. coffee-ring effects*!
and Marangoni flows*2. However, there is lack of information on how the evaporation rate and drying front move-
ment control the structural evolution of nanoparticle superlattices during drop casting.

In this study, we follow the evaporation induced self-assembly of iron oxide nanoparticle superlattices by
real-time in-situ small angle X-ray scattering and simultaneously the droplet height and drying front movement,
in a cell with controlled environment. An automatized fitting routine enabled us to obtain quantitative informa-
tion from thousands of GISAXS patterns, and provided time-dependent data on the unit cell size, the orientation
of the unit cell, and the distribution of lattice constants of the self-assembled superlattices. The stability and sim-
plicity of this novel fitting method, utilizing multiple coupled peaks for redundancy, yields readily information
from large sets of in-situ GISAXS measurements. The combination of X-ray scattering, light band micrometer
measurements and imaging of the drop surface allows us to identify different growth stages during drop casting
and to couple the onset of superlattice formation to the movement of a drying front across the drying droplet.
Quantification of the coherent and incoherent scattering intensity, describing the number ratio of ordered and
disordered particles, provides information on the kinetics of superlattice growth. The novel method for evaluating
large sets of GISAXS data and the importance of the drying front for superlattice growth can be used for better
control of the self-assembly process to enable rapid production of nanoparticle superlattices.

Results and Discussion

Spherical iron oxide nanoparticles (Fig. 1a) were synthesized by thermal decomposition of iron-oleate*. Analysis of
SAXS data on dilute dispersions yields an average inorganic core diameter of 9.9+ 0.1 nm and a size distribution of
6.41+0.5% (Fig. 1b)**. Drop cast assemblies of the oleate-capped spherical nanoparticles dispersed in toluene were
formed by controlled evaporation of the drops deposited onto a Si wafer in a custom-built evaporation cell (Fig. 2).
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Figure 2. Illustration of the evaporation cell. Schematic outline of the evaporation cell used for the in-situ
SAXS and GISAXS measurements. The cell is equipped with gas flow control (a), Kapton windows (b), glass
windows (c), light band micrometer (d), and camera (e).

Assemblies formed at slow evaporation rate (relating to an average decrease rate of the droplet height of 0.07 um/s)
displayed a high degree of long-range order (Fig. 1d). The quickly evaporated nanoparticle dispersion (relating to an
average decrease rate of the droplet height of 0.7 um/s) forms highly defective assemblies that lack a long-range order
beyond the domain size of about ~~100 nm (Fig. 1¢). Structural analysis by GISAXS shows that all particle assemblies
display a rhombohedral structure with the space group R3m (see Fig. 3a for indexing and Fig. 3b for the unit cell),
irrespective of the evaporation rate. The full indexing of the peaks is shown on a sample produced under similar
conditions in a previous publication'®. The analysis of the space group is done according to well established crystal-
lographic methods, but with the special case that all reflections hkl from different directions arise in one single
GISAXS pattern without any rotation of the sample'®, as in a powder sample, but with additional directional infor-
mation for the out-of-plane axis. In other words, the 2D powder leads to reciprocal space rings in the Qx-Qy plane
and the experiment measures one slice through this plane. The pure (001) reflections have a ring radius of 0 and
therefore lead to much stronger reflections in the measured plane. The flat Ewald sphere in small angle scattering, as
well as the 2D powder property with the in-plane orientation average induce this phenomenon. It should be noted
that the magnetic field will induce a weak attraction between the nanoparticles that promote the formation of
ordered assemblies but is too weak to induce the formation of strings or other tenuous structures'2.

We have followed the structural evolution during evoporation-induced self-assembly by SAXS and GISAXS.
Previous studies'® 745 have shown that assembly can occur at both, the solid-liquid and the air-liquid interface.
To investigate these possibilities, we performed transmission SAXS measurements that probed the air-liquid
interface as the droplet height decreased from an initial height of about 300 um down to a height of 50 ym.
Independent of the evaporation rate, we did not observe any sign of ordered clusters in the bulk or at the air-liquid
interface (Fig. SI-3). Estimates of the diffusion rate of the oleate-capped nanospheres (with a hydrodynamic diam-
eter d;;~ 14 nm) in a dilute toluene dispersion, and the velocity with which the air-liquid interfaces move during
evaporation show that they are of similar magnitude for the fast evaporation, and that diffusion dominates at the
slow evaporation rate. This suggests that particle capture at the liquid-air interface is unlikely at the slow evap-
oration rate and probably very rare at the fast evaporation rate. A weak magnetic field has been applied with a
gradient along the surface normal upwards because previous studies showed an optimal order. The field is not
strong enough to promote the superparamagnetic nanoparticles to be transported to the solid-liquid interface.

Results from the time-dependent in-situ GISAXS study during drop casting at the slow evaporation rate are
shown in Fig. 4. The initial stage (Fig. 4a) is characterized by a feature-less scattering pattern, relating primarily to the
form factor of the non-interacting nanospheres. As evaporation progresses and the particle concentration increases
(Fig. 4b), the intensity of the form factor rings gradually increases. This process continues until sharp peaks suddenly
appear (Fig. 4c), which signifies the onset of superlattice formation. The sharp peaks develop in full within two
sequential measurements (spaced by 7s) i.e. much faster than the time resolution of the instrument.

The Bragg peaks are very sharp, suggesting that the ordered superlattices have a large size from the onset of
growth. Continued growth of the amount of superlattices results in an increase of the peak intensity and peak
width over a period of ~10 min at the slow evaporation rate (cf. Fig. 4c and d). Conversely, the continuous growth
of the superlattices causes a reduction of the intensity of the incoherent background over time.
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Figure 3. GISAXS pattern and unit cell structure of the drop cast nanoparticle assemblies formed by slow
evaporation. (a) Selected well-defined peaks of the GISAXS pattern are indexed to a R3m structure, which
represents the final structure for all investigated samples. (b) Illustration of the rhombrohedral unit cell as
defined by the GISAXS analysis (see Fig. 6 for unit cell parameters).

As evaporation progresses, we observe that the peak shape becomes increasingly diffuse (cf. Fig. 4d and e).
This suggests that the distribution of lattice constants between the mesoscopic superstructures broadens and
the crystals develop a random tilt around the surface normal. Prior to terminating the experiment, the cell was
opened to allow the remaining toluene to evaporate. The final drying of the solvent saturated arrays resulted in
significant broadening of the peaks, suggesting that the final drying induces significant distortion and inhomoge-
neous shrinkage of the superlattices (Fig. 4f).

The GISAXS data was processed using a software developed in-house (see SI for further details)*. The software
enables rapid analysis of a large number of GISAXS data sets. This yields quantitative information on the time-resolved
evolution of lattice constants, lattice constant distributions and tilt angles of the nanoparticle superlattices with respect
to the substrate. Moreover, by quantification of the coherent and incoherent intensities, it is possible to quantify the rel-
ative ratio of nanoparticles in ordered assemblies/superlattices (see Fig. 5a for schematic illustration). Figure 5 displays
a detailed analysis of the four major stages during drop casting of nanoparticle superlattices: dilute dispersion, concen-
trated dispersion, superlattice formation and growth, and superlattice rearrangement stage.
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Figure 4. Time-resolved X-ray scattering reveals the transition from a disordered nanoparticle dispersion to a
highly ordered superlattice. Temporal evolution of GISAXS patterns during evaporation-induced self-assembly
of iron oxide nanospheres at the slow evaporation rate. The label at the upper right corner indicates the drying
time in relation to the time t,, when first structure peaks appear, and the droplet height, h, (only for (a)). The
patterns (a—f) illustrate the transition from non-interacting nanoparticles in a dilute dispersion to highly
ordered particle assemblies after evaporation of the carried solvent. The insets in each image show a detailed
view of the (0-15) reflex on a linear color scale (see Fig. 3a for indexing).

The first stage (dilute dispersion) is marked by the white area in Fig. 5. The droplet height decreases continu-
ously and linearly at both slow and fast evaporation rates. The dilute dispersion stage is characterised by noninter-
acting nanoparticles (Fig. 5b), resulting in scattering intensities determined purely by the individual nanoparticle
form factor (Fig. 1).

The second stage, the concentrated dispersion stage (light purple area) is characterized by a non-linear increase
of incoherent scattering intensity (cf. red data points in Fig. 5a) as evaporation progresses and a large number of
nanoparticles move into the synchrotron radiation beam. The film thickness is so small that it cannot be meas-
ured accurately by the light band micrometer? but the camera images show that the liquid film is continuous
(Fig. 5¢).

We found that the duration of the concentrated dispersion stage varies with the initial evaporation rate of the
droplet. For the fast experiment this stage exists for ~1.5 min in contrast to ~15 min for the slow experiment. The
strong reduction of the evaporation rate during the growth stage is probably related to the gradual enrichment in
the thin film*’.

The onset of the superlattice formation stage (light red area) is characterized by the rapid increase of the inten-
sity of the coherent scattering (Fig. 5a) and the emergence of a drying front that originates at the three-phase
contact line and recedes inwards towards the substrate centre (inset in Figs 5c and SI-4 shows a more detailed
view on the movement of the drying front). Simultaneously, for the fast evaporation rate the intensity of the inco-
herent scattering first increases and then decreases within this stage (Fig. 5a red points). In contrast, for the slow
evaporation rate we monitor only a decrease of the incoherent scattering intensity. The occurrence of a drying
front marks the interface between saturated solution and partially dry regions and is also related to the build up
of a capillary pressure in the partially saturated region®.

Although it is not possible to obtain an accurate measure of the height of the droplet, as the height is smaller
than the smallest measurable film thickness (5 um), we can estimate the critical nanoparticle concentration at the
time of nucleation to ~10'” NPs per ml (1000 mg/ml) by assuming that the film thickness is on the order of the
height of the superlattices (around 500 nm).

The time window for superlattice growth, i.e. the time between t, and when I ., has reached its maximum
value, is ~3 min for the fast and ~9 min for the slow evaporation rates, respectively. We find that these times cor-
respond well to the time the drying front needs to move from the edge to the centre of the beam footprint. The
drying front is associated with the build up of a capillary pressure. The capillary pressure will assist in pushing the
oleate-capped iron oxide nanospheres closer together and promote the rapid formation of large, highly ordered
3D superlattices. The ability of drying fronts to consolidate soft particles into solid films is well known from stud-
ies on polymeric coatings*. The capillary pressure gradients during drying can also result in cracking of the films,
which can be observed in Fig. 1d.

Detailed analysis of the time-dependent GISAXS data yields information on how the structural parameters
evolve during the superlattice growth stage and the superlattice rearrangement stage.

Drop casting at the slow evaporation rate results in a superlattice that continuously shrinks as the solvent evap-
orates (Fig. 6a). Drop casting at the fast evaporation rate, however, results in a superlattice where the a axis length
shrinks but the ¢ axis length first expands and then shrinks rapidly during the superlattice growth stage. The
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Figure 5. Time-dependent GISAXS scattering intensity information and drying behaviour identify the
temporal transitions during drop casting. (a) Time-dependent evolution of the coherent and incoherent
scattering intensity together with the height of the droplet for the slow and fast evaporation rate experiments.
The major stages during drop casting are indicated by the colored regions in the background. The value t,
describes the onset of superlattice formation, i.e. the time when a detectable coherent intensity first evolves.
(b) Schematic illustration of how the transition from a concentrated dispersion to the onset of superlattice
formation is related to, (c) the occurrence and movement of a drying front across the surface of the thin
nanoparticle dispersion film. The insets show photos of the top surface of the drying droplet obtained at
different times during drop casting.

discontinuity of the temporal evolution of the c-axis is reflected in similar discontinuities of the tilt angle of the
3D nanoparticle superlattices with respect to the substrate (o, Fig. 6b) and distribution of the lattice constants
(044» see Fig. 6¢) during the superlattice growth stage. We speculate that the rapid movement of the drying front
and the associated capillary pressure gradient that develops at the fast evaporation rate results in the formation
of superlattices with a structure that undergoes non-isotropic structural relaxations during the first minutes after
formation. Indeed, the rapid narrowing of o,,; at the end of the growth stage suggests that the equilibration phase
is completed as the drying front has passed over the entire substrate.

The lattice constant distribution is much narrower for the superlattices dried at the slow compared to the fast
evaporation rate. This is probably a result of the more homogeneous distribution of superlattice states within the
beam footprint at the slow compared to the fast solvent evaporation rate.

During the superlattice rearrangement stage (represented by the grey area) no further growth is observed
(Iconerent Tnconerent) == constant) (Fig. 5a). During this stage interstitial toluene between the particles evaporates and
the distance between the particles decreases monotonously (cf. Fig. 6a grey area). Likewise, the distribution of
lattice constants (0,,,) (cf. Fig. 6¢) and superlattice tilt angles (cf. Fig. 6b) increase monotonously in both the slow
and fast experiment.

The final particle distances (a- and c-axis lengths) are larger for the superlattices assembled at slow rates com-
pared to fast evaporation rates. At the end of the experiment, the c-axis is slightly contracted with respect to the
fcc limit for superlattices assembled at both slow and fast evaporation rates (see SI Fig. SI-6 for more information).

Conclusion

In summary, the formation of highly ordered superlattices composed of oleic acid-coated iron oxide nanospheres
could be analysed by in-situ GISAXS. A software developed in-house allows for the fitting of the peaks of large
GISAXS data sets yielding superlattice tilt angles, lattice constants, and lattice constant distributions. It is possi-
ble to identify four different stages: dilute dispersion, concentrated dispersion, superlattice formation and growth,
and superlattice rearrangement stage. We observed the decrease of all lattice constants over time, converging to
a near-perfect fcc packing. We found that there is a strong correlation between the formation and growth of
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Figure 6. Structural transitions during superlattice growth and rearrangement. Time-dependent changes
during drop casting at fast and slow evaporation rates of; (a) lattice constants; (b) unit cell tilt; and (c)
distribution of lattice cell constants of the superlattices.

nanoparticle superlattices with the movement of the drying front across the dispersion film. The build up of the
capillary pressure at the interface between the saturated and partially saturated regions promotes rapid formation
of highly ordered superlattices. Tuning the balance between the capillary pressure and the intrinsic particle inter-
actions can be used to produce superlattices with gradient structures and well-defined particle separations. Such
a control of the growth of nanoparticle assemblies is demonstrated in this work by varying the evaporation rate.

Methods

Synthesis and characterization. Iron oxide nanospheres were synthesized by thermal decomposition of
iron-oleate and is described in detail elsewhere*>*4. The synthesis results in oleate-capped iron oxide nanospheres
dispersed in toluene. The initial particle concentration of the used nanoparticle solution is 8.4 * 10'*NPs per ml
(2.2mg/ml). The particle size distribution of the iron oxide nanospheres was determined using a Bruker AXS
Nanostar SAXS instrument (Cu Ka, A\=1.544). SEM images were acquired with Magellan 400 SEM (FEI). The
high resolution images were FFT-filtered for clarity.

Evaporation-induced assembly (drop casting). The drop casting experiments were performed by
allowing a 20 pl droplet of a dilute nanoparticle dispersion, deposited on a silicon wafer (1 cm?) to slowly evapo-
rate inside a specifically designed evaporation cell (Fig. 2). The silicon wafer was cleaned by subsequent sonication
in ethylacetate and ethanol, and then dried prior to use. All drop casting experiments were performed under
a weak magnetic field that was applied perpendicular to the substrate (B =360 G) with a vertical gradient dB/
dz=80G/cm. The evaporation rate in the cell was controlled by the flow of nitrogen through the inlet/outlet
valves (Fig. 2a) and a toluene reservoir that was placed close to the silicon substrate. The evaporation/measure-
ment cell was equipped with Kapton windows (Fig. 2b) to allow the transmission of X-rays with a large scattering
angle of up to 16°. The height of the droplet was followed with a nominal resolution of 0.1 ;m using a light band
micrometer (Keyence, Fig. 2d), consisting of a strong diode that emits a monochromatic, line-shaped beam, and
a high-resolution camera that capture the light band image. The light was transmitted through two flat windows
(Fig. 2¢), offset by 30° against the X-ray beam axis. The droplet was photographed using a macrophotography
camera (Fig. 2e). The gas flow was adjusted to perform the drop casting experiments at two evaporation rates,
which related an average decrease of the droplet height (dh/dt) with 0.7 um/s for the fast evaporation rate experi-
ments (called fast) and dh/dt=0.07 um/s for the slow evaporation rate experiments (called slow).
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SAXS and GISAXS. The in-situ SAXS and GISAXS measurements were carried out at the IDO1 beamline
at the European Synchrotron Radiation Facility (ESRF). All SAXS and GISAXS experiments were performed at
9.8keV photon energy. During the initial evaporation stage, transmission SAXS measurements (i.e. measure-
ments through the droplet) were performed at several different heights for the slow evaporation rate experiments,
and at a single position close to the substrate for the fast evaporation experiments (see SI for details). The GISAXS
measurements were performed at an angle of § =0.3°, with a beam size corresponding to a footprint of Imm hori-
zontal by 50 ;zm vertical. The different scattering geometries are shown in Fig. SI-1. GISAXS data was acquired
with intervals of 7 seconds at a 1 second exposure time, limited by the read out of the area gas detector. The quanti-
tative analysis of the time-dependent scattering patterns was performed using a software developed in-house (see
description in the SI)*°. In short, the software is able to fit automatically a large sequence of GISAXS data sets. The
model of fit functions used is in very good agreement with the data measured (see Fig. SI-2). The software can be
accessed for download in the supplement and run under the plot.py software.

Available software. The software FITin-situGISAXS can be accessed for download at https://github.com/
science01/FITin-situGISAXS and run under the plot.py software https://sourceforge.net/projects/plotpy/.
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