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Three-dimensional Prussian Blue analogues (PBAs) and
related cyano-bridged coordination networks have been at
the forefront of the field of molecular magnetism for more
than a decade because of the extraordinary variety of their
physical properties (electrochromism, ferromagnetism, pho-
tomagnetism, piezomagnetism, spin crossover), which opens
up prospects for original functional materials."**! The large
metal-metal distance (~5 A) across the cyano bridge leads to
relatively large porosity, which may play a role in hydrogen
storage, ion selection, catalysis, and sensors.'*** One impor-
tant issue is the effect of size reduction on the physical and
chemical behavior of cyano-bridged coordination networks
and their possible application as molecule-based components
in devices."">'°1 A unique way to take advantage of the
physical behavior of PBAs stemming from their rich elec-
tronic properties and porosity is to synthesize multishell
nanoparticles such that a single particle consists of a core of a
given network surrounded by shells of networks that may
contain other functionalities. We report here the design of
core-multishell nanocrystals thanks to the stabilization of
surfactant-free particles in water. Epitaxial growth of differ-
ent shells on various charged cores is demonstrated, and the
thickness of the shells can be fine-tuned. The synergy between
the different components is illustrated with one selected
magnetic core—shell system.

During the last few years, several groups have attempted
to establish chemical routes that allow the stabilization of
coordination (or metal-organic) nanoparticles of various
face-centered-cubic PBAs of the general formula A'M™
[M™(CN)g] 2113 Where A is an alkali-metal cation and M"
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and M™ are transition-metal ions (see the Supporting
Information). Generally, a chemical agent (organic or inor-
ganic) is used during the synthetic process to control the
growth of the particles, preclude their aggregation, and ensure
their dispersion in different solvents.'*!/ However, the
presence of such protective agents weakens, in most cases,
the surface reactivity of the particles and their electronic
coupling with other objects, consequently decreasing their
multifunctional potential. This can be avoided by the
stabilization in solution of surfactant-free nanoparticles. We
have recently shown that such electrostatic stabilization can
be achieved in the case of the Cs'[Ni"Cr™(CN),] network
leading to quasi-monodisperse particles with a size of 6.5 nm
in diameter.”” The stabilization of surfactant-free nano-
particles makes it possible to perform coordination chemistry
on the particles’ surface and opens the possibility of the
epitaxial growth of one or several shells on the preexisting
cores in solution. Thus, the key requirement for the prepa-
ration of pure core-shell nanoparticles is 1) stabilization in
solution of well-defined crystalline surfactant-free charged
nanoparticles and 2) prevention of the side nucleation of the
shell by controlling the addition rate and the concentration of
the components. Inorganic multishell particles have been
prepared on oxides, sulfides, and metallic cores; some
interesting examples of shape control have been reported
by epitaxial growth seed-mediated procedures involving
surfactants.®>3 However, this is the first example of core-
multishell particles based on coordination networks.

The general procedure for the simple growth process on
the charged cores present in solution is straightforward and
thus feasible on a large scale: a dilute solution containing the
divalent metal salt (M(H,O),Cl,) and CsCl, and another
containing the hexacyanometalate(III) salt are added drop-
wise (1 mLs™") to a stirred solution containing the core
particles. The thickness of the growing shell is finely
controlled by adjusting the amount of material added in
solution (see the Supporting Information). As the growth
process occurs, the solution is diluted in order to avoid
aggregation that may occur because of the increase of the
ionic force.

To show the versatility and the efficiency of this approach,
we report the preparation and the characterization of
surfactant-free Cs'[Fe"Cr™(CN)s] and Cs'[Co"Cr™(CN)]
nanoparticles as well as the design of core—(multi)shell
particles of three different systems: 1) bicomponent particles
made of a shell of Co"[CI™(CN):, on top of the
Cs'[Fe"'Cr"™(CN),] core (denoted CsFeCr@CoCr), 2) tricom-
ponent particles made of two different shells of
Cs'[Fe"Cr™(CN),] and then Cs'[Ni"Cr'™(CN)¢] grown on
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top of a Cs'[Co"Cr™(CN),4] core (denoted CsCoCr@CsFeCr@
CsNiCr), and  3)bicomponent  particles of a
Cs'[Co"Cr™(CN),] shell on top of the Cs'[Ni"Cr™(CN)]
core (d=6.5nm), which we recently reported elsewherel®”!
(denoted CsNiCr@CsCoCr). In order to evidence the multi-
shell structure by scanning electron transmission microscopy
(STEM) and electron energy loss spectroscopy (EELS),
relatively large cores and shells (larger than 10 nm) were
employed for CsFeCr@CoCr and CsCoCr@CsFeCr@CsNiCr.
The third example was elaborated starting from smaller and
more homogeneous cores, that is, the quasi-monodisperse
Cs'Ni"Cr'™(CN), particles (d =6.5 nm). In order to recover
the particles as dispersible powders and to perform the
different characterization and the magnetic studies, we
systematically coated the water-soluble nanostructures with
dioctadecyl dimethyl ammonium (DODA).

We elaborated the bicomponent particles (CsFeCr@
CoCr) on a polydisperse sample of CsFeCr particles used as
cores in order to validate the method by checking that the
growth of the shell occurs on all the cores and that no side
reaction occurs. The sample was characterized by trans-
mission electronic microscopy (TEM) (Figure S1 in the
Supporting Information) and by high-resolution transmission
electronic microscopy (HRTEM) (Figure1). A perfect

Figure 1. HRTEM images of two core—shell CsFeCr@CoCr nanoparti-
cles and diffractogram patterns showing a face-centered cubic struc-
ture; the shorter distance is 5.2 A and corresponds to the (200) planes
of the fcc structure (left). In the enlarged image on the right the (100)
interface between the core and shell shows the perfect epitaxy of the
two components.

matching of the two networks is observed, demonstrating
the epitaxial growth of the CoCr shell network on the CsFeCr
core. The pattern in the diffractogram with fourfold symmetry
(Figure 1, insert) confirms the cubic structure of the nano-
particles. The lattice spacing between the neighboring fringes
(measured at around 5.2 A) is in agreement with an fcc cell
parameter of 10.5 A, as is also the case for PBA. Chemical
imaging of the core—shell particles by STEM in high angular
dark field mode (HAADF-STEM) and in EELS mode
(Figure 2) confirms that Cr, N, and C are present throughout
the entire particle while Fe is present only at the center of the
core-shell particle. Since when the core is probed the shell is
probed simultaneously, the contrast due to the Co atoms
cannot be zero in the core; however, the contrast of Co must
be much larger at the periphery. This is what we observe in
Figure 2. The core—shell structure is proved by the Fe
chemical map, which shows that Fe is present exclusively in
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Figure 2. a) STEM-HAADF and STEM-EELS chemical maps of a
CsFeCr@CoCr core-shell particle (scale bars: 20 nm). b) Comparison
between the EELS spectra of the core and shell parts of a CsFeCr@
CoCr particle. The CK, N K, Cr L2,3, Fe L2,3, Cs M4,5, and Co L2,3
edges can be seen at 285, 402, 575, 710, 726, and 779 eV, respectively.

the core. Cs is present in the core as expected but also in the
shell since Cs* was introduced in excess during the synthesis
of the core nanoparticles and was still present in solution
when the shell assembled. The Cs* concentration in the shell
is lower, which explains the lower contrast observed on both
HRTEM and HAADF-STEM images (see Figures 1 and 2
and the Supporting Information). More importantly, homo-
geneous coverage was obtained independent of the size of the
starting core particles, as seen on the chemical mapping of an
assembly of particles (Figure S2 in the Supporting Informa-
tion). Neither residual (not covered by a shell) CsFeCr core
particles were observed nor new CoCr particles were formed
in solution. The analysis of the size of the different particles is
in excellent agreement with the predicted size (Figure S2 in
the Supporting Information). The IR spectra of the DODA-
protected particles show the characteristic bands of both
components (Table S1 in the Supporting Information).

To give further evidence of the versatile synthesis of core—
multishell coordination nanoparticles, the three-component
system CsCoCr@CsFeCr@CsNiCr containing networks with
three different divalent metal ions was elaborated: first
CsCoCr core particles with a mean size of (12.14+2.9) nm
were obtained spontaneously as charged particles in water
(Figure S3a in the Supporting Information), then two differ-
ent shells of CsFeCr and CsNiCr were grown sequentially. To
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do so, we added the calculated amount of the precursors
following the same general procedure (see the Supporting
Information), and we monitored the growth process by
dynamic light scattering (DLS; see Figure S4 in the Support-
ing Information) and TEM. DLS measurements confirm that
during the growth process, only particles of one mean size are
present in solution: no smaller unreacted particles are
present, and no particles with a size different from that
expected are formed in the growth process. The intermediate
CsCoCr@CsFeCr particles have a mean aspect ratio of 1.15
((30.2+£8.4) nm x (26.2+7.1) nm) as observed by TEM (Fig-
ure S3b in the Supporting Information), and the three-shell
particles maintain almost the same aspect ratio (1.1) with a
mean length of (51.1 £8.1) nm and a width of (46.3 £+ 6.6) nm
(Figure S3c in the Supporting Information). The small aspect
ratio observed for the core nanoparticles reflects the shape of
the nuclei formed during the nucleation step which appears
not to be cubic. Kinetic studies to investigate the very first
steps of the nucleation process are underway.

The crystallinity of the core and the first shell were
confirmed by HRTEM imaging (Figure 3d). The outer shell
appears amorphous probably because it was damaged by the
beam during observation, as shown by the progressive
disappearance of the lattice fringes under irradiation (Fig-
ure S5 in the Supporting Information). X-ray powder diffrac-
tion was performed and it confirmed the fcc structure of the
particles (Table S2); in the IR spectrum the characteristic
asymmetric vibrations of the cyano groups evidence their
presence in the three components (Table S1 in the Supporting
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Information). The EELS chemical profiles confirm clearly the
multicomponent nature of the nanoparticles, with cobalt
located in the core, iron absent in the outer shell, and nickel
exclusively in the outer shell, while Cr is found everywhere
(Figure 3a). Images of a collection of particles by HAADF-
STEM confirm the homogeneity of the reaction. Full cover-
age of all the core particles occurs, and a weak contrast is
observed between the three layers (Figure S6). Despite the
theoretical lability of the metal complexes on the particles’
surface, diffusion of the shell metal ions in the core was not
detected by EELS mapping (1 nm resolution). This is
probably because of the large thermodynamic stability of
the surface molecules resulting from the template effect
imposed by the particle.

Core—multishell magnetic nanoparticles made of three
different networks, which may have different properties, can
thus be designed. Once the feasibility of the procedure was
established on rather large nanoparticles by STEM-EELS
experiments, the method was applied starting from much the
smaller and homogenous CsNiCr nanoparticles (d =6.5 nm)
already reported and characterized.® Two types of particles
with the same size (12-13 nm) were prepared: core—shell
CsNiCr@CsCoCr and a pure CsNiCr. The core-shell
CsNiCr@CsCoCr particles were prepared as follows: first a
shell of the CsNiCr network was grown on top of the CsNiCr
particles (d =6.5 nm) to achieve 9 nm CsNiCr particles, and
then another shell of CsCoCr of 1.5 nm thickness was grown
on top of these particles to give CsNiCr@CsCoCr two-
component objects with a diameter of 12 nm (9+2 x 1.5 nm).
The growth of the particles was monitored by DLS
measurements (Figure S7 in the Supporting Infor-
mation), which give evidence of the successful
growth process without any side reactions or
rearrangements in solution. Secondly, pure
CsNiCr particles of the same size (d=12-13 nm)
were synthesized by growing a shell of CsNiCr on
the CsNiCr particles (d=6.5nm). A portion of
each of the three samples (9 nm CsNiCr, 12 nm
CsNiCr, and 12 nm CsNiCr@CsCoCr) was treated
with DODA-Br to provide a concentrated sample
suitable for routine characterization; another por-
tion was treated with polyvinylpyrrolidone (PVP)
to obtain samples of the particles highly dispersed
in an organic polymer suitable for magnetic
characterization.

TEM images reveal a mean size of d=(9.4+
co 2.1) nm for the DODA-protected CsNiCr particles
(Figure S8a), (12.9 £2.6) nm for the CsNiCr par-

ticles (Figure S8b), and (12.5+1.7) nm for the
& CsNiCr@CsCoCr particles (Figure S9 in the Sup-
porting Information). The particles have thus been
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Figure 3. HAADF-STEM (a) and HRTEM (b) images of a CsCoCr@CsFeCr@CsNiCr
particle. ¢) Comparison between the EELS spectra of the core and shell parts (S1
and S2) of the particle. d) A line profile across another particle shows that Cr and
Cs are present throughout the whole particle while Co, Fe, Ni are only in domains.
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50 60 obtained with a rather homogeneous size for the
three samples, and more importantly in very good
agreement with the predicted size. The size of the
core-multishell particles can thus be fine-tuned by
adding a calculated amount of material. HRTEM
studies on the CsNiCr@CsCoCr particles (Fig-
ure 4a) show no difference in contrast between the

core and the shell, attesting to their excellent
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Figure 4. HAADF-STEM (a) HRTEM (b) images of a CsNiCr@CsCoCr
particle (d=12 nm). c) Plot of magnetization versus field for CsNiCr@
CsCoCr particles (circles) and CsNiCr particles (d=12 nm; triangles).

crystallinity as a result of the perfect matching of the core and
the grown shells.

Magnetic measurements were performed on the PVP-
diluted particles, in alternating current and direct current
modes. A frequency-dependent out-of-phase susceptibility
signal is observed for the CsNiCr particles (d =9.4 nm) with a
maximum around 12 K (Figure S10 in the Supporting Infor-
mation). The core-shell CsNiCr@CsCoCr particles have
similar behavior but with a maximum around 35K (Fig-
ure S10). The absence of a maximum around 12K in the
analogous studies of the CsNiCr@CsCoCr particles is con-
sistent with a homogenous and full coverage of all the core
particles present in the sample. The efficiency of the growth of
a shell with a thickness of 1.5 nm (from d=9.4 to 12.4 nm),
which corresponds to three single layers, is demonstrated.
Magnetization versus applied field was plotted for the
CsNiCr, CsCoCr, and CsNiCr@CsCoCr particles with diam-
eters of 12-13 nm. A large hysteresis cycle with a coercive
field of 2500 Oe was observed for the core—shell CsNiCr@
CsCoCr particles, while much weaker coercive fields were
found for the pure particles: 80 and 600 Oe for CsNiCr and
CsCoCr, respectively (Figure 4c and Figure S11 in the
Supporting Information). The presence of a thin shell
(1.5 nm, roughly three molecular layers) containing aniso-
tropic Co™ ions on top of the less anisotropic CsNiCr particles
induces a large surface anisotropy which is responsible for the
coercive field enhancement; this demonstrates the synergistic
effect of the core-shell structure on magnetic behavior.

We have synthesized core-multishell nanoparticles of
various cyano-bridged coordination networks by epitaxial
growth in solution. Precise control over the shell thickness
was achieved, which allows fine-tuning of the particles’ size
and their magnetic anisotropy. Size-reduction effects on
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functional cyano-based networks that exhibit electrochrom-
ism, magnetism, spin crossover, photomagnetism, or ther-
mally induced charge transfer may now be easily examined on
the nanoscale since shells of any network and of controlled
thickness can be grown on any desired core; in this way
different properties can be combined in a single nano-object.
Multifunctional nanoparticles that may be addressed by
different external stimuli (electric field, magnetic field, light,
temperature, pressure) may now be prepared, leading to
useful functional (and eventually multifunctional) objects on
the nanoscale. Moreover, as no organic or inorganic agents
are required, this straightforward preparation of core-multi-
shell particles can be further exploited for their organization
on surfaces as mono- and multilayers,*>*! and more impor-
tantly as components in functional devices.
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