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ABSTRACT: The metal−organic framework Zr6O4(OH)4(bpydc)6
(bpydc2− = 2,2′-bipyridine-5,5′-dicarboxylate) is used to template the
growth of a cluster fragment of the two-dimensional solid MnBr2, which
was predicted to exhibit spin frustration. Single-crystal and powder X-ray
diffraction analyses reveal a cluster with 19 metal ions arranged in a
triangular lattice motif. Static magnetic susceptibility measurements
indicate antiferromagnetic coupling between the high-spin (S = 5/2)
MnII centers, and dynamic magnetic susceptibility data suggest
population of low-lying excited states, consistent with magnetic
frustration. Density functional theory calculations are used to determine
the energies for a subset of thousands of magnetic configurations
available to the cluster. The Yamaguchi generalized spin-projection
method is then employed to construct a model for magnetic coupling interactions within the cluster, enabling facile determination of
the energy for all possible magnetic configurations. The confined cluster is predicted to possess a doubly degenerate, highly
geometrically frustrated ground state with a total spin of STotal =

5/2.

■ INTRODUCTION
Magnetic molecules exhibiting spin frustration have gained
increasing attention for hosting unique physical properties.1

For instance, the chiral spin states of frustrated triangular
clusters have been proposed as an alternative means for
encoding spin qubits.2,3 Additionally, these molecules can serve
as models for bulk materials, supplementing our understanding
of nontrivial magnetic order in spin-frustrated systems such as
spin liquids.4,5

Geometric spin frustration arises in both molecules and bulk
materials because of competing antiferromagnetic interactions
that cannot be simultaneously satisfied. For example, two-
dimensional triangular6 and Kagome ́7,8 lattices and three-
dimensional hyper-Kagome ́9 and pyrochlore10 lattices can all
provide platforms for studying spin frustration in bulk
materials. In addition, molecular systems featuring odd-
numbered metal rings,11 cuboctahedra and icosidodecahe-
dra,12,13 and disklike clusters with triangular motifs14−20 have
all demonstrated spin-frustration effects. The magnitude of the
spin on the individual magnetic centers themselves is also
important in these frustrated systems. For spin liquids, most
research has focused on magnetic centers with spin, S, or total
angular momentum, J, values of 1/2, which are least likely to
afford long-range-ordered, commensurate ground states.6−10

However, higher-spin systems can also afford interesting
phenomena such as spin chirality.21

Recently, we reported a series of metal halide clusters of the
type M19X38 (M = Fe, Co, Ni; X = Cl, Br) confined within the
metal−organic framework Zr6O4(OH)4(bpydc)6 (1; bpydc

2− =

2,2′-bipyridine-5,5′-dicarboxylate).22 Notably, single-crystal X-
ray diffraction characterization of all of the clusters revealed a
triangular lattice akin to a single layer of the corresponding
bulk metal dihalide. The intralayer ferromagnetic coupling
characteristic of the bulk metal halides is also retained in these
clusters and gives rise to high-spin ground states. Given the
close relationship between the atomic and magnetic structures
of these clusters and those of their parent materials, we sought
to assemble analogous framework-confined clusters with
antiferromagnetically coupled metal ions to prepare a magneti-
cally frustrated system. We identified MnBr2 as a promising
target, given that it is a bulk antiferromagnet constructed from
SMn =

5/2 spin centers on a triangular lattice and it crystallizes
in the layered CdI2 structure type.23 Of note, although they
have not yet been isolated, monolayers of MnBr2 are predicted
to be exfoliable, antiferromagnetic semiconductors.24 More-
over, lateral confinement of two-dimensional monolayers is
emerging as a powerful handle to modulate the electro-
magnetic properties.25,26 While several Mn-based, disklike
clusters have been reported, most are hydroxo-bridged, mixed-
valent clusters that have been designed to maximize spin rather
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than to engender frustration effects.27−29 Notable homovalent
clusters include {MnII7} and {MnII19} species that bear
structural similarities to the layered Mn(OH)2 pyrochroite
mineral.17−20,30 Indeed, the reported {MnII7} clusters exhibit
spin frustration, and the {MnII19} clusters exhibit antiferro-
magnetic spin correlations. Additionally, the one-dimensional
solid {Mn4Cl8(THF)6(Mn(THF)2Cl2}∞ contains tetranuclear
MnII clusters, and all spin centers in the material engage in
antiferromagnetic coupling.31 The present templating ap-
proach therefore offers a powerful new opportunity to study
magnetic frustration and underlying coupling interactions as
well as potential confinement effects in a technologically
relevant material.

■ EXPERIMENTAL SECTION
General Information. All manipulations were performed using

standard Schlenk techniques or in a nitrogen-atmosphere VAC
glovebox. Acetonitrile (MeCN) and toluene were dried using a
commercial solvent purification system designed by JC Meyer Solvent
Systems and stored over 3 Å molecular sieves prior to use. Compound
1 was prepared as previously reported.32 All other compounds were
purchased and used as received. Metal content analysis via inductively
coupled plasma optical emission spectrometry (ICP-OES) was
conducted as previously reported.22

Synthesis of 1(MnBr2)14 (CCDC 2070582). Stoichiometric
reactions were performed using microcrystalline powder samples of
1 in the presence of single crystals that were later characterized by
crystallography. Single crystals of 1 (<0.1 mg) suspended in toluene
were transferred into a thick-walled borosilicate tube. Most of the
solvent was decanted, followed by the addition of microcrystalline 1
(100 mg), 19 equiv of MnBr2 (191.7 mg, 0.8927 mmol), and 3.0 mL
of 5% (v/v) MeCN in toluene. The reaction mixture was degassed by
three freeze−pump−thaw cycles, after which the tube was flame-
sealed and then placed in an oven preheated to 120 °C. The mixture
was allowed to react for 1 month at this temperature, resulting in a
color change from white to yellow for both the crystals and the
powder. Most of the solution was removed by pipet, and the crystals
were subsequently soaked in 3 mL of fresh 5% (v/v) MeCN in
toluene at 32 °C for 24 h. The supernatant was subsequently
decanted, and this soaking procedure was repeated two more times.
Unreacted MnBr2 solid powder was removed by careful transfer of the
framework crystals and microcrystals into a new vial prior to each
wash. A slurry containing most of the microcrystalline powder was
separated from the crystals and pipetted into a new vial, after which
the solvent was removed under reduced pressure at 80 °C to give a
microcrystalline powder sample of 1(MnBr2)14. The remaining single
crystals were then used for single-crystal X-ray diffraction experiments.
Anal. Calcd for C84H54Br28Mn14N18O32Zr6: C, 18.75; H, 1.01; N,
4.69. Found: C, 20.90; H, 1.55; N, 3.91.
Single-Crystal X-ray Diffraction. X-ray diffraction analysis was

performed on a single crystal coated with Paratone-N oil and
mounted on a MiTeGen loop. The crystal was frozen at 100 K by an
Oxford Cryosystems Cryostream 700 Plus. Data were collected at
Beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley
National Laboratory, using synchrotron radiation (λ = 0.7288 Å) on a
Bruker D8 diffractometer equipped with a Bruker PHOTON100
CMOS detector. Raw data were integrated and corrected for Lorentz
and polarization effects using Bruker AXS SAINT software.33

Absorption corrections were applied using SADABS.34 The structure
was solved using direct methods with SHELXS35,36 and refined using
SHELXL37 operated in the OLEX238 interface. No significant crystal
decay was observed during data collection.
Structural refinement proceeded analogously to previous work.32

Voids in the structures that result from disordered solvent that could
not be modeled, large anisotropic displacement parameters that result
from linker and solvent disorder, and low data resolution gave rise to
A and B level alerts from checkCIF. Responses addressing these alerts
have been included in the CIF and can be read in the report generated

by checkCIF. Modeling the unassigned electron density using
SQUEEZE,39 as implemented in the PLATON40 interface, results in
an artificially inflated linker occupancy. Consequently, refinement
prior to the implementation of SQUEEZE is reported.

Powder X-ray Diffraction. A microcrystalline powder sample of
1(MnBr2)14 was loaded into a 1.0 mm boron-rich glass capillary inside
a nitrogen-atmosphere glovebox, and the capillary was flame-sealed.
The capillary was placed onto a zero-background plate of a Bruker D8
Advance diffractometer and collected using a Cu Kα (λ = 1.5406 Å)
X-ray source, scanning 2θ between 3 and 50° at a scan rate of 0.2 s
step−1 with a step size of 0.02°.

Electron Microscopy. Scanning electron microscopy (SEM) was
performed using a FEI Quanta Dual Beam FIB 0.5−30 kV microscope
operating at 10 kV at the Biomolecular Nanotechnology Center,
University of CaliforniaBerkeley. Energy-dispersive X-ray spectros-
copy (EDS) maps were obtained at room temperature using an
Oxford EDS detector attached to the SEM microscope.

SQUID Magnetometry. Sample preparation proceeded as
previously reported.22 Magnetic susceptibility measurements were
performed using a Quantum Design MPMS2-XL SQUID magneto-
meter. Direct-current (dc) magnetic susceptibility measurements were
collected in the temperature range 2−300 K under applied magnetic
fields of 0.01, 0.1, and 1 T. Magnetic hysteresis measurements were
performed at a sweep rate of 2.4 mT s−1. Diamagnetic corrections
were applied to the data using Pascal’s constants to give χD =
−0.00202172 emu mol−1 [1(MnBr2)14] and χD = −0.00024306 emu
mol−1 (eicosane).

■ COMPUTATIONAL DETAILS
Density Functional Theory (DFT) Calculations. All DFT

calculations were performed using the Gaussian G16.A3 software
suite.41 The Minnesota M11L meta-GGA functional was used in
conjunction with an ultrafine integration grid.42 A split-basis-set
construct was used, with all Mn atoms treated with the Dunning
triple-ζ cc-pVTZ, all Br and N atoms treated with the double-ζ cc-
pVDZ, and all C, O, and H atoms treated with the Pople 6-31G basis
set.43,44 The crystal geometry was examined via single-point, broken-
symmetry calculations with only the bipyridine linkers, MeCN groups,
and Mn19Br36 magnetic sheet included. The structure was treated as a
2+ cation, with the central Mn ion holding the excess charge. A total
of 31 fragments were constructed: 1 central Mn2+ ion, 18 MnBr2
groups, 6 bipyridine ligands, and 6 MeCN groups. Attempts to
simulate the magnetic data for the cluster with PHI proved impossible
because of the memory requirements for a system with 19 S = 5/2
ions.

Broken-symmetry calculations were carried out on 18 representa-
tive magnetic configurations to determine the values of ⟨S2⟩ and the
energy for each. The Minnesota functional M11L was used with the
basis sets cc-pVTZ (Mn), cc-pVDZ (Br and N), and 6-31G (C, O,
and H). The M11L functional was selected because it is benchmarked
to work well with transition metals and was found to be the most
computationally efficient for this system among a series of functionals
including M062X, PBE, and B3LYP. Because B3LYP is a common
functional for J-constant estimation, we include a subset of
calculations with B3LYP to demonstrate the correspondence between
the two functionals (Tables S3 and S6).

Monte Carlo Simulations. In order to obtain the magnetic
susceptibility and hysteresis curves from the calculated magnetic
exchange coupling constants, we performed Monte Carlo simulations
using the Metropolis algorithm.45 For each simulation, 1000 clusters
(14000 MnII centers) comprised of the cluster sizes Mn6, Mn12, Mn18,
and Mn19 were constructed such that the average cluster size is Mn14.
We attempt a spin flip of each MnII center within each cluster for a
total of 14000 attempted spin flips for each ensemble and iterated this
process over 10000 Monte Carlo steps. This ensured that the
calculated magnetization for each Monte Carlo step was representa-
tive of a system with an average Mn population of 14. The first 2000
Monte Carlo steps were excluded in the calculation of averages so that
each system was able to reach equilibrium.
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■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The treat-
ment of single crystals of 1 with 19 equiv of MnBr2 in a 1:10
(v/v) mixture of MeCN and toluene affords 1(MnBr2)11.
Single-crystal X-ray diffraction characterization revealed a
structure containing 19 total Mn positions arranged in a
triangular lattice to afford 24 triangular circuits (Figure 1).
While the triangular circuits are not themselves equilateral, the
crystal structure space group symmetry of Pa3 enforces a local
D3d point group symmetry for the cluster. A total of 4 of the 19
Mn positions are crystallographically distinct. Sites I and II
each generate six symmetrically equivalent positions that
together comprise the outer ring of the cluster. Site I is bound
to the bipyridine moiety of the framework, and site II bridges
adjacent site I positions. Site III consists of six equivalent
positions that comprise the inner ring of the cluster, and site IV
is the central MnII ion. The site occupancies are highest at the
cluster edges and decrease toward the center, with values of
0.864(12), 0.625(12), 0.382(12), and 0.25(3) for sites I−IV,
respectively. Close examination of the crystal structure reveals
that site II adopts a pseudooctahedral MnBr5(MeCN)
coordination environment, but it is only possible to resolve
the N atom of the MeCN ligand. At full occupancy, the cluster
can therefore be described as the divalent cation
Mn19Br36(bpydc)6(MeCN)6

2+ with two additional outer-
sphere Br anions (Figure S1). Fractional site occupancies,
however, indicate a mixture of cluster sizes, with no more than
25(3)% of the framework pores in 1(MnBr2)11 bearing a fully
populated Mn19 cluster.
Treatment of microcrystalline 1 with 19 equiv of MnBr2

under synthetic conditions identical with those used for the
single crystals afforded 1(MnBr2)14 with a higher overall metal
occupancy [73.3(2)%], as determined using ICP-OES. The
higher overall metal occupancy suggests a greater fraction of
fully populated Mn19 clusters; however, we still expect a
mixture of cluster sizes in line with the single-crystal X-ray
diffraction experiments. Further characterization of
1(MnBr2)14 by powder X-ray diffraction (Figure S2) as well
as SEM and EDS (Figures S3 and S4) confirmed the sample
purity and uniform incorporation of MnBr2. The smaller
particle sizes of microcrystalline 1 may facilitate the increased
metal loading relative to that determined for the single crystals.
The use of more than 19 equiv of MnBr2 did not increase the

metal loading achievable in single-crystalline or microcrystal-
line 1.
At full occupancy, the Mn19Br36 cluster corresponds to a

fragment excised from a single layer of the bulk MnBr2 solid-
state structure. The average nearest-neighbor Mn···Mn
distance in the cluster is 3.74(6) Å, which is slightly
compressed relative to that in the bulk material (3.922 Å).23

The rigidity of the framework likely enforces the compressed
cluster geometry, despite the ability of the framework linkers to
accommodate minor strain. The Mn−Br−Mn bond angles of
the cluster range from 87.2(2) to 92.8(2)°, compared with 90°
in the bulk material. Bulk MnBr2 adopts an antiferromagneti-
cally ordered state below 2.16 K, wherein each MnBr2 layer
consists of two-metal-atom-wide ferromagnetic stripes with
antiferromagnetic coupling between neighboring stripes.
Further antiferromagnetic order exists between layers.23,46,47

However, this spin texture does not necessarily translate into a
discrete cluster. In the bulk material, there are several
competing exchange mechanisms between nearest neighbors,
including antiferromagnetic direct exchange as well as
ferromagnetic and antiferromagnetic superexchange.48,49 Man-
ganese dihalides have also been shown to exhibit significant
coupling between second-nearest and even third-nearest
neighbors.50 Consequently, the ground-state magnetic struc-
ture for a finite-sized MnBr2 cluster will be highly sensitive to
Mn···Mn distances and Mn−Br−Mn bond angles.

Investigation of the Magnetic Properties by SQUID
Magnetometry. dc magnetic susceptibility data were
collected to probe the magnetic interactions present in
microcrystalline 1(MnBr2)14 (Figure 2a). At 300 K, the
product of the molar magnetic susceptibility and temperature
(χMT) is 59.4 emu K mol−1, which corresponds well to the
expected value for 14 uncoupled, high-spin MnII ions (61.25
emu K mol−1 assuming g = 2.00). The magnitude of χMT
continuously decreases as the temperature is lowered,
indicative of antiferromagnetic coupling between Mn centers.
This conclusion is further supported by the negative Weiss
temperature of −27.2 K determined from a Curie−Weiss fit to
1/χM collected under a 0.01 T field (Figure S5). Variable-field
magnetization data collected at 2 K feature minimal curvature,
and at the highest field of 7 T, M reaches a value of only 30.9
μB (Figure 2b). This value is approximately half that expected
for parallel alignment of all Mn spins (70 μB), again supporting

Figure 1. Portions of the crystal structure of 1(MnBr2)11 at 100 K as determined from single-crystal X-ray diffraction. (Left) Top-down view of the
templated cluster, which features 19 MnII ions arranged in a triangular lattice. The four crystallographically distinct MnII sites are labeled with
roman numerals. (Middle) Cluster view highlighting the triangular lattice of Mn atoms. (Right) Cluster side view. Yellow, pink, dark-red, red, blue,
and gray spheres represent Zr, Mn, Br, O, N, and C atoms, respectively; H atoms and outer-sphere Br anions are omitted for clarity.
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the presence of antiferromagnetic coupling between MnII

centers. While a detailed interpretation of the experimental
magnetic data is complicated by the mixture of cluster sizes
present in 1(MnBr2)14, a structurally related {Mn19(OH)12}

26+

cluster exhibits similar magnetic susceptibility and magnet-
ization behavior. In the {Mn19(OH)12}

26+ cluster, the lack of a
round maximum in the magnetic susceptibility data and the
nonlinearity of the magnetization data are attributed to a near-
continuous spread of antiferromagnetic J constants.20 In our
system, J constants likely vary within a specific cluster but will
also be affected by the variable Mn population. We can
therefore conclude that antiferromagnetic interactions are
indeed dominant throughout the ensemble but cannot
attribute the overall behavior to a specific cluster size.
In tandem with a triangular cluster lattice, these dominant

antiferromagnetic interactions are expected to give rise to
geometric spin frustration. Multiple weak coupling interactions
between MnII centers, however, are likely to give rise to many
low-lying excited states that further complicate experimental
validation of the total ground-state spin (STotal).

27,51 In some
situations, collecting reduced magnetization data at low applied
fields and temperatures has been shown to mitigate this
difficulty.14,52 In this case, however, we were unable to obtain
satisfactory fits to reduced magnetization data collected for
microcrystalline 1(MnBr2)14 under fields ranging from 0.1 to
2.0 T and temperatures from 2.0 to 10 K (Figure S6), likely
because of the presence of multiple species.
Alternating-current (ac) magnetic susceptibility data col-

lected under zero applied field can offer insight into the
ground-state spin population and magnitude because the

absence of an applied field mitigates the approach or crossing
of excited states with the ground state.52 In particular, the
product of the in-phase molar magnetic susceptibility and
temperature (χM′T) will be temperature-independent if the
ground state is exclusively populated, whereas this product will
be temperature-dependent if there is also excited-state
population. ac susceptibility data were collected for
1(MnBr2)14 between 2 and 10 K using a 4 Oe field oscillating
at frequencies from 1 to 500 Hz (Figures S7 and S8). No out-
of-phase signal (χM″) is detected, but the corresponding plot of
χM′T versus T is clearly temperature-dependent (Figure S9).
This result suggests the presence of a subset of cluster sizes
with low-lying excited states. Similar behavior attributable to
low-lying excited states was reported for disklike MnII7
clusters.17,18 Despite the variable Mn population in our system,
experimental magnetic characterization of 1(MnBr2)14 is
therefore broadly consistent with planar, antiferromagnetically
coupled MnII clusters that display spin frustration.

Exchange Coupling Constants. From a theoretical
perspective, we are most interested in understanding the
magnetic properties of a fully populated Mn19 cluster in order
to guide future research efforts. To probe the magnetic
interactions and ground-state structure of this particular
species further, we turned to computational methods. A
Mn19Br36 cluster model was constructed using atomic
coordinates from the single-crystal structure of 1(MnBr2)11,
including bipyridine and MeCN ligands but excluding the
zirconium framework nodes and the two outer-sphere bromide
anions. The structure was treated as a 2+ cation, with the
central MnII ion holding the excess charge to maintain
symmetry. Together, these elements preserve the essential
features of 1(MnBr2)11. We then constructed 18 representative
magnetic configurations (Figures S10−S27) and determined
the energy (E) and total spin magnitude (⟨STotal

2⟩) for each
configuration using DFT calculations performed with the
Minnesota M11L meta-GGA functional.53 By examining the
spin flips and associated energy differences between pairs of
magnetic configurations, we deduced nine significant coupling
interactions, namely, between adjacent metal ions and between
the central metal ion and outer ring of 12 metal ions (see the
Supporting Information for details).
We then employed the Yamaguchi generalized spin-

projection method for multispin systems54 to first isolate all
nine antiferromagnetic spin-correlation functions AF⟨Si·Sj⟩ via
the solution to a series of 10 linear equations for ⟨STotal

2⟩
(Table S5). The correlation functions determined in this way
were all found to differ by less than 0.1% from the value of
−|Si|·|Sj| (here −6.25 for SMn =

5/2), which indicates virtually
no orbital overlap between MnII centers. This is unsurprising,
given the average distance of ∼3.74 Å between adjacent metal
sites, and permits us to use a simple Ising model to calculate
the J constants.54,55 Using −|Si|·|Sj| for our spin-correlation
functions, we then constructed a series of 18 linear equations
of the form

∑ ∑= − ⟨ · ⟩
α

αE E J S S2
i j

i j0
, (1)

where E is the energy for a particular magnetic configuration
determined by DFT, Jα sums over the nine coupling constants,
and Si·Sj sums over the six pairs of MnII centers associated with
each J.54 Using these equations, we fit nine different J values
and a value for E0. A comparison of the DFT energies with
those output by eq 1 and calculated J constants (Table S6 and

Figure 2. (a) Plot of χMT versus T data for 1(MnBr2)14 under applied
fields of 0.01, 0.1, and 1.0 T. (b) Magnetization versus applied field
data for 1(MnBr2)14 collected at 2 K using a sweep rate of 2.4 mT s−1.
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Figure S28) indicates the strength of this nine-J model for the
magnetic interactions of the cluster. All interactions are found
to be antiferromagnetic with the strongest interactions toward
the center of the cluster (Figure 3).

Monte Carlo Simulations. Before calculating the energies
of the potential magnetic configurations for the Mn19 cluster,
we assess the validity of the calculated J constants. We
therefore employ Monte Carlo simluations to compare the
experimental magnetic susceptibility and hysteresis data with
those obtained from the parameters calculated above.
Experimental magnetic data tests were performed on
1(MnBr2)14, which likely consists of a mixture of clusters. To
simplify Monte Carlo simulations, we consider a subset of four
potential cluster sizes. Namely, we consider clusters con-
structed from site I (Mn6), sites I and II (Mn12), sites I−III
(Mn18), and sites I−IV (Mn19). To further simplify
calculations, we assume that the J constants calculated by
DFT for Mn19 will be the same for Mn18, excluding those J
constants involving site IV. For Mn12, we use the methodology
described above to determine values for J6′ and J7′ that relate
sites I and II. We find these values to be −1.69 and −1.44
cm−1, respectively. For Mn6, we assume no coupling between
Mn centers. For Monte Carlo simulations, an ensemble of
1000 clusters is randomly constructed such that the average
Mn population per cluster is 14, as in 1(MnBr2)14. A spin flip is
attempted on each of the 14000 MnII ions within the ensemble
for each Monte Carlo step, and this process is iterated over
10000 steps. The line shape and magnitude of the resulting
magnetic susceptibility and hysteresis curves (Figures S29 and
S30) correspond well with the experimental data and confirm
the applicability of the calculated J constants.

Spin Configurations. Using these J constants, it is then
possible to use eq 1 to reliably predict the Ising energy of any
spin configuration for a Mn19 cluster without additional DFT
calculations. With 19 Mn centers in the core of the cluster,
there are hundreds of thousands of possible spin config-
urations. We fixed the central ion as “spin up”, iterated through
all 218 different spin configurations, and calculated the Ising
energy of each configuration relative to the Ising energy of the
high-spin state. The resulting pairs of spin and energy were
further reduced by eliminating all repeated instances of
combined spin and energy to afford 9500 distinct combina-
tions (Figure S31). The resulting energy-level diagram, a
portion of which is shown in Figure 4a, reveals numerous low-

lying excited-state configurations that are consistent with the
temperature dependence of the ac magnetic susceptibility data.
Finally, we identified a doubly degenerate, highly geometrically
frustrated ground-state configuration with a total spin of STotal
= 5/2 (Figure 4b). Overall, there are 18 pairs of frustrated
interactions in the ground state: three between the central ion
and the ions of the middle ring, six between the central ion and
ions of the outer ring, and nine between the middle and outer
rings of ions.

Figure 3. Illustration of the nine significant magnetic exchange
pathways determined for the Mn19Br36 cluster model. Magnetic
interactions between adjacent ions are indicated with solid-colored
lines, while interactions between the central ion and the outer ring of
12 ions are represented by dashed and dotted lines. All J values are in
reciprocal centimeters.

Figure 4. (a) Subset of the Ising energy levels within 75 cm−1 of the
ground state, as computed using eq 1. Energy levels were adjusted so
the high-spin state of STotal =

95/2 is at 0 cm−1. The ground state is
indicated by a green ellipse. (b) Ground-state magnetic configuration.
Ions shaded in blue correspond to spin up. Ions shaded in red
correspond to spin down.
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■ CONCLUSIONS

The foregoing results illustrate the utility of metal−organic
frameworks as ligand templates to target clusters with specific
structures and properties. Using 1, we were able to template
and confine the growth of a rare two-dimensional, homovalent
MnII cluster that also exhibits spin frustration. Calculations
performed for a representative Mn19Br36

2+ cluster fragment
predict a ground-state magnetic configuration that is notably
distinct from the striped antiferromagnetic phase of bulk
MnBr2. This result further suggests that isolating monolayers of
MnBr2 may be an interesting research direction and that its
magnetic properties could be affected by modulating the lattice
and exchange parameters.
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