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ABSTRACT

For the first time, an abundant series of 12 colorful binary and ternary mm sized core-shell
composite crystals, representative of hierarchical crystalline species, was designed and
prepared from functional magnetic polynuclear clusters phases, using the epitaxial growth
method. The building is based on isomorphous (space group C2/c) crystalline phases
composed of 15-nuclear clusters {M9[WV(CN)8]6(MeOH)24} (M9W6) (M, color = MnII, pale
brown; FeII, green; CoII, red; NiII yellow; Fe/Co 2:1 mixture, dark brown) of six-capped-bodycentered-cube topology, revealing appealing magnetic properties such as high-spin in the
ground state, slow magnetic relaxation and structural-spin phase transitions. A series of 11
binary core-shell composites and 1 ternary composite has been reproducibly synthetized,
and carefully characterized from a structural and composition point of view. Phase
composition accordance and size of interface of ca. 10 µm were assessed using microscopic
observations, SC-XRD, and SEM-EDS. SQUID measurements reveals an active spin
transition Fe6Co3W6 seed compound enveloped within the paramagnetic Mn9W6
crystalline shell, providing a rare example of mm-sized hierarchical crystalline architecture
Fe6Co3W6@Mn9W6 with switchable function.
INTRODUCTION
Molecular crystals, due to their periodic intrinsic organization and their transparency,
may exhibit tunable physical properties and functions and they continue to attract attention
as promising platforms for application in optoelectronic,1 energy conversion,2 molecular
switches3,4 or chemical sensors.5 Molecular crystals can be built from metal centers, ligands
or guest molecules, periodically embedded at dedicated crystallographic sites in different
parts of the crystalline solid. Of particular interest in this field, and due to the enhancement
of some properties, is the obtention of molecular crystals with hierarchical structures, which
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implies a particular processing of the crystals, being divided in different organized
“zones”.6
Among the hierarchical crystalline architectures, the core-shell crystals draw notable
interest. The nanometric examples of core-shell nanoparticles (NPs) based on magnetic
cyanido-bridged networks were reported, showing a variety of possible shapes and sizes,
ranging from 50 nm to 150 nm. Owing to hierarchical character of the construction, and
thanks to the isostructural character of the underlying crystalline phases, some of them
exhibit magnetic properties slightly different from those reported for the nanoparticles of
the pure phases;7,8 some of them also present photomagnetic behavior.9,10 At the
microscopic level, core-shell molecular crystals

11-14

or welded crystals

15-17

represent nice

examples of μm or mm size hierarchical structures, obtained through the epitaxial growth
of one phase on the external surface (shell) of the another isostructural phase (seed crystal
or core), as already reported. This is a biphasic growth process, occurring at RT, arising at
the solid/liquid interface which may occur when one or more molecular components can
be interchanged between the core crystal and the shell crystal, at the dedicated sites of
crystal structure. Weak intermolecular interactions such as hydrogen and halogen bonds,
π-π interaction, anion/cation-π interaction, and labile coordination bonds between
molecular components facilitate the controlled arrangement in such self-assembled
hierarchical architectures. Nevertheless, numerous reports involving extended coordination
hierarchical crystalline architectures like metal-organic frameworks (MOFs)18-25 or ionic
salts26 with stronger inter-component binding were also described, exhibiting gas selectivity
and storage, heterogeneous catalysis, multicolor luminescence, or conductivity. However,
the construction of μm or mm sized core-shell crystalline composites based on molecular
magnetic and switchable materials remains still unexplored, and may be achieved through
incorporation of polynuclear coordination clusters, for example.
As an appropriate basis for a new unique core-shell crystals family, we selected the
colorful series of crystalline phases composed of 15-nuclear cyanido-bridged isolated
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clusters {M9[WV(CN)8]6(MeOH)24} (M9W6) (M = MnII, FeII, CoII, NiII) (Figure 1a).27-32 All
clusters display a structure based on a six-capped-body-centred-cube, with the central
[M(µ-NC)6] moiety surrounded by six [W(µ-CN)5(CN)3]3- moieties located in the corners
of the super-octahedron, and further, by eight [M(µ-NC)3(MeOH)3] moieties located in the
corners of the concentric super-cube (Figure 1b). The related phases exhibit similar crystal
morphology and strict isomorphism within the monoclinic space group C2/c, yet diverse
colors and a variety of magnetic properties such as high spin in the ground state, slow
magnetic relaxation, charge transfer and spin transition, depending on the embedded metal
ions. Taking advantage of the isomorphous and almost isometric nature of all reported
crystal lattices, recently we have also demonstrated a growth of multicomponent M6M''3W6
systems - trimetallic molecular solid solutions - simply by adjusting the trimetallic
compositions during the crystal formation. The heterotrimetallic FexCo9-xW6 clusters
exhibited simultaneous Electron Transfer (ET) and Charge Transfer Induced Spin
Transition (CTIST) through the Co–NºC–W and Fe–NºC–W linkages,33,34 the Fe9Re6-xW6
analogues revealed competition between FeII Spin Crossover (SCO) centres and ET through
Fe–NºC–W linkages,35 whereas NixCo9-xW6 and MnxCo9-xW6 derivatives systematically
exhibited tuneable spin in the ground state and slow magnetic relaxation.36 The above
features provide prerequisites towards further exploration of multicomponent molecular
approach, of the related potentially functional crystalline composites via epitaxial growth.
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Figure 1. (a) Pictures of single crystals of the bimetallic M9W6 (M = Mn, Fe, Co, Ni) and
trimetallic Fe6Co3W6 crystals of pentadecanuclear clusters exhibiting visually distinguishable
colors. (b) The molecular structure of M9W6 (M = Mn, Fe, Co, Ni) and trimetallic Fe6Co3W6
pentadecanuclear clusters obtained from SC XRD data.27-30 (c) The direct hydrogen-bonded
interactions between clusters. Color code: 3d metal ion – orange; W – cyan; C – grey, N – blue; O
– red. H atoms and crystallization molecules of methanol are omitted for clarity.
The key property towards successful construction of the above targeted core-shell crystals
is the nature and quality of the intermolecular interactions between clusters, here realized via the
direct hydrogen bonds involving coordinated methanol molecules and terminal cyanido ligands
(Figure 1c). Hydrogen bond, by its nature, provides suitable span of D×××A distances and D-H×××A
angles that should allow to compensate for slight mismatch of unit cell parameters between the
isostructural core and shell crystals, and support formation of the interface.11-14 Furthermore, since
these crystals exhibit colors discernible by naked eye, pale brown for Mn9W6, green for Fe9W6,
red for Co9W6, yellow for Ni9W6 and dark brown for Fe6Co3W6 solid solution (Figure 1a), one can
easily monitor the epitaxial growth process by color contrast on the surface of the seed crystals.
In this work, we present the synthesis and complete structural and composition
characterization of molecular core-shell composites belonging to this family, and for one of them,
offering a switchable core, we assess the magnetic behavior.

EXPERIMENTAL SECTION
Materials
All chemicals and materials were purchased from commercial sources (Sigma-Aldrich and
TCI), and used without further purification. Octacyanidotungstate salts, K4[W(CN)8]·2H2O and
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TBA3[W(CN)8] (TBA = tetrabutylammonium cation) were synthesized according to the published
procedures.37,38
Synthesis of mono-phase crystals
Suitable size crystals of M9W6 (M = Fe, Co, Ni, Mn) and Fe6Co3W6 were prepared
following the already reported with a slightly modified method.27-30,33 In a typical experiment, the
methanolic solution (2 ml) of TBA3[W(CN)8] (37.5 mg, 0.033 mmol) was quickly mixed with the
methanolic solution (3 ml) of 0.05 mmol 3d metal ions (Fe, Co, Ni, Mn, Fe:Co = 2:1 for Fe6Co3W6)
in a vial. For the high soluble Ni9W6 and Mn9W6, the ethyl ether (2 ml) was slowly added to the
solution. The resulting solution was tightly closed and left for crystallization in the dark. After
several days, a large amount of block crystals of the relevant color appeared in the bottom.
Synthesis of core-shell crystalline composites
Core-shell crystalline composites M9W6@M'9W6 were obtained by immersing the seed
crystals of M9W6 into a methanolic solution containing TBA3[(W(CN)8)3] and the corresponding
M'Cl2 salts (M' = Fe, Co, Ni, Mn). The detailed amounts of substrates and the reaction time are
listed in Table 1. The growth process was monitored with an optical microscope. Core-shell
crystals formations was completed in a few hours to a few days period, depending on the nature
of the used 3d metal ion M’ salts.
General physical techniques
The growth and identity of our core-shell crystals were assessed by optical microscopic
observation, SC-XRD, and SEM-EDS techniques, providing the well suited protocol used for
crystalline composites. SQUID magnetometry was applied to verify the behavior of the selected
composite of interest.
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Single crystal X-ray diffraction data for all crystals were collected using Bruker D8 Quest
Eco diffractometer equipped with Photo50 CMOS detector, Mo Kα (λ = 0.71073 Å) radiation
source with a graphite monochromator and Bruker Cryoflex II cooling system. Crystals for
measurement were taken from mother solution and mounted on MiteGen Micro loops using NVH
immersion oil or apiezon grease. Measurements were performed at 100 K for all crystals. Data
Table 1. Detailed concentrations and volumes of the shell solutions and the related duration times
of the growth of the shell phase on the core phase.
Composites

Concentration of
TBA3[W(CN)8]
/ mol L-1

Concentration of
M’Cl2 salts
/ mol L-1

Volume of
MeOH
/ mL

Time
/h

Co9W6@Ni9W6

0.022

0.033

3

168

Fe9W6@Ni9W6

0.022

0.033

3

168

Ni9W6@Co9W6

0.033

0.05

2

2

Fe9W6@Co9W6

0.0033

0.005

10

48

Co9W6@Fe9W6

0.0033

0.005

10

48

Co9W6@Mn9W6

0.0055

0.0083

6

2

Fe9W6@Mn9W6

0.0055

0.0083

6

2

Fe6Co3W6@Ni9W6

0.022

0.033

3

168

Fe6Co3W6@Fe9W6

0.0033

0.005

10

48

Fe6Co3W6@Co9W6

0.0033

0.005

10

48

Fe6Co3W6@Mn9W6

0.0055

0.0083

6

48

Fe9W6@Co9W6@Ni9W6

0.022

0.033

3

168

reduction and cell parameter refinement were performed using Apex software with included
SAINT39 and SADABS40 programs. Intensities of reflections for the sample absorption were
corrected using multi-scan method. The structural figures were prepared using latest Mercury
software.41
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The SEM-EDS measurements were performed using JEOL-5410 SEM microscope
equipped with EDS NORAN Voyager 3100 add-on. The selected five composites were taken from
mother solution and dispersed on NVH immersion oil. The samples have been obtained by
carefully cutting composites perpendicular to the longest axis of the crystal. Cutting samples are
dried in air and transferred to the SEM grids (carbon film on a holey carbon support film).
Magnetic measurements were investigated using Quantum Design MPMS 3 SQUID
magnetometer. For the measurements Fe6Co3W6 crystals and Fe6Co3W6@Mn9W6 crystalline
composites were separately sealed in glass tubes with a small amount of mother solution under
vacuum. The dc magnetic susceptibilities were measured in the 175 – 295 K temperature range
with an applied field of 1000 Oe in a sweep mode with the scan rate of 1 K min–1. The magnetic
data were corrected for diamagnetic contribution of the glass tube and sample by empirical and
Pascal’s constants.42 The integrity of the Fe6Co3W6@Mn9W6 core-shell crystals after a thermal
cycle was assessed by the optical microscopy observation (for details see SI section).

RESULTS AND DISCUSSION
Synthesis and crystal growth
Typical preparation procedure for the formation of composite core-shell crystals is based
on the immersion of the seed crystals (M9W6 or M6M''3W6) in a methanolic solution
containing a stoichiometric amount of TBA3[WV(CN)8] and M'IICl2 salts (see Experimental
part). As a result, a series of eleven binary core-shell crystalline objects combining different
cores, Co9W6, Fe9W6, Ni9W6, Fe6Co3W6, and shells, Ni9W6, Fe9W6, Co9W6, Mn9W6
(M'9W6) were reproducibly obtained (Table 1), hereafter denoted by M9W6@M'9W6 (or
M6M''3W6@M'9W6) (M, M' = Fe, Co, Ni, Mn; M''= Co), denoted as composites core@shell.
Their pictures are presented in Figure 2, showing a satisfying color contrast between the
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core and the shell. Moreover, the ternary crystalline composite, denoted as
Fe9W6@Co9W6@Ni9W6 (Figure 2, bottom right) was also successfully obtained by
immersing as-synthesized Fe9W6@Co9W6 crystals, behaving as a “core-crystal” in a
methanolic solution containing the components for the formation of the shell Ni9W6.
The growth rate of the shell notably depends on the object composition. Some
general trends were observed. (i) The composites involving Fe9W6, Co9W6, or Mn9W6 as

Figure 2. Photographs of a series of core-shell crystals M9W6@M’9W6 or Fe6Co3W6@M’9W6.
The last image in the second row shows the ternary composite Fe9W6@Co9W6@Ni9W6.

a shell can be grown within several hours, whereas those with Ni9W6 shell requires ca. 1
week. This is consistent with the growth rate of the pure bimetallic phases M9W6. (ii) The
solubility of the bimetallic (or trimetallic) species (M9W6 or M6M''3W6) is dependent on
the nature of the involved metals. Due to high solubility in the core-shell growth conditions,
Ni9W6 and Mn9W6 can hardly be considered as seed crystal (see experimental part). When
used as shell, Ni9W6 require significantly higher concentrations to accomplish the
composite formation. Anyway, Mn9W6 forms shell relatively quickly, which might be
correlated with the largest cell volume of the series. (iii) Interestingly, in the case of
composites Co9W6@Ni9W6, Fe9W6@Ni9W6, and Fe6Co3W6@Ni9W6 (Figure 3) the growth
9

rate is faster on the top and on bottom surface or edge perpendicular to the longest
composite axis, which indicates the preferential growth directions for these species. This
will be further detailed in the X-Rays studies section.

Figure 3. The sequential growth of the selected M9W6@M'9W6 core-shell crystals (taking
Fe6Co3W6@Ni9W6 as an example): (i) tiny crystals on the top or bottom surface or edge of core
crystals perpendicular to the longest crystal axis appear within 2 days; (ii) after 3 days, the shell
gradually fills the uneven area on the top or bottom, the tiny crystals start to appear on the side
surface; (iii) after 5 to 8 days, very well core-shell crystals are formed. The dashed red line
indicates the longest axis (top) or the C4 symmetry axis (bottom) of crystal, depend on the crystal
morphology.

X-ray studies
The composite crystals were first characterized using XRD on single crystals. The
identity of the shell lattice of the formed composites Co9W6@Ni9W6, Fe9W6@Co9W6,
Co9W6@Fe9W6, Fe6Co3W6@Fe9W6, Fe6Co3W6@Co9W6 and Fe6Co3W6@Mn9W6 was
confirmed by single-crystal XRD measurement of cell parameters on various composite
fragments at 100 K, by focusing the X-ray beam on desired domains (Figure 4 and Figures
S1-S5). The characterization is performed individually, on each composite behaving as a
single crystal. As shown in SI, the cell parameters of the shell fragments are very close to
the ones of mono-phase crystals (Tables S1-S7). Taking the Co9W6@Ni9W6 crystalline
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composite as an example, the cell parameters of the shell fragment was fund to be a =
28.4740(12) Å, b = 19.1838(8) Å, c = 32.3271(11) Å, β = 113.39(1) deg. and V =
16207.1(11) Å3, almost identical to those observed for Ni9W6 crystals.28

Figure 4. Single-crystal XRD measurements for the core-shell crystalline composite. X-ray beam
on the shell part and on the core/shell part (right) of crystal (top). The representative diffraction
frames of Co9W6@Fe9W6 evidencing the epitaxial growth character within the composite.
(bottom).

During the epitaxial growth process, the crystallographic axes are maintained, as
shown by the shape of the shell growing around the seed crystal, and also as attested by the
crystallographic frames illustrating the accordance of the spots patterns for the composites
Co9W6@Ni9W6,

Fe9W6@Co9W6,

Co9W6@Fe9W6,

Fe6Co3W6@Fe9W6,

Fe6Co3W6@Co9W6 and Fe6Co3W6@Mn9W6 at the central zone (representing core and
shell diffraction), and at the peripheral zone (representing only the shell diffraction). All
the composites behave as single crystals.
The Faces Indexing crystal experiments (Figure 5) confirmed that the (001) face
constitutes a plane with “smoother” H-bonding surface compared to other faces. Such
arrangement probably directs the lattice spacing of the (001) layer of the core crystal, and
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facilitates the directional core growth or accommodates the built-up of an incoming
epitaxial layer in a more favorable direction perpendicular to the (001) face.43 This is in
accordance with the nature of the axis of preferential growth that has been evidenced during
the growth process (see Figure 3).

Figure 5. Face indexing image (a) and the direct hydrogen-bonded directions in the related packing
diagram (b) for the Fe6Co3W6 crystal. The solid lines in represent the directions perpendicular to
the three major faces, and the dashed line shows the longest axis of the crystal. (c) Side-views
along of the (001) plane (converging with the “smooth” surface of cluster layer; dark solid line) in
the direction perpendicular to the (100) plane and (010) plane.

SEM-EDS characterization
SEM-EDS technique was used to describe the compositional changes along the crosssection of the selected composites, that may be divided in “zones”, as observed in
hierarchical crystalline species, obtained through the perpendicular cut in respect to its
longest axis (Figure 6). The point analysis (average atomic ratio) for Co9W6@Fe9W6,
12

Fe9W6@Co9W6, Fe6Co3W6@Mn9W6, Fe6Co3W6@Co9W6 and Fe6Co3W6@Fe9W6 reliably
reproduced the relative contents of the metals located in the shell and core respectively
(Tables S8-S17). However, the observed data also show some deviations in both shell and
core parts, which could be explained in terms of core surface dissolution and migration of
the metal ions during the formation of the composite, at the solid/liquid interface, in
agreement with previous observations for the core-shell crystals based on the hydrogen
bonded phases.44
The Line Scan Profiles (LSP) for Co9W6@Fe9W6 and Fe9W6@Co9W6 illustrate the
variations of the count rate of Co-K and Fe-K emission perpendicular to the interface
(Figure 6b, c and Figure S6, SI). For the Co9W6@Fe9W6 composite, the percentage of CoK typically decreases from 87% to 15% when going through the interface, while the
percentage of Fe-K increases from 13% to 85%. This matches well with the domination of
separated Co9W6 and Fe9W6 phase at the appropriate areas. The complementary
observations were also done for Fe9W6@Co9W6. In the middle position in the Fig. 6b and
Fig. S8b, SI, the sharp changes in the percentage of Fe-K and Co-K corresponds to the solid
solution interface area, which presents a thickness of ca. 10 µm for both Co9W6@Fe9W6
and Fe9W6@Co9W6 composites.

Magnetic properties
The synergies between core and shell architectures distributed in independent domains could
affect their functionalities, for example based on modified magnetic properties, as already
observed for molecular magnetic NPs.7-10 Theoretical and experimental studies have suggested
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Figure 6. (a) Representative photographs of the composites prepared for SEM-EDS
measurements; (b)The SEM image (500x zoom applied) of the cross-section fragment
obtained by cutting the Fe9W6@Co9W6 composite perpendicular to the longest axis of the
crystal. The red-to-green line of the length of 180 µm indicate the LSP crossing the interface
area. Inset: the optical image of the cross-section. (b) The relevant illustration of the change
in Co (red circles) and Fe (green circles) contents during the SEM-EDS scan. The scan step
is 1 µm. The sigmoidal fits indicate the longitudinal size of the interface (for other SEMEDS data see SI section.

that the interface on the external surface of the material can affect the magnetic behavior of the
material through perturbation of surface energy, which might be particularly crucial in the case of
materials exhibiting spin transition phenomenon.45-49 Along this line, we intend to explore the
magnetic properties of composites exhibiting thermal switchable behavior, as observed in the
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Fe9W6 and Fe6Co3W6 phases.30, 33 They undergo a reversible simultaneous ET between WIV-CºNHS

FeIII or WV-CºN-HSFeII states or/and combined ET/CTIST between the WIV-CºN-HSFeIII-NºC-

WIV-CN-HSCoIII and WV-CºN-HSFeII-NºC-WV-CºN-HSCoII states, respectively.
The corresponding Fe6Co3W6@Mn9W6 composite was investigated, where the core crystal
(Fe6Co3W6) displays a spin transition phase, surrounded by a paramagnetic shell (Mn9W6). The

Figure 7. (a) Plots of χMT(T) for seed crystals Fe6Co3W6 (orange circles) and core-shell crystals
Fe6Co3W6@Mn9W6 (green circles) measured upon cooling-heating mode (Hdc = 1000 Oe, the
sweep rate of 1 K/min) (for the detailed description of estimation of χMT(T) for
Fe6Co3W6@Mn9W6 see ESI); (b) Normalized data in the transition temperature range.

plots of χMT(T) for Fe6Co3W6@Mn9W6 and for Fe6Co3W6, as a reference, are shown in Figure 7.
The composite reveals thermal hysteresis of χMT with a critical temperatures Tc↓ = 188 K and Tc↑
= 200 K (ΔT = 12 K), as the clear signature of the core Fe6Co3W6 phase. A slight increase of the
transition temperatures compared to pure Fe6Co3W6 phase (Tc↓ = 186 K and Tc↑ = 199 K, (ΔT =
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13 K) is observed for the composite, which might be explained by considering an ability of the
high-spin paramagnetic shell of the largest cell volume (within the whole M9W6 family) to transmit
elastic vibrations to the core undergoing SCO. However, as the effect of the shell on the thermal
hysteresis is still a complex phenomenon, and other factors such as chemical pressure, shell
thickness and crystallites size also play an important role, further magnetic investigations on these
mm-sized species should be performed.46,47
The difference in the amplitudes of χMT(T) dependences for Fe6Co3W6@Mn9W6 composites
and for bare Fe6Co3W6 crystals at the temperature range of phase transition is represented by the
ratio ca. 1:4 (Fig. 7). Such proportion illustrates the real average core:shell mass ratio in the
measured batch of core-shell crystals, as only the core contributes to the vertical change of the
signal in this temperature region. Please, note that the χMT values cannot be derived directly as we
do not know the exact masses of each part of composite, and some size polydispersity cannot be
avoided, either. This makes our estimations rather semiquantitative, however, the χMT value at
room temperature and overall course of the χMT(T) were reasonably reproduced using a simple
procedure based on available data for the sole core and sole shell phases (see ESI part).

CONCLUSION
In conclusion, we characterized and investigated a new series of 11 binary and even a ternary
multicolored core-shell composite molecular crystals, based on isostructural cyanido-bridged
polynuclear clusters. For the first time, the magnetic properties of mm sized core-shell crystals,
examples of hierarchical crystalline species, undergoing a spin transition, are presented. They were
fully characterized from the structural and composition point of views, using XRD and SEM-EDS.
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The Fe6Co3W6@Mn9W6 composite exhibits a spin transition and thermal hysteresis, which
confirms the coexistence of the thermally switchable core within the high-spin shell, both
components being based on isostructural compounds. While notably enriching molecular coreshell domain still being constituted, our studies opens the way for building new mm sized
hierarchical architectures based on switchable discrete polymetallic molecules, and thus, introduce
a new functional contribution into the fields of molecular magnetism and molecular materials. In
the broader context of switchable and magnetic nanoparticle materials shown recently,7-10,46,47 our
proof-of-concept study may be of value towards new solutions of molecule based switchable
systems in micro- and nanoscale.
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Binary and Ternary Core-Shell Crystals of Polynuclear
Coordination Clusters via Epitaxial Growth
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The colourful mm sized core-shell crystals were designed and prepared from functional magnetic
polynuclear clusters phases, using the epitaxial growth method. The switchable ET/CTIST core
was successfully enveloped in paramagnetic shell to reveal the thermal hysteresis loop.
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