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ABSTRACT: The structural, spectroscopic, and magnetic
properties of a series of [MnIII6Cr

III]3+ (= [{(talent‑Bu2)-
MnIII3}2{Cr

III(CN)6}]
3+) compounds have been investigated

by single-crystal X-ray diffraction (XRD), Fourier transform
infrared (FT-IR) and electronic absorption spectroscopy,
elemental analysis, electro spray ionization−mass spectrometry
(ESI-MS) and matrix-assisted laser desorption ionization−
mass spectrometry (MALDI-MS), cyclic voltammetry, AC and
DC magnetic measurements, as well as theoretical analysis.
The crystal structures obtained with [CrIII(CN)6]

3− as a counterion exhibit (quasi-)one-dimensional (1D) chains formed by
hydrogen-bonded (1) or covalently linked (2) trications and trianions. The rod-shaped anion lactate enforces a rod packing of
the [MnIII6Cr

III]3+ complexes in the highly symmetric space group R3̅ (3) with a collinear arrangement of the molecular S6 axes.
Incorporation of the spherical anion BPh4

− leads to less-symmetric crystal structures (4−6) with noncollinear orientations of the
[MnIII6Cr

III]3+ complexes, as evidenced by the angle between the approximate molecular C3 axes taking no specific values in the
range of 2°−69°. AC magnetic measurements on freshly isolated crystals (1a and 3a−6a), air-dried crystals (3b−6b), and
vacuum-dried powder samples (3c−6c) indicate single-molecule magnet (SMM) behavior for all samples with Ueff values up to
28 K. The DC magnetic data are analyzed by a full-matrix diagonalization of the appropriate spin-Hamiltonian including isotropic
exchange, zero-field splitting, and Zeeman interaction, taking into account the relative orientation of the D-tensors. Simulations
for 3a−6a and 3c−6c indicate a weak antiferromagnetic exchange between the MnIII ions in the trinuclear subunits (JMn−Mn =
−0.70 to −0.85 cm−1, Ĥex = −2∑i<j JijS ̂i·Ŝj) that is overcome by the stronger antiferromagnetic interaction via the Cr−CN−
Mn pathway (JCr−Mn = −3.00 to −5.00 cm−1), leading to an overall ferrimagnetic coupling scheme with an St =

21/2 spin ground
state. The differences in Ueff, JMn−Mn, and JCr−Mn for the investigated samples are rationalized in terms of subtle variations in
the molecular and crystal structures. In particular, a magnetostructural correlation between the Mn−NCN bond length and
the JCr−Mn exchange coupling is inferred from the magnetic measurements and corroborated by DFT calculations. The results of
this detailed study on [MnIII6Cr

III]3+ allow the formulation of some key recipes for a rational improvement of the SMM
behavior.

■ INTRODUCTION

Single-molecule magnets (SMMs) are coordination compounds
that exhibit a hysteresis of the magnetization which is of purely
molecular origin.1−6 This phenomenon is related to a slow
relaxation of the magnetization due to an energy barrier for
spin reversal, which arises from the combination of a high-spin
ground state St and a strong magnetic anisotropy DSt. In addi-

tion to allowing for the direct observation of quantum effects,
these bistable molecules attract attention because of their
potential applications in information storage and quantum
computing.7−16 Besides the archetype family of Mn12

(= [MnIII8MnIV4O12(O2CR)16(OH2)4]) SMMs,1,2,17−26 many
other SMMs based on 3d transition-metal ions have been
described,4,27−37 among which manganese-based SMMs are
particularly numerous.31,32,38−45 On the other hand, there is a

growing interest in SMMs containing 4d and 5d transition-
metal ions46−55 and lanthanide ions.56−67

The relaxation of the magnetization in SMMs may proceed
via a thermal pathway over the top of the anisotropy barrier or
via quantum-mechanical magnetization tunneling (QTM)
through the anisotropy barrier. The probability of QTM is
related to the magnitude of the rhombic component of the
magnetic anisotropy ESt, which is controlled by symmetry.3 As

ESt vanishes for systems of at least C3 symmetry, the overall
molecular symmetry should be at least trigonal, to minimize the
QTM, but lower than cubic, to avoid an isotropic system.
Hence, the design of an SMM requires not only a high-spin
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ground state St and some source of magnetic anisotropy, but
also a control of the molecular topology.
In order to meet these requirements, we have designed the

C3 symmetric ligand system triplesalen, which combines the
phloroglucinol bridging unit for high-spin ground states St by
the spin-polarization mechanism68−72 with a salen-like ligand
environment for single-site magnetic anisotropies Di by a strong
tetragonal ligand field.72−76 The C3 symmetry of the ligand
should result in C3 symmetric complexes which have, by
symmetry, a rhombicity of ESt = 0. The trinuclear complexes of
the triplesalen ligand [(talent‑Bu2)Mt

3]
m+ (shown in Chart 1 for

Mt = MnIII (A)) are indeed C3 symmetric and exhibit a bowl-
shaped molecular structure74,77 which preorganizes the axial
coordination sites of the metal-salen subunits for the com-
plementary binding of three facial nitrogen atoms of a
hexacyanometallate (B for Mc = CrIII). Hence, the ligand
folding allows for the targeted construction of heptanuclear
complexes [Mt

6M
c]n+ (= [{(talent‑Bu2)Mt

3}2{M
c(CN)6}]

n+)
from two trinuclear triplesalen building blocks and one hexa-
cyanometallate by relying on the concepts of supramolecular
chemistry,78−80 i.e. the molecular recognition of three
preorganized and complementary molecular building blocks
provides the driving force for their association to a heptanuclear
complex, in analogy to the key-and-lock principle. Importantly,
this modular approach allows the fine-tuning of steric and
electronic properties of the individual building blocks without
losing the driving force for the assembly of the entire entity.
The success of our design concept was confirmed by the

formation and the structural and magnetic properties of
[MnIII6Cr

III]3+,81 which is indeed an SMM. The molecule is
approximately C3 symmetric, and the magnetic data indicate a
ferrimagnetic coupling scheme resulting in an St =

21/2 spin
ground state with a sizable magnetic anisotropy DSt. The SMM
nature of [MnIII6Cr

III]3+ as indicated by a nonzero out-of-phase

component of the AC susceptibility was confirmed by a
hysteresis of the magnetization in single-crystal measurements.
The general applicability of the supramolecular approach for

the construction of heptanuclear complexes of the [Mt
6M

c]n+

type was demonstrated by our successful synthesis of the
isostructural series [MnIII6Fe

III]3+,82 [MnIII6Co
III]3+,83 and

[MnIII6MnIII]3+,84 indicating a high stability of the [Mt
6M

c]n+

complex. A detailed comparison of [MnIII6Cr
III]3+ with the

related tetranuclear complex [MnIII3Cr
III]3+ (= [{(talent‑Bu2)-

MnIII3}{(Me3tacn)Cr
III(CN)3}]

3+)85 identified van der Waals-
type contacts between the two trinuclear triplesalen building
blocks in [Mt

6M
c]n+ as the main source of its strong driving

force for formation and its high stability.
While this design approach does allow the fine-tuning of

steric and electronic properties of the individual building blocks
of [Mt

6M
c]n+, e.g., by incorporating different metal ions or

varying the substituents on the ligand backbone, it does not
permit a predetermination or targeted variation of structural
parameters such as bond distances and angles, ligand folding,
the extent of Jahn−Teller distortions, or the exact molecular
symmetry in the solid state. Furthermore, aspects of the crystal
structure such as the overall crystal symmetry, the packing and
relative orientation of the individual SMM complexes in the
crystal, the presence or absence of (weak) intermolecular
interactions between the complexes, or the nature and number
of solvent molecules of crystallization and their arrangement
relative to the SMM complexes within the crystal structure, are
difficult to control. However, such rather slight modifications of
the molecular environment were shown to have a strong impact
on the SMM properties of Mn12

17−26,86−95 and other families
of SMMs.37,96−106

In an attempt to systematically evaluate the influence of
environmental changes on SMM behavior, we have taken
advantage of the high stability of the [MnIII6Cr

III]3+ complex to
synthesize and structurally and magnetically characterize a
series of [MnIII6Cr

III]3+ SMMs differing in the counterion and/
or the solvent molecules of crystallization (see Chart 1). The
use of [CrIII(CN)6]

3‑ as counterion led to the isolation of a
zero-dimensional (0D) [MnIII6Cr

III][CrIII(CN)6] compound
(1) as well as a one-dimensional (1D) [MnIII6Cr

III](μ2-[Cr
III-

(CN)6]) chain compound (2). In order to enforce a high
crystal symmetry by rod packing, we employed the rod-shaped
anion lactate (= lac), which resulted in the crystallization of
[MnIII6Cr

III](lac)3 (3) in the highly symmetric space group R3 ̅
with the molecular S6 axes of the [MnIII6Cr

III]3+ complexes all
aligned with the c-axis of the unit cell. Furthermore, we suc-
ceeded in crystallizing two more solvates of [MnIII6Cr

III](BPh4)3
from acetonitrile (4) and acetone (5), in addition to our first-
reported81 [MnIII6Cr

III](BPh4)3 SMM obtained from acetonitrile/
ether (6). All compounds are rigorously characterized structurally,
spectroscopically, and magnetically by DC and AC measurements.
The magnetic properties are analyzed by the full anisotropic
spin-Hamiltonian to extract the exchange coupling constants
(Ji) and the local zero-field splittings (Di). This analysis is sup-
ported by density functional theory (DFT) calculations. The
series of [MnIII6Cr

III]3+ compounds 1−6 allows a detailed inves-
tigation of the influence of a variety of environmental factors on
the SMM properties, which we report herein.

■ EXPERIMENTAL SECTION
Preparation of Compounds. H6talen

t‑Bu2 {= 2,4,6-tris{1-[2-(3,5-
di-tert-butylsalicylaldimino)-2-methylpropylimino]-ethyl}-1,3,5-trihy-
droxybenzene} was synthesized as described previously.77,107 Filter

Chart 1
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paper for extremely fine precipitates was obtained from MACHERY-
NAGEL (Grade No. 5, MN 619 de).
[{(talent‑Bu2)(MnIII(MeOH))3}2{Cr

III(CN)6}][Cr
III(CN)6]·14MeOH·5H2O

(1). A suspension of H6talen
t‑Bu2 (111 mg, 0.100 mmol) and

Mn(OAc)2·4H2O (69 mg, 0.28 mmol) in methanol (40 mL) was
heated at reflux for 2 h. The resulting brown solution was cooled to
room temperature, purged with air for 30 min, and heated at reflux for
an additional 2 h. After cooling to room temperature, the reaction
solution was treated with a solution of K3[Cr(CN)6] (71 mg, 0.22
mmol) in water (1.5 mL). Stirring of the reaction mixture at room
temperature for 1 min resulted in the formation of a brown precipitate,
which was removed using filter paper for extremely fine precipitates
(vide supra). The filtrate was allowed to stand at room temperature.
The precipitated small brown crystals were removed after 90, 180, and
300 min, using filter paper for extremely fine precipitates (vide supra).
Slow evaporation of the filtrate then afforded large brown crystals.
Yield: 33 mg (19%). ESI-MS (MeOH): m/z: 916.2 [{(talent‑Bu2)-
Mn3}2{Cr(CN)6}]

3+; MALDI-TOF-MS (matrix DCTB): m/z:
2747 [{(talent‑Bu2)Mn3}2{Cr(CN)6}]

+; IR (KBr): ν̃ (cm−1) = 2959 m,
2907 m, 2868 m, 2147 w, 2126 vw, 1613 s, 1570 s, 1535 s, 1491 vs,
1437 m, 1393 m, 1364 m, 1341 m, 1312 m, 1275 s, 1254 s, 1188 m,
1160 m, 1063 w, 1026 w, 847 m, 820 w, 781 w, 750 w, 644 w,
608 w, 577 m, 552 m. Elemental analysis (%): calcd for [{(talent‑Bu2)-
(MnIII(MeOH))3}2{Cr

III(CN)6}][Cr
III(CN)6]·3MeOH·8H2O (1a,

C159H244N24O29Cr2Mn6): C 56.34, H 7.26, N 9.92; found: C 56.00,
H 6.99, N 10.29.
[{(talent‑Bu2)MnIII3(MeOH)(H2O)}2{Cr

III(CN)6}](μ2-[Cr
III(CN)6])·9MeOH·2H2O

(2). A suspension of H6talen
t‑Bu2 (500 mg, 0.450 mmol) and

Mn(OAc)2·4H2O (310 mg, 1.26 mmol) in methanol (200 mL) was
heated at reflux for 2 h. The resulting brown solution was cooled to
room temperature, purged with air for 30 min, and heated at reflux for
an additional 2 h. The hot reaction solution was then treated with a
solution of K3[Cr(CN)6] (320 mg, 0.983 mmol) in water (5 mL) and
subsequently with a solution of D,L-Na(lac) (600 mg, 5.35 mmol)
in water (10 mL). Stirring of the hot reaction mixture at room
temperature for 1 min resulted in the formation of a brown precipitate,
which was removed from the hot suspension using filter paper for
extremely fine precipitates (vide supra). The filtrate was allowed to
stand at room temperature. The precipitated brown crystals were
removed after 90, 180, and 300 min, using filter paper for extremely
fine precipitates (vide supra). Slow evaporation of the filtrate then
afforded brown crystals suitable for X-ray diffraction (XRD) studies
and some colorless precipitate, which were collected by filtration
after 7 days and dried in air. The colorless precipitate was removed
from the crystals by heating the suspension of both in methanol
(160 mL) to reflux for 15 min without stirring, and subsequently
collecting the undissolved crystals from the hot suspension by
filtration. Yield: 150 mg (21%). IR (KBr): ν̃ (cm−1) = 2959 m,
2907 m, 2868 m, 2149 w, 2126 vw, 1613 s, 1572 s, 1535 s, 1491 vs,
1437 m, 1395 m, 1364 m, 1341 m, 1314 m, 1275 s, 1254 s, 1188 m,
1159 m, 1065 w, 1026 w, 847 m, 820 w, 781 w, 750 w, 646 w, 608 w,
577 m, 552 m.
[{(talent‑Bu2)(MnIII(MeOH))3}2{Cr

III(CN)6}](lac)3·9MeOH (3). A sus-
pension of H6talen

t‑Bu2 (222 mg, 0.200 mmol) and Mn(OAc)2·4H2O
(138 mg, 0.563 mmol) in methanol (80 mL) was heated at reflux for
2 h. The resulting brown solution was cooled to room temperature,
purged with air for 30 min, and heated at reflux for an additional 2 h.
After cooling to room temperature, the reaction solution was treated
with a solution of K3[Cr(CN)6] (32 mg, 0.099 mmol) in water
(2 mL). The reaction mixture was stirred at room temperature for 60 min
and filtered using filter paper for extremely fine precipitates (vide
supra). A solution of D,L-Na(lac) (1010 mg, 9.013 mmol) in methanol
(12 mL) was added to the filtrate. The reaction mixture was stirred at
room temperature for 30 min and filtered again, using filter paper for
extremely fine precipitates (vide supra). Slow evaporation of the
solvent from the filtrate afforded a pasty black precipitate, which was
collected by filtration and redissolved in methanol. The solution was
filtered using filter paper for extremely fine precipitates (vide supra).
Slow evaporation of the solvent from the filtrate led to the formation

of brown crystals. Yield: 23 mg (7%). ESI-MS (CH2Cl2): m/z: 916.3
[{(talent‑Bu2)Mn3}2{Cr(CN)6}]

3+; MALDI-TOF-MS (matrix DCTB):
m/z: 2748.1 [{(talent‑Bu2)Mn3}2{Cr(CN)6}]

+; IR (KBr): ν̃ (cm−1) =
2957 m, 2907 m, 2870 m, 2151 w, 1613 s, 1570 s, 1535 s, 1491 vs,
1437 m, 1393 m, 1364 m, 1341 m, 1314 m, 1275 s, 1254s, 1188 m,
1157 m, 1092 w, 1061 w, 1026 w, 845 m, 818 w, 781 w, 750 w, 642 w,
608 w, 575 m, 550 m. Elemental analysis (%): calcd for [{(talent‑Bu2)-
(MnIII(MeOH))3}2{Cr

III(CN)6}](lac)3·1.5MeOH (3a, C160.5H237N18-
O28.5CrMn6): C 59.20, H 7.34, N 7.74; found: C 58.80, H 7.04,
N 8.14.

[{(talent‑Bu2)MnIII
3}2{Cr

III(CN)6}(solv)n](BPh4)3. [{(talent‑Bu2)-
MnIII3}2{Cr

III(CN)6}(solv)n](BPh4)3, which was subsequently recrys-
tallized from different solvents, affording 4, 5, and 6, was prepared as
follows: A suspension of H6talen

t‑Bu2 (150 mg, 0.135 mmol) and
Mn(OAc)2·4H2O (93 mg, 0.38 mmol) in methanol (60 mL) was
heated at reflux for 2 h. The resulting brown solution was cooled to
room temperature, purged with air for 30 min, and heated at reflux for
an additional 2 h. After cooling to room temperature, the reaction
solution was treated with a solution of K3[Cr(CN)6] (22 mg, 0.068
mmol) in water (3 mL). The reaction mixture was stirred at room
temperature for 60 min and filtered using filter paper for extremely fine
precipitates (vide supra). A solution of NaBPh4 (277 mg, 0.809 mmol)
in methanol (30 mL) was added to the filtrate. The reaction mixture
was stirred at room temperature for 10 min and filtered again, using
filter paper for extremely fine precipitates (vide supra). Stirring of the
filtrate for 16 h at room temperature resulted in the formation of a
brown precipitate, which was collected by filtration and dried in vacuo.
Yield: 227 mg.

[{(talent‑Bu2)MnIII3(MeCN)2}2{Cr
III(CN)6}]0.5[{(talen

t‑Bu2)MnIII3(MeCN)-
(H2O)}2{Cr

III(CN)6}]0.5(BPh4)3·16MeCN (4). A suspension of
[{(talent‑Bu2)MnIII3}2{Cr

III(CN)6}(solv)n](BPh4)3 (227 mg) in aceto-
nitrile (25 mL) was heated at reflux for 1 min. The resulting brown
solution was cooled to room temperature and filtered using filter
paper for extremely fine precipitates (vide supra). Slow evaporation of
the solvent from the filtrate afforded large brown crystals. Yield:
151 mg (53%). ESI-MS (MeCN): m/z: 916.3 [{(talent‑Bu2)Mn3}2{Cr-
(CN)6}]

3+; MALDI-TOF-MS (matrix DCTB): m/z: 2748.3
[{(talent‑Bu2)Mn3}2{Cr(CN)6}]

+, 1373.5 [{(talent‑Bu2)Mn3}2{Cr-
(CN)6}]

2+; IR (KBr): ν̃ (cm−1) = 3055 m, 3032 m, 2959 m,
2905 m, 2868 m, 2155 w, 1609 s, 1560 s, 1535 s, 1491 vs, 1437 m,
1393 m, 1364 m, 1341 m, 1310 m, 1275 s, 1252 s, 1188 m, 1155 m,
1063 w, 1026 w, 847 m, 820 w, 779 w, 750 w, 733 w, 704 m, 644 w,
611 w, 577 m, 554 m. Elemental analysis (%): calcd for [{(talent‑Bu2)-
MnIII3(MeCN)2}2{Cr

III(CN)6}]0.5[{(talen
t‑Bu2)MnIII3(MeCN)(H2O)}2-

{CrIII(CN)6}]0.5(BPh4)3·4MeCN (4a, C230H275N25O13B3CrMn6): C
68.86, H 6.91, N 8.73; found: C 68.93, H 6.92, N 8.70.

[{(talent‑Bu2)MnIII3(H2O)((CH3)2CO)}2{Cr
III(CN)6}]0.5[{(talen

t‑Bu2)MnIII3-
(H2O)0.18}2{Cr

III(CN)6}]0.5(BPh4)3·9.5(CH3)2CO (5). A suspension of
[{(talent‑Bu2)MnIII3}2{Cr

III(CN)6}(solv)n](BPh4)3 (227 mg) in acetone
(15 mL) was heated at reflux for 1 min. The resulting brown solu-
tion was cooled to room temperature and filtered using filter paper
for extremely fine precipitates (vide supra). Slow evaporation of
the solvent from the filtrate afforded large brown crystals. Yield:
144 mg (53%). ESI-MS (MeCN): m/z: 916.3 [{(talent‑Bu2)Mn3}2{Cr-
(CN)6}]

3+; MALDI-TOF-MS (matrix DCTB): m/z: 2748.5
[{(talent‑Bu2)Mn3}2{Cr(CN)6}]

+, 1373.9 [{(talent‑Bu2)Mn3}2{Cr-
(CN)6}]

2+; IR (KBr): ν̃ (cm−1) = 3055 m, 3034 m, 2961 m, 2905
m, 2868 m, 2155 w, 1611 s, 1560 s, 1535 s, 1491 vs, 1437 m, 1393 m,
1364 m, 1341 m, 1310 m, 1275 s, 1252 s, 1188 m, 1155 m, 1063 w,
1026 w, 847 m, 820 w, 779 w, 750 w, 733 w, 704 m, 644 w, 611 w,
577 m, 554 m. Elemental analysis (%): calcd for [{(talent‑Bu2)MnIII3-
(H2O)((CH3)2CO)}2{Cr

III(CN)6}]0.5[{(talen
t‑Bu2)MnIII3(H2O)0.18}2-

{CrII I(CN)6}]0 .5(BPh4)3 ·9(CH3)2CO (5a , C246H314 .36N18-
O23.18B3CrMn6): C 68.58, H 7.35, N 5.85; found: C 68.86, H 7.05,
N 6.23.

[ { ( t a l e n t ‑ B u 2 )Mn I I I
3 } 2 { C r

I I I ( CN ) 6 } (M eOH ) 3 (MeCN ) 2 ] -
(BPh4)3·4MeCN·2Et2O (6). A suspension of [{(talen t ‑Bu2)-
MnIII3}2{Cr

III(CN)6}(solv)n](BPh4)3 (227 mg) in acetonitrile (25 mL)
was heated at reflux for 1 min. The resulting brown solution was
cooled to room temperature and filtered using filter paper for
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extremely fine precipitates (vide supra). Slow diffusion of diethyl ether
into the filtrate afforded large brown crystals.81 Yield: 194 mg (75%).
Elemental analysis (%): calcd for [{(talent‑Bu2)MnIII3}2{Cr

III(CN)6}-
(MeOH)3(MeCN)2](BPh4)3·3MeCN·Et2O (6a, C233H289N23-
O16B3CrMn6): C 68.56, H 7.14, N 7.89; found: C 68.90, H 7.04, N
7.62.
X-ray Crystallography. Brown single crystals of 1, 2, 4, and 5

were removed from the mother liquor, coated with paraffin oil, and
immediately cooled to 183(2) K on a Bruker AXS SMART
diffractometer (three-circle goniometer with 1 K CCD detector, Mo
Kα radiation (λ = 0.71073 Å), graphite monochromator; sphere data
collection in ω at 0.3° scan width in four runs with 606, 500, 606, and
500 frames (ϕ = 0°, 88°, 180°, and 268°); detector distance = 5 cm).
A brown single crystal of 3 was measured at 100(2) K on a Nonius
Kappa CCD diffractometer (four-circle goniometer, Mo Kα radiation,
graphite monochromator, detector distance = 5 cm) using ω- and φ-
scans. Empirical absorption corrections using equivalent reflections
were performed with the program SADABS 2.10.108 The structures
were solved with the program SHELXS-97109 and refined using
SHELXL-97.109 All hydrogen atoms were refined on calculated
positions except some H positions for 3, where one (O−)H atom
could be located and refined at a coordinated MeOH molecule, one at
an uncoordinated MeOH molecule, and one at the lactate −OH
group. In 5, one phenyl ring of a BPh4

− anion is disordered over two
positions. The higher-occupied arm (sof = 0.82) eliminates the
coordinating H2O molecule at one Mn atom, thus leading to the
noninteger stoichiometry of the complex. Crystal data and further
details concerning the crystal structure determination are given in
Table S1 in the Supporting Information. CCDC 886620 (1), CCDC
886619 (2), CCDC 886622 (3), CCDC 886621 (4), and CCDC
886618 (5) from the Cambridge Crystallographic Data Centre con-
tains the supplementary crystallographic data for this paper.
Other Physical Measurements. Infrared spectra (400−4000

cm−1) of solid samples were recorded on a Shimadzu FT-IR 8400S
system as KBr disks. ESI and MALDI-TOF mass spectra were
recorded on a Bruker Esquire 3000 ion-trap mass spectrometer and a
PE Biosystems Voyager DE mass spectrometer, respectively. Elemental
analyses were carried out on a LECO CHN-932 or a HEKAtech Euro
EA elemental analyzer. UV/vis/NIR absorption spectra of solutions
were measured on a Shimadzu UV-3101PC spectrophotometer in the
range of 190−1200 nm at ambient temperatures. The electrochemical
experiments were performed on Ar-flushed MeCN solutions
containing 0.1 M [NBu4]PF6 in a classical three-electrode cell. The
working electrode was a glassy carbon disk electrode, the counter
electrode was a platinum wire, and the reference electrode was
Ag/0.01 M AgNO3 MeCN. All potentials are referenced to the
ferrocenium/ferrocene (Fc+/Fc) couple used as an internal standard.
The electrochemical cell was connected to an EG&G potentiostat/
galvanostat (Model 273A). Temperature-dependent magnetic suscep-
tibilities were measured by using a SQUID magnetometer (MPMS
XL-7 EC, Quantum Design) in a static field of 0.01, 0.05, or 1 T in the
temperature range of 2−290 K. Field-dependent magnetizations were
measured at 2 K in the range of 0.2−7 T. Variable-temperature
variable-field (VTVH) measurements were performed in various
static fields (1−7 T) in the range of 2−10 K with the magnetization
equidistantly sampled on an inverse temperature (1/T) scale. To cal-
culate the molar magnetic susceptibilities (χm), the measured
susceptibilities were corrected for the underlying diamagnetism of
the sample holder and the sample, using tabulated Pascal’s constants.
AC susceptibilities were measured in the temperature range of 1.8−
100 K in zero static field with an AC field of 3 Oe, oscillating at
frequencies in the range of 0.1−1500 Hz.
Computational Details. DFT Calculations. Electronic structure

calculations by the SIESTA method110,111 have been performed using
the generalized gradient approximation (GGA)112,113 of the density
functional theory (DFT). Norm-conserving pseudo-potentials were
generated according to the Troullier−Martins scheme,114 using the
following electronic configurations and cutoff (“pseudoization”) radii
(in Bohr units, shown in brackets for each l-channel): Cr 4s1 (2.27)
3p6 (2.00) 3d4 (1.90) 4f0 (1.50); Mn 4s1 (2.00) 3p6 (1.90) 3d5 (1.90)

4f0 (1.50); C 2s2 2p2 (all 1.25); N 2s2 2p3 (all 1.25); O 2s2 2p4 (all
1.15); H 1s1 (all 1.25). Basis functions were numerical, strictly
confined, pseudo-atomic orbitals, generated in a standard way in
SIESTA (see details in ref 115), with an “energy shift” parameter
(which controls the confinement) of 20 mRy. The basis included
polarization orbitals and triple-ζ functions for the 3d shells of Cr and
Mn, being of double-ζ quality otherwise. An isolated molecule (409
atoms in total) with a 3+ charge was placed in a box 30 Å × 30 Å × 30 Å
in size, to avoid an overlap of the basis functions with those of the
translated replicas of the molecule. The Kohn−Sham energy levels, for
the sake of necessary summations to be more smoothly done over
them, were broadened with the “electronic temperature” parameter of
50 K. The real-space grid of 3603 divisions along the edges of the
simulation box corresponded to the “mesh cutoff” parameter of 400
Ry. The reference geometry, corresponding to a Mn−NCN distance
of 2.185 Å, was taken from XRD data of 3 and not additionally
relaxed. To study the effect of Mn−N distance variation, the two
trinuclear MnIII triplesalen building blocks of [MnIII6Cr

III]3+ were
rigidly shifted along the molecular S6 axis, keeping the [Cr(CN)6]

3−

core unchanged.
Spin-Hamiltonian Simulations. The magnetic properties of

[MnIII6Cr
III]3+ were simulated by a full-matrix diagonalization of the

spin-Hamiltonian in eq 1:

∑ ∑ ∑φ μ̂ = − ̂ · ̂ + ̂ · ϑ + · · ̂
<

H J DS S S e B g S2 ( ( , ))
i j

ij i j
i

i i i i i
i

i i
2

B

(1)

Here, the first sum reflects the isotropic exchange interaction between
spins given by the spin vector operators S ̂i at sites i. The anisotropic
magnetization behavior of the individual ions is taken into account by
local anisotropy tensors in the second sum. The tensors are
parametrized by a strength factor Di = D, as well as local unit vectors
ei, which are parametrized by polar angles ϑi and φi. They represent an
easy or a hard axis, depending on the sign of D. For the six MnIII ions,
the unit vectors point along the local Jahn−Teller axes. Because of the
S6 symmetry, all six local unit vectors ei can be parametrized by the
common polar angle between the Jahn−Teller axes and the S6
symmetry axis, which has been extracted from crystal structures for
each compound and is in the range of ϑ = 36.1°−39.1° (see Table 1).
The relative φi angles are determined by the S6 symmetry. The
anisotropy axis of the CrIII ion must point along the S6 symmetry axis.
The third term of the Hamiltonian models the interaction with the
applied magnetic field. The term g

i
represents the local g-matrix at site i.

For the MnIII ions, as well as the CrIII ion, an isotropic value of 1.98 is
assumed. The Hilbert space of the full spin-Hamiltonian has a
dimension of 62 500. In the presence of a magnetic field, we employ
inversion symmetry. This reduces the average matrix size to roughly
half of the full size. Since the measurements are performed on
ensembles of small crystallites, we also employ an orientational average
using an isotropic grid with 20 orientations.82,116

■ RESULTS AND ANALYSIS
Synthesis and Characterization. In our attempt to

investigate the influence of the molecular environment on the
magnetic behavior of [MnIII6Cr

III]3+, we employed different
anions and solvents of crystallization with the aim of obtaining
different salts and solvates of [MnIII6Cr

III]3+. In analogy to the
preparation of [MnIII6Fe

III][FeIII(CN)6],
82 we tried to synthe-

size [MnIII
6Cr

III][CrIII(CN)6]. The molecular building
block [(talent‑Bu2){MnIII(solv)n}3]

3+ was generated in situ by
reacting the ligand H6talen

t ‑Bu2 with 3 equiv of
MnII(OAc)2·4H2O in methanol. The subsequent addition of
2 equiv of K3[Cr

III(CN)6] in a minimal amount of water,
followed by slow evaporation of the solvent, led to the for-
mation of brown crystals. Visual inspection indicated the
contamination with some fine colorless precipitate and the
presence of crystals with different morphologies. While the
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majority of crystals are best described as columns, some rhombs
were also found as a minor component, with both crystallizing
in the space group C2/c. Single-crystal XRD analysis of the
major species resulted in the formulation as [{(talent‑Bu2)-
(MnIII(MeOH))3}2{Cr

III(CN)6}][Cr
III(CN)6]·14MeOH·5H2O

(1) with separated [MnIII6Cr
III]3+ cations and [CrIII(CN)6]

3‑

anions, whereas the minor component analyzed as
[{(talen t ‑Bu2)MnIII

3(MeOH)(H2O)}2{Cr
III(CN)6}](μ2-

[CrIII(CN)6])·9MeOH·2H2O (2) with [MnIII6Cr
III]3+ bridged

by μ2-[Cr
III(CN)6]

3‑ resulting in a one-dimensional (1D) chain.
After several optimization steps, we found experimental

conditions under which only crystals of compound 1 were
obtained. However, visual inspection of these batches revealed
that they were still contaminated with some fine colorless
precipitate. Temperature-dependent magnetic susceptibility
measurements (2−290 K, 0.01 T) on powdered samples of
these batches showed an onset of the magnetization at ∼65 K,
indicative of magnetic ordering. The lack of reproducibility of
both the ordering temperature, which varied between 60 K and
70 K, and the susceptibility maximum, which was more or less
pronounced for different batches, led to the assumption that
magnetic impurities accounted for the ordering phenomenon.
Several examples of CrIII−MnII Prussian blue-type ferrimagnets
exhibiting magnetic ordering in the observed temperature range
are known in the literature. Ordering temperatures between
60 K and 74 K were reported for the three-dimensional (3D)
Prussian blue analogue MnII3[Cr

III(CN)6]2·xH2O.
117−120 The

Curie temperature of 3D Prussian blue-type systems of the
composition MI[MnIICrIII(CN)6]·xH2O varies from 60 K (M =
Na)121 to 90 K (M = Cs),122 revealing a strong dependence of
the magnetic ordering on the choice of alkali-metal counterion.
Furthermore, cyanide-bridged CrIII−MnII assemblies of differ-
ent dimensionality, incorporating bidentate organic ligands,
exhibit spontaneous magnetization with Tc varying between
60 K and 71 K.119,123 Assuming the presence of some unreacted
MnII in solutions containing [(talent‑Bu2){MnIII(solv)n}3]

3+

during the synthesis of 1, the addition of K3[Cr
III(CN)6] may

result in the formation of MnII3[Cr
III(CN)6]2·xH2O or

KI[MnIICrIII(CN)6]·xH2O, the ratio and total amount of
which may differ for distinct batches, leading to the observed
variations in the ordering temperature and the susceptibility
maximum, respectively. In order to corroborate this sup-
position, we reacted K3[Cr

III(CN)6] with 1.5 equiv of

MnII(OAc)2·4H2O in a methanol−water mixture, thus mimick-
ing the reaction conditions for the synthesis of 1 without the
ligand H6talen

t‑Bu2 being present. We observed the precipitation
of a fine colorless powder which, by visual inspection, closely
resembled the precipitate formed during the synthesis of 1.
Temperature-dependent magnetic susceptibility measurements
on the powder showed an onset of the magnetization at 70 K,
which supported our assumption that contaminations from
CrIII−MnII Prussian blue-type ferrimagnets were the cause of
the magnetic ordering observed in batches of 1.
We have modified the reaction conditions for the synthesis

of 1 in order to avoid Prussian blue analogues. Since these
3D ferrimagnets are highly insoluble, one of our aims was to
induce their precipitation before [MnIII6Cr

III][CrIII(CN)6]
begins to crystallize. Therefore, we added more than 2 equiv
of K3[Cr

III(CN)6] to solutions containing [(talent‑Bu2)-
{MnIII(solv)n}3]

3+, which unfortunately resulted in the
precipitation of [MnIII6Cr

III][CrIII(CN)6] as a brown powder,
along with the Prussian blue analogues. In another effort to
optimize the reaction conditions, we employed the precursor
[(talent‑Bu2){MnIII(solv)n}3]Cl3 in analogy to the early syntheses
of [MnIII6Fe

III][FeIII(CN)6],
82 with the aim of avoiding the

presence of unreacted MnII in solution upon the addition of
K3[Cr

III(CN)6]. However, this procedure did not prove
successful either, as we still detected the Prussian blue
analogues by magnetic measurements. A pure batch of 1 was
finally obtained by the combination of two means: (1) reducing
the amount of unreacted MnII in solutions containing
[(talent‑Bu2){MnIII(solv)n}3]

3+ by (i) employing less than 3
equiv of MnII(OAc)2·4H2O and (ii) heating the reaction
solution at reflux for a longer time and purging it with air to
facilitate the oxidation of MnII and thus the formation of
[(talent‑Bu2){MnIII(solv)n}3]

3+; and (2) extensive filtration of the
reaction solution after addition of K3[Cr

III(CN)6].
In our attempts to establish a protocol leading to pure

batches of 2, we found that the presence of other anions, such
as lactate, favors the formation of this compound. Despite
much effort, however, we were not able to obtain 2 in an
analytically pure form. Contaminations from crystals of 1 were
always detected by single-crystal XRD, and the precipitation
of the above-mentioned Prussian blue analogues could not be
completely avoided, even by the optimized procedure pre-
viously described. Recrystallization of mixtures of 1 and 2 was

Table 1. Selected Structural Parameters of Compounds 1−6

1 2 3 4 5 6

∠(C3
(1),C3

(2))a [°] 81.8 77.5 0.0 68.9 2.2 41.7
shortest Cr···Cr distance [Å] 18.28 17.89 15.89 18.05 19.12 18.52
shortest intermolecular Mn···Mn distance [Å] 8.36 9.03 8.79 9.82 11.47 8.90
fraction(s) of [MnIII6Cr

III]3+ in the asymmetric unit 1/2 1/2 2 × 1/6 2 × 1/2 2 × 1/2 1
coordination number of MnIII 6 5 or 6 6 5 or 6 5 or 6 5 or 6
d(Mn−NCN)b [Å] 2.21 2.22 2.19 2.19 2.17 2.18
d(Cr−C)b [Å] 2.08 2.09 2.06 2.08 2.07 2.07
d(CN)b [Å] 1.15 1.15 1.15 1.15 1.15 1.15
∠(Cr−CN)b [°] 176.6 175.9 179.0 176.6 175.7 176.1
∠(CN−Mn)b [°] 161.3 161.9 159.4 159.9 161.3 161.3
∠(C−Cr−C)b [°] 89.2 88.5 91.4 89.0 88.5 88.7
φterminal [°]b 7.5 8.3 10.5 9.1 10.1 8.5
φcentral [°]b 43.4 44.5 34.6 46.1 48.0 46.7
θ [°]b 1.8 1.0 8.5 0.9 1.7 1.3
ϑ [°]b 38.7 39.1 36.1 38.9 38.7 39.0

aAngle between the (approximate) molecular C3 axes of the [MnIII6Cr
III]3+ complexes in the crystal. bMean values.
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not possible, because of the low solubility of these compounds,
as well as the sensitivity of the 1:2 ratio to the concentration of
other components, especially anionic species, in solution. Thus,
we had to refrain from a complete characterization of
compound 2.
The [MnIII6Cr

III][CrIII(CN)6] compounds 1 and 2 as well as
the previously published81 [MnIII6Cr

III](BPh4)3 compound
crystallize in monoclinic space groups with a noncollinear
arrangement of the [MnIII6Cr

III]3+ units in the crystal structure
(vide infra). This entails two drawbacks for the SMM behavior:
(i) The molecular structure is not rigorously C3 symmetric, as
no crystallographic C3-axis (not existing in monoclinic space
groups) goes through the molecule; and (ii) the low symmetry
of the molecular environment further reduces the symmetry of
the individual complexes, especially by stray fields originating
from neighboring high-spin molecules.
In order to align the C3-axes of the [MnIII6Cr

III]3+ molecules
in the crystal, we have employed the rod-shaped anion lactate
(= lac) to obtain [MnIII6Cr

III](lac)3. This was inspired by the
frequent occurrence of hexagonal and cubic packings in systems
with rod-shaped components.124−140 Recrystallization from
methanol afforded pure batches of single crystals, which
analyzed as [{(talent‑Bu2)(MnIII(MeOH))3}2{Cr

III(CN)6}]-
(lac)3·9MeOH (3) crystallizing in the trigonal space group
R3̅ with the molecular S6-axes of the [MnIII6Cr

III]3+ complexes
all aligned with the c-axis of the unit cell (vide infra).
In the course of our efforts to obtain pure batches of

compounds 1−3, the synthesis of the already published
complex [MnIII6Cr

III](BPh4)3
81 was also optimized according

to the new protocol. However, it has to be emphasized that
recrystallization of [MnIII6Cr

III](BPh4)3 from acetonitrile/
diethyl ether had sufficed to obtain pure batches of [{(talent‑Bu2)-
MnIII3}2{Cr

III(CN)6}(MeOH)3(MeCN)2](BPh4)3·4MeCN·2Et2O
(6) before the optimized procedure was established.81 The
good solubility of [MnIII6Cr

III](BPh4)3 in a variety of solvents
allowed not only its purification by recrystallization, but also the
synthesis of new solvates. Thus, crystals of [{(talent‑Bu2)-
MnIII3(MeCN)2}2{Cr

III(CN)6}]0.5[{(talen
t‑Bu2)MnIII3(MeCN)-

(H2O)}2{Cr
III(CN)6}]0.5(BPh4)3·16MeCN (4) were ob-

tained by recrystallizing [MnIII6Cr
III](BPh4)3 from acetoni-

trile, whereas recrystallization from acetone afforded crystals
o f [ { ( t a l en t ‑B u 2 )Mn I I I

3 (H2O)((CH3)2CO)}2{Cr I I I -
(CN)6}]0.5[{(talen

t‑Bu2)MnIII3(H2O)0.18}2{Cr
III(CN)6}]0.5(BPh4)3·

9.5(CH3)2CO (5).
Newly synthesized batches of [MnIII6Cr

III]3+ compounds
were tested for the presence of Prussian blue analogues by
temperature-dependent magnetic susceptibility measurements
(2−290 K, 0.01 T), since the impurity could neither be
identified by elemental analysis nor by FT-IR spectroscopy
(vide infra) and was detected by visual inspection only if it
appeared in sufficient quantity.
FT-IR spectra of compounds 1−6 exhibit the characteristic

features of the [(talent‑Bu2)MnIII3]
3+ building block, as found in

several other complexes,82,83,85,141 with prominent bands at
1609, 1560, 1535, and 1491 cm−1. Besides these, the spectra
exhibit distinct bands confirming the presence of the different
counterions of [MnIII6Cr

III]3+, with the spectra of the three
solvates of [MnIII6Cr

III](BPh4)3 (4−6) being superimposable.
The symmetric ν(CN) vibration of the bridging
[CrIII(CN)6]

3− unit is detected at 2147, 2151, and 2155 cm−1

in spectra of 1, 3, and 4−6, respectively, with 3 exhibiting a
broader band than the other compounds. The shift to higher
energies compared to K3[Cr

III(CN)6], which shows a band at

2131 cm−1 attributed to the symmetric ν(CN) vibration, is
consistent with the symmetric bridging mode of the central
hexacyanometallate as found in other [Mt

6M
c]n+ com-

plexes.82,83 The batch of Prussian blue analogues synthesized
for purposes of comparison (vide supra) exhibits a strong band
at 2160 cm−1. We tried to associate the presence of Prussian
blue analogues detected by magnetic measurements on early
[MnIII6Cr

III]3+ batches with the appearance of a shoulder on
the higher energy side of the ν(CN) feature of the
[MnIII6Cr

III]3+ trication, but failed to do so, which indicates
that the amount of impurity, although strongly affecting the
magnetic characteristics of these batches and sometimes visually
discernible, was only marginal. The symmetric ν(CN)
vibration of the ionic [CrIII(CN)6]

3− counterion in compound
1 is detected at 2126 cm−1, thus occurring within the
wavenumber range of 2110−2131 cm−1 found for a series of
[CrIII(CN)6]

3− salts, i.e. (NBu4)3[Cr
III(CN)6] and (NEt4)3-

[CrIII(CN)6], which we synthesized according to literature
procedures,142,143 and the already mentioned K3[Cr

III(CN)6].
ESI mass spectra of compounds 1 and 3−6 exhibit a prom-

inent ion at a mass-to-charge-ratio m/z of 916 with mass and
isotope distribution pattern corresponding to the trication
[{(talent‑Bu2)Mn3}2{Cr(CN)6}]

3+. In addition, the dication
[{(talent‑Bu2)Mn3}2{Cr(CN)6}]

2+ is detected at a mass-to-
charge ratio m/z of 1375 in the spectrum of 6.81 MALDI-
TOF mass spectra of compounds 1 and 3−6 exhibit a
pronounced signal with mass and isotope distribution pattern
corresponding to the monocation [{(talent‑Bu2)Mn3}2{Cr-
(CN)6}]

+ (m/z = 2748). Compounds 4 and 5 additionally
show a weak signal corresponding to the dication [{(talent‑Bu2)-
Mn3}2{Cr(CN)6}]

2+. As evident from these data, none of the
MnIII ions carries a solvent molecule at its sixth coordination
site in the mass spectra, irrespective of the nature of the solvent
molecules coordinating to the MnIII ions in crystals of
compounds 1 and 3−6 (vide infra). This finding demonstrates
the weakness of the Mn−Xsolv bond, which was also observed in
other complexes82,83,144 and is corroborated by an analysis of
the respective bond lengths (vide infra).

Crystal and Molecular Structures. Compounds 1 and
2 crystallize in the space group C2/c with significant dif-
ferences relating to the assembly of the [MnIII6Cr

III]3+ and
[CrIII(CN)6]

3‑ units in their crystal structures. While in crystals
of 1, these components only interact via hydrogen bonding
between two N atoms of each ionic [CrIII(CN)6]

3− and two
hydroxyl groups of methanol molecules coordinated to MnIII in
adjacent [MnIII6Cr

III]3+ complexes with d(OMeOH···NCN) =
2.89 Å, which results in quasi-1D chains (Figure 1a), the
[MnIII6Cr

III]3+ and [CrIII(CN)6]
3− units in crystals of 2 are

covalently linked through Mn−NCN bonds, thus forming true
1D chains (Figure 1b). The quasi-1D chains in crystals of 1 run
in the two directions defined by the ab diagonals of the unit cell
(see Figure S1a in the Supporting Information), whereas the
1D chains in crystals of 2 all propagate parallel to the a ⃗ + c ⃗
diagonal (see Figure S1b in the Supporting Information). The
compound [MnIII6Fe

III][FeIII(CN)6] exhibits a quasi-1D chain
structure analogous to that of 1.82

The [MnIII6Cr
III](lac)3 compound 3 crystallizes in the

trigonal space group R3̅. This has important consequences
for the relative arrangement of the [MnIII6Cr

III]3+ complexes in
the crystal structure: (i) The molecular S6 axes are all aligned
with the c-axis of the unit cell (see Figure 2 and Figure S2 in the
Supporting Information); and (ii) the environment of each
[MnIII6Cr

III]3+ complex in the crystal structure is highly
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symmetric. In contrast, the series of [MnIII6Cr
III](BPh4)3 sol-

vates 4−6 exhibits noncollinearly arranged [MnIII6Cr
III]3+

complexes in the crystal structures, with 4 and 5 crystallizing
in the space group P1 ̅ and 6 in P21.

81

The angles between the approximate molecular C3-axes of
the [MnIII6Cr

III]3+ complexes in crystals of 1−6, as well as the
separation of the individual complexes in the crystal structures,
as evidenced by the shortest intermolecular Cr···Cr and
Mn···Mn distances, are summarized in Table 1. There is a
rather strong variation in the shortest intermolecular Mn···Mn
distances of 4−6, which reflects the different relative orien-
tations of the [MnIII6Cr

III]3+ complexes as the Cr···Cr distance
between their centroids remains almost unchanged. Most

notable with respect to the separation of the individual mole-
cules within the entire series of [MnIII6Cr

III]3+ compounds
1−6 is the significantly shorter Cr···Cr distance in 3 compared
to the other compounds, which is obviously related to the high
crystal symmetry.
The crystallographically imposed symmetry varies signifi-

cantly for the [MnIII6Cr
III]3+ trications in 1−6, because of

differences in the composition of the asymmetric unit. In the
case of 1 and 2, the asymmetric unit contains half of the
[MnIII6Cr

III]3+ molecule, with the other half being generated by
a crystallographic center of inversion located at the central
chromium ion. In contrast, the asymmetric unit in crystals
of 3 consists of two independent metal-containing entities,
each forming a sixth of a [MnIII6Cr

III]3+ complex. Thus, these
molecules possess a crystallographically imposed S6 sym-
metry, which distinguishes compound 3 from all the other
[MnIII6Cr

III]3+ compounds. The asymmetric unit in crystals of
4 and 5 consists of two independent halves of [MnIII6Cr

III]3+

complexes, with the other half being generated by a crys-
tallographic center of inversion located at the central chro-
mium ion. On the other hand, crystals of 6 contain the entire
[MnIII6Cr

III]3+ molecule in their asymmetric unit,81 which
implies that the [MnIII6Cr

III]3+ complex does not possess a
crystallographically imposed symmetry in this compound.
The molecular structures of the [MnIII6Cr

III]3+ trications in
compounds 1−6 consist of two trinuclear MnIII triplesalen
building blocks connected by a hexacyanochromate (Figure 1).
Thermal ellipsoid plots of the metal-containing entities in the
asymmetric units in crystals of 1−5 are depicted in Figures S3−S7
in the Supporting Information, and selected bond distances
and angles are summarized in Tables S2−S6 in the Supporting
Information. The MnIII ions are in a Jahn−Teller distorted
tetragonal environment. Each MnIII is coordinated by an N2O2

Figure 1. One-dimensional (1D) chain motifs in crystals of (a) 1 and (b) 2. Crystals of 1 contain quasi-1D chains formed by hydrogen bonding
(dashed lines) between the [CrIII(CN)6]

3− trianions and the hydroxyl groups of methanol molecules coordinated to MnIII in neighboring
[MnIII6Cr

III]3+ trications. In contrast, the [MnIII6Cr
III]3+ and [CrIII(CN)6]

3− units are covalently linked through Mn−NCN bonds in crystals of 2,
which results in true 1D chains. Note that the angle between the approximate molecular C3 axes of adjacent [MnIII6Cr

III]3+ units within a chain is 0°
in crystals of 1 and 77.5° in crystals of 2.

Figure 2. Section of the crystal structure of 3 with the viewing
direction parallel to the c-axis of the unit cell. The [MnIII6Cr

III]3+

complexes are simplified to connected Cr and Mn atoms. Note that
the molecular S6 axes of the [MnIII6Cr

III]3+ complexes are all parallel
to the c-axis. The dashed lines highlight the symmetric environment of
the molecules enforced by the crystal structure.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic301406j | Inorg. Chem. 2012, 51, 10929−1095410935



compartment of the ligand and a N atom of the bridging
hexacyanochromate, while the sixth position varies. In 1 and 3, all
MnIII ions are coordinated by a methanol molecule, whereas the
[MnIII6Cr

III]3+ entities in 2 and 4−6 carry different types of
molecules at their MnIII sixth coordination sites, in addition to
exhibiting some vacant sites.
Table 1 provides mean values of selected structural param-

eters of 1−6 that appear important for the discussion. The
MnIII Jahn−Teller axis is along the NCN···Xsolv/CN direction,
as evidenced by longer mean Mn−NCN and Mn-Xsolv/CN

bond distances of 2.19 Å and 2.44 Å, respectively, compared to
Mn−OPh (1.88 Å) and Mn−Nimine (1.98 Å). While the spread
in the values of the Mn−OPh and Mn−Nimine bond distances
does not exceed 0.04 Å, there is a significantly larger spread in
the individual Mn−NCN and Mn−Xsolv/CN bond lengths of
0.13 Å and 0.48 Å, respectively. The mean value and the broad
distribution of the Mn−Xsolv/CN bond distances are in
accordance with a merely weak bonding of the donor atoms
at the MnIII sixth coordination sites, as evidenced by the
absence of coordinated solvent molecules in the mass spectra of
1 and 3−6 (vide supra). The relative shortness of the Mn−
NCN bond (mean value of 2.19 Å) compared to other
CrIII(CN)n-CN−Mn(salen) systems,85 including the Cr−
CN−Mn unit linking different [MnIII6Cr

III]3+ entities in
compound 2 (d(Mn−NCN) = 2.38 Å), is a distinctive feature
of [MnIII6Cr

III]3+. A comparison of the Mn−NCN bond
distances within [MnIII6Cr

III]3+ for MnIII ions with occupied
and unoccupied sixth coordination sites reveals a correlation
between the state of occupancy and the Mn−NCN bond
length. If only the MnIII ions with vacant sixth coordination
sites are considered, the mean Mn−NCN bond distance
reduces to 2.13 Å with a spread of only 0.03 Å in the individual
values. In contrast, the six-coordinate MnIII ions exhibit a mean
Mn−NCN bond length of 2.20 Å within [MnIII6Cr

III]3+ with a
spread of 0.08 Å in the individual values.
An important aspect regarding the Cr−Mn exchange

interaction is the exact structure of the Cr−CN−Mn path-
way. The ionic [CrIII(CN)6]

3− in 1 and 2 may be used as an
internal reference for comparison with the bridging
[CrIII(CN)6]

3− unit in the [MnIII6Cr
III]3+ complexes, so its

mean values are provided in parentheses. The mean Cr−C and
CN bond distances within the [MnIII6Cr

III]3+ complexes in
1−6 are 2.07 Å (2.06 Å) and 1.15 Å (1.16 Å), respectively,
while the mean Cr−CN angle is 176.8° (176.8°) with a
spread of 4.9° (2.6°) in the individual values. Thus, the co-
ordination of the cyanide N atoms to MnIII does not introduce
severe strain to the bridging [CrIII(CN)6]

3−, because the Cr−
CN units do not exhibit significant structural changes. On
the other hand, a nonlinearity is observed for the CN−Mn
angles. Their mean value within in the [MnIII

6Cr
III]3+

complexes in 1−6 is 160.7° with a spread of 6.6°, while the
CN−Mn angle within the Cr−CN−Mn unit linking
different [MnIII6Cr

III]3+ entities in 2 has a significantly smaller
value of 150.6°. The observed bending is common for the
Cr(CN)n−CN−Mn unit. A search in the Cambridge
Structural Database provided 53 individual units with a mean
value of 160.4° for the CN−Mn angles, the large spread of
41.3° indicating a flat potential for bending.85

The bending does not occur randomly, but all six CN−Mn
units bend toward the molecular C3-axis. This has an important
impact on the relative arrangement of the six MnIII ions
surrounding the central CrIII ion. In the hypothetical limit of
linear CN−Mn angles, the six MnIII ions would form an

octahedral (i.e., cubic) arrangement around the central CrIII

ion. The concerted bending of the CN−Mn units leads to a
symmetry reduction from approximately Oh to approximately
C3. This symmetry reduction is also evident in the Mn···Mn
distances, which are shorter for the MnIII ions of the same
trinuclear triplesalen building block (6.73 Å) than for MnIII ions
belonging to different trinuclear triplesalen building blocks
(8.25 Å). The mean Mn···Mn distances in 3 are 6.85 Å and
8.15 Å and deviate from those in the other compounds, ranging
from 6.63 Å to 6.77 Å and from 8.24 Å to 8.37 Å, respectively.
This difference correlates with a different distortion of the
central [CrIII(CN)6]

3− unit. The octahedron of the central CrIII

ion in 3 is slightly compressed along the molecular C3-axis, as
evidenced by a mean C−Cr−C angle of 91.4° within one half
of the [MnIII6Cr

III]3+ complex. In contrast, the octahedron of
the central CrIII ion in the other [MnIII6Cr

III]3+ compounds is
slightly elongated along the approximate molecular C3-axis,
the mean C−Cr−C angle within one half of the complex
being 88.8°.
An important consideration for the Mn−Mn exchange in-

teraction is the exact structure of the trinuclear triplesalen
building block. We have applied several parameters for a
quantitative description of the ligand folding in the study of
the trinuclear triplesalen complexes.74,77 It turned out that the
best parameters to quantitatively describe the ligand folding are
the bent angles φcentral and φterminal. The bent angle φ
(introduced by Cavallo and Jacobsen)145 is defined by φ =
180° − ∠(M−XNO−XR) (XNO represents the midpoint of
adjacent N and O donor atoms; XR represents the midpoint of
the six-membered chelate ring containing the N and O donor
atoms). In the trinuclear NiII and CuII complexes, φcentral is in
the range of 20°−30° while φterminal is significantly smaller in
the range of 3°−9°.74,77 Coordination of a hexacyanometallate
should obviously increase the ligand folding. While the φterminal

value of the [MnIII6Cr
III]3+ compounds (Table 1) is still small

with 9.3° (spread 10.7°), there is a significant increase in φcentral

when going from the trinuclear to the heptanuclear complexes.
However, this increase is not equally pronounced for the
different [MnIII6Cr

III]3+ compounds, with 3 differing yet again
from the other compounds by exhibiting a mean bent angle at
the central phenolates of φcentral = 34.6° (spread 1.3°),
compared to a mean φcentral value of 46.1° (spread 12.3°) in
the other compounds. The value for 3 is similar to those found
for [MnIII6Fe

III]3+ (36.0°)82 and [MnIII6Co
III]3+ (38.1°).83

Upon comparison of [MnIII6Fe
III]3+, [MnIII6Co

III]3+, and 6, we
have identified a correlation between φcentral and the angle θ
between the benzene plane of the central phloroglucinol and
the vector formed by the central phenolate O atom and the
central ketimine N atom (see Figure S8a in the Supporting
Information).82,83 The angle θ, which is a measure for the
helical distortion in the heptanuclear complexes, has a mean
value of 11.7° in [MnIII6Fe

III]3+,82 9.0° in [MnIII6Co
III]3+,83

8.5° (spread 1.6°) in 3, and only 1.3° (spread 3.3°) in the other
[MnIII6Cr

III]3+ compounds. The stronger helical distortion in 3,
compared to the other [MnIII6Cr

III]3+ compounds comes along
with a slighter distortion of the central phloroglucinol ring and
its six direct substituents. In the case of 3, these 12 atoms are all
in an idealized plane, whereas in the other [MnIII6Cr

III]3+

compounds, the 3 O atoms lie below the plane and the three
ketimine C atoms lie above the plane (see Figure S8a in the
Supporting Information).
The series of [MnIII6Cr

III]3+ compounds nicely illustrates
that the degree of folding of the triplesalen ligand is not
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determined by the size of the hexacyanometallate unit, as 3 and
the other [MnIII6Cr

III]3+ compounds all exhibit similar Cr−C
distances. However, there seems to be a correlation between
φcentral, θ, and the trigonal distortion of the octahedron spanned
by the cyanide C atoms around the central metal ion. While the
stronger helical distortion in [MnIII6Fe

III]3+, [MnIII6Co
III]3+,

and 3, compared to the other [MnIII6Cr
III]3+ compounds,

comes along with a slight compression of the hexacyanome-
tallate unit along the (approximate) molecular C3-axis, the
octahedron of the central CrIII ion in the other [MnIII6Cr

III]3+

compounds is slightly elongated along the approximate
molecular C3-axis (vide supra; see Figure S8a in the Supporting
Information).
The mean C−C bond length in the terminal phenolates of

the [MnIII6Cr
III]3+ compounds 1−6 is 1.40 Å, which is close to

the typical benzene bond length of ∼1.39 Å.146 In contrast, the
C−C bond lengths of the central phloroglucinol rings in the
[MnIII6Cr

III]3+ compounds are in the range 1.40−1.44 Å with a
mean value of 1.42 Å. This comes along with a shortening of
the mean C−O bond length of the central phloroglucinol
backbone (1.31 Å) compared to the mean terminal C−O bond
distance (1.32 Å).
Electronic Absorption Spectroscopy. The electronic

absorption spectra of compounds 3−6 dissolved in acetonitrile
(Figure 3a) exhibit intense transitions above 20 000 cm−1,
with a steady increase in the absorption up to a maximum at
34 150 cm−1 (ε = 115 × 103 M−1 cm−1). It is evident from these
spectra that the [MnIII6Cr

III]3+ compounds are all identical in
MeCN solution, except within the region above 35 000 cm−1,
where the BPh4

− counterions in 4−6 exhibit additional
intensity compared to the lactate salt 3. Electronic absorption
spectra of the hexacyanochromate salts 1 and 2 in solution
could not be recorded, because of their low solubility.
The spectrum of (NEt4)3[Cr(CN)6] in MeCN (Figure 3a)

exhibits only a weak feature above 35 000 cm−1, which implies
that the [Cr(CN)6]

3− building block gives only negligible
contributions to the spectra of 3−6. The absorption spectrum
of the mononuclear analogue [(salen′)Mn(EtOH)2]ClO4
(H2salen′ = N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohex-
anediamine) in MeCN also shows a steady increase in the
absorption (Figure 3a). While the features below 23 000 cm−1

have been ascribed to d→d transitions (vide infra),147−153 the
23 000−30 000 cm−1 region has been assigned to d→π*
MLCT transitions involving the imine groups, whereas the
31 000−33 000 cm−1 region has been assigned to π→π*
transitions of the imine chromophores.147−151 LMCT and π→
π* transitions involving the phenolates are supposed to occur at
energies above 35 000 cm−1.147−151

The spectrum of [MnIII6Cr
III]3+ and the 2-fold superposition

of the trinuclear MnIII triplesalen complex [(talent‑Bu2)-
Mn3(solv)n]

3+ as generated in situ in MeCN85 (Figure 3b)
exhibit significant differences, which can be attributed to dis-
tortions of the trinuclear MnIII triplesalen chromophore in-
duced by its coordination to a hexacyanometallate in
[MnIII6Cr

III]3+.85 On the other hand, it is interesting to com-
pare the electronic structure of a trinuclear MnIII triplesalen
complex to that of a mononuclear MnIII salen complex. The
difference spectrum of the trinuclear MnIII triplesalen complex
and the 3-fold superposition of the mononuclear salen analogue
exhibits two positive features in the 27 000−35 000 cm−1 region
(Figure 3b), indicating additional intensity in the absorption
spectrum of the trinuclear triplesalen complex in this region.
Note that this additional intensity is a lower limit, as three salen

spectra (i.e., the contribution of 6 aromatic rings) have
been subtracted from the spectrum of a compound having
only 4 aromatic rings. Subtracting only two salen spectra from
the triplesalen spectrum results in even more intensity in
this region. This difference intensity coincides with two
strong absorption features in the 27 000−35 000 cm−1 region
of [(felddien)Ni3]

3+ (H3felddien = 2,4,6-tris{[2-([2-(dimethyl-
amino)ethyl]methylamino)ethyl]iminomethyl}-1,3,5-trihydrox-
ybenzene)154 and is a typical signature of the electronic
structure of the phloroglucinol backbone that will be discussed
later in detail.
For an analysis of the d→d regime, we have performed a

Gaussian analysis on the electronic absorption spectrum of
[MnIII6Cr

III]3+ below 25 000 cm−1, using a locked background
for the bands above 25 000 cm−1. The fitting process for the
region below 25 000 cm−1 was carried out with a minimum
number of Gaussians for which the linewidths were correlated
to the same value. We achieved a good reproduction of
the experimental data by incorporating three Gaussians at
14 000 cm−1 (ε = 1.4 × 103 M−1 cm−1), 17 700 cm−1 (ε = 4.9 ×
103 M−1 cm−1), and 21 600 cm−1 (ε = 21 × 103 M−1 cm−1) (see
Figure 4). A fourth band with a correlated linewidth is not
resolved in the 22 000−25 000 cm−1 region.

Figure 3. (a) Electronic absorption spectra of 3−6, (NEt4)3[Cr-
(CN)6], and [(salen′)Mn(EtOH)2]ClO4, all measured in MeCN. (b)
Electronic absorption spectrum of 4 (MeCN); the 2-fold super-
position of [(talent‑Bu2)Mn3(solv)n]

3+ as generated in situ in MeCN;85

spectrum of [(talent‑Bu2)Mn3(solv)n]
3+, the 3-fold superposition of

[(salen′)Mn(EtOH)2]ClO4 (MeCN), and the respective difference
spectrum; and spectrum of [(felddien)Ni3](BF4)3 (MeCN).154
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Ligand-field transitions have been assigned in the 5000−
23000 cm−1 region for numerous MnIII high-spin com-
plexes with a variety of ligands.147−153,155−165 Some controversy
has arisen over the assignment of these spectra, in particular
over the low-intensity band commonly observed in the 5000−
16500 cm−1 region, which was attributed to (1) a low-energy
charge-transfer transition,155,158 (2) the spin-forbidden 5Eg→

3T1g
transition (in Oh symmetry),159−161 (3) a spin-allowed tran-
sition from the 5Eg (Oh) ground state to a component of a
trigonally split 5T2g (Oh) excited state,162 or (4) a spin-allowed
transition between the components of the 5Eg (Oh) ground
state split by Jahn−Teller distortions.157,162 The fourth
assignment was supported by many investigations, with the
bands at higher energy in the ligand-field region being ascribed
to transitions between the ground state and the split com-
ponents of the 5T2g (Oh) excited state.147−153,156,164,165 Assum-
ing C4ν symmetry, the low-energy band then corresponds to the
5B1→

5A1 transition and the bands at higher energy to the
5B1→

5B2 and 5B1→
5E transitions.164 In mononuclear MnIII

salen complexes, three shoulders attributed to these transitions
appear in the 11300−16300 cm−1 (ε ≤ 100 M−1 cm−1),
15 000−19 000 cm−1 (ε = 100−500 M−1 cm−1), and 18 200−
22 000 cm−1 (ε = 150−1600 M−1 cm−1) region, respec-
tively.147−153

Based on the literature, we assign the three bands at 14 000,
17 700, and 21 600 cm−1 in the absorption spectrum of
[MnIII6Cr

III]3+ to the 5B1→
5A1,

5B1→
5B2, and

5B1→
5E transi-

tions, respectively (see Figure 4, inset). The equivalence to the
mononuclear MnIII salen complexes indicates that the
electronic structure of the MnIII ions is not significantly per-
turbed by the special electronic structure of the central back-
bone (vide infra). However, we cannot rule out the possibility
of a fourth ligand-field transition being hidden under a CT
transition above 22 000 cm−1, as the degeneracy of the 5E term
is most likely removed because the symmetry of the MnIII

environment in the trinuclear triplesalen building block is lower
than the D4h and C4ν symmetries discussed in the literature for
mononuclear MnIII salen complexes. The symmetry reduction
is also evident from the intensity of the ligand-field transitions
in [MnIII6Cr

III]3+, which is increased by a factor of ∼20

compared to the mononuclear MnIII salen complexes. A similar
observation has been made in our study on the trinuclear NiII

triplesalen complexes, where an intensity increase by a factor of
8 compared to the mononuclear analogue [(salen)NiII] was
reported for a d→d transition in a trinuclear complex.77

Electrochemistry. The electrochemical characterization of
[MnIII6Cr

III]3+ is not straightforward as 3−6 contain the redox-
active anions tetraphenylborate and lactate and the hexacyano-
chromate salts 1 and 2 do not have sufficient solubility for
electrochemical measurements. The cyclic voltammetry (CV)
analysis of 6 in acetonitrile (Figure 5) shows a prominent

irreversible oxidation wave at Ep,ox = 0.54 V (all potentials are
referenced to the Fc+/Fc couple) which can be attributed to the
BPh4

− counterion, as concluded from the literature166−168 and
confirmed by own electrochemical measurements on NaBPh4
solutions. In addition, nonresolved redox events occur in the
0.8−1.4 V potential range. Several examples of mononuclear
MnIII salen complexes being reversibly or quasi-reversibly
oxidized in the 0.2−0.9 V potential range were reported in the
literature, with the peak potentials depending on the length and
substituents of the diimine bridge and on the additional ligands
at the fifth and sixth coordination sites of MnIII.169 Although
these oxidations have been termed metal-centered, leading to a
MnIV ion, we refrain from an assignment as they could also be
ligand-centered, resulting in the formation of coordinated
phenoxyl radicals. This possibility has already been shown for
the trinuclear CuII and NiII triplesalen complexes74,77 and for
the related trinuclear CuII triplesalacen complex.170

At negative potentials, two irreversible reduction waves
occur at Ep,red = −0.80 V and −0.96 V. Reversible and
irreversible reduction processes in the potential range from
−0.7 V to +0.3 V have been described for mononuclear MnIII

salen complexes in the literature, which have been attributed to
the MnIII/MnII couple with the peak potentials again depend-
ing on the length and substituents of the diimine bridge, on
the additional ligands at the fifth and sixth coordination sites
of MnIII, and on the nature of the substituents of the
phenolates.169,171,172

Magnetic Properties. Direct current (DC) and alternating
current (AC) magnetic measurements have been performed on
various batches of the [MnIII6Cr

III]3+ compounds 1 and 3−6

Figure 4. Gaussian resolution of the ligand-field region of the
electronic absorption spectrum of 4. The colored thin lines represent
the Gaussian peaks ascribed to ligand-field transitions. The black thin
line represents the sum of nonresolved Gaussian peaks at higher
energies, the thick line the total sum, and the dashed line the
experimental data. Inset: Assignment of the Gaussian peaks to ligand-
field transitions, assuming C4ν symmetry of the salen-like coordination
environment of MnIII.

Figure 5. Cyclic voltammogram of 6 in MeCN solution (0.1 M
[NBu4]PF6) at 20 °C recorded at a glassy carbon working electrode.
Scan rate = 200 mV s−1.
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(see Chart 1). As demonstrated by single-crystal XRD analysis
(vide supra), the [MnIII6Cr

III]3+ salts crystallize with several
solvent molecules occupying interstitial space in the crystal
structures. A loss of solvent molecules occurs immediately upon
removal of the crystals from the mother liquor. Therefore,
samples of freshly isolated crystals to be magnetically
characterized (1a and 3a−6a) were prepared by directly
transferring the crystals from the mother liquor to the SQUID
magnetometer in order to maintain the crystal structure as
intact as possible. However, the loss of solvent molecules of
crystallization cannot be completely avoided, particularly
because the SQUID measurements require purge-and-vent
cycles to be performed before the magnetic measurements, in
order to exchange the air atmosphere for a helium atmosphere.
In addition to the freshly isolated crystals, samples of air-

dried crystals having been kept at room temperature for several
days (3b−6b), and vacuum-dried powder samples (3c−6c)
have been investigated using magnetic measurements. The
three different samples of each of the [MnIII

6Cr
III]3+

compounds 3−6 were prepared from the same batch. Because
of the severe difficulties that arose in the preparation of a pure
batch of 1 (vide supra), which we finally obtained in a rather
small amount, we only performed magnetic measurements on
the freshly isolated crystals of this compound.
Importantly, the calculation of μeff values from experimentally

determined magnetization data requires knowledge of the exact
molar mass of the homogeneous sample at the precise moment
of its weighing. However, this knowledge is rather difficult
to obtain, because of the volatility of the solvent molecules
of crystallization. In order to establish the formula of the
magnetically characterized samples as exactly as possible, we
concomitantly submitted a fraction of each sample for ele-
mental analysis. The following example illustrates the significant
impact of the quantity of solvent molecules of crystallization
on the outcome and interpretation of μeff values. While
single-crystal XRD analysis of 6 led to the formulation as
[MnIII6Cr

III(MeOH)3(MeCN)2](BPh4)3·4MeCN·2Et2O,
81 the

elemental analysis of the freshly isolated crystals 6a is in
accordance with a formulation as [MnIII

6Cr
III(MeOH)3

(MeCN)2](BPh4)3·3MeCN·Et2O, [MnIII
6Cr

III(MeOH)3-
(MeCN)2](BPh4)3 ·2MeCN ·Et2O, or [MnII I

6Cr I I I -
(MeOH)3(MeCN)2](BPh4)3·MeCN·Et2O. The corresponding
molar masses lead to μeff values of 11.82, 11.76, and 11.70 μB,
respectively, at 290 K. In this regard, it is important to point
out that even for molar masses of ∼4000 g mol−1, the loss of
very few solvent molecules of crystallization, which cannot be
followed by elemental analysis, results in a considerable varia-
tion in μeff that may lead to significantly different parameter
values, especially the g-values, in simulations of the magnetic
data. Thus, the accuracy of μeff and such parameter values
obtained from magnetic measurements on solvates containing
low-boiling solvent molecules of crystallization is limited.
DC Measurements. Temperature-dependent magnetization

measurements (2−290 K, 1 T) on the differently prepared
samples of the [MnIII6Cr

III]3+ compounds 1 and 3−6 reveal
an effective magnetic moment (μeff) in the 11.71−11.92 μB
range at 290 K (see Figure 6 and Figure S9 in the Supporting
Information), with the contribution of the [CrIII(CN)6]

3−

counterion to the magnetic moment of 1a having been sub-
tracted from the experimental data as a Curie S = 3/2 spin. The
room-temperature values of μeff are slightly lower than the spin-
only value of six uncoupled MnIII h.s. (Si = 2, gi = 1.98) and one
uncoupled CrIII (Si =

3/2, gi = 1.98) of 12.48 μB. All investigated

samples exhibit a slow decrease in μeff with decreasing tem-
perature until a minimum in μeff is reached. Further tem-
perature decrease leads to a substantial increase in μeff. This
temperature dependence is characteristic of a ferrimagnetic
coupling scheme.
However, the exact curvature of the μeff vs T curves, in

particular the coordinates of their minima and maxima, varies
considerably for the different samples, hinting at substantial
differences in the exchange interactions between the metal ions.
This is particularly striking in the comparison of the μeff vs T
data of 1a and 3a−6a (Figure 6a). While 1a reaches a minimum

Figure 6. Temperature dependence of μeff at 1 T for the investigated
[MnIII6Cr

III]3+ samples grouped according to their crystallinity, i.e.,
(a) freshly isolated crystals (1a and 3a−6a), (b) air-dried crystals
(3b−6b), and (c) vacuum-dried powder samples (3c−6c). The
contribution of the [CrIII(CN)6]

3− counterion to the magnetic
moment of 1a has been subtracted from the experimental data as a
Curie S = 3/2 spin.
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in μeff of only 10.24 μB at 26 K, 3a has a minimum of 11.14 μB
at 50 K, and 4a, 5a, and 6a exhibit minima in the 11.27−11.43
μB range at 95, 99, and 74 K, respectively. An increase in the
temperature of the minimum comes along with an increase in
the maximum of μeff at low temperatures. The highest μeff value,
as measured for 5a at 8 K (18.74 μB), is close to the theoretical
value of 21.76 μB for an isotropic St =

21/2 with g = 1.98. When
going from the freshly isolated to the air-dried crystals and
further to the vacuum-dried powder samples, the μeff vs T
curves of 4−6 approach with the minimum settling at ∼100 K
for 4c−6c (Figure 6). This implies a particularly strong
curvature variation with changing crystallinity in the case of 6
(see Figure S9d in the Supporting Information).
We have performed field-dependent magnetization measure-

ments at 2 K (see Figure 7 and Figure S10 in the Supporting
Information) and VTVH measurements (see Figure 8 and
Figure S11 in the Supporting Information) on all samples. In
Figures 7a and 8a, the contribution of the [CrIII(CN)6]

3−

counterion to the magnetization of 1a has been subtracted
from the experimental data according to the Brillouin function
(S = 3/2, g = 2.00).
The M vs H curves of 4a−6a and 4b−6b exhibit a steeper

increase of the magnetization at low fields than those of 1a and
3a and 3b (see Figures 7a and 7b), and the maximum values of
the magnetization reached at 7 T are significantly higher for
4a−6a and 4b−6b (17.71−19.00 μB) than for 1a (14.20 μB)
and 3a and 3b (16.13−16.40 μB). As observed for μeff vs T, the
M vs H curves of 4−6 become increasingly similar when going
from the crystalline samples to the vacuum-dried powder sam-
ples (Figure 7). In particular, these compounds exhibit
qualitatively similar changes, i.e., a less-pronounced increase
of the magnetization at low fields and the appearance of a
steplike feature at intermediate fields (see Figures S10b−d in
the Supporting Information).
The VTVH measurements exhibit a strong nesting behavior

of the isofield lines for all samples (see Figure 8 and Figure S11
in the Supporting Information), which is indicative of strong
magnetic anisotropy.173 This is consistent with the magnet-
ization saturation values that do not reach the theoretical value
of 20.79 μB predicted by the Brillouin function for an isotropic
S = 21/2, g = 1.98 system. The very low magnetization of 1a at 2
K/7 T comes along with a particularly large splitting of the
isofield lines (see Figure 8a). While the VTVH curves of 3a−c
are almost superimposable (Figure 8b), those of 4−6 are
strongly dependent on the crystallinity and solvate (see Figures
8c−e and Figure S11 in the Supporting Information). For each
of these compounds, the vacuum-dried powder sample exhibits
a much stronger splitting of the isofield lines than the
crystalline samples, as indicated by significantly lower magnet-
ization values at 1 and 3 T (Figure 8c−e).
DFT Calculations of the JCr−Mn Exchange Coupling. The

JCr−Mn exchange interaction through the Cr−CN−Mn
pathway is known to be strongly dependent on the exact struc-
ture of the pathway.174,175 In addition to magnetostructural
correlations describing the influence of the CN−Mn
angle,175,176 a correlation of JCr−Mn with the Mn−NCN bond
length has been suggested from magnetic measurements on
several CrIII(CN)n-CN−Mn(salen) systems, indicating that
JCr−Mn increases with decreasing d(Mn−NCN).85

As revealed by single-crystal XRD analysis (vide supra), the
CN−Mn angles in 1−6 do not vary significantly, whereas the
Mn−NCN bond length differs by ∼0.1 Å for six-coordinate
MnIII ions compared to MnIII ions with a vacant sixth

coordination site. In an attempt to quantify the influence of
the Mn−NCN bond length on the JCr−Mn exchange coupling,
we performed DFT calculations for three molecular structures
of [MnIII6Cr

III]3+: the experimental structure obtained from
single-crystal XRD data of the highly symmetric [MnIII6Cr

III]3+

compound 3, and for two hypothetical structures in which the
trinuclear MnIII triplesalen building blocks were rigidly shifted
along the molecular S6 axis, such that a variation of approxi-
mately ±0.1 Å, with respect to the experimentally determined

Figure 7. Field dependence of the magnetization at 2 K for the
investigated [MnIII6Cr

III]3+ samples grouped according to their
crystallinity, i.e., (a) freshly isolated crystals (1a and 3a−6a), (b)
air-dried crystals (3b−6b), and (c) vacuum-dried powder samples
(3c−6c). In addition to the experimental data, the Brillouin function is
shown for S = 21/2, g = 1.98. The contribution of the [CrIII(CN)6]

3−

counterion to the magnetization of 1a has been subtracted from
the experimental data according to the Brillouin function (S = 3/2,
g = 2.00).
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value (2.185 Å), is realized for the Mn−NCN bond length.
This shift entails a variation in the CN−Mn angle of
negligible magnitude (see Table 2).
For each structure, precise total-energy calculations were

performed for two different spin configurations: a parallel
alignment of all local spins, i.e., of the six MnIII (Si = 2) spins
and the CrIII (Si =

3/2) spin, referred to as the ferromagnetic
configuration (FO); and a ferrimagnetic configuration (FI)
with the CrIII spin antiparallel to the MnIII spins. Both con-
figurations resulted in metastable states with the total energy
being always lower for the ferrimagnetic configuration, hint-
ing at the antiferromagnetic nature of the Cr−Mn coupling.

In order to achieve quantitative estimations of the correspond-
ing exchange parameter JCr−Mn, one can refer to a simple model

Figure 8. VTVH magnetization measurements at 1 T (blue), 3 or 4 T (green), and 7 T (red) for the investigated [MnIII6Cr
III]3+ samples grouped

according to compounds, i.e., (a) 1a, (b) 3a−c, (c) 4a−c, (d) 5a−c, and (e) 6a−c. In addition to the experimental data, the Brillouin function is
shown for S = 21/2, g = 1.98. The contribution of the [CrIII(CN)6]

3−‑ counterion to the magnetization of 1a has been subtracted from the
experimental data according to the Brillouin function (S = 3/2, g = 2.00).

Table 2. Structural Parameters of the Cr−CN−Mn
Pathway, and Exchange Parameters As Estimated from DFT
Calculations, for Three Molecular Structures of
[MnIII6Cr

III]3+ Related by Rigid Shifts of the Trinuclear MnIII

Triplesalen Building Blocks along the Molecular S6 Axis

d(Mn−NCN) [Å] ∠(CN−Mn) [°] EFO − EFI [meV] JCr−Mn [cm
−1]

2.100 160.0 137.316 −15.4
2.185 158.3 99.570 −11.2
2.300 156.2 67.292 −7.5
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with isotropic nearest-neighbor interactions between transition-
metal ions by retaining the first right-side term only in eq 1:

= − × − ×− −E J S J S S2 6 2 6FO Mn Mn Mn
2

Cr Mn Mn Cr (2)

= − × + ×− −E J S J S S2 6 2 6FI Mn Mn Mn
2

Cr Mn Mn Cr (3)

=
−

=
−

−J
E E

S S
E E

24 72Cr Mn
FI FO

Mn Cr

FI FO

(4)

For the sake of simplicity, we assumed in eq 4 the “nominal”
spin values SMn = 2 and SCr = 3/2 as obtained from calculations
as “rigid” and configuration-independent ones, yielding the
total half-integer spin moments (Sz)FO = 27/2 and (Sz)FI =

21/2.
As evident from Table 2, a variation of d(Mn−NCN) by

approximately ±5% results in the magnitude of JCr−Mn changing
by approximately ±35%. As expected, the interaction
strengthens with decreasing Mn−NCN bond length, but the
rapidity of this strengthening is remarkable. It is known from
the practice of DFT calculations that the estimates of magnetic
exchange parameters, done either from energy-difference
arguments or from perturbation-theory formulas, do typically
overestimate the experimentally derived data (vide infra) by
a factor of ∼3. This can be traced to the drawbacks of
“conventional” DFT to treat excitations that, as in the present
case, occur across the (underestimated) band gap.177 However,
the trends in the variation of exchange parameters, with sources
of systematic error when considering similar systems being
removed, can be regarded as reliable.
Spin-Hamiltonian Simulations of the DC Magnetic Data.

We have performed a full-matrix diagonalization of the appro-
priate spin-Hamiltonian for the different [MnIII6Cr

III]3+ com-
pounds including isotropic HDvV exchange, zero-field split-
ting, and Zeeman interaction (see the Experimental Section). A
frequently used simplification in such spin-Hamiltonians is a
collinearity of the local D-tensors, which is not appropriate in
all cases. We have incorporated the zero-field splitting for the
MnIII ions including the relative orientations of the individual
D-tensors by the angle ϑ of the Jahn−Teller axes with the
molecular axis, while the anisotropy axis of the CrIII ion points
along the molecular axis. The counterion [CrIII(CN)6]

3− in 1a
was not taken into account in the spin-Hamiltonian, but the
respective experimental data were corrected for the contribu-
tion of an isotropic S = 3/2 spin (vide supra).
The topology of [MnIII6Cr

III]3+ requires a coupling scheme
with at least two different coupling constants: JCr−Mn describes
the interaction between the central CrIII (S7) with each MnIII

(S1 to S6), and JMn−Mn describes the interaction between pairs of
MnIII ions in a trinuclear triplesalen subunit (Figure 9a). In our
attempts to reproduce the magnetic data of 4−6, which exhibit
both five- and six-coordinate MnIII ions and, thus, different
Mn−NCN bond lengths (vide supra), we have taken the
results of our DFT calculations (vide supra) into account by
also employing a more complex coupling scheme, incorporat-
ing two different coupling constants: JCr−Mn

(1) and JCr−Mn
(2) (see

Figure 9b).
Figure 10 illustrates the influence of the individual spin-

Hamiltonian parameters on the temperature dependence of μeff.
As evident from Figures 10a−c, the variation of coupling
constants strongly influences the μeff vs T curves, whereas they
are highly insensitive to zero-field splittings (Figure 10d and
10e). In order to evaluate the impact of the latter, simulations
of VTVH measurements are necessary.

With the aim of simulating the magnetic data of 1a, 3a−6a,
and 3c−6c as limiting cases of the crystallinity variation in
our study, we performed an intensive search in the spin-
Hamiltonian parameter space. We were able to satisfactorily
reproduce the μeff vs T data of all these samples and also the
VTVH data except for those of 4a−6a. In particular, the
unusually high magnetization values of the 1 T isofield lines of
4a−6a (see Figure 8c−e and Figure S11a in the Supporting
Information) could not be simulated assuming reasonable
values for DMn and DCr. With increasing magnetic field, the
isofield lines are qualitatively better reproduced. This indicates
the presence of quite strong dipolar intermolecular interactions
between the large magnetic moments of the [MnIII6Cr

III]3+

molecules that are broken down more efficiently by higher
fields, thus leading to better validity of the purely molecular
approximation of the simulations.
The parameter sets yielding the best reproductions for 1a,

3a−6a, and 3c−6c are summarized in Table 3, and selected
simulations, together with the experimental data, are shown in
Figure 11 and Figures S12−S17 in the Supporting Information.
The corresponding energy-level schemes for 1a, 3a, 3b, and
4c−6c are provided in Figures S18−S21 in the Supporting
Information. The incorporation of two different JCr−Mn

(1,2)

couplings provided no qualitative changes in the simulations
(see Figure S14 in the Supporting Information) and, therefore,
was omitted. Besides, because of the small contribution of the
SCr = 3/2 spin to the overall magnetic moment and the
qualitatively similar influence of DCr and DMn on the VTVH
curves (see Figure S17b in the Supporting Information),
DCr was generally fixed at 0.00 cm−1 while DMn was varied in
order to not overparameterize the system. Importantly, the
exchange couplings for 6c (JMn−Mn = −0.70 ± 0.30 cm−1, JCr−Mn =
−5.00 ± 0.50 cm−1) are in agreement with the previously
reported values (JMn−Mn = −1.03 cm−1, JCr−Mn = −5.0 cm−1) from
simulations of the μeff vs T data of a vacuum-dried powder sample
of 6 above 50 K, without taking zero-field splittings into account.81

AC Measurements. In order to investigate the relaxation
behavior of the different [MnIII6Cr

III]3+ salts and solvates, we
performed detailed temperature- and frequency-dependent AC
magnetic susceptibility measurements. Figure S22−S24 in the
Supporting Information summarize the in-phase (χ′M) and the
out-of-phase (χ″M) components of the AC susceptibility of 1a,
3a, and the various samples of 4−6 in the 1.8−3.4 K tem-
perature range at seven frequencies between 660 and 1488 Hz.
All samples show at least a frequency-dependent onset of the
out-of-phase component of the AC susceptibility at low
temperatures, demonstrating a slow relaxation of the magnet-
ization indicative of single-molecule magnet behavior. 1a and
3a do not exhibit maxima in χ″M above 1.8 K (see Figure S22 in

Figure 9. Coupling schemes for the analysis of the magnetic data
incorporating the MnIII−MnIII exchange interaction (JMn−Mn) and (a)
only one coupling constant (JCr−Mn) or (b) two different coupling
constants (JCr−Mn

(1) and JCr−Mn
(2) ), taking into account the inversion

symmetry of the employed spin-Hamiltonian.
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the Supporting Information), in contrast to the [MnIII6Cr
III]-

(BPh4)3 samples (see Figure S24 in the Supporting
Information). While 4 shows only slight differences in the
AC susceptibility as a function of crystallinity, with one maxi-
mum in χ″M for all samples, the loss of crystallinity in the case
of 5 and 6 comes along with a progressive merging of two peaks
or shoulders in χ″M attributable to distinct species with dif-
ferent magnetization relaxation rates (see Figure S24 in the
Supporting Information).
The temperature at a maximum in χ″M for a given frequency

corresponds to the temperature at which the magnetization
relaxation rate 1/τ of a species equals the frequency of the AC
field. For sufficiently resolved maxima, this temperature was
determined for each frequency by fitting the χ″M vs T data to a

Gaussian−Lorentzian sum function, which provides a τ vs T
dataset for the respective species. The fitting procedure was
performed using the program PeakFit,178 which offers various
combinations of Gaussians and Lorentzians in addition to the
pure functions. The best fits were consistently obtained with
the Gaussian−Lorentzian sum function. Assuming an Arrhenius
expression for the temperature dependence of the magnet-
ization relaxation time,3

τ τ= ×
⎛
⎝⎜

⎞
⎠⎟

U
k

exp
T0

eff

B (5)

the effective energy barrier for spin reversal (Ueff) and the pre-
exponential factor (τ0) were determined by fitting the τ vs T

Figure 10. Simulations of the temperature dependence of μeff at 1 T performed by a full-matrix diagonalization of the complete spin-Hamiltonian.
The simulations were carried out (i) using the coupling scheme in Figure 9a with all parameters fixed except for (a) JMn−Mn, (b) JCr−Mn, (d) DMn (for
two sets of fixed parameters), and (e) DCr; or (ii) using the coupling scheme in Figure 9b with all parameters fixed except for JCr−Mn

(2) (see panel c).
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data to eq 5. The resulting values of Ueff and τ0 for the various
samples of 4−6 are summarized in Table 4. Note that the
values obtained for 6c (especially Ueff) are in good agree-
ment with the previously reported values obtained from
χ″M vs T data of a vacuum-dried sample of 6 (Ueff = 25.4 K,
τ0 = 8 × 10−10 s).81

To complete the analysis of the χAC vs T data, we evaluated
the parameter F introduced by Mydosh (eq 6),179 which allows
one to distinguish between spin glasses and other systems
exhibiting a frequency dependence in χAC:

ν
ν

=
Δ
Δ

F
T

T
( )

(log )
m

f (6)

Here, ΔTm(ν) represents the shift of the temperature coordi-
nate Tm(ν) of the maximum in the χ′M vs T plot with varying
frequency ν, and Tf = limν→0 Tm(ν).

180 For spin glasses, Tf is
the phase-transition temperature obtained from DC measure-
ments. For other systems such as single-molecule magnets
exhibiting a frequency-dependent AC signal, but no phase
transition, Tf cannot be accurately determined, which limits the
applicability of the parameter F to such systems.181 However, F
has been frequently estimated for SMMs by using an
approximate Tf value determined from the maximum in the
χ′M vs T curve corresponding to the lowest operating fre-
quency. In this respect, F-values between 0.18 and 0.24 were
calculated for the various samples of 4−6, which clearly rule out
a spin-glass nature of these samples, as typical F-values of spin
glasses are one or two decades lower.179

In addition to analyzing the temperature dependence of the
AC susceptibility at constant frequencies, we investigated its
frequency dependence at fixed temperatures. Figure S25 in the
Supporting Information, Figure 12, and Figure 13 exhibit the
χ′M vs ω, χ″M vs ω, and χ″M vs χ′M plots, respectively, that
were constructed from AC susceptibility measurements on the
different samples of 4−6 at 1.83, 1.90, 2.00, and 2.10 K in
the 0.1−1500 Hz range with the frequency equidistantly
sampled on a logarithmic scale. These experimental data are in
good agreement with the χAC vs T data of the various samples
of 4−6 (vide supra) with respect to the number of different
species in each sample and their variation with changing crys-
tallinity. In most cases, the AC data at constant temperatures

could be fitted to a generalized Debye model describing a
single relaxation process with a distribution of relaxation
times (the fits are represented as lines in Figure S25 in the
Supporting Information, Figure 12, and Figure 13; details of
the model, the fitting procedure, and the extracted parameters
are provided in the Supporting Information).4,182 The Ueff, τ0,
and α values obtained from these fittings are summarized in
Table 4. For some samples, table entries are missing, because a
description of the experimental data by a single relaxation
process was not possible. In the case of 5a and 6a, for which all
AC data indicate the presence of at least two relaxation
processes with significantly different average relaxation times, a
fit to a sum of Debye terms could not be performed, because
the relaxation process on the higher-frequency side is
insufficiently defined, due to the upper frequency limit (1500
Hz) of the SQUID. The samples for which a fitting to a single
relaxation process was possible exhibit α values in the 0.3−0.5
range, indicating a more or less broad distribution of relaxation

Table 3. Parameter Ranges of JMn−Mn, JCr−Mn, and DMn
Determined for 1a, 3a−6a, and 3c−6c By Simulations of
Their μeff vs T and/or VTVH Dataa

sample JMn−Mn
b [cm−1] JCr−Mn

b [cm−1] DMn
c [cm−1]

1a −1.00 ± 0.30 −2.40 ± 0.50 −4.00 ± 0.50
3a −0.85 ± 0.30 −3.00 ± 0.50 −3.00 ± 0.50
3c −0.85 ± 0.30 −3.00 ± 0.50 −3.00 ± 0.50
4ad −0.70 ± 0.30 −4.50 ± 0.50 -
4c −0.70 ± 0.30 −4.50 ± 0.50 −3.50 ± 0.50
5ad −0.70 ± 0.30 −5.00 ± 0.50 -
5c −0.70 ± 0.30 −4.50 ± 0.50 −3.50 ± 0.50
6ad −0.70 ± 0.30 −4.00 ± 0.50 -
6c −0.70 ± 0.30 −5.00 ± 0.50 −3.00 ± 0.50

aThe simulations were performed by a full-matrix diagonalization of
the complete spin-Hamiltonian using the coupling scheme in Figure 9a.
bGenerally determined by simulations of the experimental μeff vs T and
VTVH data. cDetermined by simulations of the experimental VTVH
data. dNo satisfactory reproduction of the experimental VTVH data,
especially of the unusually high magnetization values of the 1 T isofield
line, was possible assuming reasonable values for DMn and DCr.

Figure 11. (a) Temperature dependence of μeff at 1 T and (b) VTVH
magnetization measurements at 1 T (blue), 3 T (green), and 7 T (red)
for 4c−6c. Experimental data are given as symbols; the lines
correspond to simulations performed by a full-matrix diagonalization
of the complete spin-Hamiltonian using the coupling scheme in
Figure 9a and the parameter sets provided in Table 3 for 4c−6c. For a
better appraisal of the estimated accuracy of the parameter values, an
extended version of this figure, including a larger number of
simulations, is provided in the Supporting Information (Figure S17).
In addition, the Brillouin function is shown in panel b for S = 21/2,
g = 1.98.
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Table 4. Ueff and τ0 Values Determined from Least-Squares Fits of τ(av) vs T Data to the Arrhenius Equation (eq 5), and α Values
Obtained from Least-Squares Fits of χ″M vs χ′M Data to eq S3 in the Supporting Information, for the Differently Prepared
Samples of 4−6

sample Ueff
a [K] τ0

a [s] Ueff
e [K] τ0

e [s] α(1.83 K)g α(1.90 K)g α(2.00 K)g α(2.10 K)g

4a 24.2 1.1 × 10−8 21.2 5.1 × 10−8 0.29 0.31 0.29 0.31
4b 25.9 8.9 × 10−9 24.5 1.9 × 10−8 0.31 0.31 0.31 0.30
4c 26.5 8.2 × 10−9 25.1 1.8 × 10−8 0.41 0.40 0.36 0.34
5a 27.6b,c 5.6 × 10−9 b,c 27.8b,f 9.8 × 10−10 b, f

5b ∼16d 23.0 1.5 × 10−9 0.41 0.41
5c 24.6 1.3 × 10−8 25.3 1.8 × 10−9 0.51 0.49 0.46 0.42
6a 26.5b,f 1.5 × 10−9 b, f

6b ∼16d 0.52 0.49
6c 26.4 7.2 × 10−9 24.8 2.6 × 10−9 0.37 0.37 0.36 0.35

aFrom χ″M vs T data. Unless otherwise stated, τ vs T datasets were obtained by fitting the χ″M vs T data at constant frequencies to a Gaussian−
Lorentzian sum function (PeakFit).178 bSlow-relaxing species. cA τ vs T dataset was obtained by simulating the χ″M vs T data at constant frequencies
with a Gaussian−Lorentzian sum function (PeakFit).178 dFaster-relaxing species. The goodness of the Arrhenius fit was not sufficient to provide a
reliable estimate of τ0.

eFrom χ″M vs ω data. Unless otherwise stated, τav vs T datasets were obtained from least-squares fits of the χ″M vs ω data at
constant temperatures to eq S2 in the Supporting Information. fA τav vs T dataset was obtained by visual estimation of the maxima in the χ″M vs ω
curves at constant temperatures. gFrom least-squares fits of χ″M vs χ′M data to eq S3 in the Supporting Information.

Figure 12. Plots of the out-of-phase component (χ″M) of the AC susceptibility versus the angular frequency (ω) for the various samples of 4−6 at
zero DC field, with the temperature fixed at 1.83 (black), 1.90 (red), 2.00 (blue), and 2.10 K (green). Solid lines are least-squares fits to eq S2 in the
Supporting Information.

Figure 13. Argand plots of the AC susceptibility of the various samples of 4−6 at zero DC field, with the temperature fixed at 1.83 (black), 1.90
(red), 2.00 (blue), and 2.10 K (green). Solid lines are least-squares fits to eq S3 in the Supporting Information. Note that the χ′M- and χ″M-axes of
each coordinate system have the same unit length, so that deviations from an ideal semicircle corresponding to α = 0 are visualized.
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times. For the samples with the smallest α values (i.e., 4a, 4b, 6c),
there is virtually no spread in α within the investigated
temperature range, and the agreement of the fits with the
experimental data is excellent (see especially Figures 12 and 13).
In contrast, the samples with larger α values generally
exhibit more pronounced spreads in the individual values at
different temperatures and a poorer agreement of the fits with
the experimental data. This indicates the presence of multiple
relaxation processes with an overall distribution of relaxation
times that can only approximately be described by a generalized
Debye model taking into account a single process.
Finally, we want to comment on the χS and χT values

obtained from the fittings. We refrain from discussing the χS
values, because these are not well-defined by the experimental
data, because of the upper frequency limit (1500 Hz) of the
SQUID. On the other hand, the χT values provide valuable
information about the spin ground state St of [MnIII6Cr

III]3+, as
saturation effects do not complicate the analysis of AC data at
low temperatures in contrast to the respective DC data at
higher fields. A calculation of μeff in the temperature range of
1.83−2.10 K, using χT data from χ″M vs χ′M fits, leads to μeff
values in the 16−21 μB range for the investigated [MnIII6Cr

III]-
(BPh4)3 samples. In view of a theoretical value of 21.76 μB
predicted by Curie’s law for an S = 21/2 spin (g = 1.98), the μeff
values based on χT are consistent with an St =

21/2 ground state.
To illustrate the differences between μeff values determined

from AC and DC measurements, the temperature dependence
of μeff, as calculated from the χDC and χ′M data of 4c in the
1.83−35 K range, is depicted in Figure 14, together with some

simulations showing the influence of a DC field in the 1.0−
0.001 T range. In the paramagnetic temperature regime where
χ″M is zero, i.e., above 3.5 K, the χ′M values are actually χT
values and, therefore, yield reasonable μeff values. As evident
from Figure 14, the μeff values obtained from χDC and χ′M are in
good agreement in the higher-temperature region of the
paramagnetic regime, whereas a considerable divergence is
observed below 10 K due to saturation effects in the DC
measurement, leading to a decrease in the respective μeff. This is

consistent with a better reproduction of the μeff vs T data based
on χ′M by the simulations at lower fields (B = 0.1−0.001 T).
At temperatures below the paramagnetic regime (i.e., in the

region below 3.5 K), χ′M no longer equals χT, because of the
onset of the out-of-phase component of the AC susceptibility
(see Figure S24 in the Supporting Information). This leads to
the observed decrease in μeff that was determined from χ′M. As
illustrated in the inset of Figure 14, the μeff values calculated
from the fitted parameter χT in the 1.83−2.10 K region nicely
coincide with the extrapolation of μeff obtained from χ′M at the
lower-temperature limit of the paramagnetic regime.

■ DISCUSSION
Crystal Structure Control. The preparation of compounds

1−6 starts from the same tricationic species [{(talent‑Bu2)-
MnIII3}2{Cr

III(CN)6}(solv)n]
3+, but the crystal structures differ

significantly. Using 1 equiv of the spherical anion [CrIII(CN)6]
3−

per H6talen
t‑Bu2 results in compounds 1 and 2, both having

[CrIII(CN)6]
3− as a counterion, which forms hydrogen-bonded

quasi-1D chains with the [MnIII6Cr
III]3+ trications in 1 and

covalently linked 1D chains in 2. The crystal structures obtained
with the spherical anion BPh4

− are dependent on the exact sol-
vent composition, with the resulting [MnIII6Cr

III](BPh4)3 sol-
vates exhibiting unpredictable relative orientations of the
individual [MnIII6Cr

III]3+ molecules in their crystal structures.
This is illustrated by the random distribution of the angle be-
tween the approximate molecular C3 axes, which is almost
collinear in 5 (2.2°), 41.7° in 6, and 68.9° in 4.
Because the symmetry of the crystal structure and the relative

orientation of the individual SMM complexes are crucial for the
elimination of rhombic anisotropy terms, which are related to
the probability of QTM, we tried to crystallize a [MnIII6Cr

III]3+

compound in a highly symmetric space group. Considering that
spherical anions such as those incorporated in 1, 2, and 4−6 are
obviously not suitable to achieve this, we, instead, employed the
rod-shaped anion lactate. In this manner, we were able to
enforce the crystallization of 3 in the highly symmetric space
group R3̅ with the [MnIII6Cr

III]3+ complexes all aligned with
the c-axis of the unit cell. This simple but efficient approach
seems to be a suitable strategy for controlling the crystal struc-
ture in further efforts to improve our SMMs.

Molecular Structures. While starting from the same
molecular [{(talent‑Bu2)MnIII3}2{Cr

III(CN)6}(solv)n]
3+ species

in solution (vide supra), the different crystallization conditions
entail subtle variations in the exact molecular structure of the
[MnIII6Cr

III]3+ complexes in 1−6. On the one hand, there is a
high variability in the occupation of the sixth coordination sites
of the MnIII ions. These differ strongly in 1 and 2, although
these compounds crystallize from the same methanol−water
reaction solution. The [MnIII6Cr

III]3+ complexes in 1 carry
methanol molecules at all MnIII ions, whereas in 2, the MnIII

ions are coordinated either by methanol, water, or a N atom of
a [CrIII(CN)6]

3‑ unit linking different [MnIII6Cr
III]3+ entities. In

the [MnIII6Cr
III](BPh4)3 solvates 4−6, the MnIII sixth co-

ordination site is particularly variable, being either vacant or
occupied by an acetonitrile, an acetone, a methanol, or a water
molecule. This randomness is naturally eliminated in the highly
symmetric [MnIII6Cr

III](lac)3 compound 3, in which each
[MnIII6Cr

III]3+ complex is generated by a crystallographic S6-axis,
enforcing identically occupied sixth coordination sites within each
molecule. However, as the asymmetric unit contains twice a sixth
of a [MnIII6Cr

III]3+ complex, there are two different Mn−OMeOH

distances of 2.29 and 2.34 Å in this compound.

Figure 14. Temperature dependence of μeff, as calculated from
χDC, χ′M, and χT data of 4c. Experimental data are given as sym-
bols. The solid lines correspond to simulations performed by a
full-matrix diagonalization of the complete spin-Hamiltonian using
the coupling scheme in Figure 9a, with all parameters fixed except
for B.
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The differences in the occupation of the MnIII sixth co-
ordination sites have a strong impact on the Mn−NCN bond
lengths, which are shorter by ∼0.1 Å for five-coordinated MnIII

ions compared to six-coordinated ones. This variation strongly
influences the JCr−Mn exchange coupling (vide infra).
On the other hand, there are slight variations in the molec-

ular structures of 1−6 relating to the trigonal distortion of the
central hexacyanochromate. This unit is slightly elongated
along the approximate molecular C3 axis of the [MnIII6Cr

III]3+

complexes in all compounds except 3, which exhibits a trigonal
compression. This difference is accompanied by a less pro-
nounced bending of the individual MnIII salen subunits, as
evidenced by the folding angle φcentral, which is smaller by ∼10°
in 3 compared to the other compounds, and with a stronger
helical distortion of the salen subunits as inferred from the
angle θ, which is 8.5° in 3 compared to values of <2° in the
other compounds.
These subtle differences in the molecular structures of 1−6

demonstrate the limitations of molecular design. While atom
connectivities and the overall three-dimensional (3D) arrange-
ment of the atoms in a molecule may be predetermined, it is
not possible to control bond lengths, torsion angles, and other
parameters of a molecular structure exactly. In this respect, we
could anticipate the formation of the [MnIII6Cr

III]3+ complex
by molecular recognition of three preorganized building blocks,
but we cannot predict its exact molecular structure that is
governed by specific crystallization conditions.
Superexchange Interactions. Although we have simu-

lated the DC magnetic data of 1a using the spin-Hamiltonian in
eq 1, which provided the exchange coupling constants JMn−Mn
and JCr−Mn and the zero-field splitting DMn (see Table 3),
we refrain from a quantitative comparison of the parameter
values of 1a with those of the other [MnIII6Cr

III]3+ compounds,
because our spin-Hamiltonian does not take into account inter-
molecular interactions possibly caused by the [CrIII(CN)6]

3−

counterions, which are hydrogen-bonded to the [MnIII6Cr
III]3+

trications. The probable influence of the counterions is cor-
roborated by the rather poor reproduction of the experimental
data of 1a, especially its VTVH data, by the simulations (see
Figure S12 in the Supporting Information). Therefore, the
parameter values obtained for 1a are afflicted with consider-
able uncertainty, since contributions from intermolecular inter-
actions between the cations and anions may account for an
overestimation (or underestimation) of the J and D values.
JMn−Mn Exchange Coupling. The JMn−Mn exchange inter-

action between MnIII ions of the same trinuclear triplesalen
subunit is slightly antiferromagnetic in all [MnIII6Cr

III]3+ com-
pounds, despite being mediated by the bridging phloroglucinol
unit, upon which we based our ligand design with the intention
of creating ferromagnetic couplings via the spin-polarization
mechanism. Our recent studies on extended phloroglucinol
ligands have revealed that their central backbone must be
described as the N-protonated tautomer, rather than the O-
protonated tautomer, with the main contribution to the
resonance hybrid coming from a resonance structure with
exocyclic CC double bonds and CO double bonds instead
of phenolic C−O bonds.154,183,184 This resonance structure is
reminiscent of [6]radialenes and has been termed hetero-
radialene.185 Radialenes are alicyclic compounds that exhibit
a cross-conjugation of the double-bond system (i.e., radialenes
do not possess a delocalized aromatic π system).186−189 We
have identified signatures for heteroradialene formation in our
extended phloroglucinol ligands by NMR, electronic absorption,

and FT-IR spectroscopy. Our investigations of trinuclear NiII,
CuII, and FeIII complexes based on these ligands indicate that
the heteroradialene resonance structure still prevails in the
coordinated deprotonated form of the ligands, although to a
lower extent than in the free ligands.154,183,190

The C−C bond lengths of the central phloroglucinol rings in
the [MnIII6Cr

III]3+ compounds 1−6 are in the range of 1.40−
1.44 Å, with a mean value of 1.42 Å, which is slightly higher
than the mean C−C bond length in the terminal phenolates
(1.40 Å) serving as an internal reference. This clearly indicates
some heteroradialene character of the central phloroglucinol
backbone in [MnIII6Cr

III]3+, which is supported by the
electronic absorption spectra exhibiting two strong features in
the 27 000−35 000 cm−1 region and by the FT-IR spectra
showing three strong bands at 1560, 1535, and 1491 cm−1,
which are typical signatures for a heteroradialene contribution
to the resonance hybrid of the central backbone. In summary,
the heteroradialene formation entailing a loss of the delocalized
aromatic π system in the central phloroglucinol backbone is the
main source of the weak antiferromagnetic JMn−Mn exchange
couplings observed in the [MnIII6Cr

III]3+ compounds.
Interestingly, the JMn−Mn exchange is slightly stronger in 3a

(JMn−Mn = −0.85 cm−1) than in 4a−6a (JMn−Mn = −0.70 cm−1).
This correlates with a smaller folding angle φcentral and a larger θ
and may be related to a better dπ−pπ overlap of the MnIII

magnetic orbitals with the orbitals of the phloroglucinol O
atoms. In the trinuclear CuII complexes of the triplesalen ligand,
we have observed a dependence of the exchange coupling
between the CuII ions on φcentral, indicating a strengthening of
the ferromagnetic coupling with increasing ligand folding.74

This was attributed to a better pseudo-σ overlap of the
magnetic CuII dx2−y2 orbital with the O pz′ orbital for a stronger
ligand folding, with the overlap integral vanishing for a coplanar
orientation of the CuIIN2O2 plane and the plane of the
phloroglucinol ring. In the case of the d4 ion MnIII, a less
pronounced ligand folding, such as that encountered in 3,
favors the dπ−pπ overlap, thus increasing the spin density on
the phloroglucinol O atoms, which, in turn, may promote
stronger JMn−Mn superexchange interactions.

JCr−Mn Exchange Coupling. The JCr−Mn exchange interaction,
which ranges from −3 cm−1 to −5 cm−1 in 3a−6a and 3c−6c
(see Table 3), is the strong interaction in [MnIII6Cr

III]3+. It is
strong enough to overcome the weak antiferromagnetic JMn−Mn
exchange in the trinuclear triplesalen subunits, thus enforcing a
parallel alignment of the MnIII spins, leading to an overall
ferrimagnetic coupling scheme. In the limit of strong exchange
(J ≫ D), this scenario results in an St =

21/2 spin ground state.
The existence of this high-spin ground state in [MnIII6Cr

III]3+ is
supported by the μeff values at low temperatures, particularly by
those calculated from AC data, and by the magnetization
saturation values in the M vs B and VTVH data. The stronger
the antiferromagnetic JCr−Mn exchange and the less antiferro-
magnetic the JMn−Mn exchange, the better the stabilization of the
St =

21/2 spin ground state. This is illustrated by the variations
in the temperature dependence of μeff and in the magnetization
saturation values observed for small changes in the ratio of
JCr−Mn and JMn−Mn.
However, the zero-field splitting of the MnIII ions is sizable

(DMn = −3 cm−1 to −4 cm−1) and of the order of the JCr−Mn
exchange interaction. Therefore, the description of [MnIII6Cr

III]3+

using total spin quantum numbers must be considered as an
approximation. This interesting aspect will be elaborated further
below.
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There is a clear variation in JCr−Mn within the series of
crystalline samples 3a−6a (see Table 3). A comparison of the
mean values of the bond distances and angles along the Cr−
CN−Mn exchange pathway in 3−6 (see Table 1) does not
hint at significant structural differences. However, closer
inspection of the individual values of these parameters in the
four compounds reveals strong variations in the distribution of
Mn−NCN bond lengths that correlate with the differences in
JCr−Mn. In this respect, there is a stepwise increase in the
number of relatively short Mn−NCN bonds (2.11−2.14 Å)
from zero in compound 3, in which all the Mn−NCN bonds
are rather long (2.19−2.20 Å), to one in compound 6, two in
compound 4, and three in compound 5, with the number
of short Mn−NCN bonds reflecting the number of five-
coordinate MnIII ions in each compound. At the same time, 3a
exhibits the weakest JCr−Mn exchange coupling (JCr−Mn = −3.00
cm−1), followed by 6a (JCr−Mn = −4.00 cm−1), 4a (JCr−Mn =
−4.50 cm−1), and 5a (JCr−Mn = −5.00 cm−1), with the variation
in JCr−Mn being visually reflected in a shift of the minimum in
μeff from 50 K (3a) to 74 K (6a), 95 K (4a), and 99 K (5a).
This analysis implies that the shortening of a single Mn−NCN

bond in [MnIII6Cr
III]3+, which only leads to a minor change

in the mean Mn−NCN bond length, has such a strong impact
on the JCr−Mn exchange interaction along that specific Cr−C
N−Mn pathway that the average JCr−Mn coupling con-
stant extracted from simulations of the magnetic data of
the entire molecule is significantly enhanced. The strong in-
fluence of the Mn−NCN bond length on JCr−Mn is cor-
roborated by DFT calculations based on the S6 symmetric
molecular structure of the [MnIII6Cr

III]3+ trications in 3, which
exhibits six identical Cr−CN−Mn pathways. These calcu-
lations indicate that a variation of d(Mn−NCN) by
approximately ±5% induces a change in the magnitude of
JCr−Mn by approximately ±35%.
Single-Molecule Magnet Behavior. All [MnIII6Cr

III]3+

compounds show a frequency-dependent onset of the out-of-
phase component of the AC susceptibility at low temperatures,
which is indicative of SMM behavior. As evident from the
absence of maxima in the χ″M vs T plots of 1a and 3a in the
investigated temperature range, the [MnIII6Cr

III]3+ species in
these samples exhibit a faster relaxation compared to the
various samples of 4−6, for which maxima or shoulders are
observed. We have analyzed the slow magnetic relaxation in the
different samples of 4−6 based on two different representations
of the AC susceptibility, namely, χAC vs T at constant
frequencies and χAC vs ω at constant temperatures. Both
representations allow the determination of Ueff and τ0 values
by employing the Arrhenius relation described by eq 5. We
refrain from a quantitative comparison of τ0 values because
these are generally afflicted with considerable uncertainty, as a
result of the fitting procedure to eq 5. The Ueff values deter-
mined from the two representations of the AC susceptibility
differ slightly for each sample, but exhibit the same trends upon
comparison of different samples. The crystalline samples 4a−6a
exhibit Ueff values in the 21.2−27.8 K range, while for 1a and
3a, Ueff is even lower. It is very satisfying to note that the Ueff
values inferred from the AC data are consistent with the energy
barriers obtained from the spin-Hamiltonian simulations of the
DC data (1a: 12 K between the MSt ≈ ±5/2 ground level and

the lowest MSt ≈ ±1/2; 3a, 3b: 17 K between the MSt ≈ ±21/2
ground level and the lowest MSt ≈ ±1/2; 4c, 5c: 38 K for the
St =

21/2 spin ground state; 6c: 33 K for the St =
21/2 spin ground

state; see Figures S18−S21 in the Supporting Information).
These values indicate that [MnIII6Cr

III]3+ is not an exception-
ally slow relaxing SMM. We will now discuss the different
factors contributing to the overall relaxation behavior of
[MnIII6Cr

III]3+.
Importantly, there are two mechanisms to overcome the

anisotropy barrier in an SMM: via a thermal pathway over the
top of the barrier or via QTM through the barrier. The height
of the anisotropy barrier is usually given as DSt × St

2 (for integer
spin systems).3−5 However, this is merely a rough approx-
imation, implying that there is no significant mixing ofMS levels
of excited spin states with those of the ground-state multiplet,
which holds true in the limit of strong exchange (J ≫ D).191,192

Another important aspect is the origin of DSt. As anisotropic
and dipolar interactions usually provide only minor contribu-
tions to the anisotropy of the ground state, the main source of
DSt is the projection of the single-site anisotropies Di onto the
spin ground state.193 The well-established spin projection for-
mulas194 provide good guidance to how single-site zero-field
splitting tensors contribute to the tensor of the total spin
ground state, especially when the number of contributing spin
centers is increased. However, these formulas are derived for
the limit of strong exchange (J ≫ D).
Employing the exact spin-Hamiltonian in eq 1, which takes

into account the relative orientations of the local anisotropy
tensors, and performing a full-matrix diagonalization, which
circumvents a restriction of the analysis to the limits of weak or
strong exchange, allows one to accurately evaluate the
anisotropy barrier in [MnIII6Cr

III]3+. Figure 15 illustrates the
low-lying energy levels of a spin system as in [MnIII6Cr

III]3+

that were exemplarily calculated along the S6 quantization
axis for JMn−Mn = 0.00 cm−1, JCr−Mn = −5.00 cm−1, DMn =
−3.00 cm−1, DCr = 0.00 cm−1, and gi = 1.98, while assuming
different arrangements of the local MnIII anisotropy tensors: an
octahedral arrangement corresponding to an angle ϑ = 54.7°
between the molecular S6-axis and the MnIII Jahn−Teller axes,
which is approximately realized in a [MnIII6Cr

III]3+ analogue
based on a mononucleating salen ligand;195,196 the approximate
scenario in our [MnIII6Cr

III]3+ complexes with ϑ = 37.5°; and a
collinear arrangement (ϑ = 0°). In the octahedral case, the
resulting St =

21/2 ground state is completely isotropic due to a
cancellation of the local anisotropy tensors, thus preclud-
ing SMM behavior. This is consistent with the experimental
results for the above-mentioned [MnIII6Cr

III]3+ analogue.195,196

In contrast, the calculations for our [MnIII6Cr
III]3+ SMM

indicate an anisotropy barrier of ∼35 K. Importantly, a collinear
arrangement of the MnIII anisotropy tensors leads to an
anisotropy barrier of ∼75 K. These results demonstrate the
strong influence of the relative orientation of the local D-
tensors on their contribution to the overall anisotropy of the
spin ground state and thus to the anisotropy barrier.
Furthermore, the relaxation behavior of an SMM is sig-

nificantly influenced by the symmetry. The above calculations
were performed for strict S6 molecular symmetry. However, in
the solid state, the molecular symmetry is strongly reduced by
several factors. For instance, the variations in the occupation of
the MnIII sixth coordination sites lead to a reduction of the
molecular symmetry of [MnIII6Cr

III]3+ in most compounds.
This entails perturbations of the electronic structure due to
differences in the Cr−CN−Mn exchange pathways (vide
supra). Not only the symmetry of the molecule itself, but also
that of its surroundings, which is governed by the crystal struc-
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ture, are crucial factors that influence the relaxation behavior.
In this respect, the [MnIII6Cr

III](lac)3 compound 3 possesses
the highest molecular and crystal symmetry, with the latter
implying not only a collinear arrangement of the individual
[MnIII6Cr

III]3+ complexes in the crystal structure, but also a
highly symmetric environment around each SMM complex.
However, because of the regular occupation of the MnIII sixth
coordination sites with methanol molecules, 3 also exhibits
relatively long Mn−NCN bonds within all Cr−CN−Mn
pathways and thus a relatively weak JCr−Mn exchange coupling.
This significantly reduces the energy separation of the spin
ground state from excited states, whose MS levels therefore mix
strongly with those of the ground state, leading to a lower
effective anisotropy barrier. In contrast, the highly asymmetric
[MnIII6Cr

III]3+ complexes in 4−6 exhibit a better separation
of the spin ground state due to the presence of some five-
coordinate MnIII ions, which promote stronger JCr−Mn exchange
couplings via shorter Mn−NCN bonds. This trans-
lates into a slower magnetic relaxation in 4a−6a compared to
3a, as evidenced by AC susceptibility measurements, which
mainly reflect the thermal pathway over the anisotropy barrier
with some influence from thermally activated QTM, which

should be favored by the lower symmetry in 4−6. In this
respect, the highest Ueff value is observed for 5a, i.e., for the
sample exhibiting the strongest JCr−Mn coupling and the highest
symmetry of all [MnIII6Cr

III](BPh4)3 compounds, with respect
to the surroundings of the individual [MnIII6Cr

III]3+ complexes.
The latter is evidenced by the almost collinear arrangement
of the [MnIII6Cr

III]3+ molecules in the crystal structure of 5,
which should minimize magnetic stray fields from neighboring
[MnIII6Cr

III]3+ spins and, thus, a possible source of QTM.
In the pure quantum regime, i.e., at much lower temper-

atures, 3 should exhibit superior properties compared to 4−6,
because of its high molecular and crystal symmetry, leading to a
suppression of the major rhombic anisotropy terms. In this
context, it would also be interesting to evaluate the low-
temperature properties of 1, which exhibits an intermediate
molecular symmetry compared to 3 and 4−6 by carrying a
methanol molecule at every MnIII sixth coordination site while
lacking a crystallographically imposed S6 symmetry. With re-
spect to QTM, the influence of the [CrIII(CN)6]

3− counterions
in 1 might be relevant, as these S = 3/2 spins are expected to
generate magnetic stray fields in the immediate vicinity of
the [MnIII6Cr

III]3+ complexes. However, it is difficult to
anticipate whether these stray fields have a stronger impact
on the quantum dynamics of the SMM than the stray fields
of the more distant St =

21/2 spins of neighboring SMM com-
plexes. Low-temperature measurements on single crystals of the
different [MnIII6Cr

III]3+ compounds are currently underway
and will be reported in due course.
In summary, the SMM behavior of [MnIII6Cr

III]3+ is influenced
by several opposing effects. While possessing a high molecular and
crystal symmetry, the [MnIII6Cr

III](lac)3 compound 3 lacks a
well-separated St =

21/2 spin ground state due to the combination
of a relatively weak JCr−Mn coupling and a rather strong anti-
ferromagnetic JMn−Mn coupling. In contrast, the [MnIII6Cr

III]-
(BPh4)3 solvates 4−6 exhibit the drawback of a reduced
symmetry, but this allows at least a strong JCr−Mn exchange
along some of the Cr−CN−Mn pathways, leading to better
stabilization of the St =

21/2 spin ground state. These results
indicate that the best [MnIII6Cr

III]3+ SMM would possibly be a
[MnIII6Cr

III](lac)3 compound crystallizing in R3 ̅ with all MnIII

ions being five-coordinate, thus combining a strongly stabilized
spin ground state with a high molecular and crystal symmetry.

Influence of Sample Crystallinity on the Magnetic
Properties. With the aim of gaining further insight into the
influence of environmental changes on the SMM properties of
[MnIII6Cr

III]3+, we investigated three different sample crystal-
linities. This was inspired by the well-known influence of
solvent content and the nature and orientation of peripheral
ligands on the relaxation behavior of Mn12,

17−26,86−95 as well as
by the difficulties we encountered in preparing the best samples
for our magnetic measurements. Upon removal of the crystals
from the mother liquor, we frequently observed the loss of
solvent as evidenced by the crystals becoming cloudy or even
powdery. We did not perform magnetic measurements on
crystals maintained in their mother liquor, because of its
contamination with paramagnetic residues from the synthetic
procedure. Instead, we investigated samples of freshly isolated
crystals that were directly transferred from the mother liquor to
the SQUID magnetometer in order to keep the crystal structure
essentially intact. Furthermore, we studied samples of air-dried
crystals having been kept at room temperature for several
days as well as vacuum-dried powder samples, with the different

Figure 15. Energy spectra for the [MnIII6Cr
III]3+ spin system (see

Figure 9a). Only low-lying energy levels are shown. The x-axis
represents the magnetization of each eigenstate, which corresponds to
the expectation value for a tiny magnetic field along the S6 quantization
axis. The spectra were calculated by a full-matrix diagonalization of
the complete spin-Hamiltonian with JMn−Mn = 0.00 cm−1, JCr−Mn =
−5.00 cm−1, DMn = −3.00 cm−1, DCr = 0.00 cm−1, and gi = 1.98, while
assuming different arrangements of the local MnIII anisotropy tensors:
an octahedral arrangement corresponding to an angle ϑ = 54.7°
between the molecular S6 axis and the MnIII Jahn−Teller axes (top
panel); the arrangement approximately realized in [MnIII6Cr

III]3+ with
ϑ = 37.5° (middle panel); and a collinear arrangement (ϑ = 0°, bottom
panel).
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samples of each compound being prepared from the same
batch.
All compounds show some influence of sample crystallinity

on the magnetic behavior, with this influence being most pro-
nounced for the [MnIII6Cr

III](BPh4)3 solvates 4−6. Both the
DC and the AC magnetic behavior of these compounds
become increasingly similar when going from the crystalline
samples to the vacuum-dried powder samples, as evident from
the visual convergence of the respective curves and the com-
parison of the corresponding JCr−Mn and Ueff values.
Interestingly, the vacuum-dried powder samples 4c−6c

exhibit rather strong JCr−Mn couplings, hinting at a loss of coor-
dinated solvent molecules during sample preparation leading to
an increase in five-coordinate MnIII ions and, thus, short Mn−
NCN bonds. This is supported by the results of the elemental
analyses carried out on 4c−6c.
The AC data of 5a and 6a indicate the presence of

[MnIII6Cr
III]3+ SMMs in at least two discrete environments that

give rise to significantly different relaxation rates. These environ-
ments apparently converge upon a loss of crystallinity, as indi-
cated by a gradual merging of the corresponding AC features into
a continuous distribution of subtly different environments,
evidenced by α-values in the 0.4−0.5 range for the powder
samples 5c and 6c. In contrast, the AC data of all samples of 4
can be described by a single relaxation process with a distribution
of relaxation times, which implies that there are only small
differences in the environments of the individual [MnIII6Cr

III]3+

SMMs in these samples. This allows one to estimate the variation
of α with sample crystallinity. While the crystalline samples 4a
and 4b exhibit very similar α-values (see Table 4), there is a
substantial increase in α for the powder sample 4c, accompanied
by a poorer agreement of the fits with the experimental data. This
indicates a diversification of the [MnIII6Cr

III]3+ environments in
4c, as expected for a random powder sample compared to
crystals exhibiting long-range order.
In summary, these results highlight the importance of sample

handling when investigating SMM behavior. Most notably, it is
essential to compare only identically prepared samples when
discussing the magnetic properties of different SMMs.

■ CONCLUSIONS

Most attempts to obtain single-molecule magnets (SMMs) with
enhanced magnetic properties are based on the simple equation
Ueff = DSt × St

2 (for integer spin systems), which has inspired
numerous efforts to increase the spin ground state in exchange
coupled systems by including anisotropic spin centers. The
detailed experimental and theoretical investigation of the
structural, spectroscopic, and magnetic properties of several
[MnIII6Cr

III]3+ compounds, which are all SMMs, shows, as the
main conclusion, that a high-spin ground state and a source of
magnetic anisotropy are necessary but not sufficient require-
ments for a good SMM. In order to achieve a high anisotropy
DSt of the total spin ground state, the molecular symmetry of
the complex must be lower than cubic to avoid cancellation of
the local anisotropies Di upon projection onto the spin ground
state. This is nicely illustrated by our spin-Hamiltonian simu-
lations of a [MnIII6Cr

III]3+ analogue exhibiting an octahedral
arrangement of the local MnIII anisotropy tensors, which leads
to a completely isotropic spin ground state precluding SMM
behavior. At the same time, the symmetry should be at least
C3 in order to minimize the rhombicity of the ground-state

spin and, thus, the probability for quantum-mechanical magnet-
ization tunneling (QTM).
Besides the control of the molecular topology of an SMM,

there should be control of the crystal structure, especially with
respect to symmetry. Non-collinear orientations of the indivi-
dual SMM molecules in the crystal structure and nonsym-
metrical environments caused by interstitial solvent molecules
disturb even the best axial molecular symmetry and, thus, intro-
duce some rhombicity in the ground state, which will promote
QTM. We have shown that the crystallization of [MnIII6Cr

III]3+

in a highly symmetric space group can be enforced by employ-
ing the rod-shaped anion lactate, which leads to a rod packing
with a collinear arrangement of the [MnIII6Cr

III]3+ molecules in
the crystal structure.
Another important aspect is the separation of the spin

ground state from excited spin states, which translates into the
necessity to realize strong exchange couplings. In summary, we
can now provide an outlook for a further improvement of our
[Mt

6M
c]n+-type SMMs. The detailed investigation of the

magnetic properties of [MnIII6Cr
III]3+ indicates that the salen-

like ligand environment of the MnIII ions provides a good local
source of anisotropy. However, the analysis of the influence of
the orientation of the local D-tensors on the height of the
anisotropy barrier also demonstrates that the MnIII Jahn−Teller
axes should be forced into a collinear arrangement to enhance
the anisotropy barrier. In this respect, we have synthesized the
ligand system triplesalophen, exhibiting a completely sp2

hybridized backbone, which impedes the strong bending of
the MnIII salen subunits observed in [MnIII6Cr

III]3+.184,197

To further promote high molecular symmetry, the concept of
using rod-shaped anions is worth further elaboration. Besides, we
will try to employ polar but noncoordinating solvents in order to
obtain [MnIII6Cr

III]3+ species that exhibit only five-coordinate
MnIII ions. Finally, a severe drawback of the triplesalen ligand is
the heteroradialene formation, impeding efficient spin polar-
ization via the central phloroglucinol ring and, thus, leading to a
weak antiferromagnetic superexchange interaction between the
MnIII ions. In order to improve this scenario, we are employing
two synthetic strategies. On the one hand, we are substituting
the phloroglucinol O atoms with S atoms, because the higher
metal−sulfur covalency should increase the spin density on the
S atoms, which, in turn, should give rise to a stronger spin
polarization via the central ring. On the other hand, we are sub-
stituting the triimine units in the 2,4,6-position of the phlo-
roglucinol ring with saturated triamines, which should preclude
heteroradialene formation and, thus, enhance the JMn−Mn

exchange coupling. The results of these investigations will
provide insight into how far a rational improvement of SMMs is
possible.
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J. Org. Chem. 2012, 77, 1435−1448.
(185) Maas, G.; Hopf, H. In The Chemistry of Dienes and Polyenes,
Vol. 1: Synthesis and Transformation of Radialenes; Rappoport, Z., Ed.;
Wiley: Chichester, U.K., 1997; pp 927−977.
(186) Hopff, H.; Wick, A. K. Helv. Chim. Acta 1961, 44, 380−386.
(187) Hopf, H.; Maas, G. Angew. Chem., Int. Ed. 1992, 31, 931−954.
(188) Hopf, H. Classics in Hydrocarbon Chemistry; Wiley−VCH: New
York, 2000; pp 290−300.
(189) Gholami, M.; Tykwinski, R. R. Chem. Rev. 2006, 106, 4997−
5027.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic301406j | Inorg. Chem. 2012, 51, 10929−1095410953



(190) Feldscher, B.; Krickemeyer, E.; Moselage, M.; Theil, H.;
Hoeke, V.; Kaiser, Y.; Stammler, A.; Bögge, H.; Glaser, T. Sci. China:
Chem. 2012, 55, 951−966.
(191) Pieper, O.; Guidi, T.; Carretta, S.; van Slageren, J.; El Hallak,
F.; Lake, B.; Santini, P.; Amoretti, G.; Mutka, H.; Koza, M.; Russina,
M.; Schnegg, A.; Milios, C. J.; Brechin, E. K.; Julia,̀ A.; Tejada, J. Phys.
Rev. B 2010, 81, 174420.
(192) Carretta, S.; Guidi, T.; Santini, P.; Amoretti, G.; Pieper, O.;
Lake, B.; Slageren, J. v.; El Hallak, F.; Wernsdorfer, W.; Mutka, H.;
Russina, M.; Milios, C. J.; Brechin, E. K. Phys. Rev. Lett. 2008, 100,
157203.
(193) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of
Transition Ions; Clarendon Press, Oxford, U.K., 1970.
(194) Bencini, A.; Gatteschi, D. Electron Paramagnetic Resonance of
Exchanged Coupled Systems; Springer−Verlag: Berlin, 1990.
(195) Shen, X.; Li, B.; Zou, J.; Xu, Z.; Yu, Y.; Liu, S. Transition Met.
Chem. (Dordrecht, Neth.) 2002, 27, 372−376.
(196) Choi, H. J.; Sokol, J. J.; Long, J. R. J. Phys. Chem. Solids 2004,
65, 839−844.
(197) Frhr. v. Richthofen, C.-G.; Stammler, A.; Bögge, H.; Glaser, T.
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