Published on 10 Phupu 2025. Downloaded on 2025-10-04 18:59:04.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
11542

Received 19th May 2025,
Accepted 13th June 2025

DOI: 10.1039/d5dt01187f

rsc.li/dalton

Introduction

Cyano-bridged {Fe,Co} assemblies showing
metamagnetic transition and a magnetocaloric
effectt

Yu-Jing Gao,? Ji-Peng Luo, ©2° Nan Yin,” Quan Shi, & ** Yin-Shan Meng &) *2< and

Tao Liy (2 *a<

The investigation of magnetic materials featuring unconventional magnetic topologies represents a fore-
front research area in the interdisciplinary fields of physics, chemistry, and materials science. Such systems
hold considerable promise for applications in strongly correlated electron systems, spintronic devices,
magnetic memory technologies, and magnetocaloric applications. Among them, cyano-bridged Prussian
blue analogues (PBAs) have emerged as a prominent class of molecular magnetic materials, offering a
versatile platform for the systematic modulation of magnetic interactions and topological architectures
through the rational selection of paramagnetic metal centers and auxiliary ligands. Herein, we report two
heterometallic molecular magnets based on tricyanoferrate bridges, namely, [(PzTp)Fe(CN)sl,[Co(dypu)l-H,O
(1) and (Tp*)[Fe(CN)sl>[Co(dypu)l-H,O (2) (dypu = 1,3-di(pyridin-4-yl)urea), which exhibit field-induced
magnetic phase transition. Structural characterization shows that compounds 1 and 2 exhibit one-dimen-
sional double-zigzag chains, further connected into a two-dimensional network by the ditopic dypu
ligand. Magnetic analysis reveals ferromagnetic coupling between the cyano-bridged Fe'' and Co"
centers in compound 1, whereas antiferromagnetic coupling occurs in 2. Interestingly, variable-tempera-
ture and variable-field magnetic susceptibility measurements reveal notable magnetic structure transitions
in compound 1: (i) from spin-canted antiferromagnetism (AFM) to nearly collinear AFM at a critical field
(Hc1) of 3.5 kOe, followed by (ii) a transition to a nearly ferromagnetic (FM) alignment at a second critical
field (Hcp) of 18 kOe. Notably, a significant magnetocaloric effect is observed during the phase transition,
with the change in entropy (AS) reaching 23.22 J K™ kg™, This study underscores that the rational modu-
lation of auxiliary ligands enables the tuning of diverse magnetic interactions and structural topologies
and advances the understanding of magneto-structural correlations in molecular magnetic systems.

magnetostriction,® > non-volatile magnetic memory,"*> and

spintronic devices.' Such field-induced magnetic phase tran-

Materials exhibiting field-induced magnetic phase transitions
have attracted increasing attention in both materials science
and condensed matter physics, owing to their significant
potential for application in high-efficiency magnetic
refrigeration,' ™ magnetoresistive sensors,"”
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sitions originate from the competition between intrinsic spin
interactions and external magnetic fields. For molecular mag-
netic materials, the spin configuration of the ground state is
determined by the ground state of spin centers, all possible
exchange interactions between them, single-ion magnetic ani-
sotropies, and Zeeman interactions. When an external mag-
netic field is applied, it perturbs these competing interactions,
sometimes resulting in metamagnetic transitions—abrupt
changes in magnetization caused by field-induced spin rea-
lignment. Typically, the giant magnetocaloric effect (GMCE) is
sometimes associated with field-driven phase transitions,
enabling magnetic refrigeration through magnetization—-
demagnetization cycles.

Traditional inorganic metamagnetic materials have exhibi-
ted significant magnetocaloric effects,'>® whereas such giant
magnetocaloric effects in molecular magnetic materials have
not yet garnered broad attention. In contrast to inorganic
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metamagnetic compounds, molecule-based systems offer dis-
tinct advantages owing to their well-defined crystal structures
and tunable exchange interactions. These interactions can be
precisely modulated by adjusting magnetic centers, ligands,
and/or weak intermolecular interactions, making them par-
ticularly promising for the study of magnetic phase
transitions.”*>* Molecule-based metamagnetic materials are
predominantly found in short-bridge-connected homo- or
hetero-metallic coordination compound systems,**™” typically
exhibiting strong magnetic coupling within one-dimensional
chains and weak interactions between chains or layers. By sys-
tematically manipulating key factors such as cationic an-
isotropy, magnetic exchange interactions, and lattice distor-
tions, the metamagnetic behavior of these materials can be
altered.

In the last two decades, cyano-bridged Prussian blue mole-
cular analogs have garnered significant attention due to their
stimuli-responsive electron transfer, spin crossover, and other
switchable properties. Additionally, the diverse cyano-bridge
units enable the formation of variable molecular topologies
and potentially intriguing magnetic properties. Among cyano-
bridged bimetallic assemblies, ligand-modified tricyanide
units [Fe™L(CN);]” (L = tridentate ligand) exhibit tunable
structures, where the nuclearity and dimensionality of the
topological frameworks can be finely controlled at the mole-
cular level. Notably, one of the well-studied building blocks is
the tricyanoferrate anion, [Tp®Fe'(CN),]~ (Tp® = poly( pyrazo-
lyl)borate), which demonstrates considerable uniaxial mag-
netic anisotropy along its C; rotational axis (approximately
along the B---Fe vector), making it an excellent candidate for
constructing molecular magnets with interesting magnetic
topologies.*®*° In this work, we constructed compound 1 ([Fe
(PzTp)(CN);3]o[Co(dypu)]-H,O) [PzTp = tetrakis(pyrazolyl)
borate] and compound 2 ([Fe(Tp*)(CN);],[Co(dypu)]-H,O) [Tp*
= hydridotris(3,5-dimethylpyrazol-1-yl)borate], by utilizing
different ligand-modified tricyanide units in combination with
a single-ion anisotropy Co" center. Their crystal structure,
magnetism, and magnetic topological structure were character-
ized and discussed in detail.

Experimental
Materials and methods

Synthesis of compounds. All reagents and solvents were
obtained with analytical purity from commercial suppliers and
used without further purification. Cautionary note: Co
(Cl0,),-6H,0 is potentially explosive. It should be prepared in
small quantities and handled with care.

[Fe(PzTp)(CN);],[Co(dypu)]-H,O (1). A 1.0 mL aqueous solu-
tion that contained 0.05 mmol of Co(ClO,),-6H,0 was placed
at the bottom of a test tube, and a mixed solution of methanol
and water (1:1, v/v, 3 mL) was gently layered on the top of the
solution and then 1.0 ml of methanol solution that contained
0.05 mmol of (BuyN);[Fe(pzTp)(CN);]-and 0.1 mmol of the
ligand L (dypu = 1,3-di(pyridin-4-yl)urea) was added as the
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third layer. Orange-brown flake crystals of 1 were obtained
after keeping in the dark for a few months. Yield: 59% based
on Co(ClO,4),-6H,0. Elemental analysis: caled (found) for
C41H36B,COFe,N,60, (%): C 43.96 (43.74), H 3.21 (3.09), N
32.53 (32.78).

[Fe(Tp*)(CN);],[Co(dypu)]- H,0O (2). Red-brown needle crystals
of 2 were prepared in a similar way to 1 but using (Bu,N);[Fe
(Tp*)(CN)3]. Yield: 43% based on Co(ClO,),:6H,0. Elemental
analysis: caled (found) for C,;HsgB,CoFe,N,,0; (%): C 48.16
(48.42), H 4.95 (4.75), N 26.30 (26.02).

Physical measurements

Structure determinations and refinements. Single-crystal
X-ray diffraction data were collected on a Bruker D8 VENTURE
CMOS-based diffractometer (Bruker AXS Company, Karlsruhe,
Germany) (Mo-Ka radiation, 4 = 0.71073 A) using the SMART
and SAINT programs. Final unit cell parameters were based on
all observed reflections from the integration of all frame data.
The structures were solved with the ShelXT structure solution
program using intrinsic phasing and refined with the ShelXL
refinement package, using least-squares minimization that
was implemented in Olex2.

Elemental analyses. Elemental analyses of 1 and 2 were per-
formed on an Elementar Vario EL III analyzer.

Powder X-ray diffraction (PXRD). Powder X-ray diffraction
(PXRD) patterns were obtained on a Rigaku 2400 diffract-
ometer at RT with CuK, radiation (4 = 1.5418 A) with a step
size of 0.02° and a scanning rate of 10° min~". The microcrys-
talline samples were carefully deposited onto the center of the
glass sample stage, ensuring a uniform coverage and distri-
bution over the entire area.

Magnetic studies. Magnetic measurements were carried out
with a PPMS magnetometer using polycrystalline samples. The
temperature-dependent magnetic susceptibility data were
recorded with a sweeping rate of 2 K min™" above 10 K and
0.5 K min~" in the temperature range of 2-10 K. Magnetic
measurements were conducted on polycrystalline samples
encapsulated in polycarbonate capsules with parafilm seals.
Data were corrected for the diamagnetic contribution calcu-
lated from Pascal constants and the background from the
parafilm and capsules.

Heat capacity measurement. The low temperature heat
capacities of 1 were measured using a Quantum Design PPMS
based on a relaxation calorimetric method in the temperature
range of T = 1.9 to 300 K. The standard uncertainty of the
PPMS heat capacity measurement was estimated, by measur-
ing the heat capacities of a high purity copper pellet, a-Al,0;
(SRM720) and benzoic acid (SRM39 j) and comparing the
measured data to the corresponding literature values, to be
+3% in the temperature range from 1.9 to 20 K and +1% from
20 to 300 K. Powder samples were prepared into a pellet with a
diameter of 3 mm and a height of 1-2 mm, by compressing
the mixture of powders and copper stripes in a copper cup
together. The sample coupling in the thermal relaxation
process was found to be better than 95%, suggesting that good
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thermal contact is achieved between the sample and the
platform.

Results and discussion
Crystal structures

Single-crystal X-ray diffraction at 120 K reveals that 1 crystal-
lizes in the monoclinic space group C2/c. The asymmetric unit
contains half of the [Fe( pzTp)(CN);],[Co(dypu)] (dypu = 1,3-di
(pyridin-4-yl)urea) fragment and half of the lattice solvents
(Fig. 1a). All of the Fe(um) and Co(u) ions are located in the dis-
torted octahedral coordination sphere, with an Fe-C/N bond
length of 1.903(0)-1.913(6) A and a Co-N bond length of 2.122
(4)-2.155(4) A, typical for those observed in the related LS Fe
() or HS Co(u) species. The cyano-bridged {Fe,Co} double-
zigzag chains are arranged in the bc plane, connected by
ligands and stacked along the g axis, forming a 2D network as
a whole in the ac plane. The O atoms of the adjacent ligands
are opposite in the b-axis direction (Fig. 1b). The extension of
the 2D planar structure into a 3D framework is through n---n
stacking by the pyrazolyl groups of the PzTp ligands (Fig. 1c).
The intrachain Fe---Co distances are 4.9322(5) A and 4.9548(5)
A, while the interchain Co--Co distance is 14.6746(21) A.
Additionally, the interlayer m---m interactions are 3.355(0) A,
which leads to the nearest interlayer Fe---Fe distance being
7.5579(8) A. Notably, the intralayer metal-metal distances
bridged by ligands are nearly twice as large as the interlayer
metal-metal distances connected through robust interlayer
n---m interactions (14.67 A vs. 7.56 A). This substantial differ-
ence effectively isolates the potential magnetic interactions
within the intralayer adjacent chains, while suggesting that the
interlayer magnetic interactions between metals could be sig-
nificantly stronger than those between the intralayer chains.
Compound 2 is synthesized by substituting the building
block Tp* in place of PzTp, resulting in a modified structure
(Fig. S17). Compared to compound 1, the steric hindrance of
the building blocks in compound 2 along the a axis is reduced
(Fig. 2a and b), which results in a less distorted tetragonal
lattice, as illustrated in Fig. 2c. Additionally, the planar orien-
tation of the dypu ligand also changes from the ab plane
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(Fig. 2a and b) to the ac plane (Fig. 2d and e). Single-crystal
X-ray diffraction at 120 K reveals that 2 crystallizes in the
higher symmetry orthorhombic space group Ibam. The replace-
ment of the building block has led to alterations in the dis-
tances between metals within the framework and the weak
interactions between chains. Selective key bond lengths, bond
angles, intermetallic distances, and interlayer interaction for 1
and 2 are presented in Table 1.

According to the different twist degrees of the Co-N=C
angle which deviate significantly from linearity in 1, the cyano
nitrogen atoms can be divided into two categories, namely N1
and N3. The cyano-bridge features a linear arrangement with
respect to the Fe(un) center [Fe1l-C1=N1, 173.460(421)°; Fel-
C4=N3, 173.209(466)°], while the bridge is more bent on the
Co(u) site [C1=N1-Col, 148.7(4)°; C4=N3-Col, 147.7(4)°]
(Fig. 2c). Evidently, compound 2 exhibits significantly less dis-
tortion, with a bond angle of 168.0°. Commonly, the
parameter X can be used to evaluate the geometry deviation
from the standard octahedral ligand field around a transition-
metal ion, which is the sum of |90 — «| for the 12 cis-N-Co-N
angles around the metal atom. For compound 1 at 120 K, the
value of X, is 59.82. In contrast, the value of X, for com-
pound 2 is 17.92, indicating that the CoNy octahedron in 1
undergoes larger distortion. The Jahn-Teller (JT) axes of iron
and cobalt are positioned at an angle within the double-zigzag
chains, leading to anisotropic spin-coupling interactions
(Fig. 2¢).

Magnetic characterization

The temperature-dependent susceptibilities of 1 and 2 were
recorded under a direct current (dc) field of 1 kOe over the
temperature range of 2-300 K (Fig. 3). The powder X-ray diffr-
action patterns for all of the complexes matched well with
their SCXRD simulations (Fig. S2t), indicating the good purity
of the samples. At 300 K, the y7T value of 1 is 2.63 cm® mol " K,
which is larger than the spin-only value of 4.10 cm® mol™ K
for the two Fefl§ centers (S = 1/2, g = 2) and one Cofi;center (S =
3/2, g = 2), reflecting the magnetic anisotropy of Co". Upon
cooling, the yT value increases slowly between 300 and 80 K
and then sharply below 80 K and the maximum of 11.8 cm?
mol ™" K is observed at T = 16 K. Fitting of the data above 16 K

Fig. 1 (a) The asymmetric unit of compound 1. Packing diagrams of compound 1 in the ac-plane (b) and in the bc-plane (c). Hydrogen atoms and
water molecules are omitted. Color code: Fe, pink; Co, sky blue; B, yellow; N, stone blue; C, gray purple; and O, red.
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Fig. 2 Packing diagrams of compounds 1 and 2 in the ac-plane (a) and in the ab-plane (b). (c) The simple schematic of the side of two twisted
Fe,Co, square units of compounds 1 and 2. Hydrogen atoms and water molecules are omitted. Color code: Fe, pink; Co, sky blue; B, yellow; N,
stone blue; C, gray purple; and O, red.

Table 1 Some key bond lengths, bond angles, and intermetallic distances for 1 and 2

Fe-C/N, X Intrachain Fe---Co Interchain Co---Co Interlayer Fe---Co Interlayer
A Co-N,A  Co-N=C distance, A distance, A distance, A interaction 2o
1 1.90-1.91 2.12-2.15 148.7(4)°, 4.93,4.95 14.67 7.56 nem 3.35 A 59.82
147.7(4)° .
2 1.92-1.94 2.13-2.16 168.0(4)° 5.16 14.78 9.47 C-H:-m: 3.81A 17.92
(a) 70 (b) 6
12} experiment 1 experiment 170
fit by the reported model 60 fit by the reported model

10+ i 5r 460
£ gl 1% & £ 150 S
o '6 41 =
£ 6l 1¥g S {40 3
£ 0% E 3
e 3 B 430 S
R 4 o2 s >

ol C=4.45cm3mol"' K 20> HL C=a24cmimorik 120

0=13.83K 10 6=-1423K 110

O L o
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (K) Temperature (K)

Fig. 3 Temperature dependence of xT values (blue circles) and 1/y (pink circles) measured from 2 to 300 K under a dc field of 1 kOe for 1 (a) and 2 (b).
The solid red line represents the fitting based on the Curie—Weiss law. The solid sky blue line represents the fitting results based on the literature model.*°

according to the Curie-Weiss law gives the Weiss constant § = with the Goodenough-Kanamori rule that orthogonal metal
13.83 K, suggesting the considerable ferromagnetic coupling orbitals (t,, and e,) lead to ferromagnetic interaction.*’ To
between the cyano-bridged Fe™ and Co" centers, consistent assess the exchange coupling interactions, the magnetic data
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were fitted using the theoretical expression for isolated double
chains proposed by Drillon et al.:

¥ =Ngug?/2kT{E[4 exp(K") + cosh(K ") + 1]
—8 cosh(K*t) — cosh(K™)}/{E[E — 2 cosh(K™") — 2]}

where E = 2[cosh(K") + cosh(K™) + 2], K" = (J, + J,)/2kT, K~ = (J,
+ J»)/2kT, and J; and J, represent the magnetic interactions
within and between the trimers. The best fit of the experi-
mental data in the range of 25 and 300 K yielded J; = 14.0(9)
em™ ' (20.3 K), J, = 19.1(1) em™" (27.52 K), and g = 3.17(8), with
a consistency factor of 0.988. These J values indicate signifi-
cant ferromagnetic coupling between the Fe' and Co" ions
within the chains. The sharp peak of yT at low temperatures
indicates a long-range magnetic ordering below 16 K. After
that, the y7 abruptly decreases to almost 0 cm® mol ™" K at 2 K.
A further decrease in the y7T(T) plot, with the magnetic signal
at the lowest temperature almost vanishing, suggests the pres-
ence of interlayer antiferromagnetic interactions leading to an
antiferromagnetic ordering between ferromagnetic layers, with
the expected cancellation of magnetic moments. This
interpretation is also supported by the field-cooled magnetiza-
tion curve for H = 1 kOe (Fig. S3at), revealing the sharp
maximum at Ty = 16 K, which determines the critical Néel
temperature of the phase transition to the antiferromagneti-
cally ordered state. Magnetic studies indicate that compound 2
shows AFM coupling (§ = —14.23 K, J = —8.8 cm™ ") between the
cyano-bridged Fe™ and Co" centers. The small increase of the
T value at low temperatures indicates a ferrimagnetic order-
ing below 14 K, which may be caused by the noncancellation
of magnetic moments between Fe'" and Co" centers.

(@:
2+
a
<
S
1|
O L 1 1 1
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The isothermal field dependence of the magnetization for
compounds 1 and 2 was measured at 2 K, with a magnetic
field of up to 50 kOe (Fig. 4). The M vs. H curve for compound
1 exhibits a sigmoidal shape, with two critical magnetic fields
(Hc: and Hc,) identified from the peak observed in the plot of
the field dependence of the first derivative of magnetization
(Fig. 4c). As the magnetic field increases, the magnetization
initially increases slowly until 16 kOe, at which point an
abrupt upturn occurs before gradually rising again to a
maximum value of 2.5Nf at 50 kOe. This value does not
approach the theoretical saturation magnetization of 5N per
Fe,Co unit, indicating the presence of a spin-canted AFM
phase. A noticeable increase in magnetization, with a critical
magnetic field He; = 3.5 kOe, is observed particularly below
9 K (Fig. 5), suggesting the presence of spontaneous magneti-
zation, which is indicative of significant magnetic anisotropy
originating from the single-ion anisotropy of the Co™ center.
Further evidence for magnetic anisotropy in compound 1 is
provided by the appearance of a hysteresis loop (Fig. 6). The
canting angle is estimated to be approximately 8.1°, calculated
using the expression sin @ = Mx/Mg, where Mg = 0.7Nf} is deter-
mined from the extrapolation of the linear portion of the mag-
netization curve at higher magnetic fields to a zero field, and
M; represents the saturation magnetization.

The critical magnetic field value of Hg, = 18 kOe is notably
high among cyano-bridged molecular assemblies. The shortest
interchain metal-metal distance of 14.67 A is very large, which
effectively minimizes interchain magnetic interactions,
thereby providing the potential for single-chain magnet (SCM)
behavior without a long-range magnetic ordering. However, no
SCM properties are observed, as shown in Fig. S4.f The long-
range magnetic ordering observed in this system is likely

(b) s
2 .
=
<
S
1k
0 1 I I L
0 10 20 30 40 50
H (kOe)
(d)
o
3
S
T L
0 5 10 15 20
H (kOe)

Fig. 4 The field dependence of magnetization at T = 2 K for 1 (a) and 2 (b), and field dependences of the first derivatives (c and d).
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Fig. 5 (a) Field-dependent magnetization data for 1 at various temperatures. (b) The derivatives of the magnetization (dM/dH) for 1 at various

temperatures.
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Fig. 6 (a) Hysteresis loops of 1 between —50 and 50 kOe at T = 1.8 K, 2.0 K, 3.0 K, and 4.0 K. (b) The magnetic phase diagram of 1. The inset scheme
shows the orientation of the magnetic moments for metal centers at different magnetic phases, where the square represents the magnetic layer.

attributed to the lateral m---m interactions between Fe™-cen-

tered building blocks, mediated through the pyrrole rings of
adjacent chains. These antiferromagnetic interactions propa-
gate from the metal ions within the double-zigzag chains to
the metal ions in the adjacent layers along the b-axis direction
via the z---n interactions (Fig. 1c). Similar metamagnetic be-
havior has been observed in one-dimensional chain com-
pounds, where z---m stacking interactions between aromatic
rings on adjacent chains are responsible for the magnetic
interactions.’®**** The metamagnetic properties can be
understood in the context of the crystal structure of compound
1, where intrachain ferromagnetic coupling and interlayer anti-
ferromagnetic interactions (J') mediated by the n---x stacking
interactions exist. The high critical field suggests that J' is
strong. In contrast, compound 2 exhibits a single magnetic
phase transition at a transition field of 1.2 kOe (Fig. 4d), which
is likely due to the interlayer antiferromagnetic to ferro-
magnetic phase transition, attributed to weak C-H---x stacking
interactions (Fig. S1b, and S6bt).

The M vs. H curves within the temperature range of
1.8-16 K and the magnetic field range of 0-90 kOe (Fig. 5)
exhibit clear temperature dependence, with the critical magnetic
fields for the metamagnetic transition gradually decreasing as

This journal is © The Royal Society of Chemistry 2025

the temperature increases. The sigmoidal shape anomaly in the
curves becomes less pronounced with the increase of tempera-
ture, which is characteristic of a metamagnet consisting of two
ferromagnetic subnetworks coupled antiferromagnetically. The
antiferromagnetic coupling can be overcome by the application
of an external magnetic field, resulting in a transition of the
ground state from an antiferromagnet to a ferromagnet. Notably,
the magnetization change at 3.5 kOe disappears at 9 K, while the
magnetization change at 18 kOe persists until 16 K. This behav-
ior suggests a spin-canting phase, where the magnetic moments
are canted before reaching the antiferromagnetic state.
Combined with the observed metamagnetic behavior, this
phenomenon is likely attributed to a hidden spin-canting phase
arising from the non-collinear antiferromagnetic spin arrange-
ment of the Fe"" and Co" sublattices.

To gain further insight into the low-temperature magnetic
behavior, zero-field-cooling (ZFC) and field-cooling (FC) mag-
netic susceptibility measurements were conducted under
various applied magnetic fields. As shown in Fig. S5, a sharp
peak appears at 16 K in the ZFC-FC curves, which corresponds
to the Néel temperature and indicates the onset of a long-
range antiferromagnetic (AFM) ordering. The pronounced field
dependence of susceptibility below this temperature strongly

Dalton Trans., 2025, 54, 1542-11550 | 11547
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indicates a field-induced magnetic phase transition. With
increasing external field strength, the maximum in the yT
curve progressively shifts to lower temperatures and eventually
vanishes above H = 30 kOe, suggesting saturation of magneti-
zation. Notably, at low fields below 4000 Oe and temperatures
below 9 K, a gradual increase in 7 with the increase of mag-
netic field strength is observed, consistent with the presence
of a spin-canted AFM phase. Such field- and temperature-
dependent magnetic properties reveal a distinct magnetic tran-
sition from a spin-canted AFM phase to a more collinear AFM
phase. This progression indicates that the applied DC field
initially suppresses intrachain spin canting, followed by the
disruption of interlayer antiferromagnetic coupling, and
finally inducing a field-driven metamagnetic transition from
the AFM to the ferromagnetic (FM) phase.

Despite that compound 1 crystallizes in a centrosymmetric
space group, there is no inversion center between adjacent
magnetic ions, thus allowing for the presence of the
Dzyaloshinskii-Moriya (DM) interaction. These antisymmetric
exchange interactions can induce spin canting, resulting in
weak ferromagnetism. To further probe the existence of a
latent spin-canted phase arising from the non-collinear anti-
ferromagnetic alignment between Fe and Co sublattices,
detailed magnetic hysteresis measurements were conducted in
the temperature range of 1.8-4 K, as depicted in Fig. 6a. At
1.8 K, compound 1 exhibits a characteristic butterfly-shaped
hysteresis loop, with a coercive field of 1215 Oe originating
from the canting state. As the temperature increases, the hys-
teretic loops become narrow and ultimately vanish above 4 K,
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signifying a transition toward a more collinear antiferro-
magnetic ground state. The observed hysteresis loops display
notable differences between the ascending and descending
field branches at various temperatures, indicative of a first-
order phase transition. This behavior is characteristic of
canted antiferromagnets and reflects the emergence of weak
spontaneous magnetization at low temperatures within a pre-
dominantly antiferromagnetic framework. Such magnetization
arises from the incomplete cancellation of magnetic moments
due to the slight misalignment of spins in different sublat-
tices. Below the critical temperature, these uncompensated
spins become correlated, establishing a long-range magnetic
ordering with a ferromagnetic-like character superimposed on
the underlying antiferromagnetic structure. Based on the
differential analyses of the magnetization curves in Fig. 5 and
S5,1 a series of (H¢, T) points were extracted and are depicted
in Fig. 6b. The H.-T phase diagram reveals the presence of
three distinct magnetic phases: a hidden spin-canted state, an
antiferromagnetic (AFM) ordered state, and a paramagnetic
state. The proposed magnetic structures corresponding to
compounds 1 and 2 are illustrated in Fig. S6.1

Giant magnetocaloric effect

Specific heat measurements of compound 1 reveal a pro-
nounced A-shaped peak near 16 K under a zero magnetic field
(Fig. 7a), indicative of a second-order magnetic phase tran-
sition. Upon the application of external magnetic fields, this
peak gradually diminishes in intensity and shifts to lower
temperatures, ultimately vanishing beyond 70 kOe (Fig. 7b),
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Fig. 7 (a) Variable temperature experimental (red line), fitted (green line), and lattice (blue line) heat-capacity plots of 1 under a 0 dc field. (b)
Variable temperature heat-capacity plots of 1 under different dc fields. (c) Variable temperature magnetic heat-capacity plots of 1 under different dc
fields. (d) The first derivative of variable temperature experimental heat-capacity plots of 1. (e) The enlarged plots of (b) over the temperature range
of 2—14 K. (f) The enlarged plots of (c) over the temperature range of 2-12 K.
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Fig. 8 The magnetic entropy changes AS of 1 under different magnetic
fields.

thus confirming the presence of a long-range antiferro-
magnetic ordering and associated superparamagnetic behav-
ior. Consistent trends are also observed in field-dependent
magnetic specific heat data (Fig. 7c), further validating the
magnetic phase transitions. Notably, the transition from a
canted antiferromagnetic (AFM) phase to a more collinear
AFM phase around 10 K is discernible in Fig. 7d (highlighted
in pink) and is further supported by the magnified views in
Fig. 7e and f. These specific heat observations are in excellent
agreement with magnetic susceptibility data, corroborating a
two-step magnetic phase transition.

The total entropy change in magnetic materials consists of
lattice, magnetic, and electronic components, with only the
magnetic entropy being field-dependent. Upon applying a
magnetic field, spin alignment reduces magnetic entropy due
to suppressed spin disorder. The magnetic contribution to
entropy was determined by subtracting the lattice and elec-
tronic components using a composite Debye-Einstein model:
Cp,m = m-D(Op/T) + n1-E(Op/T) + ny-E(O,/T), where D(Op/T),
E(©g,/T) and E(Og,/T) are the Debye and low and high temp-
erature Einstein functions, respectively; m, ny, n,, @p, @1, and
Og,, are adjustable parameters. The magnetic entropy change
(AS) was calculated by integrating the magnetic specific heat
curves under varying external fields (Fig. 8). At a zero field, AS
reaches 23.16 ] K ' kg™, which increases sharply to a
maximum of 23.22 ] K™* kg™! under a low field of 100 Oe.
With further increases in the magnetic field, AS gradually
decreases. This field-dependent suppression of magnetic
entropy suggests the presence of a magnetically frustrated
ground state, which undergoes a field-induced transition from
an antiferromagnetic to ferromagnetic alignment.

Conclusions

In summary, two cyano-bridged {Fe,Co} molecular magnets
featuring tunable topological architectures and interlayer
interactions were successfully synthesized through the modu-
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lation of tricyanoferrate building blocks. In compound 1, the
Fe-Co units bridged by cyano ligands exhibit ferromagnetic
coupling. The low-symmetry crystal structure permits the DM
exchange interaction, leading to a noncollinear spin alignment
between the Fe and Co centers and resulting in a canted anti-
ferromagnetic ground state below 9 K. The weak interchain
but relatively strong interlayer n---n stacking interactions sup-
press interchain magnetic communication while simul-
taneously contributing to a substantial magnetic phase tran-
sition field and a pronounced magnetocaloric entropy change.
The field-induced magnetocaloric effect highlights the poten-
tial of compound 1 in magnetic refrigeration applications. In
contrast, compound 2 exhibits antiferromagnetic coupling
between Fe and Co centers, with its high-symmetry structure
inhibiting spin canting. A magnetic phase transition is
observed at a low magnetic field, corresponding to an inter-
layer antiferromagnetic-to-ferromagnetic transition, which is
likely facilitated by weak interlayer interactions. These findings
underscore the critical role of structural symmetry and inter-
molecular interactions in governing the magnetic exchange
pathways and magnetic phase transitions.
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