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The spin state of the Prussian blue analogue Fe''Pt"Y(CN); is investi-
gated in response to temperature, pressure, and X-ray irradiation.
While cooling to 10 K maintains the high-spin state of Fe', com-
pression at ambient temperature induces a first-order spin-cross-
over (SCO) transition with a small hysteresis loop (p1 = 0.8 GPa, p|
= 0.6 GPa). In addition, the high-spin to low-spin transition can be
initiated at lower pressure through increased X-ray irradiation. Our
study highlights a cooperative SCO with moderate pressure in a
porous Prussian blue analogue.

Material bistability is exploited in a range of applications,
since it gives access to two distinct physical property states,
which can be reversibly switched by external stimuli, e.g. temp-
erature, pressure, or light irradiation.' In this regard, spin
crossover (SCO) materials are of interest since their transitions
between high-spin (HS) and low-spin (LS) states are coupled
with changes in their magnetic, optical, and structural
properties.> ™ In addition, the HS/LS bistability in porous SCO
materials can be further controlled by the insertion/removal of
different guest molecules.® The SCO phenomenon is most
commonly observed for octahedral Fe' ions that coordinate to
nitrogen-containing ligands, forming molecular species or
polymeric structures.” If the interaction between spin crossover
centres is sufficiently strong—i.e. the cooperativity is high—
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the SCO transition tends to be abrupt and can additionally
exhibit hysteresis.””® Such transitions are ideal for switching
devices, particularly if the bistable regime occurs at room
temperature.’

A useful strategy to increase the abruptness of SCO tran-
sitions is to incorporate the SCO-active metal centres in a
coordination polymer, as the electron-phonon coupling
enhances the cooperativity.”'® A family of coordination poly-
mers suitable for cooperative SCO transitions are the Prussian
blue analogues (PBAs)."" Reminiscent of double perovskites,
they exhibit the formula A,M[M'(CN)g],, where A is an alkali
metal and M/M’ are transition metals. Due to their stoichio-
metric and compositional flexibility, PBAs are associated with
a range of intriguing magnetic and electronic
functionality.">"? In particular, metal-metal charge transfer,
which can also be accompanied by a spin transition, under
various stimuli has been intensely studied in A,M[Fe(CN)s],
M"™ = Mn or Co),"*'® as well as related molecular
complexes.'>"*?° As the rigidity and porosity of PBAs can be
tuned by varying the stoichiometry, these systems constitute
an interesting field for the exploration of cooperative SCO
behaviour.

However, PBAs that exhibit spin crossover without metal
charge transfer are rare and, to the best of our knowledge, only
two examples are currently known. First, CsFeCr(CN), under-
goes a SCO transition induced by temperature, pressure, or
X-ray irradiation,?>* and several theoretical studies have been
devoted to this compound.***> We note that the related com-
pounds, Fe3[Cr(CN)g], and Ky 4Fe [Cr(CN)g],.6-16H,0, also
exhibit SCO, although these are initiated by linkage isomerism
of the CN™ where the Fe-NC bonding changes to Fe-CN.>**’
Second, Halder et al reported pressure-induced SCO in
FePt(CN)e as part of a conference abstract, but this was not
explored in detail.>® FePt(CN), crystallises in the high-sym-
metry space group Fm3m and does not feature A-site cations or
vacancies.” Consequently, it lacks the disorder that often com-
plicates the study of other PBAs—including CsFeCr(CN)q.>**°
In addition, Pt" is not susceptible to the electron transfer that

This journal is © The Royal Society of Chemistry 2020
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may take place if M’ = Fe™."*'%?! Ag a result, FePt(CN), is a
useful model system for further exploration of SCO transitions
in PBAs. Here, we expand on the results presented in ref. 28
and present a study of the spin state of FePt(CN) in response
to temperature, pressure, and X-ray irradiation. We show that
the SCO transition in FePt(CN)s may be induced by com-
pression to 0.8(1) GPa or at lower pressures upon continued
X-ray irradiation, but not thermally. The results are contrasted
with the behaviour of CsFeCr(CN)s.

The magnetic properties of FePt(CN), were investigated in
the range 300-10 K with a magnetic field strength, H, of
5000 Oe and a cooling rate of 2 K min~". Curie-Weiss analysis
[Fig. S17] gives an effective magnetic moment of 5.50 g, in line
with the value expected for high spin Fe" with incomplete
quenching of the orbital angular momentum.** The tempera-
ture dependence of the magnetic moment follows the behaviour
expected for a paramagnet, with no indication of magnetic
order or spin crossover [Fig. 1]. Previous studies indicate that
spin crossover transitions below ~100 K may be very slow due to
the insufficient thermal energy relative to the energy difference
between the HS and LS states.>**® Thus, we cannot exclude
that FePt(CN), remains kinetically trapped in the HS state. The
Weiss constant is —0.8(6) K, which agrees with the absence of
any magnetic order. Overall, the results indicate that (i) the
magnetic interactions between the unpaired spins of Fe"(HS) in
FePt(CN), are sufficiently weak to give paramagnetic behaviour
without magnetic phase transitions, and (ii) there is no ther-
mally induced spin crossover transition. This is in contrast to
CsFeCr(CN), that exhibits magnetic ordering below 9 K and a
spin crossover transition at 211 K upon cooling.

Variable-pressure X-ray diffraction (XRD) was carried out in
the range 0-3 GPa using both Daphne oil and methanol as
pressure-transmitting media (PTM). These PTMs were chosen
to contrast the SCO behaviour when compressed in a non-
penetrating (oil) and a penetrating (MeOH) PTM, since the
SCO can be influenced by the presence of guest molecules.’ At
ambient pressure, FePt(CN)s adopts the cubic space group

0.010 , | , , .
0.009 | ¢ cooling ||
¢ heating
0.008 |-
0.007 |-
0.006 |-
0.005 |-
0.004 |-
0.003 |-
0.002
0

m [ Am?

50 100 150

T/K

200

250

300

Fig. 1 The temperature dependence of the magnetic moment, m,
measured at H = 5000 Oe. Data collected on cooling (heating) are
shown in empty (filled) symbols. Inset shows the structure of FePt(CN)g
with green and black octahedra representing FeNg and PtCg,
respectively.
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Fm3m with a = 10.60767(5) A. The lattice parameter decreases
continuously until 0.83 GPa, where a second cubic phase (a =
10.2008(3) A) appears, consistent with a SCO transition
[Fig. 2(a)]. The coexistence of HS and LS phases only occurred
for this pressure point, with the increase of 0.1 GPa leading to
the complete conversion to the LS state. At the HS/LS coexis-
tence, the unit cell volume reduces by ~10% due to the spin
crossover, resulting from the shortening of the Fe-N bonds by
ca. 0.2 A during the transition [Fig. S3t]. This is similar in
magnitude to what was reported for other SCO complexes
based on nitrogen-coordinated Fe™.*?® The critical pressure
agrees with the results from ref. 28 at 0.9(1) GPa. The abrupt
volume discontinuity on going from HS to LS suggests a first-
order spin transition.® No further transitions are observed
upon compression and the LS cubic phase persists up to
3 GPa. This contrasts with the isostructural MnPt(CN)s, which
exhibits a displacive phase transition at 1.31(10) GPa.>” Upon
decompression, the LS state reverts to HS at 0.63(3) GPa, thus
the pressure-induced SCO is associated with a small hysteresis
of ca. 0.2 GPa.

The bulk moduli (B,), as calculated by second-order Birch-
Murnaghan equation-of-state (EoS) fits using EoSFit,***° show
a dependence on the pressure-transmitting medium [Fig. 2(a)].
The HS phase exhibits similar bulk moduli for both PTMs at
33(5) GPa and 29(2) GPa for Daphne oil and MeOH, respect-
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Fig. 2 The pressure dependence of the unit cell volume of FePt(CN)g
with filled (empty) symbols referring to compression (decompression)
data. Solid lines represent second-order Birch—Murnaghan equation-of-
state fits with the bulk moduli given for compressions in Daphne oil
(black) and methanol (red). Error bars are smaller than the marker size.
(b) Evolution of the vibrational modes of the cyanide linkers as a function
of pressure.
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ively. Due to the few data points in the low-pressure regime for
the HS phase compressed in MeOH, the V, value was fixed to
the V, refined from the ambient measurement, reducing the
error on the bulk modulus. By way of context, these values are
similar in magnitude to those of K, ,5;Ni[Cr(CN)g]o.75-2.35D,0
(31 GPa) and Ni[Fe(CN)e],s (25 GPa) nanoparticles,*™** yet
slightly lower than the values for MnPt(CN)e-xH,O (35 GPa)
and CuPt(CN)g-xH,O (37 GPa).”” Within the LS state, however,
the choice of PTM has a considerable effect on the volume
pressure dependence with B, = 30(3) GPa or 53(3) GPa when
compressed in Daphne oil or MeOH, respectively. This
suggests that inclusion of MeOH occurs upon compression,
but that only in the LS state does its presence impact on the
compressibility. This behaviour is reminiscent of the guest-
dependent thermal expansion properties of related PBAs, for
which only ZnPt(CN)s-2H,0 exhibits guest-dependent thermal
expansion while CdPt(CN)s-2H,O that contains larger pore
sizes is not affected by the presence of water.”’ Indeed, the
solvent-accessible void volume of FePt(CN)s at 52 A® per cavity
(at 0.9 GPa) decreases by 12 A* upon the SCO transition, as cal-
culated in PLATON.* The van der Waals volume of MeOH at
36 A’ (ref. 45) allows one molecule of MeOH to easily fit within
each cavity. However, the superfilling of MeOH is not
observed, unlike the pressure behaviour of more flexible
metal-organic frameworks that can exhibit an increase in pore
volume when compressed in MeOH media.*>*’

The high-pressure behaviour of FePt(CN)s was also investi-
gated with Raman spectroscopy using silicone oil as the PTM
[Fig. S10 and S11f]. At ambient pressure, the spectra contain
two peaks at 2242 and 2258 cm™ " [Fig. 2(b)], corresponding to
the cyanide-stretching E, and A,, modes, respectively.*® Upon
compression, these vibrations gradually stiffen and a discon-
tinuous shift to higher wavenumber occurs at 0.9(1) GPa. This
transition is consistent with the critical pressure for the SCO
transition as found by XRD. The change in vibrational fre-
quency can be explained by considering the nature of the Fe-N
bond. As Fe' changes from the HS to the LS spin state, the e,
orbital is depopulated. This enhances the c-donation from the
antibonding c-orbital located at N, thereby strengthening the
CN bond.” At 3.3 GPa, additional vibrational modes appear at
ca. 2250 cm™ which become more pronounced at the next
pressure of 3.7 GPa, suggesting a first-order structural phase
transition. These spectral features increase in intensity upon
further compression to 6.77 GPa, whilst the absorption lines
corresponding to the LS state of FePt(CN)s broaden substan-
tially. Significant hysteresis is observed as pressure is released,
with signals from the highest-pressure phase persisting down to
1.33 GPa. However, the system reverts to the cubic LS state at 1
GPa and the HS state is recovered on decompression to 0.08
GPa. Overall, the Raman spectra agree well with the XRD data
and suggest high-pressure XRD studies above 3 GPa as an inter-
esting avenue for further exploration.

The spin transition can also be induced by continuous X-ray
irradiation under modest compression (0.6 GPa). This serendi-
pitous finding occurred due to the collection of 112 successive
frames (4 s exposure each) as a single-crystal collection macro
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was initiated. Initially, FePt(CN) is exclusively in the HS state
with a = 10.5489(11) A. During the first 30 s, the cell dimensions
contract to 10.4986(9) A without significant reflection broaden-
ing [Fig. 3(a) and Fig. S9t]. Similar behaviour is observed in the
X-ray induced spin transition of CsFeCr(CN)s, where the unit
cell contracts prior to the SCO, although it is accompanied by
peak broadening.”® After 30 s of continuous X-ray irradiation,
the LS phase emerges in the XRD patterns and its phase frac-
tion rapidly grows upon further irradiation [Fig. 3(b)]. After
2.5 minutes, the LS phase fraction reaches ca. 70% and the rate
of SCO slows down dramatically. Following the completion of
the irradiation (corresponding to 8 min of exposure), the system
comprises ~85% LS phase. With the small X-ray beam size
used, a different region of the sample was measured next (at the
same pressure point) that had not been exposed to X-rays. This
diffraction pattern exhibits only the HS state [Fig. S9t], indicat-
ing that the spin transition is initiated by the X-rays and not by
kinetic factors. The HS/LS fraction evolution with X-ray
irradiation shows an anomaly at 200 s, where there is a peak of
the HS state, in contrast to its overall decreasing trend. This
may be caused by some unirradiated sample entering the beam
path, since the diffraction patterns are obtained at different
rotation angles of the diamond anvil cell.

It is not clear whether the X-ray induced spin transitions
observed in FePt(CN)¢—or in CsFeCr(CN), *>—are reversible.
Reversible SCO induced by radiation (light, soft and hard
X-rays) have been previously observed but at low temperature,
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Fig. 3 The (a) lattice parameters and (b) phase fractions of the HS
phase (yellow) and LS phase (blue) as a function of X-ray exposure time.
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where radiation exposure causes an excitation to the HS
state.’®>* Irreversible spin changes induced by radiation are
less documented, but could involve local structural and/or
chemical changes in addition to the spin transition.’>** In our
case, measurements upon decompression would help ascer-
tain the reversibility of the spin change observed from radi-
ation. Given previous experiments that indicate the sensitivity
of PBAs to X-ray radiation, e.g. prevention of structural phase
transitions upon extended X-ray exposures,’” it is likely that
X-ray radiation induces an irreversible spin transition,
although further studies are needed.

While the Prussian blue analogues FePt(CN)s and
CsFeCr(CN)s both exhibit spin crossover behaviour, the
energy scales associated with these processes are different.
CsFeCr(CN)s shows a thermally induced transition that may be
brought close to room temperature by applying a pressure of ~1
kbar.?® In contrast, the HS state of FePt(CN), is retained down
to 10 K—although kinetic trapping is conceivable—and nearly 1
GPa is required to trigger the spin state switching at ambient
temperature. The discrepant behaviours indicate different Fe
orbital energies in these two PBAs, which likely arises from elec-
tronic—rather than steric—effects, since the ionic radii of Pt
and Cr'™ are nearly identical.>® Another key difference between
the two PBAs is the presence of Cs ions in CsFeCr(CN)g, in con-
trast to the open nature of FePt(CN)s. Extra-framework cations
can exert a strong influence on the dynamics of the frame-
work,”® which may also affect the electronic structure. Thus,
local-structure and computational studies would help rational-
ise the effects of varying chemistry (e.g. Cr'™ vs. Pt") on the SCO
behaviour of iron-containing PBAs.

To conclude, the spin crossover transition in FePt(CN)e is
thermally inaccessible, but may be induced by pressure, with
initiation of the spin change possible at lower pressures by
X-ray irradiation. Although we note that the reversibility of the
latter is not known. Consequently, the spin transition in
FePt(CN)s is associated with a larger energy scale than
CsFeCr(CN), and so requires harsher conditions to be
initiated. It is striking that only two PBAs with SCO transitions
and no metal charge transfer have been reported so far,
especially considering the interest in switchable electron trans-
fer in these materials.'®> While many PBAs based on Fe(CN)s”
%~ moieties favour inter-metal charge transfer reactions,'*'%3*
this is evidently not the case for Cr(CN)s*>~ or Pt(CN)y>".
Likewise, Co(CN)s>~ may also be expected to resist internal
redox by virtue of its stable LS d°® configuration. As the A and
M’ cations, stoichiometry, and hydration level are tuneable
parameters, there is a large scope for the development of struc-
ture-property relationships and functional optimisation of
SCO behaviour at ambient conditions. Consequently, further
exploration of spin crossover transitions in Prussian blue ana-
logues will be an intriguing avenue of research.
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