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ABSTRACT: Two isomorphic 3-D complexes with the
formulas [M3(TPTA) (OH)2(H20)4]» (M = Ni for 1 and
Co for 2; H4TPTA = [1,1"4',1"-terphenyl]-2',3,3",5'"-
tetracarboxylic acid) have been synthesized and magneti-
cally characterized. Complexes 1 (Ni') and 2 (Co™) have
the same 1-D rod-shaped inorganic SBUs but exhibit

significantly different magnetic properties. Complex
2(Co™) is a 3-D arrangement of a 1-D Co! single-chain

magnet (SCM), while complex 1(Ni) exhibits weak
coupling.

Molecular-based magnetic materials have attracted significant

interest because of their distinctive finite size, lower energy
consumption, less relative density, and structural diversity.'*
Among them, SCMs (single-chain magnets) featuring quantum
tunneling and slow relaxation of magnetization are becoming
hottopics. On the basisof Glauber’s theory,* the slow magnetic
relaxation was rooted in three points: (i) large uniaxial type
magnetic anisotropy, (ii) strong intrachain magnetic inter-
action, and (iii) the 3-D magnetic ordering. In this context, the
most important feature of the organic linker is to ensure that

the magnetic information will be efficiently relayed along the
chain. Nevertheless, utilizing appropriate carboxylate ligands as
efficientmagnetic couplers to connect anisotropic and uniaxial

spin metal ions (such as Co", Ni", Mn™™, Fe!, or lanthanide
ions) into 1-D chains is a feasible strategy to obtain such
materials exhibiting SCM behavior, which has been demon-
strated in the majority of the reported SCMs.*"® Additionally,
embedding 1-D Ising ferro- orantiferromagnetic chainsinto 2-
D or 3-D networks and tuning interchain interactions in the
crystal packing through suitable diamagnetic separators might
be anotheralternative strategy to synthesize SCMs.”!? Herein,
we selected an asymmetrical tetra-carboxylate ligand,
[1,1:4'1"-terphenyl]-2’,3,3",5"-tetracarboxylic acid (HsTPTA,
see Scheme S1 in the Supporting Information, ST),!! to react
with Co and Ni', and two isostructural complexes
[M3(TPTA)(OH)2(H20)4]:» (M = Ni for 1 and Co for 2)
were obtained. The structure and magnetic analyses reveal that
the 1-D rod-shaped SBUs with the large anisotropy of the Co™
ions in 2 lead to a slow magnetized relaxation phenomenon,

and the long bridging TPTA ligands link 1-D magnetic
nanowires into a 3-D network as well as their weak
commutation of the spin carriers. Meanwhile, complex
1(Ni") shows the same 3-D framework constructed by weakly
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and Co for 2) and H4TPTA in water produces block crystals of
1(Ni) and 2(Co") (see the SI for details). Single-crystal X-ray

diffraction analysis indicates that complexes 1(Ni") and 2(Co™)

are isomorphous and isostructural (Table S1 in the SI);
therefore, 2(Co") is used for detailed structural description.
The asymmetric coordination units for 2(Co") consist of two
crystallographic independent Co" ions (with 1.0 and 0.5
occupancy, respectively), one TPTA, two hydroxyl, and four
coordinated water ligands (Figure S3 in the SI). The Col and
Co2 centers are octahedrally coordinated to six oxygen atoms.
Each p2-carboxylate group in the fully deprotonated TPTA
ligand connects two Co ions (Figure S4 in the SI). Notablely,
the three phenyl rings of the TPTA ligand are not coplanar
with the dihedral angle 0f 60.5° in2(Co™) and 60.9° in 1(Ni'!),
respectively (Figure S5and Table S3 inthe SI). Meanwhile, the
dihedral angles between the carboxylate groups and adjacent
linking phenyl rings of TPTA are 51.8/16.8° in 2(Co") and
50.5/18.8° for 1(Ni) (Figure S5 and Table S3 in the SI). On
the basis of the connectivity of carboxylate groups and bridging
hydroxyl ligands, the 1-D rod-shaped inorganic SBUs are
generated (Figure 1a), which can be viewed as the corner-
sharing arrangement of two types of metal-carboxylate clusters,
[CoO¢] (A) and [C02010] (B), in a sequence of —A-B—-A-.
Eachtype A clusteristhe coordination polyhedraofCol, anda
pair of edge-sharing coordination polyhedra of Co2 form type
B cluster (Figure 1a). The Co-'-Co separations linked by the
hydroxyl ligandare 3.14, 3.54,and 3.58 A (Figure S6 in the SI).

The final 3-D framework is formed by the linkage of adjacent
rod-shaped SBUs and TPTA ligands (Figure 1b). By linking the
carboxylate Catoms, the 1-Drod-shaped SBU is simplifiedtoa

twisted zigzag ladder (Figure S7 in the SI). Each TPTA ligand
links four adjacent 1-D rod-shaped SBUs and can be considered
as a4-connected node. Thus, the 3-D framework canbe
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Figure 1. Views of (a) the 1-D rod-shaped SBU in 2 (the Col and

Co2 ions are depicted as polyhedra in pink and blue) and (b) the 3-D
structure constructed from 1-Drod-shaped SBUs and TPTA ligands.

simplified as a (4,4)-connected (4%.6°.8)4(6.8%) topology,
calculated by the TOPOS program (Figure S8 in the SI).!2
From the magnetic view, the 3-D coordination polymer
contains three Co ions in the repeating unit in complex
2(Co"). The three Co ions are bridged by a Ys-OH™ group,
with three distinct Co—O—Co angles of 98, 119, and 117°,
which result in a ferromagnetic interaction and two
antiferromagnetic interactions in the trinuclear unit (Figure
S6 in the SI). The chains align along the b axis of the unit cell
and then are linked in a 3-D coordination polymer by TPTA
ligands (Figure S9 in the SI). The magnetic coupling through
TPTA ligands is very weak, with the shortest interchain
separation being 9.7 A. Magnetic susceptibility data collection
for complex 2(Co™) were in the range of 2—=300 K with a 3000

G applied dc field. The data are depicted in a X7 vs T plot in
Figure 2 and X vs T plot in Figure S10 of the SI.
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Figure 2. XT vs T plot of 2(Co") at 200 Oe applied fields (black

circles) and 3000 Oe (white circles). Inset: Magnetization vs field plot
of 2(Co™) at 2 K (white circles). The black line and scatter plot is the
first derivative of the magnetization vs field at 2 K; the maximum

shows the inflection point of the M vs H curve.

The xT'product has a value of 8.6 cm® K mol ™' at 300 K. The
expected value for three Co"ions (S=3/2 and g = 2.0) would
be 5.625 cm® K mol™!, since the Co' ions are in a distorted
octahedral environment. They display strong spin—orbit
coupling, and the experimentally observed X7 product is
around 3.2 cm® K mol™! per Co" ion, in accordance with the

value observed from 2(Co"). Effectively, at low temperatures

each Co'" ion has an effective spin of 1/2. The chains can be
described as shown in Scheme S2 of the SI as anisotropic
ferrimagnetic chains, where a ferromagnetically coupled [Co™],

unit with effective S = 1 alternates with a single Co'' ion with
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value arrives at 14.3 cm® K mol™ at 8 K. Susceptibility data
were also measured at 200 G below 30 K (see the black dots in
Figure 2 and Figure S10 in the SI). The susceptibility vs T"plot
(Figure S10 in the SI) shows a maximum at 7 K for the data

collected with a 200 Oe applied field. Below 8 K, a sharp drop
occurs, due to the magnetic transition to an antiferromagneti-
cally coupled state. The magnetization vs field measurement at
2 K (Figure 2 inset) displays a characteristic S-shape, indicating
a transition at 1700 Oe from a state with no net spin to a
paramagnetic state. This field is directly related to the

antiferromagnetic interaction that leads to the magnetic
transition. A plot of In(x7) vs 1/T is shown in Figure 3,
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effective S= 1/2. The X7 product slowly drops along with the

temperature decreases and reaches a minimum at 30 K. Below
this temperature, there is a quick increase and the maximum
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Figure 3. In(X7) vs 1/T plot for 2(Co™) with ac data (red circles)
and dc data (white circles), showing the activated region between

20 and 10 K. The linear regression fitting form obtained from the

energy to create a domain wall along the chain is depicted as the
solid line.

which indicates the activated behavior of the X7 product of
2(Co") for its one-dimensional nature of the chains that
form the 3-D structure. The linear region observed is
characteristic of a 1-D chain with Ising-like anisotropy. The
value at 16 K of the slope of the linear region indicates the
energy that is required to form domain walls. The maximum
observed is most likely caused by the intrachain
antiferromagnetic (AF) coupling.

The individual chains are weakly coupled in the 3-D
structures, but the antiferromagnetic order does not
preclude the SCM behavior, as shown before by Clerac et
al. and others.!*~!® Data of ac magnetic susceptibility plots
are collected at frequencies in the range from 910 to 1500

Hz with an alternating ac field of 4 Oe (Figure 4). The

chains behave as SCM, and the ac data shown in Figure 4
display maxima in the out-of-phase magnetic
susceptibility that are frequency dependent.

Complex 1(Nilh) is isostructural to 2(Co'), containing
Ni' instead of Co" ions. Magnetic measurement
parameters for complex 1(Ni) were similar to those of
complex 2(Co). The X7 value at 300 K is 3.7 cm*® K mol ™},
which is similar to the theoretical value for three Ni' ions
(S=1 and g = 2.2), which would be 3.6 cm® K mol™!
(Figure S11). In the whole stage of temperature reduction,
the X7 product remains unchanged before 50 K, but then, a
sharp drop arises. Thus, the data are not field dependent,
which indicates a very weak coupling between the Nil!
ions that form the 3-D structure of 1(Ni"). The coupling
scheme should be very similar to that of 2(Co'), with
Ni—O-Ni angles of 98.59°, 120.04°, and 119.51° and a
Ni—O—-O-Ni torsion angle of 180°. These values result in
a ferromagnetic interaction and two antiferromagnetic
interac- tions in the trinuclear unit but slightly more AF than
the Co(Il) case due to the larger angles. The torsion angle
of the Ni2O: diamond of 180° facilitates stronger
antiferomagnetic inter- actions,'” as reported by Christou
and co-workers in 1995, while the Ni-O—Ni angle of more
than 98° is already in the
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Figure 4. In-phase (top) and out-of-phase (bottom) ac magnetic
susceptibility plots for2(Co™) atacfrequenciesof 1488,726,356,174,

85,41,20,and 10 Hz. The solid line in the inset figure shows the least-

squares fit of the experimental data according to the Arrhenius
equation.

limit between the ferromagnetic and antiferromagnetic
interaction, so the coupling should be very weak. Overall, the
magnetic coupling in 1(Ni'') is dominated by a combination of
weak interactions. Magnetization vs field measurement at 2 K
shows a steady rise with applied field typical of weak magnetic
interactions leading to a nonisolated ground state (Figure S12
in the SI). The Ni'ion is not as anisotropic as the Co''ion, and
the SCM behavior and magnetic transition observed for Co™
are not present in the isostructural Ni'' complex.

Two neutral 3-D complexes comprising 1-D rod-shaped
inorganic SBUs are presented here. They are crystallo-
graphically isomorphic and coordinatively isostructural with
the magnetized relaxation phenomenon in a SCM and the
antiferromagnetic coupling in a 1-D inorganic chain. The
results above are useful to recognize the magnetic behaviors in
coordination frameworks and give instructions for the design of
new magnetic materials.
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