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ABSTRACT: The syntheses, structures, and magnetic properties are reported of a new
Mn8 cluster obtained from the reaction of ferrocene-1,1′-dicarboxylic acid (fdcH2) with
[Mn12O12(O2CMe)16(H2O)4] and mononuclear Mn salts under different conditions and
l imited l ight exposure . The product was obta ined in two forms:
[Mn8O4(fdc)6(DMF)2(H2O)2] (1) and [Mn8O4(fdc)6(DMF)4] (2), differing in the
bound solvent ligands. The structures are otherwise almost identical, comprising very
similar cores that both contain 4MnIII and 4MnII atoms bridged by four O2− ions and six
fdc2− groups. The [MnIII4MnII4(μ4-O)4] cores have virtual Td symmetry and can be
described as a central [MnIII4(μ4-O)4]

4+ cubane unit whose four O2− ions are μ4, because
they each attach to an external MnII atom. Peripheral ligation about the core is provided
by six bridging fdc2− groups and the terminal solvent ligands, one each on the MnII

atoms. The differences in solvent ligands between 1 and 2, and different packing from
the different crystal space groups, lead to significant differences in metric parameters
within the core, which are reflected in significantly different magnetic properties. Variable-temperature, solid-state dc and ac
susceptibility measurements reveal the clusters to be predominantly antiferromagnetically coupled, and to possess ground state
spin values of S = 5 and S = 2 for 1 and 2, respectively. The difference in ground states is assigned to the small but distinct
structural differences seen in the central cubane. Alternating current (AC) susceptibility data indicate 1 and 2 to be new single-
molecule magnet, and this was confirmed by magnetization versus direct current (DC) field scans on a single crystal of 1·4DMF·
4H2O, which exhibited hysteresis.

■ INTRODUCTION

Many oxo-bridged transition-metal clusters of 3d metals display
interesting physicochemical properties that, in some cases,
include the unusual magnetic behavior that has come to be
known as single-molecule magnetism.1−4 The coexistence in
such clusters of a large ground-state spin (S) with a large and
negative axial magnetic anisotropy (D) can lead to them being
single-molecule magnets (SMMs) below a characteristic
blocking temperature TB. SMMs behave as molecular super-
paramagnets exhibiting slow magnetization relaxation and,
consequently, magnetic hysteresis below TB, as a consequence
of a sufficiently large (vs kT) energy barrier (U) to the reversal
of the magnetization vector along the easy axis (z-axis).2 As this
area has expanded, various synthetic methods have been
devised and many different types of SMMs have been
discovered, spanning a wide variety of metal nuclearities,
topologies, and ligand types. Most of these have been in Mn or
Ln (Ln = lanthanide) chemistry, or in the heterometallic cluster
chemistry of the two together.1,3,5−8 The high magnetic
anisotropy of many lanthanides has proven highly beneficial
to this area and has been the focus of increased interest over the
past few years. Nevertheless, Mn chemistry remains a major
source of SMMs, primarily due to the anisotropy resulting from
the Jahn−Teller distortion in octahedral high-spin MnIII, the
common occurrence of O2− bridges in MnIII-containing clusters

that lead to exchange couplings of significant strength, and the
remarkable propensity of Mn-oxo chemistry to give clusters
with a myriad of nuclearities and topologies.
In the present work, we have explored the reaction of Mn

sources with the ligand precursor ferrocene-1,1′-dicarboxylic
acid (fdcH2) as a potential means to new clusters possessing
SMM properties while carrying multiple redox-active ligands.

The component fdc2− is an unusual dicarboxylate that has two
connected carboxylate groups but, nevertheless, has a
significant flexibility in its binding mode imparted by the
ability of its cyclopentadienyl rings to rotate about the Cp−Fe−
Cp axis, varying the torsion angle between the carboxylates.
While fdc2− has been used widely in coordination chemistry to
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date,9−13 its incorporation into Mn clusters is still poorly
explored. Together with the one-electron redox ability of the
ferrocenyl unit, this suggested that fdc2− might provide access
to structural types not accessible with simple carboxylates or
more-rigid dicarboxylates, and that these could also exhibit
multiple redox processes that might lead to interesting
modulation of the magnetic and other properties of the clusters
obtained. This dual function of the redox active fdc2− group
thus distinguishes it from previous work of incorporating
organic redox ligands around a Mn cluster, such as the
introduction of 16 organic radical ligands into the
[Mn12O12(O2CR)16(H2O)4] SMM.14 For this purpose, we
thus have concentrated our efforts on obtaining products with
only fdc2− ligation around the core, other than solvent-derived
ligands. This has proved to be an interesting but challenging
area, because of two recurring problems: (i) products are
usually highly insoluble, and (ii) the yields of characterizable
materials are very low. These two factors have severely
hampered our efforts to push this area forward. However, in
a preliminary report, we described access to three molecular
c l u s t e r s : [ M n 7 O 3 ( O M e ) ( f d c ) 6 ( H 2 O ) 3 ] ,
[Mn8O4(fdc)6(DMF)2(H2O)2] (denoted as 1; DMF = N,N-
dimethylformamide), and [Mn13O8(OMe)6(fdc)6].

15 The Mn13
product was a known species obtained by Kondo and co-
workers from a different synthetic procedure,16 but the Mn7
and Mn8 products were new in metal fdc2− chemistry; however,
the yields were very low, the Mn8 product being obtained only
in 2% yield. More recently, there have been reports of fdc2−

being used in conjunction with other ligand types to prepare
mixed-ligand 3d−4f complexes,17,18 a distinctly different
strategy from the one we are using, as well as the complexes
with an N,N-based ferrocene chelating ligand.19 We herein
report the synthesis, structures, and magnetic properties of 1
and [Mn8O4(fdc)6(DMF)4] (2), which represent a single-
molecule magnet with multiple ferrocenyl redox units as
peripheral ligands. We shall also report an excellent, high-yield
synthesis of 2 that has been discovered, and how small
structural differences between 1 and 2 lead to surprisingly large
differences in their magnetic properties.

■ EXPERIMENTAL SECTION
Syntheses. All preparations were performed in the dark under

aerobic conditions and in ambient temperature. All chemicals were
used as-received. [Mn12O12(O2CMe)16(H2O)4]·2MeCO2H·4H2O was
prepared as described elsewhere.20 The reactions and crystallizations
were carried in darkness by covering the vessels with aluminum foil.
[Mn8O4(fdc)6(DMF)2(H2O)2] (1): Method A. To a stirred

suspension of fdcH2 (0.500 mmol, 0.137 g) in CH2Cl2/MeOH (25
mL; 1:1 v/v) was added solid [Mn12O12(O2CMe)16(H2O)4]·
2MeCO2H·4H2O (0.125 mmol, 0.257 g). The mixture was stirred
for 1 h and filtered. The copious residue was washed well with
CH2Cl2/MeOH, and then extracted with DMF (10 mL) with stirring;
then, the solution was filtered, and the resulting dark brown filtrate left
undisturbed at ambient temperature. Dark brown needles of 1·4DMF·
4H2O slowly formed over 2 weeks, and these were collected by
filtration, washed with a small amount of cold DMF, and dried under
vacuum. The yield was ∼2% (∼10 mg). Longer crystallization times
led to the appearance of an unknown powder contaminant and were
avoided. Vacuum-dried crystals were identified via analysis as 1·3DMF.
Anal. Calcd for C87H87N5Mn8Fe6O35: C, 41.18%, H 3.46%, N, 2.76%.
Found: C, 41.60%, H 3.59%, N, 2.44%. Selected IR data (KBr pellet,
cm−1): 1685 (s), 1577 (vs), 1475 (vs), 1392 (vs), 1537 (vs), 1197
(m), 1029 (m), 923 (w), 829 (w), 798 (w), 780 (m), 635 (m), 517
(s).

[Mn8O4(fdc)6(DMF)2(H2O)2] (1): Method B. To a slurry of
Mn(O2CMe)2·4H2O (0.066 mmol, 16.3 mg) and fcdH2 (0.55 mmol,
0.150 g) in EtOH/py/NEt3 (20:1:0.7 mL) was added solid
NBun4MnO4 (0.026 mmol, 9.5 mg). A dark brown powder of the
title compound precipitated within an hour. The powder was collected
by filtration, washed well with EtOH, and dried under vacuum. The
yield was ∼40% (∼17 mg), and the dried powder was identified via
analysis as 1·3DMF. Anal. Calcd for C87H87N5Mn8Fe6O35: C, 41.18%,
H 3.46%, N, 2.76%. Found: C, 40.70%, H 3.84%, N, 2.53%. Selected
IR data (KBr pellet, cm−1): 1683 (s), 1578 (vs), 1475 (vs), 1389 (vs),
1534 (vs), 1198 (m), 1025 (m), 920 (w), 827 (w), 800 (w), 782 (m),
634 (m), 518 (s).

[Mn8O4(fdc)6(DMF)4] (2). To an orange solution of fdcH2 (0.500
mmol, 0.137 g) in DMF (10 mL) was added solid Mn(O2CMe)2·
4H2O (0.40 mmol, 0.10 g), and the slurry was stirred until all of the
s o l i d h a d d i s s o l v e d . F r e s h l y s y n t h e s i z e d
[Mn12O12(O2CMe)16(H2O)4]·2MeCO2H·4H2O (0.021 mmol, 0.043
g) was powdered and added slowly as a solid to the stirring solution.
The solution was left stirring for 2 h at ambient temperature, giving a
dark brown solution and some suspended fine brown powder. The
mixture was centrifuged and the supernatant isolated by pipet. Et2O
was slowly layered onto this solution, and X-ray-quality black crystals
of 2·4DMF slowly formed over a few days as the solutions slowly
mixed. They were collected by filtration, washed with a small amount
of DMF/Et2O, and dried under vacuum. The yield was ∼85% (0.185
g). The X-ray sample was taken directly from mother liquor. Vacuum-
dried crystals were identified via analysis as 2·3/2DMF·3H2O. Anal.
Calcd for C88.5H92.5Fe6N5.5Mn8O36.5: C, 41.01%, H 3.60%, N, 2.97%.
Found: C, 40.97%, H 3.45%, N, 3.06%. Selected IR data (KBr pellet,
cm−1): 1682 (s), 1576 (vs), 1480 (vs), 1389 (vs), 1536 (vs), 1201
(m), 1035 (m), 920 (w), 834 (w), 796 (w), 762 (m), 628 (m), 520
(s).

X-ray Crystallography. Data for 1·4DMF·4H2O 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). 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 SHELXTL6,21 and refined
on F2 using full-matrix least-squares cycles. The non-hydrogen atoms
were refined anisotropically, whereas the hydrogen atoms were
calculated in ideal positions and refined as riding on their respective
carbon atoms. The asymmetric unit consists of a half cluster, two DMF
molecules, one of which is disordered and was refined in two positions,
and two H2O molecules. The H atoms on the bound H2O (O14) were
found and refined freely, whereas those of the interstitial solvent (O17
and O18) were found but were constrained to their respective parent
atoms. A total of 670 parameters were included in the final cycle of
refinement using 32 126 reflections with I > 2σ(I) to yield R1 = 4.56%
and wR2 = 9.27%.

Data for 2·4DMF were collected at 100 K on a Bruker SMART
diffractometer, using Mo Kα radiation (λ = 0.71073 Å) and an APEXII
CCD area detector. Raw data frames were read using the SAINT
program22 and integrated using three-dimensional (3D) profiling
algorithms. The resulting data were reduced to produce hkl reflections,
as well as their intensities and estimated standard deviations. The data
were corrected for Lorentz and polarization effects, and numerical
absorption corrections were applied based on indexed and measured
faces. The structure was solved and refined in SHELXTL6.1,21 using
full-matrix least-squares cycles. The non-hydrogen atoms were refined
anisotropically, and all hydrogen atoms were calculated in ideal
positions and refined as riding on their parent atoms. The asymmetric
unit consists of the Mn8 cluster and four DMF solvent molecules. The
latter were badly disordered and could not be modeled properly; thus,
the SQUEEZE program,23 which is a part of the PLATON23 package
of crystallographic software, was used to calculate the solvent disorder
area and remove its contribution to the overall intensity data. One of

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4011955 | Inorg. Chem. 2013, 52, 10414−1042310415



the DMF ligands is disordered in two parts (except for the oxygen
atom), and their site occupation factors were dependently refined. A
total of 1210 parameters were included in the final cycle of refinement
using 23 801 reflections (15 611 of which are observed with I > 2σ(I))
to yield R1 = and 4.29% and wR2 = 9.47%.
Unit-cell data and details of the structure refinement for the two

compounds are given in Table 1.

Other Studies. Infrared (IR) spectra were recorded in the solid
state (KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer in the
400−4000 cm−1 range. Elemental analyses (C, H, and N) were
performed by the in-house facilities in the Chemistry Department at
the University of Florida. Metal analyses were obtained from Desert
Analytics (Tucson, AZ, USA). Variable-temperature direct current
(DC) and alternating current (AC) magnetic susceptibility data were
collected on a Quantum Design MPMS-XL SQUID magnetometer
equipped with a 7 T magnet and operating in the 1.8−300 K range.
Samples were embedded in solid eicosane, to prevent torquing.
Magnetization versus field and temperature data were fit using the
MAGNET program.24 Pascal’s constants25 were used to estimate the
diamagnetic corrections, which were subtracted from the experimental
susceptibilities to give the molar paramagnetic susceptibility (χM).
Ultralow-temperature (<1.8 K) hysteresis studies and DC relaxation
measurements were performed on a single crystal at Grenoble using an
array of micro-SQUIDS.26 The high sensitivity of this magnetometer
allows the study of single crystals of SMMs of the order of 10−500
μm. The field can be applied in any direction by separately driving
three orthogonal coils. Crystals were maintained in mother liquor to
avoid degradation and were covered in grease for protection during the
transfer to the micro-SQUID and subsequent cooling.

■ RESULTS AND DISCUSSION
Synthesis. All the preparations described below were

carried out in darkness, in reaction flasks covered with
aluminum foil. This was to minimize exposure of the reaction
and crystallization solutions to light, which can lead to
photodecomposition of fdcH2 in polar media, leading to the
release of Fe and the formation of Fe-contaminated
products.13,27 For a similar reason, we also avoided high
temperatures.

[Mn8O4(fdc)6(DMF)2(H2O)2] (1) was initially isolated as a
minor product from the reaction previously developed to
prepare [Mn13O8(OMe)6(fdc)6].

15 The reaction of fdcH2 with
[Mn12O12(O2CMe)16(H2O)4] in MeOH/MeCN (1:1) produ-
ces a brown solution and a lot of brown precipitate, with the
Mn13 cluster being subsequently isolated from the filtrate.
Extraction of the brown solid with DMF and filtration gave a
brown filtrate, from which dark brown needles of 1·4DMF·
4H2O (see Method A, described in the Experimental Section)
slowly grew. Unfortunately, the yield of 1 was very low (∼2%),
and inspection of the crystals showed the presence of small
amounts of an amorphous brown powder. It was easy to
separate the crystals from the powder manually, and IR spectra
of the latter suggested it to be similar, but not identical to, 1.
Thus, it was clear that this route to 1 was less than satisfactory,
and a search for an improved procedure was therefore sought.
An alternative route (Method B, described in the

Experimental Section) to higher yields of 1 was developed
involving the comproportionation reaction of Mn(O2CMe)2,
NBun4MnO4, and fdcH2 in EtOH/py/NEt3 (20:1:0.7 v/v). This
gave a dark brown solution that soon precipitated a brown
powder of 1 in 40% yield. Method B is a comproportionation
reaction at a MnII:MnVII ratio of 5:2, giving an average Mn
oxidation state in the reaction of Mn+3.4. This was used to
ensure a high oxidation complex, with the EtOH being able to
provide reducing equivalents to the solution as required.
Consideration of Methods A and B subsequently allowed an

excellent route to these Mn8 clusters to be developed using a
procedure that is a hybrid of the two, i.e., a comproportionation
reaction between MnII and [Mn12O12(O2CMe)16(H2O)4]
(8MnIII, 4MnIV). The latter was considered a milder, possibly
cleaner oxidizing agent and oxide source than MnO4

− for
accessing the Mn8 cluster, requiring only fdcH2 and MnII, and
this was found to be the case. Since the targeted Mn8 product is
4MnII4MnIII, a MnII:Mn12 ratio of ∼20:1 (average ∼Mn+2.5)
was employed (see eq 1):

+ →+ + + +20Mn Mn Mn 32Mn2 3
8

4
4

2.5
(1)

I n d e e d , t h e r e a c t i o n o f M n ( O 2 C M e ) 2 ,
[Mn12O12(O2CMe)16(H2O)4], and fdcH2 (20:1:30) in DMF
gave a dark brown solution from which [Mn8O4(fdc)6(DMF)4]
(2), as 2·4DMF, was subsequently isolated in an excellent yield
of ∼85%, based on Mn. Complex 2 differs from 1 only in the
terminal solvent ligands. The formation of Mn8 from Mn12 is
obviously a mechanistically very complicated one, so obtaining
it in such a high yield from a rational procedure was extremely
satisfying. Its preparation is summarized in eq 2,

+ +

→ +

[Mn O (O CMe) (H O) ] 20Mn(O CMe) 24fdcH

4[Mn O (fdc) (DMF) ] 56MeCO H
12 12 2 16 2 4 2 2 2

8 4 6 4 2 (2)

and it can be seen that this balanced equation corresponds
almost exactly to the reaction stoichiometry employed, other
than a small (25%) excess of fdcH2, and this is no doubt a
major reason for the clean formation of 2 in such an excellent
yield.

Description of the Structures. A stereoview of the
complete structure of 1 is shown in Figure 1, and the core of
the molecule is shown in Figure 2. Selected interatomic
distances and angles are listed in Table 2. The molecule lies on
a crystallographic C2-axis along the crystal b-axis and contains a
central [MnIII4(μ4-O)4]

4+ distorted cubane with each O2− ion
also bridging to an external MnII atom (see Figure 2). The

Table 1. Crystallographic Data for 1·4DMF·4H2O and 2·
4DMF

parameter 1·4DMF·4H2O 2·4DMF

formulaa C90H102N6Fe6Mn8O40 C96H104N8Fe6Mn8O36

formula weight, fwa 2682.40 g mol−1 2720.49 g mol−1

crystal system monoclinic monoclinic
space group C2/c P21/c
a 23.282(3) Å 24.015(2) Å
b 19.331(3) Å 14.8647(14) Å
c 22.198(3) Å 29.558(3) Å
β 97.885(3)° 101.088(5)°
V 9896(3) Å3 10354.7(17) Å3

Z 4 4
T 173(2) K 100(2) K
radiationb 0.71073 Å 0.71073 Å
ρcalc 1.660 g cm−3 1.745 g cm−3

μ 1.950 mm−1 1.839 mm−1

R1c,d 0.0456 0.0429
wR2e 0.0927 0.0947

aIncluding solvent molecules. bGraphite monochromator. cI > 2σ(I).
dR1 = ∑(|F0| − |Fc|)/∑F0|.

ewR2 = [∑[w(F0
2 − Fc

2)2]/
∑[w(F0

2)2]]1/2, w = 1/[σ2(F0
2) + [(ap)2 + bp], where p = [max(F0

2,
0) + 2Fc

2]/3.
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resulting [MnII4MnIII4(μ4-O)4]
12+ core thus comprises three

4MnIII, 4MnII, and 4O2− concentric tetrahedra and has Td
symmetry. This arrangement is not uncommon in the cluster
chemistry for other metals28 and one example was previously
found for Mn with pyrazole-based ligands.29 The peripheral
ligation of 1 is completed by six bridging fdc2− groups, two
terminal DMF groups, and two terminal H2O groups. Each
carboxylate group of an fdc2− bridges a MnII/MnIII pair in a syn,
syn, η1:η1:μ2-coordination mode. The torsion angles between
the two carboxylate groups of each fdc2− vary: four fdc2− groups
have torsion angles of <30° (synperiplanar configuration) and
the other two have angles between 30° and 90° (synclinal
configuration).30 The overall charge of the molecule is
consistent with all ferrocenyl groups being in the reduced
form, fdc2−, containing formally FeII, i.e., none are in the rare
oxidized fdc− form containing FeIII, as found for one ligand in
[Fe7O3(OMe)(fdc)6(MeOH)3]

3+.13

The Mn oxidation states were confirmed using bond valence
sum (BVS) calculations (see Table 3).31 The MnIII atoms are
near-octahedral, whereas the external MnII is five-coordinated
with a distorted trigonal bipyramidal geometry; the τ parameter

is 0.78 and 0.81 for Mn(1) and Mn(4), respectively, where τ =
0 for ideal sp geometries and τ = 1 for ideal tbp geometries.32

The four MnIII are Jahn−Teller (JT)-distorted, with axial
elongations of 0.265 and 0.451 Å for Mn3 and Mn2,
respectively, compared with the average bond lengths in the
equatorial plane. The four JT axes are O9−Mn3−O16′ and
O12−Mn2−O15′, and they are arranged nearly parallel. Thus,
they elongate four parallel edges of the central cubane (Figure
2). The compound has crystallographic C2 symmetry, but
virtual D2 symmetry (if the DMF vs H2O difference in terminal
ligands is ignored).
The core of complex 2 is shown in Figure 3, and selected

interatomic distances and angles are listed in Table 4. Complex
2 is essentially isostructural with 1, except for the presence of
four DMF ligands instead of the two DMF and two water
ligands in 1. The binding modes of the fdc2− groups are as
described for 1. The molecule lies in a general position and thus
has crystallographic C1 symmetry but again virtual D2
symmetry. Similarly, the Mn oxidation states were confirmed
by BVS calculations (Table 5) and, as in the case of 1, all the
Jahn−Teller elongation axes are essentially parallel. Thus, in
both 1 and 2, the two cubane faces perpendicular to the
elongation direction are essentially squares (more accurately,
essentially rhombuses), whereas the remaining four faces in
each complex are essentially rectangles (rhomboids), as shown
in Figure 4.

Structural Differences between 1 and 2. Although the
overall structures of 1 and 2 are very similar, as described

F i gu r e 1 . PovRay s t e r e op a i r o f t h e s t r u c t u r e o f
[Mn8O4(fdc)6(DMF)2(H2O)2] (1); H atoms have been omitted for
clarity. Color code: light green, MnIII; yellow, MnII; red, O; orange, Fe;
and blue, N.

Figure 2. PovRay representation of the [MnIII4Mn4
II(μ4-O)4]

12+ core
of 1. The crystallographic C2-axis passes through the middle of the
Mn2O15Mn2′O15′ face, and the four MnIII JT axes are along the
vertical edges of the cubane. Color code: light green, MnIII; yellow,
MnII; and red, O.

Table 2. Core Interatomic Distances and Angles for
Complex 1

interatomic distances (Å)

Mn1···Mn1′ 6.043(8) Mn3···Mn2′ 3.067(2)
Mn1···Mn2 3.448(1) Mn1−O15 2.074(3)
Mn1···Mn3 3.497(1) Mn2−O15 1.922(3)
Mn1···Mn4 5.931(3) Mn2−O16 1.922(2)
Mn1′···Mn4′ 3.479(4) Mn2−O15′ 2.220(3)
Mn2···Mn2′ 3.115(2) Mn3−O15 1.930(2)
Mn2···Mn3 2.910(2) Mn3−O16 1.979(3)
Mn2···Mn3′ 3.067(2) Mn3−O16′ 2.138(4)
Mn3···Mn3′ 3.092(4) Mn4−O16 2.065(3)

interatomic angles (°)

Mn1−O15−Mn2 119.2(1) Mn3−O16′−Mn2′ 98.0(1)
Mn1−O15−Mn3 121.7(1) Mn3−O16′−Mn3′ 97.3(1)
Mn1−O15−Mn2′ 119.9(1) Mn2′-O15′−Mn3′ 98.1(1)
Mn2−O15−Mn3 98.1(1) Mn2′-O16′−Mn3′ 96.4(1)
Mn2−O16−Mn3 96.4(1) Mn4−O16−Mn2 120.2(1)
Mn2−O15′−Mn2′ 97.27(9) Mn4−O16−Mn3 118.7(1)
Mn2−O15′−Mn3′ 95.1(1) Mn4−O16−Mn3′ 120.9(1)

Table 3. Bond Valence Sum (BVS) Calculations for 1·4DMF·
4H2O

Bond Valence Sum, BVSa

atom MnII MnIII MnIV

Mn1 2.11 1.95 1.91
Mn2 3.28 3.03 2.97
Mn3 3.24 2.99 2.94
Mn4 2.16 1.99 1.96

aThe underlined value is the closest to the charge for which it was
calculated. The oxidation state can be taken as the nearest integer to
the underlined value.
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above, closer comparison of their [MnII4MnIII4(μ4-O)4]
12+ cores

shows some slight but significant differences in both
interatomic distances and angles. This is reflected in Figure 3
(bottom), which shows that the cores are almost but not quite
superimposable, with noticeable differences particularly in some
angles within the central cubane and those to the external MnII

atoms. Even small differences in bridging angles can
significantly affect the exchange interactions between two
metal atoms, and the small but significant difference in core
metric parameters is believed to be the origin of the different
magnetic properties of 1 and 2 (vide infra).
More specifically, the JT elongations for 2 are noticeably

longer than those in 1, particularly within the cubane (see
Table 6). The average elongated MnIII−O2− bonds are 2.179
and 2.303 Å for 1 and 2, respectively, while the nonelongated
MnIII−O2− bonds in the cubane are, correspondingly, 1.938 and
1.890 Å. The central cubane in 2 is thus more elongated and
has a smaller cross-section than in 1. Probably as a result of this,
the MnII−O−MnIII angles are slightly smaller in 2 vs 1 (average
120.4° vs 119.4°). Another peculiarity of 2 is found in the MnII

geometries: for Mn6 and Mn7, the τ values are 0.84 and 0.74,
respectively, indicating distorted tbp geometry as in 1, but
those at Mn5 and Mn8 are 0.22 and 0.54, respectively,

indicating distorted sp and intermediate geometries, respec-
tively. All these differences are also reflected in small but real
changes of a few degrees to the fdc2− torsion angles, as the
latter adjust to accommodate the differing distortions and
coordination geometries. We have no reason to assume that the
differences between 1 and 2 are due to anything other than
differing packing forces in the different crystal space groups, but
they nevertheless are expected to be (and are) reflected in the
magnetic properties of the complexes. Note that the packing
will be dominated by the large Mn8 molecules, so changes to
the lattice solvent content of the solids upon vacuum drying are
reasonably assumed to have minimal effect on the structures of
the Mn8 molecules. Finally, both complexes show no significant
intermolecular contacts, other than the expected weak C−H···π
and C−H···O contacts (see Figure S1 in the Supporting
Information),33 and we consequently do not anticipate
noticeable intermolecular exchange interactions.

Figure 3. (Top) Pov-Ray representation of the [MnIII4Mn4
II(μ4-

O)4]
12+ core of 2 (color code: light green, MnIII; yellow, MnII; and red,

O). (Bottom) Overlap of the cores 1 (blue) and 2 (red). The green
arrow indicates the direction of the Jahn−Teller elongations.

Table 4. Core Interatomic Distances and Angles for
Complex 2

interatomic distances (Å)

Mn1···Mn2 3.205(5) Mn1−O2 1.895(4)
Mn1···Mn3 2.831(5) Mn1−O3 1.885(2)
Mn1···Mn4 3.114(5) Mn2−O1 1.904(2)
Mn1···Mn5 3.384(1) Mn2−O3 2.340(7)
Mn1···Mn6 3.730(7) Mn2−O4 1.884(3)
Mn1···Mn7 3.476(3) Mn3−O2 1.903(2)
Mn1···Mn8 5.617(2) Mn3−O3 1.872(4)
Mn2···Mn3 3.128(3) Mn3−O4 2.310(7)
Mn2···Mn4 3.149(5) Mn4−O1 1.885(3)
Mn3···Mn4 3.149(5) Mn4−O2 2.267(7)
Mn1−O1 2.295(7) Mn4−O4 1.892(2)

interatomic angles (°)

Mn1−O1−Mn2 99.12(8) Mn5−O3−Mn1 117.41(9)
Mn1−O3−Mn2 98.10(8) Mn5−O3−Mn2 119.12(9)
Mn1−O2−Mn3 96.39(9) Mn5−O3−Mn3 123.8(1)
Mn1−O3−Mn3 97.78(9) Mn6−O1−Mn1 117.12(9)
Mn1−O1−Mn4 95.83(8) Mn6−O1−Mn2 119.8(1)
Mn1−O2−Mn4 96.50(8) Mn6−O1−Mn4 123.0(1)
Mn2−O3−Mn3 95.24(8) Mn7−O2−Mn1 122.7(1)
Mn2−O4−Mn3 95.93(8) Mn7−O2−Mn3 117.31(9)
Mn2−O1−Mn4 96.77(8) Mn7−O2−Mn4 120.68(9)
Mn2−O4−Mn4 97.23(8) Mn8−O4−Mn2 123.2(1)
Mn3−O2−Mn4 97.71(8) Mn8−O4−Mn3 120.82(9)
Mn3−O4−Mn4 96.59(8) Mn8−O4−Mn4 117.3 (1)

Table 5. Bond Valence Sum (BVS) Calculations for
2•4DMF

Bond Valence Sum, BVSa

atom MnII MnIII MnIV

Mn1 3.34 3.08 3.03
Mn2 3.34 3.08 3.02
Mn3 3.43 3.17 3.11
Mn4 3.41 3.14 3.08
Mn5 2.09 1.92 1.89
Mn6 2.10 1.93 1.90
Mn7 2.08 1.92 1.88
Mn8 2.09 1.92 1.89

aThe underlined value is the closest to the charge for which it was
calculated. The oxidation state can be taken as the nearest integer to
the underlined value.
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Magnetochemistry. Variable-temperature, DC magnetic
susceptibility data were collected on powdered microcrystalline
samples of vacuum-dried 1·3DMF and 2·3/2DMF·3H2O,
restrained in eicosane to prevent torquing, in the 5.0−300.0
K range with an applied field of 1000 Oe (0.1 T). The obtained
data are plotted as χMT vs T in Figure 5.
The value of χMT for 1·3DMF does not change much with

temperature, decreasing from 16.52 cm3 K mol−1 at 300 K to a
minimum of 14.71 cm3 K mol−1 at 150 K, then slightly
increasing to a maximum of 15.56 cm3 K mol−1 at 35 K, and
then finally decreasing to 13.64 cm3 K mol−1 at 5.00 K. The 300
K value, which is much less than that for a MnII4MnIII4 system

of noninteracting ions (29.5 cm3 K mol−1), and the overall plot
profile indicate predominantly antiferromagnetic interactions
among the Mn ions and a significant ground-state spin, S. The
5.00 K value suggests an S = 5 ground state with g < 2 (spin-
only (g = 2) value for S = 5 is 15 cm3 K mol−1). For 2·3/2DMF·
3H2O, χMT at 300 K is 18.64 cm3 K mol−1, and it decreases
slowly with temperature down to ∼80 K, and then decreases
more rapidly, reaching 4.99 cm3 K mol−1 at 5.00 K. The steeply
decreasing plot at the lowest temperatures makes it difficult to
estimate the ground state, but it appears to be in the S = 0−3
range, which is significantly different from 1·3DMF.
The nuclearity and complexity of the structure of 1 and 2

prevent application of the Kambe vector coupling method34 to
determine the pairwise Mn2 exchange coupling constants (Jij).
We concentrated, instead, on identifying the ground-state S
values from variable-temperature (T) and variable-field (H) DC
magnetization (M) data, and AC susceptibility data. Magnet-

Figure 4. Orthogonal views of the cubane core of 2, emphasizing the elongation along the z-direction caused by the MnIII JT distortions. The core of
1 is very similar.

Table 6. Bond Distances and Angles Involving JT Elongated
Bonds in 1 and 2

parametera 1 2

MnIII−Oc
b 2.138(4) Å 2.340(7) Å, 2.267(7)

2.220(3) Å 2.310(7) Å, 2.295(7)
average 2.179 Å 2.303 Å

MnIII−Of
b 2.083(4) Å 2.149(7) Å, 2.167(7)

2.136(3) Å 2.149(7) Å, 2.145(7)
average 2.110 Å 2.153 Å

Oc···Of (av)
c 4.289 Å 4.456 Å

MnIII−Oc (av)
d 1.938 Å 1.890 Å

difference, Δe 0.241 Å 0.413 Å

MnII−O−MnIIIf 119.9(1)° 119.12(9)°, 120.68(9)°
120.9(1)° 117.12(9)°, 120.82(9)°

average 120.4° 119.44°
aIndex legend: c = cubane, f = fdc2− carboxylate. bJT elongated bonds.
cSum of the two JT elongated bonds. dNonelongated bonds.
eDifference between JT elongated and nonelongated averages. fAngle
including the JT elongated MnIII−Oc bond.

Figure 5. χMT vs T plots for 1·3DMF and 2·3/2DMF·2H2O in a 0.1 T
DC field.
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ization data were acquired in the 1.8−10.0 K and 0.1−7 T
ranges, and fit by diagonalization of the spin Hamiltonian
matrix using the MAGNET program,24 which assumes that
only the ground state is populated, includes axial zero-field
splitting (DS ̂z2) and the Zeeman interaction, and incorporates a
full powder average. The corresponding spin Hamiltonian is
given by eq 3:

μ μ= ̂ + ̂DS g SHz
2

B 0 (3)

where S ̂z is the easy-axis spin operator, μB is the Bohr
magneton, and μ0 is the vacuum permeability.
For 1·3DMF, a satisfactory fit could only be obtained if data

collected at fields above 4T were excluded. This suggested the
presence of low-lying excited states, as expected for a high
nuclearity complex containing multiple MnII ions, and that
some of these have greater spin than the ground state and are
being stabilized by the applied field causing them to be
significantly populated. The data are plotted in Figure 6 as

reduced magnetization (M/NμB) vs H/T, and the fit (solid
lines) gave S = 5, g = 1.97(2), and D = −0.32(4) cm−1.
Alternative fits with S = 4 or 6 were rejected, because of their
unreasonable g-values. The g vs D root-mean-square error
surface of the fit was obtained with the GRID program35 and is
shown as a 2-D contour plot in Figure S2 in the Supporting
Information;33 this allowed the indicated fit uncertainties to be
estimated. Figure S2 in the Supporting Information also
indicates an alternative fit with D > 0, but it is clearly of
much poorer quality. For 2·3/2DMF·2H2O, we could not get a
satisfactory fit, even just using data collected at low fields,
suggesting particularly low-lying excited states with higher spin
than the ground state.
As an alternative means of probing the ground states of 1·

3DMF and 2·3/2DMF·2H2O in the absence of complications
from a DC field, AC susceptibility data were collected in the
1.8−15.0 K range in a 3.5 G AC field oscillating at 50, 250, and
997 Hz. The in-phase AC susceptibility (χ′M) of 1·3DMF is
plotted as χ′MT vs T in the top panel of Figure 7. It exhibits a
monotonic decrease with decreasing temperature, which is
consistent with depopulation of excited states of higher spin

than the ground state, supporting the conclusion of the DC
magnetization fit. To determine the ground state, the plot is
extrapolated to 0 K from a point that avoids the typical
accelerated decrease at the lowest temperatures from slow
relaxation of an SMM and/or weak intermolecular interactions,
ZFS, etc. Extrapolation from above ∼6 K gives a χ′MT value in
the range of 13.5−14.0 cm3 K mol−1, which is consistent with S
= 5 and g = 1.90−1.93; S = 4 and 6 should give values of
slightly less than 10 and 21 cm3 K mol−1, respectively, which
are very different from the experimental value. The AC data
thus support the DC data in indicating an S = 5 ground state
for 1·3DMF.
The out-of-phase AC susceptibility χ″M vs T plot below 3 K

in the bottom panel of Figure 7 shows weak tails from signals
whose peak maxima lie below 1.8 K, suggesting the slow
relaxation of a SMM. This was explored further by DC studies
down to 0.04 K on single crystals of 1·4DMF·4H2O maintained
in mother liquor until measurement. The resulting magnet-
ization vs applied DC field scans (Figure 8) exhibit hysteresis
loops whose coercivities increase with decreasing T, as expected
for a SMM. The loops are rather unremarkable, showing no
well-defined quantum tunneling of magnetization (QTM) steps
except a very broad one at zero field. This broadness is
undoubtedly due to a combination of the low-lying excited
states, weak intermolecular interactions, and the disorder seen
in the crystal structure, all of which will serve to broaden and
smear out the steps.

Figure 6. Plot of reduced magnetization (M/NμB) vs H/T for 1·
3DMF for data collected at the indicated fields. The solid lines are the
fit of the data. See text for the fit parameters.

Figure 7. AC in-phase χ′MT vs T plots (top panel) and out-of-phase
χ″M vs T plots (bottom panel) for 1·3DMF in the 1.8−15 K range.
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The in-phase χ′MT vs T plot for 2·3/2DMF·3H2O in the top
panel of Figure 9 is distinctly different from that for 1·3DMF, in
agreement with the differences of Figure 5. It decreases from

9.86 cm3 K mol−1 at 15 K to 2.98 cm3 K mol−1 at 1.8 K. This
large decrease over a small T range supports the conclusion,
from the DC data, that there are particularly low-lying excited
states with spin greater than that of the ground state. This
makes data extrapolation more difficult, but with the same
assumptions as for 1·3DMF, it gives a value of ∼2.5−3.0 cm3 K
mol−1, indicating a ground state of S = 2. Expected values for S
= 1 and 3 are 1.0 and 6.0 cm3 K mol−1, respectively, for g = 2.0,
which are distinctly different from the experimental data. The
out-of-phase AC susceptibility χ″M vs T plot in the bottom
panel of Figure 9 again shows weak, frequency-dependent tails,
indicating that 2·3/2DMF·2H2O also might possibly be an
SMM. However, this was not explored further with micro-
SQUID studies, given the broad hysteresis loops for 1·4DMF·
4H2O and the greater density of low-lying excited states in 2.
Electrochemical measurements were attempted on both

clusters 1 and 2. Although they are very slightly soluble in neat
DMF, they were found to be essentially completely insoluble in
DMF that contained a large excess of supporting electrolyte,
and we could not record an adequate signal. For the same
reasons, we were unable to record UV−vis spectra in solution.

Origin of the Different Spin Ground States. The
structures of 1 and 2 are identical to first order, differing only in
the solvent ligands; however, closer inspection shows small but
statistically real differences in core metric parameters, almost
certainly due to different packing forces. These small structural
differences are very likely the cause of the significant differences
in magnetic properties, with the two complexes having different
ground states of S = 5 and 2, respectively. This can be
rationalized as a combination of spin frustration effects from
competing exchange interactions and the presence of many
exchange interactions involving MnII atoms, which are expected
to be very weak. Under virtual D2 symmetry, there will be four
sets of exchange interactions (J), two MnII···MnIII and two
MnIII···MnIII; the long-range MnII···MnII are assumed to be
zero. The four parallel MnIII JT elongation axes will align the
four Mn dz2 magnetic orbitals parallel, very likely leading to
both antiferro- and ferromagnetic interactions in the central
cubane: (i) the former are predicted for the Mn2Mn3 and
Mn2′Mn3′ pairs (Figure 2), as seen for other MnIII2
interactions when the two JT axes are perpendicular to the
{Mn2(μ-O

2‑)2} plane;
36 and (ii) the latter are predicted for the

four remaining Mn2 pairs in Figure 2, where σ overlap of dz2
orbitals with empty dx2−y2 will provide a major ferromagnetic
coupling pathway, as again seen in other MnIIIx clusters
containing ferromagnetic MnIII2 pairs with this orbital arrange-
ment.5,37 Since the Mn8 core can be considered the fusion of
Mn3 trangular units, there will be extensive spin frustration
effects, defined here in the way preferred by the chemistry
community, i.e., competing exchange interactions (Jij) of
comparable magnitude that frustrate the preferred spin
alignments and lead, instead, to intermediate alignments. As a
result, the ground state becomes very sensitive to the relative
magnitude of the competing interactions. Since most, if not all,
of the interactions in 1 and 2 are expected to be relatively weak,
the presence of low-lying excited states is not surprising, and
neither is the observation that even small structural differences
can thus sufficiently affect the constituent J values and their
relative ratio to give a change in the ground state. This is well
with precedent: for example, certain Mn7 clusters with either S
= 11 or 16 ground states, depending on small structural
differences,38 which we identified as affecting the relative ratio
of the two weakest J couplings in the molecules. In this

Figure 8. Magnetization versus DC field scans for a single crystal of 1·
4DMF·4H2O at the indicated temperatures and a scan rate of 0.002 T/
s. The magnetization is normalized to its maximum value, MS.

Figure 9. AC in-phase χ′MT vs T plot (top panel) and out-of-phase
χ″M vs T plots (bottom panel) for 2·3/2DMF·2H2O in the 1.8−15 K
range. The inset shows an expanded view, emphasizing the weak,
frequency-dependent χ″M tails.
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previous work, we determined the constituent J values from
DFT calculations, allowing us to identify the spin alignments
leading to S = 11 or 16 ground states in the two cases. We have
not pursued such a full analysis in the present studies on 1 and
2; however, the following qualitative rationalization can
nevertheless be offered. If the ferromagnetic MnIII···MnIII

interactions of the central cube dominate the antiferromagnetic
MnIII···MnIII ones, then the central MnIII spins will all align
parallel, and the expected antiferromagnetic MnII···MnIII

interactions will then give an S = 10 − 8 = 2 ground state, as
seen experimentally for 2. If the central ferromagnetic MnIII···
MnIII interactions do not dominate, then intermediate spin
alignments will result, the spin of the cubane will be decreased
(compared to that in 2), and the molecular spin will thus be
increased, consistent with the S = 5 ground state observed for 1.

■ CONCLUSIONS
The use of 1,1′-ferrocenedicarboxylic acid in Mn cluster
chemistry has resulted in a mixed-valence Mn8 oxide-bridged
complex with only fdc2− peripheral ligation (other than bound
solvent molecules). The high isolated yield (85%) of complex 2
from a comproportionation reaction is particularly noteworthy:
such high yields are very unusual in polynuclear cluster
chemistry, especially with fdc2− ligation, and extensions to this
synthetic approach are being explored. The magnetic differ-
ences between 1 and 2 provide another example of how small
structural changes to a spin-frustrated system can significantly
affect the ground state through small changes to the relative
magnitudes of competing interactions. We had hoped to also
study these Mn8 clusters in solution, where we expect them to
behave identically as packing forces are relaxed and the
structures become identical; however, we have found both 1
and 2 to be extremely insoluble in all tested solvents, which
unfortunately is the typical behavior of neutral fdc2− ligated
clusters. This has also frustrated attempts to characterize the
multiredox properties of this cluster via electrochemistry, which
was one of the original objectives of this work. Nevertheless,
with large amounts finally available, it opens up the field for
further studies of the reactivity of these species.
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