Open Access Article. Published on 15 August 2025. Downloaded on 3/17/2026 3:52:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2025,
61, 14701

cyanide chain

Received 21st May 2025,

Accepted 14th August 2025 Ranjan Kharel,

DOI: 10.1039/d5cc02871j

rsc.li/chemcomm

A cyanide-bridged 1D Fe,Fe chain exhibits rare dual magnetic bistabil-
ity: thermal spin-crossover and light-induced single-chain magnet
behaviour. Photoirradiation switches the system from a diamagnetic
to a magnetically correlated paramagnetic state, featuring slow mag-
netic relaxation and a notably high coercive field of 0.52 T.

The molecules exhibiting bistable magnetic states have garnered
significant attention owing to their potential use in high density
molecular storage devices, switches and sensors."” Bistability in
these molecular systems can be driven by magnetic anisotropy,
spin-state transitions, long-range magnetic ordering, valence tau-
tomerism, and/or electron transfer-coupled spin transition.*” In
molecular nanomagnets such as single-molecule magnets (SMMs)
and single-chain magnets (SCMs), bistability typically stems from
strong magnetic anisotropy and exchange interactions between
metal centers, resulting in magnetic hysteresis.'"® > In these sys-
tems, the magnetic polarization direction can reversibly change
under an alternating external magnetic field.>* In contrast, bist-
ability in systems such as spin crossover (SCO) compounds, valence
tautomers, and electron transfer-coupled spin transition (ETCST)
complexes arises from changes in the spin state or magnetic
coupling triggered by external stimuli such as temperature, light, or
pressure.'>**® Despite considerable progress in designing mole-
cules with bistable magnetic states, a key challenge remains in
achieving the rapid and reversible switching of these states for
operations like writing and erasing data. A major breakthrough
came with the discovery of the light-induced excited spin-state
trapping (LIESST) effect in 1984, which demonstrated that spin-
crossover (SCO) complexes could be switched between low-spin
(LS) and photoexcited high-spin (HS*) states using specific wave-
lengths of light.”® The reverse process (reverse-LIESST) also enables
HS* to return to LS.*>*' These transitions occur within pico-
seconds, offering fast and energy-efficient control over magnetic
bistability.>** The integration of spin-crossover (SCO) bista-
bility into SCM systems to achieve external control over magnetic
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exchange and anisotropy has emerged as a promising strategy.
This concept was successfully realized by Tao Liu and co-
workers in 2013, where the light-triggered conversion of Fe**
from a low-spin (t5.eg, S = 0) to a high-spin (t;4€3, S = 2) state in
an octahedral coordination environment enabled reversible
switching of both magnetic exchange interactions and mag-
netic anisotropy in cyanide-bridged 2D coordination polymers,
resulting in photo-induced SCM behavior.*> However, chal-
lenges in precisely tuning the ligand field strength to achieve
both SCO and the LIESST effect have limited the number of
reported SCO-based photo-switchable SCMs.?*3%3¢ For an SCM,
the total energy barrier (4,) for magnetization reversal arises
from both the intrachain magnetic exchange interaction (4;)
and the magnetic anisotropy of the bridged metal ions (4,),
expressed as 4, = 4; + 4, for finite chains and 4, =24;: + 4, in
the infinite chain limit.>***”° In cyanide-bridged systems,
strong magnetic exchange at low temperatures, combined with
the anisotropy of Fe*" high-spin centers, can give rise to SCM
behavior. To confine exchange interactions along a single
direction and suppress interchain coupling, pillar ligands are
often employed to generate 2D sheets composed of magneti-
cally isolated 1D chains.*>***' However, connecting these
chains may create rigid structures that can hinder complete
thermal SCO, as the flexibility of the framework is crucial to
accommodate the volume changes associated with spin-state
transitions during SCO.>* This rigidity might also prevent the
LIESST effect and hence the photo-induced SCM behaviour.
Moreover, connecting the chains can foster antiferromagnetic
interchain interactions giving rise to metamagnetic behavior.*?

In this vein, we report a cyanide bridged 1D Fe,Fe chain
obtained by bridging Fe" ions using [FeTp(CN);]” units and a
pendent ligand 2-(pyridin-4-yl)benzothiazole (L) to bind at the
apical position of the Fe" ion. The complex shows an abrupt
thermal SCO behaviour, resulting in the electronic state change
from (Fers),Felis (HS phase) at high temperature to (Fels),Fels
(LS phase) at low temperature. Upon irradiation with light of
850 nm wavelength at 10 K, the LS phase could be photo-excited

to the metastable HS* phase with the (Fe['§),Felis state. The
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Fig. 1 (a) Crystal structure of the 1D chain, color code: orange (Fe), blue
(N), grey (C). (b) Overlay diagram of the HS (yellow) and LS (blue) phases at
160 K and 100 K respectively.

generation of (Fe[$),Fetis units in the chain ensures the switch-

ing of magnetic exchange interaction along with the anisotropy
of the Felg centres and hence the molecule exhibits SCM
behaviour.

The single crystals of the target compound were obtained by
slow evaporation of a methanol/water mixture of Na[Fe(Tp)(CN)s],
2-(pyridin-4-yl)-benzo-thiazole (L) and Fe(ClO,),-6H,0. Single-
crystal X-ray diffraction analysis showed that the compound crystal-
lized in the orthorhombic space group Phcn (Table S1, SI). The
crystal structure consists of layered neutral mixed-valence
[Fe™(Tp)(CN);],Fe™(L)] units (Fig. 1a and Fig. $5-S7 and Table S2)
without any solvent of crystallization as also confirmed by the TGA
(Fig. S2). These layers, oriented in the ac plane and stacked along
the b axis, contain cyanide-bridged {Fe}'Fe"} double-zigzag chains
extending along the crystallographic ¢ axis (Fig. S5-S7). The Fe2
centres adopt a distorted octahedral geometry and the six coordi-
nation sites are occupied by three N atoms from the Tp ligand and
three C atoms of the cyanide groups. The two of the three cyanide
groups of [Fe"(Tp)(CN);]™ units are bridged to two Fel centres,
while the third one remains terminal. The Fel centre also adopts a
distorted octahedral geometry with the Ng configuration, comprising
four N atoms from the cyanide groups and two from the ligand L.
The Fe-Neanige and Fe-Np, of 2.117(3)-2.154(3) A and 2.180(3) A
from the bond length analysis at 160 K indicated that the Fel
centre is present in the Fells state, while the Fe-C and Fe-N bond
distances of 1.910(4)-1.927(4) A and 1.966(3)-1.987(3) A for the Fe2
centre are in the range for Fery in the reported related
systems.>**>* Thus, the chain is comprised of Fer(u-CN)Fefis
linkages at 160 K. Upon decreasing the temperature to 100 K the
Fe-Nyanige and Fe-Ni, bond lengths for the Fel centre decrease to
1.933(3)-1.956(3) A and 1.997(2) A, accompanied by a change in the
unit cell volume by 3.13%, indicating the transformation of the
Felfis to Fells state. However, the bond distances around the Fe2
centres 1.915(3)-1.924(3) A and 1.967(3)-1.983(3) A do not undergo
such variation, suggesting the formation of Fe's(-CN)Fe[ linkages
in the chain. Thus, the variation of the temperature leads to the
thermal SCO in the Fe1 sites. The overlay diagram for the structures
at 100 K and 160 K clearly conveys the elongation/contraction of
bonds during the SCO process (Fig. 1b). The increase of the
octahedral distortion parameter > from 19.8° at 100 K to 25.1° at
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160 K indicates a normal trend for SCO exhibiting molecules
without elastic frustration (Table $3).****> The interchain
Fel---Fel distances of 15.257 (3) A at 100 K and 15.313(7) A
at 160 K indicate that the 1D chains are well separated. The IR
data recorded at room temperature indicate vcy bands at
2122 cm™', 2142 cm ' and 2151 cm™ ', assignable to the
terminal and bridging cyanides of the Fe[(u-CN)Fetis(1-CN)Fel's
units (Fig. S1).

The magnetic susceptibility data for the complex (Fig. 2a)
were collected under an applied magnetic field of 1000 Oe in
both cooling (300-2 K) and heating (2-300 K) modes at a scan
rate of 4 K min~". The phase purity of the bulk sample prior to
the measurement was confirmed by PXRD (Fig. S4). At 300 K,
the ymT value of 5.24 cm® mol ™" K is slightly higher than the
calculated value of 4.99 cm® mol ' K expected for one Fejig
(S =2, g=22) and two Fe[§ (S = 1/2, g = 2.7) ions in an
octahedral environment.*>*” Upon cooling, the ;T value
remained nearly constant down to 170 K, followed by a sharp
decrease centered at Ty, = 152 K, eventually reaching
1.51 cm® mol ! K at 50 K. This low temperature yT value is
consistent with the presence of one Fels (S = 0) and two Fel§
(S = 1/2, g = 2.7), with a calculated y\T value of 1.37 cm® mol™ " K.
Upon increasing the temperature back from 2 to 300 K the T
reaches the initial value with T, = 154 K. Thus, the Fel centre
undergoes a reversible temperature induced SCO phenomenon.
The reversible one-step SCO behaviour was also confirmed from
the exothermic/endothermic peaks at ~151/153 K observed in the
DSC analysis, performed with a sweep rate of 4 K min™" (Fig. S3).
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Fig. 2 (a) Temperature dependent magnetic susceptibility during cooling
and heating cycles (inset: the first derivative plot and the zoomed-in view
of the ymT vs. T plot). (b) Temperature dependent susceptibility after
irradiation with 850 nm light.
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To check the possibility of the LIESST phenomenon, photomag-
netic studies were performed at 10 K under the irradiation with
light of 850 nm wavelength. Upon irradiation the yx\T value
increased and almost reached saturation in about 5.3 hours (Fig.
S10). After the photo-induced conversion, upon gradually increas-
ing the temperature from 3 K the yuT value increased to a
maximum of 25.17 ecm® mol ' K at 9 K consistent with ferromag-
netic interaction between the Fejig ions (S = 2) and the Fe[s ions (S =
1/2). As the temperature was gradually increased the diminishing
influence of the magnetic exchange interaction resulted in the
decrease of the yT value to 5.24 cm® mol " K at 29 K and finally
the Fells state relaxed to Fell above 50 K. The zero-field-cooled
(ZFC) and field-cooled (FC) magnetisation data recorded at an
applied field of 100 Oe after 850 nm irradiation indicates a
bifurcation at around 4.8 K, indicating the blocking temperature
and the onset of slow relaxation of magnetization (Fig. $11).2%%%% A
hysteresis loop with a coercive field of 0.52 T at 1.8 K was obtained
in the variable field magnetisation measurement, which is one of
the highest among the reported photo-induced SCMs. Upon
increasing the temperature to 3 K the coercive field decreases to
0.02 T, indicating faster magnetization dynamics with increase in
temperature (Fig. 3).>** The AC dynamic study before irradiation
indicates no frequency dependency for both the in-phase (/{w) and

out-of-phase (x}) signals (Fig. S8 and S9); however after photo-
irradiation with 850 nm light, the HS* phase indicates frequency
dependency for both the y}, and y}, signals (Fig. 4a, b and Fig. 513,
S14). The Mydosh parameter ® = (ATp/Tp)/A(log(2nv)) (Where
Tp is the peak temperature of the ;" vs. T plot), which indicates
the shift in the peak temperature, was calculated to be 0.17 and lies
in the range of SCMs (ie, 0.1 < & < 0.3)." Based on the
peak maxima of y},, the relaxation times were extracted and fitted
using the Arrhenius law, t = 1, exp(4./ksT) (Where t = (2nv) "),
which yielded an overall energy barrier for the reversal of magne-
tization, 4./ks = 83 K, and a preexponential factor, 7,=5.3 x 10" *°s
(Fig. 4d). The obtained value of 7, agrees well with the values
reported for photo-induced SCMs. The best fit of the Cole-Cole plot
with a generalized Debye model in the temperature range of
4.4-5.2 K gave o values ranging from 0.33 to 0.41, indicative of
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Fig. 3 Field dependent magnetization exhibiting hysteresis at different
temperatures after photo-irradiation with 850 nm light.
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Fig. 4 AC susceptibility data collected under a 0 Oe applied dc field and a
3.5 Oe ac field oscillating at different frequencies after irradiation with
850 nm light. (a) In-phase (x},) and (b) out-of-phase (x},) ac susceptibility.
(c) xj collected at 1 Hz. Inset represents the plot of In(;'T) versus T (the
red solid line indicates the best fit). (d) Plot of relaxation times versus T~*
(the red solid line indicates the best fit).

wide distribution of relaxation times, possibly caused by weak
interchain magnetic interactions/poly-dispersity of the chain length
(Fig. 515)."®° Although the magnitude of %, in the 3 vs. T plot
decreased with decreasing frequency, we didn’t observe any sharp
peak in the variable field y\ vs. T plot, indicating negligible
interchain antiferromagnetic interactions (Fig. S12).>* Variable
temperature ac susceptibility data collected at zero applied dc field
and an ac field of 3.5 Oe under an oscillation of 1 Hz were analysed
using the equation y'T = Ccrexp(4:/ksT) and the resulting effective
Curie constant of Ces = 1.77 cm® mol ! K and the correlation
energy of 4:/kg = 30.10 K were obtained (Fig. 4c). From the maxima
of the %'T, the number of correlated units of n = 45 was estimated
using the relation [}’ T]max = nCes. Therefore, the switching of the
Fef's centres to Fejis centres upon irradiation turn on the magnetic
exchange interaction along the 1D chain. The development of
magnetic correlation coupled with the anisotropy of the Fejig
centres results in the slow relaxation of magnetization and thus
enables the realization of photo-induced SCM behaviour.

In summary, we report a cyanide-bridged 1D Fe,Fe coordi-
nation polymer that exhibits dual magnetic bistability compris-
ing spin-crossover (SCO) and photo-switchable single-chain
magnet (SCM) behavior. The light-induced transformation of
Felk to Fells in the Fe,Fe chain activates intrachain magnetic
exchange and anisotropy, enabling slow relaxation of mag-
netization. The molecule exhibits a significant coercive field
of 0.52 T and an energy barrier for magnetization reversal of
83 K, placing it among the top-performing photo-induced
SCMs reported to date. Our finding highlights the potential
of combining SCO and SCM phenomena through the use
of a pendant ligand to construct a 1D coordination polymer,
effectively minimizing interchain interactions while maintaining
flexibility for the development of responsive molecular magnetic
materials.
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