pubs.acs.org/NanoLett

Letter

Deformation Behavior of Cross-Linked Supercrystalline
Nanocomposites: An in Situ SAXS/WAXS Study during Uniaxial
Compression
Diletta Giuntini,* Anton Davydok, Malte Blankenburg, Berta Domènech, Büsra Bor, Mingjing Li,
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ABSTRACT: With the ever-expanding functional applications of
supercrystalline nanocomposites (a relatively new category of
materials consisting of organically functionalized nanoparticles
arranged into periodic structures), it becomes necessary to ensure
their structural stability and understand their deformation and
failure mechanisms. Inducing the cross-linking of the functionalizing organic ligands, for instance, leads to a remarkable enhancement of the nanocomposites’ mechanical properties. It is however
still unknown how the cross-linked organic phase redistributes
applied loads, how the supercrystalline lattice accommodates the
imposed deformations, and thus in general what phenomena
govern the overall material’s mechanical response. This work
elucidates these aspects for cross-linked supercrystalline nanocomposites through an in situ small- and wide-angle X-ray scattering
study combined with uniaxial pressing. Because of this loading condition, it emerges that the cross-linked ligands eﬀectively carry and
distribute loads homogeneously throughout the nanocomposites, while the superlattice deforms via rotation, slip, and local defects
generation.
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scale arrangement (periodicity, polymorphism, interparticle
distances) all play important roles, sometimes with multifold
implications.16,17 The elastic modulus and hardness compare
to the ones of hard polymers, a remarkable outcome for
material systems mainly held together by van der Waals
interactions but still insuﬃcient for structural applications
(such as bioimplants) also because of the low fracture
toughness (∼40 kPa·m1/2).15
An important step forward toward strengthening supercrystalline nanocomposites has been found in inducing the
cross-linking of the organic ligands via annealing at moderate
temperatures (250−350 °C).18−26 The presence of covalent
bonds among neighboring ligand molecules, which are in turn
anchored to the NPs, becomes the dominating factor holding
the supercrystals together. Nanoindentation has shown that
elastic modulus and hardness shift from ∼15 to ∼64 GPa and

upercrystalline nanocomposites are a rising category of
hybrid inorganic−organic materials. They generally consist
of inorganic nanoparticles, surface-functionalized with organic
ligands and organized into periodic close-packed structures,
known as superlattices, in analogy with crystalline lattices. This
combination of nanosized building blocks and their arrangement into superlattices leads to a variety of emergent collective
properties and in turn to a diverse set of applications in
optoelectronics, energy, catalysis, sensors, and magnetic
devices.1−8 Supercrystalline nanocomposites also show great
promise as structural materials, in connection with the ﬁeld of
biomimicry. Biomaterials feature impressive combinations of
mechanical properties because of their internal architecture,
characterized by a high concentration of mineral nanoparticles
(NPs) in an ultrathin organic matrix, design principles that
supercrystals also feature.3,9 Understanding, enhancing, and
better controlling the mechanical behavior of supercrystalline
nanocomposites are thus needed to widen their functional
applications and allow integration into robust devices.10
The assessment of supercrystals’ mechanical properties has
initially focused on ultrathin ﬁlms11,12 and later included 3D
single supercrystals.13−15 The characteristic parameters of NPs
(size, shape, faceting), functionalizing ligands (chemical
structure, length, grafting density, conﬁguration), and meso© 2021 The Authors. Published by
American Chemical Society
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Figure 1. In situ X-ray scattering-microcompression testing setup. Supercrystalline nanocomposite micropillars are uniaxially compressed with a
uniform load (through a ﬂat diamond punch) while gathering small- and wide-angle X-ray scattering signals (SAXS and WAXS). The pillars were
scanned edge to edge and from the top for a downward extension of 30 μm, with a microfocused beam to maximize resolution. SAXS provides
insights on the superlattice deformations (order of tens of nm) and WAXS on the strains in the NPs’ crystalline lattice (order of Å).

from ∼0.6 to ∼4.7 GPa, respectively, between non-cross-linked
and cross-linked materials.19 The degree of cross-linking also
plays a role, with compressive and bending strengths increasing
from ∼440 to ∼740 MPa and from ∼210 to ∼460 MPa,
respectively, when annealing the material at 250 or 350 °C.18
Questions are however still open on the role of the crosslinked organic phase in the overall material’s behavior under
loading. It has not yet been elucidated whether such a
strengthening eﬀect is only due to the cross-linked phase or if
local direct particle−particle contacts are present and thus
responsible for the load-carrying capability of the nanocomposites (the ligand coverage on the NPs could be
nonuniform). It is also still unclear how the superlattice
responds to external loads, namely, what strains it can
accommodate and what dominates its deformation behavior,
e.g., the NP arrangement in tightly packed structures or the
mechanical properties of the constituent materials.
A tailored experiment has therefore been designed to answer
all these questions simultaneously, bridging the atomic scale
and the nanocomposites’ mesoscale. It consists of the
combination of a supercrystalline micropillar’s uniaxial
compression with wide- and small-angle X-ray scattering
(WAXS/SAXS), which simultaneously monitors the alterations
of the NPs’ crystalline lattice and of the nanocomposites’
superlattice.
In situ X-ray scattering has been applied to nanocrystal
superlattices for diﬀerent purposes, starting with the kinetics of
phase transformations within nanocrystals,27 followed, with the
rise of supercrystals, by SAXS studies monitoring superstructures nucleation and growth28 and later by investigations
on processing-induced strains (also via Raman spectroscopy29)
and on superlattice stability under increasing temperatures.30
When it comes to mechanical loading, deformations in
supercrystals have been explored in hydrostatic pressing
conditions, from which it has emerged that they feature high
structural stability and compressibility.31−39 Hydrostatic
compression can also lead to improved supercrystallinity or,
in the presence of a deviatoric stress, to sintering of the NPs.

These variations are traced back to the role played by the
organic ligands, acting as interparticle spacers, and by the
superstructure parameters, as molecular dynamics simulations
conﬁrm.40,41
Cross-linked supercrystalline nanocomposites are expected
to feature a behavior that largely deviates from the cases above.
In a cross-linked phase the ligands cannot easily migrate nor
can the NPs be easily rearranged in the superlattice. This study
elucidates the load-carrying and deformation mechanisms of
cross-linking-strengthened supercrystalline nanocomposites,
for loading conditions that allow shear deformations, which
are a critical material failure mechanism likely to occur in many
applications (such as wearable and ﬂexible devices).
Large-size (>2 × 105 μm3) pillars were tested under uniaxial
compression (the pillars had free lateral surfaces). Under this
uniform loading condition, it is possible to detect both the
presence of load percolation paths at direct particle−particle
contacts and shear deformations at the mesoscale (superlattice). The ﬁrst question to be answered is whether the
mechanical response of the cross-linked nanocomposites is
governed by the cross-linked ligands, forming a uniform
ultrathin interphase and distributing the load equally on all
NPs. If, alternatively, the ligands do not form a uniform
interphase, localized direct contacts between the inorganic NP
cores will occur. These contacts could then form load
percolation paths, while the rest of the material would stay
relatively unstressed. Load percolation paths would lead to
local strains at the inter-NP contacts, resulting in alterations of
the lattice constant of the NP crystalline structure, detectable
with wide-angle X-ray scattering (WAXS, which can detect the
lattice parameters of the order of Å and their variation in
atomic crystals). The second question concerns the deformation mechanisms at the superlattice scale and speciﬁcally
whether the supercrystals accommodate the imposed deformation by straining (superlattice constant alterations), rotation,
slip, or additional defects formation. These kinds of superlattice alterations can be detected via small-angle X-ray
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Supporting Information section 2 and Figure S3 for details and
stress−strain data). A linear elastic behavior emerges, with
remarkable repeatability among the diﬀerent micropillars. Final
failure occurred in the form of a brittle fracture, immediately
anticipated by buckling of the micropillars. In one case (main
pillar), a slip of a block of material was observed instead of
buckling, as highlighted in Figure 2 and Figure S4. We assume
that slip is responsible for the small pop-in-like steps, sudden
slope changes indicating displacement bursts. It is likely
because of this gradual slip accommodating the load that this
pillar withstands higher load values (0.90 N, i.e., 264 MPa
strength) with respect to the other two (0.78 and 0.76 N, i.e.,
233 and 222 MPa). A previous numerical study has shown that
cross-linked iron oxide−oleic acid supercrystalline nanocomposites have a Poisson’s ratio ν = 0.34.22 Given the
average strain to failure of the pillars, 3.8%, this implies a
transversal strain of ∼1.3%. Note that the resulting average
compressive strength and elastic modulus (239 MPa and 6.4
GPa; see Supporting Information section 2) are lower than the
ones measured ex situ in the same kind of material (1.2 and 47
GPa). This is not unexpected and can be explained by several
factors (Supporting Information section 3 and Figure S5), such
as nonstandard testing conditions for the elastic modulus, and
the well-known size eﬀect for strength.18,29,43−46 The potential
load relaxation during the holding times necessary for the Xray measurements (∼40 min for a whole scan) was also
evaluated. A decrease in the measured load between the start
and the end of the scan was detected, more signiﬁcant at the
earliest stage of compression (up to 40%, i.e., a decrease from 9
to 5 mN in the ﬁrst compression step) and negligible (∼5%)
afterward. Viscosity can play a role in materials containing an
organic phase, even though preliminary data from a follow-up
work indicate that creep eﬀects are negligible in this study.47 Xray measurements were performed at a higher frequency
during the ﬁrst test stages (up to ∼0.2 μm, 10% of the total
deformation), but no signiﬁcant diﬀerence was nevertheless
observed in the predominantly linear elastic behavior of the
nanocomposites, as ex situ tests conﬁrm (Supporting
Information section 3).
We ﬁrst look into the load distribution within the micropillar
through the strains experienced by the NPs, i.e., through
WAXS. Each iron oxide NP is a single nanocrystal of Fe3O4
(magnetite), even if previous work has revealed that traces of
γ-Fe2O3 (maghemite) can be present.21 Both phases have
inverse spinel structure with almost coincident lattice
parameters (a = 0.839 nm for Fe3O4 and a in the range of
0.834−0.839 nm for γ-Fe2O3)48 and therefore equivalent
behavior for the purposes of this study. Figure 3A shows a
representative frame of the short distance (WAXS) detector
with continuous high-order Debye−Scherrer rings (each NP is
randomly oriented within the superlattice). After radial
integration of the WAXS spectra, the most intense and
position-sensitive peak was identiﬁed, via Gaussian ﬁt, for q =
47.5 nm−1. On the basis of this peak, strain maps relative to the
NPs’ crystalline lattice were obtained for the diﬀerent
compression stages, shown in Figure 3B. A preloading scan
of the micropillar was used as reference (zero strain). Due to
experiment geometry and vacuum path required for SAXS
measurements, the WAXS detector was inclined ∼7° with
respect to the beam direction, and thus the plots in Figure 3B
show this projection on the detector plane.
A largely uniform strain ﬁeld emerges. The diagonally
oriented nonuniformities, indicating larger strains in the

scattering (SAXS), a technique sensitive to larger lattice
parameters, like the tens of nm characteristic of supercrystals.
The in situ microfocus X-ray scattering study during uniaxial
compression was conducted at the Nanofocus Endstation
(NFE) of the P03 beamline at the PETRA III Synchrotron in
DESY (Hamburg, Germany). Pillars with size ∼50 × 70 × 60
μm3 were produced via laser cutting and plasma focused ion
beam (plasma-FIB) in bulk iron oxide (Fe3O4)−oleic acid
supercrystalline nanocomposites with cross-linked organic
ligands. The nanocomposites (mm size) were obtained from
an initial suspension of the functionalized NPs (radius of the
inorganic core R = 7.9 ± 1.3 nm; see Supporting Information
section 1 and Figure S1) with a three-step routine (reported
elsewhere in detail19 and summarized in the Supporting
Information, Methods), consisting of self-assembly via solvent
destabilization, pressing, and heat treatment at 325 °C in inert
atmosphere, the latter inducing the ligands’ cross-linking. The
obtained cm-sized nanocomposites are polysupercrystalline,
and therefore the tested micropillars can contain multiple
supercrystalline domains (“grains”). The typical domain size is
in the order of tens of μm, and thus the tested micropillars
contain on average 1−2 domains. The micropillars were
compressed with a ﬂat punch (Synton-MDP LTD, Switzerland) in a self-developed indenter available at P03’s NFE,42
while X-ray scattering signals were collected. Synchrotron
radiation was chosen so that a microfocused beam could be
used to scan supercrystalline pillars extending several tens of
μm while preserving a high resolution. Figure 1 illustrates the
testing setup and examples of SAXS and WAXS patterns.
The compression proceeded in displacement-control mode,
by pressing the micropillars against the ﬁxed ﬂat punch until
fracture. Simultaneous SAXS and WAXS scans were taken at
multiple compression stages under constant load (see
Supporting Information, Methods). The resulting force−
displacement curves are shown in Figure 2. Two micropillars
were pressed during preparatory tests, and the third (“main”)
pillar is the one to which the following X-ray analysis refers
(see Supporting Information section 2 and Figure S2). The
displacements are corrected for the inﬂuence of the
indentation of the pillars into the surrounding substrate (see

Figure 2. Force−displacement (F−d) curves of the tested micropillars. All pillars showed reproducible linear elastic behavior. Sudden
changes of slope (slight pop-in phenomena) are associated with
material slip. Optical micrographs taken in the beam direction in
between X-ray scans of the main pillar show selected stages of the
compression tests: (1) contact, (2) onset of block slip, (3) failure.
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Figure 3. (A) As-measured WAXS pattern of the main pillar. (B) Strain maps relative to the iron oxide NPs’ crystalline lattice for increasing applied
compressive stresses (step size: 2 μm horizontally and 1 μm vertically). The reference zero-strain conﬁguration was the preloading scan of the
micropillar, based on which the strains in part B were calculated. The apparently diﬀerent scaling in the diﬀerent plots of part B is due to the
inclination of the WAXS detector with respect to the beam.

Figure 4. (A) Representative SAXS pattern of undeformed pillar with reconstruction of corresponding FCC unit cell in real space (type {111}
plane highlighted and azimuthal integration also schematized in the SAXS spectrum). (B) SAXS pattern of same point under 146.7 MPa (0.50 N)
load. (C) Integrated SAXS spectra of the location shown in parts A and B before loading and at 146.7 MPa (0.50 N) load. (D) Supercrystalline
orientations (deg) mapping at increasing loads, as derived through azimuthal integration of the highlighted peak in the SAXS spectra (marked in
part A). An intersupercrystalline boundary is marked in the preload mapping.

Importantly, no μm-scale load percolation path is detected,
indicating a uniform load distribution on the NPs through the
cross-linked organic phase. Nonuniformities along the applied
load direction, hinting at preferential load-carrying paths,
appear only at higher loads, approaching the onset of the block
slip detected via optical microscope (see Figure 2). This
suggests that after severe slip, broken covalent bonds in the

bottom-right corner of the pillar, are due to an impurity
initially sitting on the micropillar’s surface (see Figure S2),
leading to a load concentration. The strains experienced by the
NPs during uniaxial compression increase with loading, up to
0.1% values. Slight strain gradients along the direction parallel
to the applied load suggest gradual load propagation from the
pillar’s edges toward the center.
2894
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only to the loading conditions but also to the stiﬀ network of
covalently bonded ligands.
Figure 4B and Figure 4C show the eﬀect of loading at 146.7
MPa (0.50 N) on the SAXS spectrum and intensity plot of the
same area considered in preloading conditions (Figure 4A).
The FCC arrangement is likely slightly distorted but not
disrupted, and a shift of the superlattice reﬂections toward
higher scattering vector values (q) is observed, implying a
reduction in distances among supercrystalline planes (d ∼ 2π/
q). These shrinkage values change depending on the
considered reﬂection, and they vary throughout the micropillar. Tensile strains are also locally detected, relatable to
Poisson eﬀects, even though compressive strains prevail. The
strain distribution scatter is expected in such large micropillars
with no predetermined orientation of the superlattice with
respect to the applied load, but trends can be identiﬁed. For
the case of 101.3 MPa (0.35 N, prior to the block slip), by
averaging interplanar shrinkages along the {111}, {220}, and
{331} reﬂections in diﬀerent micropillar locations (Supporting
Information section 6), an average compressive strain of 1.4%
is estimated (the FCC structure guarantees elastic quasiisotropy, as conﬁrmed by molecular dynamics simulations41).
This is compatible with the preservation of an organic-ﬁlled
gap between NPs (IDf ∼ 0.3 nm; see Supporting Information
section 4). It is also slightly lower than the strain measured by
the microcompression setup at this load (1.6%, Figure S3),
suggesting that the pop-in-like eﬀects are associated with
defects such as the organic-rich clusters shown in Figure S4
instead of intrasuperlattice deformations.
SAXS reveals additional superlattice deformation mechanisms. The loading conﬁguration is particularly suitable for
material slip, which has been observed in the form of sliding of
a supercrystalline block, likely along tightly packed superlattice
planes of the {111} family (see Figures 2 and 4A). In Figure
4C, a decrease in the intensity of the superlattice reﬂections is
observed, accompanied by a peak broadening, indicating
degradation of the supercrystalline structure. In Figure 4B
one can also identify azimuthal peak splitting at the {111}
planes level, an indication for twinning phenomena (see
Supporting Information section 7 and Figure S8).53,54 The
analysis of the SAXS peaks variations in the azimuthal direction
reveals how the FCC superlattice is oriented within the
micropillar at the various compression stages; see Figure 4D.
The micropillar has a predominantly bisupercrystalline
structure, with a 10° mismatch among the two domains
(“grains”) separated by a boundary oriented ∼60° with respect
to the applied load. Within the domain on the right side of the
micropillar, an additional variation of about 5° is detected. Its
contours are not sharp, indicating a gradual superlattice
rotation, also detected via SEM (Figure S4). These diﬀerent
supercrystalline domains can also be identiﬁed in the postmortem pillar micrographs (Figure S4). The domain on the
right-hand-side of Figure 4 is the one undergoing the most
severe reorientations (see load concentration shown via
WAXS, Figure 3). A region with a 20° orientation mismatch
appears and gradually widens, corresponding to the area where
slip occurred, which then does not occur on a single gliding
plane. The bottom-right region of the pillar also shows
superlattice rotations of ∼5°.
Through the combination of uniaxial pressing and both
wide- and small-angle X-ray scattering on a cross-linkingstrengthened supercrystalline nanocomposite, it has then been
shown that the remarkable resistance of supercrystals to

organic phase allow direct contacts between inorganic surfaces.
If some NPs come into direct contact prior to the block slip,
these local contacts are in low number and uniformly scattered.
The maximum strains detected in the NPs, 0.1%, are 1 order
of magnitude lower than the ones measured for the overall
supercrystalline nanocomposites (a few %), implying that the
organic phase undergoes strains in the order of 10% (see
Supporting Information section 4 and Figure S6). The
measured intra-NP strains also correlate well with the stresses
at which they occur, ∼190 MPa, through Hooke’s law. The
elastic modulus for iron oxide is reported to span a relatively
broad range of values.49,50 Due to the nanocrystalline nature of
the NPs, here we consider the range relative to single crystals
(163−175 GPa), keeping in mind that nanocrystals sometimes
feature higher elastic moduli than their bulk counterparts.51
The supercrystalline nanocomposites are of the face-centered
cubic (FCC) type19,22 (therefore each NP has 12 nearest
neighbors), and typically polysupercrystalline. This arrangement allows considering the overall material mechanically
quasi-isotropic, as FEM simulations have conﬁrmed.22 FEM
analyses also reveal that under uniaxial pressing conditions,
stress concentrations arise at most inter-NP contacts,
intensifying the applied stress by up to a factor of 3, while
adjacent to the interstitial sites and at the interfaces aligned
along the pressing load such concentrations are absent (see
Supporting Information section 5 and Figure S7). Since each
NP is randomly oriented within the superlattice, the strains
depicted in Figure 3B can be considered representative average
strains of the intra-NP crystalline lattice. Such a load
distribution within the inorganic nanoparticles conﬁrms the
important role of the organic phase (anchored to the
nanoparticles, conﬁned into sub-nm interfaces, and crosslinked) toward the material’s load carrying ability. Previous
works had indeed already underlined how the mechanical
behavior of supercrystals correlates better with polymer-matrix
nanocomposites than with single phase colloidal crystals.14
Even though in those cases the organic ligands were not crosslinked, this phase was described as “cohesive organic network”.
Cross-linking stiﬀens this network, reinforcing the applicability
of this model.
The remarkable resistance to deformation of the cross-linked
oleic acid phase is conﬁrmed via SAXS. An example of SAXS
pattern with the typical 6-fold symmetry of FCC arrangements
(in agreement with previous analyses18−20) is shown in Figure
4A, with a representative reconstruction of the corresponding
NP superstructure in the real space for preloading conditions.
Before compression, an average superlattice parameter a = 23.1
± 0.6 nm is measured for the micropillar. Given the NP radius
R = 7.9 nm, an interparticle distance (along the tightly packed
⟨110⟩ directions) ID = a / 2 − 2R = 0.5 nm is found,
implying a high conﬁnement of the oleic acid chains (∼2 nmlong at full extension).52 The annealing does induce not only
cross-linking but also an overall superlattice shrinkage, typically
resulting in a 5% reduction in a.18,19 Such a small ID value,
together with cross-linking, prevents the NPs from further
approaching each other. The high stiﬀness of the cross-linked
organic phase has also been conﬁrmed with a FEM study that
has resulted in elastic modulus E = 13 GPa for the oleic acid
phase conﬁned in a 0.6 nm ID,22 a value much higher than the
ones estimated for non-cross-linked supercrystals.14 Also in
contrast to previous in situ compression studies on supercrystals,39 we did not observe improved superlattice ordering,
ligand extrusion, or NP sintering. These diﬀerences are due not
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compression goes beyond hydrostatic pressing. The crosslinked organic phase leads to resistance of the material to
strains and homogeneously transmits the applied loads to the
NPs. No microscale load percolation paths were observed,
reinforcing the assumption of the cross-linked organic network
playing a key strengthening and stiﬀening role. WAXS-detected
strains within the NPs of the order of ∼0.1% and overall SAXSdetected mesoscale strains in the superlattice of ∼1−3% imply
that the organic phase undergoes larger deformations (∼10%).
The nanocomposites also accommodate loading via superlattice rotation and defects formation.
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