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ABSTRACT: The realization and discovery of quantum spin liquid
(QSL) candidate materials are crucial for exploring exotic quantum
phenomena and applications associated with QSLs. Most existing
metal−organic two-dimensional (2D) quantum spin liquid candi-
dates have structures with spins arranged on the triangular or
kagome lattices, whereas honeycomb-structured metal−organic
compounds with QSL characteristics are rare. Here, we report the
use of 2,5-dihydroxy-1,4-benzoquinone (X2dhbq, X = Cl, Br, H) as
the linkers to construct cobalt(II) honeycomb lattices
(NEt4)2[Co2(X2dhbq)3] as promising Kitaev-type QSL candidate
materials. The high-spin d7 Co2+ has pseudospin-1/2 ground-state
doublets, and benzoquinone-based linkers not only provide two
separate superexchange pathways that create bond-dependent
frustrated interactions but also allow for chemical tunability to mediate magnetic coupling. Our magnetization data show
antiferromagnetic interactions between neighboring metal centers with Weiss constants from −5.1 to −8.5 K depending on the X
functional group in X2dhbq linkers (X = Cl, Br, H). No magnetic transition or spin freezing could be observed down to 2 K. Low-
temperature susceptibility (down to 0.3 K) and specific heat (down to 0.055 K) of (NEt4)2[Co2(H2dhbq)3] were further analyzed.
Heat capacity measurements confirmed no long-range order down to 0.055 K, evidenced by the broad peak instead of the λ-like
anomaly. Our results indicate that these 2D cobalt benzoquinone frameworks are promising Kitaev QSL candidates with chemical
tunability through ligands that can vary the magnetic coupling and frustration.

■ INTRODUCTION
Unlike conventional magnetic materials that usually undergo a
phase transition from a magnetically disordered state to a
magnetically ordered state at low temperatures, a quantum spin
liquid (QSL) is an exotic state of matter where highly
entangled electron spins do not develop any long-range
magnetic order even in the zero-temperature limit.1,2 The
search for QSL candidates has attracted intensive interest due
to their potential for quantum computation applications and
also due to their close relation to the microscopic origin of
high-temperature superconductivity.3−5 A few materials
exhibiting QSL behaviors have been discovered but mostly
with triangular or Kagome structures where neighboring
antiferromagnetic interactions cannot be satisfied simulta-
neously due to the lattice geometry.2,6−17 In fact, geometric
frustration on a nonbipartite lattice with triangular plaquette is
the only factor that can result in a QSL phase.18 As a
theoretical breakthrough, Alexei Kiteav showed in a exactly
solvable model that a spin-1/2 system on a bipartite
honeycomb lattice with bond-dependent Ising interactions
can host a QSL ground state.5 This breakthrough generated

considerable activity to design and discover candidate materials
for Kitaev QSLs. Among them, iridium oxides19−22 and α-
RuCl3

23−30 with honeycomb structures have turned out to be a
promising playground for Kitaev QSLs. Although these
materials have been actively discussed as realization of Kitaev
QSLs and shown to exhibit promising signatures of QSL states,
they nevertheless undergo magnetic ordering at low temper-
atures in zero external magnetic field, therefore failing to
achieve an ideal QSL ground state. This is because there are
other non-Kitaev exchange interactions that play a role at low
temperatures, such as the antiferromagnetic Heisenberg
interaction arising from the direct exchange interaction
between the neighboring metal ions, which results in an
ordered phase instead of the desired Kitaev QSL state. This
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motivated us to continue the search for more ideal realizations
of the Kitaev model in real materials that may exhibit true spin
liquid ground states.
Yamada et al. proposed that two-dimensional metal organic

frameworks (MOFs) are an attractive platform for the targeted
design of Kitaev QSLs.31 In contrast to traditional solid-state
materials where the Heisenberg interactions compete with
Kitaev interactions due to the small size of anions, the electron
density of nonmagnetic bridging organic ligands in MOFs can
shield the electron cloud tails of the metal ions, thereby
substantially reducing the direct overlap between d orbitals of
the neighboring metal ions. As a result, the direct exchange
interaction is strongly suppressed in MOF structures, opening
up the possibility of pure Kitaev-type interactions in this
material, and positioning the MOFs as the design platform for
the realization of Kitaev QSLs with an edge over other
inorganic candidates. In addition, MOFs possess a high degree
of tunability as they can be built from molecular building
blocks. This not only makes it possible to design a structure
that can satisfy the basic requirements for Kitaev QSL model
but also enables us to fine-tune the magnetic properties. This is
another attractive feature of 2D MOFs over inorganic minerals.
Until recently, only a few MOFs have been demonstrated to

be QSL candidates and most of them are based on the
geometrical frustration from triangular or Kagome latti-
ces.17,32−38 Shores et al. synthesized Cu(1,3-bdc), the first
structurally perfect metal−organic hybrid Kagome with a spin
of S = 1/2 on lattice vertices, demonstrating spin-frustrated
behavior with ferromagnetic ordering transition at low
temperatures.17 Misumi et al. identified 2D honeycomb
Cu3(HHTP)2 with a Kagome lattice as a QSL candidate
performing magnetic susceptibility and specific heat measure-

ments.36 Sorolla et al. reported on a half-spin Kagome lattice,
[(CH3)2(NH2)]3[CuII

3(μ3−OH)(μ3-SO4)(μ3-SO4)3]·
0.24H2O, showing antiferromagnetic interactions but no
magnetic ordering or spin freezing down to 2K, indicating it
as a promising QSL candidate.37 Zhang et al. found no long-
range ordering in the copper-oxalate framework,
[(C2H5)3NH]2Cu2(C2O4)3 down to 2K, with a frustration
factor greater than 3000, highlighting its potential of varying
MOF’s dimensionality to obtain QSL.34 Burzuri et al.
identified [PNP][CoRh(ox)3], a 2D heterometallic oxalate
framework as an appealing QSL system by a combination of
electronic paramagnetic resonance, specific heat and AC
magnetic susceptibility measurements in a wide range of
frequencies and temperatures.38

This work reports the use of 2,5-dihydroxy-1,4-benzoqui-
none (X2dhbq, X = Cl, Br, H) as the linkers to construct
cobalt(II) honeycomb lattices (compounds 1−3, respectively,
see Figure 1a−c). These linkers not only provide separate
pathways for superexchange interactions between metal centers
but also provide chemical tunability by varying the functional
group X in X2dhbq at the 3 and 6 positions (Figure 1b).
Different electron-withdrawing groups can be used to tune the
energetics of the linkers’ frontier orbitals. Their bis-bidentate
coordination around high spin d7 Co2+ in an octahedral crystal
field results in a (t2g)5 (eg)2 configuration with S = 3/2 and an
effective L = 1 moments, forming pseudo spin-1/2 doublets in
their ground state.39 Therefore, these two-dimensional (2D)
cobalt benzoquinone MOFs are promising Kitaev-type QSL
candidate materials. (NEt4)2[Co2(X2dhbq)3] (X = Cl, Br, H)
was successfully synthesized via a solution method. Single-
crystal X-ray diffraction studies revealed that each Co2+ center
is octahedrally coordinated with two oxygen donors from each

Figure 1. Crystal structures of (NEt4)2[Co2(Cl2dhbq)3], as viewed along the crystallographic ab plane (a) and c axis (b). The blue, green, red, and
brown spheres represent Co, Cl, O, and C atoms, respectively. The rounded rectangle in (b) shows the three organic linkers used in compounds 1,
2, and 3, respectively. (c) The local coordination mode of compound 1. The lengthy separations between Co2+ ions reduce the direct overlap
between the d orbitals of the neighboring metal ions. As a result, the direct exchange interactions are strongly suppressed in MOF structures,
opening the possibility of pure Kitaev-type interactions.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c14537
J. Am. Chem. Soc. 2024, 146, 15061−15069

15062

https://pubs.acs.org/doi/10.1021/jacs.3c14537?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14537?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14537?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14537?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of three X2dhbq2− linkers, and this coordination mode gives
rise to 2D honeycomb-like layers, thereby creating the building
blocks for the Kitaev QSL model. Direct current (DC)
magnetic susceptibility experiments reveal no long-range
magnetic ordering down to 300 mK even when the nearest
neighbor’s antiferromagnetic interactions are strong. In
addition, zero field cooled/field cooled (ZFC/FC) DC
magnetization measurements indicate no spin glass transition.
Heat capacity measurements further confirmed that this is a
hal f spin system with no long-range order for
(NEt4)2[Co2(H2dhbq)3] down to 0.055 K.

■ EXPERIMENTAL SECTION
Synthetic Procedure. To a 23 mL glass vial, a solid (137 mg,

0.845 mmol) of (EtN4)Cl was dissolved in 16 mL N,N-
dimethylformamide (DMF), followed by the successive addition of
a DMF solution (0.5 mL) of Co(NO3)2 6H2O (26 mg, 0.0893
mmol), a DMF solution (1.0 mL) of chloranilic acid (28 mg, 0.134
mmol), and 0.8 mL deionized water. The resulting solution was
shaken and then placed in an oven at 130 °C for 24 h. After the
reaction mixture was allowed to cool to ambient temperature, the
mother liquor was decanted and then replenished with fresh DMF.
This decanting−replenishing procedure was repeated until the
supe rna t an t wa s co l o r l e s s t o affo rd compound 1 ,
(NEt4)2[Co2(Cl2dhbq)3], as brown hexagonal plate-shaped crystals
suitable for single-crystal X-ray diffraction. Compound 2,
(NEt4)2[Co2(Br2dhbq)3] was synthesized as brown hexagonal plate-
shaped crystals according to the described procedure for 1 using
Co(NO3)2 6H2O, bromanilic acid, and (EtN4)Br. Compound 3,

(NEt4)2[Co2(H2dhbq)3] was synthesized as brown hexagonal plate-
shaped crystals according to the described procedure for 1 using
Co(NO3)2 6H2O, anilic acid, and (EtN4)Cl.

Characterization Methods. Raman spectra were recorded using
a Renishaw inVia microscope with an incident wavelength of 633 nm.
XRD measurements were performed on a Bruker D8 ADVANCE
powder diffractometer (40 kV, 40 mA, sealed Cu X-ray tube)
equipped with a LYNXEYE XET position sensitive detector. Data
were collected with an incident beam monochromator (Johansson
type SiO2-crystal). The single crystal X-ray diffraction studies were
carried out on a Bruker Kappa Photon III CPAD diffractometer
equipped with Mo Kα radiation (λ = 0.71073 Å).

Physical and Magnetic Property Measurements. Magnetic
measurements in the temperature range of 3−300 K were carried out
on a polycrystalline sample powder sealed in a gelatin capsule. The
data were collected by using a Quantum Design MPMS3 super-
conducting quantum interference device (SQUID) magnetometer.
Zero-field-cooled and field-cooled measurements were carried out
with an applied field of 1000 Oe. Low-temperature magnetic
measurements were carried out on polycrystalline sample using
Helium-3 (3He) option attached to SQUID magnetometer in the
temperature range 300 mK to 2 K.

Specific heat measurements above 2 K were conducted on a
Quantum Design Physical Properties Measurement System (PPMS)
with a calibrated HC puck. The sample was pressed into a pellet and
then broken apart to select the appropriate size for the instrument.
Special care was taken to calibrate both the puck and the puck plus
wax in the field before adding the sample. Below 2 K, the heat
capacity data from 55 mK to 4 K were collected using dilution
refrigerator (DR) option attached to PPMS Dynacool system. To

Figure 2. Powder X-ray diffraction data for 1 (−Cl), 2 (−Br), and 3 (−H). All samples show preferred orientation due to the flat shape of MOF
particles (inset: the image of compound 1 crystals; the scale bar is 10 μm).

Table 1. Selected Interatomic Distances (Å) and Vibrational Frequencies (cm−1) for Compounds 1−3a

aThe labels of the atoms are shown on the left side
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obtain strong sample coupling between the sample and heat capacity
platform, low temperature “N” grease is used.

■ RESULTS AND DISCUSSION
Synthesis and Crystal Structure. The reaction of

cobalt(II) nitrate and different benzoquinone derivatives
(X2dhbq2−: X = Cl, Br, H) in DMF in a glass vial at 130 °C
produced red-brown hexagonal plate-type crystals of com-
p o u n d 1 ( N E t 4 ) 2 [ C o 2 ( C l 2 d h b q ) 3 ] , 2
(NEt4)2[Co2(Br2dhbq)3], and 3 (NEt4)2[Co2(H2dhbq)3]
with an ab dimension of around 50 μm (Figure 2, inset).
Compounds 1−3, (NEt4)2[Co2(X2dhbq)3] (X = Cl, Br, H) are
isostructural and crystallized in the trigonal space group P3̅1m,
composed of anionic honeycomb-like layers and quaternary
ammonium counter cations (Figure 1a,b). Within anionic
layers, each Co atom is coordinated with three bridging ligands
through the O atoms to form an octahedral geometry. These
layers are extended along the crystallographic ab plane and
stacked along the crystallographic c axis in an eclipsed AA
stacking mode. As a countercation, each tetraethylammonium
(Et4N+) situated at the center of two nearest Co atoms from
adjacent layers, giving an interlayer spacing of 10.18 Å.
Selected interatomic distances are given in Table 1. All
compounds show similar Co−O distances, indicating similar
orbital overlaps between the Co centers and their surrounding
ligands. Notably, a similar structure as found for compound 1
has been reported previously through a postsynthetic metal-
exchange approach.40 Powder X-ray diffraction (Figure 2)
confirmed the purity of the bulk materials, and the presence of
Bragg peaks (00l) indicated a preferential crystallographic
orientation of crystals, in agreement with the feature of the 2D
structure.
Raman Spectroscopy. Considering that benzoquinone

ligands are redox active, solid-state Raman spectra (Figure 3a)
were collected for each compound to confirm the oxidation
states of ligands for compounds 1−3. The Raman bands
associated with the C−C and C−O vibrations have been
widely used to assign the oxidation states of benzoquinone
ligands. The bands centered at 1330−1400 and 1550−1620
cm−1 are attributed to the C−C and C−O stretching modes,
respectively. Based on the assignments of Raman bands for the
isostructural benzoquinoid frameworks,41−44 the ligands are
doubtlessly confirmed to be in the X2dhbq2− state for all the

compounds. It is noteworthy that though the C−C and C−O
bands situate within the same range for compounds 1−3, the
shifts of band positions are clearly observable in the spectra
(Table 1). The C−C and C−O bands of compound 1 locate at
1357 and 1605 cm−1, respectively. Compared to the band
positions of compound 1, the C−C band shifts to lower
wavenumbers, 1335 cm−1 and the C−O band remains
unchanged for compound 2, while the C−C and C−O
bands of compound 3 shift to higher wavenumbers (Table 1),
1394 cm−1 and lower wavenumbers, 1579 cm−1, respectively.
Correspondingly, as the crystallographic data show, the C−C
bond shortens from 1.38 Å in compound 1 to 1.32 Å in
compound 3 while the C−O bond elongates from 1.26 Å in
compound 1 to 1.34 Å in compound 3. This indicated that
changing the substituents on the ligands remarkably affects its
electron delocalization.

Magnetic Properties. To investigate the evidence of
cobalt(II) benzoquinone compounds as QSL candidates, DC
magnetization measurements were performed for the powder
sample over different temperature ranges. Figure 3b shows the
inverse of temperature-variable magnetic susceptibility χ(T)
data for compounds 1−3 between 2 and 300 K. No magnetic
transition temperatures can be observed down to 3 K,
indicating the absence of long-range magnetic ordering for
all the compounds. Also, the zero-field-cooled curves overlap
with the field-cooled curves, indicating that there is no spin
freezing for all the compounds, thereby indicating that disorder
is not playing a dominant role. Curie−Weiss law is used to fit
the 1/χ(T)−T plots in the temperature range of above 100 K
(high-temperature range, HT) and around 10 K (low-
temperature range, LT) because the slope change is observed
at around 50 K for all the compounds. The effective magnetic
moment (μeff) and Weiss constant (θCW) are obtained from the
fitting (see the next two sections) and summarized in Tables 2
and 3. The negative values of the Weiss constant indicate
dominant antiferromagnetic interactions between neighboring
metal centers. The change of the slope indicates different μeff
values in different temperature ranges, which is due to the
crossover from the S = 3/2, L = 1 state in each Co2+ ion
described in the HT range to a Kramers-doublet state with an
effective spin-1/2 per Co2+ ion in the LT range. The
occurrence of two non-long-range order regimes has been
observed in many quantum magnets with strong spin−orbit

Figure 3. (a) Raman spectra for compounds 1 (−Cl, red), 2 (−Br, green), and 3 (-H, blue). (b) Variable-temperature (3−300 K) inverse molar
magnetic susceptibility for compounds 1−3. (The inset shows a zoom-in view of the low temperature region below 20 K with the lines from the
Curie−Weiss fitting of low temperature data for each compound.)
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coupling (SOC) effect.45−47 Also, the difference in μeff and θCW
from compounds 1 to 3 indicated that different functional
groups of the ligands modulate the energy matching between
the ligands and magnetic centers through the superexchange
pathways, finally tuning the hopping energies and magnetic
frustration.
Symmetry Analysis. The space group of our compounds

is the symmorphic group P3̅1m, whose corresponding point
group symmetry is D3d. Due to spin−orbital coupling and
spatial anisotropy, we have bond-dependent exchange
interactions closely resembling the Kitaev model. We set up
the coordinate system as in Figure 4. The Z-bond has two

symmetries: a mirror plane that is perpendicular to the bond
and a bond-center inversion. The mirror symmetry exchanges
two sites and changes spin directions in the following way: (Sx,
Sy, Sz) → (−Sy,−Sx, −Sz). And the inversion symmetry
exchanges two sites. The exchange interactions for a Z-bond
respecting symmetries is therefore

= · + + + +

+ + +

H J S S KS S S S S S

S S S S S S S S

( )

( )

ij
z

i j i
z

j
z

i
x

j
y

j
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i
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i
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j
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j
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i
z

i
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j
z

j
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i
z

Here, J denotes the Heisenberg interaction, K denotes the
Kitaev interaction, and Γ, Γ′ denote two different types of
symmetric off-diagonal exchange interactions.

Exchange interactions for X- and Y-bonds are obtained from
cyclic permutation among Sx, Sy, Sz, as is obvious from the C3
symmetry.

Magnetic Susceptibility Fitting. The low temperature
physics can be captured well by the exchange model of

pseudospin-1/2. We use the Curie−Weiss law =
k T3 ( )

eff
2

B CW

to fit the data between temperature range 15−40 K, where the
data show a very good linear behavior (Figure 3b inset). For
the data taken from a powdered sample, we average the
magnetic susceptibility tensor χ over all directions and extract
μeff and the averaged exchange interactions 3J+K from the
fitting. Note that in the high temperature expansion, the
averaged susceptibility in the powder sample does not depend
on the exchange parameters Γ and Γ′. The fitting results are
given in Table 2. It is notable that when the functional group
of the linker is varied from −Cl to −Br and to −H with
decreasing electronegativity, there is a systematic decrease in
exchange interactions with the Curie−Weiss constant changing
from −8.5 to −7.6 and to −5.1 K. For comparison, the low-
temperature physics of inorganic Co2+ honeycomb materials
such as Na2Co2TeO6 can be similarly described by an effective
spin-1/2 model on a honeycomb lattice. However, in case of
Na2Co2TeO6, the Co2+ ions develop long-range magnetic
ordering at low temperatures, contrary to the Co-based MOF
systems reported here.48 Although bond-dependent Kitaev
interactions are naturally present in Na2Co2TeO6, additional
exchange interactions apart from Kitaev interactions give rise
to the magnetic long-range orders.49 Therefore, the absence of
magnetic ordering at low temperatures in our Co-based MOF
compounds indicates that MOFs can be considered as more
promising candidates for the realization of Kitaev physics.
To account for susceptibility at temperatures up to 300 K, it

is necessary to take atomic physics into consideration.
Therefore, we start from the (t2g)5 (eg)2 configurations with
S = 3/2 and L = 1 and take into consideration the trigonal field
distortion = ( )H Lz

2 2
3

and spin−orbital coupling

= ·H L S .50 We then solve this Hamiltonian and fit the
data within the temperature range 15−300 K using the method
of least squares. In our fitting, we have also included a
temperature-independent constant χ0 to account for ionic
physics with higher energy scales. The negative sign of Δ is
because trigonal field distortion can be viewed by a slight
compression of the O6 octahedron along the crystalline c-axis,
as can be seen in Table 1. And the results are listed in Table 3.

Low-T Susceptibility and Specific Heat of Compound
3. The low-temperature magnetization measurements were
performed on compound 3 in the temperature range of 0.3−2
K, as shown in Figure 5a. No divergence and inconsistency can
be observed down to 0.3 K for the ZFC and FC curves,
indicating the absence of any long-range magnetic ordering
down to 0.3 K. Specific heat measurements are a useful probe
for observing magnetic transitions in the search for quantum
spin liquids.1 Figure 5b shows the temperature dependence of
specific heat Cp(T) in the presence of various magnetic fields
of 0, 1, 2, 3, 5, and 9 T from 0.055 to 4 K for compound 3. The
Cp(T) data taken at 9T decrease monotonically with
decreasing temperature following a T3 law and are thus
attributed to the phonon contribution, which is seen to be
negligible below 2K. It is noteworthy to add that in Figure 5B,
the data were extended to higher temperatures but were cut off
to emphasize the spin contributions. The Cp(T) flattens at low

Table 2. Effective Magnetic Moment, μeff (μB) and Curie-
Weiss Constant, θCW (K) Obtained from the Fit at the
Temperature Range 15−40 K for Compounds 1−3

ligands θCW (K) 3J+K (meV) μeff /μB

1 (−Cl) −8.5 2.91 4.88
2 (−Br) −7.6 2.63 4.97
3 (−H) −5.1 1.75 5.00

Table 3. Trigonal Field Distortion Δ, the Spin-Orbital
Coupling λ, and the Constant Part χ0 Obtained from the
Susceptibility Fit at the Temperature Range 15−300 K for
Compounds 1−3

ligands χ0 (emu/mol·Oe) λ (meV) Δ (meV)

1 (−Cl) 1.9 × 10−3 12.5 15.5
2 (−Br) 3.2 × 10−3 10.6 17.8
3 (−H) 4.6 × 10−3 8.5 10.9

Figure 4. S = 1/2 pseudospins on a honeycomb lattice with nearest-
neighbor bond-dependent exchange interactions. We have used a
cubic coordinate system for pseudospins, where each pseudospin axes
are perpendicular to the corresponding bonds. The Z-bond is
invariant under two symmetries: a mirror plane and a bond-center
inversion. The X- and Y-bonds are related to the Z-bond by C3
rotation symmetries.
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temperatures (below 0.5 K) and high fields (5 and 9 T), as
expected. However, an upturn in Cp(T) is observed at low
temperatures (below 0.1 K) and low fields (below 3 T). This
upturn tail might be a manifestation of a frustrated magnetic
lattice.51 No sharp λ-like anomaly is observed down to 0.055 K
from the Cp(T) data, indicating the absence of long-range
magnetic ordering. Instead, a broad hump appears at around
1.15 K and shifts to higher temperatures with increasing the
magnetic field, which could be attributed to the short-range

correlations or the onset of quantum fluctuation in QSL
systems.52 The occurrence of a hump in Cp(T) plot might be a
characteristic feature of a spin-frustrated system, which has
been noticed in some QSL systems.52 −56 Furthermore, a small
kink is observed at ∼0.47 K, just before the hump maximum at
∼1.15 K, which might be associated with an unusual
thermodynamic phase transition different from the long-
range order, with significant short-range correlations.53 To
clarify the low temperature regions and upturn, Cp/T vs T plot
is shown separately in Figure 5c and the calculated entropy
(the integral of Cp/T dT) is shown in the inset with various
fields. The entropy calculated at a high magnetic field (9T) was
used to represent the phonon contribution. The spin entropy is
then obtained by subtracting this value from the total entropy
at 0, 1, 2, 3, and 5 T. The spin entropy decreased with
increasing magnetic field. The calculated entropy seems to be
saturated near Rln2 agreeing with the S = 1/2 state of Co2+
magnetic ions. However, a further quantitative analysis is
hindered because we were unable to accurately extract the
magnetic contribution for the specific heat due to the absence
of a suitable nonmagnetic analog of the compounds. Therefore,
more measurements on an MOF with similar structure but no
magnetic additions will be needed to subtract the phonon
contribution from the total specific heat and have a better
understanding of the overall trends.
Sub-2K magnetization measurements for compounds 1 and

2 have also been carried out (Figure S1). The DC-
susceptibility results show no signature of long-range magnetic
ordering down to lowest temperature accessible (300 mK).
The frustration factor (f = |θCW|/TN with TN = lowest
temperature measured) reaches 28, 25, and 17 for compounds
1, 2, and 3, respectively, demonstrating that these MOFs are
highly frustrated. The specific heat experiments for all samples
were also been completed. As shown in Figure S2, all three
MOFs show similar behavior.

■ CONCLUSION
In summary, the magnetic and specific heat properties were
investigated, for the first time, on a series of 2D honeycomb
cobalt benzoquinone MOFs, (NEt4)2[Co2(X2dhbq)3] (X = Cl,
Br, H) with effective spin-1/2. Magnetization experiments
showed the antiferromagnetic interactions between neighbor-
ing metal centers, but no magnetic transitions and spin freezing
could be observed down to 0.3 K. Heat capacity measurements
further confirmed that there’s no long-range order for
(NEt4)2[Co2(H2dhbq)3] down to 0.055 K, evidenced by the
broad peak instead of λ-like anomaly. These results indicate
that the cobalt benzoquinone MOFs might be promising as
QSL candidates. However, it should be noted that the true
ground state remains to be confirmed and that short-range
magnetic ordering or spin freezing cannot be conclusively
ruled out based on the present data. Moreover, the potential
presence of stacking faults or other possible disorders could
lead to random exchange between the cobalt pseudospins,
potentially resulting in the formation of a spin-liquid-like state
(e.g., random-singlet state), distinct from the Kitaev QSL. To
get more insights into the spin structures and excitations, we
will explore this system extensively in the future. Therefore,
larger crystals need to be grown, and further experiments at
different energy scales and along different orientations, such as
inelastic neutron scattering, will be performed.

Figure 5. (a) Low-temperature (0.3−2 K) zero-field-cooled/field-
cooled (ZFC/FC) molar magnetic susceptibility for compound 3.
The expanded view of long temperature (0.3−2 K) data is shown in
the inset. (b) Cp versus T plot at low temperature (0.055−4 K) at
various magnetic fields (0, 1, 2, 3, 5, 9 T) for compound 3. (c) Cp/T
versus T and Sm versus T plots at low temperature (0.055−4 K) at
various magnetic fields (0, 1, 2, 3, 5, 9 T) for compound 3. The
calculated entropy is shown in the inset, as collected for various
applied magnetic fields.
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