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Dispersible, nearly isolated 6 nm nanoparticles of the
CsNiCr(CN)g Prussian blue analogue coated with polyvinyl-
pyrrolidone (PVP) show superparamagnetic behaviour with a
relatively high blocking temperature T = 9 K.

Cyanide-bridged coordination networks have been widely inves-
tigated because of the large diversity of magnetic properties they
present which can be tuned either by a magnetic field, light,
temperature or pressure.’ On the other hand, switchable cyanide-
bridged clusters have been reported (single molecule magnets
SMMs,* spin crossover” and photomagnetic molecules™) that
may be potential candidates for single molecule information
storage devices. Another possible approach to magnetic objects
that may lead to new bistable nanosized objects is to stabilize
isolated nanoparticles of coordination networks that are easy to
process and may be integrated into devices. Furthermore, an
important issue is to study the relation between the size of these
nanoparticles and their properties. Since Prussian blue analogue
magnets have a wide range of Curie temperatures, from 9 K up to
room temperature, it is of interest to achieve single domain
nanoparticles of such coordination networks as rather high
blocking temperatures are expected.

The first method to prepare such objects has been to restrict
their growth using microemulsion applied to Prussian blue and
some of its analogues.’> Nanocubes with a size ranging from 12 to
30 nm stabilized within the inverse micelles, and organized in 2D
arrays were obtained.” Subsequently, using the same method, we
were able to prepare 3 nm nanoparticles of Ni[Cr(CN)gl,3 and
isolate them as a redispersible solid by the coordination of a
pyridine derivative which brings the desired solubility.* These
particles exhibit superparamagnetic behaviour with a blocking
temperature of 5.5 K for the powder and below 2 K when
dispersed in PVP (2.5% in weight). Other methods using PVP, sol-
gel, mesostructured silica or apoferritin have been used to stabilize
nanoparticles of the Prussian blue analogues.>™'® However, the
magnetic properties have not been investigated much for most of
these samples and only two compounds were clearly reported to
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exhibit superparamagnetism, discarding any spin glass beha-
viour.*® In order to observe superparamagnetism with a rather
high blocking temperature, one has to prepare nanoparticles of a
coordination network that behaves as a magnet with a high Curie
temperature. To do so, we have chosen the Prussian blue analogue
ferromagnet CsNi[Cr(CN)g] that has a Curie temperature 7 equal
to 90 K."

In this communication, we report on the preparation of 6 nm
bimetallic superparamagnetic nanoparticles with a blocking
temperature 75 = 9 K. The nanoparticles were stabilised by
PVP and found to be perfectly dispersible in various solvents.

An aqueous solution containing NiCl,-6H,O ([Ni*] = 2 mM),
CsCl ([Cs*] = 4 mM) and PVP K30 was first prepared in a ratio of
[pyr}/[Ni**] = 100 (where pyr stands for the pyrrolidone monomer).
A Dynamic Light Scattering (DLS) measurement on this solution
revealed the presence of objects with a mean size of 8 nm which
corresponds to the gyration radius of the PVP that may coordinate
weakly to the divalent nickel cations.§ An equivalent volume of a
2 mM aqueous solution of K3Cr(CN)g-2H,O was then added
leading to a stable light green solution. Stirring the solution for one
hour does not show any noticeable evolution. A DLS measure-
ment, at this stage, shows the same size as for the first solution
before adding the hexacyanochromate(iil) salt. If particles have
formed, their size is clearly not larger than the size of PVP in
solution; the PVP envelope still determines the overall size seen by
DLS. The addition of 3 volumes of acetone leads to a light green
solid that was centrifuged, and dried under vacuum. The X-ray
powder diffraction (XRPD) diagram confirms the fcc structure
expected with a cell parameter @ = 10.54 A which corresponds to
the value reported for the bulk compound (Fig. SI, ESIf)."
Furthermore, an estimated size of 6.6 + 0.5 nm could be extracted
using Scherrer’s law from the XRPD diagram. The IR spectrum
shows the asymmetric vibration of bridging cyanides at 2171 cm ™!
with a small peak at 2130 cm™' that can be assigned to free
cyanides present at the surface of the particles. The presence of the
polymeric chains was evidenced by the C=O broad peak at
1654 cm™ ' and C-H vibrations between 2890 and 2960 cm .
Elemental analysis performed on the sample gives the composition
Cs7Ni[Cr(CN)glo.o(pyr)26-38H,0 1, which corresponds to 9% in
weight of Csy 7Ni[Cr(CN)glo.o in PVP.9] Even when completely dry,
the light green solid could be perfectly dispersed in water, ethanol,
methanol and chloroform. The DLS measurement obtained on a
dispersion of 1 in water gave a mean size of 13 nm, showing nearly
no aggregation even after the precipitation—dispersion process. ||
These data suggest that bimetallic cyanide-bridged nanoparticles
embedded by PVP were indeed formed. The incomplete insertion
of the Cs" cations that leads to 10% vacancies in
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hexacyanochromate(ill) may be due to the low concentration of
metal ions in the solutions used to prepare the particles. The
original 1 : 1 : 1 Cs: Ni: Cr compound was prepared using a
different procedure where an aqueous 1 mM Ni(II) solution was
added to a 10 mM solution of KCs,[Cr(CN)g] in water.

Scanning Transmission Electron Microscopy (STEM) using
dark field (Fig. 1) confirms the presence of nearly isolated
nanoparticles.** A mean size of 6.4 nm was estimated on 250
particles with a standard deviation of 3.0 nm. Some of the particles
have facets and can even form perfect cubes (Fig. 1, see inset).
Nevertheless, statistical analysis demonstrated a slightly elongated
projected shape ratio of L//=1.6 (L=7.0nm + 3.4 nm, /=4.3 nm
+ 2.3 nm). Most of the particles remain isolated on the grid, with
some small aggregates of two or three particles (Fig. 1, inset). This
is consistent with the result observed by DLS after dispersion that
gave a mean size of 13 nm in solution. Since the STEM images are
indicative of the state of the compound after the solvent
evaporation process, one can reasonably assume that the PVP
matrix contains rather well isolated particles, with locally some
weak aggregation.

Magnetic studies were performed on a solid sample of 1 using a
SQUID magnetometer operating in the 2-300 K temperature
range between 0 and 5.5 T. The M7 vs. temperature plot at an
applied field of 5000 Oe (Fig. S2, ESIt) shows that, upon cooling,
v T increases slowly from room temperature to 100 K and then
abruptly to reach a maximum value of 180 cm® K mol ' at 7 =
56 K before decreasing. The high temperature behaviour indicates
the presence of a ferromagnetic exchange coupling interaction
between Cr(111) and Ni(11) as expected.!! The fit of the 1/ = AT)
curve (Fig. S3, ESIt) in the 200-300 K temperature range leads to
a positive 0 value (105 K) and to a Curie constant C =
2.87 em® K mol ™!, consistent with the expected value for isolated
metal ions considering gc, = 2.0 and gn; = 2.1. The value of 4.8 ug
found for the magnetic moment at saturation measured at 7= 2 K
(Fig. S4, ESIY) is in good agreement with the expected value for a
ferromagnetic interaction between the metal ions. In order to
check the behaviour of the nanoparticles below 7" = 100 K that
corresponds to the abrupt increase of y\7, field cooled (FCM)
and zero-field cooled (ZFCM) magnetization measurements were
carried out in the 100-2 K temperature range. The two curves
diverge below 7' = 14 K and a maximum of the ZFCM curve is
observed at 9 K (Fig. 2). This behaviour may be due to a
ferromagnetic order or to a blocking of the magnetization. The

Fig. 1 Dark field STEM images of the Cs;;Ni[Cr(CN)glo.o nanoparticles
coated by PVP and zoom on an aggregate of two nanoparticles.
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Fig. 2 Field cooled (O) and zero-field cooled (@) magnetizations for 1.

latter assumption is reasonable since the CsNi[Cr(CN)g] bulk
compound orders at 7 = 90 K and the Ni;[Cr(CN)g], one at 40 K.

In order to confirm the blocking of the magnetization and the
magnetic single-domain nature of the particles, ac susceptibility
measurements were performed in zero applied dc field and a 3 Oe
oscillating field at five different frequencies (v) between 50 and
1000 Hz. A frequency dependent behaviour of the in-phase
susceptibility ' (Fig. S5, ESIT) and the out-of-phase susceptibility
" 1s observed (Fig. 3). The anisotropy energy barrier 4 = 166 K
and the preexponential factor 7o = 1.1 x 107'* s could be
extracted from the In(t) = f(1/T ., (Where © = 172y = toexp(A4/
kTax), To 18 the relaxation time at infinite temperature and T,y 1S
the temperature of the maximum of the y” = A7) curves) (Fig. S6,
ESIt). The parameter @ = (.11 is characteristic of super-
paramagnetic nanoparticles and discards any spin glass-like
behaviour for which @ < 0.1.¥1'> The magnetization recorded
at 7 = 2 K reveals a hysteretic behaviour with a coercive field of
80 Oe (Fig. 4). The remnant magnetization at 7' = 2 K is about
25% of the value at saturation.

In this communication, we have shown that 6 nm nearly isolated
nanoparticles of Csy7Ni[Cr(CN)gloo can be produced coated with
PVP and dispersed in various solvents. Moreover, we have shown
that they behave as single domain magnetic objects with the
highest blocking temperature (9 K) reported for fully characterized
coordination nanoparticles. It has to be pointed out that this
blocking temperature corresponds to nearly isolated particles, and
that higher temperatures can be expected for less diluted
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Fig. 3 Thermal variation of the out-of-phase (y") component of the ac
susceptibility at 50 (@), 100 (H), 250 (A), 500 (¥) and 1000 (=) Hz for 1.
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Fig. 4 Magnetization vs. field at 7= 2 K for 1.

composites or if the particles are organized in two dimensions.
Raising the blocking temperature of such coordination nanopar-
ticles while keeping a similar size can be achieved by using other
Prussian blue analogues that possess higher Curie temperatures.
This work is underway in our group.
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