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ABSTRACT: Janus nanoparticles (NPs) often referred to as nanosized analogs of molecular surfactants are amphiphilic
structures with potential applications in materials science, biomedicine, and catalysis, and their synthesis and self-assembly
into complex architectures remain challenging. Here, we demonstrate the preparation of Janus heterodimers via
asymmetric functionalization of Fe;O, Pt and Fe;O, Au heterodimeric NPs. The hydrophobic and hydrophilic dendritic
ligands that carry phosphonic acid and disul de surface binding groups selectively coat the iron oxide and platinum (or
gold) parts of the heterodimer, respectively. Such an approach allows simple and e cient preparation of amphiphilic
structures. Moreover, liquid air interface self-assembly studies of each ligand exchange step revealed a drastic
improvement in  Im crystallinity, suggesting the dendronization induced improvement of the whole particle polydispersity
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of the heterodimers.

norganic NPs are the main building blocks of nano-

technology and are under extensive research, as they

provide distinctive physical properties which originate from
their speci ¢ size, shape, composition, and surface chemistry
that di er from those of bulk materials." ® NPs nd
applications in broad areas such as electronic devices,*”
bioimaging,”’ data storage,®° optical and chemical sensors,*
and catalysis.**** The successful implementation of NPs into
devices requires two key aspects to be addressed: (i) well-
controlled synthesis of nanosized building blocks and (ii) their
self-assembly into functional architectures. Since the discovery
of NPs, a great deal of research has been focused on methods
that allow the preparation of NPs with di erent size, shape, and
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composition, which now leads to a fairly large collection of
precise and reproducible synthetic and shape controlling
methods.™® *° On the other hand, the surface treatment is
extremely important, as it is responsible for changes in their
optical,” magnetic,"® electronic,” and colloidal properties®?*
as well as is key toward NP assemblies into di erent
architectures.”>*® To this end, the major surface treatment
methods include formation or removal of organic monolayers
formed by molecules such as commercially available surfac-
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Figure 1. (a) The synthesis of hydrophilic dithiol dendron library and (b) the structures of hydrophobic phosphonic acid and dithiol
dendrons. Reagents and conditions: (i) I,, CH,Cl,, rt, 12 h; (ii) 2,2,5-trimethyl-1,3-dioxane-5-carboxylic anhydride, CH,Cl,, pyridine, DMAP,

rt, 12 h; and (iii) Dowex (H*), MeOH, 40 °C, 4 h.

tants,”* DNA,% polymers,?® and dendrimers.*"**?"?® Most of
such surface modi cation methods allow a homogeneous
treatment over an entire surface.

A particularly important recent development is control over
directional interactions such as, for instance, becomes possible
by the formation of amphiphilic systems where two types of
ligands (hydrophobic and hydrophilic) are attached on di erent
sides of particles to create a Janus particle commonly called
after the two-faced Roman mythology god Janus.?**° The self-
assembly of Janus particles can produce a series of more
complex and delicate structures than isotropic building blocks
and gives a deep understanding about anisotropic interactions
and self-assembly mechanisms.®" Literature methods for the
preparation of Janus particles usually involve partial masking of
a particle surface while functionalizing the exposed part of the
surface. Functionalization methods include vapor deposition,
electrostatic deposition,* layer-by-layer self-assembly,** me-
chanical pressing® and seeded emulsion polymerization.*®
Most of these methods are applied to micron- or submicron-
sized particles. Reports on the preparation of nanometer-sized
Janus particles are much rarer,’”  because the asymmetric
modi cation visualization, characterization, and unambiguous
veri cation of their Janus nature is a lot more challenging at the
nanoscale.*®

Herein, we present an e cient strategy for the preparation of
solution processable Janus NPs through orthogonal function-
alization of each inorganic component of nanosized Fe;O, Pt
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and Fe;O, Au heterodimeric particles with speci cally
designed dendritic ligands.

Heterodimers are two closel adtj"acent NPs that di er in size,
shape, and/or in composition.”” “° The surface modi cation of
heterodimers was carried out as a two-step protocol where each
inorganic component was functionalized through a solution-
phase ligand exchange process.*” *° Ligands with desired
solubility properties and matching surface binding groups were
accessed through organic synthesis, and the evidence of
selective surface binding is obtained by energy dispersive X-
ray spectroscopy (EDX) chemical mapping. Self-assembly
characteristics of the NPs after each surface modi cation
steps were studied by producing superlattice Ims on a liquid
air interface. Ligand exchange with orthogonally binding bulky
monodisperse dendritic ligands revealed an increase in
interparticle distances and a drastic improvement in Im
crystallinity compared to Ims made from untreated or partially
treated particles, demonstrating the dendronization as an
e cient tool to counterbalance the shape and size inhomoge-
neity and enhance their whole particle polydispersity.

RESULTS/DISCUSSION

To achieve an e cient yet orthogonal functionalization of
Fe;O, Pt and Fe;O, Au heterodimeric NPs, we relied on
di erent surface adhesion properties of phosphonic acid and
sul de-based head groups. It is well established that phosphonic
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Figure 2. EDX chemical mapping of a Janus heterodimer superlattice () HAADF-STEM image of the area studied, (b) distribution of
platinum, (c) distribution of iron, (d) distribution of sulfur, (¢) superimposition of sulfur and platinum distribution, and (f) superimposition
of iron and platinum distribution. For clarity, enlarged 100 nm x 100 nm areas are provided as insets in every image. Dashed lines in insets of
(d) and (e) represent the Fe;O, part and is provided for eye guide only. Scale bars in (a f) are 200 nm. Scale bars in insets are 20 nm.

acids bind strongly to iron oxide and ferrite NP surfaces,>**?

while sulfur-based head groups have higher a nity toward
metallic NPs, such as Au, Ag, and Pt.*>>*** Therefore, it was
clear that the successful orthogonal functionalization would
require us to gain access to ligands with phosphonic acid and
disul de surface binding groups. A dendritic architecture was
chosen as it provides a well-controlled synthetic platform where
the bulkiness of the ligands and the nature and polyvalency of
the end groups can be tuned independently from each
other.*”>> *°Disul de dendrons with polar end-groups were
envisioned to be based on 2,2-bis(hydroxymethyl)propionic
acid (bis-MPA)-type dendron with free hydroxyl groups on the
periphery, allowing the tuning of overall polarity by changing
the number of hydroxyl groups as a function of dendrimer
generation.”® ® The designed route involves divergent syn-
thesis through anhydride coupling starting from a building
block 11-mercaptoundecan-1-ol 1. This gives us access to a
series of dendrons with a controlled number of hydroxyl end-
groups (1, 2, and 4 per each sulfur atom) and therefore allows
the tuning of polarity.

The thiol group of 11-mercaptoundecan-1-ol 1 was rst
protected by converting it into a disul de via iodine-induced
oxidation. Generation growth was ensured using a two-step
procedure where the rst step introduces the protected bis-
MPA unit through 2,2,5-trimethyl-1,3-dioxane-5-carboxylic
anhydride, and the second step removes the acetonide
protecting groups using Dowex (H*) acidic resin, thus a ording
compounds 3 and 4.1"%%%! Repeating this two-step sequence
allowed formation of higher generations as shown on Figure 1a.

Disul de ligands 2, 4, and 6 therefore represent zero-, rst-,
and second-generation dendrons (GO 2), where the number
represents terminal hydroxyl end-groups, and therefore the
polarity increases as a function of generation. These dendrons
carry disul de anchoring units which are used for functionaliza-
tion of the Pt part of the heterodimers. As for the nonpolar
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counterpart, we considered a second-generation, stearate
terminated, phosphonic acid bearing dendron 7 (Figure 1b).%?

Janus particles were prepared through sequential ligand
exchange of the Fe;O, Pt (or Fe;O, Au) heterodimers. The

rst ligand exchange step was carried out in the presence of an
excess of the nonpolar dendron 7 at 35 °C in chloroform for 12
h to coat the Fe;O, part. After which the particles were puri ed
by precipitating with MeOH, collected by centrifugation, and
redispersed in chloroform. The puri cation step was repeated
three times to ensure the complete removal of any excess of
dendron 7 and exchanged unbound original ligand, oleic acid.
The second ligand exchange step was carried out under
analogous conditions using polar disul de dendrons 2, 4, or 6
(to form Janus particles) or using nonpolar dendrons 8 or 9 (to
form nonpolar dendron-coated heterodimers). This step
functionalizes the metal (Pt or Au) part of the heterodimer.
The nal hybrids can be puri ed by precipitating with excess
MeOH and redispersing in chloroform. This process is also
suitable for Janus particles as the Fe;O, part of the dimeric NP
is larger in size and the resulting Janus NP bene ts from a large
nonpolar part and can be dispersed in nonpolar solvents, which
is key to carry out the self-assembly experiments.

To probe the e ect of each ligand, their self-assembly
behavior was studied after each ligand exchange step. The e ect
of the rst ligand exchange step (using phosphonic acid 7 on
Fe;O, Pt heterodimers) was clearly seen from the signi cant
increase in surface to the closest surface interparticle spacing
(from 1.0 to 2.4 nm, as measured between two Fe;O, bodies
from TEM images). However, the direct proof of an
asymmetric functionalization was obtained with EDX chemical
mapping which was performed on the superlattice Im made
from particles bearing ligands 7 and 6 after the second ligand
exchange step. Figure 2a shows the high-angle annular dark-

eld scanning transmission electron microscopy (HAADF-
STEM) image of the area examined. Platinum and iron
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Figure 3. Schematic representation of the two-step ligand exchange process using dendritic ligands 7 and 6.

Figure 4. (a) Schematic representation of liquid air assembly and sample preparation by “stamping” process. TEM images of (b) as-
synthesized Fe;O, Pt heterodimers (inset shows higher magni cation area of the same sample), (c¢) Fe;O, Pt heterodimers after
functionalization of the Fe;O, part with dendron 7 (inset shows higher magni cation area of the same sample), (d) Fe;O, Pt Janus
heterodimers (prepared after functionalizing the Fe;O, part with dendron 7 and the Pt part with dendron 6), (e) as-synthesized Fe;O, Au
heterodimers, (f) Fe;0, Au heterodimers after functionalization of the Fe;O, part with dendron 7, (g) Fe;O, Au Janus heterodimers (after
functionalizing the Fe;O, part with dendron 7 and the Au part with dendron 6), (h) Fe;O, Au heterodimers after functionalization of the
Fe;0, part with dendron 7 and the Au part with dendron 9, (i) a bilayer of Fe;O, Pt Janus heterodimers (prepared after functionalizing the
Fe;O, part with dendron 7 and the Pt part with dendron 6), and (j) Fe;O, Au heterodimers after functionalization of the Fe;O, part with
dendron 7 and the Au part with dendron 8. Scale bars in (b) and (¢) 400 nm, in (d h) 100 nm, and in (i) and (j) 200 nm. Scale bars in insets
of (a) and (b) 100 nm. Digital FFTs of an entire image are provided as insets in the top right corners of each image.
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Figure 5. HAADF-STEM tomographic reconstruction of Fe;O, Pt dimer superlattices: (a) an orthographic image of a 3D representation of a
subset of the reconstruction with digital FFT as inset and (b) a zoomed in view of Fe;0, Pt dimer superlattices (marked with dashed square
in part a), where yellow and indigo blue dots represent Pt and Fe;O,, respectively. (c) XZ slice view showing that the dimers composing the
superlattices are coplanar. (d) Schematic representation of possible orientations of heterodimers.

distributions in the cubic platinum seed and Fe;O, body are
well distinguishable as marked with green and red colors in
Figure 2b,c. Superimposition of these images yields the
reconstructed image (Figure 2f), which is in agreement with
Figure 2a. Moreover, we were able to visualize an elemental
distribution of sulfur that is a part of the dendritic ligand 6
(Figure 2d). Superimposition of the sulfur and platinum
distributions (Figure 2b,d) reveals a major overlap between
these two elements that unambiguously proves the selective
functionalization of the Pt part with disul de dendritic ligand 6
(Figure 2e). The schematic representation of the formation of
Janus heterodimer with nonpolar dendritic ligand 7 and polar
ligand 6 is shown on Figure 3.

Self-Assembly. Self-assembly of particles into layered
architectures was achieved on a polar liquid air interface in a
Te on well. Diethylene glycol was used as the subphase on
which a dispersion of the particles in hexanes was deposited.
The Te on well was covered with glass to allow slow
evaporation of the hexanes layer. In 2 h, the NPs self-assemble
into superlattice Ims on the liquid air interface.®® Thus,
obtained solid Ims were then transferred to a solid substrate
by “stamping” (by using a solid wafer/TEM grid to touch from
top) and were visualized. Figure 4a shows a schematic
representation of all assembly steps including the “stamping”
technique.

We rst examined the self-assembly of functionalized
Fe;O, Pt heterodimers. To our delight, we noticed that the
order of the self-assembled layer of particles become
progressively better after each ligand exchange step. Self-
assembly of the original, as-synthesized Fe;O, Pt heterodimers
over liquid air interface revealed an irregular structure where
no long-range order is present (Figure 4b), which is not
surprising since the sample has a relatively high polydispersity
(14% on Fe;0, and 7.3% on Pt). After ligand exchange with 7,
the interparticle distances (surface to surface) between the NPs
increased to 2.4 nm, as the dendron is much larger than the
original ligand oleic acid. As seen from TEM image (Figure 4c)
of a self-assembled monolayer and bilayer, this step signi cantly
improves the short-range order of such heterodimers.
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An improvement of self-assembly properties observed here is
believed to be introduced by the large size and monodisperse
nature of the dendritic ligand, as it introduces a thick, yet

exible’” organic shell and is able to counterbalance the size
and shape irregularity present in the inorganic parts. Ligand
exchange on the platinum part was carried out as the second
step using ligands 2, 4, and 6, which were chosen as they would
allow tuning polarity of platinum heterodimers. After ligand
exchange, samples were examined by the above-mentioned self-
assembly technique, and the monolayers were studied. We saw
no signi cant improvement in the assembly properties when
ligands 2 and 4 were used (Figures S2 and S3). However, after
obtaining Janus particles (functionalizing the Fe;O, part with
dendron 7 and the Pt part with dendron 6), we noticed a
further increase in interparticle distance to 44 nm and a
signi cant improvement in their self-assembly. Such modi ca-
tion introduced both long-range and short-range order, as can
be seen from their self-assembled monolayer (Figure 4d) and
bilayer structures (Figure 4i and Figure S4). This nding was
further tested using Fe;O, Au heterodimer and dendrons 2, 4,
and 6 9, where the Fe;O, part was coated with dendron 7 and
the Au part was coated with either oleic acid, polar dendrons 2,
4, and 6, or nonpolar dendrons 8 and 9. Similar to previously
observed phenomena, the as-synthesized Fe;O, Au hetero-
dimers show disordered assembly (Figure 4e) that is improved
signi cantly when both the Fe;O, is coated with dendron 7 and
the Au parts are coated with either polar dendron 6 (Figure 4g)
or nonpolar dendrons 8 and 9 (Figures 4j and 4h). The use of
smaller dendrons 2 and 4 did not lead to a signi cant
improvement in self-assembly (Figures S5 and S6).

The enhancement in superlattice Im crystallinity can be
explained by surface treatment with large dendritic molecules
which can in uence the assembly process in several ways. First,
the whole particle polydispersity of the heterodimer is
improved during the two-step ligand exchange process where
the surface is coated by large yet monodisperse ligands, that is,
the resulting NP dendrimer hybrid is more uniform than the
heterodimer was before ligand exchange. Second, the
introduction of a thick soft layer may grant the hybrid system
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Figure 6. Fe;O, Pt Janus heterodimers orientation quanti cation.

ability to better accommodate the size irregularity due to the

exible nature of the dendritic ligands or allow rotations during
the solvent evaporation process to reduce the in plane size
irregularity by pointing the metal part (Pt or Au) out of the
assembly plane.

The improvement in whole particle polydispersity can be
estimated if the ligand length is accounted during the size
polydispersity calculation. For example, in case of the Fe;O,
Pt heterodimers, the Fe;O, part (largest component of the
heterodimer) has an average diameter of 15.4 £+ 2.2 nm, and its
polydispersity (based on only inorganic core) is equal to 2.2/
15.4 x 100% = 14.2%. As synthesized NPs have ligands with an
e ective average length of 0.5 nm (obtained by dividing an
interparticle separation 1 nm in half), and therefore, the whole
particle polydispersity of the as-synthesized same sample is 2.2/
(154 + 1) = 13.4%.

Dendritic ligands introduce a much larger interparticle
separation of 4.4 nm. Therefore, the e ective average length
of the organic shell is 4.4/2 = 2.2 nm, and the average diameter
of the hybrid is 154 + 4.4 = 19.8. Considering these numbers,
the whole particle polydispersity of the hybrid system
(dendronized particles) becomes 2.2/19.8 x 100% = 11%,
which is signi cantly lower (improved) compared to the
dispersity of as-synthesized particles calculated based on either
whole particles with oleic acid ligands (13.4%) or based on only
the inorganic core (14.2%).

To further understand the self-assembly behavior of the
dendronized heterodimers, HAADF-STEM tomography was
employed. A reconstructed volume of a Fe;O, Pt Janus
heterodimer (the Fe;O, part coated with dendron 7 and the Pt
part with dendron 6) superlattice is shown in Figure ba,
together with zoomed in perspective and XZ slice view from
HAADF-STEM tomographic reconstruction (Figure 5b,c and
Supplementary Video), illustrating that the Janus heterodimers
composing superlattices are coplanar. The area studied includes
882 particles where the position and the spatial orientation of
the particles were explored quantitatively. To study the
orientation of individual particles, we considered grouping
them into four di erent orientations where the presence of
platinum part is probed in relation to the iron oxide body it is
attached to.

Figure 5d demonstrates the four particle orientation classes
which were determined by obtaining the spatial orientation of
the center point of the platinum cubes with respect to the iron
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oxide bodies. In a randomly oriented heterodimer superlattice,
the orientations 1, 2, 3, and 4 would have equal population.
However, the tomographic analysis revealed that, in general,
particles prefer the orientations 1 and 4 where the platinum
cube is pointing out of particle assembly plane. In comparison,
particle orientations 2 and 3 place the platinum part in the
assembly plane. Figure 6 presents the percentage of particles
found in each orientation within the selected area. The largest
area examined (882 particles) shows that more than 2/3 of all
particles (67.2%) have either orientation 1 or 4, leaving about
1/3 with orientations 2 and 3 combined. In each case the
number of particles that have orientation 1 is almost equal to
those found with orientation 4, and the same scenario is seen
between orientations 2 and 3 as well. However, the central
domain (88 particles) shows an even stronger orientational
preference where orientations 1 and 4 together dominate with
82% preference, leaving only 18% that fall into orientations 2
and 3.

The preference of orientation where the platinum part is
pointing out of the assembly plane (either up or down)
suggests that during the self-assembly process the particles try
to increase the packing density. The largest shape irregularity
found in the heterodimers is the platinum cube that is attached
to the iron oxide body, therefore rotating it out of the plane
should reduce the in-plane defects and allow the formation of
more ordered crystalline superlattices.

CONCLUSIONS

In conclusion, we nd that Janus heterodimers can be obtained
by an asymmetric functionalization of Fe;O, Pt and Fe;O,

Au heterodimers through sequential ligand exchange steps
using dendritic ligands bearing di erent surface binding groups.
This strategy presents an e cient, scalable, and yet simple way
to access Janus particles while maintaining dispersibility in
organic solvents. Moreover, the surface treatment with
dendritic ligands was also found to enhance the self-assembly
properties of particles by increasing the whole particle
polydispersity and thus counterbalancing the size irregularity
of an inorganic core. We foresee the potential utility of
heterodimer orthogonal functionalization methodology in
biomedical applications such as imaging and/or in catalysis.
For example, inorganic subunits can have the potential of
bimodal imaging (e.g., magnetic and optical), or one of the
components could be functionalized for targeting and/or
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biocompatibility, while the other serves as a reporter. For
catalysis, both inorganic parts (and ligands on them) can play a
role as is common for the co-optimization of metals catalysts
and oxide supports. The orthogonal ligand attachment strategy
can be utilized to achieve an orientation control or selective
attachment to additional support. In addition, we envision the
widespread use of bulky dendritic ligands to overcome the size
irregularity present in NPs to achieve improvements in their
self-assembly properties and grant access to complex
architectures.

METHODS

Materials. 1-Octadecene (technical grade, 90%) was purchased
from Acros Organics. Oleic acid (technical grade, 90%) was purchased
from Sigma-Aldrich. 2,2-Dimethoxypropane (98+%), bis-MPA (98%),
pyridine (reagent), Dowex H* ion-exchange resin (200 400 mesh),
and oleylamine (80 90%) were purchased from Acros and used
without further puri cation. N,N -Dicyclohexylcarbodiimide (DCC,
99%), 4-dimethylaminopyridine (DMAP, 99%), and 11-mercaptoun-
decan-1-ol 1 (98%) were purchased from Aldrich and used without
further puri cation. Solvents were ACS grade or higher. CH,Cl, was
dried over CaH, and freshly distilled before used.

Synthesis of Fe;0, Pt and Fe;O, Au Heterodimers. Fe;O,
Pt heterodimers were prepared by using platinum nanocubes as seeds
following reported recipes.”® The average size of the platinum
nanocube seed was 7.3 £ 0.5 nm (face diagonal length of inorganic
part) measured from TEM images (Figure S1). The average size of the
Fe;O, body was 154 + 22 nm (inorganic part). Fe;O, Au
heterodimers were prepared by using gold NPs as seeds following
reported recipes.*> The average size of the gold seeds was 4.9 + 0.6
nm (inorganic part). The average size of Fe;O, body was 13.0 + 1.3
nm (inorganic part).

Ligand Exchange on Iron Oxide Part of Heterodimer with
Dendron. Ligand exchange on the oleic acid-capped iron oxide part of
heterodimers was performed using 1 mL of NPs in hexanes at 10 mg/
mL added to 5 mL of chloroform in which was dissolved 10 mg of the
replacement ligand phosphonic acid 7. The reaction mixture was
stirred overnight at 35 °C, then the reaction was stopped by
precipitation of the NPs with methanol. After centrifugation, the NPs
were redispersed in chloroform. This procedure was repeated 3 times
to ensure the complete removal of any unbound organic molecules.

Ligand Exchange on Metal (Pt, Au) Part of Heterodimer with
Dendrons. Ligand exchange on the oleic acid capped metal (Pt, Au)
part of the heterodimers was performed using 1 mL of NPs in hexanes
at 10 mg/mL added to 5 mL of chloroform in which was dissolved 10
mg of the corresponding disul de containing hydrophilic dendron (2
6). Each reaction was stirred overnight at 35 °C, then the reaction was
stopped by precipitation of the NPs with excess methanol. After
centrifugation, the NPs were redispersed in chloroform. This
procedure was repeated 2 times to ensure the complete removal of
any unbound organic molecules.

Techniques. NMR. *H NMR (500 MHz) and ®C NMR (126
MHz) spectra were recorded on a Bruker UNI500 or BIODRX500
NMR spectrometer. *H and *C chemical shifts ( ) are reported in
ppm, while coupling constants (J) are reported in Hertz (Hz). The
multiplicity of signals in *H NMR spectra is described as “s” (singlet),
“d” (doublet), “t” (triplet), “q” (quartet),“p” (pentet), “dd” (doublet of
doublets), and “m” (multiplet). All spectra were referenced using
solvent residual signals (CDCly: *H, 7.27 ppm; ¥C, 77.2 ppm).%*
Reaction progress was monitored by thin-layer chromatography using
silica gel-coated plates or *H NMR. Compounds were puri ed by

Itration, precipitation, crystallization, or ash column chromatog-
raphy using silica gel (Acros Organics, 90 A, 35 70 m) as indicated
in corresponding procedures.

Mass Spectroscopy. Matrix-assisted laser desorption/ionization
time-of- ight (MALDI-TOF) mass spectrometry was performed on a
Bruker Ultra ex 1l (Maldi-Tof-Tof) mass spectrometer using
dithranol as matrix.
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Electron Microscopy. Transmission electron microscopy (TEM)
micrographs were collected using a JEOL 1400 microscope operated at
120 kV. The TEM was calibrated using a MAG*I*CAL TEM
calibration standard.

2D and 3D High-Angle Annular Dark-Field Scanning Trans-
mission Electron Microscopy (HAADF-STEM) Measurements. Both
2D and 3D HAADF-STEM measurements were performed using a
FEI Talos F200X transmission electron microscope, equipped with a
high-brightness eld emission gun (X-FEG) and operated at 200 kV. A
Fischione model 2020 single tilt holder was used for the acquisition of
the tilt series within a tilt range from 66° to +68°, and an increment
of 2° was used. Unwanted di raction contrast was avoided by applying
HAADF-STEM imaging. The tilt series was aligned using cross-
correlation routines implemented in Fiji (http:// ji.sc/) and Tomol.®®
The reconstruction was performed using the simultaneous iterative
reconstruction technique (SIRT)®® algorithm in TomoJ 2.31.
Segmentation of the tomograms was carried out mainly through
thresholding and marker-based watershed transformation in Avizo 9
(FEI Visualization Sciences Group, http://www.fei.com/software/
avizo-3d-for-materials-science/) as well as 3D volume rendering of
reconstructed superlattices.

2D Energy Dispersive X-ray Spectroscopy (EDX) Chemical
Mapping Measurements. 2D EDX chemical mapping measurements
were performed using a FEI Talos F200X transmission electron
microscope, equipped with a high-brightness eld emission gun (X-
FEG) and a Super-X G2 EDX detector operated at 200 kV. Images
and elemental EDX maps were acquired using Bruker Esprit analytical
and imaging software in scanning transmission mode. Elemental EDX
maps of 802 x 801 pixels were acquired with a 15 min acquisition time
to get a good signal-to-noise ratio.
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