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The trinuclear oxo bridged manganese cluster, [Mn''30,(terpy)(terpy02)2(H,0)1(S20g)> (5) (terpy = 2,2:2" 6/
terpyridine and terpyO, = 2,2:2",6'-terpyridine 1,1”-dioxide), was isolated in an acidic aqueous medium from the
reaction of MnSQ,, terpy, and oxone as chemical oxidant. The terpyO, ligands were generated in situ during the
synthesis by partial oxidation of terpy. The complex crystallizes in the monoclinic space group P21/nwith a=14.251(5)
A, b=15245(5) A, c=24.672(5) A, o. =90.000(5)°, B = 92.045(5)°, y = 90.000(5)°, and Z = 4. The triangular
{Mn"30,}** core observed in this complex is built up of a basal Mn(ze-O)oMn unit where each Mn ion is linked to an
apical Mn ion via mono(u-O) bridges. The facial coordination of the two tridentate terpyOs ligands to the Mn(z-0),Mn
unit allows the formation of the triangular core. 5 is also the first structurally characterized Mn complex with
polypyridinyl N-oxide ligands. The variable-temperature magnetic susceptibility data for this complex, in the range of
10—300 K, are consistent with an S = 1/2 ground state and were fit using the spin Hamiltonian H.; =
—ZJ(,(S1S2+S] S3) —2J,5,83 with 31 = Sg = 33 = 3/2, Ja = =37 (:l:O.S) and Jb = —53 (:|:1) cm*1, where
Jaand J, are exchange constants through the mono-u-oxo and the di-u-oxo bridges, respectively. The doublet ground
spin state of 5 is confirmed by EPR spectroscopic measurements. Density functional theory (DFT) calculations based
on the broken symmetry approach reproduce the magnetic properties of 5 very well (calculated values: J,= —39.4 and
Jp=—55.9cm™ "), thus confirming the capability of this quantum chemical method for predicting the magnetic behavior
of clusters involving more than two metal ions. The nature of the ground spin state of the magnetic {Mn'"V30,}** core
and the role of ancillary ligands on the magnitude of J are also discussed.

Introduction

Oxo-bridged manganese clusters have attracted signifi-
cant interest because of their remarkable magnetic pro-
perties resulting from the exchange interaction between
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paramagnetic Mn centers'? and their relevance to biological
systems.”® Hundreds of complexes with varying core topo-
logy and nuclearity have been isolated in the past decades.
Frequently, the complexes involve carboxylate ligands.
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Concomitant with the structural variability a wide range of
magnetic properties are observed. In fact, understanding the
key structural and electronic factors that control the ex-
change interactions between the metal centers is one of the
key motivations for the synthesis of the target systems.

The trinuclear compounds with oxo bridges reported
to date*®® can be divided into four structural core types:
the oxo- centered {Mn;(us- O)}6+/7+ (i), the adamantane-
shaped {Mn 3(ﬂ 0)3(u3-X04)}* " (i) {Mn' \gu -0),Mn'"-
(u-0),Mn"}** (iii) and the triangular {Mn'Y50,}*" (iv)
(Scheme 1).

The u5-O clusters, also referred to as “basic carboxylates
(type (i)), are the most intensely studied systems.''" A large
number of compounds isolated in both homo Mn"; and
mixed valence Mn'"Mn'"', have been reported. On the other
hand, types (ii) and (111) are only represented by the [Mn3(u-
0)5(tacn);(us-XO0y)* (tacn = 1,4,7-triazacyclononane)
and [Mn304(02CCH3)4(bpy)2] (bpy =2,2'-bipyridine) com-
plexes, respectively. The clusters of type (iv) that have been
reported to date are limited to the following four sys-
tems: [Mn304(bpy)4(C1)2]MnC14 (1), 1 [MH3O4(bPY)4(OH2)2]'
(ClOy)s (2),° [Mn304(phen)4(OH2)2](NO3)4 (3).'° and
[Mn;O4(bpea);(OH)](ClO.); (4)," in which the ancillary lig-
ands are N-based bidentate (phen = 1,10-phenanthroline) or
tridentate (bpea = N N—bls(2 pyrldylmethyl)eth¥lamine))
This core is also found in the hexanuclear [{Mn'"5(u-0),-
(OH)(tpen V)}z(,u -tpen)](ClO4)¢ compound, which consists of
two {Mn"";0,}* " units linked by one tpen moiety (tpen= N,
N,N',N'-tetrakis(2-pyridylmethyl)-1,2-ethanediamine).'® In
our ongoing synthetic exploration of manganese complexes
with the tridentate 2,2":6/,2" terpyndlne li §and (terpy),'*—2¢
we have isolated the trinuclear 304(terpy)(terpy-
0,),(H,O)*" (5) complex (terpy02 = 2,2":6,2"-terpyri-
dine 1,1”-dioxide), which provides another example of this
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triangular core. We report here the synthesis and the
structural characterization of this complex. Although the
terpy ligand has been successfully used for the synthesis of
several dinuclear'*2%?"?® and linear tetranuclear® ' oxo-
bridged Mn complexes, its meridional coordination mode
has so far prevented the isolation of this peculiar {Mn'";-
(u-0)4}*" core. The formation of 5 was achieved owing to
the facial coordination of the two terpyO, ligands, which
were in situ generated during the synthesis. This compound
is also the first structurally characterized Mn complex
with polypyridinyl N-oxide ligands. Prior to this work,
only mononuclear Mn'' mononuclear complexes have been
isolated with such ligands but their X-ray structures were
not obtained. > **

Interestingly, the magnetic behavior of the {Mn'"5(u-0),}**
trinuclear complexes depends on the geometrical features of
the core with ground spin states of S = 1/2 for 1'*and 2'° and
3/2 for 4."7 In this work, the magnetic properties of 5 are
investigated with the help of Electron Paramagnetic Reso-
nance (EPR) spectroscopy and magnetic susceptibility mea-
surements. In addition, to rationalize the ground spin state of
this frustrated spin system, broken symmetry (BS) density
functional theory (DFT) is relied upon.*>** Numerous
studies have shown that this is presently the most reliable
method for predicting the magnetic exchange interac-
tions in polynuclear complexes of the size and com-
plexity studied here.”” While the majority of the pre-
vious studies have been performed on dinuclear systems,*®
some successful theoretical investi atlons have been reported
on complexes of higher nuclearity,”®*’ as exemplified by our
recent work on a tetranuclear Mn cluster in two different
oxidation states.**

Experimental Section

Materials. Manganese(Il) sulfate (MnSO,4-H,0, Aldrich),
2,2":6',2"-terpyridine (terpy, 99.9%, Alfa Aesar), and oxone
(2KHSO5-KHSO,4-K,SO4, Aldrich) were used as supplied.
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Scheme 1. Oxo-Manganese Core Structures of Known Manganese Trinuclear Complexes
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Synthesis of [Mn3" O (terpy)(terpyO,),(H,0)](S;05), (5). A
10 mM solution of H,SO4 in H,O (pH 2) was prepared by
addition of 25.5 uL of H,SO,4 (18 M) to 50 mL of H,0. Solid
terpy (0.100 g, 0.429 mmol) and oxone (0.111 g, 0.181 mmol)
were added to 10 mL of this H,SO, solution. The solution was
stirred until dissolution of the solids was complete (about 1 h). A
solution of MnSO4-H,0 (0.073 g, 0.429 mmol) in 3 mL of
H,SO, solution was added to the mixture which turned from
yellow to green. Solid oxone (0.111 g, 0,180 mmol) was then
added, and the solution turned red-brown. Crystals of
5-3.54H,0 suitable for X-ray diffraction were obtained by slow
evaporation of the solution at room temperature after 2 days.
Yield: 40 mg (8%). Anal. Calcd for C45H35Mn30,5S4Ng - SH,O
(1484.96): C, 36.39; H, 3.05; N, 8.49. Found: C, 36.40; H, 2.84;
N, 8.42. Selected IR bands (cm ™ '): 3428 (m), 3086 (m), 1651 (w),
1633 (w), 1604 (m), 1567 (w), 1498 (w), 1484 (m), 1455 (m), 1434
(m), 1395 (w), 1330 (w), 1282 (vs), 1262 (vs), 1199 (s), 1165 (s),
1096 (m), 1043 (s), 852 (m), 817 (w), 778 (s), 744 (m), 724 (m), 677
(s), 625 (m), 589 (m), 561 (m), 412 (w), 345 (w).

Crystallographic Measurements. Diffraction data were col-
lected on a Bruker SMART diffractometer with Mo Ka radia-
tion, and all calculations were performed using the SHELXTL
computer program.*® A brown monoclinic prism of dimensions
0.2 x 0.1 x 0.02 mm® was selected. Full details of the X-ray
structure determination and the crystallographic data are avail-
able in the Supporting Information, Table S1.

EPR Spectroscopy. The Q-band EPR spectrum was recorded
with a Bruker EMX, equipped with the ER-5106 QTW Bruker
cavity and an Oxford Instruments ESR-900 continuous-flow
helium cryostat for the Q-band experiments at 4.5 K.

Magnetic Susceptibility Measurements. Magnetic susceptibil-
ity data were recorded on a MPMSS magnetometer (Quantum
Design Inc.). The calibration was made at 298 K using a
palladium reference sample furnished by Quantum Design
Inc. The data were collected over the temperature range
10—300 K and were corrected for diamagnetism and for the
presence of an impurity of [Mn(terpy),|(S,Og) at a concentra-
tion of 0.8% molar in Mn.

Computational Details. All theoretical calculations were
based on DFT and have been performed with the ORCA
program package.*” To facilitate comparisons between theory
and experiment, we optimized the X-ray structure of the com-
plex while constraining the positions of all heavy atoms to their
experimentally derived coordinates. Thus, only the positions of
the hydrogen atoms were relaxed since these are not reliably
determined from X-ray diffraction. Geometry optimization was
performed for the high-spin (HS) state with the GGA functional
BP86**% using the TZVP basis set™ for all atoms and taking
advantage of the RI approximation with the auxiliary TZV/J
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Coulomb fitting basis sets.’! Increased integration grids (Grid4
in ORCA convention) and tight SCF convergence criteria were
used. Single-point Broken-Symmetry DFT calculations were
performed with the hybrid meta-GGA functional TPSSh,>
which was singled out among several functionals as the best
performer in our recent benchmark studies.**>*>* All alterna-
tive spin configurations for the broken-symmetry calculations
were generated with the “FlipSpin” feature of ORCA. Final
energy levels were computed by direct diagonalization of the
Heisenberg Hamiltonian, and the magnetic susceptibility curves
were reconstructed from theoretical data with the JulX pro-
gram.>

Results and Discussion

Synthesis. The reaction conditions used to prepare 5
were similar to those employed previously for the synth-
esis of the [Mn"Y,0,(terpy)»(SO4),] complex,® except
that oxone was first added to the terpy ligand solution
before addition of the manganese salt. This procedure
leads to the in situ generation of some amount of terpyO,
by partial oxidation of the terpy ligand (formation of
N-oxide on the distal nitrogen atoms). The presence of
these oxygen atoms increases the flexibility of the ligand
and allows its facial coordination as well as the formation
of a trinuclear complex with the {Mn'Y;(u-0),}*" core,
readily formed in acidic aqueous conditions. Indeed all
trinuclear complexes with this core were isolated under
similar acidic conditions.'*™!7 Complex 5 is obtained in
rather poor yield, and no other complexes such as high-
valent u-oxo polynuclear or low-valent Mn mononuclear
complexes crystallized in parallel. Moreover, 5 is insolu-
ble in organic or aqueous solvents, preventing its study in
solution.

Crystal Structure of 5-3.54H,0. The structure consists
of the trinuclear cation [Mns'Y Oyu(terpy)(terpyOs,),-
(H,O0)]*", two peroxodisulfate anions, and water mole-
cules included within the lattice. Three Oak Ridge ther-
mal ellipsoid plot (ORTEP) views of the complex are
shown in Figure 1, and selected bond distances and angles
are listed in Table 1. Table 2 summarizes the average
distances and angles of the {Mn"V;04}*" core in this
complex along with those of complexes 1—4.

The three manganese atoms in 5 occupy the vertices of
an isosceles triangle. One of the Mn atoms (Mn(1)) is
linked to the other two (Mn(2) and Mn(3)) by a single
u-oxo bridge (O(4) and O(3), respectively). Mn(2) and

(52) Staroverov, V. N.; Scuseria, G. E.; Tao, J. M.; Perdew, J. P. J. Chem.
Phys. 2003, 119, 12129-12137.

(53) Kossmann, S.; Kirchner, B.; Neese, F. Mol. Phys. 2007, 105, 2049—
2071.
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Figure 1. Three ORTEP views of the molecular structure of complex 5,
including the atom labeling scheme.

Mn(3) are linked by a bis-u-oxo bridge (O(1) and O(2)).
The three manganese atoms and the two mono u-oxo
bridges O(3) and O(4) are coplanar, while the O(1) and
O(2) atoms of the bis-u-oxo bridge form a segment
perpendicular to this plane. The Mn,(u-O), moiety, is
also almost planar (the dihedral angle between the planes
(Mn(3), O(1), O(2)) and (Mn(2), O(1), O(2)) is equal to
161.8°). A similar {Mn""504}*" core was also observed in
the bpy (1'* and 2'°) and phen (3'®) complexes. On the
other hand, the hydroxyl-bound bpea complex 4 exhibits
a considerable deviation with respect to the plane formed
by the three Mn atoms and the two single u-oxo bridges
(the dihedral angle being 26.6°, Table 2), because of
hydrogen bonding between the hydroxo group and an
oxygen atom of the doubly bridged segment (see below).'”
The Mn(1)—Mn(2), Mn(1)—Mn(3), and Mn(2)—Mn(3)
distances (3.2230(18), 3.242(18), 2.6772(17) A, re-
spectively) are close to those observed in 1—3 and longer
than those found for 4. In the basal Mn,(«-O), unit, the
Mn—O distances (average 1.8145 A), the O—Mn—0O
(average 83.15°) and Mn—O—Mn angles (average
94.64°) are characteristic of this structure. Distances
and angles about the apical Mn(1) atom (Mn(1)—0(3),
04) = 1.761(5) A and O(3)—Mn(1)—0(4) = 100.1(2)°)
are also close to those observed for complexes 1—3. The
coordination geometry of each of the manganese atoms in
5 is distorted octahedral. The coordination sphere of
Mn(1) consists of three nitrogen atoms of the terpy ligand
and three oxygen atoms from a water molecule and two
mono-u-oxo groups. The coordination mode of the terpy

Baffert et al.
Table 1. Selected Bond Distances (A) and Angles (deg) for 5
Mn(2)—0(4) 1.807(5)  Mn(3)—0(3) 1.818(5)
Mn(2)—0(1) 1.808(5)  Mn(3)—-0(1) 1.813(5)
Mn(2)—0(2) 1.815(5) Mn(3)—0(2) 1.818(5)
Mn(2)—0(5) 1.967(5)  Mn(3)—O(7) 1.980(5)
Mn(2)—0O(6) 1.969(5) Mn(3)—0O(8) 1.984(5)
Mn(2)—N(4) 2.065(6)  Mn(3)=N(7) 2.074(7)
Mn(1)—0(3) 1.761(5)  Mn(1)=N(1) 1.990(6)
Mn(1)—O(4) 1.761(5)  Mn(1)=N(2) 2.012(6)
Mn(1)—0(9) 2.023(6) Mn(1)—N(3) 2.005(6)
Mn(1)-Mn(2) 3.2230(18) Mn(2)—Mn(3) 2.6772(17)
Mn(1)—Mn(3) 3.242(18)

Mn(1)-0(3)-Mn(3) 129.9(3)
Mn(1)-O(4)-Mn(2) 129.2(3)
0(4)—-Mn(2)-0(1)  98.1(2)
0(4)-Mn(2)—-0(2)  97.02)
O()-Mn(2)—-0(2)  83.4(2)
0(4)-Mn(2)—-0(5)  87.22)
O()~-Mn(2)—0(5)  174.4(2)
0(2)-Mn(2)—-0(5)  94.3(2)
0(4)—-Mn(2)—-0(6)  90.1(2)
O()-Mn(2)—-0(6)  92.7(2)
0(2)-Mn(2)-0(6)  172.3(2)
0(5-Mn(2)—-0(6)  89.1(2)
0(4)—-Mn(2)-N@)  165.5(2)
O()-Mn(2)—-N(4)  94.1(2)
0(2)-Mn(2)-N(4)  92.2(2)
0(5—-Mn(2)-N4)  80.9(2)
0(6)-Mn(2)—-N(4)  81.4(2)
0(3)-Mn()—-04)  100.1(2)
0(3)-Mn(D)-N(1)  175.2(2)
O@)—-Mn()-N(1)  84.7(2)
0(3)~Mn(1)-N@3)  100.9(2)
O(4)—-Mn()-N@3)  89.02)
N()-Mn()-N@3)  79.1(3)
0(3)-Mn()-N(2)  100.3(2)
O@4)-Mn()-N(2)  91.8(2)

Mn(2)—O(1)-Mn(3) 95.3(2)
Mn(2)-0(2)—-Mn(3) 94.9(2)
O()-Mn(3)-0(2)  83.2(2)
O(1)-Mn(3)—-0(3)  96.1(2)
0(2)-Mn(3)-0(3)  97.1(2)
o()-Mn(3)-0(7)  171.7(2)
0(2)-Mn(3)—-0(7)  92.1(2)
0(3)-Mn(3)-0(7)  91.3(2)
O()-Mn(3)—-0(8)  93.1(2)
0(2)-Mn(3)—-0(8)  172.12)
0(3)-Mn(3)-0(8)  90.2(2)
O(7)~Mn(3)—-0@\)  90.7(2)
O()-Mn(3)-N(7)  92.1(3)
0(2)-Mn(3)-N(7)  91.93)
0(3)-Mn(3)-N(7)  168.5(2)
O(7))-Mn(3)-N(7)  81.2(3)
0(8)-Mn(3)-N(7)  81.23)
N(D-Mn(1)=-N@2)  79.3(2)
NG3)-Mn(D)-NQ2)  158.2(3)
0(3)-Mn()—0(©9)  86.8(2)
O(4)~Mn(D)—0©)  173.03)
N(1)-Mn(D)-0(9)  88.4(3)
N(3)-Mn(1)-0(9)  89.7(2)
N(Q2)-Mn(1)-0(9)  86.9(2)

ligand is meridional as observed in all Mn complexes
containing this ligand. 1972931 The Mn—OH, distance
(2.023(6) A) is close to those observed in the complexes
2" and 3'° (average 2.045 and 2.009 A, respectlvel?/) Thls
distance is also significantly longer than the Mn""

bond distance of 1.830 A in4'” confirming that the bound
species is an aqua group. Each coordination sphere of
Mn(2) and Mn(3) consists of the central nitrogen and the
two distal oxygen atoms of the terpyO, ligands, and three
oxygen atoms of u-oxo bridges. A point of interest is that
the seven-membered chelate rings of terpyO, produce a
flexible structure that contains the ligand in a facial
coordination mode rather than the meridional arrange-
ment typical for the parent terpy ligand. This facial
coordination induces significant ligand strain with the
result that the three pyridyl rings of the terpyO, are not
coplanar.

The central pyridine ring lies at an angle of approxi-
mately 30° to the mean planes of the two other pyridine
N-oxide moieties. The average of the Mn—O bond
lengths for the pyridine N-oxide is 1.975 A. Note that,
these structural features are unique in the literature since
no other manganese complex with such ligands has yet
been crystallized. In fact, there are only a few studies that
report coordination complexes of polypyriding/l N-oxide
ligands with first row transition metals.**~3*°° The com-
plexes isolated with Fe, Co, Ni, and Cu are always at
the +I1 oxidation state®® while with Mn, both +II and

(56) Amoroso, A. J.; Burrows, M. W.; Dickinson, A. A.; Jones, C.;
Willock, D. J.; Wong, W.-T. J. Chem. Soc., Dalton Trans. 2001, 225-227.
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Table 2. Distances (A) and Angles (deg) of the {Mn;O,4}*" Core in Complexes 1-5 and Reported Exchange Coupling Constants®

1 2 3 4 5
Mn(l)—Mn(2,3)av17 3.243 3.256 3.249 3.184 3.233
Mn(2)—Mn(3) 2.682 2.679 2.675 2.595 2.678
Mn(1)—0(4,3).,¢ 1.763 1.766 1.765 1.797 1.761
Mn(2,3)—0(4,3)avd 1.833 1.842 1.814 1.804 1.813
Mn(2,3)—0(1,2).,° i 1.820 1.806 1.807 1.814 1.814
Mn(l)—O(4,3)—Mn(2,3)av-’ 128.83 128.98 130.40 124.35 129.54
O(3)—Mn(1)—0(4) 101.04 100.72 98.77 97.76 100.14
Mn(2)—0(1,2)—Mn(3),,* 94.43 95.74 95.50 91.36 94.64
Mn(2)—0O(1)—0(2)—Mn(3) 163.6 163.9 161.6 161.4 161.8
(Mn(2), Mn(3) 0(4),0(3))/ (Mn(1),0(4),0(3)) 0 0 0 26.6 0
J,(cm™ ) —54 —49 n.d. =11 -37
Jp (cm™ ) —85 -91 n.d. =76 —53
reference 14 15 16 17 this work

“For clarity, the atom numbering used for 5 has been employed for 1-4. ® Average distance between the Mn(1)—Mn(2) and Mn(1)—Mn(3) bonds.

¢ Average distance between the Mn(1)—0(4) and Mn(1)—0(3) bonds.

Average distance between the Mn(2)—0(4) and Mn(3)—0O(3) bonds. ¢ Average

distance between the Mn(2)—0(1), Mn(2)—0(2), Mn(3)—O(1) and Mn(3)—0(2) bonds.” Average angle between Mn(1)—0(4)—Mn(2) and Mn(1)—O-
(3)—Mn(3). ¢ Average angle between Mn(2)—O(1)—Mn(3) and Mn(2)—0O(2)—Mn(3).

+11I oxidation states are found in [Mn(bpyO,);]*" (bpy-
0,=2,2-bipyridine 1,1’-dioxide), [Mn(terpy03)2;2+/ 3 (ter-
pyO; =2,2":6' ,2"-terpyridine 1,1’,1"-trioxide)**** and [Mn-
(terpyO,),* . Kz In addition, faaal coordination has only
been ev1denced in the structurally characterized [Ni-
(terpyOs)-]*" complex while in [M(terpyO-),]*" ones
(M = Ni, Fe) a meridional arrangement is observed.**°

Finally, the coordination of two terpyO- ligands to the
basal Mn ions (Mn(2) and Mn(3)) in 5 leads to an
environment richer in oxygen atoms compared to 1-3
which, surprisingly, does not affect the structural geome-
try of the {Mn,(u-O),} unit. The relationship between
core structural parameters and magnetic properties is
discussed below.

EPR and Magnetic Properties. In general, a multicenter
magnetically coupled system is viewed as consisting of N
spin sites interacting through N(N — 1)/2 Heisenberg
exchange couplings J;;, and is described by the isotropic
Heisenberg—Dirac—van Vleck Hamiltonian:>’

Her = =2 J;S;°S; (1)

i<j

where S;is the spin operator of the ith metal center. For 5,
the number of possible pairwise exchange couplings is
three. By assuming that the two mono-u-oxo bridges are
equivalent, eq 1 results in the simplified Hamiltonian eq 2
which takes into account only two distinct magnetic
interactions.®!

Htff' = _2Ja(SlSZ+S1S3) —2Jp,5,83 (2)
where J, represents the interaction parameter of the two
exchange paths featuring the mono-u- oxo bridges and
Jp, refers to the exchange path characterized by a bis-u-
0XO0 brldge (Flgure 2). Using the Kambe vector coupling
model,® the spin operators S 4= S+ S;and Sy=5,+ S

(57) Dirac, P. A. M. Proc. Roy. Soc. 1929, 4123, 714.

(58) Heisenberg, W. Z. Physik 1926, 38, 411-426.

(59) Heisenberg, W. Z. Physik 1928, 49, 619-636.

(60) Van Vleck, J. H. In The Theory of Electronic and Magnetic Suscepti-
bilies; Oxford University: London: 1932; p 384.

(61) Martin, R. L. New Pathways in Inorganic Chemistry; Cambridge
University Press: New York, 1968.

(62) Kambe, K. J. Phys. Soc. Jpn. 1950, 5, 48-51.
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Figure 2. Plot of the y7 product per mole of 5 vs temperature. The
solid line (blue) corresponds to a fit of the experimental data (blue square)
with g = 1.98 (fixed value), J, = —37cm™ ', J, = —53 cm™ '. The dotted
line (red) has been calculated using the theoretical values J, = —39.4
cm” !, Jp=—53.0cm" ! g = 1.98. Inset: schematic view of complex 5 with
the possible magnetic pathways.

can be introduced in eq 2, leading to the energies of the
spin levels given in eq 3 that depend only on the values of
the intermediate spin S 4 and the total spin S7.%

E(ST,SA) = —(Jb —Ja)SA(SA + 1)_J(,ST(ST+1) (3)

Variable temperature magnetic susceptibility measure-
ments were carried out on a powder sample of 5. The
product of the molar magnetic susceptibility (ynr) and the
temperature (7)) as a function 7'is provided in Figure 2. At
300 K, the XMT?roduct of 2.35 cm® mol ™! K is far above
1.75 ecm® mol™' K, approximate value measured on
complexes 1—3. We thus can anticipate a weaker magne-
tically coupled system in 5. The yyp T product measured at
room temperature is also far below the 5. 63 cm® mol ™~
value expected for three uncoupled Mn'Y ions W1th an
electronic spin of S = 3/2. The magnetic behavior of 5
indicates a moderate antiferromagnetic coupling between
the electronic spins of the three metallic ions leading to a

(63) Kahn, O. Molecular magnetism; VCH: New York, 1993.
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Scheme 2
{+,+,+} {+,~+}
spin S = 1/2 ground state, fully in agreement w1th the

xm T value measured at low temperature (0. 35 cm >mol !
K at 10 K). Using the energies given in eq 3,° a good fit
was found with J, = —37 (£0.5) ecm ™', J, = —53 (1)
em~ ! and with a fixed g value of 1.98 (Figure 2). The
doublet ground spin state is confirmed by powder EPR
spectroscopy with a unique isotropic signal centered ata g
value just below 2 at low temperature (Supporting In-
formation, Figure S1).

Theoretical Calculations. a. Methodological details.
Complex 5 consists of three magnetically interacting
manganese(I'V) centers and can be described reasonably
well by the BS-DFT approach,®>3%* as already demon-
strated in studies of related systems.****% The predicted
number of possible pairwise exchange couplings is three
and can be determined within the BS-DFT framework.
For that purpose, we first assume that locally all spins on
each given fragment are aligned in parallel (local HS
configurations). Then a separate solution for each of
the possible spin configurations of the cluster is computed
where each center assumes either a positive or a negative
sign of the local spin (denoted as “spin-up” and “spin-
down”, respectively). Assuming a non-symmetrical struc-
ture, a S = 9/2 HS configuration {+,+,+} and three Mg
= 3/2 {—,+,+}, {+,—.+} and {+,+,—} BS solutions can
be generated (Scheme 2). Since the trinuclear cluster in
question has C, point-group symmetry as depicted in
Scheme 2 (the C, axis passing through Mn(1) and the
center of the diamond core unit formed by Mn(2), Mn(3),
O(1), and O(2)), the {+,+,—} spin configuration will
not be further considered in our analysis, the {+,—,+}
and {+,+,—} solutions being equivalent by symmetry.
This is fully consistent with the proposed coupling scheme
(see eq 2).

From the calculated energies of the HS configuration
(E¢+ .+ +y) and the two BS states (£, | y) and (Eq — 1))
(see Supporting Information), the J values of 5 are
obtained from the use of eq 2 as

(E{+a +, +} _E{ 5t +})
18
(Etr, o0 — B - 1)

J};:_ 9 +Ja

Jo = —
(4)

Based on the computed coupling constants, the full
magnetic sublevel spectrum can be determined according
to eq 3, especially the low energy spin levels.

(64) Sinnecker, S.; Neese, F.; Lubitz, W. J. Biol. Inorg. Chem. 2005, 10,
231-238.

(65) Sinnecker, S.; Neese, F.; Noodleman, L.; Lubitz, W. J. Am. Chem.
Soc. 2004, 126, 2613-2622.
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Table 3. Calculated and Experimental Exchange Coupling Constants J (cm ™)
for 5, Spin of Ground (S;s) and First Excited (Sgs) States, and Energetic
Sepalration between the Ground and the Lowest Excited States (AEgs.gs)) in
cm

Joem™)  Jy(em™h Sas Ses®  AEGs.gs) (cm ™)

cale. —39.4 —55.9 (1/2,1) (1/2,2) 66.0
(3/2.0) 852
(3/2.1) 1182
(3/2.2) 1842
(3/2.3) 2832

exp.  —37(£0.5) —53.0(x1) (1/2.1) (1/2,2) 64

(3/2,0) 79
(3/2.1) 111
(3/2.2) 175
(3/2,3) 271

“(S7.S4) with S the total spin of the complex and S, the inter-
mediate spin resulting from the coupling of the manganese ions co-
ordinated by a bis-u-oxo bridge.

b. Heisenberg Exchange Coupling Constants. In a pre-
vious study on magnetic properties of polynuclear man-
ganese clusters,* it was shown that the problem of
deriving a set of J—values might be underdetermined.
Specifically, the number of experimentally probed energy
levels (typically two or three) might be not large enough to
ensure that the fitting procedure leads to a unique set of
J-values. Thus, the simultaneous study of the magnetic
sublevel spectrum and of the resulting magnetic suscept-
ibility is advocated as the most reliable way to compare
theory and experiment.

In this context, the calculated J-values based on the BS-
DFT approach of 5 are collected in Table 3 together with
the relevant energy spectrum calculated by a direct diag-
onalization of the Heisenberg Hamiltonian. In Table 3,
we also indicate the total spin of the ground and the
lowest excited states, as well as the energetic separation
between the ground and these lowest spin multiplets. The
full energy spectra of the spin states of 5 and the corres-
ponding Boltzmann populations are provided in the
Supporting Information, Table S3 and Figure S2.

Looking first at the J values presented in Table 3, our
results already provide excellent agreement with the
experimental data. The computed coupling constants
both reflect moderate antiferromagnetic interactions as
expected from experiment and from the results of most of
the studies reported on manganese clusters since the two
exchange paths are here mediated by u-oxo bridges.>®
From the computed magnetic sublevel spectrum, we
confirm that both ground and first excited spin states
are doublet S7 = 1/2 states and that their energetic sepa-
ration very closely matches the value probed by experi-
ment. The same observations can be also made for the
next excited levels with all features being assigned to
quartet (S7 = 3/2) states. Moreover, from the Boltzmann
population analysis, we observe that only the first five
levels are significantly populated (above 10%) within the
range of experimental temperatures (see Supporting In-
formation, Figure S2). We can thus confirm that the spin
states reported in Table 3 are the only relevant states for
the present study of complex 5.

Furthermore, one more step toward observable quan-
tities was taken: in Figure 2 the magnetic suscepti-
bility curve (ym7 vs T) constructed from the theoretical
results’® are compared with the data deduced from
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Scheme 3. Schematic Representations of 4 and 5 (purple, Mn; red, O;
blue, N)*

“Ligands were omitted for clarity.

experiment. These graphical results are in line with the
analysis of the data presented in Table 3 and show the nice
correlation between theory and experiment for the pre-
diction of magnetic properties of 5.

In addition, it is interesting to analyze the ground spin
state of this system in terms of magneto-structural corre-
lations. In former experimental studies on {Mn;0,}*"
clusters,'*!>!7 it was actually suggested that their ground
spin state could be correlated to the magnitude of the J
parameters that are directly influenced by specific geome-
trical features. For the case of 1—2,'*!" the ground spin
state was found to be S = 1/2 and the magnetic sus-
ceptibility fit parameters were J, = —54 and J, = —85
em ! as well as J, = —49 and J, = —91 cm™ ', respec-
tively. However, very different results were obtained with
4:'7 the ground spin state was Sz = 3/2 and the derived J
parameters were J, = —11and J, = —76 cm ™. The prin-
cipal origin of the spin-state change in going from a
doublet to a quartet appeared to be the magnitude of
the J, coupling constant which is 5-fold smaller for 4
whereas the J, parameter remains almost constant when
compared to 1 and 2. The decrease in J, was shown to be
related to the chemical nature of the first coordination
sphere of the Mn(1) center, that is, N4O, for 1 and 2 and
N;O; for 4. In 4, an OH ligand is coordinating the Mn(1)
site which leads to a pulling of Mn(1) toward O(2) and
presumably to the formation of a hydrogen bond between
O(2) and O(9). This hydrogen bond appears to be partly
responsible for a specific distortion resulting in a dihedral
angle between the planes defined by Mn(2), Mn(3), O(3),
O(4) on one hand and Mn(1), O(3), O(4) on the other
(Scheme 3).'7 For 1 and 2, no distortion is observed so
that the Mn(1) center rests in the O(4), Mn(2), Mn(3),
O(3) plane. Upon looking at 5, the aqua ligand coordi-
nated to Mn(1) is in trans position versus the mono-u-oxo
bridge O(4) contrarily to the cis coordination of the
hydroxo ligand in 4 versus the two mono-u-oxo bridges
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0O(3) and O(4). This is imposed by the meridional coordi-
nation of terpy in contrast to the facial coordination of
bpea. This peculiar position of the aqua ligand prevents
the bending observed in 4 and leads to the planar struc-
ture of the {Mn3;04}*" core as for 1 and 2.

Since the above geometrical features were found to be
responsible for the relative magnitudes of the J, and J,
parameters, they also modulate the ratio J,/J, that con-
trols the nature of the ground spin state.'*'" Indeed, for
JoJJy = 04, the Sy = 1/2 and Sy = 3/2 states are
degenerate. Thus, for 1 > J,/J, = 0.4, the S = 1/2 state
(S4 = 1)is the ground spin state of the system, while for 0
< JoJJp < 0.4, it is the S = 3/2 state (S, = 0).'” The
above observation can be verified for complexes 1—2 and
4—5 since for 1-2 and 5, characterized by a doublet
ground state, it was found that 0.54 < J,/J,, < 0.70, while
for 4, the quartet ground state is associated to J,/J, =
0.14.

Concerning the magnitude of the exchange coupling
constants of 5, J, and J,, they are noticeably smaller
than those found for 1 and 2. This is particularly aston-
ishing since the structural features of the {Mn30,4}*" core
of 5 are similar to those of complexes 1 and 2 (Table 2).
Intuitively, comparable magnetic properties for these
three complexes might have been expected. Indeed, it
is generally admitted that for the oxo bridged manganese
dinuclear units, correlations can be found between
the structural and the magnetic properties of the
{Mn,(u-0O),}" core (x = 1—3, n depends on the oxidation
state of the Mn ion),*>*’~% as in the case of {Mn'Y,(u-
0),}*", for which a correlation has been found bet-
ween the J values and the Mn—O—Mn angle.”® By
contrast, our results demonstrate that, in the peculiar
trinuclear {Mn'Y;0,}*" core, the magnitude of the ex-
change couplings does not depend exclusively on the
structure of the core, but the ancillary ligands might also
play a crucial role. The presence of additional oxygen
ligands may lead to a modification of the electronic
structure within the manganese cluster and thus a de-
crease in J values.

Conclusions

In summary, we have obtained a new example of a tri-
nuclear oxo bridged Mn cluster featuring a triangular
{Mn"V304}*" core. The X-ray structure has been resolved,
and the magnetic properties were investigated through a
combination of experimental techniques and quantum chem-
istry. Interestingly, this complex represents the first structu-
rally characterized Mn compound with polypyridinyl N-
oxide ligands. Looking at the magnetic properties of 5, the
quantum chemical analysis of the trinuclear unit, based on
the TPSSh functional, provides an excellent match with the
experimental data. Further work is in progress in our

(66) McCusker, J. K.; Jang, H. G.; Wang, S.; Christou, G.; Hendrickson,
D. N. Inorg. Chem. 1992, 31, 1874-1880.

(67) Barone, V.; Bencini, A.; Gatteschi, D.; Totti, F. Chem.—Eur. J. 2002,
8, 5019-5027.

(68) Rudberg, E.; Salek, P.; Rinkevicius, Z.; Agren, H. J. Chem. Theory
Comput. 2006, 2, 981-989.

(69) Stamatatos, T. C.; Christou, G. Phil. Trans. R. Soc. A 2008, 366, 113—
125.

(70) Law, N. A.; Kampf, J. W.; Pecoraro, V. L. Inorg. Chim. Acta 2000,
297, 252-264.
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laboratories to elucidate the role of the nature of the ancillary
ligands on exchange interactions between the Mn ions in
determining the ground state total spin of this and closely
related systems.
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Supporting Information Available: Relationship between the
exchange coupling constants and the energies of the spin con-
figurations, crystallographic data for 5 (Table S1), powder Q-
band EPR spectrum of 5 (Figure S1), calculated energies and
energetic separations between the HS and BS states (Table S2),
calculated energy spectra of the spin states of 5 (Table S3) and
calculated Boltzmann populations of 5 (Figure S2). Crystal-
lographic data in CIF format. This material is available free of
charge via the Internet at http://pubs.acs.org. CCDC 740778
contains the supplementary crystallographic data for
5-3.54H,0. These data can be obtained free of charge from
the Cambridge Crystallographic Data Center via www.ccdc.
cam.ac.uk/data_request/cif.



