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ABSTRACT: We present here a microfluidic, surfactant-free approach 
for the synthesis of spin-crossover nanoparticles of [Fe(pyra-
zine)(Pt(CN)4)]. The synthesis of the compound (occurring in just a 
few milliseconds) was carried out in a flow-focusing droplet microfluidic 
junction in which the reagents were co-emulsified as 30 μm sized drop-
lets of reaction. By doing so, the mixing of the reactants (in μm-sized 
droplets) is controlled in much better way than by traditional batch syn-
thesis (in mm-sized vessels), and produced crystals with an unexpected 
20-fold downsizing, which provides nanocrystal sizes in between those 
obtained for bulk (in mm-sized vessels) and micro-emulsion syntheses 
(in nm-sized micelles). This intermediate size seems to highlight the im-
portance of the quality of the mixing process, the size of the reactor and 
the resulting confinement of the reaction. This works presents an im-
portant alternative to existing synthesis techniques for the preparation 
of SCO (and more generally coordination polymer) nanoparticles, and 
consists in an important milestone toward the development of more 
complex microfluidic reactors that allow to control multi-step reactions 
and quenching processes at the millisecond timescale.  

Spin crossover (SCO) materials are based on a class of switchable mo-
lecular complexes in which the central ion can be driven reversibly be-
tween two electronic configurations – called high spin (HS) and low 
spin (LS) – presenting different magnetic, optical, mechanical and elec-
tronic properties.1 The possibility to alter the properties of those mate-
rials reversibly by changing the relative population of those two states 
makes them a very interesting class of molecular systems with potential 
applications as smart pigments or as active molecular components in 
electronics and spintronics devices.2–5 In particular, SCO compounds 
based on coordination polymers (CPs) – due to the cooperativity in-
duced by their extended molecular structure – often present hysteretic 
behaviors, as it is the case for 1D coordination polymers of the Fe(II) 
triazole family,6–8 or the Hofmann-like 2D and 3D metallocyanate-based 
networks.9 The occurrence of thermal hysteresis affords either the HS or 
the LS state in the range of temperature spanned by the hysteresis, which 
in principle makes it possible to design molecular memory devices based 
on those systems. 

Nevertheless, using SCO-based molecular systems as active address-
able molecular devices for nano-electronics requires their nano-structu-
ration, both vertically and laterally, to yield miniaturized active entities. 
Beyond the difficulty of preparing such nano-structures lies a more fun-
damental issue. Indeed, the properties of spin crossover coordination 

polymers – and in particular the shape and width of the thermal hystere-
sis they display – are known to be size dependent,10–12 as they are gov-
erned by the mechanical cooperativity of the extended molecular struc-
ture. To understand, the effect of size reduction, various efforts have 
been devoted to the synthesis and characterization of SCO nanoparti-
cles,13–16 and the size reduction was typically achieved using micro-emul-
sion techniques, both for compounds of the iron triazole family17–19 and 
for compounds of the Hofmann clathrates family.10–12,20,21 Nevertheless, 
there are so far only global, general answers to the effect of size reduction 
on the properties of SCO nanoparticles, but without control of the mor-
phology, there is no data on the anisotropy of the relative importance of 
the cooperativity in the different crystalline directions of the nanoparti-
cles (a highly important piece of information for molecular electronics 
applications). Altogether, and with the perspective of using SCO com-
pounds as functional materials, there remain important questions to be 
answered and more in depth analysis is required to fully understand the 
properties of morphologically-controlled SCO nanoparticles. 

The synthesis of nanoparticles of coordination polymers is inherently 
difficult, due to the fast reaction kinetics involved that are limiting the 
control of nucleation and growth of the nanocrystals and controlling the 
way the reactants are mixed – and thus the local gradients of concentra-
tions – is a highly critical parameter. The micro-emulsion methods used 
so far have led to great advances in that direction, but have also been af-
fected by a series of drawbacks. In those syntheses, there is, in principle, 
nothing forcing the strict 1:1 coalescence of micelles of the two reactants 
(as opposed to the coalescence of more than two micelles or simply the 
fusion of micelles bearing the same reactants). They are not easily adapt-
able to the synthesis of core-shell systems either,  and it is also quite com-
mon to observe contamination of the products by the surfactant em-
ployed for the preparation of the micellar solutions,11 with unknown 
consequences on the physical properties of the particles.  

For all of the above, it is highly interesting to explore new synthetic 
methods for the synthesis of CPs (and in particular SCO) nanoparticles 
that do not require the use of surfactants, and that would allow to have a 
good control over the morphology of the product. 

In this paper, we show that a potential alternative to existing methods 
is that of using flow-focusing droplet microfluidic reactors. Microfluidics 
allows for a surfactant-free, continuous flow synthesis of nanoparticles, 
with a local control of the mixing process (affording a strict control on 
stoichiometry), and a potential temporal resolution of successive reac-
tions down to the ms-scale.22–24 As a proof of concept, we demonstrate 
the synthesis of high-quality, surfactant-free nanocrystals of the arche-
typal 3D spin crossover coordination polymer [Fe(pyrazine)Pt(CN)4)] 



 

in a custom-engineered flow-focusing microfluidic reactor. We chose 
this compound for a variety of reasons: i) it is a very well-known SCO 
coordination polymer and its behavior is well established, both in bulk 
and when synthesized as nanoparticles ii) its 3D structure consisting in 
rigid inorganic sheets expanded vertically by pyrazine ligands makes it 
(in our opinion) a very interesting compound for molecular electronics, 
provided that we gain control and understanding over the in-plane and 
out-of-plane cooperative phenomena, and iii) it presents a wide thermal 
hysteresis centered at room temperature. In our hands, and letting the 
reaction run its course without quenching, the new synthetic method we 
present here has afforded nanoparticles of [Fe(pyrazine) Pt(CN)4)] 
(hereafter called 1), with an extreme 20-fold downsizing of the particle 
size with respect to the bulk synthesis performed with the same concen-
tration of reagents. While we only demonstrate here a simple one step 
reaction, this could easily be expanded in the near future to multi-stage 
reactions and/or reactions which growth is quenched, and characterized 
with a temporal resolution in the millisecond timeframe.23 

The synthesis of micro-/nano-crystals by flow chemistry – and in par-
ticular in microfluidic chips – has led to the synthesis of highly con-
trolled nanoparticles, in particular when applied to systems presenting 
fast reactions kinetics. In such chips, the geometry of micro-channels is 
engineered to control fluid flow at the micro-meter scale, thus providing 
miniaturized flow reactors. There are many device configurations that 
are known to be useful for materials synthesis,22,24 including reactions 
between laminar sheets,25–28 and droplet reactors in which reagents are 
either co-emulsified in a single droplet,23,29,30 or in multiple droplets 
bearing the different reactants.23,31,32 We have focused, so far, on droplet-
based microfluidic reactors as they provide a versatile approach for the 
future development of multi-step synthetic pathways to prepare core-
shell SCO nanoparticles.23  

Generally speaking, in both types of micro-reactors, the reagents are 
dissolved in separate solutions that are emulsified (either together or 
separately) as reaction droplets carried by a fluid in which they are im-
miscible. In the case of the synthesis of Fe(pyrazine)[Pt(CN)4] SCO 
networks, we prepared two aqueous reagent solutions containing the cy-
anometallates (solution A) and the iron precursors (solution B), respec-
tively, and for simplicity, used mineral oil as a carrier oil. The typical re-
action concentration for such syntheses, range from 10-2-10-1 mol.L-1 
with a 1:1 stoichiometric amount of tetracyanometallates and iron(II) 
salts and an excess of pyrazine (4-10 eq.) that is generally introduced in 
the solution containing the iron precursors.10,12,33 

The choice of the type of reactors was dictated by the necessity to pre-
vent the clogging of the microchannel due to a direct contact between 
the final reaction droplets and the walls of the micro-channels. In our 
hands, this has prevented us to use droplet merging designs for the syn-
thesis of microcrystals of 1. Indeed, in such systems, the synchronous 
production of the droplet production for the different reactants is en-
sured by complex hydrodynamic couplings that require the droplets to 
be at least as big as the micro-channels in which they are produced.31 
When applied to the synthesis of microcrystals of 1, this resulted in ap-
parently randomly alternating regimes in which the droplets – being in 
sync – were merged as expected, and extended periods of time during 
which the reactant droplets were out of sync and did not encounter each 
other until they exited the chip (see Fig. S2).  

We also noted that the high amount of pyrazine required for the reac-
tion induced a significant change in the viscosity of the iron(II) solution 
which caused a mismatch in the production rate of the droplet of the two 
reactant solutions (see Fig. S3), disturbing the operation of the chip. We 
therefore decided to use, for the rest of our study, an equal partitioning 
of the pyrazine (10 eq.) in solutions A and B (i.e. 5 eq. in each solution).  

 

Figure 1. (a) Schematic depiction of the flow-focusing droplet genera-
tor used for the synthesis of [Fe(pyrazine)Pt(CN)4)] nanoparticles 
from reactant solutions A and B separated by a cushion of water. (b) Op-
tical micrograph of the device under operation for a concentration of Fe 
and M(CN)4 precursors C = 0.16 M, and inlet flow rates QA = QB = 225 
μL/h, QWater = 450 μL/h and Qoil = 3500 μL/h. 

To avoid problems due to the merging of droplets, we finally decided 
to use co-emulsion of the reactants in a flow focusing geometry (see Fig. 
1). The reaction being extremely fast (it occurs in a few milliseconds at 
most) it is necessary to separate the two reagents by a “buffer” region of 
pure water to avoid precipitation of the reactants before the droplets are 
even formed, and to avoid the ensuing clogging of the device. 

In a flow focusing droplet generator, the droplet size is determined by 
the dimensions of the channels, by the flow rates and viscosities of the 
fluids, and by the interfacial tension between the two immiscible phases. 
Any change in those parameters is susceptible to change the size of the 
droplets that are generated and thus the reaction conditions. It is also 
well established that the crystallization of Hofmann-like nanoparticles is 
strongly influenced by the concentration of the reagents, and that higher 
concentration lead to higher nucleation rates and smaller crystals.10 The 
influence of all of those parameters are the subject of an ongoing study, 
but as a proof-of-concept, we chose to use a concentration of the iron 
precursor solution of 0.16 M, reactant flow rates of 225 μL/h, a water 
flow rate of 450 μL/h, and an oil flow rate of 3500 μL/h. Under those 
conditions (see Fig. 1) the chip produced a rather monodisperse stream 
of droplets of reaction with a diameter of c.a. 30 μm (corresponding to a 
volume of c.a. 14 pL) which is much bigger than the size of micro-emul-
sions but still represents a highly confined environment if compared to 
conventional macroscopic mixing. The yellow compound (1μF) is col-
lected at the exit of the chip as a suspension of nanocrystals in a biphasic 
mixture of water and mineral oil that is repeatedly washed with n-hep-
tane and methanol to remove the byproducts (see experimental section 
for details).  

For comparison with conventional methods, we synthesized (follow-
ing a protocol described elsewhere),34 a microcrystalline reference pow-
der compound 1ref, by dropwise addition of one reagent onto another 
under constant stirring, with the same final concentration as that used to 
prepare 1μF. 

As expected, the two samples are clearly crystalline powders of the 
same phase, as can be seen on their powder X-ray diffraction patterns 
(see Fig. 2.) that correspond very well to the expected room temperature 
one for [Fe(pyrazine)Pt(CN)4)]. The main difference between the 
XRD patterns of the two samples resides in the width of the diffraction  



 

 

Figure 2. Comparison of the powder X-ray diffraction patterns for sam-
ples 1ref (red) and 1μF (blue). The green markers correspond to the ex-
pected reflections (calculated from the reported structure). 

 

Figure 3. Transmission electron micrographs of the microcrystals of 1 
obtained (a) in the microfluidic flow reactor (1μF) and (b) by bulk crys-
tallization (1ref). (c) Distribution of size of the microcrystals as meas-
ured from TEM images (histograms) and determined by dynamic light 
scattering (dashed lines). 

peaks that are broader for 1μF than for 1ref. This is an indication that the 
diffracting domains in the two samples are of different sizes, which in 
turn may be an indication of a difference in the size of the crystals. 

We studied the morphology of the compounds by transmission elec-
tron microscopy (TEM), showing that (as expected) the powders are 
constituted of platelet-shaped crystals (see Fig. 3a and 3b). We then es-
timated the size distribution of the particles directly from the TEM mi-
crographs, and confirmed it by performing dynamic light scattering 
(DLS) measurements on suspensions of the material in acetonitrile. 
Those two independent measurements provide qualitatively similar re-
sults with an outstanding agreement for the bulk sample, while the two 
size measurements performed on the microfluidic sample (that pro-
vided a clear, stable yellow suspension in acetonitrile) agree only mod-
erately well. Most likely, this points to the fact that – even though they 
were treated for an extended amount of time in an ultrasonic bath before 
performing the measurements – the nanocrystals were still partially ag-
gregated in solution.  

Altogether, it appears that the crystals sizes are clearly radically differ-
ent between the two samples with an average lateral size of 49 nm and 
1071 nm, respectively, a 20-fold downsizing effect of the synthesis in the 

microfluidic chip with respect to the bulk synthesis. This is a highly un-
expected result as transposition of bulk methods to microfluidic synthe-
ses usually proceed with a major improvement in poly-dispersity but 
with a rather limited change in average particle size.23,26,32,35 Interestingly, 
while the average particle size of the nanocrystals we prepared by micro-
fluidic is significantly smaller than that of the sample prepared by bulk 
synthesis, it is still significantly bigger than the crystals obtained by nano-
emulsion techniques for the same compound at similar concentra-
tions.10 This is likely pointing at the fact that the both the mixing condi-
tions and the micro-reactor size are critical to control the nucleation and 
growth of the nanocrystals. 

The magnetic properties of the samples were studied by measuring 
their magnetic susceptibility as a function of temperature to check for 
the occurrence of temperature-induced spin-crossover and the appear-
ance of a thermal hysteresis due to the mechanical cooperativity in the 
crystals (see Fig. 4). The powder samples were dehydrated at 400 K for 
2h before weighing, and an additional dehydration step of 1h at 400 K 
was performed in-situ in the magnetometer before performing the meas-
urements. 

 

Figure 4. Temperature dependent magnetic susceptibility measure-
ments showing the thermal hysteresis of 1ref (red diamonds) and 1μF 
(blue triangles) as measured on a vibrating sample magnetometer with 
a sweeping rate of 5 K.min-1.  

Sample 1ref presents the classical behavior expected for a microcrys-
talline sample of [Fe(pyrazine)Pt(CN)4)],9 with a wide thermal 15 K 
hysteresis (with T1/2↑ = 304 K and T1/2↓ = 289 K), and a complete con-
version from an almost pure diamagnetic low spin (LS) state (χMT = 
0.09 cm3.mol-1.K) below 280 K to a fully paramagnetic high spin (HS) 
state (χMT = 3.14 cm3.mol-1.K) above 305 K. For the nanoparticles pre-
pared by microfluidics, one would expect a significant HS ratio (i.e. a 
value of χMT significantly greater than zero) at low temperature, a shift 
in the crossover temperatures and a reduction of the width of the ther-
mal hysteresis.10 This is indeed what we observed for compound 1μF, that 
presents an open thermal hysteresis of c.a. 14 K (with T1/2↑ ≈ 288 K and 
T1/2↓ ≈ 274 K), with a residual HS fraction of c.a. 18% (in good agree-
ment with the estimated fraction of surface Fe sites in the particles).  

In conclusion, we show here that it is possible to design microfluidic 
chips that provide a continuous flow, droplet-based approach, to pro-
duce high-quality coordination polymer nanoparticles of the Hofmann-
like family. The flow reactors provide an accurate control of the mixing 
process, even for syntheses with a high solid content, and despite the fact 
that the entire nucleation and growth process occur in the matter of a 
few milliseconds. It is important to stress that our microfluidic ap-
proach – unlike micro-emulsion methods – does not involve the use of 



 

surfactants, and that the only byproducts of the reaction are the carrier 
oil used for the synthesis (mineral oil, a mixture of alkanes that is highly 
soluble in hydrocarbons) and KBF4. What is quite remarkable, is that the 
nanoparticles produced with our microfluidic chip (in μm-sized reaction 
droplets) present a 20-fold downsizing with respect to those prepared 
by conventional batch synthesis (in mm-sized reactors) in the same 
range of concentration, but are still bigger than those obtained by micro-
emulsion methods (within nm-sized micelles). This highly unexpected 
downsizing effect is, to the best of our knowledge, unprecedented and 
raises questions about the underlying mechanism. The crystal size being 
intermediary between that of bulk and micro-emulsion methods seems 
to highlight the importance of the quality of the mixing process rather 
than the effect of the mere size of the reactor and the resulting confine-
ment of the reaction. This is a rather general observation that we believe 
may apply to the synthesis of other types of coordination polymers with 
rapid kinetics of formation. Altogether, the reaction conditions are still 
far from being perfectly controlled, but microfluidics offers unchal-
lenged possibilities for improvements. For instance, it will be very inter-
esting to study the in-situ kinetics of nucleation and growth, as this may 
be the key to control the size of the particles by quenching their growth 
in the ms timeframe. It will also be important to explore ways to control 
the mixing process occurring in the micro-droplets (which may provide 
leads to improving the mono-dispersity) and to design multi-stage reac-
tors to prepare core-shell systems. 
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