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Metal—-organic frameworks built from a carborane
linker isolating ideal one-dimensional large-spin
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One-dimensional (1D) antiferromagnetic chains are fascinating because of their exotic quantum
phenomena. However, isolating large-spin S chains remains challenging as even minimal interchain
interaction J’ tends to drive unwanted long-range ordering. Here, we report on the synthesis, crystal
structure, magnetism, optical, and electronic properties of two isostructural metal-organic frameworks
(MOFs), [Mo(mCB-L)2(pa-H20)2(DMF)4l,-solv (M = Coln) (mCB-Co) or Ni(l) (mCB-Ni)), which feature
water-bridged Co (S = 3/2) or Ni (S = 1) spin chains that are effectively separated by bulky carborane lin-
kers (1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane, mCBLH,). The temperature-dependent
susceptibility reveals strong antiferromagnetic interactions with significant intrachain coupling, Jco/ks =
—4.65 K (mCB-Co) and Jni/kg = —23.36 K (mCB-Ni), yet confirm the absence of long-range order down
to 0.3 K due to negligible interchain interactions, as corroborated by specific heat data. This indicates
extremely small J/, with J'/J < 4.7 x 107* (3.7 x 107°) for Co (Ni) MOFs, making these new materials
nearly ideal 1D antiferromagnets. Additionally, optical band gaps were estimated via the Kubelka—Munk
method, yielding an increase from 3.83 eV for mCB-Co to 4.20 eV for mCB-Ni, showcasing tunable
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Introduction

Low-dimensional magnetic systems, such as one-dimensional
(1D) and two-dimensional (2D) spin networks, have attracted
significant interest due to their rich magnetic properties and
novel quantum phenomena.'” The magnetic behavior of these
systems is intricately shaped by various factors, including
dimensionality, the spin magnitude, spin anisotropy, type of
magnetic coupling (ferromagnetic or antiferromagnetic), and
the interplay between the different interactions. Among low-
dimensional magnetic systems, 1D spin chains play a founda-
tional role in testing quantum magnetism theories and unco-
vering new magnetic phenomena.”® Single-chain magnets
(SCMs), for example, are composed of isolated chains of
anisotropic magnetic units linked by strong ferromagnetic
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electronic properties across the two MOFs.

(FM) intrachain interactions, resulting in slow magnetization
relaxation.®” In contrast, 1D antiferromagnetic (AFM) spin
chains and ladders reveal behaviors driven purely by quantum
mechanics, such as spin-charge separation, spin-Peierls
transitions,® and ballistic thermal transport of spinons—phe-
nomena that have no direct analogs in 3D systems. In parti-
cular, Heisenberg AFM spin chains have sparked strong
interest for their ability to explore the transition between
classical and quantum regimes of magnetism, and their con-
nection to exotic quantum phases like quantum spin liquids
(QSLs).’ These systems feature highly entangled spins and
pronounced quantum fluctuations, resulting in unconventional
magnetic behavior and the absence of long-range magnetic
order, even at 0 K. A landmark theoretical prediction in this
field is the Haldane conjecture,'® which states that integer-spin
Heisenberg AFM chains have a gapped ground state, while half-
integer spin chains are gapless. Experimental studies of Heisen-
berg AFM chains have largely focused on spin S = 1/2 systems,
where quantum effects are particularly strong, and theoretical
models exist to describe magnetization and heat capacity
behaviors.'"™ In contrast, studies on large-spin systems
remains comparatively limited, in part due to the difficulty in
isolating ideal Heisenberg AFM chains. Advances in synthetic
strategies have enabled the creation and study of both integer

This journal is © The Royal Society of Chemistry 2025
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and half-integer large-S Heisenberg AFM chains in inorganic
materials (S = 1," § =5/2,"""% § = 3/2") and hybrid inorganic-
organic materials (S = 1, § = 2,”77°° § = 5/2°"%%), Despite this
progress, stabilizing quantum phases and verifying the Haldane
conjecture in large-S one-dimensional systems remains challen-
ging, as even slight interchain coupling often leads to unwanted
long-range magnetic ordering.

Notably, metal-organic frameworks (MOFs), composed of
metal ions coordinated by organic linkers, offer promising
platforms for hosting such ideal spin chains, though synthesizing
such systems experimentally remains challenging.**** MOFs pro-
vide flexible and highly ordered porous structures that can host
different types of spin chains with precise control over magnetic
interactions. By selecting specific magnetic cations, tailoring their
coordination environment, and designing both intrachain and
interchain linkers, it is possible to engineer a range of spin-S
systems that behave as ideal 1D chains. An essential aspect of this
design is the use of long organic ligands, which shield individual
magnetic chains and reduce interchain interactions, thus preser-
ving the desired low-dimensional quantum properties.

In previous work, we demonstrated that rare-earth ions
combined with m-carborane ligands can form metal organic
frameworks (mCB-MOFs) hosting 1D chains connected by the
bulky carborane linkers (1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-
dodecaborane, mCBLH,).>>*° Carboranes (1,n-C,B1oH;, (1 = 2, 7
or 12)) are a class of clusters composed of boron, carbon, and
hydrogen atoms, known for their remarkable stability and unique
structural features.**™** Their bulky, electron-rich frameworks can
provide diverse coordination environments for metal ions, mak-
ing them ideal candidates for creating robust, highly ordered
architectures in transition metal MOFs.*®">* Carboranes’ ability to
stabilize metal centers while minimizing interactions between
adjacent chains makes them particularly valuable in the design of
3D materials that exhibit 1D magnetic behavior. Building on these
insights, we aimed to leverage the unique stabilizing properties of
the carborane ligand, mCBLH,, to create isolated 1D chains of
transition metals with various large spin values, thereby achieving
low-dimensional magnetism in MOFs.

In this work, we present two new mCB-MOFs that host ideal
1D antiferromagnetic chains of Co®" (= 3/2) or Ni** (S = 1) ions,
effectively isolated by bulky carborane ligands. The resulting
negligible interchain interactions prevent long-range ordering
down to 0.3 K.

Results and discussion

Synthesis and chemical composition

Needle like crystals of [M,(mCB-L),(1t5-H,0),(DMF),],,-solv (M =
Co (mCB-Co), Ni (mCB-Ni); Fig. 1(a) insets) were obtained by
solvothermal reactions of M(NO;),-6H,0 (M = Co, Ni), respec-
tively, with mCB-H,L (1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-
dodecaborane) in a molar ratio of ca. 5:4 in a mixture of N,N-
dimethylformamide (DMF), methanol and H,O (see the Experi-
mental section for details). Powder X-ray diffraction (PXRD;
Fig. 1(a)) revealed that both mCB-Co and mCB-Ni are
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Fig. 1 PXRD profiles, SEM images (a) and XPS spectra (b) of mCB-Co and
mCB-Ni.

1200

isostructural. Fourier transform infrared (FTIR) spectroscopy
(Fig. S1, ESIT) show characteristic B-H stretching bands, that
for the carborane fragments appear at 2590-2592 cm ' and
those for 1(COO™) stretching vibrations appear at 1589, 1543
and 1383 cm ™' (mCB-Co) or 1587, 1541 and 1385 cm ™' (mCB-
Co).>* Thermogravimetric (TGA; shown in Fig. S2, ESIT) demon-
strate their robust thermal stability, with the frameworks
remaining intact up to 400 °C. Notably, both mCB-Co and
mCB-Ni exhibit good stability in neutral water and aqueous
solutions across a broad pH range (3-11) for at least 24 h or in
water for one week. PXRD traces of both materials, pre- and
post-incubation in water within a closed vial, confirm the
stability of the materials (Fig. S3, ESIt). This exceptional water
stability can be attributed to the highly hydrophobic nature of
the carborane moiety in our linker.3?7:8>1

We have studied the chemical composition and valence state
of Co and Ni by X-ray photoelectron spectroscopy (XPS). The full
range XPS spectra for both MOFs (mCB-Co and mCB-Ni;
Fig. 1(b)), show the peaks of C 1s, O 1s, B 1s and N 1s and
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the corresponding metals (Co and or Ni). The high-resolution
Co and Ni 2p spectra (Fig. S4, ESIt) are split into 2p3,, and 2p4,
doublets, due to the spin-orbit coupling, together with shakeup
satellite peaks. Recent reports have questioned the use of the
C 1s peak from adventitious carbon as a reference in XPS,> as
well as the reliability of extracting accurate transition metal
oxidation states from binding energies.”® In our case, the X-ray
structures, shown in the following section, confirm that both
metals are in the divalent M*" state.

Crystal structures

Single-crystal X-ray diffraction (SCXRD) confirm that both mCB-
Co and mCB-Ni are isostructural (and crystallize in the mono-
clinic P2/c space group) (Fig. 2, Fig. S5, S6 and Table S1, ESIY).
The comparison between the experimental PXRD patterns and

View Article Online
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those calculated from the SCXRD data show a very good match,
confirming that the compounds crystallize as pure phases
(FiS7, ESIf). The inorganic secondary building unit (SBU) in
both compounds is formed by MOg polyhedra (M = Co or Ni) that
share vertexes via one p-O atom from a water molecule, provid-
ing the observed water-bridged 1D metal chains along the b axis
(Fig. 2, Scheme 1 and Fig. S5, S6, ESIT). Two independent metal
atoms are repeated to provide 1D inorganic chains that are
bridged by the carborane linker to form the observed 3D
structures (Fig. 2(c)). The two nonequivalent crystallographic
Co" cations in mCB-Co (Col and Co2, Fig. 2(a), left), show
octahedral coordination, and with Co1---Co2 distances across
the bridging water molecule of 3.8998(9) and 3.8194(9) A.
Identical octahedral coordination to that observed in mCB-Co
is observed for the two nonequivalent crystallographic Ni"

Fig. 2 Crystal structures of mCB-Co (left) and mCB-Ni (right). (a) Coordination environment of the Co' and Ni"' atoms, including intramolecular OH- - -O
hydrogen bonds (see Fig. S5 and S6, ESI+ for hydrogen bonding parameters). (b) Views of the coordination of mCB-L to the Co or Ni atoms showing the
inorganic chains; oxygen atoms for DMF are colored in orange while the ligand and water oxygens are in red; metal to metal distances are indicated. (c)
the extended 3D structures along the a axis; 1D chain to 1D chain distances are indicated. Parts of the ligands are omitted for clarity. Blue polyhedra
represent the Co coordination spheres, green polyhedra represent the Ni ones and H atoms are omitted for clarity. Color code: Co, dark blue; Ni, green;

O, red; C, gray; N, blue; B, pink.
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Scheme 1 Schematic dicarboxylates bringing modes found in mCB-Co
and mCB-Ni.

cations in mCB-Ni (Fig. 2(a), right), with shorter and more
regular metal to metal distances across the bridging water
molecules (Ni1---Ni2; 3.765(1) and 3.783(1)). Two mCB-L*~ car-
boxylate anions are bonded to each M™ atom in a monodentate
mode, with the remaining oxygen atom of the carboxylic group
acting as hydrogen bond acceptors for one of the bridging water
hydrogens (Fig. 2(a), Fig. S5, S6, ESIt and Scheme 1). The
coordination spheres of each metal atom are completed by two
DMF molecules (shown in orange color in Fig. 2(b)). Co-O and
Ni-O distances (Table S2, ESIt) are within the ranges observed
for related water-bridged 1D cobalt®”*® or nickel®® rod struc-
tures. The observed 3D packing results in non-interconnected
voids, accounting for 6.0% and 8.4% of the unit cell volume
when measured with a probe radius of 1.0 A using Mercury
software for mCB-Co and mCB-Ni, respectively (Fig. S8, ESIT).
Schematic bonding of mCB-L in both MOFs is shown in
Scheme 1 and individual and average bond distances and
angles are listed in Table S2 (ESIf) and Table 1, respectively.
The main structural difference between the two structures lies
in the slightly shorter Ni-O distances compared to Co-O
distances. This leads to significantly shorter Ni- - -Ni distances
than Co- - -Co distances along the chains (Fig. 1(b) and Table 1).
For the same reason, the coordination of the bulky, non-
conjugated carborane ligand results in shorter Ni interchain
distances (9.88 A, 12.40 A, and 17.77 A; Fig. 2(c) and Fig. S6,
ESIt) compared to the corresponding Co interchain distances
(10.35 A, 12.97 A, 17.81 A, and 17.96 A; Fig. 2(c) and Fig. S5,
ESI). The M(u,-H,0)M angles are slightly wider for Ni (128.8 A)
than for Co (127.5 A). This can be explained by considering the

Table 1 Selected average distances and angles for mCB-Co and mCB-Ni

mCB-Co mCB-Ni
Distances (A)
M-OCOR 2.023 1.996
M-O(DMF) 2.136 2.056
M-O(}1,-OHy) 2.152 2.093
M---M 3.860 3.774
HO-H- - -O—COR 1.79 1.73
Angles (°)
M-OH,-M 127.5 128.8

This journal is © The Royal Society of Chemistry 2025
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combined effect of the different metal ion sizes (0.745 A for
Co®" and 0.69 A for Ni**) and the hydrogen bonding strength
between the coordinated water and the unbound carboxyl
groups (Fig. 2, Scheme 1 and Table 1).

The two newly synthesized isostructural 3D MOFS, embed-
ding well-isolated water-extended 1D chains of transition
metals with different, high spin, Co" (S = 3/2) and Ni" (§ = 1),
offer an ideal platform to study and compare their magnetic
properties.

Magnetic properties

The magnetic properties of mCB-Co and mCB-Ni in powder
form were studied through static susceptibility, magnetization,
and heat capacity measurements.

mCB-Co (S = 3/2)

The temperature dependence of the susceptibility, y(7), reveals
the low-dimensional nature of magnetism in the two synthe-
sized transition metal MOFs. The y(T) curves under zero-field
cool (ZFC) and field-cooled (FC) conditions showed no diver-
gence, ruling out the existence of spin-glass behavior (Fig. S9,
ESIT). Fig. 3(a) shows the susceptibility measured for mCB-Co
under an applied field of 0.1 T in the temperature range
between 1.8-300 K. The y(7) curve shows a Curie-Weiss beha-
viour at high temperatures, and exhibits a broad maximum at
around T & 14 K, indicating strong AFM intrachain inter-
actions with short-range spin-spin correlations, which is a
typical feature of low dimensional magnetism. Additionally,
7(T) includes a “Curie tail” at low temperatures, suggestive of
weakly interacting or non-cooperative spins in the 1D chains,
commonly observed in spin-chain compounds.®®®' No mag-
netic long-range order is observed for T > 1.8 K.

The fit of the inverse susceptibility 1/y(7) at high tempera-
tures from 150-300 K by the Curie-Weiss law, y = C/(T — ) + yo,
Fig. 3(a) (inset), yields a temperature independent susceptibility
%o =1.9 x 10~* emu molg, ', and Curie constant C = 2.87 emu
K molg, ', from which we determined the gyromagnetic factor
g = 2.47 and effective magnetic moment of the Co>" ions fieg =
4.78up. This value exceeds the expected spin-only contribution
but falls within the typical range observed for most Co>" in an
octahedral environment (4.3-5.2u5).°> The increase is asso-
ciated with the orbital contribution (L = 1) in the presence of
significant spin-orbit coupling for this ion (—180 cm™"). The
obtained Weiss temperature is large and negative, 0 = —26 K.
This value can simply arise from the thermal depopulation of
the ground state due to the orbital contribution but is also
compatible with the existence of antiferromagnetic Co-Co
interactions. The existence of AFM intrachain interactions is
indeed confirmed and quantified below.

The appearance of a correlation maximum in the y(7) curve
is typical for linear AFM chain systems. The intrachain inter-
action may be first roughly estimated from this hump within
the simplified nearest-neighbor exchange interaction model for
a S = 3/2 Heisenberg chain (De John & Miedema®), kgTmax X
4.75|J|/2, yielding J/kg = —5.91 K. Note here that J is defined

J. Mater. Chem. C, 2025, 13, 8020-8031 | 8023
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(a) Temperature-dependence of the magnetic susceptibility, 7(T), measured at 0.1 T for mCB-Co. The black line is the fit curve by the Bonner—

Fisher model. The inset shows the x~(T) curve and also the Curie—Weiss fit; (b) field-dependence of the magnetization per Co ion, M(H), measured for
mCB-Co at different temperatures, 1.8 K, 15 K, 50 K, across Tmax in the y(T) curve; (c) x(T) at 0.1 T for mCB-Ni, and fit curve by the Weng model. Inset:
% T curve and Curie—Weiss fit from 100 to 300 K; (d) M(H), per Ni ion, measured for mCB-Ni at different temperatures (T = 1.8 K, 4.5 K, 50 K, 100 K).

negative for AFM coupling within the exchange Hamiltonian
H = —JES,'S,'+1.

To determine the intrachain interaction more precisely, the
susceptibility curve was fitted in the entire temperature range
to the equation, %(T) = chain(T) *+ Zimp(T). Here, the AFM spin-
chain for S = 3/2 was modelled by the Bonner-Fisher formula:®*

0.25 + 0.074975a + 0.0752354°
1 +0.9931a + 0.172135a% + 0.757825a%’

1)

where o = |J|/ksT (J is the intrachain interaction constant), Ny,
ug and kg are Avogadro, Bohr and Boltzmann constants, and
the Curie term yimp(7) = Cimp/T Was introduced to account for
the impurity spins contribution. For fitting the susceptibility,
the yo and g-factor were fixed to the abovementioned values.
The fit, shown in Fig. 3(a), yielded the intrachain AFM constant
Joolks = —4.65 K, and a Curie component Cj,p = 0.025 emu K mole, Y,
implying approximately 0.87% of ‘“paramagnetic”’ spin-3/2
impurities.

Based on the crystal structure of mCB-Co, where the metal
1D chains are well-separated by the bulky carborane ligand
(Fig. 2, left and Fig. S5, ESIt), interchain Co-Co interactions (J)
are expected to be much smaller than intrachain interactions
())- The interchain interactions J’ can be estimated by the model

2
) _ Na(gup)
Xchain-Co = kBT

8024 | J Mater. Chem. C, 2025, 13, 8020-8031

based on the Green function method:*®

knTn _ 4S(S+1)
/2 31()

(2)

where I() ~ 0.633/(5"?), n =J'/] (for n « 1). From heat capacity
measurements (vide infra), no magnetic ordering is observed
down to 0.4 K; thus Ty < 0.4 K, which gives a particularly small
threshold value of J'/J = 4.74 x 10" and demonstrates the
smallness of interchain interactions.

Fig. 3(b) shows the field-dependent magnetization of mCB-
Co at different temperatures, T = 1.8, 15, 50 K, measured up to
5 T. Above 15 K, a linear M(H) dependence is observed, while at
1.8 K the magnetization exhibits a curvature that can be
assigned to the paramagnetic contribution of impurities. The
magnetization value is only 0.37uy per Co at 5 T, 1.8 K, which is
far from the expected saturation value per Co" (Mg, = gusS =
5.82ug), supporting AFM interactions in this compound.

To further characterize the magneto-thermal properties of
mCB-Co, the specific heat was measured in the temperature
range between 0.4-300 K at different applied magnetic fields,
between 0-5 T (Fig. 4(a)). The specific heat under H = 0
decreases with decreasing the temperature and no A-like peak
is observed down to 0.4 K, indicating the absence of AFM long-
range ordering down to this temperature. The presence of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Specific heat as a function of temperature, per ion, measured at
different applied magnetic fields between 0-5 T for (a) mCB-Co and (b)
mCB-Ni.

short-range spin correlations along the chain, that results in
the susceptibility maximum at Th.x & 14 K, is not reflected in
the Cp(7), overshadowed by the dominant lattice contribution
in this temperature range. Co>" ion is a Kramers ion and
exhibits at low temperatures an effective $* = 1/2 ground state
doublet. Under the application of a magnetic field, the Zeeman
splitting of this doublet gives rise to the observed Schottky
anomaly in the heat capacity, mainly visible at 1 T, which shifts
to higher temperatures as the field increases.

mCB-Ni (S = 1)

The y(T) curve measured for mCB-Ni compound, shown in
Fig. 3(c), does not show a clear maximum, like the mCB-Co
analogue, only a hump above the Curie-Weiss behavior is
hinted. However, given the two compounds are isostructural,
we hypothesize that the system also behaves as a chain anti-
ferromagnet, in this case with S = 1. No magnetic long-range
order is observed for T > 1.8 K.

The fit of the 1/y(T) with the Curie-Weiss law, shown in
Fig. 3(c) (inset), gives 7o = 7.4 x 10~* emu mol ', and Curie
constant C = 1.22 emu K mol ", thereby defining a g-factor g =
2.21 and an effective magnetic moment for the Ni** ions of
Uege = 3.12 15, within the range reported for Ni** in an octahedral
environment (2.9-3.3u5).°>®” The Weiss temperature is nega-
tive, 0 = —26.93 K, supporting the predominance of AFM
interactions in mCB-Ni.

This journal is © The Royal Society of Chemistry 2025
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To determine the intrachain interaction, the susceptibility
curve was fitted with the equation x(T) = Ychain(T) + Ximp(T),
where the AFM Heisenberg spin-chain susceptibility for § =1 is
given by the Weng model:®®

2 +0.01940 + 0.7770

2
3+ 4.3460 + 3.23202 + 5.83403

kg T

Xchain-Ni =

The fit, shown in Fig. 3(c), yielded the intrachain AFM
constant Jui/kg = —23.36 K, and Cimp = 0.2208 emu K moly; ',
implying approximately 18.11% spin-1 impurities. Using the
simplified De Jongh & Miedema model with S = 1, where
kpTmax =~ 1.35|]|/2, for Jni/ks = —23.36 K, we would expect a
correlation maximum at T, = 31.54 K, which is compatible
with the bump observed in the y(T) curve.

The estimation of the inter- to intrachain coupling ratio,
based on eqn (2) and the Néel temperature threshold Ty = 0.3 K
obtained from heat capacity measurements (vide infra), yields
J'IJ < 3.71 x 107", demonstrating again the good isolation of
the 1D chains facilitated by the carborane linkers.

The M(H) curves for mCB-Ni up to 5 T at different tempera-
tures, T = 1.8, 4.5, 50 and 100 K, are shown in Fig. 3(c). The
behavior of M(H) is qualitatively similar to that of mCB-Co,
corresponding to an AFM linear chain, with additional con-
tribution from paramagnetic impurities at 1.8 K. The magneti-
zation at 5 T, M(1.8 K) ~ 0.31up per Ni, is much smaller than
the expected saturation magnetization of Ni** ions, My, = gS =
2.25 p per Ni. This result aligns with 1D Heisenberg AFM as well
as Haldane systems, in which the saturation magnetization can
often not be reached even in fields up to 40 T. At low tempera-
tures (1.8 K, 4.5 K), M(H) exhibits non-linear behavior, which
may be attributed to the paramagnetic impurities.

Fig. 4(b) shows the specific heat measurements for mCB-Ni
conducted down to 0.3 K. Ni*" is a non-Kramers ion (S = 1), so
the main contribution to the heat capacity of mCB-Ni comes
from the zero-field splitting (ZFS), which, although generally
small, becomes apparent at low temperatures. When an exter-
nal field is applied, the Zeeman effect further modulates the
ZFS levels, resulting in the observed field-dependent Cy(T,H)
trend that differs from the behavior observed for Co®>" Kramers
ion. However, similar to the mCB-Co analogue, no evidence of
AFM long-range ordering is observed down to the lowest tested
temperature, allowing to set a threshold for the Néel tempera-
ture of Ty = 0.3 K.

Comparison with other Co (S = 3/2) and Ni (S = 1) linear spin
chains

A variety of metal-organic architectures with diverse structural
dimensionality include Co(u) or Ni(n) magnetic 1D chains. In
the following, we discuss the distinct magnetic behavior of our
two new carborane-based 3D MOFs, incorporating quasi-ideal
1D AFM Co(u) or Ni(u) chains, with previously reported materi-
als, as summarized in Table S3 (ESIY).

Co(u) magnetic chains exhibit a rich variety of magnetic
behaviors, depending on the interplay between ion anisotropy,
intra- and interchain interactions. Single-chain magnet (SCM)
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behavior is often favored for chains of anisotropic Co(u) ions, in
highly distorted coordination environments, strongly coupled
through ferromagnetic (FM) intrachain interactions.®® The spin
reversal magnetic relaxation times are highly dependent on the
bridging linkers, in both isolated Co(u) polymers and chains
assembled in MOFs. Interchain magnetic interactions promote
long-range magnetic ordering, which can however coexist with
SCM dynamics.”® Metamagnetism, revealed by the sigmoidal
shape of the magnetization curve, has also been observed in
strongly correlated AFM or weakly FM chains of highly aniso-
tropic Co(m) ions,”" sometimes coexisting with SCM behavior.

The one-dimensional AFM behavior found in our mCB-Co is
qualitatively similar to that found in water-bridged [Co(m-
H,tpta)(u,-H,0)(H,0),], (g = 2.41, J/kg = —14.3 K),”* or isolated
polymeric chains bridged by oxalate ligands. However, the later
systems present stronger AFM interactions, such as {[Co(l-0x)
(H,0),]-2H,0},, (g = 2.51, Jiks = —23.6 K),”*> {[Co(ox)(Htr),]
2H,0},, (ox = oxalate dianion; Htr = 1,2,4-triazole) (g = 2.64,
Jlks = —13.38 K),”* Co(ox)(en) (g = 2.5, J/kg = —16.98 K)”> and
Co(ox)(en)-2H,0 (g = 2.6, J/kg = —14.82 K).”” For water-extended
Co(u) chains isolated by bulky 9-anthracenecarboxylato and 4-
quinolinecarboxylato ligands, the different interchain interac-
tions resulted in SCM behavior (4/kg = 8.11 K, A¢ = 4.20 K) in
the canted antiferromagnetic phase for {[Co(H,O),(L),]-
2H,0},,”® while, in contrast, metamagnetism and SCM (4/kg =
4.80 K, A¢ = 4.49 K) were observed in {{Co(H,0),(L'),]-2H,0},.”®

It is particularly intriguing that the related 3D coordination
polymer, [Co,(L),(12-H20),(DMF),],, which also contains water-
bridged Co®" chains separated by a long, planar ligand (L = 3,3’-
(1,3,6,8-tetraoxobenzol[lmn][3,8]-phenanthroline-2,7(1H,3H,6H,
8H)-diyl)-di-benzoic acid), exhibits markedly different magnetic
behavior compared to mCB-Co, which contains a bulky (3D), V-
shaped carborane ligand. Despite their structural similarity, they
exhibit markedly different magnetic behavior. [Coy(L), (M-
H,0),(DMF),],, shows FM intrachain interactions (J/kg = 33.22 K),
leading to SCM behavior with an energy barrier of A/kz = 21.65 K
and correlation energy of Aé/kg = 6.44 K.”

In the case of Ni(u), we have found an unique example of a
3D coordination polymer showing 1D AFM Ni(u) chains
(Table S2, ESIf).”*> This corresponds to {[Niy(p-pta)(iy-H,0),-
(H»0)4]-2H,0}, which shows somewhat larger AFM interactions
(g = 2.19, J/kg = —45.05 K) than mCB-Ni. The 1D coordination
polymer [NiL,-(u-N3)],(ClO,),, composed of Ni(u) bridged by
azido ligands, shows a quite similar 1D AFM behaviour (g =
2.20, J/ky = —22.2 K)”* to that of mCB-Ni.

Magnetic exchange interactions involving p-water bridges
are far less common in coordination polymers than p-oxo-
bridges.”* Intrachain exchange couplings are basically domi-
nated by the chain Co- - -Co distances and bridging Co—Oyater—
Co angles in these systems.”® The different exchange behavior
between mCB-Co (AFM) and [Co,(L),(1,-H,0),(DMF)4], (FM)
can be explained by the different Co---Co distances (3.860
and 4.199 A, respectively) and bridging Co-Oyaer~Co angles
(127.5 and 139.0 deg, respectively) within the chains of these
two 3D coordination polymers. Consistently, the corresponding
parameters for the also AFM bridged [Co(m-H,tpta)
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(12-H,0)(H,0),], (Co---Co: 3.910 A; Co-Oyyeer—Co: 130.6°) are
comparable with those for mCB-Co. Ni.--Ni distances and
bridging Ni-Oy.—Ni angles are also similar to the only other
water-bridge {[Ni,(p-pta)(p,-H,0),(H,0),]-2H,0}, but also to the
Co(u) coordination polymers described above, except for
[Co,(L)2(H2-H,0),(DMF),],,. "

It is also noteworthy to compare the results of mCB-Ni with
prior attempts to create Ni(u) spin-1 AFM Haldane chains in
other type of materials. Various hybrid compounds have been
proposed for this purpose, including ANiCl; complexes
composed of chains of NiClg octahedra separated by organic
cations of varying sizes and geometries. The intrachain AFM
coupling in mCB-Ni is comparable to that in MANiICl; (MA =
methylammonium, g = 2.27, J/kg = —21.46 K).”” In the organic-
inorganic hybrid compound NiCl;CsHsCH,CH,NH3, the Ni**
ions are isotropic (g = 2.25) and coupled AFM along the chain
with an exchange constant of J/kg = —25.5 K; however, inter-
chain couplings in this compound lead to magnetic ordering at
Ty = 10 K.”® Additionally, several inorganic Ni compounds have
been synthesized and put in the Haldane,”?"®* Z-AFM,**%* and
XY-AFM'* sectors of the Sakai-Takahashi phase diagram (J'/J vs.
DJJ) for uniform spin-1 chains. Y,BaNiOs, a representative
compound in the Haldane phase, consists of (NiOs), isolated
chains along the a-axis separated by Y and Ba atoms.”’
It behaves as a spin-1 Heisenberg chains with strong AFM
coupling (J/kg ~ —285 K) and exhibits no long-range ordering
down to 1.8 K, implying an inter-intrachain coupling ratio
JlJ < 107" Although the AFM intrachain interaction in mCB-
Ni is significantly weaker, its high degree of chain isolation
(7] = 6.61 x 10~°) makes it an intriguing candidate for further
investigation of quantum effects in 1D systems.

Optical and electronic properties

The diffuse reflectance (DR) UV-vis spectra of as synthesized
mCB-Co and mCB-Ni are shown in Fig. 5. The spectra in the
form of Reflectance versus wavelength are given in Fig. S10 (ESIT).
The spectra are consistent with an octahedral coordination geo-
metry for Co”* and Ni**. The adsorption bands in the range 200~
300 nm are attributed to m* — © transitions of the aromatic rings
in the mCB-L ligand.*® Absorption bands at 450-550 nm (maxima
at around 500 nm) and 650-670 nm (maxima at 660 nm) are
associated with d-d transitions of octahedral Co?" and Ni*" sites,
respectively.®>*® mCB-Co shows two absorption bands, one in the
UV region (487 nm) and another in the Near Infrared (NIR) region
(1131 nm), both corresponding to d-d transitions in octahedral
Co®*¥” The shoulder observed for the 662 nm band (Fig. 5)
corresponds to the splitting of the band due to spin-orbit
coupling, which mixes two different states that are very close in
energy. The mCB-Ni spectrum exhibits three absorption bands,
two at the UV region (388 and 662 nm) and one at the NIR region
(1073 nm), which are also attributed to d-d transitions for
Ni** sites.

The optical band gap energies (Ey) for mCB-Co and mCB-Ni
were estimated using the Kubelka-Munk (KM) model com-
bined with the Tauc plot method (see Experimental section
and ESIf for details).®®*° Plots for direct band gaps show a
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Fig. 5 Normalized UV-vis absorbance spectra of mCB-Co and mCB-Ni.

more clearly defined linear region than the corresponding
indirect plots (Table S4 and Fig. S11, S12, ESI}), suggesting
that our materials behave as direct semiconductors.®” Thus, E,
values were estimated from direct plots and are in the range of
3.68-3.88 eV (mCB-Co) and 4.08-4.20 eV (mCB-Ni), all being
consistent with the literature reports.’>°° Fig. 6 presents the
plots of the F(R)* function versus energy, which has been
recently suggested as the most appropriate approach for deter-
mining band gaps in MOF systems.®® As shown in this figure,
there is a steep, linear increase in light absorption with
increasing photon energy, characteristic of semiconducting
materials. The linear fit of this steep region intersects the hv
axis, providing an estimate of E, values for the MOFs.

The ability to engineer the band gap of MOFs is crucial for
optimizing their light absorption, as well as their electrical and
photocatalytic properties.”* Band gap modulation can be achieved
by modifying the organic linkers, incorporating guest molecules,

1.8

mCB-Co

1.5 mCB-Ni

1.2

F(R)?

0.9 4

0.6 -

0.3
E,=3.83 eV

Energy (eV)

Fig. 6 Direct band gap energy assessment using the Kubelka—Munk
function for mCB-Co and mCB-Ni. The linear portion of the plot is
extrapolated to the x-axis (red dotted arrows) to determine the band gap
energies (see text for further discussion).
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or altering the metal nodes within the framework.”>> The choice
of metal centers plays a fundamental role in determining
the conduction band, thereby affecting the overall band gap.
Among various strategies for tuning MOF electronic properties,
metal substitution within isostructural frameworks has gained
significant attention. Studies on MOF-74 have demonstrated that
replacing Zn** with transition metals such as Co>* or Cu®* leads to
a reduction in band gap, attributed to the presence of semi-
occupied d orbitals that alter the conduction band.’®®” Similarly,
in the MFU-4 framework, substituting Zn>* with Co** results in a
material with a lower band gap, confirmed by both experimental
and computational analyses.”® The NNU-31-M series, which con-
sists of Fe,M clusters (M = Co, Ni, Zn), further highlights the
impact of metal choice, with band gaps varying from 1.85 eV for
Co to 1.82 eV for Ni and 1.53 eV for Zn. These findings underscore
the critical role of metal nodes in band gap engineering.”®
However, although the precise and continuous tunability of band
gaps by modifying metal nodes is highly desirable, obtaining
target MOFs is challenging, as altering the metal nodes can easily
result in a completely different architecture.®*

The isostructurality of our MOFs, with identical coordination
geometries and atom types coordinated to the metal centers,
allows us to attribute the observed differences in band gaps
primarily to the nature of the transition metals. Ni** has a more
filled 3d-orbital configuration ([Ar]3d®) than Co** ([Ar]3d’),
leading to reduced overlap of the d-orbitals between the metal
centers and the linkers. This decreased overlap in the case of
nickel results in a greater separation between the valence and
conduction bands, thereby increasing the band gap. Conversely,
cobalt, with less filled d-orbital configuration, facilitate more
extensive electronic interactions within the framework, lowering
the energy difference between the valence and conduction bands
and thus resulting in a smaller band gap.”>'%°

Conclusions

We have successfully synthesized two new metal-organic fra-
meworks (MOFS), [My(i,-H,0),(mCB-L),(DMF),],-solv, incor-
porating water-bridged spin chains of Co™ (S = 3/2) or Ni"
(S = 1), by a solvothermal method. These MOFs, designated as
mCB-Co and mCB-Ni, feature one-dimensional spin chains
effectively isolated by the bulky carborane linkers mCBLH,.
Magnetic susceptibility measurements reveal a broad maxi-
mum at 14 K for mCB-Co and a bulge at ~32 K for mCB-Ni,
pointing to strong intrachain antiferromagnetic interactions
(Jcolks = —4.65 K and Jnikg = —23.36 K). No long-range
magnetic ordering is observed, as confirmed by heat capacity
results down to 0.3 K, due to the negligible interchain interac-
tions provided by the bulky carborane ligands. This behavior
highlights mCB-Co and mCB-Ni as promising high-spin one-
dimensional antiferromagnetic chains, offering a unique plat-
form for exploring quantum effects in well-isolated spin chains.
The carborane-MOF strategy further opens possibilities to con-
struct a variety of different spin, low-dimensional magnetic
lattices. Additionally, both frameworks exhibit wide-band-gap
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semiconducting properties, with optical band gaps of 3.62 eV
for mCB-Co and 3.84 eV for mCB-Ni. The increase in band gap
upon substituting Co with Ni further underscores the tunability
of electronic properties in these MOFs, suggesting potential
applications in semiconductor technologies.

Experimental section

All chemicals were of reagent-grade quality. They were purchased
from commercial sources and used as received. 1,7-Di(4-carboxy-
phenyl)-1,7-dicarba-closo-dodecaborane ligand (mCBH,L) was synthe-
sized by a slight modification of a literature procedure.*

Synthesis of {{My(p,-H,0),(mCB-L),(DMF),],,-solv} (M = Co
(mCB-Co) and Ni (mCB-Ni))

These materials were synthesized using solvothermal methods.
In a typical preparation, mCBH,L (0.04 mmol), the corres-
ponding M(NOj3); (0.05 mmol), DMF (1.0 mL), H,O (0.8 mL),
and methanol (0.35 mL) were added to an 8-dram vial. The
mixture was then heated in an oven at 100 °C for 48 hours.
During the synthesis, the reactants typically dissolved comple-
tely within 2 hours, and small particles began to form in the
suspension after approximately 20 hours. No further changes
were observed even with extended heating up to 6 days. Upon
cooling the closed vials to room temperature over 4 hours, large
pink (Co) or green (Ni) needles formed. The crystals were then
collected and washed with DMF. (Yield based on the metal
ions: 29% for mCB-Co and 33% for mCB-Ni). Elemental ana-
lyses (%): calculated for {{Co,(1,-H,0),(mCB-L)y(DMF);3(H,0)],-
2H,0}: C 41.31, H 5.67, N 3.53; found: C 41.35, H, 5.42, N 3.62;
calculated for {[Ni,(jt,-H,0),(mCB-L),(DMF)3(H,0)],,-2H,0}: C
41.33, H 5.67, N 3.53; found: C 41.41, H 5.45, N 3.63.

Instruments and characterization

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra were recorded using a PerkinElmer Spectrum
One spectrometer equipped with a Universal ATR sampling
accessory. Spectra were collected with 2 em™" spectral resolution
in the 4000-650 cm ™" range. Elemental analyses were obtained by
using a Thermo (Carlo Erba) Flash 2000 Elemental Analyser,
configured for wt% CHN. Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS) measurements were carried out in an
Agilent ICP-MS 7700x apparatus. Thermogravimetric Analysis
(TGA) was performed in N,, on an nSTA 449 F1 Jupiter instrument
(heating rate: 10 °C min~"; temperature range: 25 °C to 800 °C).
Scanning Electron Microscopy (SEM) (QUANTA FEI 200 FEGE-
SEM) and optical microscopy (Olympus BX52) were used to
monitor the morphology and color changes at various conditions.

X-ray diffraction

A crystal suitable for single crystal X-ray diffraction (SCXRD)
with dimensions 0.18 x 0.07 x 0.04 mm® was selected and
mounted on a MITIGEN holder with silicon oil on a ROD,
Synergy Custom system, HyPix diffractometer. The crystal was
kept at a steady T =100(2) K during data collection. The analysis
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of the crystal structures has been carried out within the CCDC
Mercury software.'” Powder X-ray Diffraction (PXRD) was
recorded at room temperature on a Siemens D-5000 diffract-
ometer with Cu Ko radiation (A = 1.5418 A, 35 kV, 35 maA,
increment = 0.02°).

X-ray photoelectron spectra

XPS were acquired using SPECS PHOIBOS 150 hemispherical
analyzer (SPECS GmbH, Berlin, Germany) with a base pressure
of 5 x 10”'° mbar using monochromatic Al K-alpha radiation
(1486.74 eV) as excitation source operated at 300 W. A low-
energy charge neutralizer was used to remove the charge shifts
during photoemission. Survey scans were recorded at a pass
energy Epaes = 50 €V, in steps of 1 eV, and high-resolution
spectra with 0.1 eV step and Ej,ss = 20 €V. Referencing the C 1s
peak for charge correction in XPS measurements has been
shown to be unreliable. Recent studies have demonstrated that
using the C 1s peak from adventitious carbon is not a consistent
or accurate method for determining binding energy (BE) refer-
ences, as the BE of adventitious carbon can vary significantly
depending on the sample and measurement conditions.>>*°%1%3
Thus, it is recommended to obtain the sample work function
from UV photoelectron spectroscopy (UPS) for samples conduct-
ing enough. However, as this is not possible for poorly conduc-
tive or insulating samples (like ours), there is no reliable method
to calibrate the BE and therefore we do not state any binding
energy for a fact and focus instead on spectral changes within
our family of isostructural materials.

Dc magnetometry

Magnetization and dc susceptibility measurements in the tem-
perature range 1.8 to 300 K in applied magnetic fieldsup to 5 T
were performed by using a Quantum Design MPMS SQUID
magnetometer. Experiments were conducted on powdered
samples embedded in Daphne oil to prevent grain orientation.
A diamagnetic correction of —7.9 x 10~ ® emu was applied to
account for the diamagnetic contribution of the SQUID capsule,
the Daphne oil and the organic compound.

Heat capacity

Heat capacity as a function of the temperature were measured
between 0.3-300 K at different applied fields between 0-3 T on
a pressed powder pellet fixed with Apiezon N grease, using a
Quantum Design PPMS equipped with a *He refrigerator.

Ac susceptibility

7'y 1'(f, T, H) measurements were performed using a Quantum
Design PPMS susceptometer over a temperature range of 0.1-
9.0 K, at H,. = 4.1 x 10~ * T, dc magnetic field of Hg. = 0-2.5 T,
and frequencies between f= 100-10 000 Hz. None of the studied
TM-MOFs showed an out-of-phase component in the suscepti-
bility, indicating the absence of magnetic relaxation.

Diffuse-reflectance UV-visible

(DR-UV-Vis) spectra were collected on a Varian CARY-500 Spec-
trophotometer equipped with a diffuse reflectance accessory in
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the wavelength range 200-1600 nm. The room temperature DR-
UV-Vis spectra were measured using Spectralon white as a
reference material and treated as explained in the main text
for estimation of the optical band gap energies.
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