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Tuning the structure and habit of iron oxide mesocrystals

Erik Wetterskog, “2° Alice Klapper,® Sabrina Disch,® Elisabeth Josten, Raphaél P. Hermann,* Ulrich
Riicker,® Thomas Briickel,* Lennart Bergstrém,? and German Salazar-Alvarez"

A precise control over the meso- and microstructure of ordered and aligned nanoparticle assemblies,
i.e., mesocrystals, is essential in the quest of exploiting collective material properties for potential
applications. In this work, we produce evaporation-induced self-assembled mesocrystals with
different mesostructures and crystal habits based on iron oxide nanocubes by varying the nanocube
size and shape, and by applying magnetic fields. A full 3D characterization of the mesocrystals was
performed using image analysis, high-resolution scanning electron microscopy and Grazing Incidence
Small Angle X-ray Scattering (GISAXS). This enabled structural determination of e.g. multi-domain
mesocrystals with complex crystal habits, and the quantification of interparticle distances with sub-
nm precision. Mesocrystals of small nanocubes (/ = 8.6 — 12.6 nm) are isostructural with a body
centred tetragonal (bct) lattice whereas assembly of the largest nanocubes in this study (/ = 13.6 nm)
additionally form a simple cubic (sc) lattice. The mesocrystal habit can be tuned from a square,
hexagonal to star-like and pillar shapes depending on the particle size, shape, and the strength of the
applied magnetic field. Finally, we outline a qualitative phase diagram of the evaporation-induced
self-assembled superparamagnetic iron oxide nanocube mesocrystals based on nanocube edge

length and magnetic field strength.

Introduction

Assemblies, multi-core beads, and mesocrystals composed of
nanoparticles are currently being explored as candidates for
new materials in a wide range of applications e.g. as sensors
and photonic devices.1=3 Particularly interesting is the
emergence of novel and enhanced collective properties, e.g.
optical and magnetic, in such ordered nanomaterials that go
beyond the properties of the individual nanoparticles.14~7 The
intimate link between the arrangement of particles and their

o Department of Materials and Environmental Chemistry, Arrhenius Laboratory,
Stockholm University, Sweden

b.Department of Engineering Sciences, Angstrém Laboratory, Uppsala University,
Sweden

< Jiilich Centre for Neutron Science JCNS and Peter Griinberg Institut PGI, JARA-FIT,
Forschungszentrum Jiilich, 52425 Jiilich, Germany

d-Department of Chemistry, Universitét zu Kéln, 50939 KéIn, Germany.

¢ Helmholtz-Zentrum Dresden-Rossendorf, Institute of lon Beam Physics and
Materials Research, Bautzner Landstr. 400, 01328 Dresden, Germany

£ Materials Science and Technology Division, Oak Ridge National Laboratory, Oak
Ridge, 37831 Tennessee, USA

Electronic  Supplementary  Information  (ESI) available:  morphological

characterization of the nanocubes, further GISAXS analysis and indexed patterns,

AFM images, additional SEM images, mesocrystal surface reconstruction using

SEM images, and magnetic characterization. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

properties® 1l makes the assembly of mesostructured
magnetic materials a highly relevant endeavour. Manipulation
of meso- and microstructure in magnetic nanoparticle
assemblies can be achieved by applying magnetic fields that
modify the range, magnitude and direction of the interactions
Recent developments in the

manipulation and assembly of large superparamagnetic

between particles.12-16
objects have provided responsive structured fluids and
“colloidal molecules”.17-21 Subjecting ferrofluids to an applied
magnetic field can result in instabilities that generate patterns
at the macro- and microscale,?22* but compact ferrofluid
assemblies typically lack long range order owing to a broad
distribution of particle sizes and shapes. Developments in the
synthesis of monodisperse and shape-controlled magnetic
nanoparticles?526 have opened up a largely unexplored field of
magnetic field-induced assembly of anisotropic nanoparticles.
Notable landmarks include work by Singh et al. on helical
strands of nanocubes!??’ and by Mehdizadeh et al. on in-
solution assembly.28 Anisotropic particles, in contrast to
spherical particles, exhibit directional van der Waals
interactions.223% This directionality is a crucial aspect in the
formation of mesocrystals,31-34 which are defined as: oriented
assemblies of nanoparticles displaying crystallographic
texture.3536 In fact, significant efforts have been devoted to
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assembling anisotropic particles,3738 but there are only a
handful examples where the particle size has been varied
systematically.28:3940 We will demonstrate that particles with
neatly spaced size distributions are particularly valuable in
evaluating micro- and mesostructural effects resulting from
the interplay between interparticle and external forces in
nanoparticle assembly.142 Firstly, it allows us to study the
connection between shape and size of the particles with the
3D mesostructure of the arrays. Secondly, in the case of
magnetic particles, the large difference between the particles’
magnetic moment effectively provides a way to tune the
dipolar interactions in applied magnetic fields, admitting
control over both mesostructure and crystal habit.

In this work, we investigate the influence of particle size, shape
and applied magnetic field on the formation of mesocrystals
based on oleate-capped iron oxide nanocubes. We assembled
nanocubes with four different edge lengths into highly ordered
mesocrystals by controlled evaporation of the carrier solvent
during drop-casting. We performed a full 3D characterization
of the mesostructures using Grazing Incidence Small Angle X-
ray Scattering (GISAXS) and determined the nanocube size and
shape using transmission electron microscopy (TEM). The
interparticle distances in the mesocrystals were found to scale
with the size and local curvature of the particles. The applied
magnetic field strength influences the structure over several
length scales and generates both single domain and complex
multi-domain mesocrystals, and can even result in structures
defined by ferrohydrodynamic instabilities. The micro- and
mesostructure of the mesocrystals were analysed in detail by
High Resolution Scanning Electron Microscopy (HRSEM) and
image reconstruction techniques. we propose a
qualitative micro- and mesostructural phase diagram of the

Finally,

nanocubes, based on edge length and applied magnetic field.

Experimental

Synthesis and characterization of iron oxide nanocubes.

We synthesized highly monodisperse nanocubes (C086, C096,
C126, C136) with edge lengths of: 8.6 + 0.5 nm, 9.6 + 0.4 nm,
12.6 £+ 0.8 nm, and 13.6 £ 0.8 nm (0stws) by a modified version of
the metal oleate route.?® A detailed account of the preparation
of the nanocubes is given elsewhere.*3 The as-synthesized
nanocube dispersion is purified to a viscous nanocube paste
with a solids content of = 40-50 wt. % iron oxide. We
prepared the nanocube dispersions by diluting the paste in
toluene followed by a brief 15 min. ultrasonication and
shaking. The nanocubes have a composition between y-Fe;03
and Fes304%34 and a saturation magnetization of = 60-65
emu/g (100 K). Magnetic measurements (using a Quantum
Design MPMS) performed on deposited mesocrystals show
that they are superparamagnetic with magnetometry blocking
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(zero-field cooled cusp) temperatures well below room
temperature (Tg = 105, 125, 155 and 200 K, see Figure S14).
High resolution TEM images show that all the nanocube
samples have slightly rounded corners. We approximate the
nanocube shape with a superellipsoid.*> In Cartesian
coordinates the superellipsoid is given as: |x|™ + |y|* + [z|* =
(1/2)™ where I is the cube edge length and n is a real positive
number. The superellipsoid exponent n is an alternative figure
to the truncation parameter (t) in our previous works, where
for an ideal cube t = 0 and for an ideal cuboctahedron t =
1.3046 The superellipsoid is a sphere for n = 2 and approaches a
cube as n & oo. We determined n by measuring the diagonal-
to-edge-length ratio (see ESI for details). We find exponents
around n = 2.7 and 2.9 for the C086 and C126, and n = 3.8 and
3.7 for the C096 and C136, respectively, see Figure 1a). The n
parameter is influenced by the ratio of excess sodium
oleate/oleic acid used in the synthesis,*3 and decreases with
aging upon long time storage of the nanocube dispersions.4®

Grazing Incidence Small Angle X-ray Scattering (GISAXS) and self-
assembly of iron oxide nanocubes.

A custom evaporation chamber was designed to perform self-
assembly experiments directly at the SOLEIL synchrotron
beam-line SWING.4” The chamber is equipped with two valves,
a reservoir for toluene and a slot for an optional permanent
magnet (NdFei4B, 7x5x1 cm) below the sample position
(corresponding to poH = 65 mT). The beam impinging on the
sample had a size of 40x400 um? and an energy of 11.0 keV. In
order to minimize beam damage to the samples the exposure
time was 50 ms per pattern. The detector features 4096x4096
px? with a pixel size of 165 um and is located at 2.425 m from
the sample. Single crystalline 1x1 cm? Si wafers washed in
ethyl acetate followed by ethanol were used as substrates in
the experiments. Note that assembly of the C086 nanocubes
was performed ex-situ, placing the substrate in a petri dish
The magnetic field
strength was measured at the sample position using a
Gaussmeter HIRST GMO0S8. For the ex-situ experiments (i.e. for
C086), fields of upH = 30 mT (a single NdFe14B magnet) and uoH
= 200 mT (two NdFe14B magnets) were used. As described in
several reports,3248 the lattice parameters vary slightly with
the drying time of the mesocrystals. All lattice parameters
reported in this work refer to fully dried out mesocrystals.
GISAXS patterns of the dry mesocrystals were collected with
the high-brilliance laboratory instrument GALAXL.%° The
instrument is equipped with a Bruker AXS Metallet X-ray
source providing X-rays with a wavelength of 1.34 A, and a
beam size of 500x500 umZ2. The GISAXS patterns were acquired
using an incident angle of 0.45° and a Dectris Pilatus 1M

pre-saturated with toluene vapour.

detector with 981x1043 pixels of 172 um pixel size placed at a
sample-detector distance of 1.730 m.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. SEM images and GISAXS patterns of zero-field assemblies of nanocubes with incremental edge lengths. (a) Sketch of the relative size and shape of the
nanocubes in the mesocrystals (n denotes the superellipsoid exponent). (b) SEM images of the top surface of nanocube mesocrystals. For the C126-based
mesocrystals we show examples of surface structures of two distinct growth orientations of the body centred tetragonal (bct) lattice. Scale bars: 100 nm
(white), 200 nm (black). Insets in top corner show the fast Fourier transform (FFT) of the SEM images. Insets below show the crystal habit associated with each

mesostructure. Scale bar in insets: 1 um. (c) GISAXS patterns with indexing corresponding to the [001]MC-oriented mesostructures.

Scanning Electron Microscopy (SEM)

Imaging of the self-assembled mesocrystals was performed
using a JEOL 7000-F scanning electron microscopy (resolution:
1.5 nm at 15 keV). High resolution images were acquired in
secondary electron (SE) mode at 15 keV. Low magnification
images were acquired in backscatter (BS) mode. A working
distance of 10 mm was used, ensuring excellent calibration of
the image magnification. Side- and tilted (30°) view images of
mesocrystals were acquired using a FEI Magellan 400 extreme
high-resolution SEM (XHR-SEM, resolution 0.8 nm at 1 keV).
Images were acquired at 3 keV in SE mode. Mesocrystal cross-
sections were obtained by cleaving the Si substrate using a pair
of pliers. A moderate UV/ozone treatment parallel to the
substrate, perpendicular to the fracture surface, was necessary
in order to acquire images of the highest quality.

Results and discussion
Influence of nanocube size and shape

Drop-casting a dilute dispersion of iron oxide nanocubes
results in the formation of mesocrystals after evaporation of

This journal is © The Royal Society of Chemistry 20xx

the carrier solvent.® Four different nanocubes systems —
C086, C096, C126, and C136 constitute the building blocks of
the self-assembled materials in this work. Here, C stands for
cube and e.g. 096 refers to the average edge length in A (/ =
9.6 nm). Nanocube contours were traced in HRTEM images
and approximated to a 2D projection of a superellipsoid (with
exponents n, see Experimental section and ESI). Models of the
nanocubes are shown to scale in Figure 1la. Arrays and
mesocrystals composed of C086-C136 nanocubes assembled in
zero magnetic field are shown in Figure 1b. The evaporation-
induced self-assembly process involves spreading a droplet (20
uL) of a dilute nanocube dispersion (2 mg/mL) over a Si
substrate in a partially covered cell. The evaporation rate of
the droplet was slowed down considerably by the use of a
solvent reservoir within the cell compartment. This resulted in
a time of = 90 min from the application of the dispersion until
emergence of the first Bragg spots in the GISAXS patterns (see
Figure 1c), which indicate nucleation of the first mesocrystals.

Nanoscale, 2013, 00, 1-3 | 3
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Figure 2. Representation of the two growth orientations of the body centered
tetragonal (bct) mesocrystal lattice and the variation of the lattice parameters and
volume fraction with the nanocube edge length. (a) Structure model of the [001]mc-
oriented body centered tetragonal (bct) lattice. The face-to-face separation distance d
is indicated. (b) Structure model of the [101]yc-oriented bct lattice. The unit cell of a
rotated (and distorted) bct unit cell with lattice parameters a,, b, and ¢, is indicated by
dashed lines. The larger unit cell corresponds to an orthorhombic unit cell (see SI for
more information). Nanocubes in the top layer of the [101]yc oriented bct lattice are
shown in the inset. The flat substrate is indicated by the green slab. (c) Plot of the bct
lattice parameters corresponding to the [001]yc unit cell and to the rotated [101]mc
unit cell. Note that for cubes larger than C086 there are two growth orientations with
overlapping symbols. (d) Plot of the nanocube volume fraction vs nanocube edge
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length in the self-assembled mesocrystals.

There is a considerable difference in the translational order
between the zero-field assemblies of the C086 and the C096
nanocubes displayed in Fig. 1b. The C086 nanocubes form
close packed arrays but lack long range order (cf. Debye-
Scherrer ring in inset Figure 1b) whereas the C096 nanocubes
form large ordered mesocrystals (cf. spot pattern in inset

4 | Nanoscale, 2012, 00, 1-3

Figure 1b) — j.e. faceted, monodomain arrays of particles with
a pronounced mesoscopic texture. The mesocrystals have flat
top surfaces and uniform heights of 0.5 — 1 um (see AFM
images, Figure S10), suggesting that the vertical growth and
thus the final thickness of the mesocrystals is limited by the
thickness of the dispersion film.5% Drop-casting the C126
nanocubes also produces mesocrystals in zero-field conditions
(Figure 1b). The C126-based mesocrystals display several
morphologies: cuboidal, hexagonal and truncated triangular
platelets. The different mesocrystal morphologies are also
associated with a distinct symmetry at the top surface layer
characterized by 4-fold (cuboids) or 2-fold
(hexagonal/triangular platelets) rotation axes. Evaporation-
induced assembly of C136 nanocubes in zero-field conditions
also generates mesocrystals, although with a considerably
smaller domain size compared to mesocrystals produced from
C096 and C126 (see Figure 1b).

GISAXS patterns of nanocube mesocrystals assembled in zero-
field are shown in Figure 1c and corroborate the trend
observed in the SEM images. The GISAXS pattern of a
dispersion of C086 evaporated in zero-field displays broad
reflections indicating a partially/short range ordered
mesostructure of the dense packed array, as seen with SEM. In
contrast, the C096 mesocrystals exhibit a highly ordered 3D
mesostructure clearly evidenced by the large number of sharp
reflections in the scattering pattern. The structural analysis of
the GISAXS patterns of C096-based mesocrystals reveals that
they consist of a single mesostructure that has grown along
two different orientations (see Figure 2a, b). Analysis of the
GISAXS data in Figure 1c yields a body centered tetragonal
(bct) lattice with a = b < ¢ and the [001]uc-axis (the subscript
denotes mesocrystal) parallel to the substrate normal.
Additionally, we identify a second growth orientation (shown
in Figure 2b) corresponding to the [101]uc-orientation of the
same lattice (indexing of this orientation is found in Figure S5,
ESI). Qualitative analysis of the reflection intensities in the
GISAXS patterns (see Figure S7 and discussion, ESI) were used
to estimate the ratio of growth orientations in the C096- and
C126-based mesocrystals. We find that C096 favours growth
along the [001]mc-orientation (yielding square-shaped
mesocrystals) whereas C126 favours growth in the [101]mc-
orientation corresponding to a hexagonal or a truncated
triangular mesocrystal habit. The different crystal habits can
be linked to morphological differences of the nanocubes (ncogs:
3.8 vs. Nncize: 2.9). Particles closer to an ideal cube tend to
deposit face-on on the substrate and form a square basal
plane whereas more rounded cubes with a higher degree of
blunting of the edges and corners can rotate and deposit edge-
on on the substrate (see Figure 2b), thereby forming pseudo-
hexagonal (2-fold) layers. This is in line with our previous
findings, where we observed a shift in the symmetry of the
horizontal layers (from 4-fold to 6-fold) after morphological
aging of the C086 nanocubes to a more rounded shape.4®

Remarkably, the GISAXS data in Figure 1c (and Figure S3, Sl)
reveals that the C086, C096, C126 systems and (in part) the

This journal is © The Royal Society of Chemistry 20xx
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C136 system are isostructural: each nanocube dispersion
mesocrystallizes in a bct lattice. Similar to the C096 system,
the C126- and C136-based mesocrystals grow in two principal
orientations: [001]mc and [101]mc with lattice parameters g, c,
and a,, c, respectively (the subscript denotes rotation, see
Figure 2a, b). For the C136-based mesocrystals, there is a
crossover from bct to sc (simple cubic) for the [001]mc-oriented
lattice. The [101]mc-oriented structure remains isostructural
with the other systems: a bct lattice with c-axis = v3a,-.

Orientational alignment of anisotropic nanocrystals has been
reported to result from e.g. anisotropic van der Waals (vdW)
interactions,>152 whereas the role of the surfactant has been
less clear. In this work, owing to the ability to determine
particle positions in the mesocrystal together with the precise
characterization of the size and shape of the monodisperse
nanocubes, we can estimate the average separation distance
of the nanocubes in the mesocrystals. The principal bct lattice
parameters: (a, a;), and (c, ¢/) vs nanocube edge length (/) are
plotted in Figure 2c. For comparison, we have included the
lattice parameters of the C086-based mesocrystals where a
small magnetic field of ppH = 30 mT has been applied to
promote the formation of an ordered bct lattice.3° For the
C086-C126-based mesocrystals, we see that a depends linearly
on the nanocube edge length / so that a/nm = 7 + 0.7/. This
implies a gradual decrease from = 4.5(2) to 3.4(2) nm of the
separation distance between the faces of the nanocubes that
correspond to two squeezed oleate capping layers: d/nm =a —
| =7 — 0.3/ (see Figure S9). This compression reflects the
dynamic structure of the oleic acid double layer as a result of
the increasing vdW attraction between the nanocube faces.
The oleic acid double layer appears to be incompressible
beyond the minimum distance of = 3.5 nm (cf. C126 and C136).
This distance agrees reasonably well with twice the length of
the L-form conformation of the oleic acid molecule (cf. B
phase).53

Previous reports have suggested that a high (local) curvature
increases the free volume for a grafted surfactant.>* This
allows for a high degree of surfactant chain interdigitation,
which was experimentally confirmed by comparing laureate-
capped films (2D) with particles (3D).>> In the case of
superellipsoids (n > 2), the Gaussian curvature approaches
zero (are locally flat) at the centre of the face and increases
rapidly towards its corners (shown in Figure S2a, ESI). In this
logic, arrays of spherical particles (with Dsyp = leup and n = 2)
should have shorter interparticle distances than nanocubes
interacting face-to-face due a higher degree of interdigitation.
Indeed, arrays composed of nanospheres with Ds,n = 9.2 + 0.6
nm (arc = 17.5(1) nm),* display a significantly shorter
interparticle distance of d = 3.2(2) nm compared to the
interlayer face-to-face distances of the C086- and C096-based
mesocrystals: d = 4.5(2) — 4.1(2) nm.

Moreover, we notice that the two sets of nanocubes with

more rounded morphologies, i.e. C086 and C126 (n = 2.7 and
2.9, respectively) form bct lattices with “short” c-axes = 2/ in

This journal is © The Royal Society of Chemistry 20xx
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each case implying a short intra-layer distance < 1 nm in the
tetragonal ABAB stacking (see Figure 2a). The short intra-layer
distance relates to interacting nanocube corners, i.e. surfaces
with high local curvature that are expected to result in a high
degree of interdigitation. The effective thickness of the “first”
(A) nanocube layer (including the surfactant layers at the face
of the cuboids corresponding to = 4.5 — 3.5 nm) means that the
nanocubes in the B-layer sit slightly recessed in the holes of
the square lattice of the A-layer (see Figure 2a). From a simple
geometrical view, an increase of n results in a concomitant
decrease of the hole size in the A-layer (see Figure S2b, ESI),
thereby “pushing” out the particle in the B-layer. Indeed, the
assembly of the relatively small, but less rounded C096 (n =
3.8) results in a bct lattice with ¢ >2/ and slightly longer intra-
layer distance of = 2 nm.

For the largest and relatively less rounded C136 nanocubes (n
= 3.7) we observe two distinct mesostructures: a [101]mc-
oriented bct lattice (see Figure S5), and a [001]mc-oriented sc
lattice (with asc = apet, see Figure 1) which is not observed for
the other particle sizes. In a previous study,3° we attributed
the preference of a bct lattice over a sc lattice to the
exceptionally short interlayer corner-to-corner distance (= 0.6
nm) between the nanocubes in C086-based bct mesocrystals.
As discussed above, the increase of n (which relates to a
decrease in the degree of truncation) yields a longer c-axis,
due to an associated decrease of the interstitial hole volume in
the A-layer. This, in turn, will weaken the interlayer attraction
and favour the transition to a sc structure. The experimental
observations made in this work therefore confirm the
previously suggested stability diagram3° derived for the C086
nanocubes. Compared to the C086 system, we observe an
elongation of the c-axis with the decrease in truncation (cf.
C096). For the largest cubes in this study (C136), the
concomitant reduction of the interstitial hole volume relative
to the cube volume leads to the formation of a simple cubic
lattice. Interestingly, the simple cubic arrangement is actually
less dense than the corresponding bct lattice: 40(2) vs 46(3) %
(see Figure 2d).

The co-existence of two structures (bct, sc) in the C136
nanocube system suggests that their lattice energies are very
close. We speculate that the structural divergence with
respect to substrate orientation relates to the initial growth
conditions. Assuming layer-by-layer growth, the hole volume
of the 4-fold layers (see Figure S2b, ESI) is small compared to
rendering the surface flat. In
contrast, the top layer of the [101]mc-oriented bct lattice (see
Figure 2b) is a surface with a much larger topographic
roughness that can accommodate cubes in the next layer. The
isostructurality of the nanocube mesocrystal system, together
with the micro- and mesostructural diversity presented here,
highlights richness and sensitivity to small
variations in particle size and shape.

the nanocube, effectively

its structural

Nanoscale, 2013, 00, 1-3 | 5
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Mesocrystal growth in magnetic fields

Zero field

Figure 4. Comparison of the mesocrystal microstructure in zero field and in-field
(HoHapp = 65 mT). Mesocrystals composed of (a, b) C096, and (c, d) C126 iron oxide
nanocubes. The white circles highlight the two different mesocrystal morphologies
found in the zero-field assemblies of the C126 nanocubes, i.e. hexagonal (solid line)
and square platelets (dashed line). Scale bars: 5 pm.

The mesostructural order of the C086 nanocubes can be
improved by applying a magnetic field of poHapp = 30 MT (see
Figure S3, ESI).1530 Nonetheless, the effects of magnetic fields
on the mesocrystal habit has remained largely unknown. In
this section, we investigate the structural effects of applied
magnetic fields for the systems of larger magnetic nanocubes
that readily mesocrystallize in zero-field conditions. Figure 3
compares representative SEM images of the C096- and C126-
based mesocrystal morphologies assembled in zero-field and
in a moderately strong magnetic field (oHapp = 65 MT) applied
perpendicular to the substrate. Apart from the applied
magnetic field, the assembly experiments were performed
under identical conditions.

Mesocrystallization with or without applied magnetic field
exhibits two notable differences. For the C096 nanocubes, the
habit of the mesocrystals change drastically, from square to
irregular branched shapes, in particular 4-pointed stars (see

6 | Nanoscale, 2012, 00, 1-3

Figure 3. Tilted views and cross-section of C096-based mesocrystals assembled in a field
of poHep, = 65 mT. (a, b) Tilted views (30°) of two mesocrystals with branched
morphologies. The inset in (a) shows a magnification of the part of the crystal displaying
a wave-like surface structure highlighted by the white rectangle. (c) Fracture surface,
revealing the internal structure of a mesocrystal. The FFT inset corresponds to the area
inside the white square.

Figure 3a, b and Figure S11). The GISAXS patterns reveal a
change of the preferred growth orientation from [001]mc in
zero field to [101]mc when the drop casting has been
performed in a field of 65 mT (see Figure S7 and discussion,
ESI). A similar field-assisted morphological crossover is
observed for the C126 system (see Figure 3c, d), although the
in-field assembled mesocrystals are slightly smaller and less
branched compared to the C096-based mesocrystals. For the
C126 system the GISAXS analysis suggests a crossover from
[101]mc at zero-field conditions to a slight preference of
[001]mc for assembly at 65 mT. Analysis of HRSEM images also
indicates a similar change in growth direction (see Figure S12).

Two examples of irregularly shaped C096-based mesocrystals
are shown in tilted view in Figure 4a, b. A central cross-section
of a mesocrystal shown in Figure 4c (here viewed parallel to
the substrate), clearly demonstrates a high degree of order
throughout the volume of the mesocrystal. The peculiar
microstructures (a majority being 4-pointed stars) of the
magnetic field-assembled mesocrystals originate from the
intergrowth of several mesostructural domains that were

analysed in detail using HRSEM.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Structural analysis of the multidomain C096-based mesocrystals assembled
in a magnetic field (uOHapp = 65 mT). (a) Color-coded/numbered SEM images of
multidomain mesocrystals, where each color/number corresponds to the symmetry
of the mesocrystal top layer. The FFTs of the SEM images correspond to the top layer
of the color-coded/numbered areas. Scale bar: 500 nm. (b) Surface structures with a
2- and 4-fold rotation symmetry correspond to the (101)MC and (100)MC cleavage
planes of a bct cell with lattice parameters: a = b = 13.5, and ¢ = 23.8 nm. The
orientation of the unit cell is shown for clarity. (c) SEM image of two grain-boundaries
(Scale bar: 100 nm) at the area marked in (d), a star-shaped multidomain mesocrystal.
The image has been FFT-filtered for clarity. Scale bar: 500 nm.

Figure 5a, shows a mesocrystal where the different domains
have been coloured according to the plane group symmetry of
the top layer, with either a 2-fold (pmm) or 4-fold (p4mm)
symmetry, cf. the green and blue models in Figure 5b. The
reciprocal lattice distances derived from FFT patterns show
that the domains with 4-fold (p4mm) symmetry correspond to
the (001)mc cleavage planes of the previously described bct
lattice. The lattice parameter obtained from the analysis of the
FFT of the SEM image, a = 13.5(3) nm, is in good agreement
with that from GISAXS, a = 13.70(1) nm. Particles in domains
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with 2-fold (pmm) symmetry have characteristic nearest
neighbour distances of 13.5(3) nm and 15.2(3) nm. These
distances match the (101)mc cleavage planes of the same bct
lattice (see Figure 5b), in perfect agreement with the GISAXS
analysis. The co-existence of several structurally correlated
domains within a single mesocrystal is further highlighted in
Figure 5c. The HR-SEM image shows the lattice of a 4-point
mesocrystal star (Figure 5d) featuring two epitaxial grain
boundaries. Quite remarkably for the C096 mesocrystal
system, the grain boundaries between the [001]mc and the
[101]mc oriented domains are coherent (cf. side view, Figure
5b), producing an interface that is almost free of strain. The
coherent grain boundaries of the C096-based mesocrystals
results from the particular dimensions of the bct unit cell:
VeZ+a?/2 =c - c/a=+/3, see Figure 5b, c. Moreover,
intergrown [001]mc and [101]mc-domains of the C096- and
C126-based mesocrystals are always found in the same
relative (in-plane) orientation (shown in Figure 5b). The
observed preference of (001)mc and the (101)mc surface
structures can be explained by noting that they are the two
densest surface planes of a bct lattice with: a =b <c.

At the particle level, a rotation of anisotropic nanocrystals can
result from alignment of the magnetic easy axes of the
nanocubes in the direction of the applied magnetic field. This
gives rise to a global crystallographic texture.>® Electron
diffraction from thin [001]mc-oriented C096 (bct) multilayers
confirms the expected <100>-orientation of the spinel crystal
axes with the substrate normal for mesocrystals with 4-fold
(p4mm) symmetry.*3 For C096- (and C126)-based mesocrystals
the particle volume fraction curves of the [001]mc and [101]mc-
lattices overlap (see Figure 2d), indicating that the nanocube
orientation is maintained relative to the mesocrystal unit
cell.*¢ Thus, rotation of a bct mesocrystal from a [001]mc- to a
[101]mc-orientation will cause the <110>yc-crystal axes to lie
approximately in the field direction, suggesting that the
reorientation of CO096-based mesocrystals is assisted by
alignment of the nanocubes magnetic easy axes with the
applied magnetic field.*#>657 Indeed, in the recent work of
Mehdizadeh et al,28 a large applied magnetic field of yuoH = 1T
was found to directly determine the growth orientation for
solution growth of nanocube mesocrystals.

Nanoscale, 2013, 00, 1-3 | 7
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Figure 6. Ferrohydrodynamic instabilities in nanocube assemblies. Light microscopy
image showing (a) arrays of oriented mesocrystals and (b) collapsed pillars composed
of C136 nanocubes assembled in a field of usHyp, = 65 MT. GISAXS patterns of C136
assembled under (c) zero field, indexed to a sc lattice and (d) under a magnetic field of
HoHa,, = 65 mT, destroying the mesoscale ordering with respect to the substrate
reference plane. One reflection of the SAXS component is highlighted beneath the
Yoneda line. (e) Detail of the central portion of the SAXS component shown in (d). The
tilt angle (= 5°) relative to substrate is highlighted. (f-h) Assemblies of C086 in a strong
magnetic field (uoHop, = 200 mT). Hexagonal array of (f) longer pillars and (g)
protrusions composed of nanocubes. A toroidal nanocube structure can be seen in (g).
(h) A magnified portion of the area in (g), showing the ordering in the torus and the
protrusions near the substrate surface. Note that the centre of the torus is devoid of

nanocubes.

A large number of mesocrystals with elongated shapes such as
the crystals shown in Figure 4a (and inset) and Figure 5a
(orange domain) display rippled surfaces, that result in a
with a pitch that is approximately
commensurate with the mesocrystal bct lattice. A
reconstruction of the mesocrystal surface using a computer
generated model (see Figure S13, ESI) suggests a sinusoidal
perturbation of the first few layers of the mesocrystal surface.
We have previously observed similar superstructures resulting
from a periodic ordering of stacking faults.*¢ Although

superstructure

occurring at much smaller length scales, the rippled surfaces
shown in this work bear resemblance to (macroscopic) surface
waves observed in experiments with ferrofluid surfaces

subjected to magnetic fields.>839

For the C136, and to a lesser extent for the C126 nanocubes,
assembly in an intermediate field of poHqpp = 65 MT results in
the formation of structures with a noticeable global anisotropy
i.e. arrays of oriented mesocrystals (see Figure 6a). In areas
with a relatively higher concentration (i.e. the substrate
edges)®0 arrays of mesoscopic pillars form (Figure 6b). For the
C136 nanocubes, the magnetic fields guiding effect is so
considerable that it can be observed directly in the scattering

experiments.
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Figure 7. A qualitative phase diagram for the formation of mesocrystals composed of
oleate-capped iron oxide nanocubes in a perpendicular applied magnetic field. The
crosses represent experimental observations in this work.

Figure 6¢c shows a GISAXS pattern of the zero-field assemblies
of the C136 nanocubes, displaying a sc lattice. Assembly under
UoHapp = 65 MT (Figure 6d) causes the GISAXS patterns of the
in-field assembled C136 to smear out in broad rings. Below the
dashed Yoneda line®! there is a SAXS pattern originating from
the transmission of X-rays through the substrate. The
transmission SAXS pattern displays a texture with Bragg spots
smeared in the in-arc direction and is slightly tilted (= 5°, see
Figure 6e) with respect to the substrate reference
frame/Yoneda line. The tilt angle represents the angle
between the stray field and the substrate caused by a slight
misalighnment between the substrate and the centre of the
magnet. The appearance of a tilted SAXS pattern and the
complete loss of the spotted GISAXS pattern for the C136-
based mesocrystals under an applied field represent a
crossover where the field and its gradient, rather than the
substrate orientation define the mesocrystal growth
orientations. In high fields (uoHapp, = 200 mT) we find that the
smallest nanocubes (C086) form a nearly hexagonal array of
um-sized pillars, with an interpillar spacing roughly equal to
the average pillar diameter (see Figure 6f-g). The pillars vary in
height over the substrate surface, and can be found ranging
from small protrusions to pillars with large aspect ratios,
occasionally hollow with void interiors. HRSEM images reveal
that the translational order of the nanocrystals in the base of
these pillars is well-defined (see Figure 6h). Further away from
the substrate, the structural coherence is lost due to cracking
and/or bending of the mesoscopic pillars. The loss of structural
coherence results in a GISAXS patterns with broad Debye-
Scherrer rings (see Figure S8, ESI).

The field-response of magnetic nanoparticles can be
understood in the framework of the Rosensweig (or normal-
field) instabilities, which occur when a ferrofluid is subjected
to a vertical magnetic field.22-24 Above a certain critical field
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strength the fluid layer orders into a hexagonal array of pillars
as a result of the competition between magnetic and surface
forces. The characteristic spacing in the hexagonal pattern
(instability wavenumber), follows an exponential decay with
the thickness of the ferrofluid layer and a logarithmic increase
with the applied field.62 Consequently, the large wavenumbers
of the instability-generated patterns in Figure 6 result from the
limited critical film thickness in a typical drop-casting
experiment, i.e. on the order of a few micrometres, and the
relatively large applied field, i.e., poHapp = 65 mT. Similar field-
induced patterns formed by spherical Co and y-Fe,Os; and
octahedral FesOs nanoparticles have been investigated in
some depth by the groups of Pileni®364 and Li et al.*°.

We suggest a qualitative phase diagram (shown in Figure 7)
that summarizes our observations for the iron oxide nanocube
in this work. In the case of small nanocubes (/ = 8.5 nm) the
application of a weak magnetic field during drop casting assists
the formation of assemblies with long range order.
Mehdizadeh et al speculated on the existence of a lower-size
limit for the assembly of iron oxide nanocubes,?® a limit which
ultimately should depend on a number of other experimental
parameters e.g. particle concentration, applied field,
surfactant coverage, and chain length. Nonetheless,
nanocubes with edge lengths between 9.6 and 13.6 nm forms
ordered single-domain mesocrystals in zero field. Upon the
application of a moderately strong magnetic field (65 mT)
nanocubes with edge lengths 9.6 nm and 12.6 nm assemble
composed of
mesocrystals in certain configurations. The small mesocrystals

into multidomain mesocrystals, smaller
are fused over coherent grain boundaries and oriented
primarily in two ways: either with [101]mc or [001]mc
perpendicular to the substrate. We suggest that this
reorientation follows the alighnment of the magnetic easy axes
of the iron oxide nanocubes with the applied magnetic field.
When a strong magnetic field (200 mT) applied to the smallest
nanocubes (/ = 8.6 nm) we observe the onset of Rosensweig
instabilities that results in the formation of hexagonal patters

of nanocube pillars.

Conclusions

In summary, we have investigated the micro- and
mesostructure of self-assembled mesocrystals composed of
nanocubes with different edge lengths in the absence and
presence of an applied magnetic field. 3D structural
characterization of the mesocrystals using GISAXS together
with a rigorous morphological characterization of the
nanocubes vyields interparticle distances in the mesocrystals
with sub-nm precision. The nanocube mesocrystals are
isostructural and crystallize in a body centred tetragonal (bct)
lattice with a = b < ¢ along two principal growth orientations:
[001]mc and [101]mc. In case of the largest nanocubes in this
study, there is a crossover to a simple cubic (sc) lattice for the
[001]mc oriented structure. We find a linear dependence of the
face-to-face intercube distances with nanocube edge length,

whereas in other configurations the interparticle distances
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vary significantly with the local (Gaussian) particle curvature.
For nanocubes of intermediate edge length application of a
magnetic field of 65 mT yields multidomain mesocrystals.
These have complex shapes, primarily 4-point stars, resulting
from intergrowth of [001]mc and [101]mc domains. For small
nanocubes in large fields or large nanocubes in intermediate
fields, we observe formation of aligned mesocrystals and
ferrohydrodynamic instabilities. This represents a crossover
where the magnetic field rather than the substrate direct and
orient the growth of nanocube structures. We summarize our
conclusions in a qualitative phase diagram which outlines the
preparation of mesocrystals and arrays with tuneable micro-,
and mesostructure. This level of structural control over
several lengths scales can facilitate the successful design of
novel devices, e.g. magnetic on-chip structures, with tailored
properties for future applications.
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