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ABSTRACT: Metal−organic frameworks (MOFs) provide excep-
tional chemical tunability and have recently been demonstrated to
exhibit electrical conductivity and related functional electronic
properties. The kagome ́ lattice is a fruitful source of novel physical
states of matter, including the quantum spin liquid (in insulators)
and Dirac fermions (in metals). Small-bandgap kagome ́ materials
have the potential to bridge quantum spin liquid states and exhibit
phenomena such as superconductivity but remain exceptionally
rare. Here we report a structural, thermodynamic, and transport
study of the two-dimensional kagome ́ metal−organic frameworks
Ni3(HIB)2 and Cu3(HIB)2 (HIB = hexaiminobenzene). Magnet-
ization measurements yield Curie constants of 0.989 emu K (mol
Ni)−1 Oe−1 and 0.371 emu K (mol Cu)−1 Oe−1, respectively, close
to the values expected for ideal S = 1 Ni2+ and S = 1/2 Cu

2+. Weiss temperatures of −10.6 and −14.3 K indicate net weak mean field
antiferromagnetic interactions between ions. Electrical transport measurements reveal that both materials are semiconducting, with
gaps (Eg) of 22.2 and 103 meV, respectively. Specific heat measurements reveal a large T-linear contribution γ of 148(4) mJ mol-fu−1

K−2 in Ni3(HIB)2 with only a gradual upturn below ∼5 K and no evidence of a phase transition to an ordered state down to 0.1 K.
Cu3(HIB)2 also lacks evidence of a phase transition above 0.1 K, with a substantial, field-dependent, magnetic contribution below ∼5
K. Despite them being superficially in agreement with the expectations of magnetic frustration and spin liquid physics, we ascribe
these observations to the stacking faults found from a detailed analysis of synchrotron X-ray diffraction data. At the same time, our
results demonstrate that these MOFs exhibit localized magnetism with simultaneous proximity to a metallic state, thus opening up
opportunities to explore the connection between the insulating and metallic ground states of kagome ́ materials in a highly tunable
chemical platform.

■ INTRODUCTION

Metal−organic frameworks (MOFs) make up a novel class of
materials defined by metal centers connected by organic
linkers. The nature of the metal and the organic linkers and the
structure dictate the material’s properties. Long explored for
gas sorption properties, MOFs have recently attracted
appreciable attention due to graphene-like structural motifs
and tunable electronic properties, including high carrier
mobilities and concentrations. This has led to their use in
many applications in a variety of fields, including electro-
catalysis and electronics (e.g., field-effect transistors).1−4 This
combination of transition metal ions and graphene-like organic
motifs provides a high degree of chemical tunability, allowing
independent modification of the molecular building blocks to
separately tune magnetic (via the transition metals) and bond
overlap and metallicity (via the conjugated linkers).

Materials containing a kagome ́ lattice, consisting of corner-
sharing triangles of atoms, have been long explored as
candidates for hosting the quantum spin liquid (QSL) state
when insulating and magnetic.5−7 A QSL is a nontrivial
magnetic ground state in which there is long-range spin
entanglement and the absence of traditional static magnetic
order. More recent work has focused on the appearance of
Dirac Fermions, or electrons with a linear energy−momentum
relationship, in metallic kagome ́ materials, where the linear
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dispersion is enforced as a consequence of the underlying
geometry. These states are often topological and known to give
rise to a giant anomalous Hall effect,8−10 and, more recently,
superconductivity.11−14

A persistent chemical challenge with kagome ́ magnets has
been to find a material or a class of materials that can be tuned
between the insulating and magnetic and metallic limits, a
prerequisite for testing theories such as Anderson’s prediction
of superconductivity arising from QSL correlations.15,16

Recently, a family of MOFs with kagome ́ lattices and
signatures of metallicity have been reported.17 These materials,
Ni3(HIB)2 and Cu3(HIB)2, are composed of two-dimensional
(2D) kagome ́ layers in which the transition metal ions form
vertices of the kagome ́ network, held together by planar
hexaiminobenzene (HIB) anions (Figure 1). The Ni2+ or Cu2+

ions contain unpaired, localized, magnetic electrons. The HIB
anions connect these metal centers and contain a highly
delocalized π network of electrons, reminiscent of that found in
graphene, providing superexchange coupling and electron
hopping between metal sites. We note that due to the π
delocalization on the closed shell, anionic ligands, the
superexchange interactions between metal centers can be
substantially stronger than that expected from atomic distance
considerations.18

Here we report the result of a combined structural,
thermodynamic, and electrical transport study of Ni3(HIB)2
and Cu3(HIB)2. Building on prior structural work,17 we find
that both materials contain a significant number of stacking
faults arising from 3-fold rotations of individual layers. In
addition, we find that the stacking of adjacent layers is similar
but not identical for the case of Ni and Cu. Magnetization
measurements are consistent with localized Ni2+ (S = 1) and
Cu2+ (S = 1/2) magnetism at >2 K. The Weiss mean field
antiferromagnetic interaction energy scales are weak, −10.6
and −14.3 K, respectively. The lower exchange strength in the
case of Cu is consistent with the lower level of square-planar
coordination of the Cu ions by HIB. Electrical transport reveals
that both materials are small-gap semiconductors, with gaps of

22.2 and 103 meV, respectively. Specific heat measurements
show no evidence for a transition to a long-range ordered
magnetic state above 0.1 K in either case. There is significant
magnetic entropy at low temperatures in the case of Cu, and an
anomalously large T-linear contribution in the case of Ni.
These observations can be explained as a consequence of the
local crystal field environment coupled to the high degree of
stacking disorder in these materials.

■ EXPERIMENTAL SECTION
Synthesis of Ni3(HIB)2 and Cu3(HIB)2 Films (HIB =

hexaiminobenzene). Ni3(HIB)2 and Cu3(HIB)2 films were
prepared using a series of synthetic procedures that are explained in
detail in the literature.17 Warning: Compounds 2,4,6-trinitroaniline
(TNA) and 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) are very
sensitive to mechanical force and highly explosive under alkaline
conditions. Both should be handled with extreme caution. In step 1
[synthesis of 2,4,6-trinitroaniline (TNA)], KNO3 (0.70 mol)
dissolved in H2SO4 (100 mL) was added dropwise at 50 °C to a
round-bottom flask of 4-nitroaniline (0.14 mol) and H2SO4. The
round-bottom flask was then heated to 80 °C for 3 h and then 110 °C
for 3 h. The reaction mixture was then cooled to room temperature
and later placed in an ice/water bath. The precipitates from the
cooling were subjected to suction filtration followed by air drying.
Recrystallization was achieved with a 0.4 M aqueous HCl solution to
give a high yield of glasslike yellow-colored crystals of 2,4,6-
trinitroaniline. In step 2 [synthesis of 1,3,5-triamino-2,4,6-trinitro-
benzene (TATB)], mixtures of sodium methoxide (0.44 mol) in TNA
(0.02 mol) and 4-amino-1,2,4-triazole (ATA) (0.2 mol) in DMSO
(300 mL) were combined. This formed an orange-colored suspension
that was stirred at room temperature for 3 h. The reaction mixture
was then poured into HCl (0.4 M), and then the precipitates were
separated via suction filtration, washed in distilled H2O, and dried.
The solids were dissolved in a solution of DMSO and trace amounts
of NaOH and were heated at 70 °C. After the mixture was dissolved,
it was decanted in a cold HNO3 (0.4 M) solution. The precipitate was
filtered, and deep yellow-colored TATB was obtained. In step 3
[synthesis of hexaaminobenzene (HAB)], TATB (0.012 mol), 10%
Pd/C, and pure ethyl acetate were placed in a high-pressure
hydrogenation bottle. The reaction container was agitated under H2
(4.2 bar) for 3 days. The yellowish color of the reactant mixture was
no longer observed. Concentrated HCl was mixed under H2 for 5 h.
The solution was filtered under reduced pressure over Celite, and
HAB trihydrochloride was afforded. The precipitates were subjected
to suction filtration and dried at 70 °C for 2 h under reduced pressure.
The crystals were redissolved in deionized H2O and filtered; a
concentrated aqueous HCl solution was added, and the mixture
sealed in a freezer. This process again allowed crystallization. The
crystals were accumulated through gravity filtration, washed with ethyl
acetate, and dried in a furnace to afford a high yield. In step 4a
[synthesis of Ni3(HIB)2 and Cu3(HIB)2 powders], Ni(NO3)2·6H2O
and CuSO4·5H2O (0.11 mmol) were added to different scintillation
vials along with 14 M NH4OH in DMSO and HAB·3HCl (0.072
mmol) in degassed DMSO. The vials were heated at 65 °C for 2 h,
and a black precipitate formed. This suspended mixture was
centrifuged, decanted, and washed with deionized water and acetone.
The solid product was dried under vacuum on a Schlenk line for 10
min.

Stacking Fault Analysis. Prior work reported high-fidelity
synchrotron X-ray diffraction data (λ = 0.517045 Å) on Ni3(HIB)2
and Cu3(HIB)2 but did not report an analysis of the stacking faults
and did not attempt to properly capture the peak intensities or
asymmetries.17 Here we carry out a comprehensive analysis of those
data, utilizing quantitative predictions of peak shapes and intensities
as implemented in the DIFFaX software suite.19 To carry out these
simulations, we had to modify DIFFaX to support a larger number of
atoms per layer than it does by default. We also found it necessary to
further modify it to take advantage of multicore processing (https://
github.com/tmcqueen-materials/DIFFaX-openmp-patches) to allow

Figure 1. Kagome ́ network of M3(HIB)2 depicted with red and
orange lines among the metal ions depicted as red circles. The metal
ions are magnetic, while the planar HIB molecules provide hopping
and superexchange between sites.
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automated refinement of stacking fault parameters by an iterative
process as implemented by Materials Automated.20 Models were
constructed starting from the previously reported CIF files, and
splitting into individual, symmetry-related, layers using the Python
Atomic Simulation Environment, version 3.22.0.21 Each of the two
symmetry-related layers from each compound was recast into a
trigonal cell and individually rotated 0°, 120°, and 240° around
(0.325, 0.25, 0.0) (layer 1) or (0.125, 0.25, 0.0) (layer 2) to produce
three rotation-equivalent versions of each layer. These were then
reconstituted in pairs to produce the nine possible configurations for
the relative orientations of pairs of layers. The final structural model
then consisted of six refinable parameters: an overall scale factor, two
in-plane displacement values offsetting layer 2 relative to layer 1
within each layer pair, two in-plane displacement values relating the
layers 1 of two successive pairs, and a single transition probability,
describing the probability that two adjacent layers adopt an unfaulted
(0°) orientation relative to the previous layer. For the sake of
simplicity, and because it does not significantly impact the results, all
atomic displacement parameters were fixed at Biso = 1.0, and known
instrumental broadening parameters were included. Finite particle size
effects were also included. The result is the stacking fault model
described in the text.
Physical Property Measurement. The resistivity and heat

capacity of Ni3(HIB)2 and Cu3(HIB)2 were measured using a
quantum design physical property measurement system (PPMS)
equipped with a dilution refrigerator. Temperature-dependent
resistivity measurements were performed using a standard four-
point probe technique at μoH = 0, 3, and 5 T. Specimens were pellets
densified at >1000 bar and cut into an approximately rectangular
shape ∼1−2 mm in length and ∼0.1 mm2 in cross sectional area.
Contacts were made using 50 μm Pt wire and Dupont 4922N silver
paste. The contact resistance, estimated from pairwise two-probe
measurements at room temperature, was estimated to be <100 Ω per
contact. Specific heat measurements were performed between 0.1 and

300 K at μoH = 0 and 1 T using the semiadiabatic pulse technique
with a 1% temperature increase and measurement over three time
constants. Each measurement was performed in triplicate. Apiezon N
grease was used to ensure suitable thermal coupling, with the addenda
collected over the same temperature range. Fits were checked to
ensure there was no evidence for the presence of a first-order phase
transition. Magnetization data were collected using an MPMS-7T
instrument from 2 to 300 K under μoH = 1 T and converted to
magnetic susceptibility using the approximation χ = M/H. Samples
were mounted as fixed pellets in a straw to avoid the preferred
orientation.

■ RESULTS AND DISCUSSION

Magnetic susceptibility measurements for Ni3(HIB)2 and
Cu3(HIB)2 are shown in panels a and b, respectively, of
Figure 2. Curie−Weiss analysis for Ni3(HIB)2 (Figure 2a) was
performed over the temperature range of 150−300 K and
yielded a Curie constant C of 0.989 emu K (mol Ni)−1 Oe−1

and a ΘCW of −10.6 K. The Curie constant is in good
agreement with the expected value of 1.0 for a Ni2+ (S = 1) ion,
and the Weiss temperature indicates net antiferromagnetic
interactions. This linear fit provides a good description of the
data over a wider range than the fit and indicates paramagnetic
behavior over the entire measured temperature range with no
evidence of magnetic order down to 2 K. The M(H) curves at
300 and 2 K (Figure 2c) are featureless. Ni3(HIB)2 thus
satisfies the canonical condition for frustration: |ΘCW|/Torder >
∼55 > 10 [with Torder < 0.2 K (vida inf ra)].
Similar behavior is found for Cu3(HIB)2 (Figure 2b).

Curie−Weiss analysis was performed at 150−300 K and
yielded a Curie constant C of 0.371 emu K (mol Cu)−1 Oe−1

Figure 2. Curie−Weiss analysis of (a) Ni3(HIB)2 and (b) Cu3(HIB)2. The data are consistent with S = 1 and S = 1/2 paramagnetic behavior,
respectively, with weak antiferromagnetic interactions. M(H) curves of (c) Ni3(HIB)2 and (d) Cu3(HIB)2 show no pronounced features or
behavior.
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and a ΘCW of −14.3 K. The Weiss temperature is negative,
indicative of antiferromagnetic interactions. The Curie
constant is in good agreement with the expected value of
0.375 for a spin-only S = 1/2 moment. It is, however, slightly
smaller than the value of ∼0.4 typically found in Cu2+

compounds. The origin of this reduced value is likely metal−
ligand covalency, expected given the proximity to a metallic
state. The Curie−Weiss behavior appears to extend down to
the lowest temperature measured, 2 K, with no signatures of
magnetic ordering. The M(H) curves at 300 and 2 K (Figure
2d) are similarly featureless. Considering that no magnetic
order is observed in specific heat down to 0.2 K (vida inf ra),
Cu3(HIB)2 is also canonically frustrated, with |ΘCW|/Torder >
∼70 > 10. Thus, we find both materials are candidates for
magnetic frustration and quantum spin liquid behavior.
Given the color of both materialsblack, in sharp contrast

with the more usual strongly colored (wide bandgap) QSL
candidatesit is natural to explore the electrical properties to
see if they can fill the gap between highly insulating and highly
metallic kagomeś. The existing literature contains contra-
dictory reports of metallic or semiconducting behavior in
conductive MOFs, depending on the measurement technique
and precise sample form.17,22,23 The use of noncontact or two-
probe measurement configurations, combined with a high
contact resistance in most cases, makes the determination of
intrinsic properties difficult.24,25 The analysis is further
complicated by the polycrystalline nature of bulk species,
because metallic materials have previously been observed to
exhibit activated conduction when there are insulating grain
boundaries that dominate conduction.26 Here, careful contact
preparation combined with a four-probe technique, which
together eliminate the contact resistance contributions, was
utilized to re-examine the temperature-dependent resistivity of
Ni3(HIB)2 and Cu3(HIB)2. The resistivities of both materials
increase with a decrease in temperature (Figure 3a,b),
consistent with bulk transport dominated by a thermally
activated process. The room-temperature resistivities are found
to be 30 and 5 × 105 Ω cm for Ni3(HIB)2 and Cu3(HIB)2
respectively. This semiconducting behavior is in agreement
with a prior report that found semiconducting transport in the
range of 200−300 K; our data extend this trend to significantly
lower temperatures, with higher reliability upon elimination of
contact contributions.
An Arrhenius fit, calculated on the basis of the relationship

ln(ρT/ρ300 K) = 2kBEgT
−1 + b, where kB is the Boltzmann

constant, Eg is the bandgap, and b is the intercept of the line,
used on a linear region in a plot of the natural log of the

resistivity normalized to the resistivity at 300 K versus inverse
temperature (Figure 3c), gives bandgaps of 22.2 meV for
Ni3(HIB)2 and 103 meV for Cu3(HIB)2. The magnitudes of
these gaps are consistent with the observed resistances at room
temperature, assuming the behavior arises from the bulk of the
material, and are not consistent with a composite model with
metallic particles separated by an insulating matrix.27

Thus, we conclude that the specimens measured here are
small-bandgap semiconductors. These bandgaps are much
smaller than those observed in most kagome ́ minerals, but also
far from the metallicity observed in materials such as Fe3Sn2,
MgCo6Ge6,

28 and KV3Sb5,
8−10,29 and place Ni3(HIB)2 and

Cu3(HIB)2 much farther from the insulating limit than most
QSL candidates. It is also interesting to compare our
Ni3(HIB)2 and Cu3(HIB)2 results to those of other recently
discovered kagome ́ MOFs. Table 1 shows bandgaps for a

number of known MOFs.30−35 The values span a range from
metallic and superconducting to >1 eV gap, demonstrating
how these MOFs exist in a previously underexplored region of
parameter space.
The interplay between the localized transition metal

magnetism and the electrical transport can be probed through
resistivity measurements as a function of magnetic field, i.e.,
magnetoresistance measurements. We find only small changes
with applied fields above 20 and 120 K for Ni3(HIB)2 and
Cu3(HIB)2, respectively (Figure 3a,b). While the high
resistivity prevents measurements down to the base temper-
ature, we observe the beginning of a modest (∼10%) positive
magnetoresistance in both materials below these temperatures,
implying some impact of the localized spins on the electrical
transport. This also suggests that grain boundary scattering,
while assuredly present, is not dominating the observed
transport: grain boundary scattering should be independent of
the magnetic field. Future work using micro/nanoscale-
constrained devices to overcome the high resistivities could
further explore this coupling in greater detail.

Figure 3. (a) Resistivity of Cu3(HIB)2 at μoH = 0 and 5 T. (b) Resistivity of Ni3(HIB)2 at μoH = 0 and 3 T. (c) Arrhenius fit for bandgap
determination of Cu3(HIB)2 (Eg = 103 meV) and Ni3(HIB)2 (Eg = 22.2 meV).

Table 1. Kagome ́MOFs with Bandgap and Superconducting
Behavior Demonstrating the Diversity of Electrical
Conduction in the MOF Kagome ́ Lattices

kagome ́ MOF bandgap (eV) refs

NiTAA MOF 0.61−1.1 30
(Cu-BHT) superconducting, Tc = 0.2 K 31,32
NiDT 0.054 33
Ni3(HITP)2 and Cu3(HITP)2 0.2 34
Cu3(HHTN)2 1.6 35
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Thermodynamic measurements provide further insight into
the physical properties of M3(HIB)2. Figure 4a shows the low-

temperature specific heat of Ni3(HIB)2. The small upturn
starting below ∼5 K develops into a broad hump below ∼1 K.
It is likely not an intrinsic magnetic contribution, as the change
in entropy is very small (inset of Figure 4a), and is more likely

the result of defect spins. Except for that small upturn, we find
that the data follow well the behavior expected for a simple
mixture of electronic and phononic contributions: Cp/T = γ +
β3T

2, where β3T
3 represents the phonon contribution and γ a

T-linear contribution. This fit gives a β3 of 4.3(8) mJ mol−1

K−4 and a γ of 148(4) mJ mol−1 K−2. The latter value implies a
very large and significant T-linear contribution to the specific
heat, which is unexpected for an insulator. Careful inspection
shows that this region is not quite linear, which likely means
that the contribution is from the spins in the material; e.g.,
classical spin waves exhibit a T to T3/2 dependence. In the
quantum spin liquid literature, such behavior is often attributed
to the presence of a spin-on continuum, but there are other
potential explanations, including the presence of significant
structural and/or magnetic glassiness or the existence of a
singlet ground state but with a low-lying S = 1 excited state.
Indeed, careful inspection shows that this region is not quite
linear. In addition, if the sample is interpreted as a metal, the γ
obtained is much larger than one would expect (by 10−100
times) and would imply a very large effective mass, ∼10−100
me.

36 Such a large effective mass is uncommon in a metal, as
this does not have the ingredients to be a heavy Fermion
system, but is known in amorphous TixSi100−x alloys,37 and
suggestive of significant structural disorder.38,39

In contrast, the low-temperature specific heat of Cu3(HIB)2
is complex and does not follow simple relations under any
measured conditions. The low-temperature heat capacity of
Cu3(HIB)2 (Figure 4b) shows a smooth divergence down to
0.1 K. This divergence contains significant entropy. To explore
how much of this entropy arises from magnetism, we also
carried out measurements under an applied field. The
divergence moves to higher temperatures and becomes more
pronounced under the application of a μoH = 1 T field,
consistent with a primarily magnetic origin. In addition, the
magnitude of the change is significant, implying that the
behavior at these temperatures is not governed by strong
interactions between spins (which would tend to suppress the
ability of an applied field to change the magnetic behavior).

Figure 4. (a) Linear fit of heat capacity divided by temperature (Cp/
T) as a function of T2 for Ni3(HIB)2 where Cp/T = γ + β3T

2, where
β3T

3 represents the phonon contribution and γ the Sommerfeld
coefficient. The inset shows the change in excess entropy from 0 to 10
K. (b) Cp/T as a function of T, where Cu3(HIB)2 data at μoH = 0 and
1 T are compared to Ni3(HIB)2 data at μoH = 0 T.

Figure 5. (a) Synchrotron X-ray diffraction data at 100 K (ref 17) compared to the optimal stacking fault models developed in this work (solid
lines). (b) Individual layers [Ni3(HIB)2 shown] can be rotated by 120° and keep the same net interactions with immediately adjacent layers but are
distinct in orientation with the next nearest layers. We model the stacking faults as a weighted random distribution of these rotations, combined
with static in-plane displacements between nearest (1−2) and next-nearest (1−1) layers.
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Nonetheless, as in the case of Ni3(HIB)2, no signatures of a
phase transition or magnetic order are observed.
To identify the microscopic origins of the observed lack of

magnetic order and proximity to metallicity, we carried out a
detailed analysis of synchrotron X-ray diffraction data. Powder
X-ray diffraction is a sensitive tool for the determination of
imperfections in the stacking of layered materials through the
characteristic asymmetric broadening and changes in inten-
sities of specific families of Bragg reflections. Figure 5a shows a
comparison of synchrotron X-ray diffraction data at 100 K for
Ni3(HIB)2 and Cu3(HIB)2 (from ref 17) with the previously
reported structural model, and the refined stacking fault model
developed here. From the measured data, several observations
are immediately apparent. (1) Individual Bragg reflections are
much broader than that predicted from a perfect crystal
structure plus instrumental contributions. (2) There is a
pronounced asymmetry in the visible reflections, with
pronounced right-side tails for the large reflections at 2θ
values of 2.54°, 5.2°, and 13.6° and a left-side tail for that at
9.52°. (3) Some of the peaks in Ni3(HIB)2 are broader than
those in Cu3(HIB)2, with less resolved fine peak structure.
Observation 1 is indicative of stacking faults in a crystalline

material, with observations 2 and 3 constraining the possible
models. Because the previous report17 found evidence of in-
plane displacements between adjacent layers, we initially
attempted to model these data using variable in-plane
displacements, but that was insufficient to explain the data. It
could not capture the observed peak asymmetries or the
variation in peak structure between the two materials.
Inspection of the structure shows another potential source of
stacking complexity. Individual layers can be rotated around a
3-fold axis that is, from the perspective of the immediate
adjacent layers, equivalent but results in different interactions
when considering the longer-range stacking. Thus, we built a
model incorporating this potential rotational disorder in
addition to interlayer shifts (Figure 5b). When combined
with finite size effects, both in plane and a finite (instead of
infinite) number of stacked layers, this results in models that
capture the key qualitative features of the data. The best found
values of the parameters are listed in Table 2. Further
refinements to this model adding complexity can improve
quantitative agreement but do not change the qualitative
characteristics.

In light of these significant structural complexities, it is
important to identify the likely origins of our observations of
magnetic frustration, a lack of magnetic order, and the
proximity to metallicity. A lack of magnetic order or other
phase transitions and T-linear contributions to specific heat are
often taken as quantum spin liquid physics signatures.
However, substantial work in recent years has shown how

disorder can often present many of the same attributes in the
absence of a QSL state and also how disorder might itself
enable QSL-type states.6,7,40−44 For the case of Cu3(HIB)2, the
significant structural disorder, combined with the low in-plane
spin density, is expected to prevent the formation of static
magnetic order and result in a broad continuum of magnetic
entropy at low temperatures, exactly as observed. In contrast to
a QSL state, however, a ground state driven by structural
disorder should be very sensitive and tunable in an applied
magnetic field, also as observed. Thus, we attribute the
behaviors of Cu3(HIB)2 not to QSL physics, but rather to
strong disorder.
The situation of Ni3(HIB)2 is distinct, as there is an

additional degree of freedom in play, single ion energy levels.
The local crystal field of Ni2+ in Ni3(HIB)2 is square planar,
and thus, an S = 0 ground state is expected. However, clear S =
1 magnetism is observed above 2 K in magnetization. This
suggests that there is a very low lying S = 1 excited state, which
would result in a complex contribution to the specific heat
below 2 K that would not be strongly dependent on the field as
in disordered amorphous alloys, although a spin contribution
(e.g., spin wave-like) is also possible.37 This explains the salient
differences we observe in the low-temperature specific heat
relative to Cu3(HIB)2, and thus, we assign Ni3(HIB)2 a highly
disordered, singlet ground state.

■ CONCLUSION
Magnetization, heat capacity, and resistivity measurements of
Ni3(HIB)2 and Cu3(HIB)2 demonstrate that these materials
are paramagnets with antiferromagnetic correlations and small,
semiconducting band gaps. We observe a 2.5-fold increase in
the heat capacity for Cu3(HIB)2 with μoH = 1 T. This trend
indicates nearly free spins easily perturbed by an external field
and rules out strongly interacting spin liquid physics in this
regime. Similarly, for Ni3(HIB)2, the large T-linear specific heat
can be explained by a confluence of a single ion singlet ground
state with stacking faults due to the disorder between layers,
yet these MOFs are unique in exhibiting both localized
magnetism and nearly metallic behavior with a kagome ́ lattice.
If the structural disorder can be suppressed, for example by
controlled, layer-by-layer vapor phase synthesis as has been
developed for graphene and transition metal dichalcoge-
nides,45−47 then they have the potential to reveal new physics
in the rarely explored regime of semiconducting kagome ́
lattices. More broadly, these MOFs demonstrate how the
development of chemically tunable material platforms can
access new regions of magnetic and electronic thermodynamic
parameter space.48
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