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The design of molecular functional materials with multi-step magnetic transitions has attracted consider-
able attention. However, the development of such materials is still infrequent and challenging. Here, a
cyano-bridged square Prussian blue complex that exhibits a thermally induced four-step electron transfer
coupled spin transition (ETCST) is reported. The magnetic and spectroscopic analyses confirm this multi-
step transition. Variable-temperature infrared spectrum suggested the electronic structures in each phase
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Introduction

Molecular systems that show changes in their stimuli-control-
lable magnetic properties are promising for functional
memory applications, switches, and sensors owing to their
microscopic scale and their designability."™® In particular,
multi-step magnetic transition has attracted considerable
interest, as it would provide additional states for encoding
information, which would enable more robust storage devices
with higher data density."®>' Considering the benefits of
molecular materials with multi-step magnetic transitions in
high-density storage, several strategies for developing such
materials have been proposed. One idea is to adopt molecules
or ions that singly provide three or more stable states.*?”"
Cocrystals of multiple switchable components could also be
candidates.*>** Another strategy is to stabilize and control the
packing modes of the molecules by introducing suitable inter-
molecular interactions.'®'*?*™° Intermediate (IM) phases are
typically formed by symmetry breaking, and they are thermo-
dynamically stabilized by intermolecular interactions;
especially hydrogen bonding and =-interactions. In some
cases, these interactions provide several IM phases. To develop
a molecular system that is capable of multi-step magnetic
property change, spin transition systems have been widely
studied, as spin transition complexes usually exhibit a revers-
ible change in the spin state of their metal ions in response to
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and a four-step transition model is proposed.

external stimuli such as changes in temperature, pressure, or
light, or the presence of certain molecules. A series of Fe(u),
Fe(ur), Co(u), and Mn(m) complexes with a stimuli-responsive
multi-step spin transition have been
developed.'” 1922727,32,347374145 1 addition, coordination
complexes with charge transfer represent a versatile class of
molecular materials that could realize multi-step magnetic
transitions due to their rich electronic structure that provide
multiple accessible oxidation states and spin states.”®?%°
Such molecular materials include valence tautomeric com-
pounds and Prussian blue analogues (PBAs), where charge
transfer occurs between organic ligands and a metal center or
between two metal ions.””>* For example, a two-step valence
tautomerism was recently realized in a dinuclear cobalt
complex. In PBA systems, two-step and three-step electron
transfer coupled spin transitions (ETCSTs) have been studied
based on [Fe,Co,] square complexes.'®**“° Additionally, a
four-step transition was achieved in cyano-bridged two-dimen-
sional coordination polymers with the use of spin crossover on
their Fe centers.”®>">%%7

In this work, we focus on the PBAs that exhibit ETCST to
realize a multi-step transition in molecular materials. Because
the first discrete molecular PBA that exhibited thermally induced
ETCST was reported in a pentanuclear [CosFe,] complex by
Dunbar and associates, a number of PBAs, especially [Fe,Co,]
square complexes, have been developed that have exhibited
ETCST in response to various stimuli (e.g. thermal, light, solvent
molecule, pressure and X-ray stimuli).'6?%3849505871 [ these
complexes, the Fe—-CN-Co unit usually forms a Fell, -CN-Co! dia-
magnetic state in the low-temperature (LT) phase and a Fel1-CN-
Co-Iis paramagnetic state in the high-temperature (HT) phase via
reversible spin crossover on the Co center and electron transfer
from Co(n) to Fe(m) (Fig. 1).
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Fig. 1 Typical ETCST process in a cyano-bridged [Fe,Co,] square unit.

In this study, a new cyano-bridged [Fe,Co,] complex, {[Fe
(Tp)(CN);3]5[Co(L)],{(ClO,),-8EtOH  (1-8EtOH, Tp: hydrotris
(pyrazol-1-yl)borate, L: N,N'-bis(4-methylbenzyl)-N,N"-bis (pyri-
dine-2-ylmethyl)ethane-1,2-diamine), is synthesized and
characterized by single-crystal X-ray diffraction analysis, mag-
netic susceptibility measurement, variable-temperature infra-
red (IR) spectroscopy, and UV-vis spectroscopy. Our study
reveals that 1 exhibits thermally induced four-step ETCST,
which is currently being explored but has rarely been reported,
as well as photo-induced ETCST induced by desolvation.

Results and discussion

Synthetic procedure and crystallography

1-8EtOH was prepared via the reaction of Co(ClO,),-6H,0, L
and [NBu,][Fe(Tp)(CN);] in ethanol. The purity of the product
was confirmed by powder X-ray diffraction analysis (Fig. S11).
Subsequently, 1 was obtained by heating 1-8EtOH at 400 K in
nitrogen atmosphere for 1 hour.

The single-crystal X-ray diffraction analysis of 1-8EtOH was
performed at 100 K (Fig. 2). 1-8EtOH was observed to crystal-
lize in the monoclinic P2,/n space group. In one crystallo-
graphic asymmetric unit, half of the square core was com-
posed of a [FeCo] unit, one perchlorate as counter anion, and
four ethanol molecules as the crystal solvent. The Fe center
was coordinated to three N atoms from the Tp ligand and
three C atoms from cyanides to form a C;N; distorted octa-

I, ) =
@N"“F\le\_czN_cl‘/,\:?\O\ Fe' o\ Colls
c N é :
=N l}l NC\?
\QN;co-NEC—Fe\N"‘\) Co'l _H'EEHLS

P e -

Fig. 2 Chemical structure (left) and crystal structure (right) of 1-8EtOH
at 100 K. Counter anions and solvent molecules were omitted for clarity.
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hedral coordination environment. However, the Co center was
coordinated to four N atoms by the ligand L, and the other two
coordination sites were occupied by two N atoms of cyanide
bridging from the [Fe(Tp)(CN);] unit to form the Ng coordi-
nation environment. The average of the length of the bonds
between Fe-Cprigge; Fe~Cterminai and Fe-N were 1.863, 1.905,
and 2.002 A, whereas those of Co-N¢yanides CO-Namine, and Co—
Naromatic Were 1.884, 1.996, and 1.954 A, respectively. These
values are characteristic of the TFelsy and Cofl
states,'®3%38740,50,5971 The packing structure of 1-8EtOH at
100 K was shown in Fig. S2.f Unfortunately, the crystal struc-
ture after desolvation could not be obtained due to the crack-
ing of the crystal.

Magnetic study

The magnetic susceptibility of 1-8EtOH, and 1 before and after
irradiation measured in the temperature range of 5-400 K
(Fig. 3a). 1-8EtOH demonstrated a diamagnetic character in
the temperature range of 5-295 K, which indicated a [Fel(S =

0),Col¥(S = 0),] electronic structure. As the temperature further
increased, the yy7T value abruptly increased and reached
7.42 cm® K mol™" at temperatures above 370 K, which is a
typical value of a paramagnetic [Fe[l(S = 1/2),ColL (S = 3/2),]
structure,'®3*38740505971 Thig T value is larger than the
spin-only value (4.5 cm® K mol™"), which suggests that there is
an orbital contribution to the magnetic moment. This means
that the ETCST may occur here along with the loss of solvent
(see the ESIf).

For 1, however, the y\T value changed gradually in the temp-
erature range of 160-360 K with a multi-step transition. At a temp-
erature below 160 K, a constant yyT value of 0.76 cm® K mol™
was observed, which suggests a diamagnetic [Fe[xCo%] structure
with a slight residual of paramagnetic [Fe[fCof] structure.
During the heating process, plateaus were observed at 203, 245,
and 295 K, which demonstrated yT values of 2.34, 3.84, and
5.21 cm® K mol™, respectively (Fig. 3b). At temperatures above
360 K, the yyT value reached 7.42 cm® K mol™". The multi-step
character was also observed during the cooling process. The mag-
netic susceptibility curves are reproducible, even with different
temperature sweeping rates (Fig. S6 and S7t). According to the
first derivative of the y\T vs. T curve in the heating process, this
transition is a four-step transition, which has rarely been reported
for molecular systems, especially for PBAs (Fig. 3c). These data
reveal that 1 exhibits thermally induced ETCST from the
[FelCol] to the [Fe[Cofi] state via three IM phases.

In addition, to investigate the light-induced magnetic sus-
ceptibility of the present complexes, 1 was set to 5 K and irra-
diated with green light (532 nm). The y\7T value increased
from 1.09 cm® K mol™ to 7.15 cm® K mol™, which indicates a
conversion from a ground state to a photo-induced metastable
state via ETCST. During the heating process, the metastable
state completely relaxed to the ground state that demonstrates
an yy T value of 0.71 cm® K mol™* at 150 K.

Interestingly, the thermally induced transition disappeared
again on the exposure to air of 1 (Fig. S8t). A thermo-
gravimetric analysis and an elemental analysis suggested the

This journal is © The Royal Society of Chemistry 2024
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for all measurements. (b) Magnetic susceptibility of 1 (taken from (a)). (c) The first derivative of the ymT vs. T curve of 1.

solvation of water occurred to form 1-3H,O (Fig. S5t). That
means that the ETCST phenomenon was turned on/off by des-
olvation/solvation.

Variable-temperature IR spectroscopy

As we know, there are two possible mechanisms for multi-step
ETCST in the [Fe,Co,] unit. One is that ETCST occurs antece-
dently at only one [FeCo] site, followed by the other site, to
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form a [Fe[\CoftFeltCol] unit in the IM phase (Fig. 4a(I)).
Another is that ETCST occurs at two [FeCo] sites at the same
time, which changes the ratio of the [(Fe[\Col%),] and
[(FelCofl),] states (Fig. 4a(II)). To investigate the mechanism
of this four-step ETCST, variable-temperature IR spectroscopy
was carried out (Fig. 4b).

For complex 1, absorption peaks at 80 K was observed in

the range of 2070-2130 cm™'. These peaks belong to the
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Fig. 4 (a) Two kinds of ETCST mechanisms in a [Fe,Co,] unit. Combined with IR spectrum, simultaneous ETCST; mechanism(i) is reasonable. (b)

Variable-temperature IR spectrum of 1.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic diagram of four-step transition.
cyanide stretching modes in the Fell-CN-  Additionally, 1 exhibited photo-induced ETCST also, and these

Colllstructure.'®332874050,59°67 1n addition, another peak was
observed at 2130-2170 cm™", which is the typical absorption of
the Fell-CN-Colls structure.'®?*38740:30-59°67 Thig gpectrum
means 1 is composed of both [FelkColl] and [Fe[lCol] struc-
tures in LT phase. However, the peak in the region
2070-2130 cm™" became weaker during the heating process.
Contrarily, the peak at 2130-2170 cm™~" became stronger. This
spectral change indicates that the change in temperature
induced ETCST in 1.

Moreover, there was no peak around 2180 cm™, which is
characteristic of the Feli~-CN-Col¥ structure.”>””® This spectral
absence suggests that there was no [Felk,CoftFelXCol;] unit in
any phase, and that the four-step transition can be described
by changing the ratio of [FelkColl] and [FellCol,] units as
shown in Fig. 4a(II). A schematic of such a four-step transition
is illustrated in Fig. 5.

Although the crystal structure of 1 could not be obtained,
the mechanism of the four-step transition was proposed as
related to previously reported cases. Considering the reason
why the IM states were stabilized, two possibilities were pro-
posed. The first is that a crystallographically non-equivalent
[Fe,Co,] unit was generated via desolvation. In the whole struc-
ture of 1-8EtOH, due to the ethanol molecules occupying part
of volume, the desolvation may destroy the original stacking of
[Fe,Co,] units. The second is that the symmetry breaking that
occurred was supported by intermolecular interaction. Strong
intermolecular interaction such as n-interaction or hydrogen
bonding can thermodynamically stabilize the IM phases. In
particular, the ligand on Co contains flexible 4-methylbenzyl
groups that may create n-interactions. In any case, the packing
structure should have changed when the ethanol molecules
completely left via heating at 400 K, and this would trigger
multi-step behavior.

1

Conclusions

Thermally induced four-step ETCST, which is a multi-step tran-
sition that is rarely reported in molecular systems, was
observed in a cyano-bridged [Fe,Co,] square complex 1.

15468 | Dalton Trans., 2024, 53,15465-15470

transitions were turned on/off by desolvation/solvation. The
mechanism of such a four-step ETCST was confirmed through
variable-temperature IR spectroscopy. This result indicated
that the four-step transition was achieved by changing the
ratio of the [(Fel;Col),] and [(FellCojL),] units. This work pro-
vides a novel multi-step transition system for the development
of high-density molecular devices.
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