
Model Dimeric Manganese(IV) Complexes Featuring Terminal Tris-
hydroxotetraazaadamantane and Various Bridging Ligands
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ABSTRACT: A series of model dinuclear manganese(IV) complexes of the general formula
[(H3COH)(L′)MnIV(μ-L)2MnIV(L′)(HOCH3)] is presented. These compounds feature
capping 4,6,10-trihydroxo-3,5,7-trimethyl-1,4,6,10-tetraazaadamantane ligands derived from a
polydentate oxime compound (L′). The bridging ligands L include azide (1), methoxide (2),
and oxalate (3) anions. The magnetic properties and high-field (HF) EPR spectra of 1−3
were studied in detail and revealed varying weak antiferromagnetic coupling and modest
zero-field splitting (ZFS) of the local quartet spin sites. Our HF EPR studies provide insight
into the dimer ZFS, including determination of the corresponding parameters by giant spin
approach for methoxido-bridged complex 2. Furthermore, the physicochemical properties of
1−3 were studied using IR, UV−vis, and electrochemical (cyclic voltammetry) methods. Theoretical exchange coupling constants
were obtained using broken-symmetry (BS) density functional theory (DFT). Computational estimates of the local quartet ground
spins state ZFSs of 1−3 were obtained using coupled-perturbed (CP) DFT and complete active space self-consistent field
(CASSCF) calculations with n-electron valence state perturbation theory (NEVPT2) corrections. We found that the CP DFT
calculations which used the B3LYP functional and models derived experimental structures performed best in reproducing both the
magnitude and the sign of the experimental D values. Moreover, our computational investigation of 1−3 suggests that we observe
metals sites which have an increased +3 character and are supported by redox noninnocent 4,6,10-trihydroxo-3,5,7-trimethyl-
1,4,6,10-tetraazaadamantane ligands. The latter conclusion is further corroborated by the observation that the free ligand can be
readily oxidized to yield a NO-based radical.

■ INTRODUCTION

Metalloenzymes which incorporate high-valent manganese
sites are involved in a broad array of biological processes.1

These range from the reduction of ribonucleotides to
deoxynucleotides, during the synthesis of DNA precursors,
effected by the dinuclear manganese clusters of class Ib
ribonucleotide reductases (Mn-RNR), to the removal of
cytotoxic superoxide radicals by the manganese-dependent
superoxide dismutase.2 Undoubtedly, the best-known and
most intensely studied biotic manganese cluster is the
Mn4CaO5 active site of photosystem II used by photosynthetic
organisms to oxidize water and evolve molecular oxygen
(OEC).3 While most of these enzymes incorporate high-valent
manganese(IV) ions in their catalytic cycles, the exact role of
the +4 oxidation state is not always evident. Most often, such
species are used to either modulate the reactivity of reactive
radical species or to generate new radicals.4 For example, it has
been proposed that the assembly of the MnIII2Y

• cofactor of
Mn-RNR is initiated by the oxidation of the MnII2 by an O2

•−

and proceeds through an oxidized MnIII(μ-O)(μ-OH)MnIV

intermediate.5 Moreover, the successive oxidation steps of the
OEC involve multiple proton-coupled electron transfer steps
and a tyrosine radical such that the electronic structure of the
cofactor immediately prior to O−O bond formation might be

best described as a dimer of MnIV2 dimers.6 Therefore, the
study of coordination compounds which incorporate analo-
gous metal sites supported by redox noninnocent ligands such
as organic radicals are of interest as both structural and
functional model complexes of manganese enzymes.
Several studies have recently shown that just like their

FeIVO analogues nonheme MnIV-oxo compounds supported
by neutral pentadentate ligands also activate strong C−H
bonds.7,8 It has been suggested that the enhanced hydrogen
atom abstraction (HAT) reactivity of these MnIVO species
originate from the synergistic effects of two-level reactivity
involving the 4B1 and

4E levels electronic states, the π-bonding
interactions of substrates with the MnIVO group, and the
unusually high redox potential of the MnIII/IV couple.9

Interestingly, the HAT reactivity was not limited to
mononuclear compounds but also observed for some dinuclear
complexes.10 Furthermore, the presence of terminal oxo
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ligands is not even a prerequisite for manganese(IV) species to
exhibit biomimetic catalytic activity.11 One notable series of
such compounds are the radical-supported MnIV2(L

•)2(L
••)

and MnIVL(L•)2 where L are o-aminophenols derived from
aniline and m-phenylenediamine, which catalyze the oxidation
of catechol to quinone and the oxidative coupling of C−C
bonds of hindered phenols using oxygen as the sole oxidant.12

Since manganese(IV) compounds have the potential of using
molecular oxygen as a cheap and plentiful oxidant to effectuate
difficult partial oxidation of organic substrates, their studies not
only advance our understanding of biological processes but
also are likely to lead to applications of great technological
importance. Despite of their significance there are only a
handful of dinuclear MnIV2 compounds for which their
magnetic properties were reported. With few exceptions
most of these examples are limited to oxo-bridged dimers,13

such as [L2Mn2(μ-O)μ-phBO2)2](PF6)2 (L = 1,4,7-trimethyl-
1,4,7-triazacyclononane, phBO2 = phenyl boronic acid).14,15

Interestingly, a strong dependence of the metal−metal
interaction strength on the protonation of the oxo-bridges
was reported.13c Although these metals sites are usually probed
using X-band EPR spectroscopy, the dimeric molecules exhibit
relatively large zero-field splitting in their spin-triplet state
requiring application of the HF EPR measurements. In this
contribution, we expand the range of known dinuclear MnIV2
complexes by describing a series of three new compounds
supported by an adamantane-like ligand, 4,6,10-trihydroxo-
3,5,7-trimethyl-1,4,6,10-tetraazaadamantane, and three distinct,
bridging coligands, see Scheme 1. All three complexes are

bridged by non-oxo ligands which is an unusual feature
contrary to the majority of the Mn(IV)-based dimers reported
to date. The tridentate L′H3 ligand is deprotonated and acts as
a stopper, saturating the coordination spheres of the individual
manganese ions. Interestingly, this organic molecule is
obtained in situ through an unusual cyclization of the starting
tris(2-hydroxyiminopropyl)amine, Ox3H3; see Scheme 2. The

coordinating behavior of both Ox3H3 and L′H3 have been
previously investigated such that some complexes supported by
these ligands have been already reported.16 In addition to its
adamantane-like structure, the most unusual feature of the
metal-bound (L′)3− is that it incorporates three NO− moieties
which, for the free ligand, can be easily oxidized to their NO•

paramagnetic, electrically neutral form. Thus, the deprotonated
free ligand is easily oxidized to yield an EPR-active radical
species. The electronic structure of these new MnIV2
compounds was determined through a combined HF EPR,
SQUID, and computational investigation which revealed that
ligand noninnocence plays an important role in modulating
their magnetic properties and ground state electronic
configurations.

■ EXPERIMENTAL SECTION
General Information. All reactions were performed under

aerobic conditions using HPLC-grade solvents as purchased. The
tris(2-hydroxyiminopropyl)amine ligand was obtained with a
modified procedure described elsewhere.17,18 All other reagents
were obtained from commercial suppliers and were used without
further purification. IR spectra were recorded on a Bruker Alpha-P IR-
spectrometer with a Platinum-ATR with a diamond crystal. Elemental
analyses were performed with a Vario Microcube elemental analyzer
in CHNS mode. UV/vis-spectra were recorded for 0.1 mM solutions
in THF on a Varian Cary 5000 UV−vis−NIR Spectrophotometer.
Cyclic voltammograms (CVs) were recorded in a platinum vessel with
platinum electrodes and an Autolab potentiostat at a scan rate of 200
mVs−1 for the characterization of 1−3 and 100 mVs−1 for the
investigation of the free ligand. DMSO solutions of samples with
concentration of 1 mM in the presence of NBu4PF6 (0.1 M) were
prepared under inert atmosphere. Magnetic measurements were
recorded with the Magnetic Property Measurement System (MPMS)
made by Quantum Design. The magnetic data were obtained in the
temperature range from 2 to 300 K at the fields of 500 and 1000 G.
The ground powder samples were sealed in gelatin capsules. The data
were corrected for the sample holder contribution and the
diamagnetic corrections were calculated using Pascal constants.19

High-field, high-frequency EPR spectra at temperatures ranging from
ca. 3 to 290 K were recorded on a custom-built spectrometer at the
EMR facility of the NHMFL.20 The instrument is equipped with a
superconducting magnet (Oxford Instruments) capable of reaching a
field of 17 T. Microwave frequencies over the range 52−630 GHz
were generated by a phase-locked Virginia Diodes source, producing a
base frequency of 13 ± 1 GHz, which was multiplied by a cascade of
frequency multipliers. The instrument is a transmission-type device
and uses no resonance cavity.

Syntheses. [(H3COH)(L′)MnIV(μ-N3)2MnIV(L′)(HOCH3)] (1). Mn-
(ClO4)2·xH2O (254 mg, 1.0 mmol), Ox3H3 (230 mg, 1.0 mmol), and
sodium azide (325 mg, 5.0 mmol) were combined in 30 mL of
methanol. The resulting brown solution was stirred for 1 h, filtered,
and left for slow evaporation. After ca. 1 week, crystals of 1 in form of
large dark-red blocks were collected at 40% yield (156 mg). Upscaling
of the reaction by 10 times increased the yield to 46% (1.80 g).
Elemental analysis calcd (found) for C20H38Mn2N14O8 (M = 712.48):
C 33.72 (32.50), H 5.38 (4.85), N 27.52 (27.59). Apparently, a loss
of 2 methanol ligands of solvation and weakly coordinated to the
MnIV ions has to be taken into account. IR bands: 3353.0 (w), 2982.8
(w), 2938.6 (w), 2071.6 (s), 1641.2 (w), 1456.7 (w), 1434.7 (w),
1372.6 (w), 1342.2 (w), 1290.8 (w), 1268.9 (w), 1210.2 (w), 1179.2
(w), 1163.1 (w), 1041.5 (s), 979.7 (m), 825.9 (s), 808.6 (s), 754.9
(w), 696.3 (s), 664.0 (w), 626.7 (s), 593.5 (w), 532.2 (s), 487.6 (m),
417.6 (w).

[(H3COH)(L′)MnIV(μ-OCH3)2MnIV(L′)(HOCH3)] (2). Mn(ClO4)2·
xH2O (254 mg, 1.0 mmol), Ox3H3 (230 mg, 1.0 mmol), and lithium
methoxide (38 mg, 1.0 mmol) were combined in 30 mL of methanol.
The resulting brown solution was stirred for 1 h, filtered and left for
slow evaporation. After ca. 1 week crystals of 2 in form of large dark-
red blocks were collected at 46% yield (160 mg). Upscaling of the
reaction by ten times increases the yield to 54% (1.86 g). Elemental
analysis calcd (found) for C22H44Mn2N8O10 (M= 690.51): C 38.27
(37.75), H 6.42 (6.44), N 16.23 (15.95). IR bands: 3645.5 (w),
3439.2 (w), 3015.4 (w), 2975.4 (w), 2934.3 (w), 2807.9 (w), 1625.0
(w), 1455.8 (w), 1427.7 (w), 1371.4 (w), 1326.6 (w), 1264.7 (w),
1205.7 (w), 1179.3 (w), 1163.9 (w), 1041.6 (s), 1010.2 (m), 975.5

Scheme 1. Reaction System Leading to the Isolation of 1−3

Scheme 2. Intramolecular Cyclization of the Tris(2-
hydroxyiminopropyl)amine Ligand Catalyzed by Metal
Complexes
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(m), 815.3 (s), 699.0 (s), 655.6 (w), 626.2 (s), 585.3 (w), 523.3 (s),
505.3 (s), 452.7 (m), 419.2 (w).
[(H3COH)(L′)MnIV(μ-ox)MnIV(L′)(HOCH3)] (3). Mn(ClO4)2·xH2O

(254 mg, 1.0 mmol), Ox3H3 (230 mg, 1.0 mmol), and potassium
oxalate monohydrate (92 mg, 0.5 mmol) were combined in 30 mL of
methanol. The resulting brown solution was stirred for 1 h, filtered
and left for slow evaporation. After 2 days, a colorless precipitate was
formed, the solution was filtered and left for slow evaporation. After
∼1 week, crystals of 3 in form of dark-red plates accompanied by
potassium perchlorate (identified by measurement of the cell
constants) were collected. After mechanical separation of the product
from potassium perchlorate a yield of 17% (65 mg) is achieved.
Elemental analysis calcd (found) for for C24H46Mn2N8O14 (M =
780.54): C 36.93 (35.10), H 5.94 (5.68), N 14.36 (14.37) (the
discrepancies were caused by the small amount of KClO4 impurity).
IR bands: 3438.1 (w), 2986.3 (w), 2942.3 (w), 1633.2 (s), 1460.8
(w), 1428.6 (w), 1375.9 (w), 1350.8 (w), 1330.2 (w), 1307.7 (w),
1269.4 (w), 1212.5 (w), 1180.2 (w), 1044.1 (s), 1019.5 (m), 978.9
(w), 827.6 (s), 802.6 (s), 757.7 (w), 698.6 (m), 626.7 (m), 531.1 (s),
481.7 (m), 405.4 (w).
X-ray Diffraction. X-ray diffraction data for single-crystals of 1, 2,

and 3 were collected on a STOE IPDSII diffractometer, employing
Mo Kα radiation (see Table S1 for selected X-ray data).
Details of Structure Refinement. All structures were solved by

direct methods in SHELXS and refined in SHELXL software.21 C-
bonded H atoms were placed in their calculated positions and treated
with a riding model with Ueq = 1.2/1.5 Ueq (parent C atom). O-
bonded H atoms positions were found on difference Fourier maps
and initially refined with DFIX restraints setting the O−H bond
lengths at 0.840(2) Å. Subsequently, these H atom positions were
constrained. On the final difference Fourier map, the highest peak of
0.38 e/Å3 is located 0.80 Å from the O13 atom (1.09 Å from the Mn1
atom)/0.36 e/Å3 at 1.06 Å from the Mn1 atom/0.75 e/Å3 at 0.85 Å
from the Mn1 atom for 1, 2, and 3, respectively.
Theoretical Methods. The electronic structure calculations of 1−

3 were performed using the Gaussian22 and ORCA23 quantum
mechanical software packages. DFT calculations used the spin-
unrestricted formalism and the B3LYP, BP86, and TPSSH functionals
in combination with 6-311G, 6-311G*, 6-311+G**, and TZVP-SVP
basis sets. Geometry optimized structure were obtained, using
Gaussian 09, at each of the B3LYP, BP86, TPSSH/6-311G, 6-
311G*, and 6-311+G** levels of theory. These calculations employed
simplified structural models for which the three methyl groups of the
4,6,10-trihydroxo-3,5,7-trimethyl-1,4,6,10-tetraazaadamantane ligands
were replaced with hydrogen atoms. Optimized structures were
obtained not only for the ferromagnetic (F, S = 3) states but also for
the broken-symmetry (BS, S = 0) states, vide inf ra. Single-point
calculations were used to assess the nature of the ground state
configurations and to obtain predicted properties, single-electron
excitations using time-dependent (TD) DFT, predicted atomic
charges, and atomic spin densities using Mulliken population analysis,
natural populations of the valence shells using Natural Bond Orbitals
(NBO 3.0) analysis, and exchange coupling constants. These
calculations were performed using both unabridged structural models
derived from the experimental X-ray coordinates and geometry-
optimized simplified structural models; see Table S21. Geometry
optimizations and single-point SCF calculations were completed using
the default convergence criteria. The theoretical exchange coupling
constants were obtained using a broken symmetry approach.24−29

While the B3LYP, BP86, TPSSH/6-311G, 6-311G*, and 6-311+G**
values were obtained using the Gaussian 09 program, the B3LYP/
TZVP results were obtained using ORCA.30−38 These values were
determined by taking the difference of the SCF energies predicted for
the ferromagnetic (S = 3) and broken-symmetry (S = 0) states. The
BS state corresponds to configurations for which three unpaired spin-
up, α electrons localized on one site and three unpaired spin-down, β
electrons localized on the other site. The J values (using the
Ĥexchange = −2JŜ1·Ŝ2 formalism) were evaluated by means of the
J = −(εF − εBS)/(⟨Ŝ

2⟩F − ⟨Ŝ2⟩BS) expression, where ε are the energies
and ⟨Ŝ2⟩ are the average values of the total spin-squared operator of

the ferromagnetic and BS states. For local quartet states this
expression yields J = −(εF − εBS)/9.

The theoretical ZFS parameters of the local quartet ground states
were obtained using the coupled-perturbed (CP) DFT and the state-
averaged CASSCF/NEVPT2 methods as implemented in the ORCA
suite of programs.39−41 The CP DFT calculations employed the
BP86, B3LYP, TPSSH functionals, Pople’s 6-311G, 6-311G*, and 6-
311+G** basis sets, and were performed on mononuclear models.
These computational models were obtained by deleting a [MnAd]+

moiety from either the experimental or from the geometry-optimized
structures obtained using the respective functional/basis set or from
the experimental structures. The CASSCF/NEVPT2 calculations
used mononuclear structural models derived from the simplified
B3LYP/6-311G geometry-optimized structures of the F states and
experimental structures for which one of the [L′Mn]+ moieties were
deleted. The CASSCF/NEVPT calculations used the diffuse def2-
TZVPP basis set and the def2/JK the auxiliary basis set (the RI-JK
approximation was used).42,43 The quasi-restricted orbitals used to set
up the initial guesses of the CASSCF(3,5) calculations were obtained
by performing single-point DFT(BP86) calculations. In this case the
active space consisted of only the 3d metal ions of the Mn(IV) sites.
The CASSCF(7,7) calculations were used as initial guesses for the
converged CASSCF(3,5) calculations (CASSCF(11,9) used
CASSCF(7,7)). Utilizing as a starting point the active space of
CASSCF(3,5), the active space of CASSCF(7,7) was expanded to also
included the ligand-based, sigma-bonding eg-type orbitals and, for the
CASSCF(11,9), the πNO* -based orbitals. Regardless of the dimension
of the active space, 10 quartet and 9 doublet roots were calculated. To
ensure that the desired active space was selected, when needed, the
rotate option of the scf ORCA keyword was used.

■ RESULTS AND DISCUSSION
Formation. The title series of complexes were isolated

from a system summarized in Scheme 1. The tridentate Ox3H3
and Mn(ClO4)2 were combined in methanol with an
appropriate salt. Interestingly, from this system only MnIV

complexes could be isolated so far.
It was shown that the Ox3H3 ligand may undergo an

intramolecular cyclization to yield a 1,4,6,10-tetraazaadaman-
tane derivative L′H3 (Scheme 2) isomeric to 1,3,5,7-
tetraazaadamantane (urotropin). This process is catalyzed by
metal ions, such as CoII, which upon coordination bring the
three oxime groups closer together.17 Apparently in our
system, a similar cyclization takes place, accompanied by
oxidation of the starting MnII ions to MnIV. In similar systems
with oxime ligands, MnII salts, and under basic conditions, the
usual products are MnIII complexes. The unique stabilization of
MnIV in our case seems to be related to the use of the
tetraazadamantane ligand.
When the tetraazadamantane ligand was first synthesized

using a previously reported method17 and directly used as a
starting material, the reactions with the Mn ions ran faster.
However, for 1 and 2 the products were not crystalline, and for
3 the yield was much lower. This behavior indicates that the
first step in the formation of 1, 2, and 3 is the slow cyclization
of Ox3H3 to the 4,6,10-trihydroxo-3,5,7-trimethyl-1,4,6,10-
tetraazaadamantane ligand.
Optimization of the reaction conditions was carried out by

varying the amount of the bridging ligand, while the
Mn(ClO4)2/Ox3H3 ratio was kept at 1:1. In the case of 1, an
excess of NaN3 (up to 6 equiv) was used. The best yield was
achieved with 5 equiv. Increasing the temperature had no effect
on the yield; therefore, all reactions were carried out at room
temperature. For 2, various methoxide salts were used, ranging
from LiOMe to NaOMe and Ca(OMe)2, but no differences in
the yield and quality of the crystalline products were observed.
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Also, the use of other bases like NaOH yields 2. In the case of
3, many different oxalate-salts like Li2Ox, (NH4)2Ox, Na2Ox,
and K2Ox (Ox, oxalate) were used, but only in the case of
K2Ox is 3 obtained as a crystalline product, accompanied with
a colorless precipitate identified as KClO4. 3 crystallized as
small intergrown plates which were separated manually from
the colorless byproduct.
Crystal Structures. Figure 1 shows the molecular

structures of 1−3, which are all neutral and centrosymmetric.

The assignment of +4 formal oxidation state for the manganese
ions is supported by the charge balance and bond length
analysis.
1 and 3 are methanol solvates, whereas 2 does not contain

any molecules of solvation. Table S1 shows selected X-ray data
for 1−3. In each complex molecule, two Mn(L′)(CH3OH)
units are present which are linked by various bridging ligands:
double azide (1), double methoxido (2), and oxalate (3). Each
such unit comprises an MnIV ion with a tridentate O,O,O-
coordinated 1,4,6,10-tetraazaadamantane terminal ligand and
one terminal methanol ligand. Selected parameters of these
bridges are collected in Table S2.
The apical N atom of the terminal trihydroxo-trimethyl-

tetraazaadamantane ligand remains uninvolved in coordination

to the metal ions regardless of the applied reagents ratio. The
free ligand is only known as salt of tartaric acid protonated on
the apical N.17 In the case of the free ligand the oxygen atoms
are in axial orientation twice and in equatorial orientation
once, whereas in the complexes only axial orientation is
observed. The N−O bond lengths are significantly shorter than
those in the free ligand, 1.370(3)−1.3881(19) Å in 1−3 versus
1.437(3)−1.355(4) Å in the free ligand. The C−N bond
lengths are unaffected by the coordination to Mn through O
atoms, and complete axial arrangement is observed.
The Mn(N3)2Mn diamond-like arrangement is typical of

MnIII complexes44,45 and unprecedented in MnIV chemistry. An
analogous motif with double methoxo bridges in 2 is well-
known among MnII and MnIII compounds. A thorough study
on magnetostructural correlations in bis-μ-alkoxo MnIII dimers
was reported by Rajaraman and Jones et al.46 Somewhat less
abundant μ-oxalate dimers of MnIII and MnII have been
reported.47,48

Hydrogen bonds O−H···N are present in 1 and 3 (Table
S3), contrary to 2. Thus in 1, 2, and 3, undulated hydrogen-
bonded layers parallel to (011), overlapping columns parallel
to [100] and columns along [100] are formed, respectively
(Figure 2).

Magnetic Properties. Magnetic susceptibilities of 1−3
were measured from 1.8 to 300 K in applied fields of 500 and
1000 G. The χT versus T plots for 1−3, obtained in a field of
1000 G, are shown in Figure 3. The χT products at 295 K are
4.04 cm3 mol−1 K, 3.28 cm3 mol−1 K, and 4.36 cm3 mol−1 K,
for 1, 2, and 3, respectively. The theoretical value expected for
two spin-only, S = 3/2 MnIV ions is 3.75 cm3 mol−1 K. At room
temperature, the experimental χT values of 1 and 3 are
somewhat higher than the spin-only value which can be
explained by considering the contribution of temperature-
independent paramagnetism (TIP). The χT value of 2 is
significantly lower than the spin-only value which demonstrates
a stronger antiferromagnetic coupling of the two MnIV ions.
Decreasing the temperature leads to an initial slight decrease of

Figure 1. Molecular structures of 1 (top), 2 (center), and 3 (bottom)
Thermal ellipsoids of non-C,H atoms are plotted at 20% probability
level. Figure 2. Packing of the complex molecules in 1 (top), 2 (center),

and 3 (bottom.).
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χT of 1 and 3 followed by a more dramatic drop below 22 and
15 K, respectively, indicating a weak antiferromagnetic
coupling of the MnIV ions.
For 2 the decrease of χT is more accentuated than those

observed for 1 and 3 demonstrating the presence for 2 of a
stronger antiferromagnetic coupling.
The exchange coupling constant of 2 was determined using

the Heisenberg−Dirac−van Vleck Hamiltonian. We used the
Ĥ = −2JŜ1·Ŝ2 formalism which leads to a formula of the
magnetic susceptibility (per a dimer), χdim, described by eq 1a:

X
N g

k T
e e e

e e e3
6 30 84

1 3 5 7

x x x

x x xdim
B
2 2

B

2 6 12

2 6 12

μ
= · + +

+ + + (1a)

where x = J/kBT. The susceptibility of a monomeric impurity
with S = 3/2 is given by

X
N g

k T3
15
4mono

B
2 2

B

μ
·

(1b)

The total susceptibility can be expressed as

a a TIP(1 ) 2 2dim monχ χ χ= − + + (1c)

where the TIP term of 1c is the temperature-independent
paramagnetism contribution of one Mn4+ ion.
Least-square fitting of the χ versus T curve for 2 yielded

J = −5.00(1) cm−1, g = 1.957(1), a = 0.031, and
TIP = 390(10) × 10−6 cm3 mol−1. Fitting the magnetic
susceptibility of 1 using eq 1c did not yield a high-quality fit as
that obtained for 2. At lower temperatures, the experimental
magnetic susceptibility was too high, which could only be
simulated assuming an unrealistically large paramagnetic
contamination with a monomeric d3 species. Considering the
weak interactions with neighboring molecules (in a form of the
zJ parameter) did not improve the fit and using a more
sophisticated treatment (taking the zero-field splitting into
account, see below) did not help. Analysis of the EPR spectra
suggested that 1 is contaminated by MnIII. Nevertheless, since
the J parameter strongly affects the curved part of the χT vs T
dependence, this analysis still led to an approximate exchange
integral value of ca. −0.81(5) cm−1. At higher temperatures,
the χT data also indicate presence of a large temperature-

independent term of ∼700 × 10−6 cm3 mol−1 per Mn4+ ion.
Complex 3 exhibits a very small exchange interaction.
Determination of the small J value in this case required a
more involved treatment taking into account the zero-field
splitting on the Mn4+ ions (see below) yielding g = 2.01(2), J =
−0.21(2) cm−1, D = −0.85 cm−1 (value from EPR, fixed), and
TIP of 1033 × 10−6 cm3 mol−1 per Mn4+ ion. The three
compounds are differentiated by the strength of the
antiferromagnetic coupling and the value of their temper-
ature-independent parameters. The TIP magnitudes obtained
here are unexpectedly large. However, such values are not
unprecedented and have been observed for other d3−d3 dimers
including the Mn(IV)15 and Cr(III) systems.49a

HF-EPR Studies, General Comments. The exchange
interaction in a d3−d3 dimer gives rise to coupled-spin states
with S = 0, 1, 2, and 3. The dominant feature of the high-field
EPR spectra of 2 is a pattern characteristic of a triplet (S = 1)
spectrum, which include a strong “half-field” transition, also
called a “forbidden” or “ΔMS = 2” transition (Figures 4 and 5).

Complex 2 exhibits the strongest exchange interaction. Its
high-field EPR spectra associated with the S = 1 and 3 spin
manifolds could be simulated independently using the giant
spin approach (Figure 5) over a wide range of microwave
frequencies. The use of the giant spin approximation is not
unprecedented for systems such as 1−3 and has been
successfully used to analyze the S = 3 spectrum of a
ferromagnetic Mn(IV) dimer.14 The spectra recorded for
complex 1 also seem to display triplet state features; however,
they could not be simulated using the giant spin approach. In
this case, the position of the strong, half-field transition could
not be reconciled with the positions of the “allowed” (ΔMS =
1) transitions, particularly at higher frequencies, ∼300−420
GHz. For complex 3, the exchange interactions are so weak
that its EPR spectra appear to be very similar to those of a d3

monomer. However, they could not be satisfactorily simulated
using only an S = 3/2 mononuclear site.

Interpretation of the EPR Spectra. The general spin
Hamiltonian appropriate for our binuclear systems is

Figure 3. Plot of the χmolT product for complexes 1, 2, and 3. Circles
are the experimental points and the continuous lines were calculated
using (1) for 1 and 2 and (10) for 3. Parameters: 1: J = −0.80(1)
cm−1, g = 1.97(1), TIP = 690(10) × 10−6 cm3 mol−1. 2: J = −5.00(1)
cm−1, g = 1.957(1), a = 0.031, TIP = 390(10) × 10−6 cm3 mol−1. 3: g
= 2.01(1), J = −0.21(2) cm−1, DMn = −0.85 cm−1 (from EPR, fixed),
and TIP of 1000(10) × 10−6 cm3 mol−1.

Figure 4. High-field EPR spectra of 2 recorded with the microwave
frequency 203.2 GHz at 5 K, 30 and 100 K. The weak wings of the
spectra are magnified as indicated. The S = 3 state spectrum is not
seen at 5 K. Symbols “y” and “z” indicate the molecular orientations at
which the transitions within the S = 3 state occur. See also Figure 5.
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where the individual terms refer to the isotropic exchange, the
Zeeman interactions, described by the local single-ion g
matrices {g1} and {g2}, local zero-field splitting tensors {D1}
and {D2}, and the interaction tensor {D12} which contains the
magnetic dipolar and the anisotropic exchange contributions.
In our case, dinuclear complexes 1−3 have an inversion center;
thus, {D1} = {D2}. To emphasize that these tensors refer to the
local zero-field splitting of the individual Mn ions, we will use
the designation {DMn}. Obviously, the g matrices of two ions
must be also identical, {g1} = {g2}. In the strong exchange
limit, i.e., the isotropic exchange interactions are much stronger
than the zero-field splitting effects, the Hamiltonian of eq 2
may be conveniently expressed using the total spin operator of
the system, Ŝ = Ŝ1 + Ŝ2. After dropping the first term of eq 2,

that is, the isotropic term −2JŜ1·Ŝ2, which does not affect the
EPR resonance positions when |J| is sufficiently large, we can
write for each spin state S

g DH B S S SS SS Bμ̂ = { } ̂ + ̂{ } ̂ (3)

where the {DS} tensors are different in each spin state
S.14,49−52 The transition from Hamiltonian 2 to 3 is
accomplished using the spin-coupling coefficients αS and βS;
see eq 4.49−52
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In this paper, to interpret the EPR spectra, instead of directly
using the spin Hamiltonian of eq 3 we followed the well-
established procedure of using that of eq 5:

g D S S
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S S
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3
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S S S z

S x y

B
2

2 2

{ }μ̂ = { } ̂ + ̂ − +

+ ̂ − ̂ (5)

Although the exchange interactions in 2 were not strong, we
were able to interpret its EPR spectra using the giant spin
Hamiltonian 5. Spectra due to the S = 1 and 3 states were
successfully simulated (Figure 6) using parameters from Table

1. It is seen in Figure 5 that the high-field “y” transitions (at the
magnetic fields higher than the central feature) lose intensity
when the temperature is lowered from 100 to 30 K, while the
low-field transitions remain visible. The opposite is observed
for the “z” transitions. This intensity pattern is consistent with
a positive DS=3. The low-field (4.75 T) and the high-field
(9.72 T) features in the S = 1 spectrum are the “z” and “y”
transitions, respectively, which are at equal distances from the
spectrum center because ES=1 is very close to (1/3)DS=1. The
E/D ratios in the triplet and septet states are ES=1/DS=1 = 0.33
and ES=3/DS=3 = 0.23. Since the ES=1/DS=1 ratio equals 1/3, the
sign of DS=1 is not important; the same HF EPR S = 1
simulation will be produced with either sign. Changing the sign
of DS=1 in this situation is equivalent to swapping the labels of
the Z and Y axes (and swapping the zz and yy components of
the {DS=1} tensor). The choice of a negative DS=1 in Table 1
was convenient for the “alignment” of the {DS=3} and {DS=1}

Figure 5. Blue: EPR spectra of 2 recorded at 30 K with the microwave
frequency 324.0 GHz (top) and with 203.2, 403.2, and 624.0 GHz
(bottom). Different magnetic field range for the two images. Red and
green traces show spectra simulated for the spin state S = 1 and 3,
respectively with parameters from Table 1. The molecular
orientations (x, y, and z) at which transitions occur are indicated in
the picture at the top. The black trace in the top picture shows
simulation for S = 3 with negative DS=3 and ES=3. It is seen that
negative ZFS parameters produce an incorrect intensity pattern.

Figure 6. EPR spectrum of 2 (blue trace) and its simulation (red)
using the full spin Hamiltonian 7 with J = −5.00 cm−1, DMn = 1.00
cm−1, EMn = 0.281 cm−1, D12 = 0.069 cm−1, E12 = −0.052 cm−1.
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tensors in Table 2 (see below). Choosing a positive DS=1 would
simply result in a different alignment, without changing further

results or conclusions. Our g values listed in Table 1 (1.990−
1.994) are very similar to those reported for the S = 3 state in
another dinuclear Mn(IV) complex,14 for which DS=3 of 0.27
cm−1 was determined from high-field EPR. We were not able
to clearly identify signals originating from the S = 2 manifold;
they must be hidden under the broad central feature, as the
zero-field splitting in that state is expected to be small (see
below). That central feature is due in part to contaminations or
decomposition products, as its intensity increases with sample
age, thus further complicating the analysis of the S = 2
contribution to the spectra.
The relations between the scalar D and E parameters of eq 5

and the eigenvalues of {D} in eq 3 can be expressed by

D
D D D

E
D D2

2 2
zz xx yy xx yy=

− −
=

−
(6)

while the reciprocal relations are
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D D E
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2 /3
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zz

= − +

= − −

= (6a)

Note that eqs 6a produce components of a traceless tensor
(Dxx + Dyy + Dzz = 0), while eqs 6 does not require a traceless
tensor.
The spin Hamiltonian 2 can also be rewritten using the

scalar zero-field splitting parameters:
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We note that the coefficients in eqs 4 also relate the scalar
parameters DS to D12, DMn and ES to E12, EMn in spin

Hamiltonian 5.50a Both the dipole−dipole and anisotropic
exchange interactions contribute to the {D12} tensor; see eq 8:

D D D12
dipolar exchange{ } = { } + { } (8)

The dipolar part can be calculated from the formula53 for
which centrosymmetric dimers with practically isotropic g
tensors such as those of 1−3, take very simple forms:49a,54−56
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(9)

For eqs 9, “x” is assumed to be along the Mn−Mn direction
and for the a Mn−Mn distance of 3.1 Å, we obtain Dxx

dipolar =
−0.116 cm−1, Dyy

dipolar = 0.058 cm−1, and Dzz
dipolar=0.058 cm−1.

The reason for labeling the Mn−Mn direction “x” rather than
“z” in formulas (9) is that the largest component of the {DMn}
tensor is expected to be perpendicular to the MnOOMn plane
and it is convenient for our discussion to consider this
direction as “z”. The Ddipolar tensor components above are
likely to be overestimated, as no electron delocalization is
taken into account in eqs 9.54−56 The zero-field splitting in the
S = 2 state of a dimer composed of two S = 3/2 ions depends
only on {D12}, but not on {DMn} as long as the giant spin
model is applicable.49,50 Since the g tensors are nearly
isotropic, indicating no significant spin−orbit coupling effects,
no significant contribution of the anisotropic exchange is
expected. Therefore, {D12} eigenvalues, or alternatively D12
and E12 are expected to be small, possibly of the same order as
the dipolar contributions. Table 2 presents the eigenvalues of
{DS=1} and {DS=3} obtained via eqs 6a. Starting from the
known values of {DS=1} and {DS=3}, we may try to extract the
{DMn} and {D12} with the help of eqs 4. There is a problem,
however: The orientation of {DS=3} versus {DS=1} is not
available from our experiments. To determine the relative
orientations of the DS tensors, we would need either single-
crystal EPR data49d or better resolved high-field powder EPR
spectra (in particular, with sufficiently resolved S = 2 state
resonances).49a We are thus forced to assume that the ZFS
tensors of S = 1 and 3 manifolds are diagonal in two parallel
systems of coordinates, in which the equally named axes may,
but do not have to, be parallel to each other, for example, XS=1
being parallel to ZS=3. This means that before applying eqs 4
we still have to properly “align” the eigenvalues of {DS=3} and
{DS=1}. If this “alignment” results in a small {D12}, which is not
guaranteed a priori, then our method will be validated. Table 2
shows the diagonal tensor elements of {DS=3} and {DS=1},
which have already been properly “aligned”, with XS=3 axis
parallel to XS=1, YS=3 parallel to YS=1, and ZS=3 parallel to ZS=1.
From eqs 4, we have

Table 1. Giant Spin Hamiltonian Parameters for 2 in the States S = 1 and 3 at 30 K

spin gx
a gy gz D, cm−1 E, cm−1 E/D

1 1.993(3) 1.993(3) 1.994(3) −2.29(1) −0.76(1) 0.33(1)
3 1.999(1) 1.999(1) 1.993(1) 0.422(2) 0.097(9) 0.23(1)

aNo x resonances were observed, and gx was assumed equal to gy.

Table 2. Eigenvalues of the Zero-Field Splitting Tensors
(cm−1) Obtained for 2

Dxx Dyy Dzz

{DS=1}
a 0.003 1.523 −1.526

{DS=3}
a −0.044 −0.237 0.281

{D12}
b −0.075 0.029 0.046

{DMn}
b −0.053 −0.614 0.668

{Ddipolar}c −0.116 0.058 0.058
aExperimental. bCalculated from eq 10. cCalculated from eq 9.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01242
Inorg. Chem. 2020, 59, 10768−10784

10774

pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01242?ref=pdf


D
D D

D
D D

6
3.5

1.7 0.3
1.4

S S

S S

12
1 3

Mn
3 1

{ } =
{ } + { }

{ } =
{ } − { }

= =

= =

(10)

These operations are performed for the first two rows of Table
2 leading to the {D12} and {DMn} shown in the third and
fourth rows of that table. Note that the largest errors in the
experimental D and E parameters for S = 1 and 3 are about
10−2 cm−1 (Table 1); thus, the errors in parameters reported in
Table 2 are expected to be of the same order of magnitude.
Nevertheless, calculations in Table 2 use 3 digits after the
decimal point to demonstrate how the numbers combine. An
interested reader may check that no other “alignment” (that is
a permutation of the {DS=3} elements while leaving those of
{DS=1} in place) will result in small {D12}. It is thus seen that it
is indeed possible to combine the {DS=1} and {DS=3} tensors in
such a way that a small {D12} is obtained. Moreover, the {D12}
eigenvalues resulting from this calculation, D12x = −0.076
cm−1, D12y = 0.029 cm−1, and D12z = 0.046 cm−1, are close to
the dipolar contributions calculated above, i.e, −0.116, 0.058,
and 0.058 cm−1, respectively. The large negative eigenvalues of
both {D12} and {Ddipolar} are found along the x-direction, that
is, along the intermetallic axis. This argument validates our
method and confirms that the anisotropic Mn···Mn inter-
actions are mostly or exclusively of the dipolar character. The
{DMn} and {D12} tensors can be converted back to the scalar D
and E parameters leading to DMn = 1.00(1) cm−1, EMn =
0.28(1) cm−1, (EMn/DMn = 0.28), D12 = 0.069 cm−1, and E12=
−0.052 cm−1. Simulations obtained using these parameters and
spin Hamiltonian of eq 7 that operates on the entire base of 16
spin functions reproduced reasonably the experimental spectra
(Figure 6) and thus validate the simpler giant spin analysis.
The likely reason for discrepancies between the experimental
and simulated spectrum in Figure 6 is the simplifying
assumption of the {DS=1} and {DS=3} tensors being exactly
coaxial, as explained above. It should be mentioned here that
both the microscopic and giant spin descriptions of the d3−d3
dimers have been found to be imperfect.49d The discrepancies
are observed mainly in the central part of the spectra, which is
affected by decomposition products, as mentioned above. The
main result of the EPR experiments are the DMn and EMn
parameters which are not affected much by the possibly
incorrect assumed orientation of {DMn} versus {D12}, thanks to
the smallness of the latter. An interested reader may note that
if the {D12} components were assumed zero, DMn could be
estimated from −DS=1/2.4 = 0.95 cm−1, or from DS=3/0.4 =
1.05 cm−1, both within 5% from the value obtained above.
Energy Levels of the Coupled System in 2. Figure 7

shows that for 2 the energy levels are arranged in easily
recognizable multiplets with S = 3, 2, 1, and 0. The mixing of
states belonging to different multiplets is weak, and the EPR
intermultiplet transition probabilities are low, thus explaining
the success of the giant spin approach. A similar problem was
solved,49a involving a Cr3+ dimer where the better-defined
spectra afforded a more comprehensive analysis, including the
determination of the D and E in the S = 2 state. In that case,
the giant spin Hamiltonian was also successfully employed to
interpret the HF EPR spectra of complexes with exchange
interaction slightly stronger and ZFS substantially smaller than
in 2. According to eqs 4, the D and E parameters in the S = 2
state should be DS=2 = 0.034 cm−1 and ES=2 = −0.025 cm−1.

Because of these small DS=2 and ES=2 values, the resonances
associated with the S = 2 state are masked by the broad central
feature seen in Figures 4−6. This was confirmed by simulations
with either the spin Hamiltonian 5 or 7. X-Band EPR spectra
were recorded in a hope to determine the DS=2 and ES=2
parameters; see Figure S10. Unfortunately, this was not
successful as the resolution was not better than in our high-
field EPR spectra. It is interesting to note that the EPR
resonances within the nominal S = 1 and 3 states in 2 are
simulated similarly by using either the microscopic Hamil-
tonian 7 or the giant spin Hamiltonian 5 with appropriately
converted parameters. However, the resonances within the S =
2 state are simulated quite differently if the isotropic exchange
is too weak. The splitting calculated with the microscopic
Hamiltonian in 2 is much smaller than that resulting from the
giant spin model, and no pattern of equally spaced four
transitions is found at any frequency, both in HF and X-Band
EPR. It has been reported49d that it is not possible to fully
simulate spectra of Cr(III) dimers using either the giant spin
model or the microstate Hamiltonian. This situation was
improved by introducing a modified giant spin model with two
additional parameters reflecting the mixing of the dimer states
|0, 0⟩ with |2, 0⟩ and between states belonging to S = 1 and 3.
However, the method was developed for the axial symmetry
and would presumably require more additional parameters in
our very rhombic case. A comment on the applicability of the
giant spin approximation should be made here. It is seen in
Figure 7 that the energy levels belonging to different spin states
intersect at high magnetic field, but no “anticrossing” effects
are seen in Figure 7, which was calculated at the Z orientation.
Moreover, no “anticrossing” is seen at other canonical
orientations, X and Y, and even at the orientations between
the axes. (Figures S6, S7). Thus, with the relations between the
parameters as in 2, J = −5.0 cm−1, DMn = 1.00 cm−1, and EMn =
0.28 cm−1 (EMn/DMn = 0.28), the levels belonging to different
S states do not interact, even when they have been brought
close to each other by the Zeeman interaction. Because the
levels do not mix, the intermultiplet transition probabilities are
zero (Table S5). The spectra due to different spin states are
thus independent and the giant spin model works perfectly, at
least for the S = 1 and 3 states, as seen in Figures 4 and 5. A

Figure 7. Energy levels of 2 calculated using spin Hamiltonian 7 at the
Z orientation of the zero-field splitting tensor {DMn}. The levels
belonging to spin states with S = 3, 2, 1, and 0 are drawn as red, blue,
green, and black lines, respectively.
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weakly ferromagnetic (J = 11 cm−1) dimeric Mn(IV) complex
of 1,4,7-trimethyl-1,4,7-triazacyclononane was studied by HF
EPR.14 The giant spin method was employed to interpret the S
= 3 spectra at 285 GHz and positive DS=3 of 0.27 cm

−1 and ES=3
= 0.05 cm−1 were reported, leading to DMn = 0.68 cm−1 which
is not dramatically different from our results. No signals from
the excited S = 1 and 2 states could be observed, presumably
due to fast relaxation effects at higher temperatures.
Interestingly, inability to observe spectra of thermally excited
states in ferromagnetic systems may be a more widespread
problem. In a series of ferromagnetic trinuclear Cu2+ systems
only the ground quartet state was observed in EPR.56

Energy Levels of the Coupled System in 1 and 3. For
the two other complexes, 1 and 3, the situation is quite
different. The exchange interaction is much weaker in azido-
bridged complex 1 (−0.85 cm−1), and weaker yet in the
oxalate-bridged 3 (−0.21 cm−1). The energy levels calculated
for 1 and 3 are shown in Figures 8 and S9, respectively. Our

attempts of applying the giant spin method to analyze the HF
EPR spectra of 1 and 3 were unsuccessful. This failure can be
traced to the zero-field splitting being larger in these systems
than the exchange interaction which leads to a strong mixing of
the spin multiplets (Figures 8 and S9, Tables S5−S7). In such
situations, transitions between different states of the total spin
(like between S = 1 and 3) are not strictly forbidden and affect
the spectra. A very large number of transitions may be present,
particularly in a powder spectrum and simulations of a quality
similar to those of 2, proved to be impossible. For 2, the
resonances observed at different frequencies can be easily
grouped into “branches” (Figures S4 and S5). In contrast,
particularly in 1 (Figure S8), resonances appear and disappear
even when frequency is changed over a small range. Analysis of
the HFEPR spectra recorded for 1 is made more difficult by
the fact that 1 appears to contain Mn3+ contamination, as near
zero-field transitions are observed at frequencies above 600
GHz. These transitions must occur between states split in zero
magnetic field by energy of the order of 20 cm−1. No such

splitting is possible in 1 with |J| < 1 cm−1 and DMn of the order
of 1 cm−1, but it is possible in Mn3+ with |D| close to 5 cm−1.57

Since we were unable to reconcile the magnetic data of 1
with its EPR spectra, these data are presented in the
Supporting Information with a detailed explanation of the
problems encountered. Nevertheless, it was possible to
estimate DS=1 of −2.10(1) cm−1, and DMn = +0.79(1) cm−1

(Figure S8). When compared to other cases the DMn
parameters found in this paper are moderate, close to 1
cm−1. It has been shown by theoretical calculations recently
that the D magnitude in monomeric MnIV is dominated by the
spin-flip transitions within the approximate t2g levels and it
tends to be positive.58 Negative DMn observed in some
compounds were attributed to the presence of empty ligand
orbitals between the (mainly) metal t2g and eg orbitals.

58 In this
paper we found negative DMn only for 3.
In the case of the oxalate complex, the exchange interaction

is very small, and a question may arise whether its spectra
(Figure 9) can be simulated assuming an S = 3/2 monomer.

Such simulations were indeed somewhat successful and
allowed us to estimate DMn and EMn. However, the S = 3/2
simulation does not reproduce properly the weak half-field
signal seen in these spectra.
For the oxalate complex, the long Mn−Mn distance of 5.44

Å results in a dipolar contribution (estimated using eqs 9 and
6) to D12 (eq 7) of −0.032 cm−1, assuming the Z axis along the
Mn−Mn direction. The zero-field splitting is thus dominated
by DMn even more than in 2. With D12 fixed at that value, DMn
and EMn were adjusted to obtain a reasonable simulation of the
experimental spectra. The results are gx = gy = gz = 1.993(1),
DMn = −0.85(1) cm−1, EMn = −0.03(1) cm−1, J = −0.21(2)
cm−1 (from the magnetic data), D12 = −0.032 cm−1

(calculated), and E12 = 0 (assumed). It should be understood
that the spectra are envelopes of a very large number of
transitions in the system of 16 |S, MS⟩ levels (Figure S9). For
example, 17 transitions of substantial probability are found
both at the X and at the Z orientations, some of them
occurring between states differing in ⟨S2⟩, thus being

Figure 8. Energy levels of 1 calculated with the spin Hamiltonian 7 at
the Z orientation of the zero-field splitting tensor {DMn}. The levels
which at high magnetic field belong to spin states with S = 3, 2, 1, and
0 are drawn as red, blue, green and black lines, respectively. Note that
due to the spin state mixing there is no simple correspondence
between the high- and low-field states, opposite to the situation in
Figure 7. See also Figure S9 for 3.

Figure 9. Blue: EPR spectra of 3 recorded at 3 K with microwave
frequencies as indicated. The low-intensity wings of the spectra were
magnified as indicated. The red traces were simulated using the full
spin Hamiltonian 7 with gx = gy = gz = 1.993, DMn = −0.85 cm−1, EMn
= −0.03 cm−1, J = −0.21 cm−1, D12 = −0.032 cm−1, and E12 = 0.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01242
Inorg. Chem. 2020, 59, 10768−10784

10776

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig8&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01242/suppl_file/ic0c01242_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig9&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01242?ref=pdf


intermultiplet transitions (see Tables S5−S7). Just 3 ΔMS = 1
and 2 ΔMS = 2 transitions are expected for an S = 3/2
monomer at any molecular orientation.
Since the zero-field splitting in 3 has now been determined,

we may go back to the analysis of its magnetic properties.
Compounds 1 and 3 exhibit large magnetic susceptibility at the
lowest temperatures. Under these conditions predicting the
magnetic susceptibilities using eqs 1 becomes problematic, as
the splitting of energy levels caused by the Zeeman and zero-
field splitting interactions are comparable to kT at low
temperatures. To take these splittings into account, the
magnetic susceptibility of a dimer may be calculated from
the fundamental formula

N

B

e

e
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E
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E kT
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E kTdim
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i i

i
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∑

∑
+
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where the summation runs over all 16 states in the system. The
energies Ei were determined by diagonalizing the matrix of the
spin Hamiltonian described by eq 7. The ∂Ei/∂B derivatives
were calculated numerically, by evaluating energies Ei 5 G
below and 5 G above the magnetic field of the SQUID
instrument (1000 G). Equation 11 gives the magnetic
susceptibility χ(Θ, Φ) at an orientation of a molecule versus
the magnetic field and needs still to be averaged over all
orientations, which is accomplished by numerical integration of
χ(Θ, Φ) sin Θ dΘ dΦ, in manner similar to that of powder
EPR spectra are calculated. For the three cases presented in
this paper, the results obtained using eqs 1 or the method
described above are very similar. The strongest effect is
observed in weakly interacting complex 3. When using eq 11
and fixing DMn, EMn, and D12 as found from EPR above, the
fitting results in g = 2.01(1), J = −0.21(2) cm−1 and TIP of
1033(10) × 10−6 cm3 mol−1. The g value obtained in this way,
which is larger by 0.8% than found from EPR (and impossible
for a d3 ion for which g must be smaller than 2.0023) may be
caused by a partial loss of the solvent (CH3OH) for the sample
used for the magnetic measurements which leads to over-
estimation errors when converting the gram-susceptibility to
molar susceptibility. Figure 10 shows the χT product of 3 as a

function of temperature, calculated with eq 11. Simulations
that best resemble the experiment are obtained when using the
parameters given above. It is also seen that neglecting zero-
field splitting affects the calculated χT values only slightly,
while the isotropic exchange effect is strong, despite DMn being
much larger than J.

Theoretical Analysis of 1−3. Electronic Structure of the
4,6,10-Trihydroxo-3,5,7-trimethyl-1,4,6,10-tetraazaadaman-
tane Ligand. One of the most intriguing features of the
adamantane-like ligand supporting 1−3 is that it incorporates
three NO moieties. Typically, such molecules either function
as spin traps or they exhibit a paramagnetic ground state.59,60

The +4 formal oxidation state of the metal ions implies a −3
charge for each of the two L′ ligands. Owing to the higher
electronegativities of the N and O atoms when compared to
the C atoms, we expect the ligand charges to be mainly
accommodated by the NO groups and to lead to the formation
of three anionic NO− moieties. However, our theoretical
investigation of 1−3, vide inf ra, suggested that in the presence
of an oxidized metal ion such Mn(IV) the ligand is redox
noninnocent. To evaluate this fact, we have explored the
electronic structure of the free ligand using computational
methods (see section 10 of the Supporting Information) and
its redox reactivity using CV and X-band EPR. These
investigations revealed that when the free ligand is
deprotonated it is easily oxidized to yield an EPR-active
radical anion. Thus, cyclic voltammetry of the ligand revealed
the presence of an irreversible oxidation wave at +0.15 V vs
Fc0/Fc+; see Figures 11 and S13. This observation was further
corroborated by X-band EPR spectroscopy which showed that
basic solutions of the free ligand are readily oxidized by
molecular oxygen; see Figure S14. In this respect, the
formation and the lifetime of the ligand-derived EPR-active
species is similar to that of the o-benzosemiquinone radical
anion obtained from catechol.61 Moreover, the ligand can be
also oxidized by mild oxidants such as ferricyanide. Regardless
of the oxidant used, the resulting EPR active species exhibits a
hyperfine splitting pattern typical of NO-based radicals; see
Figure 11.62

Charge and Spin Distributions of 1−3. To examine the
electronic structures of 1−3, we have performed a series of
DFT calculations using the B3LYP, BP86, and TPSSH
functionals in combination with the 6-311G, 6-311G*, and
6-311+G** basis sets. The B3LYP/6-311G functional/basis
set combination has been used extensively in the investigation
of transition metal complexes. Our choice of functionals allows
us to compare results obtained using hybrid functionals that
have been shown to yield reliable predictions of spectroscopic
parameters, B3LYP and TPPSh, with those obtained using a
nonhybrid functional that has been used to evaluate the ZFS
parameters of Mn(IV) sites, BP86.58 While BP86 tends to
emphasize over-delocalization, a behavior typical of GGA
functionals, the Hartree−Fock exchange incorporated in the
hybrid B3LYP functional leads to the increased stabilization of
high-spin states which in our case, favors configurations for
which the ligands are redox noninocent.63 Previous inves-
tigations of Mn(III) and Mn(IV) complexes found that B3LYP
functional yielded the best prediction of ZFS parameters.64

Concomitantly, it has been also suggested that using BP86
might provide the most cost-effective method to obtain
relatively accurate theoretical values.64 Among these three
functionals, TPPSh performed better when used to predict the
exchange coupling constants of [Mn(III)Mn(IV)] mixed

Figure 10. Product χT of 3 as a function of temperature. Blue circles:
experimental. Red: calculated with g = 2.01, J = −0.21 cm−1, TIP =
1033 × 10−6 cm3 mol−1, DMn = −0.85 cm−1, and EMn = −0.03 cm−1.
Magenta: calculated as two noninteracting monomers, g = 2.01, J = 0,
TIP = 1033 × 10−6 cm3 mol−1, DMn = −0.85 cm−1, and EMn = −0.03
cm−1. Cyan: Dimer with no zero-field splitting, g = 2.01, J = −0.21
cm−1, TIP = 1033 × 10−6 cm3 mol−1, DMn = 0 cm−1, and EMn = 0.
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valence complexes.65,66 However, in our case, not only do
these functionals predict ground state configurations that
exhibit divergent metal ion and ligand oxidation states but also
the ZFS parameter values depend on whether theoretical or
experimental structures are used, vide inf ra.
The HF EPR spectra of 1−3 were successfully interpreted

considering two weakly interacting quartet spin sites.
Consequently, we have performed a series of calculations
starting from initial guesses for which the [L′Mn] moieties
were monocationic and had a S = 3/2 ground spin state.
Except for the oxalate which is dianionic, the individual
bridging ligands are monoanionic. A guess which assumes
redox-innocent ligands concomitantly implies the presence of a
genuine Mn(IV) ions with a d3 electronic configuration.
However, inspection of Table S11 shows that for a
mononuclear [L′Mn] fragment a quartet ground spin state
can be obtained not only for a formal Mn(IV) but also for Mn
ions that have +3 and +2 oxidation states. The increase in the

electron count of the metal sites from d3 to d5 is facilitated by
the ligand-to-metal transfer of one or more electrons, which
yields paramagnetic ligands. Our analysis of the ⟨Ŝ2⟩
expectation value, included in section 11 of the Supporting
Information, suggests that while the BP86 and TPPSh-
predicted electronic configurations are consistent with a +4
formal oxidation state of the Mn sites those predicted by
B3LYP are indicative for the presence of Mn(III) ions that
have a quintet spin state antiferromagnetically coupled to the S
= 1/2 spin of tetraazaamantane ligands. These conclusions are
further corroborated by the Mulliken atomic spin densities
predicted for the Mn ions which are 0.6−0.9 spins higher when
using B3LYP than those obtained for the BP86 and TPSSh
functionals, see Table S12 and Figure S15. Interestingly,
inspection of Tables S12−S15 shows that the predicted
charges are far less sensitive on the choice of functional and
that as expected the natural populations of the valence shells

Figure 11. (A) Cyclic voltammogram of the free ligand. This trace was obtained for a NaOH saturated solution of 2 mM free ligand using as
supporting electrolyte 0.1 M NBu4PF6, in DMSO, at a scan rate of 100 mV/s. (B) X-band EPR spectrum obtained for a 0.1 M NaOH, 0.1 M
K3[Fe(CN)6], and 50 mM free ligand water solution. The spectrum shown here was recorded within 1 min after mixing the ligand and basic
ferricyanide solutions, using a Bruker AquaX cell, at room temperature. Instrumental conditions were 20 mW microwave power, 0.5 G modulation
amplitude, and 9.873 GHz microwave frequency. The solid red line is a simulation obtained for a system consisting of a S = 1/2 and I = 1 spins
with giso = 2.006, σ(giso) = 2 × 10−3, Aiso = 45.3 MHz, σ(Aiso) = 2 × 10−3 MHz, and a line width of 0.8 G.

Table 3. Theoretical Exchange Coupling Constants, J [cm−1], Obtained Using the BP86, B3LYP, and TPSSH Functionals in
Combination with the 6-311G, 6-311G*, 6-311+G**, and TZVP Basis Sets

method struct. complex/J [cm−1]

1 2 3

B3LYP

6-311G X-ray 2.16 −2.29 1.03
6-311G optimized −1.38 1.31 0.22
6-311G* optimized −1.70 −1.14 0.29
6-311+G** optimized −0.02 −1.61 0.00
TZVP(Mn)a X-ray 0.4 −3.2 1.4

BP86

6-311G X-ray −4.41 −28.31 −1.34
6-311G optimized −9.60 −21.82 −2.04
6-311G* optimized 6.49 −19.77 −1.74
6-311+G** optimized 6.28 −19.66 −1.74

TPSSH

6-311G X-ray 1.07 −5.67 0.97
6-311G optimized 8.44 −3.77 0.09
6-311G* optimized −0.51 −4.49 0.47
6-311+G** optimized 11.62 −3.58 0.43

experimental −0.80(1) −5.00(1) −0.21(1)
aThe TZVPP basis set was used only for Mn and all coordinated atoms, while for all other atoms SVP30−34 was employed.
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show the presence for 1−3 of strong covalent interactions
between the Mn ions and the supporting ligands.
Predicted Exchange Coupling Constants. The theoretical J

coupling constants obtained using a broken-symmetry
approach and the BP86, B3LYP, and TPSSh functionals, for
geometry-optimized and the X-ray structures, are listed in
Table 3. With two exceptions, observed for 1 when using the

augmented basis sets, BP86 predicts that the superexchange
interaction between Mn ions is antiferromagnetic. Although
this behavior is consistent with the experimental observations
these values are nearly one order of magnitude larger than
those observed experimentally. In contrast, the values obtained
using B3LYP are of a significantly lower magnitude, with
absolute values comparable to those observed experimentally.

Figure 12. Magnetic orbitals xz, yz, and xy (from left to right) of one of the Mn ions in 2. In each case, an orbital of identical shape is located on
another Mn ion. The system of coordinates is also shown. All three plots are in the same orientation, and the axes of two Mn ions are parallel.

Table 4. Theoretical Zero-Field Splitting Parameters of Quartet Ground States Predicted for the Local Metal Sites of
Complexes 1−3a

# method D E/D DSS

contribution to DSOC

α→α β→β α→β β→α

1

experimental 0.79 0.15 n.a.
CASSCF(3,5) −0.324 0.058 −0.015 −0.199 −0.125 n.a.
NEVPT2(3,5) −0.421 0.141 −0.015 −0.050 −0.371 n.a.
CASSCF(7,7) −3.028 0.052 −0.040 −0.961 −2.067 n.a.
NEVPT2(7,7) −2.826 0.063 −0.040 −0.575 −2.251 n.a.

B3LYP/6-311G
0.618 0.279 0.111 0.097 0.111 0.592 −0.294

−1.109b,c 0.212b −0.020 −0.212 −0.077 −0.420 −0.378

BP86/6-311G
0.543 0.185 0.143 0.043 0.155 0.222 −0.020
0.543b 0.083b 0.114 0.055 0.128 0.264 −0.019

TPSSH/6-311G
1.890 0.045 0.124 0.081 0.131 1.601 −0.047

−1.480b,c 0.227b −0.091 0.059 −0.012 −1.486 0.051

2

experimental 1.000 0.280 n.a.
CASSCF(3,5) −0.592 0.069 −0.014 0.536 −1.028 n.a.
NEVPT2(3,5) −0.792 0.013 −0.014 0.551 −1.343 n.a.
CASSCF(7,7) −1.996 0.044 0.063 −0.991 −1.001 n.a.
NEVPT2(7,7) −1.929 0.057 0.062 −0.683 −1.246 n.a.

B3LYP/6-311G
1.081 0.150 0.138 0.058 0.008 0.637 0.238

−0.946b,c 0.319b −0.062 −0.035 0.068 −0.301 −0.616

BP86/6-311G
0.733 0.132 0.154 0.019 0.053 0.483 0.022
0.445b 0.234b 0.077 −0.007 0.030 0.323 0.020

TPSSH/6-311G
−0.831 0.252 −0.124 −0.365 −0.369 0.021 0.006
1.096b,c 0.183b 0.000 0.742 0.662 −0.307 0.000

3

experimental −0.850 0.030 n.a.
CASSCF(3,5) 0.469 0.191 −0.011 0.190 0.279 n.a.
NEVPT2(3,5) 0.344 0.286 −0.011 −0.092 0.436 n.a.
CASSCF(7,7) −3.261 0.058 −0.036 −1.043 −2.218 n.a
NEVPT2(7,7) −2.996 0.075 −0.036 −0.604 −2.392 n.a.

B3LYP/6-311G
−0.948 0.048 0.003 −0.174 −0.142 −0.271 −0.363
−1.046b 0.162b −0.007 −0.214 −0.148 −0.267 −0.408

BP86/6-311G
−0.289c 0.260 −0.030 0.011 −0.143 −0.185 0.059
0.233b 0.205b 0.077 0.020 −0.013 0.146 0.002

TPSSH/6-311G
1.471 0.115 −0.063 −0.056 0.042 1.578 −0.030

−1.215b,c 0.027b 0.074 0.059 −0.061 −1.343 0.054
aUnless explicitly indicated, these values were obtained for structural models derived from the experimental crystal structures. bValues obtained for
structural models derived from geometry optimizations performed at the same level of theory. cAlthough surprising the change in sign is not
completely unexpected. For cases such as these, where E/D ≳ 0.2, the sign of D originates from the competition of two large tensor components;
thus, it is more difficult to predict accurately.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01242
Inorg. Chem. 2020, 59, 10768−10784

10779

https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01242?fig=fig12&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01242?ref=pdf


However, this functional leads to not only negative
(antiferromagnetic coupling) but also to positive (ferromag-
netic) coupling constants. While the TPPSh-predicted values
for 2 are in good agreement with the experiment, those
obtained for 3 are of similar magnitude but of the wrong sign.
Surprisingly large, basis-set-dependent changes are observed
for the theoretical J values of 1 when using the TPPSh
functional. However, this behavior does not seem to be
intrinsic to the functional, but rather it is related to the
increased difficulty with which geometry-optimized structures
are obtained when the size of the basis sets increases.
The interactions which contribute to the antiferromagnetism

of dinuclear complexes involve pairs of overlapping “magnetic
orbitals” localized on each metal ions. The representative
magnetic orbitals for 2 are plotted in Figure 12. Various metal
orbitals have very different ability to interact with the bridging
atoms, and as a result, their relative importance in transmitting
the exchange interactions, measured by the overlap inte-
gral24−29 of the magnetic orbitals, is also very unequal. The
overlap integrals of the magnetic orbitals xz, yz, and xy which
are presented in Figure 12 are 0.064, 0.057, and 0.010,
respectively. This calculation produced a J of −3.2 cm−1.
Predicted ZFSs of Local Metal Sites. We used coupled-

perturbed (CP) DFT and CASSCF/NEVPT2 methods as
implemented in the quantum chemical software package
ORCA to assess the theoretical ZFS parameters and g tensors
of local spin sites of 1−3. These results are summarized in
Tables 4 and S16a,b. Since the rhombicity of the ZFS tensor,
quantified by E/D, is much harder to estimate accurately we
focused our discussion on analyzing the axial ZFS parameter D.
Our initial investigations employed heterobinuclear models

for which one Mn4+ ion was replaced by a diamagnetic Ti4+

ion. However, these models led to spurious, difficult to
interpret results. Analysis of the time-dependent (TD) DFT
results revealed that although in the ground state the titanium
site is virtually devoid of unpaired spin density, a sizable
number of the lower-energy one-electron vertical excitations
involved metal-to-metal charge transfers. Although Retegan et
al. have recently described a novel local complete active space
configuration interaction (L-CASCI) method to calculate local
ZFS tensors of selected sites in polynuclear clusters which does
not rely on such a replacement,67 we used truncated,
mononuclear models. Thus, we performed our calculations
on models obtained by removing a [MnL′]+ moiety from
either the experimental or from the geometry-optimized
structures. This procedure led to mononuclear structural
models that retained the bridging ligands such that the first
coordination sphere of the remaining Mn ion was kept intact.68

Inspection of Tables 4 and S16a,b shows that when the
computational models used are derived from X-ray crystallo-
graphic structures, B3LYP performs well in predicting both the
magnitude and the sign of the ZFS parameter D; see Figure
S19. For the same models, BP86 exhibits a strong linear
correlation with respect to the experimental data; however, the
slope is much lower than 1, see Table S20. In contrast, TPPSh
performed significantly worse exhibiting essentially no
correlation between the theoretical and experimental data
sets. These results are analogous to those derived from a
systematic investigation of a series of Mn(III) ions.64 Since
TPPSh was shown to be superior to the other two functionals
in reproducing superexchagne interactions, hyperfine cou-
plings, and spin state energies including for systems that
incorporate manganese(IV) ions this outcome is counter-

intuitive.65 Considering its poor performance in reproducing
the ZFSs of Mn(III), Mn(IV) ions, and the g tensors of small
radicals, we conclude that TPPSh is poor choice for
rationalizing the magnetic properties of 1−3.69
The predicted ZFS parameters discussed so far were

obtained for computational models derived from experimental
structures. However, it is generally preferable to use geometry-
optimized, theoretical structures in evaluating spectroscopic
parameters. Such structures represent true minima on potential
energy surfaces, are of uniform quality, and quite often are the
only structures available. Comparison of parameters obtained
experimentally, through site-selective spectroscopic methods
with theoretical values predicted for geometry-optimized
structures, play a crucial role in advancing our understanding
of reaction mechanism where intermediates are either short-
lived or too reactive to be amenable to crystallographic
investigations.70,71 Thus, developing methods that afford a
straightforward correlation between experimental spectro-
scopic parameters such as ZFSs and theoretical structures
remains an important goal.72 Toward this aim we evaluated the
performance of the three functionals under consideration
(B3LYP, BP86, and TPPSh), in combination with three,
progressively larger, basis sets (6-311G, 6-311G*, and
6-311+G**). When the geometry-optimized structures were
used, none of the functional/basis set combinations considered
provided a satisfactory description of the ZFSs for all three
complexes. Although surprising, these observations are not
unprecedented. In particular, the importance of using
experimental X-ray structures when assessing theoretical ZFS
parameters of polycrystalline samples has been pointed out
before.72,73 In our case, different compounds were better
described by different methods. Thus, we observed that the
predicted ZFS parameters are nearly independent not only of
the basis set used but also of the bridging ligand. These
observations suggest that, for geometry-optimized structures,
the predicted D values are functional-specific and characteristic
of the [L′Mn]+ moiety rather than of the entire complex, that
is, they are independent of the bridging ligand. Considering
that each functional predicts a distinct electron distribution
characterized by a different D value, we speculate that for cases
like these in gas phase or for frozen solutions, where
intermolecular interactions are weak, D can be used as a
diagnostic of the metal ion’s oxidation state. We note that a
recently reported investigation of Fe- and Mn-corroles arrived
at a similar conclusion.74

In the sense that the CASSCF/NEVPT2-predicted D values
seem to be insensitive to the bridging ligand, our ab initio
calculations, on both geometry-optimized and experimental
structures, show a behavior analogous to that observed for the
CP DFT investigations performed on theoretical structures,
see Tables 4 and S16a,b. The CP SCF results obtained for
geometry-optimized structures using the BP86 functional are
similar to those obtained at the CASSCF/NEVPT2(3,5) level.
In contrast, the values obtained using the BP3LYP and TPPSh
functionals are comparable with those obtained for the
expanded active space, i.e., CASSCF/NEVPT(7,7) and
CASSCF/NEVPT(11,9). There are, however, some deviations
from this general trend, in particular for CASSCF(3,5), which
for 1 and 2 yields a negative value, while for 3 it predicts a
positive D value. However, for both 1 and 2 the CASSCF/
NEVPT2-predicted E/D > 0.2; thus, the sign of D is not
reliable. With one exception, BP86 predicts only positive D
values of the same magnitude as those predicted for CASSCF/
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NEVPT2(3,5). For the latter method the active space is
spanned by only the “traditional” set of d-orbitals, that is, the
singly occupied, nonbonding t2g-like {xy, xz, yz} orbitals and
the virtual, σ-antibonding, eg*-like set {x

2 − y2, z2}. Compared
to CASSCF/NEVPT(3,5) the active space of CASSCF/
NEVPT(7,7) was expanded to include the σ-bonding, doubly
occupied, eg-like orbitals. We have also performed a series of
CASSCF/NEVPT(11,9) calculations for which the active
space was further increased to incorporate the remaining two
molecular orbitals dominated by the frontier orbitals of the
R2NO

− moieties; see Figure S17 and Tables S17−S19. Thus,
the active spaces considered here span the 3d orbitals of the
Mn ion and the πNO* , HOMOs of the local R2NO

− moieties;
see Figure S16.
The ground states of 1−3 predicted by the CASSCF(3,5)

calculations are single-determinantal in nature and correspond
to the canonical configuration expected for the pseudo-
octahedral d3, Mn(IV) ions; see Table S17. The extended
active space calculations predict multideterminantal ground
states which, while still dominated by the canonical
configuration (∼50%), also include configurations for which
the ligand is redox noninnocent with one unpaired electron
localized on one of the NO moieties; see Tables S18 and S19.
Consequently, the similarity between the CASSCF/NEVPT2
and the CP DFT calculations also extends to the nature of the
predicted ground states such that CASSCF/NEVPT2(3,5) and
BP86 yield configurations that are best described considering
Mn(IV) ions and diamagnetic ligands and the CASSCF/
NEVPT2(7,7), CASSCF/NEVPT2(11,9), B3LYP, and TPSSh
predict ground states that can be understood only considering
ligands with a strong redox-active character.
Inspection of Table 4 and S16b shows that in most cases the

spin−spin contribution to the ZFS tensor, DSS, is small ranging
from 0 to 5% of the total D value. However, there are two
notable exceptions to this rule. First, for BP86-predicted values
the DSS contribution to D ranges from 15 to 33%.
Nevertheless, this larger fraction is due, in part, to the fact
that while DSS is relatively constant total D values predicted by
BP86 are considerably smaller than those predicted by the
other methods. Second, the CP DFT, B3LYP/6-311G
calculations performed on the X-ray structures of 1 and 2
also predict a DSS that accounts for 12−18% of D. Regardless
of the method used to predict ZFSs, the spin−orbit part, DSOC,
constitutes the major contribution to the ZFS tensor.
Interestingly, DSOC is dominated by α → β transitions with
the second-largest contributions originating from α → α and β
→ β excitations. Both α → α and α → β excitations are
dominated by d−d transitions, α → β excitations account for
the contribution of excited doublet states, and α → α
excitations quantify the contributions of the excited quartet
states. The β → β excitations correspond to ligand-to-metal
charge transfer and in most cases are negligible. These
observations suggest that the spin-conserving contributions
to DSOC are dominated by spin-lowering excitations which, in
turn, indicate the that crystal field parameter ΔO, quantifying
the splitting of the t2g and eg* orbitals, is considerably larger
than the electron pairing energy P.
Our investigation suggests that for 1−3 the local ZFS of can

be used as a diagnostic of the redox of the Mn ions and of the
terminal tris-hydroxotetraazaadamantane ligands. For 2, the
experimental ZFS was determined with the least amount of
ambiguity. In this case, the CASSCF/NEVPT2 and CP DFT
(on geometry-optimized structures) predicted ZFS parameters

suggest that manganese sites are best described as Mn(IV) ions
and that the ligands are redox innocent. In contrast, the
experimental ZFSs of 1 and 3 are not as well-established.
Nevertheless, the same theoretical methods suggest that
exchanging the two alkoxide bridges of 2 with azides for 1
or oxalate for 3 triggers a partial transfer of an electron (per
site) from the terminal ligands to the metal ions. We note that
neither the CASSCF/NEVPT2 or the CP DFT calculations on
theoretical structures provide a satisfactory description of the
spectroscopic parameters of all three complexes under
investigation. Instead, different compounds were better
described by different methods. In this respect, our results
are not unprecedented since previous efforts in calculating the
ZFS parameters using both DFT and CASSCF for
mononuclear Mn(IV) systems were only moderately success-
ful.75 These studies reinforce the observation that owing to
their nondegenerate 4A2g ground states predicting the magnetic
properties of genuine pseudo-octahedral Mn(IV) sites is
difficult. However, in contrast to the results discussed above,
CP DFT calculations on experimental structures showed that
B3LYP reproduces not only the magnitude but also the sign of
the experimental D values. Since these calculations also predict
that the 4,6,10-trihydroxo-3,5,7-trimethyl-1,4,6,10-tetraazaada-
mantane ligands of 1−3 are noninnocent, we conclude that in
this case the manganese ions have an increased +3 character.

■ CONCLUSIONS

In conclusion, in this contribution we present a new series of
dinuclear MnIV complexes supported by a terminal 4,6,10-
trihydroxo-3,5,7-trimethyl-1,4,6,10-tetraazaadamantane ligand.
These three [MnIV2] compounds incorporate different bridging
ligands which, so far, were not reported for MnIV dimers. Weak
magnetic coupling of the MnIV ions was revealed by studies of
the magnetic properties and HF-EPR spectra. The trends in
the metal−metal interaction strength were qualitatively
confirmed by the “broken symmetry” calculations. The zero-
field splitting on Mn(IV) ions was best predicted using CP
DFT(B3LYP) performed on models derived the experimental
crystal structures. These theoretical investigations revealed that
the redox-noninocent character of the tris-hydroxotetraazaa-
damantane ligand plays a key role in modulating the magnetic
properties of these complexes.
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