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The sintering of spin crossover materials using spark plasma sintering at low temperature (Cool-SPS)
provides a new way of shaping such compounds into functional molecular ceramics. These ceramics
reach a high relative density of 95%, which may address several issues for using spin crossover materials
in barocaloric devices. Starting from the reference complex [Fe(Htrz),(trz)I(BF,4), we first investigated the
magnetic, structural, and microstructural properties as well as the fatigability behavior of the starting
powder using multiple magnetic measurements, X-ray diffraction and calorimetry to compare them with
the elaborated ceramics. The best conditions of pressure and temperature during the SPS process to
obtain reproducible molecular ceramics with high relative density were found to be between 250 and
300 °C, and 300 and 400 MPa. The same complete set of characterization performed on a molecular
ceramic of 95% of relative density reveals that the crystal structures, as well as the abrupt hysteretic SCO
of [Fe(Htrz),(trz)]BF,, are perfectly conserved after sintering. However, ceramics present faster
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stabilization of their microstructural and magnetic properties upon cycling and a higher cooperativity at

rsc.li/materials-advances the macroscopic level was observed compared to the starting powder.
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Introduction

Ceramics have been widely used since antiquity to transform
ores and compounds into functional materials. Nowadays,
ceramics are probably one of the most used form to shape
and investigate solids into functional materials. They are present
in numerous high technology applications such as microelec-
tronics and are widely studied to design smart materials in the
emergent green economy through energy storage applications,
solar cells or caloric materials."™ Ceramics are mainly based on
tough compounds such as inorganic metal oxides. Fragile and
low density materials, on the other hand, are very scarcely
elaborated as ceramics, despite great interest, mainly due to
their limited thermal stability preventing the application of
conventional sintering processes. During the last decade, how-
ever, low temperature sintering methods started to grow® ® and
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very recently ceramics of thermodynamically fragile materials
were obtained using Cool-SPS° ™" (low temperature SPS, where
SPS = Spark Plasma Sintering), leading to the conception of
dense and cohesive polycrystalline molecular materials, ie.
molecular ceramics. While the sintering process is not fully
understood, " this novel approach opens a new way for shaping
compounds belonging to the very wide and versatile world of
functional molecular materials into ceramics.

Among them, molecular switches constitute a promising
class of materials that can be switched between two or more
different states upon an external stimulus. Due to their high
versatility interest in them keeps growing in the scientific
community owing to numerous potential applications like
memory devices, sensors, molecular motors, actuators or quan-
tum materials.’®™® Spin cross-over (SCO) complexes represent
one of the very promising families of such molecular switches
where the switching states, separated by a small energy gap,
correspond to two different electronic configurations with
distinct spin repartitions."”” > Considering octahedral com-
plexes of the Fe*" cation, which represent the most reported
cases, the two configurations correspond to a low spin state (LS)
of electronic configuration t,°e,” (S = 0) and a high spin state
(HS) of electronic configuration t,,'e,” (S = 2). The crossover
between these two states can be triggered by numerous stimuli

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-3707-9686
https://orcid.org/0000-0001-6829-4066
https://orcid.org/0000-0001-5670-2624
https://orcid.org/0000-0003-1362-0797
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00688c&domain=pdf&date_stamp=2023-10-30
https://doi.org/10.1039/d3ma00688c
https://doi.org/10.1039/d3ma00688c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00688c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005004

Open Access Article. Published on 19 October 2023. Downloaded on 3/15/2026 7:29:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

such as temperature, pressure, magnetic field, light irradiation,
electric field**>® or chemical sorption.’ ' The SCO signature can
be probed by several physical property changes such as magnetic
susceptibility, optical measurements, vibrational spectroscopies,
structural changes,** thermodynamic properties®® and more scar-
cely studied changes in conductivity or dielectric constant.>*®
These last effects may be very interesting concerning potential
applications in electronic devices but require difficult measure-
ments on single crystals, compressed powders or thin layers.

Due to the high versatility of their possible chemical com-
position and their wide structural diversity, SCO materials show
a very wide panel of switching behaviours from gradual to very
abrupt transitions with or without a hysteresis loop. Besides,
the salient role of the crystal structure on the SCO feature is
now well established.***”*® Notably, intermolecular inter-
actions have been widely studied and the hydrogen bonding
network, pi-pi stacking® and even H-H van der Waals contacts
have been proven to play a crucial role in cooperativity and
hysteresis loop width.**** Beyond the crystal structure, the shap-
ing of SCO complexes was investigated for several years to form
nanomaterials,">** thin or thick films,"*** submonolayers,**"*®
composites with polymers.*” Most of these material forms lead to
modification of the SCO features, which shed light on the multi-
scale nature of the SCO properties and triggered new approaches
to this phenomenon.”®* From atoms to bonds, to coherent
domains, links were established that related macroscopic features
of SCO to the contributions of the aforementioned microscopic
phenomena. However, throughout the various characteristic
scales of materials, the influence of the microstructure, with
features such as grain boundaries, is less investigated which
may be due to the lack of controlled ways to modify microstruc-
tural characteristics in molecular systems. Molecular ceramics
could contribute to addressing this issue. Additionally, SCO
materials have been recently identified as very promising systems
for barocaloric applications provided their low density and low
thermal conductivity problems are overcome.**** Shaping SCO
compounds into ceramics could address these concerns. Never-
theless, although ceramics are ubiquitous in solid state chemistry,
it is worth noting that ceramics were almost never explored
concerning molecular compounds and SCO materials have never
been elaborated as ceramics to date.

The aim of this communication concerns the preparation of a
ceramic of a SCO coordination polymer using Cool-SPS and the
investigation of its impact on the functional properties. We chose
the well-known [Fe(Htrz),(trz)](BF,) complex (where Htrz = 1H-1,2,4-
triazole) as the starting material because of its well-controlled
synthesis route, its wide hysteresis loop above room temperature
and its good stability up to ca. 300 °C. Additionally, microstructural
effects have been already studied in this compound at the
nanoscale,”>*' > after integration in a polymer matrix,”>*® under
hydrostatic pressure®”*® or during grinding experiments suggesting
a possible dependence of the SCO feature upon shaping.>**°

We propose here to explore the effect of sintering of
[Fe(Htrz),(trz)](BF,) on the structural, microstructural and
SCO features by comprehensive comparison between powder
and molecular ceramics obtained by Cool-SPS.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental section
Synthesis procedure of [Fe(Htrz),(trz)](BF,) (1)

All the chemicals and solvents were used as purchased. The
iron salt (Fe(BF,),-6H,0; 97%), triazole (1H-1,2,4-triazole, 98%)
and ascorbic acid (99%) were used.

The synthesis consists of first dissolving the iron salt
(Fe(BF,),-6H,0) (3 mmol) with a few mg of ascorbic acid into
5 mL of demineralized water on one side and the triazole
(1H-1,2,4-triazole, Htrz) (9 mmol) into 5 mL of ethanol on the
other side. The two solutions were heated at 80 °C. Then, the
solution of Htrz was added dropwise to the iron solution with
magnetic stirring at 80 °C under a N, atmosphere. The two
solutions were allowed to react with mixing for 15 min at 80 °C.
The resulting purple suspension was then allowed to cool down
at 5 °C for 1 hour to promote precipitation. After centrifugation
(12 000 rcf, 5 minutes) of the suspension, the precipitate was
washed three times with ethanol and once with diethyl ether
(50 mL of the solvent was used each time). For these washing
steps, the precipitate was separated from the solvent by the
same procedure of centrifugation. The precipitate was finally
allowed to dry at RT under an ambient atmosphere overnight
and a purple powder was obtained.

Sintering using Cool-SPS

An SPS machine (Dr Sinter SPS-515S) operating under vacuum
(P ~ 10 Pa) was used. To allow for the application of large
pressures (up to 600 MPa), a tungsten carbide (WC) mould was
used. To protect both the sample and the mould, a carbon foil
(Papyex®) of 0.2 mm thickness separated them. Approximately
200 mg of starting powder were used to elaborate a ceramic.
Once prepared, the die assembly containing the powder was
placed in the SPS chamber, which was evacuated, and the
selected sintering sequence was subsequently applied, using a
12:2 pulse sequence. Throughout sintering, several instrumental
parameters were monitored including voltage, current, tempera-
ture, applied force, SPS chamber pressure and displacement.
Cold-pressing experiments were run in the SPS environment
without the use of any electrical power, thus using the same
die and applying the pressure in an identical way. Samples
were recovered by dismounting a three-part mould, to preserve
the integrity of obtained ceramics.

X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were collected on a
PANalitycal X’pert PRO MPD diffractometer in Bragg-Brentano
0-20 geometry equipped with a primary monochromator
(oriented Ge(111) crystal) to filter the Ka, radiation and X’Ce-
lerator multi-strip detector. Each measurement was made
within an angular range of 20 = 5-50° and lasted overnight.
The Cu-Ka; radiation was generated at 45 KV and 40 mA (1 =
1.5059 A).

The samples were placed on sample holders made
of Si wafer to reduce background and flattened with a
razor blade.

Mater. Adv,, 2024, 5,1502-1512 | 1503
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DSC measurements

DSC experiments were performed on a PerkinElmer DSC8000
system coupled with CLN2 for thermalisation of the calori-
metric bloc. The samples were introduced into a standard
aluminium sample pan and put inside the calorimeter. We
took particular care considering sample shaping and thermal
transfer for both ceramic and powder by using similar mass
(ca. 15-20 mg) and thickness of samples in order to ensure the
best comparability of results.

Cycles were performed at different rates from 0.5 K min~* to
30 K min~" under an argon flux of 40 mL min .

Magnetic measurements

Magnetic measurements were performed using a vibrating
sample magnetometer (VSM MicroSense EZ7) operating at
15 kOe of the applied magnetic field. The weighted powder
samples (~ 5-10 mg) were sealed in a tin capsule then glued
onto a quartz fibre and placed in a nitrogen flux furnace
between the magnets. The diamagnetic contribution of the
quartz and the tin were subtracted from the data using a blank
experiment. The procedure consisted of cycling the samples
between 300 K and 420 K twenty times for each of them. The
thermal cycles were performed at 5 K min~* scan rate for all the
measurements.

Diametral compression test

Diametral compression tests were performed using a TA.HD-
plus texture analyser (Stable microsystems, United Kingdom).
Compacts were compressed between two flat surfaces at a
constant speed of 0.10 mm s ' with an acquisition rate of
500 Hz. The breaking force Fr of each tablet was recorded. The
maximum tensile stress inside the sample during test ot of
each tablet was evaluated using the equation:

2F

o= nDh

where # and D are respectively the tablet height and diameter.

Result and discussion

Starting material characterization

The SCO complex [Fe(Htrz),(trz)].BF, (1) was synthesized fol-
lowing the previously described procedure by addition under
continuous stirring at 80 °C of an ethanolic solution of Htrz
into an aqueous solution of Fe(BF,),.°" After drying, the result-
ing pink powder corresponds to the desired compound (Elem.
anal. calcd for CsHgNoFeBF, wt%: C: 20.6; H: 2.3; N: 36.1; B: 3.1;
Fe: 16.0, Found: C: 20.1; H: 2.3; N: 34.5; B: 3.4, Fe: 14.6). X-ray
powder diffraction pattern of 1 reveals a well crystallized
compound corresponding to the previously described poly-
morph I made of interacting [Fe(Htrz),(trz)]" chains where Htrz
and trz- act as bridging ligands.®*®* Rietveld refinement of 1
has been performed using JANA2006°* and Fullprof softwares®’
using the previously described crystal structure as a starting
point.®> The calculated profile fits very well the experimental
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Fig. 1 Rietveld refinement results on powder X-ray diffraction pattern of 1
at 293 K. Experimental pattern (black cross), calculated pattern using
polymorph | data (red line), Difference curve (green line), Bragg positions
(vertical lines).

pattern (Ryp, = 0.10, R, = 0.07, Ryrage = 0.07), which confirms the
crystal structure of 1 (Fig. 1). After subtraction of instrumental
broadening, sample contribution to peak broadening could be
estimated to a mean coherent domain size of ca. 50 nm and
micro-deformations of ca. 20.10™*. Furthermore, the coherent
domain sizes are anisotropic with a strong elongation along the
b parameter corresponding to the chain direction (260 nm in
the b direction and 34 nm in the ac direction). These observa-
tions are in line with the particle size observed by TEM (Fig. S1,
ESIt) and with the previously reported results on the same
compound® except that coherent domain size are smaller in
our case, probably due to the synthetic procedure.

Magnetic behaviour of the starting powder

Magnetic properties of 1 were recorded on a Vibrating Sample
Magnetometer (VSM). At 300 K the yyT product (where yy; is the
molar magnetic susceptibility and T the temperature) is around
0.3 cm® K ' mol ! corresponding to a Fe** in the Low Spin (LS)
state with a slight High Spin (HS) residual fraction. On warm-
ing, ymT product remains close to 0 up to 380 K and increases
abruptly above 380 K to reach a value of 3.25 cm® K" mol " at
400 K as expected for a Fe** ion in the HS state. This value
remains stable till 420 K. On cooling, the y\T product remains
around the full HS value before rapidly falling down to ca.
0.3 ecm® K" mol " at 340 K, a signature of an almost complete HS
to LS conversion (Fig. 2). It remains close to 0.3 cm® K~ ' mol~ " on
cooling to 250 K. These features are characteristic of a cooperative
SCO with a 40 K wide hysteresis (T,,7 = 380 K and T/,; = 340 K)
as expected for the polymorph I of this compound. Several cycles
(one cycle corresponding to crossovers from LS to HS in warming
mode followed by HS to LS in cooling mode) were then performed
between 300 and 420 K to evaluate the evolution of the hysteresis
loop upon cycling. The first ten cycles showed a strong modifica-
tion of the transition temperatures that decreased by almost 10 K
in the warming mode (T7,,1) leading to a smaller hysteresis loop.
The next ten cycles showed a smaller evolution of both Ty, and
Ti/21. It is worth noting that at least ten of cycles are thus required
to reach a “stabilized” hysteresis loop for which Ty, and Ty4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ymT product versus T recorded on a powder sample of 1
showing the evolution of the magnetic properties upon 20 cycles. Scan
rate = 5 K min™%.

converge to 341 K and 374 K respectively leading to a 33 K stable
hysteresis loop for this compound (Fig. S2a, ESIt). Therefore,
upon thermal cycling, the width of the hysteresis decreases as a
reflection of a weakening of the cooperative character of the
compound. This might correspond to a fatigability of the sample,
as already reported.®® It is also important to mention that
cooperativity is related to either the abruptness of the switching
(the temperature range of the LS « HS switching) or the width of
the thermal hysteresis. Several thermodynamic models were
developed to account for both characteristics and will be dis-
cussed in the following sections.

DSC measurements on the starting powder

The deviation from normal heat capacity (ACp) has been
recorded upon twenty cycles and is reported for the starting

6000

:

ACp (J K mol™)
o

:

T1/2down =
343K
cycle | sy cycle 20

-6000 ; . : ; : ; .
380

400
Temperature (K)

Fig. 3 Deviation from normal molar heat capacity (ACp) vs. temperature

for 1 recorded by DSC on a powder sample at 5 K min~™. Arrows are

showing the evolution from the first to the 20th cycle. ACp peaks in the

cooling mode are artificially represented negatives, that way, the

endothermic process corresponds to a positive peak in the chart.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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powder sample on Fig. 3. Two peaks corresponding to the LS —
HS, and HS — LS SCO in the warming and cooling modes,
respectively, are clearly detected. As already observed with
magnetic measurements, a strong evolution of the two Ty, is
observed upon cycling, which is more pronounced concerning
T12;- It is worth noting that at least 10 cycles are needed before
reaching a stabilized hysteresis loop with T;,; and Ty =
374 K and 343 K respectively, perfectly matching the magnetic
behaviour (Fig. 2 and Fig. S2a, ESIT). Additionally, a significant
decrease of the absolute value peak maxima or minima accom-
panied by an enlargement of the peak is clearly visible in Fig. 3.
The LS < HS switching thus takes place on a wider tempera-
ture range upon cycles on either ascending or descending
branches indicating a decrease of the abruptness of this switch-
ing. This effect may be linked to the structural fatigability that
is evidenced by the decrease of the coherent domain sizes and
the slight modification of the cell parameters after cycling (Fig.
S3, ESIT). Two effects, thus, go with the thermal cycling: a
lowering of the transition temperatures and a decrease of the
cooperativity of the LS — HS, and HS — LS SCO as shown by
the increase of DSC peak widths.

Elaboration of ceramics

Even if this compound is not purely molecular due to its 1-D
polymeric nature, ceramics of 1 fall into the definition of
“molecular ceramics” given in ref. 10. Such molecular ceramics
of 1, were then prepared using Cool-SPS. Different sintering
parameters and sequences were explored and optimized (pres-
sure, temperature, ramps, etc.), to design an efficient Cool-SPS
process. Sintering sequences for which the temperature was
applied before pressure were found adequate and extensively
explored with respect to Cool-SPS accessible conditions (50 <
T < 600 °C, 40 < P < 600 MPa). The sintering map obtained
(see Fig. S4, ESIt) revealed that combining high temperatures
and pressures (T > 300 °C, P > 400 MPa) is detrimental to
the stability of 1, while operating at either low temperature
(T < 200 °C) or pressure (P < 200 MPa) would not yield dense
ceramics. The highest densifications (95 % of relative density,
where the relative density is the ratio between the geometrically
measured density of the pellets and the density of the corres-
ponding single crystal) were obtained for temperatures ranging
between 250 and 300 °C, and pressures between 300 and
400 MPa.

Mechanical testing of molecular ceramics

Application of a significant pressure during a low temperature
sintering process always questions the nature of the obtained
samples, which may be dense but poorly cohesive compact
lacking intergranular bonding, or ceramics showing improved
strength thanks to optimized intergranular bonding through
sintering. To address this point, a series of twelve ceramics
(3 ceramics per processing condition from which nine could be
used in the diametral compression test) was specifically elabo-
rated and brought under a breaking test to evaluate their
cohesiveness. Except for samples of the lowest density, cera-
mics obtained using Cool-SPS typically have a larger tensile

Mater. Adv,, 2024, 5,1502-1512 | 1505
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strength, demonstrating their higher cohesiveness, as com-
pared to cold pressed powders (see Fig. S5a, ESIT) of similar
relative density. This trend is confirmed when differentiating
the elastic part of the mechanical response (see Fig. S5b, ESIT),
where Cool-SPS ceramics display slopes ranging from 26 to
42 MPa mm™ ', versus 24 to 27 MPa mm™ ' for cold-pressed
samples, i.e. an increase of almost 50 % in the best case. Since
all samples are constituted of the same compound, displaying
the same crystal structure, these results confirm a significant
level of intergranular bonding in Cool-SPS processed molecular
ceramics, responsible for their increased strength. Thus, pro-
viding they kept their SCO behaviour, the most cohesive and
dense samples potentially form the first series of functional
molecular ceramics. To establish this point, a ceramic 1 of 95 %
relative density denoted as C1 underwent a complete set of
characterization studies identical to those performed on pow-
der in order (i) to check if the functional feature (SCO) was
preserved and (ii) to compare the behaviour of the ceramics
versus the powders.

X-ray diffraction of the ceramics

X-ray diffraction patterns recorded for C1 is shown in Fig. 4. It
is clearly very similar to the pattern of the corresponding
powder. The Rietveld refinement confirms that the polymorph
Lis preserved after sintering (Ryp, = 0.09, R, = 0.07, Ryragg = 0.05).
Nevertheless some slight structural and/or microstructural
details differ. The calculated profile reveals a different shape
of coherent domain size and a slightly smaller a parameter.
Even if the mean coherent domain size is of the same order
(but slightly smaller: 35 nm), the anisotropic shapes differ:
while the apparent sizes in a and ¢ directions remain similar to
the powder (30 nm vs. 34 nm for the powder), the size in the b
direction is significantly smaller (140 nm vs. 260 for the
powder). Such an effect of the reduction of the coherent
domain size has been previously observed on powder after
more than 10 cycles and attributed to fatigability,®® which

- Observed profile

— Calculayed profile
Difference curve
Bragg positions

Intensity (A.U.)

10 15 20 25 30 35 40 45
26 (%)

Fig. 4 Rietveld refinement results on powder X-ray diffraction pattern of

molecular ceramic of 1 (C1) at 293 K. Experimental pattern (black cross),

calculated pattern (red line), Difference curve (green line), Bragg positions

(vertical lines).
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was also confirmed for powder in this study (Fig. S3, ESIt). It
was suggested that this microstructural fatigability was accom-
panied by a subtle structural variation corresponding to a slight
rotation of the chain linked to the decrease of the a
parameter.®” Since a similar evolution of the a parameter is
also detected on ceramics in addition to the reduction of the
coherent domain size in the b direction, it seems that the
sintering process leads to a very similar microstructural and
structural evolution, but without cycling.

Magnetism and DSC of ceramics

Magnetic properties were recorded on a vibrating sample magnet-
ometer (VSM). Several cycles of warming and cooling were per-
formed on C1 (Fig. 5). For the first cycle, upon warming from
300 K the 7T product remains at around 0.3 cm® K~ mol * until
ca. 370 K and increases sharply to reach ca. 3.25 cm® K™ mol " at
380 K and higher, which is a signature of an almost complete LS
to HS transition. On cooling the y\T product remains stable until
ca. 345 K and then rapidly decreases to reach 0.3 cm® K~ mol ™/,
corresponding to the HS to LS SCO with a small amount of
remaining HS complexes below the transition temperature. This
feature proves that after sintering the molecular ceramics have
conserved their SCO functionality, corresponding to a cooperative
spin transition with a 39 K hysteresis width (Ty,; = 379 K and
T/, = 340 K). Upon cycling between 300 and 400 K an evolution
of the transition temperatures is clearly observed. Interestingly,
this phenomenon is much less pronounced than for the powder
especially in the cooling mode. T;/,; decreases to 374 K whereas
Ty, remains almost unchanged at around 340 K, leading to a
hysteresis loop of 34 K wide equivalent to the powder behaviour
after 20 cycles (Fig. S2b, ESIT). The stabilized hysteresis loops of
powder and ceramic are thus very similar even if the ceramic
seems to present a slightly more abrupt transition (AT, = 6.1 K for
ceramic, vs. 7.4 K for powder in warming mode, where ATy, is the
temperature range in which 60% of the iron ions (from 80% LS to
80% HS) undergo the SCO).%®

3.5

o
=}
1

%y T (cm’ K mol™)
g

1.07 ——Cycle 1
—— Cycle 2
0.5 1
¥ Cycle 20
0.0
1 T T T T 1 T
300 320 340 360 380 400 420

Temperature (K)

Fig. 5 ymT product versus T recorded for molecular ceramic of 1
(C1) showing the evolution of the magnetic properties in 20 cycles.

Scan rate = 5 K min™%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Deviation from normal molar heat capacity (ACp) vs. temperature

for a molecular ceramic of 1 recorded by DSC at 5 K min™™. Arrows show
the evolution from the first to the 20th cycle.

As for the powder, a full DSC study has been performed on
C1 following the same procedure. The deviation from the
normal heat capacity (ACp) has been recorded upon twenty
cycles and the two peaks corresponding to the LS — HS, and
HS — LS transitions in the warming and cooling mode respec-
tively are shown after different cycles in Fig. 6. The evolution of
the positions of the peaks differs significantly from that
observed for the powder. Although in this case, conversely to
magnetic behaviour, a very singular first cycle is observed, the
subsequent cycles behave differently. Indeed, Ty,;, as for
powder, slightly decreases to reach 374 K, but Ty, increases
instead, to stabilize much more rapidly than for the powder
after a few cycles at 343 K. This behaviour is in line with the
magnetic measurements confirming that the ceramic is already
close to the stabilized state after sintering. This can be related
to X-ray diffraction results that showed that the structural and
microstructural properties after sintering are closer to those
observed after several cycles on the powder. Sintering process
would thus induce structural and microstructural modifica-
tions in the polycrystalline sample. As a consequence, only 5
cycles are needed to get a stabilized hysteresis loop from the
molecular ceramics versus 12 for the powder (Fig. S6, ESIT). It is
worth noting that, conversely to the powder, the absolute value
of the DSC peak maxima or minima do not change, leading to
the same peak widths and heights upon cycling. Thus, cycling
the ceramics do not modify the abruptness/cooperativity of the
transition demonstrating limited fatigability. Additionally,
comparing the absolute values of DSC peak maxima or minima
for the ceramic and the powder shows that they are system-
atically higher in the molecular ceramics with respect to the
powder, and correspond to narrower peaks and then more
steep transitions.

Discussion

Powder of the SCO material [Fe(Htrz),(trz)](BF,) has been
successfully used to produce molecular ceramics with a relative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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density as high as 95%. Either from magnetic or DSC measure-
ments, the conservation of SCO properties in the molecular
ceramics is undisputable, with the same global behaviour as
the starting powder. X-ray diffraction study showed that Cool-
SPS processing did not induce any irreversible phase transition
as the structural analysis confirmed that the ceramics corre-
spond to the same polymorph than the starting powder (recog-
nized as polymorph I1%°). Nevertheless, Rietveld refinement
revealed that the sintering process induced structural and
microstructural changes similar to those observed upon cycling
with the powder.®®®® It is worth mentioning that one cycle of
LS-HS-LS transition is occurring during the SPS process due to
pressure/temperature modification, which can be partially
detected upon SPS monitoring (Fig. S7, ESIT). This structural
and microstructural relaxations lead to quicker stabilization of
the hysteresis loop upon cycling for the ceramic as compared to
the powder, which is well illustrated by the magnetic behaviour
of both samples and even more clearly revealed by DSC. The
main difference remaining after cycling between powder and
ceramic concerns the sharpness of the transition which is
significantly more pronounced for ceramics than for powder
according to DSC results. To go further on that point, DSC
measurements have been used to obtain the thermodynamic
features of both samples and implemented in well-known
thermodynamic models such as the Slitcher & Drickamer
(S&D)” or Sorai & Seki (S&S)”* ones. In order to emphasize
only the differences between stabilized SCO behaviours, it is
mandatory to work on cycles greater than the 10th one, we
chose then to work on the 12th cycle. Integration of the ACp
peaks and ACp/T peaks over T gave respectively the variation of
enthalpy and entropy of the samples at the SCO. The results are
tabulated in Table 1. The obtained values for the variation of
enthalpy at the transition in the warming and cooling modes
AH1 and AH| are very similar, demonstrating that the transi-
tion is fully reversible for both samples (powder and ceramic).
Then, the mean value has been chosen for AH in both cases.
Conversely, as this compound is associated with an hysteresis
behaviour, two distinct values of AS corresponding to Ty,,1 and
T,/ are obtained, the real one (used in the S&D model) should
lie in between these two values but is not necessarily the
average. The thermodynamic values obtained that way are very
similar for powder and molecular ceramics and close to those
found in the literature for this compound.” It confirms that
the SCO phase transition involves the same polymorph (poly-
morph I) in both cases. Nevertheless, variations of enthalpy of
ceramic are slightly lower than powder probably due to a
somewhat less complete transition for the ceramic as suggested

Table1 Thermodynamic parameters extracted from DSC measurements
and S&D model

(AH) AST AS| AS (S&D) r
Sample kJ mol™* JK ' mol™* J mol™*
Powder 26.3 68.6 77.7 73.2 8500
Ceramic 24.9 65.2 73.3 69.3 8500
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by the slightly lower yuT product obtained for the ceramic
above 380 K.

These thermodynamic parameters have been then intro-
duced into the S&D model to evaluate the so-called cooperativ-
ity parameter I'. The fit of the magnetic curves that is illustrated
in Fig. S8 (ESIt) leads to the same value of I' for both
samples (Table 1). It is not surprising since (i) the stabilized
SCO cycles correspond to the same hysteresis width and (ii) I is
representative of intermolecular interactions that should be the
same between powder and ceramics as both correspond to
the same polymorph. Because the S&D model cannot explain
the difference in abruptness between both samples we
also used the S&S model which introduces the notion of
cooperative domains. This model uses the number n that
represents the number of metal centres undergoing the SCO
simultaneously.

Thus, the higher the n number and the more cooperative the
transition, the more abrupt the SCO. Since this model cannot
account for hysteresis behaviours, we used only the LS to HS
transition and fit the corresponding DSC peak with the S&S
model to extract n. Fig. S9 (ESIt) shows the result of the fit for
both samples on the 12th cycle leading to n, = 17 for the powder
and n. = 35 for the ceramic. This agrees with a steeper and more
cooperative transition observed in ceramics.

In order to check how this parameter depends on thermal
conduction capability of the samples, we also explore the effect
of the temperature scan rate. Fig. 7 shows the ACp over T curves
for different scan rates for powder and ceramic between 0.5 K
min~" to 30 K min~".

Three observations can be made: (i) at 1 K min™", the scan
rate is high enough to artificially increase the width of the
transition; (ii) the ACppax values are systematically higher for
the ceramic than for the powder even at very low scan rates and
(iii) ACp peak widths and maxima did not converge between
ceramics and powders even at very low scan rates. As ACPmax
directly influences the value of n in the S&S model, the value of
n tends to artificially decrease when the scan rate increases.
Nevertheless, as ACppax are systematically higher for the cera-
mic than for the powder, the value of the n S&S parameter may
be effectively higher for the ceramics. In order to overcome this
scan rate effect we calculated the n parameter by fitting the DSC

-1

(@)
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ACp (J mol-1 K-1)
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Fig. 8 Evolution of the cooperative domain size parameter n obtained
from the S&S model for different temperature scan rates for powder (red
circles) and ceramic (blue squares).

peaks of the powder (n) and ceramic (n.) for all scan rates
using the S&S model. The results are presented in Fig. 8 and
show that 7, is indeed systematically higher than 7, at any scan
rate and the effect is hindered at high rates. By extrapolating
this evolution of n to scan rate = 0 K min~!, one can evaluate
the limit of the n value for the powder and the ceramic, ridding
off the scan rate effect. The limit cooperative domain sizes are
found, that way, to be n, = 26 and n. = 84 for the powder and the
ceramic, respectively. The sintering of the powder into a
molecular ceramic tends thus to increase the cooperative
domain size, which becomes triple that of the corresponding
powder. When the scan rate is increasing, the cooperative
domain size rapidly decreases for ceramics, while it is much
less affected for powder, which can be due to better thermal
conductivity of ceramics.

Thereby, while the grinding process was proven to affect the
SCO by decreasing the cooperativity directly linked to smaller
crystal coherent domain sizes, sintering by Cool-SPS, even if the
influence is smaller, leads to the opposite effect probably due to
the improvement of thermal conductivity of the sintered sam-
ples. It could be then an interesting tool for understanding the
possible different kinds of cooperativity in SCO compounds for
example: microscopic intrinsic cooperativity and macroscopic
microstructurally dependent cooperativity.
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Fig. 7 Effect of the scan rate on the ACp peaks for (a) powder and (b) molecular ceramics of 1.
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Conclusions

Shaping of SCO materials has been widely studied during the
last decade, from thick to thin films, bulk to nanomaterials,
composites or alloys but the molecular ceramic form has not been
investigated so far. Thanks to Cool-SPS, we have demonstrated
that high density and cohesive functional molecular ceramics are
accessible. Starting from the model [Fe(trz),(Htrz)|BF, SCO coop-
erative compound, we have obtained a new molecular ceramic of
95% relative density with the complete conservation of the SCO
functionality. The global behaviour (transition temperature, hys-
teresis width) was preserved. This new way of shaping the SCO
compounds is thus very promising for the insertion of SCO
materials into specific devices using traditional ceramics, but also
enables a more easy and reliable access to some specific measure-
ments like dielectric, polarization or conductivity properties as
well as to the conception of composites.

Additionally, from an academic point of view, deep investi-
gation using simple thermodynamic models showed that SCO
molecular ceramics present larger “cooperative domains” than
the corresponding powders. Sintering would then improve the
interdomain pathways to increase cooperativity at the macro-
scopic level probably due to much better thermal conduction
capabilities. These specificities make opportunities to better
understand both the notion of cooperativity in SCO materials
and the notion of molecular ceramic itself, in which, beyond
the contribution of intermolecular forces to cohesiveness at the
coherent domain scale, functional properties like SCO are
expressed beyond the boundaries of single particles or coherent
domains.
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