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Tuning Size and Thermal Hysteresis in Bistable Spin Crossover Nanoparticles
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Nanoparticles of iron(II) triazole salts have been prepared from water-organic microemulsions. The mean size of the
nanoparticles can be tuned down to 6 nm in diameter, with a narrow size distribution. A sharp spin transition from the
low spin (LS) to the high spin (HS) state is observed above room temperature, with a 30-40-K-wide thermal
hysteresis. The same preparation can yield second generation nanoparticles containing molecular alloys by mixing
triazole with triazole derivatives, or from metallic mixtures of iron(II) and zinc(II). In these nanoparticles of 10-15 nm,
the spin transition “moves” towards lower temperatures, reaching a 316 K limit for the cooling down transition and
maintaining a thermal hysteresis over 15-20-K-wide. The nanoparticles were characterized by dynamic light
scattering, TEM, and AFM, after deposition on gold or silicon surfaces. The spin transition was characterized by
magnetic susceptibility measurements and EXAFS (in solid samples after solvent removal) and also by the color
change between the LS (violet) and HS (colorless) states in an organic solvent suspension. The discovery of bistable
magnetic nanoparticles of 6 nm with a wide thermal hysteresis above room temperature showcases the actual
possibilities of spin crossover materials for nanotechnological applications.

Introduction

Nanoparticles are acquiring the leading role in the search
forminiaturization towardnext generation devices, as several
convenient methods are currently available for the prepara-
tion and manipulation of such nanomaterials. Magnetic
nanoparticles are of particular interest due to the obvious
data storage applications into high density media. In addi-
tion, functionalized magnetic nanoparticles can offer a wide
variety of additional applications, specially for biological/
medical usage.1 Protein detection,2 drug delivery,3 or tumor
treatment4 are some other applications where magnetic
nanoparticles can make a difference.
Current magnetic technologies are based on bulkmagnets,

but most of them will lose their properties of interest on the
nanoscale, when the material cannot be considered as bulk

anymore. In this context, molecular materials, where the
property of interest resides in single molecules or in small
arrays of molecules, could actually present a huge advantage.
Coordination magnetic materials with technologically rele-
vant magnetic properties have been already self-assembled
from solution or by other soft processing methods into
nanoparticles,5 avoiding the use of expensive high-energy
top-down physical methods of production. For instance,
microemulsions or reverse micelles techniques have been
used very successfully for the preparation of molecule-based
nanoparticles with superparamagnetic6,7 and photomagne-
tic8,9 properties. The appearance of a magnetic “memory
effect” is key in the search for magnetic nanoparticles to be
integrated in actual devices, but unfortunately, bistability
occurs at very low temperatures in most magnetic coordina-
tion compounds. The so-called spin crossover (SC) systems are
one remarkable exception, one of the paradigmatic examples
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of bistability at the molecular level.10,11 In such transition
metal complexes, a spin crossover between the low-spin (LS)
configuration of the ground state and a metastable high-spin
(HS) state can be triggered through external stimuli: ther-
mally, via light irradiation, or under pressure.12,13 The elec-
tronic transition accounts for several changes at the mole-
cular level, affecting the metal-ligand distances (size) and
optical properties (UV-vis absorption), in addition to mag-
netic properties. All of these possibilities have postulated SC
systems as smart materials for information storage, mole-
cular switching, sensing, and medical applications.14,15

The spin transition is of molecular origin, but the spin
crossover phenomenon is strongly influenced by the sur-
roundings in the crystal structure. While in solution one can
observe a progressive monotonic population of the excited
state, this process can become cooperative in the solid state,
due to short- and long-range intermolecular interactions.
Cooperativity usually gives rise to sharp spin transitions
where all metal centers switch at the same time. In such cases,
thermal hysteresis may also appear between the heating and
cooling cycles, originating true bistability and a memory
effect. Since this memory effect occurs in the bulk from the
synergy between the SC process and a crystallographic phase
transition, some controversy related to the size limit for spin
crossover has started. If the memory effect disappears on the
nanoscale, the possibilities for information storage media
from SC systems will be clearly compromised, since they will
not offer any improvement toward current technologies.
Although some theoretical approximations have been used,16

the complexity of the problem, depending on weak inter-
molecular interactions, precludes further predictions.
Several successful attempts to prepare spin crossover

nanoparticles have been reported very recently. In all cases,
the target compounds were polymeric iron(II) coordination
complexes, since these materials usually show broad hyster-
esis close to room temperature. Nanoparticles of the [Fe-
(pyrazine)Pt(CN)4] 3D network17 (Figure 1) were prepared
byMallah et al. using reversedmicelles, achieving size control
by tuning the concentration of metal ions.18 In this case, the
remnant HS fraction of metal centers increases and the
magnetic hysteresis decreases with the size of the nano-
particles. The hysteresis completely disappears around
7 nm diameter. Analogous results were found in parallel
studies carried by Real et al. in nanoparticles of the
same material, but following a different solid state treat-
ment.19 When [Fe(pyrazine)Pt(CN)4] nanoparticles are sta-
bilized into a biopolymeric matrix (chitosan), magnetic
hysteresis is retained below 4 nm size, as demonstrated by

Bousseksou et al.,20 although only about 1/3 of the iron(II)
centers participate in the process. The decrease and further
disappearance of the thermal hysteresis, and bistability, was
related to the decrease in cooperativity when the iron atoms
inside the nanoparticles start to be severely reduced compared
with those on the surface.
Nanoparticles based on the [Fe(trz)3]X2 family21 (trz =

triazole) were reported independently by the group of L�etard
and by our research groups.22,23 In these compounds, the
metal ions are bound by the ligands giving 1D polymeric
structures (Figure 1) that exhibit cooperative spin transition
from FeII low spin (LS) to high spin (HS). In bulk materials,
both, the temperature at which this transition occurs and the
existence of a hysteresis during the process can be tuned by
playing with combinations of different triazole derivatives or
different anions.24 The spin transition is associated in these

Figure 1. Molecular structure of polymeric spin crossover complexes:
3D [Fe(pyrazine)Pt(CN)4]¥ (up) and 1D [Fe(trz)3]¥ (down).
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triazole complexes with a significant color change, alongwith
the change in themagneticmoment fromSLS=0 toSHS=2.
This color change, usually from deep purple/red to light pink
or white, can be used to develop write/read applications. In
the nanoparticles prepared following our synthetic proce-
dure, we found an increase in the HS ratio, as in the past
examples, but an almost unchanged thermal hysteresis for
sizes as small as 10 nm in diameter. Surprisingly, nanopar-
ticles of the analogous compound [Fe(NH2-trz)3]Br2 3 3H2O
reported by L�etard et al.,25 exhibit disappearance of the
thermal hysteresis when the size is decreased below 30 nm
in diameter.26

Here, we report and confirm the possibility to prepare
bistable nanoparticles from spin crossover complexes of
iron(II) and triazole down to a few nanometers in size (∼6
nm) maintaining an over 40 K thermal hysteresis. We also
describe how to modulate the size and the magnetic proper-
ties playing with the chemical components of these nano-
objects. The size can be tuned by changing the ratio between
solvents and surfactants. The magnetic hysteresis can be
tuned by changing the chemical composition. Since our
objective was to find nanoparticles showing bistability closer
to room temperature, we tested molecular alloys by mixing
1,2,4-triazole with 4-amino-4H-1,2,4-triazole that were al-
ready successful for this purpose in bulk.24 Finally, we also
studied the effect of Zn doping on the magnetic properties of
these nanoparticles.

Experimental Section

Synthesis.All chemicals and solventsusedwereof commercially
available grade and were used without any previous purification.
Bulk [Fe(Htrz)2(trz)](BF4) was prepared by mixing stoichiometric
amounts of Fe(BF4)2 3 6H2O and 1,2,4-triazole in water. All syn-
thetic procedures were done under an inert atmosphere.

Nanoparticles of [Fe(Htrz)2(trz)](BF4). Sample 1. A solution
of Fe(BF4)2 3 6H2O (1.0 g, 3.0 mmol) in water (6 mL) is added to
a solution of sodiumdioctylsulfosuccinate (10.0 g, 22.5mmol) in
n-octane (100 mL). After several minutes of stirring, this solu-
tion is filtered and transferred to a round-bottom flask contain-
ing behenic acid (2.0 g, 5.9 mmol). A solution of 1,2,4-triazole
(0.6 g, 8.9 mmol) in ethanol (3 mL) is added to a solution of
sodium dioctylsulfosuccinate (10.0 g, 22.5 mmol) in n-octane
(100 mL). After several minutes of stirring, this solution is
filtered and added to the previous solution. The mixture is
stirred for 4 h and then centrifuged (3.000 rpm) and filtered to
yield 1.

Sample 2. The same procedure as in sample 1 is used in this
case, but using 15.0 g (33.7 mmol) of sodium dioctylsulfosucci-
nate in n-octane (100 mL) in each solution. In this case, the
nanoparticles were centrifuged at 50.000 rpm.

Sample 3. The same procedure as in sample 1 is used in this
case, but using 20.0 g (44.9 mmol) of sodium dioctylsulfosucci-
nate in n-octane (100 mL) in each solution.

Nanoparticles of [Fe(Htrz)3-x(NH2trz)x](ClO4)2. Sample 4
(x = 0.05). A solution of Fe(ClO4)2 3H2O (1.0 g, 4.0 mmol) in
water (6 mL) is added to a solution of sodium dioctylsulfosuc-
cinate (10.0 g, 22.5 mmol) in n-octane (100 mL). After several
minutes of stirring, this solution is filtered and transferred to a

round-bottom flask containing behenic acid (2.0 g, 5.9mmol). A
solution of 1,2,4-triazole (0.80 g, 11.8 mmol) and 4-amino-4H-
1,2,4-triazole (0.015 g, 0.2 mmol) in ethanol (3 mL) is added to a
solution of sodium dioctylsulfosuccinate (10.0 g, 22.5 mmol) in
n-octane (100mL) with a small amount of L-ascorbic acid. After
several minutes of stirring, this solution is filtered and added to
the previous solution. The mixture is stirred for 4 h and then
centrifuged (3000 rpm) and filtered to yield 4.

Sample 5 (x=0.15). The same procedure as in sample 4 is
used in this case, but with 11.4 mmol of 1,2,4-triazole and 0.
6 mmol of 4-amino-4H-1,2,4-triazole.

Sample 6 (x=0.30). The same procedure as in sample 4
is used in this case, but with 10.8 mmol of 1,2,4-triazole and 1.2
mmol of 4-amino-4H-1,2,4-triazole.

Nanoparticles of [Fe0.8Zn0.2(Htrz)2(trz)](BF4). Sample 7. The
same procedure as in sample 1 is used in this case, but using
2.4 mmol of Fe(BF4)2 3 6H2O and 0.6 mmol of Zn(BF4)2 3H2O.

Physical Characterization. Infrared spectra were obtained as
KBr pellets on a Nicolet 5700 FT-IR spectrophotometer. Mag-
netic susceptibility measurements were performed on solid
samples, after centrifugation/filtration of the n-octane suspen-
sions. Magnetic data were collected with a Quantum Design
MPMS-XL-5 susceptometer equipped with a SQUID sensor.
Due to the impossibility to properly estimate the surfactant/
solvent content, and since only the iron centers are paramagnetic
in the sample, susceptibility data were normalized for complete
HS population in the high temperature regime. Therefore, data
were plotted per mol of Fe. DC static data were collected in the
range 2-400 K with an applied field of 1000 or 5000 G (sample
2). The heating-cooling cycles were done with a rate of 1-2 K
per minute. Transmission electron microscopy (TEM) images
were collected after solvent evaporation of droplets of the
sample suspensions in n-octane on carbon-coated copper grids
with a JEOL JEM-1010 microscope (100 kV) equipped with a
MegaView III camera. Size distribution of the samples was de-
termined by dynamic light scattering of a suspension in n-octane
with a Marlvern Zetasizer instrument.

EXAFS Measurements. X-ray absorption spectroscopy data
were collected in the D04B-XAFS1 experimental station of the
National Synchrotron Light Laboratory, Campinas, Brazil.
Sample preparation started by mixing about 5 mg of the sample
with 10-15mgof boron nitride.After gentle and carefulmixing,
the powder was compacted to less than 1 mm. Each individual
run lasted about 30 min on the radiation beam, and typically,
three independent frames were acquired for each sample. The
experiments were performed using a Si(220) channel cut mono-
chromator with a calculated energy resolution (at 7112 eV
including experimental resolution and natural line width) of
∼1.5 eV. Sample temperature was controlled to (0.1 K. All
experiments were performed in transmission mode using a
metallic iron foil for energy calibration and individual spectra
alignment. Data reduction and analysis were performed using
the IFEFFIT package.28

Atomic Force Microscopy. On gold: A thermal annealing of
the evaporated gold films was necessary to improve the flatness
of the gold substrate producing atomically flat terraces. The
sample was prepared by immersing the gold substrate into a
diluted suspension of 1 in a mixture of n-octane for around
2 min. Then, the surface was first rinsed with n-octane and
blown dry inN2 gas and thenwith acetone and dried withN2 gas
again. The AFM images were performed in the tapping mode
(AFM Multimode, Veeco) under ambient conditions, using
silicon cantilevers (Veeco Probes) with a force constant of about
40 N m-1 and a resonance frequency around 320 kHz. On
silicon: The silicon samples (p-type <100> from DXL enter-
prises, INC)were cleaned by sonication in organic solvents. In
this case, the suspensions of 1 were dialyzed prior to the
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deposition. The samples were prepared by immersing the
silicon substrate into a diluted suspension of 1 in n-octane for
a few seconds. Then, the substrate was immersed in pure
n-octane and finally blown dry in N2. The AFM images were
performed in the tapping mode (AFM Multimode, Veeco)
under ambient conditions, using silicon Super Sharp cantile-
vers (Veeco Probes) with a force constant of about 42 N m-1

and resonance frequency around 320 kHz.

Results and Discussion

The synthetic method we developed for the preparation of
[Fe(Htrz)2(trz)](BF4) nanoparticles was modified to study
the changes in particle size by changing the ratio between sol-
vents and surfactants. The general trendwe expected of lower
particle sizes by increasing the surfactant/solvent ratio was
indeed observed. The smallest particle size we could regularly
isolate had a mean 6 nm hydrodynamic diameter, according
to dynamic light scattering (Figure 2). When a larger surfac-
tant/solvent ratio was used in the search for smaller sizes,
polycrystalline materials start to appear as the main product,
with sizes larger than 1000 nm. Still, as in sample 3, a small
amount of nanoparticles between 35 and 50 nm was found.
After all our preparative studies, the role of behenic acid in

the synthesis is still unclear. It could be involved in the
formation of the micelles or as a coordinating agent stabili-
zing the surface of the nanoparticles. Indeed, the presence of
behenic acid as part of the surfactant shell in the nanoparti-
cles was confirmed by IR spectra (Figure S8, Supporting
Information). The nanoparticles show a broad carbonyl
band between 1700 and 1740 cm-1, a combination of the
two distinctive sharp carbonyl bands of behenic acid (close to
1700 cm-1) and AOT (1735 cm-1). Additionally, in the
absence of behenic acid, no nanoparticles could be success-
fully isolated, with partial oxidation processes taking place
and competing in the synthesis.
Two additional chemical strategieswere used tomodify the

magnetic hysteresis without changing the particle size. The
preparation process was identical in all cases, but mixtures of
ligands or metal ions were used. We tested different mixed
polymers of triazole with N-amino-triazole, and nanoparti-
cles of controlled size were indeed obtained. We also doped
the nanoparticles with different amounts of diamagnetic
Zn2þ ions. These ions substitute the Fe2þ ions in the chain
and essentially reduce the chain length/cooperativity for the
spin crossover.
It is important to mention that no further treatment after

synthesis and isolation was done to the samples. Therefore,
the nanoparticles remain inside a bulky layer of surfactants.
They can be suspended in n-octane or other nonpolar
solvents and easily recovered through slow evaporation,
withoutmeaningfulweight losses.Only the process of heating
the solutions above reflux conditions produces surfactant
loses in the nanoparticles, when a white precipitate appears.

Still, the physical properties of the nanoparticles remain
essentially unchanged throughout this process.
The particle size distribution for all samples was deter-

mined by dynamic light scattering (Supporting Information),
and it is summarized in Table 1. This bulk analysis of the
whole samples shows a narrow size distribution of the
nanoparticles, proving the high selectivity of the preparative
process.
These results are in good agreement with TEM images

(Figure 3), which show a regular size distribution (∼15 (
5 nm) and little tendency toward aggregation in n-octane
suspensions. These nanoparticles were first isolated as a solid
sample and later suspended in n-octane for electron micro-
scopy. This supports once again the stability of the nano-
particles in time and through chemical treatment.

Magnetic Properties.Themagnetic properties of 1were
already described previously.26 These 11( 5 nm particles
showa stablemulticycle thermal hysteresis of 41K (Tcv=
384KandTcV=343K)with a remnantHS ratio of about
20%. This HS ratio is more than double that found in the
bulk, and it should be related to the higher surface area of
nanoparticles. SurfaceFe atomswill possess a partial coordi-
nation sphere, favoring their HS state at all temperatures.
When the particle size is reduced down to 6( 3 nm (2),

the magnetic behavior starts to deviate from the bulk
(Figure 4). A 29-K-wide hysteresis (Tcv = 372 K and
TcV=343 K) is found in this case, with a higher remnant
HS residue (∼33%), as expected for a smaller particle size.
It is interesting to note that the temperature of the
transition changes only in the heating cycle, while it
remains identical in the cooling cycle. In both cases, the
transition is still very sharp.
The magnetic properties for samples 4-6, formed by

mixtures of ligands (triazole andN-amino-triazole), show
different features (Figures 5-7). As expected, the transi-
tion moves to lower temperatures in both cycles, heating
and cooling. Sample 4 exhibits a stable 23 K hysteresis
(Tcv=346K and TcV=323K), after the first heating that
occurs at 358 K. The displacement toward lower tem-
peratures in the heating cycle is a typical behavior in all
nanoparticles studied, as it was already observed in 1.
This only occurs in the first cycle, since all successive
cycles are identical. A desolvation process should be
responsible for this change. The slightly larger size of
these nanoparticles is responsible for the lower remnant
HS ratio at low temperatures (∼8%).
The trend indicates that the thermal hysteresis moves

to lower temperatures and becomes narrower as the ratio
of amino-triazole increases. Thus, sample 5 exhibits a
stable 17 K hysteresis (Tcv = 338 K and TcV = 321 K),
and sample 6 exhibits a stable 28Khysteresis (Tcv=344K
and TcV = 316 K). In this last case, the HS ratio increases
dramatically.

Figure 2. Volume ratio vs diameter size (logarithmic scale) for diluted
suspensions in n-octane of samples 1 (red) and 2 (black).

Table 1. Size Analysis for Samples 1-7

sample stoichiometry mean diameter size

1 [Fe(Htrz)2(trz)](BF4) 11 ( 5 nm
2 [Fe(Htrz)2(trz)](BF4) 6 ( 3 nm
3 [Fe(Htrz)2(trz)](BF4) 35 ( 6 nm; >1000 nm
4 [Fe(Htrz2.95(NH2trz)0.05](ClO4)2 13 ( 6 nm
5 [Fe(Htrz2.85(NH2trz)0.15](ClO4)2 12 ( 5 nm
6 [Fe(Htrz2.70(NH2trz)0.30](ClO4)2 11 ( 5 nm
7 [Fe0.8Zn0.2(Htrz)2(trz)](BF4) 10 ( 4 nm
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Sample 7, formed by a Fe/Zn mixture, shows a transi-
tion, although it is not as sharp as in other samples
(Figure 8). In the heating process, the increase of the
magnetic moment is very smooth between 330 and 360K,
where a jump appears up to saturation. Surprisingly, this
does not occur in the cooling protocol, where a sharp
transition is observed. This generates a 21 K hysteresis
(Tcv = 357 K and TcV = 336 K). This smooth behavior
needs to be related to the random distribution of Zn
atoms in the chains, cutting the length and cooperativity
in the Fe-triazole chains in a random way.
All magnetic measurements were performed in solid

dry samples, after filtration. We were not able to follow

magnetically the spin transition in suspension, due to the
difficulties in handling the liquid samples. Other techni-
ques can be helpful in this regard, taking advantage of the
multiple features of the spin transition. Actually, the
thermal hysteresis in a suspension of 1 in n-octane can
be followed with the naked eye through its color change
(Figure 9) from the purple LS state to the colorless HS
state. The pictures shown in Figure 9 have been extracted
from a real timemovie (Supporting Information) with the
heating and cooling process of two identical suspensions
of 1. It is important to mention that another research

Figure 3. TEM images of 1 (up), 4 (center), and 7 (down).

Figure 4. Temperature dependence of the magnetic moment for sample
2 (black circles, 1st heating protocol; red squares, stable hysteresis cycle).

Figure 5. Temperature dependence of the magnetic moment for sample
4 (black circles, 1st heating protocol; red squares, stable hysteresis cycle).

Figure 6. Temperature dependence of the magnetic moment for sample
5 after several heating-cooling cycles.
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group, following the preparation described in our pre-
vious paper, has reproduced our results. In addition, they
have been able to gather precise UV-vis spectra at
multiple temperatures of nanoparticle suspensions.28

Their results are identical to ours, confirming indepen-
dently that the spin crossover occurs on the nanoscale in
these materials, and that the thermal hysteresis still exists,
at least down to a few nanometer sizes.

EXAFS. X-ray absorption experiments were perfor-
med in samples 1 and 2 and in a bulk sample of [Fe(Htrz)2-
(trz)](BF4) in order to gain information about the iron
charge state and local coordination, since the spin transi-
tion should affect these features. XANES spectra ob-
tained for the low and high spin phases (Supporting
Information) show small but noticeable changes in edge
position around energies compatible with FeII. The k2-
weigthed EXAFS spectra (Supporting Information) dis-
play well-defined oscillations up to k= 13 Å-1, suggest-
ing an ordered coordination environment around iron.
Fast Fourier transformation (FFT) of the k2-weigthed
EXAFS spectra (Figure 10) displays low Z elements
coordinating iron. At room temperature, the coordination
distance shows a mean value of 1.96 ( 0.01 Å. The same
identical distance is found for the three different samples.
These numbers are in good agreement with the LS state
that shows shorter metal-ligand bonding. When the mea-
surements were carried out at 397 K, there is an increase in
the coordination distance of the FeII up to 2.19( 0.04 Å in

the bulk. Analogous results are found for samples 1 and
2, but with slightly shorter values of 2.17 ( 0.09 Å and
2.14 ( 0.01 Å, respectively. The only reasonable explana-
tion for this change needs to be related to the particle size,
and to the surface/core ratio. Itwas alreadydetermined that
the surface FeII centers do not undergo any spin transition,
and they remain in theHS state at all temperatures, because
of the different coordination sphere. This different coordi-
nation sphere (containing carboxilate ligands) needs to
be slightly shorter than the Fe-triazole distance. As the
ratio of surface atoms increases, the average coordination
distance for the HS FeII centers decreases. This, of course,
does not affect the LS centers, since the transition only
occurs in the core FeII atoms, with identical coordination in
all samples, no matter the size.

Surface Deposition and Atomic Force Microscopy. The
nanoparticles described in this article, without further
functionalization, show a tendency to be fixed onto gold
or silicon surfaces, without significant aggregation. This
feature allowed us to prepare gold or silicon surfaces
covered with nanoparticles of 1. In Figure 11, we show
AFM images of gold covered surfaces. Although the
nanoparticles tend to bind into the surface defects, many
individual nanoparticles can be seen deposited on the flat
areas. Images of single nanoparticles (Figure 12) are in
very good agreement with the ∼5-15 nm diameter found
by all other experiments. In addition, this close look shows
that some nanoparticles are indeed forming couples.
In Figure 13, we showAFM images of nanoparticles of

1 on silicon surfaces. In this case, the nanoparticles are
easily deposited uniformly on the flat regular surface. In
addition, the compositional map of the phase image29

Figure 7. Temperature dependence of the magnetic moment for sample
6 after several heating-cooling cycles.

Figure 8. Temperature dependence of the magnetic moment for sample
7 (black circles, 1st cycle; red squares, 2nd cycle; blue triangles, 3rd cycle;
orange circles, 4th cycle).

Figure 9. Thermal hysteresis in an n-octane suspension of sample 1.

(29) Ph.D. Thesis defense of Victor Martı́nez (2009).
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shows a different contrast for the nanoparticle core and
the shell (Figure 14), giving us a clear look of the core and
shell in these nanoparticles. We can also appreciate in
these images that, in some cases, there are two individual
nanoparticles inside one single organic shell. This sug-
gests that the apparent dimerization we found on the
previous AFM images on gold is probably not due to
aggregation (aggregation hardly explains why we only
found dimers, and not trimers or multiple groups of
nanoparticles) but to the growth of two individual nano-
particles into one single organic shell.

Conclusions

Wehave demonstrated that spin crossover phenomena can
be found in nanoparticles as small as 6 nm in size, showing
spin transition with thermal hysteresis. The spin transition
was followed by magnetic measurements, confirmed by
EXAFS data and observed in the color changes of diluted
suspensions of the nanoparticles. The synthetic process we
have developed allows for the convenient preparation and

Figure 10. Fast Fourier transform of the k2-weigthed EXAFS spectra
for bulk [Fe(Htrz)2(trz)](BF4) (top), sample 1 (center), and sample 2
(bottom) at 298 K (black line) and 397 K (red line).

Figure 11. AFM image of nanoparticles of 1 on a gold substrate.

Figure 12. AFM high resolution topography image of nanoparticles of
1 on a gold substrate.
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manipulation of these nanoparticles. The fact that the spin
crossover phenomenon is retained at such small sizes opens
the way for the implementation of these nanoparticles in
ultra-high-density read/write device magnetic memories.
We have also shown how we can tune the spin transition

temperature and hysteresis width by chemically changing the
components of these nanoparticles. We were able to reach
temperatures closer to room temperature. While sample 1
showed bistability above 60 �C, sample 7 shows bistability
above 35 �C. These results reinforce that further chemical
modifications coulddeliver bistable nanoparticles below30 �C.
This will obviously represent an advantage for actual techno-
logical applications. Still, it is noteworthy that hysteresis is
about 30-K-wide inmost samples,more than enough for infor-
mation storage purposes.
In order to apply these nanoparticles into information

storage devices or sensors, the next step is to organize them
supramolecularly onto surfaces or other hosts for direct
addressing and manipulation of such objects. The first steps
in this direction have also been performed. We have shown
how these nanoparticles, without further functionalization,
can be deposited onto gold or silicon surfaces. We were able
to study individual nanoparticles with AFM showing the
organic shell that protects single domain cores of around 6
nm in size, responsible for the magnetic features. The next
step will be to organize in a regular way these nanoparticles
on surfaces. For this purpose, patterning techniques, as for
example AFM local oxidation nanolithography or lithogra-
phy controlled dewetting, which have been successfully
applied to fabricate 2D nanostructures of molecular systems
and nanoparticles with nanoscale accuracy, will be used.30,31

And the final goal will be to investigate if the spin transition is
still present in a single nanoparticle on a surface. This
transition exists in suspension, but it is still unclear if it will
remain unaffected for a single nanoparticle on a surface. The

use of a spin-polarized STM as well as the study of the
electron transport through a single nanoparticle are expected
to clarify this point. This work is under way.
The spin crossover nanoparticles prepared and characteri-

zed by our groups show quite a different result when
compared with those reported by other groups in analogous
systems, where thermal hysteresis disappears below 20-30 nm
size. This fact deserves some further commentary. Regarding
those nanoparticles based in 3D systems, the difference in
dimensionality can indeed be responsible for this effect. In the
3D systems, the size of the coordination polymer (responsible

Figure 13. AFMimage of single nanoparticles of 1ona silicon substrate.

Figure 14. AFMhigh resolution phase images of single nanoparticles of
1 on a silicon substrate showing the difference between the core and the
shell and the presence of dimerized units.

(30) Garcia, R.; Magerle, R.; Perez, R. Nat. Mater. 2007, 6, 405–408.
(31) Martı́nez, R. V.; Garcı́a, F.; Garcı́a, R.; Coronado, E.; Forment-

Aliaga, A.; Romero, F. M.; Tatay, S. Adv. Mater. 2007, 19, 291–295.
(32) Martı́nez, R. V.; Martı́nez, J.; Chiesa, M.; Garcı́a, R.; Coronado, E.;

Pinilla-Cienfuegos, E.; Tatay, S. Adv. Mater. 2010, 22, 588–589.
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for the cooperative effect) is being reduced following an r3 rate,
while in a 1D system, as in the present case, the length of the
chains is reduced following r. In 10 nm nanoparticles, we still
have a longest chain length of about 20-25 iron centers. And
the length is reduced to 10-12 iron centers for 6-nm-diameter
nanoparticles. These results indicate that, in the family of
[Fe(trz)3]¥ materials, the cooperativity is essentially 1D. The
apparently contradictory results reported for other 1D spin
crossover nanoparticles are more puzzling, since the same
reverse micelles technique was used in both cases. Still, we
need topoint out that thenanoparticles are basedonadifferent
compound (bromide vs tetrafluoroborate or perchlorate), and
they followed a different stabilization process. There is no
doubt that this subtle but important change must be respon-
sible for the different outcome. Thus, it looks like that, for the
moment, our preparative process and the materials selected by
our research groups are indeed the most interesting prospect
toward applications in molecular nanospintronics.
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