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Templated growth of a spin-frustrated cluster
fragment of MnBr; in a metal-organic framework

Ari B. Turkiewicz," Warren Tomlinson, Miguel 1. Gonzalez, ! Joseph Hooper,? and Jeffrey R. Long**$+

Department of Chemistry, and SDepartment of Chemical & Biomolecular Engineering, University of
California, Berkeley, California 94720, United States

*Department of Physics, Naval Postgraduate School, Monterey, California 93943, United States

+Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720,
United States

The metal-organic framework Zrs04(OH)s(bpydc)s (bpydc?™ = 2,2'-bipyridine-5,5'-dicarboxylate) is used to
template the growth of a cluster fragment of the two-dimensional solid MnBr,, 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 = 35/;) Mn" 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 the thousands
of magnetic configurations available to the cluster. The Yamaguchi generalized spin-projection method is
then employed to construct a model for the 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 St = 5/2-

Magnetic molecules exhibiting spin frustration
have gained increasing attention for hosting
unigue physical properties.! For instance, the
chiral spin states of frustrated triangular clusters
have been proposed as an alternative means for
encoding spin qubits.>® Additionally, these
molecules can serve as models for bulk materials,
supplementing our understanding of non-trivial
magnetic order in spin frustrated systems such as
spin liquids.*?

Geometric spin frustration arises in both
molecules and bulk materials due to competing
antiferromagnetic interactions that cannot be
simultaneously satisfied. For example, two-
dimensional triangular® and Kagomé’® lattices
and three-dimensional hyperkagome® and
pyrochlore®® lattices can all provide platforms for
studying spin frustration in bulk materials. In
addition, molecular systems featuring odd-
numbered metal rings,’* cuboctahedra and
icosidodecahedra,*®® and disc-like clusters with
triangular motifs'*!® 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 !/, which are least likely
to afford long-range ordered, commensurate
ground states.®!® However, higher-spin systems

can also afford interesting phenomena such as
spin chirality.*

Recently, we reported a series of metal halide
clusters of the type M19X3s (M = Fe, Co, Ni; X = Cl,
Br) confined within the metal-organic framework
Zrs04(0OH)s(bpydc)s (1).2° Notably, single-crystal X-
ray diffraction characterization of all 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 magnetically frustrated system. We
identified MnBr, as a promising target, given that
it is a bulk antiferromagnet constructed from Swn
= 3/, spin centers on a triangular lattice and it
crystallizes in the layered Cdl, structure type.?* Of
note, although they have not yet been isolated,
monolayers of MnBr, are predicted to be
exfoliable, antiferromagnetic semiconductors.?
This templating approach therefore offers a
powerful  opportunity to study magnetic
frustration and underlying coupling interactions in
a technologically relevant material. Several
manganese-based, disc-like clusters have been



reported, most of which are hydroxo-bridged,
mixed-valent clusters, although these have
generally been designed to maximize spin rather
than to engender frustration effects.?® At least
two homo-valent {Mn'";} disc-like clusters have
been reported and interestingly both exhibit spin
frustration.'”'® Additionally, the one-dimensional
solid {Mn,Clg(THF)6(Mn(THF),Cl>} contains

tetranuclear Mn" clusters, and all spin centers in
engage in

the material
coupling.?*

antiferromagnetic

Treatment of single crystals of 1 with 19 equiv.
of MnBr; in a 1:10 v/v mixture of acetonitrile and
toluene affords 1(MnBr;).:. Single-crystal X-ray
diffraction characterization revealed a structure
containing 19 total manganese 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

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

omitted for clarity.

symmetry of Pa3 enforces a local D3y point

group symmetry for the cluster. Four of the 19
manganese positions are crystallographically
distinct. Sites | and Il each generate six
symmetrically equivalent positions that together
comprise the outer ring of the cluster. Site | is
bound to the bipyridine moiety of the framework,
and site Il bridges adjacent site | positions. Site Il
consists of six equivalent positions that comprise
the inner ring of the cluster, and site IV is the
central Mn" 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-1V, respectively.
Close examination of the crystal structure reveals
that site Il adopts a pseudo-octahedral
MnBrs(MeCN) coordination environment, but it
was only possible to resolve the nitrogen atom of
the acetonitrile ligand. At full occupancy, the
cluster can therefore be described as the divalent
cation  MnioBrss(bpydc)s(MeCN)s>*  with  two
additional outer-sphere bromide anions (Figure
S1).

Treatment of microcrystalline 1 with 19 equiv.
of MnBr, under identical synthetic conditions as
used for the single crystals afforded 1(MnBry)is
with a higher overall metal occupancy (73.3(2)%),
as determined using inductively coupled plasma-
optical emission spectroscopy. Further
characterization of 1(MnBr:).s by powder X-ray
diffraction (Figure S2) as well as scanning

electron microscopy and energy-dispersive X-ray
spectroscopy (Figures S3 and 4) confirmed
sample purity and uniform incorporation of MnBr-.
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 MnBr, did not
increase the metal loading achievable in single-
crystalline or microcrystalline 1.

At full occupancy, the MnioBrss cluster
corresponds to a fragment excised from a single
layer of the bulk MnBr; solid-state structure. The
average nearest neighbor Mn---Mn distance in the
cluster is 3.74(6) A, which is slightly compressed
relative to that in the bulk material (3.922 A).2
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 MnBr, adopts an
antiferromagnetically ordered state below 2.16 K,
wherein each MnBr; layer consists of two-metal
atom wide ferromagnetic stripes with
antiferromagnetic coupling between neighboring
stripes. Further antiferromagnetic order exists
between layers.?'%?6 However, this spin texture
does not necessarily translate to 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.?’”?® Manganese
dihalides have also been shown to exhibit
significant coupling between second-nearest and
even third-nearest neighbors.?® Consequently, the
ground state magnetic structure for a finite-sized
MnBr, cluster will be highly sensitive to Mn---Mn
distances and Mn-Br-Mn bond angles.

Dc magnetic susceptibility data were collected
to probe the magnetic interactions present in
microcrystalline 1(MnBr2).s (Figure 2a). At 300 K,
the product of molar magnetic susceptibility and
temperature (OwT) is 59.4 emu K mol™, which
corresponds well to the expected value for 14
uncoupled, high-spin Mn" ions (61.25 emu K mol™*
assuming g = 2.00). The magnitude of [QuT
decreases as the temperature is lowered,
indicative of antiferromagnetic coupling between
manganese centers. This conclusion is further
supported by the negative Weiss temperature of
—27.2 K determined from a Curie-Weiss fit to 1/[u
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 ps
(Figure 2b). This value is approximately half that
expected for parallel alignment of all Mn spins
(70 pg), again supporting the presence of
antiferromagnetic coupling between Mn" centers.
In tandem with the triangular cluster Iattice,
these dominant antiferromagnetic interactions
are expected to give rise to geometric frustration
in 1(MnBr;).4. However, multiple weak coupling
interactions between Mn" centers are likely to
give rise to many low-lying excited states that
complicate experimental validation of the total
ground state spin (Swtw).”** In some situations,
collecting reduced magnetization data at low
applied fields and temperatures has been shown
to mitigate this difficulty.*3 In this case,
however, we were unable to obtain satisfactory
fits to reduced magnetization data collected for
microcrystalline 1(MnBr;)1s under fields ranging
from 0.1 to 2.0 T and temperatures from 2.0 to 10
K (Figure S6).



Ac magnetic susceptibility data collected under
zero applied field can offer insight into ground
state spin population and magnitude, as the
absence of an applied field mitigates the
approach or crossing of excited states with the
ground state.?! In particular, the product of the in-
phase molar magnetic susceptibility with
temperature (Ouw'T) will be temperature-
independent if the ground state is exclusively
populated, whereas this product will be
temperature-dependent if there is also excited
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state population. Ac susceptibility data were
collected for 1(MnBr;)14 between 2 and 10 K using
a 4 Oe field oscillating at frequencies from 1-500
Hz (Figures S7 and 8). No out-of-phase signal
(Om") was detected, but the corresponding plot of
Om'T versus T is clearly temperature-dependent
(Figure S9), consistent with population of low-
lying excited states. Similar behavior attributable
to low-lying excited states was reported for disc-
like Mn"; clusters.'”*8

To probe the magnetic interactions and ground
state structure of 1(MnBr;).4 further, we turned to
computational methods. A Mn19Brss cluster model
was constructed using atomic coordinates from



the single-crystal structure of 1(MnBry)i,
including bipyridine and acetonitrile 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 Mn?*
ion holding the excess charge to maintain
symmetry. Together, these elements preserve the
essential features of 1(MnBr;)u.. We then
constructed 18 representative magnetic
configurations (Figures S10-S27) and determined

the energy (E) and total spin magnitude (<S§0m1>)

for each configuration using density functional
theory (DFT) calculations performed with the
Minnesota M11L meta-GGA functional.?*> 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 (GP) method for multi-spin
systems33 to first isolate all nine
antiferromagnetic spin correlation functions *f
|§;-S;) via the solution to a series of ten linear

equatlons for STom, (Table S4). The correlation

functions determlned in this way were all found to
differ by less than 0.1% from the value of
_|Si|'|Sj| (here, -6.25 for Sw.n = °3/;), which
indicates virtually no orbital overlap between Mn"
centers and is unsurprising, given the average
distance of ~3.74 A between adjacent metal

sites. Using —|Si|*|S;| for our spin correlation
functions, we then constructed a series of 18
linear equations of the form33

E=E,~230,5 55, (1)
a i,J

where E is the energy for a particular magnetic
configuration determined by DFT, J, sums over
the nine coupling constants, and S;*S; sums over
the six pairs of Mn" centers associated with each
J. Using these equations, we fit nine different J
values and a value for E,. A comparison of the
original DFT energies with those output by the
multiple linear regression analysis (see Table S5
and Figure S28) indicates the strength of this
nine-/ 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). With
these J-constants in hand, it was then possible to
use eq 1 to reliably predict the energy of any
other magnetic configuration, without additional
DFT calculations.

With 19 manganese centers in the core of the
cluster, there are hundreds of thousands of
possible spin configurations. We fixed the central
ion as “spin up” and iterated through all 2®
different spin configurations, calculated the

Figure 2. (a) Plot of [uT versus T data for 1(MnBr;)14
under applied fields of 0.01, 0.1 and 1.0 T. (b)
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energy of each via eq 1. The resulting pairs of
spin and energy were further reduced by
eliminating all repeated instances of combined
spin and energy to afford 9,500 distinct
combinations (Figure 529). 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 S-
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wotal = /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.

The foregoing results illustrate the utility of
using 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 Mn" cluster that also
exhibits spin frustration. Calculations performed
for a representative MnisBrss** cluster fragment
predict a ground state magnetic configuration
that is notably distinct from the striped
antiferromagnetic phase of bulk MnBr,. This result



further suggests that isolating monolayers of
MnBr, may be an interesting research direction
and that its magnetic properties could be affected
by modulating lattice and exchange parameters.
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