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Spin crossover (SCO) and light-induced excited spin state trapping
(LIESST) effects were studied using high pressure X-ray diffraction
at cryogenic temperatures on a single crystal of the
{[Fe"(pyrazole),]>[INb"(CN)g]-4H,0},, (FeNb) coordination polymer.
The studied compound does not show SCO or LIESST at ambient
pressure, but these effects can be enforced by a mechanical stimu-
lus. The obtained results demonstrate the manipulation of the spin
state via the appropriate combination of multiple stimuli
simultaneously.

Numerous spin crossover (SCO) materials have been exten-
sively studied since the discovery of unusual thermal depen-
dence of magnetisation of Fe™ compounds'® and the first
characterisation of the SCO of an Fe-based compound.® In its
most common form, SCO is shown as a temperature-driven
transition - the decrease in temperature leads to switching of
3d*-3d” metal ions from a high (HS) to low spin (LS) configur-
ation. However, this type of spin state transition can also be
induced by other factors, such as high pressure (HP) or absorp-
tion of photons. Triggering of the SCO behaviour using a
variety of stimuli greatly expands the potential applications of
these materials. The influence of pressure on the spin state
was studied for the first time in the 1960s* while the light-
induced spin state change was first reported in 1984.% The SCO
transition driven by light is called light-induced excited spin
state trapping (LIESST) and can occur in some SCO materials
at low temperature, below the critical temperature called
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Tursst-> ° In most cases, evidence for the LIESST effect is
shown as an increase in magnetisation due to the absorption
of a visible light photon and it is rarely studied using single
crystal X-ray diffraction (scXRD). This is because the obser-
vation of LIESST requires a very low temperature, usually
well below the boiling point of liquid nitrogen which is not
available in standard scXRD setups. The LIESST effect was
characterised structurally for the first time in 2006 for com-
pounds exhibiting LIESST at ambient pressure’ > but never
under HP.

Switching the magnetic properties of materials by light is
particularly interesting because photons enable remote control
of the spin state and magnetisation. Other types of magnetic
switching effects induced by light are associated with charge
transfer (CT) in bimetallic compounds,™~"” valence tautomer-
ism (VT) in Co"-dioxolene complexes'®*>° or ligand photoi-
somerization in lanthanide-diarylethene compounds® ™>* to
name just a few. The photomagnetic effect based on CT was
reported for Co"-Fe™?** and Co"-W"?>* Prussian Blue (PB)
analogues and exploited in core-shell PB nanoparticles.*® >
The change in magnetisation in bimetallic compounds can
also be caused by the light-induced spin state change at the
single metal centre, such as the singlet-triplet excitation of
Mo" or W".2*7*! Recently, another mechanism of photomag-
netic switching has been reported - spin state trapping by
breaking the metal-cyanide bond,** which is conceptually
similar to the light-driven coordination-induced spin state
switching (LD-CISSS)**?* or ligand-driven light-induced
valence tautomerism (LD-LIVT) in Co"-dioxolene-styrylpyri-
dine compounds.*”

In this work we studied the high-pressure crystal structure
of the cyano-bridged Fe"-Nb"™ coordination polymer
{[Fe"(pyrazole),],[Nb"(CN)s]-4H,0}, FeNb at cryogenic temp-
eratures with and without light irradiation (17 crystal struc-
tures). The presented results are the first demonstration of
spin state manipulation via simultaneous control of three
different parameters: temperature, pressure, and light.

The crystal structure and magnetic properties of FeNb
under ambient pressure were previously reported by some
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of us.***” Under these conditions, Fe"" ions are in the high
spin (HS) state in the whole temperature range down to 1.8 K
and the compound shows long-range magnetic ordering with
T. = 9.4 K. While no SCO effect was observed at ambient
pressure, single crystal X-ray diffraction and Raman spec-
troscopy showed that a complete SCO transition can be
induced by applying about 2.5-3.0 GPa at room temperature.

Magnetic measurements confirmed that at lower tempera-
ture the spin transition in FeNb occurs at lower applied
pressure and the compound shows a pressure-induced LIESST
effect at 2 K (at 0.6 GPa).””

FeNDb crystallises in the tetragonal space group I4,/a. Four
of the eight cyanide ligands of the [Nb(CN)g]*~ anion coordi-
nate to four Fe®" cations, forming a 3-dimensional (3-D)
diamond-like polymeric structure with niobium atoms as
4-fold nodes and iron atoms connecting these nodes (Fig. 1).

The remaining four cyanide ligands are terminal (non-brid-
ging) and participate in hydrogen bonds with the crystallisa-
tion water molecules in the network. Each iron(u) centre is co-
ordinated by six nitrogen atoms - two from the cyanide ligands
in axial positions and four from monodentate pyrazole mole-
cules in the equatorial plane (Fig. 1a). The pyrazole molecules
are arranged in a helical fashion along the crystallographic ¢
direction. Both left and right pseudo-helices are present.

In the previous study®” the FeNb network was structurally
characterised through a series of room temperature measure-
ments under high pressure in the range of 0.0-2.9 GPa. The
compression of the FeNb unit cell (Fig. 2, violet points) was
found to be quite typical of molecular crystals. However, above
1.5 GPa the decrease of the unit cell volume was significantly
faster suggesting pressure-induced SCO. On top of that, a con-
traction of the Fe-N bonds was observed above 1.5 GPa (Fig. 3)
which is consistent with the SCO behaviour. Obviously, no
LIESST was observed at room temperature.

This study provides insights into the pressure induced SCO
and LIESST in FeNb at cryogenic temperatures and demon-
strates that LIESST can only be observed in a specific pressure
range. The irradiation of a single crystal under pressures below
Triesst was experimentally challenging and impossible to
realise with commercial setups. Therefore, it was performed at
the HP beamline ID15B of the European Synchrotron
Radiation Facility (ESRF).>***° The crystal structure of FeNb
was determined under variable temperature and pressure con-
ditions including light irradiation - seventeen datasets were
collected for the same crystal, resulting in a set of seventeen
crystal structures reported herein.

The first set of isothermal HP scXRD experiments was per-
formed in the 0.08 to 1.53 GPa range at 100 K (pink points in
Fig. 2, Fig. 3 and Table S1}). Up to 0.50 GPa the decrease of
the unit cell volume is similar to that reported previously at
room temperature (violet points in Fig. 2) and overall typical of
molecular crystals. Above 0.80 GPa the unit cell volume starts
to deviate significantly from the trend set in the 0.08-0.50 GPa
range which strongly suggests pressure-induced SCO. The
pressure dependence of the normalised unit cell volume (V/V,
vs. p) of FeNb was fitted using the third-order Birch-Murnaghan
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Fig. 1 Structural diagrams showing the molecular fragment of FeNb
with the Fe' coordination sphere labelling scheme (a) and the packing
diagram along the c direction (b). H and O atoms are omitted for clarity.
Fe — orange, Nb — cyan, C — grey, N — blue. Picture of the FeNb single
crystal inside the membrane DAC (c).

equation of state (B-M EOS; eqn (1))*"*** as previously done for
room temperature pressure studies of a series of isostructural
coordination polymers based on Mn", Fe" and Ni':*?

7 5 2
3Ko | (VO3 (Vo3 3 Vo\3
PV)="1||=) —(= 1+=(K'y—4 —) -1

(1)
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Fig. 2 Pressure dependence of the experimental FeNb unit cell volume
at room temperature as reported in ref. 37 (violet points) and at 100 K
(pink points; this work). Dotted lines are guides for the eye. The V,
volume in the graph is the unit cell volume at room temperature and
ambient pressure. Solid lines are the third-order Birch—Murnaghan EOS
fits for both sets of experimental points in the 0.0-1.0 GPa range at RT
and the 0.0-0.5 GPa range at 100 K.
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Fig. 3 Pressure dependence of the Fe—N bond lengths in FeNb with
increasing pressure at 100 K (pink points) compared to the previous
results at room temperature reported in ref. 37 (violet points). The accu-
racy of the bond length determination is visibly better from the data col-
lected at lower temperature and using synchrotron radiation. The coloured
ribbons behind the experimental points are only guides to the eye.

P — pressure, V - unit cell volume, V, - unit cell volume at
ambient pressure, K, — isothermal bulk modulus at ambient
pressure, K’y — dimensionless first derivative of K, with respect
to pressure at a constant temperature.

At room temperature, the fit reproduces the experimental
data very well in the range of 0.0-1.0 GPa (violet line in Fig. 2),

yielding K, and K, values of 10.1 + 1.6 GPa and 9.0 + 5.8 GPa,

This journal is © The Royal Society of Chemistry 2024
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respectively. For measurements at 100 K, the fit reproduces the
experimental points in a narrower range of 0.0-0.5 GPa, with
K, and K'j values of 9.7 + 1.1 GPa and 16.7 + 6.0 GPa, respect-
ively. Similar K, values at RT and 100 K indicate that the fitting
ranges are correct.

The deviation of the experimental points from the B-M EOS
marks the pressure value at which the pressure-induced SCO
starts: 1.2 GPa at RT and 0.5 GPa at 100 K. As expected, the
lower temperature allows the pressure-induced SCO to start at
a lower pressure value. At a very low temperature (5 K), even
lower pressure is required to induce the SCO transition in the
FeNb network compared to that at 100 K.

The unit cell contraction under pressure observed above
1.5 GPa at RT and above 0.80 GPa at 100 K is caused by a signifi-
cant change within the coordination sphere of Fe'' centres. At
100 K the average Fe-N bond lengths decrease from 2.17 A at 0.1
GPa to 1.97 A at 1.5 GPa (pink points in Fig. 3 and in Table S27)
while in the previous study at room temperature,”’ a much
higher pressure ca. 2.3 GPa was required to achieve the same
bond contraction (violet points in Fig. 3). The observed pressure-
induced changes at 100 K are fully consistent with the SCO
behaviour and with the pressure dependence of the Feji fraction
calculated from the magnetic data in ref. 37 (Fig. S5 in the ESIY).

Irradiation experiments were performed at the lowest achiev-
able temperature 7 = 5 K using blue laser (488 nm, 150 mW) in
nine experimental steps at three different pressures: 0.28(2) GPa
(steps 1-3 in Fig. 4), 0.82(1) GPa (steps 4 and 5 in Fig. 4) and 0.87
(1) GPa (steps 6-9 in Fig. 4). According to the results of the mag-
netic measurements performed previously for FeNb, pressure
values above 1.0 GPa completely hinder the LIESST effect, most
probably due to the structural restraint of the Fe" sites.*”

At 0.28(2) GPa before irradiation the av. Fe-N bond length
is 2.16(1) A (typical of the HS configuration at low temperature)
and is barely affected by blue light irradiation (steps 2 and 3)
with Fe-N distances of 2.16(1) and 2.16(1) A for the 1** and 2™
irradiation, respectively (Fig. 4 and Table S61). Hence, the
LIESST effect could not be observed because the pressure of
0.28(2) GPa does not induce the spin crossover transition -
there are no LS Fe" centers in the sample (steps 2 and 3).
When the pressure is increased to 0.82(1) GPa, significant
shortening of Fe-N bonds to 2.09(2) A is observed in the dark
(step 4 in Fig. 4 and Table S61) compared to that at 0.28(2) GPa
(step 1), indicating pressure-induced HS to LS transition.
Irradiation at this pressure results in a small but non-negli-
gible change in Fe-N bonds (step 5). Finally, increasing the
pressure to 0.87(1) GPa (step 6) results in a further shortening
of Fe-N bond lengths in the dark to av. 2.04(1) A (Fig. 4,
Fig. S1, S2 and Table S67t), consistent with the occurrence of
nearly complete transition to the LS state (est. 80%). Blue light
irradiation at 0.87(1) GPa (30 min of irradiation in step 7 and
additional 30 min of irradiation in step 8) results in a pro-
nounced increase of the Fe-N bond lengths to av. 2.09(1) A,
indicating the occurrence of the LIESST effect under pressure
(Fig. 4 and Table S6t). After blue light irradiation at 0.87 GPa,
the Fe-N¢y bonds are 2.6% longer and both Fe-Np,,. bonds are
2.0-2.1% longer than those before irradiation (step 6). Please
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Fig. 4 The Fe—N bond lengths (top) and unit cell parameters (bottom)
in nine consecutive HP experiments (1-9) at three different pressures
and 5 K. Irradiation was done with 488 nm laser light (blue arrows).
Thermal relaxation was carried out by heating the crystal to 60 K (red
arrow) and cooling it back to 5 K while maintaining constant pressure.
Error bars in the bottom plot are smaller than the size of the data points.
Step 1 — before irradiation at 0.28(2) GPa, step 2 — after 1%t 65 min of
irradiation at 0.28(2) GPa, step 3 — after 2" 40 min of irradiation at 0.28
(2) GPa, step 4 — before irradiation at 0.82(1) GPa, step 5 — after 50 min
of irradiation at 0.82(1) GPa, step 6 — after relaxation at 60 K and before
irradiation at 0.87(1) GPa, step 7 — after 1°* 30 min of irradiation at 0.87(1)
GPa, step 8 - after 2" 30 min of irradiation at 0.87(1) GPa, step 9 — after
thermal relaxation at 60 K and cooling back to 5 K.

note that the lack of differences in steps 7 and 8 is because the
initial 30 min of irradiation is already enough to reach the
maximum conversion to the photo-induced phase.

The photoexcited state can then be relaxed back to the
initial state by heating the crystal to 60 K with Fe-N bonds
going back to the av. 2.04(2) A. The crystal structure after this
thermal relaxation was again determined at 5 K and 0.87(1)
GPa resulting in Fe-N bonds of ca. 2.04(2) A (step 9; Fig. 4,
Fig. S3, S4 and Table S67). Similar trends were observed for the
unit cell volume and unit cell parameters upon irradiation at
different pressures (Fig. 4 bottom).

Conclusions

A series of seventeen high-pressure scXRD experiments
carried out on the same single crystal of the
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{[Fe"(pyrazole),],[Nb"V(CN)g]-4H,0},  molecular ~ magnet
demonstrate simultaneous control of the spin state of Fe
centres in this compound using pressure, temperature and
light. It provides a basis for a better understanding of the
complex magnetic behaviour of the studied compound at high
pressure and low temperature. Previous structural studies of
FeNb have only shown the effect of pressure at room tempera-
ture.”” The results of the HP experiments presented here
directly show the structural changes that occur in the FeNb
structural framework at high pressure and low temperature.
They also show how the structural changes induced by low
temperature and pressure can be reversed in SCO compounds
by light irradiation due to the pressure-induced LIESST effect,
provided that the thermodynamic conditions are optimised.
The presented results constitute the first example of high-
pressure scXRD study with simultaneous SCO manipulation
using temperature and light.

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre.
CCDC numbers: 2326694 (0.08 GPa, 100 K), 2326495 (0.37
GPa, 100 K), 2326697 (0.38 GPa, 100 K), 2326507 (0.51 GPa,
100 K), 2327450 (0.83 GPa, 100 K), 2326556 (1.25 GPa, 100 K),
2327431 (1.36 GPa, 100 K), 2327700 (1.53 GPa, 100 K), 2326497
(0.28 GPa, 5 K, before irradiation), 2326501 (0.28 GPa, 5 K,
after 1% irradiation), 2326517 (0.28 GPa, 5 K, after 2"
irradiation), 2327702 (0.82 GPa, 5 K, before irradiation),
2326557 (0.82 GPa, 5 K, after irradiation), 2326519 (0.87 GPa,
5 K, before irradiation), 2326523 (0.87 GPa, 5 K, after 1%
irradiation), 2326553 (0.87 GPa, 5 K, after 2™ irradiation),
2327391 (0.87 GPa, 5 K, after thermal relaxation). Source data
are available through the ESRF DOI portal at https://data.esrf.
fr/doi/.**
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