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V e r s a t i l e  N a n o - p l a t f o r m s  f o r  H y b r i d  S y s t e m s :  
E x p r e s s i n g  S p i n - t r a n s i t i o n  B e h a v i o r  o n  
N a n o p a r t i c l e s  
A. Paquirissamy,a A. R. Ruyack,a A. Mondal,a Y. Li,a R. Lescouëzec,a C. Chanéac,*b 
and B. Fleury*a  

The aim of this paper is to demonstrate the possibility of expressing molecular magnetic phenomena 
on hybrid nano-particles. The advantage of such composite materials is their wonderful versatility, in 
terms of choice of molecular compounds to be grafted on, and in terms of possibilities for integration 
in devices. As a first example, we designed a composite made of silica nanoparticles as core on which 
Fe(II) coordination complexes displaying spin-crossover (SCO) phenomenon have been grafted in three 
steps involving the silanization of the SiO2 core, the anchoring of bis(1-methylimidazolyl)-type ligands 
and at last the coordination of octahedral Fe(II) complexes at the surface of the nanoparticles. This 
step-by-step procedure enables an adequate coverage of the Fe(II) complexes at the surface of the 
nanoparticles that allows for the appearance of the spin-transition (ST) behavior at a level detectable 
by SQUID magnetometry. These tailor-made particles can thus be considered as nanometric switchable 
units. 

 
Introduction 

In 1974, Aviram and Ratner predicted that a specifically 
designed single molecule could play the role of a rectifier, 
launching the idea of molecular electronics.1 Today, electronics 
is moving towards quantum computing and electronics at the 
nanoscale2, 3 on which the interfacing of molecular units with 
microscale devices is of crucial importance. Within the field of 
data storage, this has been realized through the development of 
a series of molecular switches based on redox compounds4-9 or 
spin states.10-12 Of these examples, spin-crossover (SCO) 
compounds have been shown to be good candidates for 
information storage devices13-15 since they can bear switching 
properties and hysteretic behavior at room temperature16, 17 and 
present spin-transition (ST) properties after processing into 
nanostructures.12, 18-20 Nevertheless, the consistency of the 
magnetic properties in these kinds of complexes once integrated 
into hybrid architectures relies on whether the final structure 
allows for cooperativity between the molecular switching units. 
 Among SCO-compounds, Fe(II) octahedral complexes are 
of particular interest since the 3d6 valence shell may exist in 
either a low-spin (LS) and diamagnetic (S = 0) configuration, or 
a high-spin (HS) and paramagnetic (S = 2) state. The LS/HS 
transition can be triggered by external stimuli such as 
temperature, pressure or light.21 While the mechanisms 

triggering the SCO phenomenon at the nanoscale are intricate 
and still difficult to elucidate, the interactions of the SCO units 
with their environment are known to be of crucial importance in 
the efficiency, temperature and hysteretic behavior of the SCO 
phenomenon.22-25 In order to both understand these switching 
mechanisms and to design efficient integrated ST materials, 
grafting Fe(II) compounds to nanoparticles provides a relevant 
approach for experimentation. In the past, the size of ST 
coordination polymer particles has been reduced and the effect 
of this reduction15, 26-28 as well as the effect of the matrix in 
which the nanoparticles are embedded has been studied.29, 30 
The photocommutation of three-dimensional Hoffmann 
clathrate {[FeII(pyrazine)][Pt(CN)4]}n nanocrystals has also 
been achieved and studied by 4D electronic microscopy.31, 32 
Furthermore, ST polymeric chains of [Fe(aminotriazole)3]n

2+ 
compounds have been processed into composite nanoparticles 
showing the consistency of their properties.33, 34 In these 
examples, Fe(II)-based coordination polymers have solely been 
used; however, discrete mononuclear complexes confined on 
nanoparticles have scarcely been studied. Indeed, polymeric 
compounds are known to facilitate the so-called cooperativity 
enabled abruptness and bistability of the ST behavior.35 On the 
contrary, the SCO properties of discrete molecular compounds 
are more difficult to predict since the molecules are not 
confined to their crystal lattice. Beyond understanding the SCO 
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mechanisms arising at the nanoscale, the challenge we would 
like to address here is the confinement of discrete Fe(II) 
mononuclear complexes into hybrid nano-materials and the 
study of the effect this has on the ST properties of the 
compounds at the macroscopic scale. 

Results	
  and	
  discussion	
  

 To do so, we have synthesized hybrid nanoparticles with a 
silica core on which Fe(II) mononuclear complexes displaying 
SCO have been confined as a shell. Scheme 1 gives a 
representation of the molecular architecture of these hybrid 
spin-transition nanoparticles (HSTNs). Silica has been chosen 
as the core material since it is easily functionalizable and its 
growth via the Stöber process produces monodisperse and 
spherical nanoparticles with well-defined size (diameter range 
of 5-1000 nm).36-39 Functionalization by 3-
aminopropyltriethoxysilane (APTES) results in amine-
terminated particles due to the native silanol groups at the 
surface of the silica reacting with the silane function of APTES 
to form siloxane bridges.40 These amino-terminated particles 
serve as a nano-platform for a wide range of further 
functionalization thanks to the versatility of the amine 
reactivity. In order to control the coverage of the ST shell, a 
sequential synthetic strategy has been chosen, starting from the 
APTES-functionalized nano-platforms. Such a strategy requires 
an appropriate choice of the solvents at each step to ensure the 
best solubility of the reactants (in order to fully eliminate any 
excess of starting material by simple washing) while at the 
same time achieving high stability of each newly formed layer. 
This requirement is particularly important in the case of 
coordination compounds such as the Fe(II) compounds used in 
this study because of their inherent lability. Nevertheless, this 
sequential synthetic approach has already proved to be 
extremely efficient and accurate in the synthesis of coordination 
nano-objects at the surface of inorganic substrates.41-44 The 
experimental details of the Fe(II) shell synthesis are given in 
the experimental section. Briefly, the pending amino groups of 
the nano-platform are available for peptide coupling to 3,3-
bis(1-methylimidazol-2-yl)propionic acid45, 46 (HBIP) yielding 
bis-1-methylimidazole (BIP) functionalized particles. Fe(II) 
ions are then trapped by these surface available ligands and 
their coordination sphere is completed by two bis(1-
methylimidazol-2-yl)ketone (BIK) capping ligands to provide 
an octahedral geometry around the metallic ions.47 Between 
each step of synthesis the nanoparticles are dutifully freed of 
any unreacted matter by several cycles of centrifugation and 
washing with the pure solvent used in the corresponding 
synthetic step. 
 In order to check the size and dispersity of the nanoparticles 
as well as the stability of the silica core during the sequence of 
grafting, dynamic light scattering (DLS) measurements and 
TEM images were recorded. From the initial silica synthesis to 
the final hybrid nanoparticles, TEM images reveal a stable 
average diameter of 48.5 ± 6 nm (figure 1). This is in 
agreement with the stability of the silica nanoparticles, which  

 
Scheme	
  1.	
  Representation	
  of	
  the	
  molecular	
  architectures	
  grafted	
  at	
  the	
  surface	
  
of	
   silica	
   nanoparticles.	
   1)	
   3-­‐aminopropyltriethoxysilane,	
   EtOH	
   2)	
   HBIP,	
   EDC,	
  
MeCN	
  3)	
  [Fe(BIK)2(MeCN)2](BF4)2	
  

do not shrink or grow appreciably during the synthetic process. 
Since DLS measures hydrodynamic diameter, the nanoparticle 
sizes found using this technique were larger compared to TEM 
measurements. Bare hydrophilic silica particles in ethanol right 
after core preparation give a diameter of 79.1 +/- 5.4 nm while 
particles in acetonitrile after grafting of the Fe(II) complexes 
give a diameter of 200 +/-12 nm. Although DLS does not 
produce a reliable particle size measurement like TEM, the low 
disparity in our measurements (less than 10 %) proves the 
absence of aggregation in our samples. 

 
Figure	
  1.	
  TEM	
  images	
  of	
  the	
  final	
  hybrid	
  silica	
  nanoparticles.	
  Left:	
  scale	
  bar	
  is	
  200	
  
nm,	
  right:	
  scale	
  bar	
  is	
  20	
  nm.	
  

 Monitoring the grafting sequence via ATR-FTIR (ESI) 
reveals the appearance of the C=O stretching vibration mode at 
1686 cm-1 after amidification with HBIP which is attributed to 
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the primary amide linking BIP to APTES. A second and more 
intense carbonyl vibration mode appears at 1631 cm-1 after 
complexation of Fe(II) and BIK corresponding to the ketone 
function of BIK. Below 1200 cm-1, the FTIR spectrum is 
dominated by the strong absorption of silica and is not 
exploited. In order to prove the grafting of [Fe(BIK)2(BIP)]2+ 
moieties at the surface of the silica nanoparticles, a UV-vis 
reflectance spectrum was recorded in the solid state and 
compared to the absorption spectrum taken in solution of 
[Fe(BIK)3]2+ in acetonitrile (figure 2). The three absorption 
maxima of the lone complex spectrum match exactly with the 
reflectance minima of the particles spectrum and occur at 290, 
327, and 577 nm. The transitions at 290 and 327 nm are 
attributed to π-π* transitions centered on the BIK ligand 
whereas the broad band at 590 nm, also reported for 
[Fe(BIK)3]2+,47 is reminiscent of the MLCT transition which is 
commonly observed in octahedral LS-Fe(II) complexes 
containing alpha-diimine ligands.47, 48 These observations 
provide proof for the successful grafting of Fe(II) octahedral 
complexes based on three bis-1-methylimidazole ligands onto 
the silica nanoparticles. 
 In order to both check the consistency of the magnetic 
properties of the grafted Fe(II) complexes and their grafting 
coverage, the product of the mass magnetic susceptibility (χm) 

and temperature was recorded on the final hybrid particles as a 
function of temperature (figure 3). Compared to the large silica 
core, the signal of the magnetic compounds comprising the 
shell of the particles is relatively small. In order to extract the 
signal of only the magnetic material the same measurement was 
performed on diamagnetic silica particles of the same size and 
the magnetic moments of the two samples were subtracted from 
each other.49 This allows for the measurement of only the 
magnetic properties of the [Fe(BIP)(BIK)2](BF4)2 shell. At high 
temperature, a plateau is observed with a χmT value of 1.2.10-3 
cm3.K.g-1. Between 225 K and 195 K, the χmT drops abruptly to 
8.5.10-4 cm3.K.g-1 and then plateaus again at low temperature. 
This shape is characteristic of a thermal spin-transition arising 
at T1/2 = 210 K. The χmT value at high temperature is attributed 
to the HS-Fe(II) complexes (S=2) and the value at low 
temperature to the complexes in the LS state (S=0). The 
abruptness of the transition suggests a good level of 
cooperativity. For comparison, the ST behavior of the bulk 
compound [Fe(BIK)3](BF4)2•0.25H2O arises at 250 K.50-52 The 
lower spin transition temperature of the hybrid particles is 
attributed to a modified coordination sphere around the Fe(II) 
ion while changing from (BIK)3 to (BIK)2(HBIP) 
environments. 
 The high temperature value of the χmT product also enables 
the evaluation of the amount of Fe complexes grafted on the 
particles. At 300K, the expected χmT of the coordinated 
complexes is 3.10-3 cm3.K.g-1 (see ESI). This expected value 
has been calculated taking into account that only Fe(II) 
complexes are present at the surface of the particles. The lower 
obtained χmT value of 1.2.10-3 cm3.K.g-1 indicates that less 
Fe(II) is coordinated to the particles than expected, suggesting a  
 

 
Figure	
   2.	
   Absorbance	
   (blue)	
   spectrum	
   of	
   [Fe(BIK)3](BF4)2•0.25H2O	
   (5.10

-­‐5	
   M	
   in	
  
MeCN)	
  and	
   reflectance	
   (pink)	
   spectrum	
  of	
   the	
   final	
  hybrid	
  nanoparticles	
   (dried	
  
powder).	
  The	
  vertical	
  dash	
  lines	
  are	
  given	
  as	
  a	
  guide	
  for	
  the	
  eyes.	
  

 
Figure	
  3.	
  Product	
  of	
  the	
  mass	
  susceptibility	
  by	
  the	
  temperature	
  of	
  a	
  dried	
  sample	
  
of	
   the	
   hybrid	
   nanoparticles,	
   recorded	
   first	
   while	
   cooling	
   from	
   300	
   K	
   to	
   100	
   K	
  
(black)	
  and	
  then	
  while	
  heating	
  from	
  100	
  K	
  to	
  300	
  K	
  (grey).	
  

certain amount of unreacted ligands or amino groups at the 
surface. 
 To assess this, the coverage level of the organic shell has 
been checked by titration of the amino groups available after 
APTES functionalization. The titration method involves the 
reaction of APTES with the chromophoric (N-(9H-fluoren-2-
ylmethoxycarbonyloxy) succinimide specie that is detected by 
UV-Vis spectroscopy. The method is described as ESI and 
gives an average coverage of free amino groups of 6.4.10-25 
mol.nm-2 (0.4 amino group.nm-2 or a surface of 2.5 nm2 per 
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amino group) i.e. molecules separated by about 8.9 Å. This 
value is coherent with the reported values of 0.6 nm2 for the 
area occupied by grafted APTES molecule on silica (i.e. 
molecules separated by about 8.6 Å).53 In the crystal lattice of 
[Fe(BIK)3](BF4)2•0.25H2O, the closest Fe(II) ions are separated 
by an average distance of ca. 11 Å. It is then clear that at the 
surface of the particles, due to steric hindrance, two Fe 
complexes have to be separated by more than the distance 
separating two adjacent APTES molecules. A simple geometric 
model (ESI) can then show that the Fe(II) coverage evaluated 
by SQUID magnetometry properly fits the maximum coverage 
expected by examination of the structural data of 
[Fe(BIK)3](BF4)2•0.25H2O. Indeed, in the case where 4 grafted 
ligands out of 5 are not coordinated to Fe(II), the calculated χmT 
value drops to 1.3.10-3 cm3.K.g-1, a value in agreement with the 
obtained experimental data. The outer layer of the particles 
would thus be a mixture of Fe(II) complexes in a matrix of 
unreacted ligands suggesting, at first sight, a poor coverage of 
Fe(II). Nevertheless, this coverage is the best that can be 
obtained, taking into account the presence of the BF4 counter-
anions in the shell and the relative bigger size of the complexes 
in comparison to small organic molecules such as APTES. This 
observation proves that HSTNs are appropriate platforms for 
expressing spin transition on nano-objects. Indeed, the very 
high coverage ratio of small ligands grafted at the surface of the 
particles enables the highest possible coverage of the 
complexes and reproduces the cooperativity level seen in bulk 
analogues. 

Experimental	
  

Materials and methods 

 Unless otherwise noted, all chemicals and solvents were 
analytical grade from Alfa-Aesar or Sigma-Aldrich and used 
without further purification. BIK and HBIP ligands were 
synthesized as previously published.45, 46	
   FTIR spectra were 
recorded on a Tensor 27 spectrometer from Bruker Optics 
equipped with an ATR MVP2 module (diamond) from Harrick 
and a DTGS detector. 120 spectra were accumulated for 
reference and data in order to improve signal/noise ratio. UV-
Vis spectra were recorded in solution on a Jasco V-670 
spectrometer in 1cm quartz vials. Reflectance spectra were 
recorded on a Cary 5000 from Agilent Technologies equipped 
with a DRA integrating sphere. The magnetic measurements 
were performed with a Quantum Design SQUID magnetometer 
MPMS-5S. This magnetometer works between 1.8 and 400 K 
for DC applied fields ranging from −5 to 5 T. The dried powder 
samples were restrained in a polymer film (diamagnetism 
corrected) as a sample holder. DLS was carried out using a 
Malvern Zetasizer Nano with a DPSS laser at 532 nm. Samples 
were prepared by taking 1.25 mL of colloid solution (typically 
~ 0.75 M SiO2) and diluting it in 30 mL of additional solvent 
(typically ethanol or acetonitrile). TEM images were recorded 
on a Tecnai spirit G2 cryomicroscope operating at 120 kV. 

Synthetic procedures 

GENERAL PROCEDURE FOR THE PREPARATION OF SILICA 

NANOPARTICLES 
5 mL of a solution of tetraethoxysilane (TEOS) in absolute 
ethanol (0.90 M) are dropwise added to a solution of ammonia 
(9.6.10-2 M) in a mixture of 46 mL of absolute ethanol and 10 
mL of water. Vigorous stirring is maintained during 4 days 
during which time the solution turns turbid. After 4 days, the 
nanoparticles are washed by 4 cycles of centrifugation and 
dispersion in absolute ethanol. 
GENERAL PROCEDURE FOR APTES SILANIZATION 
After washing, the nanoparticles are dispersed in 80 mL of 
absolute ethanol and 0.5 mL of 3-aminopropyltriethoxysilane is 
added. The colloidal suspension is stirred 1h at room 
temperature and then heated at reflux for 1h. The particles are 
then washed by several cycles of centrifugation and dispersion 
in absolute ethanol. 
GENERAL PROCEDURE FOR AMIDIFICATION 
After drying, the silica nanoparticles are dispersed in a 
carbonate buffer solution (pH = 9,5). Separately, 20 mg. 
(8.4.10-5 mol) of HBIP and 16 mg. (8.4.10-5 mol) of N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC) are dissolved in minimum amount of the buffer solution. 
This solution is added to the colloidal suspension of 
nanoparticles and the reaction is let to proceed at room 
temperature for 20h. The suspension is then centrifuged and the 
powder dispersed in water for washing. This cycle is repeated 
four times. 
GENERAL PROCEDURE FOR THE COORDINATION OF FE(II) 

COMPLEXES AT THE SURFACE OF THE FUNCTIONALIZED 

NANOPARTICLES 
After amidification, the nanoparticles are dispersed in 
acetonitrile. Fe(II) tetrafluoroborate hexahydrate is dissolved in 
2 mL of MeCN (1.10-3 M) and this solution is added under an 
Ar atmosphere to the nanoparticles slurry that turns 
immediately light blue. After 10 min of stirring, a solution of 
BIK in MeCN (3.10-3 M) is added to the mixture causing it to 
turn purple. After one night of stirring under an Ar atmosphere, 
a purple powder is obtained after centrifugation and washing 
several times with MeCN until the supernatant is free of any 
excessfree [Fe(BIK)3]2+. 

Conclusions 

 In conclusion, we have demonstrated that confinement of 
molecular Fe(II) complexes in hybrid materials leads to ST 
properties close to those of monocrystals of similar compounds. 
Furthermore, we have developed a synthesis method, which 
allows for the building up of coordination compounds on 
spherical surfaces such as nanoparticles creating functional 
materials like HSTNs. This sequential synthetic strategy is 
relevant to study the influence of the size of the silica core on 
the coverage rate and therefore on the cooperativity of the ST 
system and its transition temperature. In fact, the appropriate 
choice of the ligands used for this study is perfectly adapted to 
the sequential synthetic strategy and enables an optimized 
surface coverage of the particles by the Fe(II) complexes. Our 
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strategy can also be used for the implementation of room 
temperature SCO compounds for applications in the field of 
molecular electronics or sensors. This strategy is versatile and 
can be applied to other molecules with different physical 
properties as well as to other kinds of core materials. Such 
HSTNs can be implemented into macroscopic devices in a way 
that is much more achievable than purely bottom-up self-
organization of molecules. Means of spray- or dip-coating on 
all kinds of substrates can lead to planar devices whereas 
dispersion in different kinds of matrixes (polymer, glass…) 
would lead to shape controlled macroscopic objects for the 
design of new functional materials.37 
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Hybrid spin-transition nanoparticles (HSTNs) have been prepared by the formation of octahedral Fe(II) 

complexes at the surface of silica nanoparticles. 

 

 

Page 7 of 7 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t


