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ABSTRACT: Magnetic exchange coupling (J) between different
spin centers plays a crucial role in molecule-based magnetic
materials. Direct exchange coupling between an organic radical and
a metal is frequently stronger than superexchange through
diamagnetic ligands, and the strategy of using organic radicals to
engender desirable magnetic properties has been an area of active
investigation. Despite significant advances and exciting bulk
properties, the magnitude of J for radical linkers bridging
paramagnetic centers is still difficult to rationally predict. It is
thus important to elucidate the features of organic radicals that
govern this parameter. Here, we measure J for the tetrathiafulva-
lene-tetrathiolate radical (TTFtt3−•) in a dinuclear Mn(II)
complex. Magnetometry studies show that the antiferromagnetic coupling in this complex is much weaker than that in related
Mn(II)−radical compounds, in contrast to what might be expected for the S-based chelating donor atoms of TTFtt. Experimental
and computational analyses suggest that this small J coupling may be attributed to poor overlap between Mn- and TTFtt-based
magnetic orbitals coupled with insignificant spin density on the coordinating S-atoms. These factors override any expected increase
in J from the comparatively strong S-donors. This work elucidates the magnetic coupling properties of the TTFtt3−• radical for the
first time and also demonstrates how multiple competing factors must be considered in rationally designing organic radical ligands
for molecular-based magnetic compounds.

■ INTRODUCTION
Molecule-based magnetic compounds, including discrete
molecules and extended frameworks, have attracted significant
attention in recent decades.1−10 The tunability of molecular
systems opens up possibilities for switchable magnetic
properties via redox control,11−14 irradiation,15−17 or solva-
tion/desolvation processes.18−21 Furthermore, bottom-up
synthetic approaches allow for systematic studies of
structure−property relationships.22−24 By controlling supra-
molecular interactions and combining the properties of
different building blocks, stimuli-responsive or multifunctional
magnetic materials have also been developed.25−31

A central physical quantity in molecular magnetism is the
exchange coupling constant between different spin centers, J.
The value of J is correlated to the spin ground state, which
intimately affects properties such as bulk ordering temper-
atures (Tc),

32−34 magnetization relaxation barriers,2,10 and
even suppression of undesired quantum tunneling of magnet-
ization.35−37 Classical examples of molecule-based magnetic
materials typically rely upon superexchange coupling mediated
by diamagnetic linkers between paramagnetic centers.1,38,39

Superexchange coupling strength decreases drastically as the
length of the bridging ligand increases, mandating short
distances between spin centers and thus significantly limiting
the design space of new materials.40 For instance, common

structural motifs include oxo-bridged metal clusters and cyano-
bridged Prussian blue analogues,8,41−46 although other ligands
such as azide, N-heterocycles, formate, and other carboxylate
derivatives have been adopted as well.1,38,47

To access chemically more diverse structures while
maintaining strong exchange coupling, one promising
approach is using organic radical bridging ligands.1,2,48,49

Radical-mediated coupling is usually stronger than the
aforementioned superexchange interactions, particularly over
longer diamagnetic bridges (i.e., >3 atoms). Over the past few
decades, moieties including nitroxyl, verdazyl, and semiquinoid
radicals have been incorporated into both discrete complexes
and extended frameworks.1,2 Excitingly, this strategy enables
high magnitudes of J (∼102 to 103 cm−1) in some
compounds,50,51 demonstrating the promise of this approach.
Still, despite these exciting advances, unified design principles
for mediating strong coupling with radical ligands remain
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elusive. The relative importance of trade-offs between factors
such as spin−spin distance, spin density and localization, and/
or metal−ligand energetic matching in specific systems is still
not well understood.
As an illustrative set of compounds, several examples of di-

Mn(II) complexes with bridging organic radical ligands have
been reported (Figure 1).52−55 Mn(II) is an attractive ion for

these studies due to the absence of convoluting spin−orbit
coupling or spin-crossover effects. Several examples of these
complexes reveal a wide range of direct exchange coupling
magnitudes: the largest JMetal−Radical is observed for an
azophenine-bridged dinuclear Mn(II) complex, and this value
is 1 order of magnitude larger than that of a dithiadiazolyl-
bridged analogue.52,53 Notably, the Mn···Mn distance is larger
in the azophenine case, but this example still shows a larger
coupling. An important factor in this direct exchange is the
identity of the binding atom of the linker. For instance, in a
series of quinoid-bridged Cr(III) complexes with nitrogen,

oxygen, or sulfur linkers, the magnitude of J trends as nitrogen
> sulfur > oxygen.52,56 However, comparison of the coupling of
nitronyl nitroxide (O-bound) and verdazyl (N-bound) Mn(II)
complexes in Figure 1 breaks with this trend. Therefore, the
underlying design principles to engender strong magnetic
coupling are not well-defined, which motivates continued
efforts in this area.
Recently, we have been studying dinuclear complexes and

coordination polymers based on redox-active tetrathiafulva-
lene-2,3,6,7-tetrathiolate (TTFttn−, n = 4, 3, and 2)
ligands.57−61 These compounds display a variety of properties
including high electrical conductivity,61 near-infrared photo-
luminescence,59 and spin transitions.58 However, the magnetic
properties of complexes with a monoradical TTFtt linker,
namely, with a formal charge of 3−, have not been thoroughly
investigated.57 We were specifically curious about how strongly
this linker would mediate exchange coupling as it has been
shown that sulfur-based radical linkers facilitate stronger
magnetic coupling than oxygen-based congeners.56 We there-
fore studied the magnetic properties of complexes containing
sulfur-based TTFtt3− and paramagnetic metals.
Herein, we report a dinuclear Mn(II) complex {[(TPA)-

Mn]2TTFtt}{BArF4} (1) (TPA = tris(2-pyridylmethyl) amine,
BArF4 = tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate),
which features paramagnetic metals bridged by the TTFtt3−•

radical, enabling examination of how the TTFtt linker mediates
exchange coupling. In contrast with previous studies that
suggest that S-based linkers should mediate comparatively
stronger exchange coupling, we measure only weak anti-
ferromagnetic coupling between Mn(II) and TTFtt3−•.
Broken-symmetry density functional theory (BS-DFT) and
complete active space self-consistent field (CASSCF) calcu-
lations suggest that very little spin density is localized on the
coordinating-S of TTFtt3−•,62,63 which explains the small
magnitude of J. This distinct electronic structure of TTFtt3−•

provides guidance on the design of TTFtt-derived materials
and underscores how multiple properties must be considered
in the design of radical bridging ligands for molecular magnetic
compounds.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis of

complex 1 (Scheme 1) was based on a related procedure for
an Fe(II) analogue with slight modifications.58 The proligand
TTFtt(CH2CH2CN)4 was deprotected with a base in
tetrahydrofuran (THF) and then mixed with (TPA)MnCl2

Figure 1. Radical-bridged dinuclear Mn(II) complexes and
corresponding experimental magnetic coupling constants (J) in the
previous and this work. TPA = tris(2-pyridylmethyl) amine, hfac =
hexafluoroacetylacetonate.

Scheme 1. Synthesis of Complex 1
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in methanol to afford a red-orange solid. This solid is poorly
soluble in most organic solvents and thus is difficult to
characterize, but it is presumably a dinuclear Mn complex
bridged by TTFtt4−. We directly oxidized this solid without
further purification with [FcBzO][BArF4] (FcBzO = benzoyl
ferrocenium) in dichloromethane (DCM) and were able to
crystallize complex 1 from this mixture in a moderate yield
(57%). The UV−vis−NIR spectrum of 1 (Figure 2A) shows
relatively sharp peaks at 450−500 nm and a broad feature in
the NIR region with a maximum at 1444 nm. Both of these
features are characteristic of previous complexes with TTFtt3−•

linkers.57 The cyclic voltammogram of 1 (Figure 2B) shows
two quasi-reversible features at 0.14 and 0.48 V vs Fc+/Fc,
which are assigned as the TTFtt 4−/3−• and 3−•/2−
couples, respectively. Similar redox events are observed for
related TTFtt-bridged dinuclear complexes, though we note
that complex 1 is comparatively more oxidizing.57−59

Solid-State Structures. Single crystals of complex 1 were
grown via petroleum ether vapor diffusion into a DCM/
chlorobenzene solution. There are two molecules per
asymmetric unit with only minor structural differences (Figure
3). The Mn centers adopt a distorted octahedral geometry,

where N1−Mn1−N3 is ∼145°. The distortion is likely due to
the chelate rings of the TPA ligand, and similar distortions are
observed in another dinuclear Mn complex with TPA capping
ligands.52 The Mn−S bond lengths range from 2.470(2) to
2.548(2) Å, which are similar to those reported in other
Mn(II)−dithiolene structures.64−66 The central C−C bond
lengths of the bridging TTFtt moiety are 1.36(2) and 1.37(2)

Å, which are also similar to the values in Sn(IV) and Ni(II)
complexes bridged by TTFtt3−•.57 TTFtt π−π stacking
interactions are not observed in 1, contrary to previously
reported square planar Ni(II) complexes,57 which may
reasonably be attributed to the steric effect from the chelating
TPA ligands. The shortest intermolecular contacts are 2.7−2.8
Å and occur between peripheral pyridine rings and between
the TPA methylene C−H and the carbon on TTFtt (Figure
S1A). These interactions link the cationic TTFtt complexes in
a 2D fashion, with the interlayer space occupied by BArF4−

counteranions and solvated chlorobenzene molecules (Figure
S1B).

Magnetometry. We measured the magnetic susceptibility
of complex 1 in the solid state between 1.8 and 300 K at 0.1
and 1 T (Figures 4 and S4). The χT value of 1 is 9.0 cm3 K/

mol at 300 K, which is close to the theoretical value of 9.13
cm3 K/mol for two uncoupled S = 5/2 Mn(II) centers and an
S = 1/2 TTFtt3−• ligand. The solution-state magnetic moment,
as measured by Evans’ method, also provides a similar value of
8.9 cm3 K/mol (Figure S3). The solid-state χT value decreases
slightly upon cooling before increasing below 40 K to a
maximum of 10.3 cm3 K/mol at ∼6 K and then dropping with
additional cooling. This behavior is similar to other dinuclear
radical-bridged complexes and suggests net ferrimagnetic
coupling between the two Mn(II) centers and the TTFtt3−•

Figure 2. (a) UV−vis−NIR spectrum and (b) cyclic voltammogram of 1 in DCM. In (b), scan rate: 0.1 V/s and electrolyte: 0.1 M [nBu4N][PF6].

Figure 3. Single crystal structure of 1. Selected average bond lengths:
Mn1−S1 2.476(1) Å, Mn1−S2 2.543(1) Å, and C3−C3′ 1.37(1) Å.
Selected bond angle: N1−Mn1−N3 145.1(1)°. Only one of two
asymmetric TTFtt units is shown. Hydrogen atoms and chlor-
obenzene molecules have been omitted for clarity, and ellipsoids are
shown at 50% probability. C: gray, N: blue, S: yellow, and Mn: purple.

Figure 4. Variable-temperature magnetic susceptibility data of 1 in the
solid state measured at 1 T.
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linker.22,52,54,67 We fit the magnetic data with the Hamiltonian
Ĥ = −2JMn−Rad[(ŜMn1 + ŜMn2)·ŜRad] using the program PHI.68

The fitting results suggest weak antiferromagnetic coupling
between the Mn(II) centers and TTFtt3−• with JMn−Rad =
−4.66(3) cm−1 [g = 1.9909(9)]. The precise value of JMn−Rad is
sensitive to the fit range and other parameters, but in all cases, |
JMn−Rad| is < 10 cm−1 (see Figure S4 for alternative fits).
Interestingly, the magnitude of JMn−Rad in 1 is notably smaller
than those in other Mn(II)−radical species. For example, the
dinuclear Mn(II) complexes with verdazyl and nitronyl
nitroxide ligands shown in Figure 1 have JMn−Rad of −48 and
−55 cm−1, respectively.54,55 Mononuclear Mn(II) complexes
with the same ligands also provide similar magnitudes of
JMn−Rad.

69,70 The aforementioned dinuclear complex containing
an azophenine radical shows much stronger coupling with
JMn−Rad of −157 cm−1.52 The markedly weaker coupling in 1,
despite the presence of putatively more covalent M−S bonds
with better overlap, led us to examine the coupling in this
complex in more detail.
Magneto−Structural and Computational Analysis. To

understand the unexpectedly weak antiferromagnetic coupling
in 1, we performed DFT, CASSCF, and n-electron valence
state perturbation theory to second-order (NEVPT2) calcu-
lations on 1 and the other complexes displayed in Figure 1.71

Structures were initially optimized at the spin-unrestricted
PBE0/def2-SVP level of theory for the S = 9/2 state,72,73

followed by broken-symmetry fragment-guess single point
calculations at the PBE0/def2-TZVP level of theory as
implemented in Gaussian 16 Rev. A.03.74 CASSCF and
NEVPT2 calculations were performed with the def2-SVP basis
set utilizing density fitting for both Coulomb and exchange
integrals with the def2/JK auxiliary basis as implemented in
ORCA 5.0.3.75,76 Values for J were obtained using the
Yamaguchi formula, =J E E

S S
LS HS

HS
2

LS
2 ,77 and CASSCF and

NEVPT2 energies were obtained utilizing state-averaging of S
= 1/2, 9/2, and 11/2 states with equal weights. The
computational data are displayed in Tables 1 and S1. For
each surveyed complex, the central fragment containing the
bridging radical and two Mn(II) centers is mostly super-
imposable when the DFT-optimized and single-crystal
structures are compared (Figure S5). It is worth noting that
in Mn-Ver, the oxoverdazyl and the pyrimidine are coplanar in
the DFT-optimized structure, while they are twisted in the
single crystal with a dihedral angle of ∼25°. In terms of
coordination geometry, in Mn-Thia, Mn(II) is a typical
trigonal prism in the single crystal, but DFT predicts that
Mn(II) is slightly closer to octahedral as analyzed by the

SHAPE program (Table S2).78 However, the DFT-calculated J
values of Mn-Ver and Mn-Thia do not greatly deviate from
experimental values (vide infra).
In accordance with the experimentally observed antiferro-

magnetic coupling, both DFT and multireference methods
predict the S = 9/2 state to be the ground state for all surveyed
compounds. Values for J obtained with broken-symmetry DFT
generally show good agreement with the experiment and yield
the correct ordering across the series of compounds, except for
Mn-Nit, for which the magnitude of J is overestimated
significantly. CASSCF, in turn, tends to underestimate the
magnitude of J due to the lack of dynamic correlation resolved
in the calculation and inclusion of which via NEVPT2
generally increases the magnitude of J to improve agreement
with the experiment. We do note that NEVPT2 displays a
significant basis set dependence, and our calculations utilizing
def2-SVP are unlikely to be converged; however, the size of the
systems considered makes extrapolation to the complete basis
set limit infeasible for the purposes of this investigation. Mn-
Nit again presents an outlier from the experimentally observed
ordering of exchange coupling constants in the multireference
calculations.
As both DFT and CASSCF successfully recover the

experimental ordering of the surveyed compounds in terms
of the strength of the exchange interaction, with the minor
exception of Mn-Nit, the calculated electronic properties
should aid with the identification of factors influencing the
magnitude of J. Since exchange coupling is a function of the
energetic separation of the involved spin states, it should
correlate with the degree of multireference character of the
wave function of the low-spin ground state. Indeed, direct
correlation is observed between the open-shell character of the
CASSCF solution as characterized by the natural occupation
numbers and the magnitude of spin contamination (or the
expectation value of the Ŝ2 operator) in broken-symmetry
DFT, obtained for the S = 9/2 ground state (Figure S6).
While these values provide quantum mechanical insight into

the origin of the exchange interaction and yield a readily
available diagnostic for the in-silico design of systems
displaying large J, they provide little insight into the
intramolecular interactions that allow for the rational design
of such compounds, e.g., via ligand substitution. To this end,
further electronic and structural properties were investigated.
Prior computational studies have suggested that a shorter bond
length between the metal and the radical ligand is correlated
with stronger antiferromagnetic coupling.79−81 Thus, we
examined the Mn−linker bond lengths in the crystal structures
of 1 and the other complexes displayed in Figure 1. To allow
comparison between coordinating atoms of different sizes, we

Table 1. Selected Experimental and Calculated Parameters of 1 and Other Mn(II) Complexes

compound
exp. J
(cm−1)

computational J (cm−1)
average of normalized Mn−linker lengths in the

crystal structure
corresponding orbital overlap

integralb

sum of spin
densities on
coordinating

atomsb

DFT CASSCF NEVPT2 DFT CASSCF

Mn-Azo −157 −153 −49 −80 0.927a 0.348 0.549 0.195
Mn-Nit −55 −162 −56 −80 0.980 0.313 0.608 0.563
Mn-Ver −48 −35 −14 −14 0.992 0.167 0.682 0.493
Mn-Thia −21 −25 −9 −13 1.00 0.144 0.514 0.311
1 −5 −10 −2 −5 0.943 0.107 0.037 0.031

aThe single crystal of Mn-Azo was not reported. Raw bond lengths used for this analysis were adopted from an analogue with a more oxidized
ligand. See Table S2 for details. bBased on DFT-optimized structures in the S = 9/2 ground state.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c02534
Inorg. Chem. 2023, 62, 19488−19497

19491

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02534/suppl_file/ic3c02534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02534/suppl_file/ic3c02534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02534/suppl_file/ic3c02534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02534/suppl_file/ic3c02534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02534/suppl_file/ic3c02534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02534/suppl_file/ic3c02534_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


first normalized the actual bond lengths by the covalent radii of
the involved atoms and then calculated their average value
(Table S3).82 For the four complexes reported in the literature,
a shorter average Mn−linker bond length indeed reflects a
larger magnitude of J as listed in Table 1. However, complex 1,
with relatively short Mn−S bonds, does not match this trend.
Repeating this analysis using the bond lengths obtained from
DFT optimization still does not fit the trend defined by the
other four complexes (Table S4).
Using a series of azophenine radical-bridged complexes as

models, a computational study showed that a more covalent
metal−nitrogen bond coincided with stronger magnetic
coupling.56,80 Therefore, we computed the Mayer bond orders
of the DFT-optimized structures to analyze the effect of bond
covalency in the five surveyed Mn complexes (Table S4).
Generally, a larger Mn−linker Mayer bond order corresponds
to a smaller normalized bond length, and among the four
literature examples, Mn-Azo with the largest |J| indeed displays
the largest Mayer bond orders. However, complex 1 displays
an even greater Mn−S covalency despite its small |J|. In the
studies mentioned above, the identity of the metal species
presented the only variable in the series of complexes surveyed,
while in this work we examine a variety of radical linkers,
resulting in multiple variables affecting the nature of the
exchange interaction. Still, our case demonstrates that adopting
sulfurs as binding atoms to promote metal−radical bond
covalency does not always impart strong magnetic coupling.
We then carried out corresponding orbital transformations

using BS-DFT orbitals in the S = 9/2 ground state. This
analysis generates valence-bond-like magnetic pairs and has
been applied successfully to both metal−metal and metal−
radical systems to quantify antiferromagnetic coupling.83−91

The results in Figure 5 show that in each surveyed complex,
one magnetic orbital is mainly metal-based, while the orbital
with the opposite spin is chiefly ligand-based. In line with other
studies, the overlap (Sαβ) of the corresponding orbital pair
correlates well with the magnitude of J (Table 1 and Figure
S7). The large magnitude of Sαβ in Mn-Azo is clearly
associated with its delocalized character. Four carbons on the
ligand are involved in the metal-based orbital, and likewise, two
Mn atoms have significant contributions to the ligand-based
orbital. Considering the nature of the ligand itself, TTFtt3−• is
highly conjugated and delocalized like azophenine.57 Yet, the
metal-based corresponding orbital of 1 is almost entirely
localized on the two Mn centers with little contribution from
the TTFtt ligand. This results in little overlap or coupling, as
illustrated by the small Sαβ value.

Another factor proposed to affect the exchange interaction is
the spin density distribution on the radical linker. In studies of
radical-bridged dinuclear Fe(II) and Gd(III) complexes, it was
shown that in the frontier singly occupied molecular orbitals
(SOMOs), larger spin densities on the coordinating atoms of
radicals may support stronger metal−radical coupling.22,24

Hence, we examined the DFT Mulliken spin densities of the S
= 9/2 state of each complex, summing the spin densities on the
coordinating atoms (Tables 1 and S6). In complex 1, the spin
density on the four terminal sulfurs of TTFtt is minimal
(0.037), revealing the radical to be mostly localized in the
central TTF moiety (Figure 6). By contrast, in the other four
complexes, the spin densities on coordinating O and N atoms
are significantly larger (>0.51). While CASSCF data differ
from DFT in absolute magnitude, spin densities on
coordinating atoms in 1 remain 1 order of magnitude lower
than those in the other surveyed complexes. In a previous
study, we also reported spin density plots of a TTFtt3−•-
bridged dinuclear Ni(II) complex in the solid state.57 Though
exact numbers were not provided, qualitatively, the spin
densities on the coordinating sulfurs are also smaller than those
on the central atoms in TTFtt3−•. While spin density cannot
perfectly rationalize the trend of J across all of the surveyed Mn
complexes, 1 indeed shows a distinct spin distribution from the
others.
To confirm whether the coordinating sulfur atoms in

TTFtt3−• cause any unusual effects to reduce the coupling
strength, we performed BS-DFT calculations on a hypothetical
complex, 2, where the four sulfur linkers in 1 are replaced with
oxygen. The calculated Mn radical antiferromagnetic coupling
in 2 (J = −5 cm−1) is only slightly weaker than that in 1 (J =
−10 cm−1). Also, the radical in 2 is again primarily localized on
the TTF core, while the sum of spin densities on the oxygen
linkers is only 0.072 (Figure S8 and Table S6), which is
reminiscent of the pattern in 1. Therefore, the identity of
binding atoms in 1 and 2 does not play a crucial role in
magnetic coupling. Overall, the combined computational
analyses suggest that isolation between the TTFtt3−• radical
electron and the Mn centers in 1 outweighs the potential
influence of short, highly covalent Mn−S bonds and
diminishes the antiferromagnetic coupling.
These results suggest that other sulfur-based linkers like

benzenetetrathiolate (BTT) and other dithiolene radicals, such
as those developed by Robinson,92−94 should be more
promising candidates to induce large coupling. DFT
calculations suggest appreciable spin densities for the
coordinating sulfurs in complexes of these ligands. Indeed,

Figure 5. Corresponding orbitals and their overlap integrals (Sαβ) for 1 and other Mn(II) complexes derived from BS-DFT orbitals in the S = 9/2
ground state.
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Harris and co-workers already demonstrated large exchange
couplings in a Cr(III) complex with BTT3−•, albeit with
limited thermal stability.56

■ CONCLUSIONS
We report a TTFtt3−•-bridged dinuclear Mn(II) complex,
which is the first well-characterized species featuring a
TTFtt3−• radical bridging paramagnetic metals. Magnetometry
measurements reveal that the antiferromagnetic coupling
between the radical and metal spins is significantly weaker
compared to other Mn−radical compounds previously
reported in the literature. DFT computations reveal the weak
exchange coupling to be the result of small spatial overlap
between the magnetic orbitals, while CASSCF calculations
show a high degree of multireference and open-shell character
in the S = 9/2 solution, leading to small energetic separation
between the S = 9/2 and S = 11/2 states. Additionally, our
calculations suggest that the spin density likely plays a more
dominant role than metal−linker bond lengths and covalency
in determining the exchange interaction of this complex. Here,
the TTFtt3−• radical is chiefly localized on the central TTF
unit without significant spin density on the terminal
coordinating sulfurs. The insights gained in this work provide
an important understanding on the electronic structure of the
TTFtt3−• radical and also show that multiple competing effects
must be considered in the design of radical linkers for
molecular magnetic compounds.

■ EXPERIMENTAL SECTION
General Methods. All reactions and handlings were performed in

a MBraun UNIlab glovebox filled with N2 unless otherwise noted.
TTFtt(CH2CH2CN)4 and [FcBzO][BArF4] were synthesized following
literature procedures.57,95 (TPA)MnCl2 was synthesized according to
a literature procedure except that anhydrous MnCl2 was used instead
of the hexahydrate.96 Anhydrous methanol purchased from Sigma-
Aldrich and chlorobenzene (extra dry, AcroSeal) purchased from
Thermo Scientific Chemicals were transferred into the glovebox and
stored over 4 Å molecular sieves. DCM, petroleum ether, and THF
were dried and degassed with N2 in a Pure Process Technologies
solvent system, filtered through alumina, and stored over 4 Å
molecular sieves, while THF was stirred over NaK amalgam overnight
before filtration. All other reagents were used as purchased from
commercial sources without further purification. Elemental analyses
were carried out by Midwest Microlabs.
Synthesis of 1 {[(TPA)Mn]2TTFtt}{BArF4}. TTFtt(CH2CH2CN)4

(57.3 mg, 0.105 mmol) and sodium tert-butoxide (82.0 mg, 0.84
mmol, 8.0 equiv) were stirred in THF (5 mL) overnight. The
resulting pink precipitate was separated by centrifugation, washed
with THF, and dissolved in methanol. The resulting dark red solution
was mixed with a methanolic solution (6 mL) of (TPA)MnCl2 (88.4
mg, 0.21 mmol, 2.0 equiv) and stirred overnight. The resulting red-
orange precipitate, presumably [(TPA)Mn]2TTFtt, was separated by
centrifugation, washed with methanol, and suspended in DCM (4

mL). A DCM solution (6 mL) of [FcBzO][BArF4] (50.3 mg, 0.044
mmol, 0.4 equiv) was then slowly added into the suspension over 4 h.
After stirring overnight, the reaction mixture was filtered through
Celite and condensed to 2 mL under reduced pressure. Petroleum
ether (10 mL) was then added to precipitate the crude product. The
precipitate was dissolved in chlorobenzene/DCM cosolvent (6 mL,
3:2, v/v), and petroleum ether vapor was allowed to diffuse into the
solution to yield brown solids. The solids were collected and
crystallized again under the same conditions to afford brown single
crystals of 1·3(C6H5Cl) suitable for X-ray diffraction analysis. The
single crystals were ground to fine powder by a spatula and dried
under reduced pressure for 48 h to afford unsolvated complex 1 (45.2
mg, 57% based on [FcBzO][BArF4]), which was used for all other
characterizations and experiments. 1H nuclear magnetic resonance
(NMR) (500 MHz, CD2Cl2, 298 K): δ 7.56 (br s, [BArF4]−), 7.73 (br
s, [BArF4]−). IR (dropcast on KBr plates; cm−1): 2916, 2849, 2687,
1603, 1355, 1276, 1124, 887, 839, 761, 713, 682. Elemental analysis
calcd for 1, C74H48BF24Mn2N8S8: C 47.22%, H 2.57%, N 5.95%;
found: C 47.65%, H 2.66%, N 6.09%.

In some batches, we noticed the presence of an overoxidized
species containing TTFtt2−, which showed a distinct NIR absorption
at ∼1100 nm.57−59 To remove this, the product was dissolved in THF
(12 mL) as a sacrificial reductant and kept overnight. After removal of
THF under reduced pressure, the solid was crystallized by the
aforementioned method to afford pure 1, as confirmed by single-
crystal X-ray diffraction (SXRD) and other spectroscopic methods
mentioned in this work.

Cyclic Voltammetry. Electrochemical measurements were
conducted on a BASi Epsilon potentiostat with a glassy carbon
working electrode, a platinum wire counter electrode, and a silver wire
pseudoreference electrode. Voltammograms were referenced to
internal Fc+/Fc.

FT-IR Spectroscopy. IR samples were prepared by drop-casting
DCM solutions onto KBr plates. Measurements were performed on a
Bruker Optics TENSOR II spectrometer with OPUS software.
Background subtraction and baseline correction were conducted using
OMNIC software.

Magnetometry. Magnetic measurements in the solid state were
carried out on a Quantum Design MPMS-XL SQUID. The powder
samples were suspended in an eicosane matrix inside polycarbonate
capsules. The χT vs temperature data were fitted with program PHI.68

Pascal’s constants were adopted to correct for the diamagnetic
contribution from the complex.97

Nuclear Magnetic Resonance. 1H NMR spectra were collected
on a Bruker Avance II+ 500 MHz spectrometer, and chemical shifts
(δ) were reported in parts per million (ppm) with CD2Cl2 (δ = 5.32)
as the internal standard. Evans’ method was conducted in CD2Cl2/
CH2Cl2 (50:1, v/v) with a capillary insert containing the same
solvent. Pascal’s constants were adopted to correct for the
diamagnetic contribution from the complex.97

Single-Crystal X-ray Diffraction. SXRD data were collected at
100 K on a Bruker D8 Venture diffractometer with a PHOTON 100
CMOS detector and a Mo-target microfocus X-ray tube (λ = 0.71073
Å). Data reduction and integration were performed with the Bruker
APEX3 software package (Bruker AXS, version 2015.5−2, 2015).98

Data were scaled and corrected for absorption effects using the
multiscan procedure as implemented in SADABS (Bruker AXS,

Figure 6. DFT-calculated Mulliken spin density distributions of 1 and other Mn(II) complexes are shown at a 0.0015 isovalue, as obtained at the
spin-unrestricted PBE0/def2-TZVP level of theory for the S = 9/2 ground state. Cyan and yellow correspond to α and β spin, respectively.
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version 2014/54, 2015). Crystal structures were solved by SHELXT
(version 2014/55) and refined by a full-matrix least-squares
procedure using OLEX26 (XL refinement program version 2018/
17).99,100

UV−Vis−NIR. UV−vis−NIR spectra were recorded on a
Shimadzu UV-3600 Plus spectrophotometer.
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