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Abstract: Switchable materials are increasingly considered for
implementation in devices or multifunctional composites leading to a
strong need in terms of reliable synthetic productions of well-defined
objects. We report here an innovative and robust template-free
continuous process to synthesize nanoparticles of a switchable
coordination polymer, including the use of supercritical CO,, aiming at
both quenching the particle growth and drying the powder. This all-in-
one process offered a 12-fold size reduction in few minutes,
maintaining the switching properties of the selected spin crossover
coordination polymer.

Molecular switches are increasingly implemented in
functional materials for sensing applications! or in molecular
electronics?. Among the switchable systems under study, spin
crossover (SCO) materials are widely investigated in regard to
their ability to change their electronic configuration in response to
external stimuli (temperature, pressure, magnetic field, light,
adsorption of molecules)®®. The vast majority of SCO compounds
reported so far concerns Fe(ll) and Fe(lll) complexes and
especially the 1D coordination polymers based on 4-R-1,2,4-
triazole ligands and iron(ll) salts (SCO-triazole family). Indeed
they exhibit a room temperature (or close to) thermochromism®#€
related to the switching between high-spin (HS, paramagnetic)
and low-spin (LS, diamagnetic) states, which can result in
memory effects of interest in displays® and sensors?.

Over the years, such systems have become more and more
relevant to applications®21°, Such increasing interest is faced with
the need for an upscaled and reliable production of particles with
well-defined and tunable size, morphology and properties.
Currently, two main synthetic routes are followed to obtain these
particles®®: (i) direct fabrication based on batch mode synthesis,
leading to a poor control of size, morphology and size distribution;
(i) a templating approach based on soft or hard organic or
inorganic templates, offering excellent control of the nanoparticle
characteristics. The templating approach is widely used for the
synthesis of SCO nanoparticles, but is mitigated by two main
issues. The first is that reproducibility is not always fully achieved,
especially at a very small scale (below 100 nm) 2, The second
issue concerns the template removal, which can be difficult or
impossible in the case of hard templates (such as porous silica or
polymers) or charged surfactants. Therefore, the synthesis of
such materials in large quantities, with a high reproducibility, and
using template-free methods able to tune the size and size-
distribution of the particles, is still a challenging aim. To achieve

this goal, direct precipitation is the most trivial method, but does
not provide good control over the size and morphology*®l. The
authors have explored other techniques, such as spray drying*4l
or microfluidics™. While spray drying offered interesting
morphologies and phases, it appeared difficult to control in the
case of the SCO-triazole family. Regarding the microfluidic
approach, a drastic downsizing effect was observed using droplet
microfluidics in which each droplet of water containing the
reactants is carried by a flow of oil. Even if, strictly speaking, no
surfactants are used in this method, the oil must still be removed
afterwards. We have therefore turned our attention to the use of
flow chemistry allowing a fine control of process parameters,
which is an alternative and original route to the aforementioned
approaches.

Flow chemistry has already been successfully applied to
different kinds of materials'®” such as luminescent quantum
dots'®?2, metal nanoparticles?®?4, polymers®?26, metal-organic
frameworks?”?®, organometallic species?® and molecules®®-3,
Several advantages of moving from batch to flow mode have been
recognized, such as facile automation and feedback optimization,
increased reproducibility, and improved safety and process
reliability. Indeed, with continuous flow processes, stable reaction
parameters (temperature, time, amount of reagents and solvents,
efficient mixing, etc.) can be ensured®. Moreover, these
approaches are easily scalable to reach the quantities needed for
development and optimization. However, most of the
conventional flow processes are still limited to normal conditions
of pressure and temperature, thus limiting the process parameter
space and the considered solvent systems. On the other hand,
high pressure systems can easily handle high flowrates, providing
both intense mixing®*, favorable for homogenous nucleation, and
particle size control down to the nanometer range®®, along with
higher production rates.

Continuous flow synthesis of SCO nanoparticles (NPs) has
been recently demonstrated using a milli-scale segmented flow
crystallizer reactor®s. The reported synthesis was based on a
liquid-liquid droplet strategy, therefore requiring similar post-
treatment as for the conventional batch mode synthesis.
However, it does not provide a way to size reduction - mostly in
the micrometer range - nor does it allow access to a fast,
continuous synthesis process for further scale up, as the reported
synthesis time (~ 20 min) was not improved. Therefore, being able
to develop an all-in-one multi-step process for synthesizing SCO
NPs could provide a way for realizing the promises of these
materials in a fast, reliable and robust way.
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Figure 1: Schematic descriptions and comparison of the conventional batch synthesis process (left) and the continuous scCO»-assisted flow synthesis (right).

We here demonstrate a template-free continuous process
to synthesize SCO NPs, including the use of supercritical CO;
(scCO,). We can reach improvements both in the synthesis
efficiency and in access to nanosized SCO particles (by a factor
of at least 10 compared to the literature), thanks to the role of
scCO;. It permits not only the quenching of the particle growth
during the precipitation, but also the recovery of dry powder with
no need for additional post treatment. For this purpose, we
choose a model compound, [Fe(Htrz),(trz)|(BF,4)3"-%8, which has
been largely investigated using conventional methods. It is a
polymeric compound, known to be the most stable of the triazole
family; it does not contain solvent molecules and shows
reproducible SCO hysteresis features, even upon size
reduction'?®®, The characteristics of the materials (size, phase,
magnetic properties) obtained with the reference conventional
batch synthesis are compared with those obtained through this
new all-in-one continuous synthesis approach, coupling a flow
reactor for precipitation with a supercritical CO, drying step.

The polymeric [Fe(Htrz),(trz)|(BFs) material was prepared
using three different methods (Table 1), while keeping the
reactant concentrations constant (Fe(BF4)..6H,O (10 mmol) and
Htrz (33 mmol), with both dissolved in 10 mL water, see Sl for
details):

(2) A batch method, consisting of four different steps (Figure
1 —top): (i) dropwise addition (at 1 mL/min) via a syringe pump of
an aqueous solution of 1,2,4-1H-triazole to an aqueous solution
of Fe(BF4)..6H,0 containing ascorbic acid at 80 °C. The resulting
solution was stirred for 15 min. (i) aging of the solution for 1h at
low temperature (5 °C). (iii) centrifugation of the suspension
followed by three washing + centrifugation steps with ethanol
(EtOH). (iv) sample drying overnight at ambient atmosphere®°.
This method led to sample 1 (Figure 2, top) displaying micrometric
size rod-shaped particles, whose mean length and width of 2116
+ 382 nm and 487 + 232 nm, respectively (Figures 3 and SI1).

(2) A continuous reaction process including a washing step
with EtOH (Figure 1, bottom, with the switch “off’). The reactor
consisted of a 1/16” stainless steel coiled tubing (internal diameter
=1 mm, length = 1.1 m) immersed in an oil bath used to control
the temperature. This flow reactor is fed with the two reactant
solutions — delivered at constant flowrate (1mL/min) — by
conventional syringe pumps (KDS100, KD Scientific) which then
mix in a Tee mixer, with a residence time in the reaction zone of
15 s. Downstream of the reaction zone, EtOH was introduced with
an HPLC pump, to prepare the further washing step. The particles
were collected in a beaker at the outlet of the process. The

Sample 3
Figure 2: SEM (left) and TEM (right) images of the samples obtained from batch mode
(1), continuous reaction process (2) and the all-in-one process (3).

particles in suspension were stirred for 1 min at 80 °C before
undergoing a double washing + centrifugation step with EtOH,
and were later let to dry overnight at ambient atmosphere,
similarly to sample 1. The obtained particles (sample 2) exhibit a
rod-shaped submicrometric morphology (Figure 2, middle) with a
mean length and width of 277 + 32 nm and 116 + 25 nm,
respectively (Figures 3 and SI1).
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Figure 3: Histograms of the lengths of samples 1-3 and their corresponding statistical
distributions obtained by TEM, on at least 100 particles (using the standard deviation
from the Gaussian distribution fit).

(3) An all-in-one process including a drying step with
supercritical CO; (Figure 1, bottom, with the switch “on”). This
approach was performed under pressure (p = 100 bar) in order to
implement the scCO, drying step at the very end of the process.
The overall principle can be detailed as follows (Fig. 1 — bottom
with the supercritical box switched on): first, two high pressure
syringe pumps (PhD 2000, Harvard apparatus) were used to
separately deliver the two reagent solutions, which mixed in a Tee
before entering the reactor (similar to the second approach). Then,
EtOH was continuously injected with an HPLC pump as explained
in (ii). The particles were captured within a high pressure
collection vessel equipped with a filter. An automated back
pressure regulator (BP2080, Jasco) was placed downstream of
the vessel to control the pressure over the entire process. The
EtOH flow was used to keep the process conditions similar to the
first two approaches and also to make the scCO,-based drying
efficient. The scCO, was eventually injected through the vessel
thanks to a continuous high pressure membrane pump (Dosapro,
Milton Roy) for 1 hour under a constant CO; flowrate (12 mL/min).
In the considered conditions (p = 100 bar, T = 80°C), the EtOH /
CO, mixture was fully homogeneous. The obtained pink-violet
powder was recovered in the filter upon depressurization of the
system. The particles of sample 3 presented well-defined nanorod
shapes (Figure 2, bottom), with mean length and width of 169 +
45 nm and 48 * 16 nm, respectively (Figures 3 and SI1).

All the characteristic sizes of the obtained rods are
summarized in Table 1 along with the reaction yields. The latter
are very similar for all the processes, around 30%. This validates
the possibility to significantly reduce the reaction time by switching
from batch to continuous modes.

When working with the [Fe(Htrz).(trz)](BF4) compound, one
must check the purity and the phase obtained®’. The chemical
analysis demonstrated a good agreement with the expected
compound (see Sl). The X-Ray diffraction patterns (Figure 4)
showed that, whatever the synthesis protocol, the crystalline
phase of the obtained powders are the same. From these
patterns, an enlargement of the Bragg peaks can be noticed for
samples 2 and 3 compared to sample 1. This is in accordance
with the particle size reduction observed in Figures 2 and 3, and
previously reported observations3%-42,

Regarding the switching properties, we have recorded the
molar magnetic susceptibility (xv) as a function of the temperature
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Table 1: Comparison of the experimental features and patrticle sizes
of the different synthetic processes (batch synthesis, flow chemistry
and flow chemistry with scCOy) for the same switchable material with
the same concentration of reactants and reaction temperature

Batch Continuous All-in-one
synthesis process process
Reaction yield 30 % 23 % 34 %
production (@) 1.1 0.8 1.2
Steps 4 3 1
Reaction 1h15 15s 15s
(residence) time
Rod size ~2100 nm ~ 280 nm ~ 170 nm
(length x width) X 490 nm x 120 nm x 50 nm
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Figure 4: X-ray diffraction patterns for samples 1-3.

for samples 1, 2 and 3 (Figure 5). Sample 1 presents the expected
SCO behaviour®”: Tyjup = 386 K and Ti/2d0un = 353 K, describing
a large hysteresis loop of 43 K. Sample 2 presents the same
features between 349 K and 377 K, with a hysteresis loop of 28
K. Sample 3 exhibits a transition at T2 yp = 369 K and Ti/2down =
346 K and a hysteresis loop width of 23 K. The differences in the
SCO behaviours (transition temperature and hysteresis width)
has to be linked to the size of the particles. Indeed, this trend has
already been described for rods of the same compound obtained
with reverse-micellar synthesis*2.

The use of the continuous reaction process combined with
a supercritical CO. treatment clearly allows a significant
downscaling (more than 10 times in both dimensions of the rods)
of the particle size compared to the batch synthesis. This process
also affords well-defined particles in a reproducible and reliable
way with the same yield as the batch synthesis.

The first main difference between the batch and the
continuous modes concerns the hydrodynamics, especially the
mixing conditions. This mixing in batch mode is much weaker than
in continuous flow*3. The direct consequence is a lower nucleation
rate in batch mode compared to the continuous one, which could
be an explanation for the size reduction between samples 1 and
2. Another important step in the preparation of SCO materials is
the aging step. During this step, the formed particles are still in
contact with unreacted precursors, promoting further growth of
the particles. Beyond the continuous reaction process, an
additional advantage of the all-in-one process is the removal of
the aging step. Indeed, the addition of scCO; not only permits the
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Figure 5: xuT versus T plot for samples 1 to 3, recorded after a first heating at
395 K.

drying of the sample but also avoids the additional growth of the
rods, opening the door to nano-sized materials, as evidenced by
the difference in size between compounds 2 and 3.

The demonstrated all-in-one template-free process provides
a robust way for synthesizing switchable SCO nanoparticles with
a significant reduction of preparation time. The introduction of a
supercritical drying step affords a one-step process for the
production of dried and well-defined nanoparticles at large scale.
This unique process opens routes towards process intensification
and offers new opportunities for molecular materials.
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We report here an innovative and robust template-free continuous process to synthesize nanoparticles of a switchable coordination
polymer, including the use of supercritical CO,, aiming at both quenching the particle growth and drying the powder.



