
Magnetic Properties of High-Nuclearity Fex‑oxo (x = 7, 22, 24)
Clusters Analyzed by a Multipronged Experimental, Computational,
and Magnetostructural Correlation Approach
Ashlyn R. Hale, Megan E. Lott, Juan E. Peralta, Dolos Foguet-Albiol, Khalil A. Abboud,
and George Christou*

Cite This: Inorg. Chem. 2022, 61, 11261−11276 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The synthesis, structure, and magnetic properties of
three re la ted i ron(I I I) -oxo c lus te r s a re repor ted ,
[ F e 7 O 3 ( O 2 C P h ) 9 ( m d a ) 3 ( H 2 O ) ] ( 1 ) ,
[Fe2 2O14(OH)3(O2CMe)21(mda)6](ClO4)2 (2) , and
[Fe24O15(OH)4(OEt)(O2CMe)21(mda)7](ClO4)2 (3), where
mdaH2 is N-methyldiethanolamine. 1 was prepared from the
reaction of [Fe3O(O2CPh)6(H2O)3](NO3) with mdaH2 in a 1:2
ratio in MeCN, whereas 2 and 3 were prepared from the reaction
of FeCl3/NaO2CMe/mdaH2 in a 2:∼13:2 ratio and FeCl3/
NaO2CMe/mdaH2/pyridine in a 2:∼13:2:25 ratio, respectively,
both in EtOH. The core of 1 consists of a central octahedral FeIII
ion held within a nonplanar Fe6 loop by three μ3-O2− and three μ2-
RO− arms from the three mda2− chelates. The cores of the cations of 2 and 3 consist of an A:B:A three-layer topology, in which a
central Fe6 (2) or Fe8 (3) layer B is sandwiched between two Fe8 layers A. The A layers structurally resemble 1 with the additional
Fe added at the center to retain virtual C3 symmetry. The central Fe6 layer B of 2 consists of a {Fe4(μ4-O)2(μ3-OH)2}6+ cubane with
an Fe on either side attached to cubane O2− ions, whereas that of 3 has the same cubane but with an {Fe3(μ3-O)(μ-OH)} unit
attached on one side and a single Fe on the other. Variable-temperature dc and ac magnetic susceptibility studies revealed dominant
antiferromagnetic coupling in all complexes leading to ground-state spins of S = 5/2 for 1 and S = 0 for 2 and 3. All Fe2 pairwise
exchange parameters (Jij) for 1−3 were estimated by two independent methods: density functional theory (DFT) calculations using
broken symmetry methods and a magnetostructural correlation previously developed for high-nuclearity FeIII/O complexes. The two
approaches gave satisfyingly similar Jij values, and the latter allowed rationalization of the experimental ground states by identification
of the spin frustration effects operative and the resultant relative spin vector alignments at each FeIII ion.

■ INTRODUCTION
The beauty and utility of FeIII/oxo chemistry in diverse fields
such as bioinorganic chemistry, molecular magnetism, and
materials science have led to the discovery of a remarkable slew
of clusters, spanning nuclearities from Fe2

1−4 up to giant
hexameric {Fe28}6 nanocages.

5 Dinuclear FeIII complexes have
served as both model systems to understand magnetic
exchange couplings via magnetostructural correlations
(MSCs)6 as well as synthetic analogues of di-iron biomolecules
such as ribonucleotide reductase,7,8 hemerythrin,9 and the
soluble methane monooxygenase,8,10 among others.11 Higher-
nuclearity FeIII/oxo clusters are likewise highly coveted as
potential models of intermediates in the growth of nanoscale
FeIII/O/OH units during the loading of the ferritin protein,12

as well as new magnetic molecules and single-molecule
magnets (SMMs).13−18

Large, discrete FeIII/O2−/OH− clusters remain highly prized
since nuclearities >12 are rare despite considerable efforts over
many years. In fact, the family of large FeIII/O2−/OH− clusters

with n ≥ 14 only numbers 20 members, of which only 4 have n
> 19.19−21 Thus, there is still a great need for new synthetic
routes to discrete, high-nuclearity FeIII/O2−/OH− clusters.
One fruitful strategy in our group and others has been the use
of polyalcohol chelating/bridging ligands in reactions with
various FeIII salts or small Fe/oxo complexes, both in the
presence and absence of carboxylates.19,20,22−25 For example,
with N-methyldiethanolamine (mdaH2), this gave
[ F e I I I

2 2 O 1 4 (OH ) 3 (O 2CMe ) 2 1 (m d a ) 6 ] 2 + 1 9 a n d
[Fe7O3(O2CtBu)9(mda)3(H2O)3]

25 from the reaction with
FeIII salts in the presence of MeCO2

− or with [Fe3O-
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(O2CtBu)6(H2O)3]1+, respectively. For over 15 years, the
former was the largest FeIII/O/OH cluster in the literature
until the report in 2019 of a Fe34 cluster.

21

Since oxo-bridged high-spin FeIII (S = 5/2) pairs almost
always exhibit antiferromagnetic (AF) exchange couplings,
high-nuclearity clusters are often replete with spin frustration
effects if triangular AF Fe3 subunits are present, as they usually
are. Spin frustration here follows the definition preferred by
molecular chemists as the occurrence of competing exchange
interactions, Jij, of comparable magnitude that hinder (i.e.,
frustrate) the preferred spin alignments.26 As a result, spin
frustration often leads to uncompensated ground-state spin,
and if the latter is large enough, the Fen cluster may even
function as an SMM, although FeIII clusters typically do not
possess substantial magnetic anisotropy.27

In the past, exchange interactions, Jij, in such high-nuclearity
FeIII/O clusters have been difficult to determine with
confidence from experimental or computational methods
owing to (i) the multitude of inequivalent Jij frequently
observed as the metal nuclearity increases, (ii) the lack of a
reliable MSC for high-nuclearity FeIII/O clusters that could
provide reliable estimates of Jij from the metric parameters, and
(iii) the increasing computational demands of theoretical
methods as nuclearity increases. It was for reason (ii) that our
group reported the Mitchell-Christou semiempirical poly-
nuclear FeIII/O MSC procedure in 2016,28 which enables the
calculation of reliable, realistic Jij values in high-nuclearity
FeIII/O clusters. The provided protocol also critically accounts
for multiple types of oxo-bridging pathways between FeIII2
pairs, a common occurrence in the FeIII/O architecture of
increasingly larger complexes.28

The MSC approach coupled with the continually improving
power of computational methods and experimental magnetic
susceptibility measurements now provide a realistic oppor-
tunity to better understand the nature of the various exchange
couplings within high-nuclearity FeIII/O clusters from a three-
pronged approach involving MSC, density functional theory
(DFT), and experimental magnetochemistry methods. While
application of three-pronged approaches is common in smaller-
nuclearity systems up to Fe12 or so,

26c,29,30 our objective more
recently has been to tackle clusters of a higher nuclearity at

which a detailed study of the exchange couplings and the
resulting origin of the magnetic properties is almost
nonexistent. In the present work, we report a three-pronged
approach to the study of three Fex clusters, the new
[Fe7O3(O2CPh)9(mda)3(H2O)] (1), previously reported
[Fe22O14(OH)3(O2CMe)21(mda)6]-(ClO4)2 (2) mentioned
above, and the newly discovered [Fe24O15(OH)4(OEt)
(O2CMe)21(mda)7](ClO4)2 (3); Fe7 complex 1 is a structural
subunit of the larger clusters. We herein report (a) the
syntheses of 1 and 3, (b) the results from a detailed study of
the exchange-coupling (Jij) parameters of 1−3 by broken
symmetry DFT calculations and use of the polynuclear MSC
method, (c) the Jij parameters for 1 from fits of experimental
χMT versus T data using the program PHI,31 and (d) the
analysis and rationalization of both the spin frustration effects
operative and the resulting experimentally determined ground-
state spins of 1−3.

■ EXPERIMENTAL SECTION
Syntheses. All manipulations were performed under aerobic

conditions. Reagent grade solvents were used without further
purification. Organic reagents were used as received, and [Fe3O-
(O2CPh)6(H2O)3](NO3) was prepared as described elsewhere;32

mdaH2 = N-methyldiethanolamine.
[Fe7O3(O2CPh)9(mda)3(H2O)] (1). To a stirred orange solution of

[Fe3O(O2CPh)6(H2O)3](NO3) (0.50 g, 0.49 mmol) in MeCN (25
mL) was added mdaH2 (0.21 g, 1.8 mmol), causing the solution color
to turn brown. The solution was stirred for a further 4 h and filtered,
and the sealed filtrate was maintained undisturbed at ambient
temperature. Brown plate crystals of 1 slowly grew over a few days
and were either maintained in the mother liquor for single-crystal X-
ray crystallography or collected by filtration, washed with MeCN, and
dried in vacuo for other studies. The yield was 0.095 g (24% based on
Fe). The vacuum-dried material was analyzed as 1·H2O. Anal. Calcd
(found) for C78H82Fe7N3O29: C, 48.89 (48.64); H, 4.31 (4.36); N,
2.19 (2.59). Selected IR data (KBr disk, cm−1): 3418 (b, m), 2971
(m, sh), 2989 (m, sh), 2860 (m, sh), 1599 (s, sh), 1557 (s, sh), 1519
(m, sh), 1498 (m, sh), 1447 (m sh), 1401 (s), 1262 (w, sh), 1175 (m,
sh), 1104 (m), 1061 (m, sh), 1025 (m, sh), 999 (m, sh), 900 (m, sh),
865 (m, sh), 833 (w, sh), 760 (w), 719 (s), 686 (s, sh), 673 (s, sh),
618 (m, sh), 580 (m), 530 (m), 466 (m).

[Fe22O14(OH)3(O2CMe)21(mda)6](ClO4)2 (2). The procedure
below is an improvement to the one reported previously.19 To a

Table 1. Crystal Data and Structure Refinement Parameters for 1, 2, and 3

parameter 1 2·x(solv) 3·x(solv)
formulaa C78H80Fe7N3O28 C96H202Cl2Fe22N6O91 C87H170Cl2Fe24N7O86.5

FW, g mol−1 1898.40 4192.24 4109.59
space group Pa3̅ C2/c P1̅
a, Å 24.9810(5) 29.719(3) 13.8505(7)
b, Å 24.9810(5) 35.321(4) 21.9456(12)
c, Å 24.9810(5) 30.651(3) 25.7420(14)
α, deg 90 90 81.118(2)
β,deg 90 98.367(2) 76.501(2)
γ, deg 90 90 80.534(2)
V, Å3 15589.4(5) 31832(6) 7449.6(7)
λ, Åb 0.71073 0.71073 0.71073
Z 8 8 2
T, K 173(2) 173(2) 100(2)
ρcalc, g/cm3 1.618 1.751 1.832
R1
c,d 0.0463 0.0680 0.0424

wR2
e 0.1166 0.1581 0.0954

ax(solv) is 4H2O·4EtOH·4Et2O for 2, and 3/2Et2O·EtOH for 3. bIncluding solvent molecules. cI > 2σ(I). dR1 = ∑(||Fo| − |Fc||)/∑|Fo|. ewR2 =
[∑[w(Fo2 − Fc2)2]/∑[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) ± (m × p)2 + n × p], p = [max(Fo2,0) + 2 Fc2]/3; m and n are constants.
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stirred solution of FeCl3·6H2O (0.30 g, 1.1 mmol) and NaO2CMe
(0.60 g, 7.3 mmol) in EtOH (10 mL) was added mdaH2 (0.14 g, 1.1
mmol), giving rise to a rapid color change from bright orange to dark
red-orange. To this solution, NaClO4 (0.07 g, 0.57 mmol) was added,
and then the solution was stirred for 15 min. A colorless precipitate
was removed by filtration and discarded. Dark red-orange crystals
grew over 4 weeks after layering the filtrate with Et2O, and these were
collected by filtration, washed with Et2O, and dried in vacuo. The
vacuum-dried material was analyzed as 2·4H2O. Anal. Calcd (found)
for C72H140Cl2Fe22N6O83: C, 23.26 (23.55); H, 3.80 (3.75); N, 2.26
(2.00). The yield was 0.037 g (20% based on Fe). Crystals suitable for
X-ray crystallography were grown in small vials and maintained in
mother liquor until mounted for data collection. Selected IR data
(KBr disk, cm−1): 3420 (b, m), 2972 (m, sh), 2926 (m, sh), 2867 (m,
sh), 2361 (w, sh), 2337 (w, sh), 1576 (v.st, sh), 1540 (v.st, sh), 1436
(v.st, sh), 1351 (w, sh), 1277 (w, sh), 1248 (w, sh), 1096 (st, sh),
1025 (m, sh), 999 (m, sh), 903 (m, sh), 876 (m, sh), 761 (w, sh), 708
(w, sh), 654 (m, sh), 623 (m, sh), 583 (st, sh), 538 (st, sh), 428 (m).
[Fe24O15(OH)4(OEt)(O2CMe)21(mda)7](ClO4)2 (3). To a stirred

solution of FeCl3·6H2O (0.30 g, 1.1 mmol) and NaO2CMe (0.60 g,
7.3 mmol) in EtOH (10 mL) was added mdaH2 (0.14 g, 1.1 mmol)
giving rise to a rapid color change from bright orange to dark red-
orange. Pyridine (1.0 mL, 12.4 mmol) was added followed by NaClO4
(0.07 g, 0.57 mmol), and then the solution was stirred for 15 min.
The colorless precipitate was removed by filtration and discarded.
Dark red-orange crystals grew over 6 weeks after layering the filtrate
with Et2O, and these were collected by filtration, washed with EtOH,
and dried in vacuo. The vacuum-dried material was analyzed as
3.5EtOH. Anal. Calcd (found) for C89H179Cl2Fe24N7O89: C, 25.56
(26.17); H, 4.31 (3.84); N, 2.34 (2.66). The yield was 0.038 g (20%
based on Fe). Crystals suitable for X-ray crystallography were grown
in small vials and maintained in mother liquor until mounted for data
collection. Selected IR data (KBr disk, cm−1): 3394 (b, m), 2972 (m,
sh), 2926 (m, sh), 2867 (m, sh), 2677 (w, sh), 1552 (v.st, sh), 1428
(v.st, sh), 1370 (w, sh), 1288 (w, sh), 1241 (w, sh), 1094 (st, sh),
1024 (m, sh), 999 (m, sh), 902 (m, sh), 876 (m, sh), 760 (w, sh), 712
(w, sh), 655 (m, sh), 634 (m, sh), 583 (st, sh), 534 (st, sh), 431 (m).
X-ray Crystallography. The structures were refined using full-

matrix least-squares cycles. The non-H atoms were refined with
anisotropic displacement parameters, and all H atoms were placed in
calculated, idealized positions and refined riding on their parent
atoms. The refinements were carried out by minimizing the wR2
function using F2 rather than F values. R1 was calculated to provide a
reference to the conventional R value, but its function was not
minimized. Crystal data and refinement parameters are collected in
Table 1.

For 1 and 2·4H2O·4EtOH·4Et2O, data were collected at 173 K on
a Siemens SMART PLATFORM equipped with a CCD area detector
and a graphite monochromator utilizing Mo Kα radiation (λ =
0.71073 Å). For 1, the cell parameters were refined using 8192
reflections. A full sphere of data (1850 frames) was collected using the
ω-scan method (0.3° frame width). The first 50 frames were
remeasured at the end of data collection to monitor instrument and
crystal stability (maximum correction on I was < 1%). Absorption
corrections by integration were applied based on measured indexed
crystal faces. The structure was solved by direct methods in
SHELXTL18.33 The asymmetric unit consists of a 1/3 Fe7 cluster
with two disorders: (i) The C13 benzoate Ph ring displays a resolved
twofold rotational disorder with 58:42% occupancies and atom C14
common to both rings; (ii) The second disorder involves the C21
benzoate ligand being a bidentate chelate on Fe3 in one instance and
a monodentate ligand in the other with a H2O (O8) ligand at the
second coordination site. The occupancies were 2:1 corresponding to
the overall formula [Fe7O3(O2CPh)9(mda)3(H2O)]. To check that
this disorder is not introduced by choosing the higher symmetry space
group Pa3̅, the structure was refined in the non-centrosymmetric
space group as well as the orthorhombic space group Pbca. In both
cases, the disorders were observed, thus proving that Pa3̅ is the
correct space group. A total of 366 parameters were refined in the

final cycle of refinement using 5590 reflections with I > 2σ(I) to yield
R1 and wR2 of 4.63 and 11.66%, respectively.

For 2·4H2O·4EtOH·4Et2O, a preliminary search of reciprocal space
revealed a set of reflections with a monoclinic lattice. Initial choice of
space group C2/c was subsequently confirmed by the successful
solution of the structure. The asymmetric unit consists of the Fe22
cluster, two ClO4

− anions, and four each of H2O, EtOH, and Et2O
solvent molecules. Charge balance considerations require a +2 charge
on the cluster to counter the two ClO4

− anions in the asymmetric
unit, and after bond valence sum calculations on both metals and
ligands and close examination of the bond lengths, it was concluded
that there is a proton situated on O28. This proton could not be
located in a difference Fourier map however, and it was not included
in the final refinement. A total of 1618 parameters were refined in the
final cycle of refinement using 7571 reflections with I > 2σ(I) to yield
R1 and wR2 of 6.80 and 15.81%, respectively.

For 3·3/2Et2O·EtOH, data were collected at 100 K on a Bruker
Dual micro source D8 Venture diffractometer and a PHOTON III
detector running the APEX3 software package of programs and using
Mo Kα radiation (λ = 0.71073 Å). The data frames were integrated,
and multiscan scaling was applied in APEX3. Intrinsic phasing
structure solution provided all non-H atoms.22 The asymmetric unit
consists of the Fe24 cluster, two ClO4

− counterions, two Et2O solvent
molecules, one of which is disordered and refined in three parts, and
an EtOH molecule disordered over two positions. In the final cycle of
refinement, 53,101 reflections [of which 42,129 are observed with I >
2σ(I)] were used to refine 1952 parameters, and the resulting R1, wR2,
and S (goodness of fit) were 4.24%, 9.54%, and 1.040, respectively.

DFT Calculations. DFT calculations were performed for 1 and the
cations of 2 and 3 using single-crystal X-ray crystallographic
coordinates. We considered a total of 12, 62, and 68 distinct Jij
first-neighbor exchange couplings for 1 and the cations of 2 and 3,
respectively. These couplings were determined from DFT calculations
by mapping broken-symmetry solutions to Ising-type spin config-
urations {S}. These configurations were chosen as one high-spin, all
single-spin inversions, and all first-neighbor two-spin inversions,
giving a total of 20, 85, and 93 broken-symmetry solutions for 1 and
the cations of 2 and 3, respectively. The energies of these
configurations are expressed in terms of a sum over spin interactions
(eq 1)

{ } = ·E S E 2 J S S( ) 0
ij

ij i j
(1)

where ⟨ij⟩ stands for all neighboring ij pairs, Sk = ±5/2 for FeIII, and E0
is a constant introduced to match the spin model with the DFT
energies.

To determine the exchange couplings, Jij, the energies of all
configurations {S} resulting from broken spin-symmetry DFT
calculations were used to perform a linear fit of the Ising-type energy
expression in eq 1. This approach has been successfully used in the
literature to determine exchange couplings in multicenter transition
metal complexes.34−36 The R2 in our case for the linear regression
differs from 1 by less than 10−6, which indicates that the
magnetization is well localized at the magnetic centers, and thus the
broken-symmetry DFT solutions are reliable representations of the
Ising-type model configurations. The atomic spin populations from
the DFT calculations are consistent with the expected broken spin
symmetry configuration for all cases.

All DFT calculations were performed using the hybrid Perdew−
Burke−Ernzerhof (PBEh) density functional approximation, which
admixes 25% of exact (Hartree−Fock-type) exchange and 75% of
PBE exchange. This choice of functional is known to perform well for
magnetic exchange couplings,37 yielding for the particular case of oxo-
bridged Fe···Fe couplings an RMS error of approximately 10%, as
shown for a set of 11 dinuclear FeIII complexes.38 Pople’s all-electron
6-311+G** basis was used for Fe atoms and the 6-31G** for lighter
elements39 with relativistic effects neglected in all calculations. All
broken-symmetry DFT energies were obtained using an in-house
version of the Gaussian 16 program40 that allows for a simple spin
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inversion of the magnetic centers to produce a suitable initial guess for
self-consistent calculations. No symmetry was assumed at any point in
the model or the DFT calculations. A self-consistency convergence
threshold of 10−6 Ha = 0.2 cm−1 in the energy and 10−8 in the RMS
changes in the density matrix was used in all calculations.
Other Studies. Infrared spectra were collected in the solid state

(KBr pellets) in the 400−4000 cm−1 range using a Nicolet Nexus 670
FTIR spectrometer. Direct current (dc) and alternating current (ac)
magnetic susceptibility measurements were performed on vacuum-
dried polycrystalline solids, embedded in eicosane to prevent
torquing, with a Quantum Design MPMS-XL SQUID magnetometer
capable of operating with applied dc fields up to 7 T in the 1.8−400 K
range. Magnetization vs. field and temperature data were fit using the
program MAGNET,41 and D versus g fit error surfaces were generated
using the program GRID.42 Pascal’s constants were used to estimate
the diamagnetic correction,43 and contributions from the eicosane and
gel capsule were measured as a blank. These values were subtracted

from the experimental susceptibility to give the molar paramagnetic
susceptibility. Dc studies were carried out in the 5.0−300.0 K range in
a 0.1 T (1000 Oe) magnetic field and ac studies in the 1.8−15.0 K
range in a 3.5 G ac field at an oscillation frequency of 1000 Hz.
Elemental analyses (C, H, N) were performed on vacuum-dried
samples at Atlantic Microlab, Inc.

■ RESULTS AND DISCUSSION
Syntheses. Our group’s original investigation of the use of

mdaH2 in FeIII/O carboxylate chemistry had led to the
discovery of 219 and [Fe7O3(O2CtBu)9(mda)3(H2O)3] (4)25

from somewhat similar procedures involving the reaction of
mdaH2 with [Fe3O(O2CR)3(H2O)3]+ salts either preformed or
generated in situ from FeCl3/NaO2CR mixtures. In the present
work, we have explored this reaction scheme in more detail,

Figure 1. (a) Structure of 1 with all but the ipso-C atoms of the Ph rings removed for clarity; (b) labelled core and a side view along the Fe2−Fe1B
vector emphasizing the nonplanarity of the Fe7 unit; and (c) a stereopair of the complete molecule. H atoms are omitted for clarity. Color code:
FeIII lime green, O red, N powder blue, C gray.
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concentrating initially on the carboxylate and solvent employed
because (i) 2 and 4 are obtained with R = Me and tBu,
respectively, of significantly different bulkiness, (ii) 2 and 4 are
obtained from EtOH and MeCN reaction solvents, respec-
tively, and (iii) the Fe7 unit of 4 is similar to the Fe8 units at
each end of 2, differing in the addition of another FeIII (vide
infra)�we thus wondered whether the large bulk of tBuCO2

−

groups was trapping Fe7 products by shutting down further
aggregation to Fe22. We thus employed the R = Ph complex in
MeCN in the present work and this again gave an Fe7 product,
complex 1, with an identical core structure with 4. When the R
= PhCO2

− and tBuCO2
− reactions were instead performed in

EtOH, the products were again the Fe7 products 1 and 4,
respectively, as confirmed by single-crystal unit cell measure-
ments. In contrast, the R = Et reaction in EtOH gave a product
that was concluded to be the propionate Fe22 cluster from IR
spectral comparison with 2. Thus, it seems that the carboxylate
bulk is indeed the determining factor in giving an Fe7 or Fe22
product. This conclusion is rationalized by the space-filling
view of the Fe22 cation (Figure S1), which shows closely
spaced acetate groups in the center of the molecule that could
not accommodate larger PhCO2

− and tBuCO2
− groups, thus

rationalizing formation instead of 1 and 4.
The synthesis of 2 involves an excess of mdaH2, and we

suspected that it also functions as a base. We thus repeated the
reaction with less mdaH2 and/or with added pyridine to see
what effect these would have. Small changes in the mdaH2
amount did not change the product, but the presence of an
excess of pyridine in the procedure to 2 gave instead Fe24
complex 3. The assembly of the cation is summarized in eq 2.
Other bases such as NEt3 also gave 3 but in lower yields.

+ + + +
+

+ [ ]

+

+

+

24Fe 21MeCO 7mdaH 49py 19H O

EtOH 49pyH

Fe O (OH) (OEt)(O CMe) (mda)

3
2 2 2

24 15 4 2 21 7
2

(2)

The reaction time and temperature were also explored.
However, when the procedures affording 2 and 3 were run at
room temperature for 48 h, at 60 °C for 4 h, and up to 120 °C
in a microwave reactor for 1 h, all gave the same products
rather than higher-nuclearity species. Similarly, use of phenyl-
diethanolamine (pdaH2), which was reported to react with
[Fe3O(O2CtBu)6(H2O)3](NO3) in MeCN to yield an
analogous Fe7 cluster to 4,44 did not lead to a characterizable
product. We note, however, that Baca et al. recently reported a
pair of Fe22 clusters using iPrCO2H and either mdaH2 or the
nBu analogue bdaH2; these Fe22 products are similar to 2 but
nevertheless significantly different in that they do not have a
central {Fe4O4} cubane.20

Description of Structures. The complete structure,
labeled core, and stereopair of 1 are shown in Figure 1.
Selected interatomic distances and angles are listed in Table
S1. 1 crystallizes in the trigonal space group Pa3̅ with the
cluster on a C3 symmetry axis. The structure consists of a
central FeIII (Fe2) held within a nonplanar Fe6 loop (Fe1, Fe3,
and their symmetry partners) by three μ3-O2− (O7) ions and
three μ2-alkoxide (O2) arms from the three mda2− ligands. All
metals are FeIII with near-octahedral geometry, and the
deprotonated nature of the bridging O2− and RO− groups
was confirmed by O bond valence sums (Table S2).45 The
Fe1Fe2 pairs are bridged by both O2− and RO− ions, whereas

the Fe3Fe2 pairs are only bridged by O2−, and this will have
important consequences for the magnetic properties (vide
infra). Peripheral ligation is completed by (i) a chelating mda2−

on each Fe1, with one alkoxide arm bridging to the central Fe2
(as mentioned above) and the other bridging to an adjacent
Fe3, (ii) a pair of syn,syn η1:η1:μ-PhCO2

− ligands bridging each
of three symmetry-related Fe1Fe3 pairs, and (iii) a chelating
PhCO2

− ligand on two Fe3 ions, whereas the third Fe3 has a
monodentate PhCO2

− hydrogen-bonded to a terminal H2O
(O8) ligand (O8···O10′ = 2.539(5) Å). The resulting disorder
about the C3 axis is described in the Experimental Section.
Complex 2 has been reported elsewhere19 and is included

here for comparison with 3 (vide infra) because their cations
are structurally very similar. The complete structure of the
cation of 3 as a stereopair and its labeled core are shown in
Figure 2, and the selected metric parameters are listed in Table
S3. 3 crystallizes in the triclinic space group P1̅ with the cation
in a general position. Its core consists of three Fe8 layers with

Figure 2. (a) Labelled core of the Fe24 cation of 3 and (b) stereopair
of the complete cation. H atoms are omitted for clarity. Color code:
octahedral FeIII lime green, square-pyramidal FeIII lavender, O red, N
powder blue, C gray.
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an A:B:A pattern: the central Fe8 unit B is strikingly
asymmetric and comprises an {Fe4(μ3-OH)2(μ4-O)2}6+ cubane
(OH− ions are O32 and O34) with a triangular {Fe3(μ3-O)}
unit (Fe9, Fe23, Fe24) attached on one side via two μ2-OH−

(O37, O39) ions and cubane O29, and a single Fe (Fe14) on
the other side attached via μ2-OEt− O42 and cubane O35
(Figures 2 and S2); in the Fe22 cation of 2, the central layer is a
more symmetric Fe6 unit with a single Fe on either side of the
cubane (vide infra). FeIII oxidation states and core O
protonation levels were confirmed by BVS calculations45

(Tables S4 and S5, respectively). Twenty-two FeIII are
octahedral, while the other two (Fe9 and Fe14) are square-
pyramidal; the latter are at the analogous positions as those in
2.19 The two Fe8 units A at each end of the cation of 3 are
nearly isostructural with a three-blade propeller topology that
can be described as essentially the Fe7 structure of 1, with an
additional Fe atom on the virtual C3 axis to give the axle
(Fe2Fe7 and Fe11Fe21) of each propeller (Figure S2). One
Fe8 unit A is connected to the central one by three μ3-O2− ions
(O16/O20/O24), an alkoxide arm (O21) of the unique μ3-
mda2− chelate that has no counterpart at the other end of the
molecule, and two μ-MeCO2

− groups. The other Fe8 unit A is
thus connected to the central one by three μ3-O2− ions (O38/
O41/O44) and three μ-MeCO2

− groups. The peripheral
ligation about the cation is completed by the remainder of the
μ-MeCO2

− groups and three μ3-mda2− chelates on each Fe8
unit A. Interestingly, all MeCO2

− groups except one bridge in
their common syn,syn η1:η1:μ mode, the exception being the
one bridging Fe14Fe23 in the rare syn,anti η1:η1:μ mode.
Comparison of the Fe22 and Fe24 Cations. The cations

of 2 and 3 are compared in Figure 3 and in the space-filling

mode in Figure S3. They have dimensions of ∼1.6 × ∼0.7 ×
∼0.8 nm, excluding C and N atoms. Both possess an A:B:A
three-layer topology and are overall fairly similar, with the main
differences being in the differing nuclearity of the B layer,
which are Fe6 and Fe8, respectively, and the presence of a
seventh mda2− chelate in 3. The two additional FeIII in 3
(Fe23/Fe24) are shown in darker green in Figure 3 and are

located in the {Fe3(μ3-O)} unit attached on one side of the
central cubane, as mentioned earlier, with the seventh mda2−

chelating on Fe24. As a result, the cation of 3 is distinctly more
asymmetric than that of 2, which has a near-C2 virtual
symmetry, and a root-mean-square deviation (RMSD) analysis
gave a weighted RMSD of 0.602 Å (Table S6 and Figure S4)
arising from differences in the relative attachment of the A
layers to the central B layer in 3 as well as the structural
changes in the central B layer caused by incorporation of Fe23
and Fe24. Referring to the viewpoint of Figure 3, the top Fe8
layer A in 2 is near-isostructural with the analogous top layer in
3, except for a few minor changes to the ligation sphere (Figure
4). However, the bottom Fe8 layer in 2 is the mirror image of
the one in 3 (Figure S5), that is, the orientations of the
‘propeller blades’ are opposite. In addition, the top and bottom
Fe8 layers A are closer to being parallel in 2 than in 3: for
example, the two mean planes through the outermost Fe3
triangles in each Fe8 give dihedral angles of 7.21 and 19.44° for
2 and 3, respectively (Figure S6). This can be assigned to the
structural distortions resulting from addition of the seventh
mda2− and the extra Fe23/Fe24 ions and their attendant O2−/
HO− ions onto one side of the cation of 3.
Notwithstanding the differences in the overall structure, the

Fe8 layers A of the cations of 2 and 3 are very similar to each
other and to the Fe7 unit in 1, except that the former two have
an extra Fe on the virtual C3 axis, as mentioned earlier, and
some changes to the ligation resulting from attachment to the
central layer B. The comparison in Figure 4 emphasizes this
overall similarity, including in the positions and binding modes
of the three mda2− groups. Finally, we note the differences
between the cations of 2 and 3 and the Fe22 clusters with
iPrCO2

− by Baca et al.; the latter do not have a cubane in the
central layer but instead an {Fe4(μ3-O2−)2} rhombus.20

Magnetic Susceptibility Studies. Variable-temperature
dc magnetic susceptibility (χM) data were collected on crushed
vacuum-dried microcrystalline samples in the 5.0−300 K range
in a 0.1 T (1 kG) applied dc field and plotted as χMT versus T.
For 1·H2O, χMT decreases steadily from 6.8 cm3 K mol−1 at
300 K to a nearly constant 4.4 cm3 K mol−1 at 5.0 K (Figure
5a). The 300 K value is much lower than the value for seven
noninteracting high-spin FeIII ions with g = 2 (30.6 cm3 K
mol−1), indicating dominant AF interactions. For 3.5EtOH,
χMT decreases steadily from 29.6 cm3 K mol−1 at 300 K to 3.6
cm3 K mol−1 at 5.0 K (Figure 6). The 300 K value is much
lower than the 105.0 cm3 K mol−1 (g = 2) value for
noninteracting FeIII ions, again indicating dominant AF
interactions. This is analogous to the χMT versus T data for
2 (included for comparison in Figure 6), which also exhibits
dominant AF interactions.19

The near-plateau value for 1·H2O at 5.0 K suggests an S =
5/2 ground state, and this was supported by ac in-phase (χM′)
magnetic susceptibility data collected in the 1.8 to 15 K range
in a 3.5 G ac field with a 1000 Hz oscillation frequency and
plotted as χM′T versus T in Figure 5b. The latter exhibited an
essentially constant χM′T ≈ 4.5 cm3 K mol−1 from 15 K down
to 1.8 K, confirming only the population of a well isolated S =
5/2 ground state in this temperature range. As further
confirmation, magnetization (M) versus field (H) and T data
were collected in the 0.1−7.0 T and 1.8−10.0 K ranges and
plotted as M/NμB versus H/T in Figure 7. The data were fit
using the program MAGNET,41 which assumes that only the
ground state is occupied, includes axial zero-field splitting

Figure 3. Comparison of the Fe22 and Fe24 cations of 2 (left) and 3
(right), respectively, using essentially the same viewpoint for 3 as
Figure 2. Color code: octahedral FeIII lime green, new octahedral FeIII
in 3 dark green, square-pyramidal FeIII lavender, O red, OH− sky blue,
N and C in mda2− ligands powder blue, C in MeCO2

− gray, and C in
EtO− purple.
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Figure 4. Comparison of 1 with the Fe8 layers A of the cations of 2
and 3: (a) Fe7 unit of 1 with all but the ipso-C atoms of the Ph rings
removed for clarity; (b) Fe8 layer A of 2 in Figure 3 viewed along the
Fe2−Fe7 vector; (c) top Fe8 layer A of 3 in Figure 3 viewed along the
Fe2−Fe7 vector and including the fourth mda2− chelate. H atoms are
omitted for clarity. Color code: octahedral FeIII lime green, O red, C
and N atoms of mda2− powder blue, and C gray.

Figure 5. (a) χMT vs T for 1•H2O in a 0.1 T dc field. The simulation
using the JMSC or JDFT values is shown as a solid blue line, and the JPHI
fit as a solid red line; (b) ac in-phase χM′T vs T at a 1000 Hz
oscillation frequency.

Figure 6. a) χMT vs T in a 0.1 T dc field, and (b) χM′T vs T with a
1000 Hz oscillation frequency for 2·4H2O (red ●) and 3.5EtOH
(blue ●).
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(zfs), DŜz2, and the Zeeman interaction, and incorporates a full
powder average; the corresponding spin Hamiltonian is given
by eq 3.

= + ·H DS g S Hz 0
2

B (3)

An excellent fit (solid lines in Figure 7) was obtained with S
= 5/2, g = 1.99(1), and D = −0.37(3) cm−1. As expected, an
excellent fit was also obtained with a positive D, giving S = 5/2,
g = 1.99(1), and D = +0.45(4) cm−1. Both fits are visible in the
g versus D error surface generated using the program GRID,42

and they are of essentially equal quality (Figure S7) with a
slightly greater softness in the positive D value. As magnet-
ization fits are not very sensitive to the sign of D, a more
sensitive technique such as EPR would be required to reliably
determine the sign and magnitude of D.
The dc χMT versus T profile for 3.5EtOH at low T suggests

an S = 0 ground state, and this was confirmed by the ac χM′T
versus T data (Figure 6b), which decreases from 9.1 cm3 K
mol−1 at 15.0 K to 1.2 cm3 K mol−1 at 1.8 K clearly heading for
zero at 0 K. This is the same as previously reported for 2·
4H2O, whose data are included in Figure 6b for comparison.19

The decreasing χM′T with decreasing T is consistent with low-
lying excited states with S greater than the ground state, as
expected for a high-nuclearity complex with dominant AF
couplings. No out-of-phase χM″ signals were observed for 1−3
(Figure S8).
Ground-State Spin Rationalization Using MSC and

DFT Methods. Rationalization of the experimental S = 5/2
and S = 0 ground states of 1 and the cations of 2 and 3 requires
determination of the constituent Fe2 pairwise exchange
coupling parameters, Jij. We thus sought these via two
independent methods, a semiempirical MSC developed for

high-nuclearity FeIII/O clusters28 and broken-symmetry DFT
calculations. Jij values from the MSC (JMSC) were calculated
following the protocol delineated by Mitchell et al.28 and the
use of eq 4, where r is the average Fe−O bond length and φ is
the Fe−O−Fe angle

= × + +J (1.23 10 )( 0.12 1.57 cos cos ) eij
r9 2 8.99

(4)

within each bridged Fe2 pair. For Fe2 pairs with multiple
monoatomic bridges, the longer average FeIII−O bond was
used in accordance with the protocol.28

For 1, JMSC and JDFT are collected in Table 2. The
crystallographic C3 symmetry gives four independent Jij
parameters, J1 and J2 in the outer Fe6 loop and J3 and J4 to
the central Fe2 (Figure 8). The J1−J4 determined from the
DFT and MSC calculations are satisfyingly in agreement in
both sign and magnitude, with the weakest interaction being J3,
as expected for Fe2 pairs with two monoatomic bridges owing
to their smaller Fe−O−Fe angles (96.6 and 99.9°); the other
Fe2 pairs all have only one monoatomic bridge and
consequently larger Fe−O−Fe angles (119.5−135.1°). Since
all interactions are AF and the Fe7 topology comprises six
edge-fused Fe3 triangles, the complex is expected to experience
spin frustration, here defined in the way most appropriate for
molecular systems as competing exchange interactions that
prevent (frustrate) the preferred spin vector alignments. J1 and
J4 are both strong relative to J2 and J3, which are intermediate
and weak, respectively, so the former two dominate leading to
antiparallel alignments both between Fe2 and the Fe3/Fe3A/
Fe3B set and between the latter and the Fe1/Fe1A/Fe1B set.
This gives an alternating “spin-up, spin-down” alignment
pattern around the outer Fe6 loop corresponding to ms = ±5/2
z-components of spin and “spin-up” on the central Fe2 (Figure
8B). This situation also satisfies the J2 interactions, but the
resulting parallel alignments between Fe2 and the Fe1/Fe1A/
Fe1B set frustrate J3 (red dashed lines in Figure 8b), which is
AF but much too weak to compete with J1 and J4. This is the
reason that a “spin-up”/“spin-down” alignment corresponding
to ms = ±5/2 z-components of spin results, rather than any
intermediate spin vector alignments. Thus, the total spin of 1 is
S = 20/2 − 15/2 = 5/2, rationalizing the experimentally observed
ground state. Note that the same spin vector alignments and
the overall S = 5/2 are obtained when either the JMSC or JDFT
values for J1−J4 are used in this analysis.
The JMSC values also give an excellent simulation using the

program PHI31 of the experimental χMT versus T data (blue
line in Figure 5a) indicating an S = 5/2 ground state and an S =
7/2 first excited state at 157 cm−1 above it. Interestingly, when
the JMSC or JDFT values were used as inputs to fit the data in the

Figure 7. Reduced magnetization (M/NμB) vs H/T for 1•H2O in the
1.8−10.0 K range at the indicated applied dc fields. The solid lines are
the fit of the data; see the text for the fit parameters.

Table 2. Exchange Interactions J1−J4 for 1 from MSC Calculations, Broken Symmetry DFT Methods, and PHI Fitting of the
Experimental dc Data

Ja Fe−Obb Fe−O−Feb JMSC
c JDFT

c,d JPHI
c,e J0

c,f J−10
c,f J−20

c,f

J1 1.857 119.5 −45.0 −57.0 −28.7(9) −21.3(3) −55.6(4) −23.4(1)
J2 2.009 128.6 −12.6 −16.3 −30.0(8) −44.3(8) −47.4(9) −56.7(9)
J3 1.987 96.6 −6.2 −4.9 −13.5(8) −24.5(8) +67.5(9) +24.9(7)
J4 1.915 135.1 −30.1 −33.4 −42.6(6) −7.3(8) −25.7(3) −40.5(8)
TIPg 700 700 700 700

aSee labeling in Figure 8. bAverage in Å, and deg. ccm−1; H̅ = −2JijS̅i·S̅j convention. dThe DFT calculations gave all Jij values independently, so only
one is shown for symmetrically equivalent sets. For J1 and J3, all three were identical. For J2 and J4, one value differed by 0.1 cm−1. eThe input values
were the MSC values. fJ# indicates all J1−J4 input values (#) for the fits with PHI. gTemperature-independent paramagnetism, ×10−6 cm3 mol−1.
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10.0−300 K range (data below 10 K were excluded to avoid
effects such as zero-field splitting), a slightly improved fit was
obtained (red line in Figure 5a) but with significantly altered
JPHI values (Table 2). The fitted JPHI values support the JMSC
and JDFT in that J3 is again the weakest coupling constant, but
given the significant changes in absolute values and an
apparent “switch” in the values of J1 and J4, we suspect that
the JPHI fit is an artifact of overparameterization. Thus, since
JMSC and JDFT are similar and the simulation is already
excellent, we conclude that they are a much better indication of
the true J values. As a control, fitting of the data with three
other sets of input values were also tested: J1 = J2 = J3 = J4 = 0,
−10, or −20 cm−1. Excellent fits were obtained for each, but
the J0, J−10, and J−20 values were unreasonable, especially in the
strongly AF and/or F values for J3 (Table 2). We thus
conclude that the MSC and DFT approaches provide a
synergistic duo of distinct methods for determining the
exchange couplings in high-nuclearity FeIII/O clusters where
fits of data become unreliable due to overparameterization. We
thus now applied them to the Fe22 and Fe24 cations of 2 and 3.
To our knowledge, a multipronged analysis using the MSC

and theoretical methods of high-nuclearity Fe/O systems has
never been attempted before, although the MSC was used in
conjunction with experimental fits for complexes of nuclearity
up to Fe12.

29a As there are 62 and 68 symmetry-inequivalent Jij
couplings in 2 and 3, respectively, attempts to fit the
experimental χMT versus T data were never considered.
Instead, we implemented the MSC and DFT methods to
estimate the Jij values and then tried to rationalize the
experimentally determined S = 0 ground states of both cations
by identifying, if possible, spin frustration effects and the
resulting spin vector alignments at each FeIII, that is, an
analogous analysis to that for 1. The resulting JMSC and JDFT
values for 2 and 3 are collected in Tables 3−5 covering Jij
values (i) within the central Fe8 layers B, (ii) at the interface
between layers A and B, and (iii) within the top Fe8 layers A

Figure 8. (a) Core of 1 showing the labeling scheme for the
constituent exchange interactions. (b) Diagrammatic representation
of the core showing the JMSC exchange interactions (cm−1) from Table
2, and the ms = ±5/2 spin alignments predicted by both the JMSC and
the JDFT values. Satisfied interactions are blue dashed lines, and
frustrated pathways are red dashed lines.

Table 3. JMSC and JDFT Exchange Interactions in the Top Fe8 Layer A in the Cations of 2 and 3

2 3

Ja Fe−Ob Fe−O−Feb JMSC
c JDFT

c Fe−Ob Fe−O−Feb JMSC
c JDFT

c

J1,2 1.996 97.5 −6.1 −3.0 1.992 97.2 −6.2 −3.5
J1,5 1.930 116.7 −22.4 −30.6 1.961 117.2 −17.1 −23.1
J1,6 1.977 129.9 −16.8 −20.3 2.001 127.6 −12.4 −16.8
J1,7 2.052 135.9 −8.8 −17.7 1.973 127.6 −17.1 −21.0
J2,3 1.995 97.3 −6.0 −2.3 2.011 95.9 −4.7 −0.5
J2,4 1.996 97.9 −6.3 −4.5 2.013 95.6 −4.5 +1.1
J2,5 2.038 135.2 −9.9 −17.5 2.024 134.4 −11.2 −17.7
J2,6 2.052 134.0 −8.8 −15.5 2.07 139.0 −7.5 −14.8
J2,7 2.160 82.7 +0.4 +6.0 2.11 83.6 +0.4 +5.9
J2,8 2.044 134.7 −9.4 −16.3 2.038 136.4 −10.0 −17.6
J3,5 1.991 129.6 −14.9 −19.3 2.005 127.0 −12.9 −18.1
J3,7 2.030 136.4 −10.7 −19.5 2.026 134.5 −11.0 −19.2
J3,8 1.946 116.3 −19.3 −25.8 1.943 116.7 −19.9 −26.6
J4,6 1.964 117.3 −16.6 −23.2 1.978 114.1 −14.1 −20.0
J4,7 1.997 129.4 −14.1 −21.4 2.016 136.6 −12.2 −22.1
J4,8 1.979 128.8 −16.4 −20.4 1.997 127.9 −13.9 −18.6
J5,7 2.094 90.7 −1.1 −1.6 2.036 94.3 −3.2 −3.3
J6,7 2.053 92.3 −2.2 −1.4 2.073 91.9 −1.7 −1.7
J7,8 2.078 90.4 −1.3 −1.3 2.053 91.9 −2.0 −1.9

aSee Figure 9. bAverage in Å, and deg. ccm−1; H̅ = −2JijS̅·S̅ convention.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c01371
Inorg. Chem. 2022, 61, 11261−11276

11269

https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01371?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01371?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01371?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01371?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(from the viewpoint of Figure 4), respectively. Jij for the
bottom Fe8 layers A are tabulated in Table S7.
Even with such large Fe22/Fe24 nuclearity clusters, JMSC and

JDFT are in very good agreement in terms of both sign and
magnitude. For convenience, we consider Jij to be of three
types: weak, intermediate, and strong, with approximate |Jij| of
<10 cm−1, ∼10 to ∼25 cm−1, and >25 cm−1, respectively. As
stated, |Jij| <10 cm−1 are characteristic of Fe2 pairs with two
monoatomic bridges, whereas stronger couplings are expected
with only one monoatomic bridge. DFT calculations are on the
complete cations and are affected by the total nuclearity,
whereas MSC calculations are independent of the nuclearity,
being localized at each Fe2 pair in turn. So, the very satisfying
agreement in JMSC and JDFT for essentially every interaction
emphasizes the power and utility of the DFT approach even
for such complicated systems. The JMSC and JDFT only differ in
sign for two couplings each in 2 and 3: JMSC/JDFT for J15,21 =
−4.9 cm−1/+1.1 cm−1 and J17,18 = −2.1 cm−1/+0.8 cm−1 for 2,
and J2,4 = −4.5 cm−1/+1.1 cm−1 and J11,12 = −2.3 cm−1/+0.3

cm−1 for 3. This sign discrepancy is not surprising given that
these couplings are so weak.
Since the top Fe8 layers A are similar to 1, we shall discuss

them first. The JMSC and JDFT values are listed in Table 3, and
diagrammatic representations are provided in Figure 9 showing
the JMSC locations; note that use of the JDFT values in Figure 9
would lead to the same conclusions reached below. The spin
alignments in the Fe8 propeller unit in 2 and 3 can be
determined by identifying the spin frustrated pathways, as was
done for 1. Notwithstanding that the extra central Fe7 forming
the axle with Fe2 causes some structural perturbation relative
to 1, a similar spin frustration pattern results between the Fe8
layer A of 2 and 3 and that of 1, that is, the weakest AF Jij for
bis-monoatomically bridged Fe2 pairs (J1,2, J2,3, J2,4, J5,7, J6,7, and
J7,8) is frustrated by the two stronger Jij in each Fe3 triangular
unit, leading to parallel alignments in these Fe2 pairs as the
outer spin vectors align in an antiparallel up-down fashion
around the outer hexagon. This also leads to the spin vectors
Fe2/Fe7 being aligned antiparallel, which means that J2,7 is also
frustrated if it really is F, as indeed JMSC and JDFT indicate in

Table 4. JMSC and JDFT Exchange Interactions in the Interface Between the Top and Bottom Fe8 Layers A and the Central Layer
B in the Cations of 2 and 3

2 3

Ja Fe−Ob Fe−O−Feb JMSC
c JDFT

c Fe−Ob Fe−O−Feb JMSC
c JDFT

c

J5,10 1.918 130.9 −28.7 −32.4 1.886 130.1 −38.3 −40.8
J6,9 1.880 132.9 −41.0 −43.8 1.891 135.6 −37.2 −41.6
J7,9 1.890 125.4 −35.6 −38.0 1.889 120.8 −34.3 −35.5
J7,10 1.891 119.7 −33.2 −36.4 1.890 128.0 −36.3 −36.3
J7,11 1.901 124.1 −32.1 −36.2 1.911 121.5 −28.4 −31.5
J8,11 1.914 127.8 −29.2 −34.1 1.916 132.0 −29.4 −32.5
J12,16 1.900 131.2 −33.8 −33.8 1.900 130.8 −33.8 −33.6
J12,17 1.892 123.3 −34.3 −37.6 1.901 125.5 −32.5 −32.7
J13,17 1.879 127.7 −40.2 −41.4 1.894 121.5 −33.2 −35.0
J13,18 1.901 130.9 −33.5 −37.7 1.900 131.6 −34.0 −33.3
J14,17 1.880 124.8 −39.0 −42.4 1.897 122.7 −32.8 −37.6
J14,19 1.894 132.7 −36.1 −38.6 1.898 127.4 −33.7 −40.6
J6,24 2.031 128.2 −10.2 −14.7

aSee Figures 10 and 11 for 2 and 3, respectively. bAverage in Å, and deg. ccm−1; H̅ = −2JijS̅·S̅ convention.

Table 5. JMSC and JDFT Exchange Interactions for Central Layer B in the Cations of 2 and 3

2 3

Ja Fe−Ob Fe−O−Feb JMSC
c JDFT

c Fe−Ob Fe−O−Feb JMSC
c JDFT

c

J9,10 2.048 94.5 −3.0 −0.3 2.018 114.8 −9.8 −14.0
J9,11 1.950 141.9 −22.2 −28.9 2.021 120.9 −10.5 −14.7
J9,12 2.004 108.9 −9.7 −8.2 2.037 122.6 −9.3 −11.9
J10,11 2.102 96.4 −2.2 −3.7 2.104 94.8 −1.8 −2.5
J10,12 2.105 102.5 −3.1 −6.1 2.087 100.8 −3.3 −3.5
J10,13 2.095 103.4 −3.5 −5.4 2.077 104.0 −4.2 −7.0
J11,12 2.086 94.7 −2.1 −1.0 2.083 95.2 −2.3 +0.3
J11,13 2.125 101.5 −2.4 −4.4 2.116 100.9 −2.6 −6.3
J11,14 2.029 116.4 −9.1 −11.3 1.998 113.5 −11.5 −13.1
J12,13 2.082 95.8 −2.5 −2.3 2.095 96.4 −2.3 −1.6
J12,14 1.995 128.3 −14.2 −22.8 1.981 138.5 −16.7 −24.6
J13,14 2.015 113.8 −9.9 −16.8 2.012 97.8 −5.4 −3.4
J9,23 1.897 135.3 −35.4 −39.1
J9,24 1.996 95.5 −5.2 −11.6
J11,23 1.976 125.7 −16.5 −16.3
J12,23 1.964 133.2 −19.2 −20.49
J23,24 1.866 121.8 −42.7 −45.4

aSee Figures 10 and 11 for 2 and 3, respectively. bAverage in Å, and deg. ccm−1; H̅ = −2JijS̅i·S̅j convention.
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both 2 and 3 (Table 3). This is reasonable given that the Fe2/
Fe7 axle pair is tris-monoatomically bridged by three μ4-O2−

ions with very acute Fe−O−Fe angles in the 82.7−86.5° range.
Overall, the Fe8 unit is thus predicted to have an S = 10 − 10 =
0 ground state. A similar analysis of the bottom Fe8 layers A of
2 and 3 leads to an analogous alignment pattern and a
predicted S = 0 ground state (Figure S9).
A similar analysis can now be carried out on the interfaces

between the layers A and the central Fe6 and Fe8 layers B of
the cations of 2 and 3, respectively, and then on the central
layers themselves. We shall describe the former first because
the Jij in the central layer are almost all weak so that their spin
alignments are strongly dominated by the Jij at the interfaces.
JMSC and JDFT at the latter in the cation of 2 (Table 4 and
Figure 10) show that all Jij between Fe5,6,7,8 of top layer A
and Fe9,10,11 of the central layer B are strongly AF, and since
the spin vectors of the former are all parallel due to the spin
frustration effects described above, this aligns the spin vectors
of Fe9,10,11 all parallel to each other and antiparallel to those
of Fe5,6,7,8, frustrating the weaker AF interactions J9,10, J9,11,
and J10,11 (red dashed lines in Figure 10): J9,10 and J10,11 are
very weak (Table 5), as expected for bis-monoatomically
bridged Fe2 pairs, and easily frustrated, whereas J9,11 is of
intermediate strength (JMSC/JDFT = −22.2/−28.9 cm−1) since
it has a single monoatomic bridge, but it is competing with the

four strong J6,9, J7,9, J7,11, and J8,11 in the ranges JMSC = −29.2 to
−41.0 cm−1 and JDFT = −34.1 to −43.8 cm−1.
The same situation is seen at the interface of the bottom Fe8

layer A of 2 with the central layer B. JMSC and JDFT again show
that all Jij between Fe16,17,18,19 of the bottom layer A and
Fe12,13,14 of the central layer B are strongly AF (Table 4 and
Figure 10), and since the spin vectors of the former are all
parallel, this again aligns the spin vectors of Fe12,13,14 all
parallel to each other and antiparallel to those of
Fe16,17,18,19, frustrating the weaker AF interactions J12,13,
J12,14, and J13,14 (red dashed lines in Figure 10); J12,14 is of
intermediate strength (JMSC/JDFT = −14.2/−22.8 cm−1) (Table
5), but it is competing with the four strong J12,16, J12,17, J14,17,
and J14,19 in the ranges JMSC = −33.8 to −39.0 cm−1 and JDFT =
−33.8 to −42.4 cm−1. The remaining step is to assess the
situation in the central Fe6 layer B of 2, and it is clear from
Table 5 that almost all Jij are AF and weak except the two
mentioned already, that is, J9,11 and J12,14. However, even
though all Jij between the Fe9,10,11 and Fe12,13,14 planes are
weak, they are not competing and thus none are frustrated by
the resulting antiparallel alignments of the spin vectors of these
two planes (Figure 10).
Comparing now the JMSC/JDFT values for 2 versus 3 in

Tables 3−5 leads to the conclusion that the spin vector
alignments in the larger Fe24 cation of 3 are analogous to those
in 2 (Figure 11). The main difference is, of course, the extra
Fe23 and Fe24 ions in the now Fe8 central layer B, and these
have entered one each into what were the two Fe3 planes to
make them Fe4. Otherwise, the same pattern of spin vector
alignments is seen, that is, strongly AF interactions in the
interface region between layers A and B, frustrating the weaker
interactions within the Fe4 planes and thus leading to parallel
and antiparallel spin alignments within and between the Fe4
planes, respectively. J12,14 and J12,23 are again of intermediate
strength but are nevertheless frustrated by the multiple
stronger interactions with which they are competing, J12,16,
J12,17, J9,23, and J23,24.
The overall picture that emerges is that in all areas of the

cations of 2 and 3, there is complete frustration of one
interaction in each Fe3 triangular unit either because the other
two interactions are much stronger, or because strong
interactions in neighboring Fe3 triangular units are enforcing
the frustration, or both. In effect, the Fe3 units are magnetically
near-isosceles, and this is primarily due, of course, to the
common occurrence in higher-nuclearity FeIII/O clusters of
bis-monoatomically bridged Fe2 pairs giving characteristically
very weak Jij values. This also leads in the cations of 2 and 3 to
a “spin-up”/“spin-down” alignment of the spin vectors
corresponding to ms = ±5/2 z-components of spin, as
summarized in Figure 12. The spin alignments described
above lead to an S = 0 ground state for the three A:B:A layers,
and so the overall spin is predicted to be S = 0 for both cations,
in agreement with the experimental susceptibility data. As a
consistency check for the interpretation of the S = 0 ground
state, we also determined the lowest-energy configuration of
the cations of 2 and 3 by explicitly evaluating the 222 and 224
energies given by eq 1 using both the JMSC and JDFT sets of
couplings. The resulting lowest-energy configuration was found
in all cases to be the same as shown in Figure 12.

■ CONCLUSIONS
The use of mdaH2 in FeIII/O carboxylate cluster chemistry has
led to three products with Fe7, Fe22, and Fe24 nuclearities, the

Figure 9. Diagrammatic representation of the cores of the top Fe8
layer A of (a) 2 and (b) 3 showing the JMSC exchange interactions
(cm−1) from Table 3, and the ms = ±5/2 spin alignments predicted by
both the JMSC and the JDFT values. Satisfied interactions are blue
dashed lines, and frustrated pathways are red dashed lines.
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different products resulting from a systematic screening of
different carboxylic acids and the presence or absence of
additional base. There is also a clear structural relationship
between them; the Fe22 and Fe24 are overall very similar, and
the Fe7 is related to the Fe8 units at each end of the larger
clusters. As is usual in high-nuclearity FeIII/O clusters, there
are many bis-monoatomically bridged Fe2 pairs with resulting

weak Jij exchange coupling, and these are completely frustrated
by competing strong interactions, leading to Ising-like ms =
±5/2 spin alignments and thus a ready rationalization of the
overall ground-state S values for the three clusters. The
synergistic use of the polynuclear FeIII/O MSC and DFT
methods represents a powerful complement to experimental
magnetic studies, providing an overall three-pronged analytical

Figure 10. Diagrammatic representation of the core of the central Fe6 layer B of 2 plus selected atoms from the two Fe8 layers A, showing the JMSC
exchange interactions (cm−1) from Tables 4 and 5 in (left) the interface regions between A and B and (right) the central layer B. For clarity, J11,14 is
shown on the left. Also shown are the ground-state ms = ±5/2 spin alignments predicted by both JMSC and the JDFT values. Satisfied interactions are
blue dashed lines, and frustrated pathways are red dashed lines.

Figure 11. Diagrammatic representation of the core of the central Fe8 layer B of 3 plus selected atoms from the two Fe8 layers A, showing the JMSC
exchange interactions (cm−1) from Tables 4 and 5 in (left) the interface regions between A and B and (right) the central layer B. For clarity, J11,14
and J11,23 are shown on the left. Also shown are the ground-state ms = ±5/2 spin alignments predicted by both JMSC and the JDFT values. Satisfied
interactions are blue dashed lines, and frustrated pathways are red dashed lines.
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approach of great potential for application to a variety of
cluster nuclearities and topologies. This is well evidenced in
the present work, which has led to a highly satisfying
elucidation of the ground-state spin configuration in such
high-nuclearity systems. Further studies at even higher Fex
nuclearities are in progress.
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An anonymous referee analyzed the Fe7 cluster 1 by employing
the irreducible tensor approach. The total number of magnetic
states N = 67 = 279,936 in the partition function can be
processed using the M = 24,017 zero-field states. Such a matrix
can be divided into blocks of the same molecular spin: for S =
1/2 to S = 35/2, the size of each block is 1050, 1974, 2666, 3060,
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21, 6, and 1. Using the four exchange coupling constants J1−J4
obtained from the MSC approach (Figure 8), the calculated
ground state is S = 5/2 separated from an S = 7/2 first excited
state by 157 cm−1 and from the second excited state of a
degenerate S = 3/2 pair by 190 cm−1. The complete energy
spectrum is shown in Figure S11. We thank the referee for

Figure 12. Summary of the ground-state ms = ±5/2 spin alignments for the complete cations of (left) 2 and (right) 3 predicted by both the JMSC and
the JDFT values, and also the energy calculations by DFT. Color code: octahedral FeIII lime green, square-pyramidal FeIII lavender, O red, and OH−

sky blue.
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