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ABSTRACT: Two new one-dimensional heterometallic
complexes , [Mn3Na(L)4(CH3CO2)(MeOH)2] -
(ClO4)2·3H2O (1), [Mn3Na(L)4(CH3CH2CO2)-
(MeOH)2](ClO4)2·2MeOH·H2O (2) [LH2 = 2-methyl-
2-(2-pyridyl)propane-1,3-diol], have been synthesized and
characterized by X-ray crystallography. Both complexes
feature MnII and NaI ions in trigonal-prismatic geometries
that are linked to octahedral MnIV ions by alkoxy bridges.
Variable-temperature direct- and alternating-current mag-
netic susceptibility data indicated a spin ground state of S
= 11/2 for both complexes. Density functional theory
calculations performed on 1 supported this conclusion.

In the last 2 decades, a considerable ongoing research has
been directed toward polynuclear manganese complexes in

various oxidation states. Primarily, investigations have been
concentrated on their novel magnetic properties, namely, the
single-molecule-magnetic behavior and associated quantum
properties.1 However, from a structural point of view alone,
these polynuclear complexes of different shape, size, and
dimensionalities make a very interesting study. At the root of
these intriguing structures are the coordination spheres of the
metal ions, dominated by the octahedral geometry. So, naturally
there is still a high degree of interest in the atypical
hexacoordinating trigonal-prismatic geometry especially in
molecular complexes.2 The high-spin (HS) MnII d5 ion has
been particularly well studied because its reorganizing energy
for the two extreme geometries is quite low.3 However, the
trigonal prism still remains an elusive geometry, and the factors
preventing or permitting this geometry are not always clear.2

Herein, we report two novel one-dimensional (1D)
heterometallic complexes, [Mn3Na(L)4(CH3CO2)(MeOH)2]-
(ClO4)2·3H2O (1) and [Mn3Na(L)4(CH3CH2CO2)-
(MeOH)2](ClO4)2·2MeOH·H2O (2) [LH2 = 2-methyl-2-(2-
pyridyl)propane-1,3-diol1k,l], both featuring octahedral MnIV

ions linked alternately to one trigonal-prismatic MnII ion and
even more interestingly to one trigonal-prismatic NaI ion. The
complexes are essentially identical in structure and magnetic
behavior, showing a weak ferromagnetic interaction among the
neighboring Mn ions. Density functional theory (DFT) studies
were also carried out, which supported the S = 11/2 ground
state.
Both complexes were crystallized by slow evaporation of a

stirred mixture of the triangles [Mn3O(CH3CO2)6(py)3]-
(ClO4) (for 1), [Mn3O(C2H5CO2)6(py)3](ClO4) (for 2),

LH2, Et3N, and NaClO4 in MeOH. It is interesting to note
that the starting complexes contain only MnIII ions, which
implies that a disproportionation reaction takes place.
Single-crystal X-ray diffraction (XRD) data showed that both

complexes belong to the monoclinic space group C2 (see the
Supporting Information for details), having essentially identical
structures except from the different acid residues. The basic
unit contains two unique Mn ions and one Na ion, forming an
infinite chain in which Mn1 is alternatively linked to Mn2 and
Na1 atoms by alkoxy bridges (Figures 1 and 2). Bond-valence-

sum calculations suggest that Mn1 is in a 4+ oxidation state and
Mn2 is in a 2+ oxidation state (Supporting Information).4

The geometry around Mn1 is octahedral, with two tridentate
L ligands occupying two opposite faces of the octahedron, with
the two pyridyl nitrogen atoms in the longer axial sites [Mn1−
N1, 1.998(7) Å, and Mn1−N2, 2.023(8) Å, for 1] and four
alkoxy oxygen atoms taking the equatorial positions [Mn1−
Oeq, 1.812(6)−1.898(5) Å, for 1]. Two of these oxygen atoms
(O1 and O4) are linked on one side to a Mn2 atom, and the
other two (O2 and O3) are linked to a Na1 atom. Both Mn2
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Figure 1. (Top) ORTEP view of the basic unit of 1 (thermal ellipsoids
are at the 25% probability level). (Bottom) 1D assembly with
coordination geometries. Hydrogen atoms, ClO4

− ions, and solvent
molecules have been removed for clarity. Symmetry code: #1, −x, y, −
z.

Communication

pubs.acs.org/IC

© 2012 American Chemical Society 4888 dx.doi.org/10.1021/ic300209y | Inorg. Chem. 2012, 51, 4888−4890

pubs.acs.org/IC


and Na1 sit on a 2-fold axis and have very slightly distorted
trigonal-prismatic geometries (Figure 3). The trigonal faces of

Mn2 are occupied by two alkoxy oxygen atoms (O1 and O4)
from two sides that bridge with neighboring Mn1 atoms and
one oxygen atom (O5) from the acid residue (acetate for 1;
propionate for 2), with the bonds in the range 2.154(5)−
2.252(7) Å (for 1). The trigonal faces of the Na1-centered
prism are occupied by two alkoxy oxygen atoms (O2 and O3)
bridging to neighboring Mn1 atoms and one oxygen atom
(O6) from a methanol molecule, with the bonds in the range
2.317(6)−2.42(2) Å (for 1). For both Mn2 and Na1, the
trigonal faces are closer than expected for an ideal trigonal-
prismatic geometry, but the faces are only very slightly twisted
from the ideal value of 0° (see the Supporting Information for
details).
To the best of our knowledge, 1 and 2 are the first molecular

complexes to feature sodium ions in this unique geometry.
However, MnII ions do appear in geometries that lie closer to
the trigonal-prismatic structure, but most of them are
mononuclear or have softer coordinating atoms.3 The general
explanation for this geometry changeover is not always clear,
but for the HS d5 ion, the energy barrier is expected to be very
low (no LFSE loss). For 1 and 2, however, a very distinct
packing effect is seen, when the bond lengths and angles are
closely examined. Mn1IV is joined to Mn2II by O1 and O4
atoms, which take up the cis positions in the equatorial plane of
Mn1, are bonded quite strongly to the highly charged ion with
small bond lengths (∼1.9 Å), and create only an angle of ∼82°
at the metal center. So, O1 and O4 can be considered to be

fixed in space at a distance of ∼2.5 Å (behaving as a bidentate
ligand with a small bite angle) from each other, and bonds with
Mn2 with these two atoms are expected to be quite longer
(∼2.2 Å) because MnII has a higher ionic radius. Hence, the
two oxygen atoms cannot produce an angle near 80−90° at the
Mn2 center, and this is also true for the other two oxygen
bridges from the opposite side. So, Mn2 fails to adopt an
octahedral geometry, but it can still take an acid residue to
compensate for it by having six bonds around in a trigonal-
prismatic fashion.
The variable-temperature (1.8−300 K) magnetic suscepti-

bility data for 1 and 2 were measured under a 0.2 T applied
field. The magnetic behaviors of 1 and 2 are essentially
identical, and therefore those of the former will be discussed in
detail (for 2, the data can be found in the Supporting
Information). The obtained data for 1 are shown in Figure 4 as

both χM versus T and χMT versus T plots. The room
temperature χMT value of 8.14 cm3 K mol−1 is just above the
expected (8.125 for g = 2) value for a noninteracting MnIV2MnII

unit. The χMT value gradually increases upon a lowering of the
temperature and shows a rapid jump below 100 K, to reach a
maximum value of 16.15 cm3 K mol−1 at 8 K. Below this
temperature, the χMT value rapidly drops to 10.10 cm3 K mol−1

at 1.8 K, probably because of saturation effects or weak
intercluster interactions. Above 50 K, the 1/χM versus T plot
obeys the Curie−Weiss law with θ = 19.4(4) K, which along
with the nature of the χMT versus T plot suggests a dominant
ferromagnetic interaction among the metal ions.
The symmetry of the trinuclear basic magnetic unit implies

that the magnetic exchange can be described by a single
exchange parameter J (MnIV−J−MnII−J−MnIV). The Heisen-
berg spin Hamiltonian for this exchange scheme is given by

= − · + ·H J S S S S( )1 2 2 3

In this Hamiltonian, S1 = S3 =
3/2 and S2 =

5/2, and the effect
of zero-field splitting has not been considered. A theoretical
expression for χM was derived using the van Vleck equation and
assuming an isotropic g value (fittings of both χM versus T and
χMT versus T in the whole temperature range are provided in
the Supporting Information). The least-squares fitting of the
experimental data above 7 K gives J = 8.12(19) cm−1 and g =
1.898(2) with R = 6.76 × 10−5 for 1 and J = 7.90(25) cm−1 and
g = 1.912(3) with R = 1.28 × 10−4 for 2.

Figure 2. ORTEP view of the basic unit of 2 (thermal ellipsoids are at
the 20% probability level). Hydrogen atoms, ClO4

− ions, and solvent
molecules have been removed for clarity. Symmetry code: #1, −x, y, −
z. Note that the bond between C19 and C20 coincides with a 2-fold
axis that generates an extra C21 atom in the propionate residue.

Figure 3. Coordination geometries of MnII (cyan) and NaI (yellow)
ions in complex 1, with some important geometrical parameters.

Figure 4. Plots of χM versus T and χMT versus T (inset) for 1 in the
temperature range 1.8−300 K. The red lines indicate the fitting using
the theoretical model (see the text and Supporting Information).
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Variable-field magnetization measurements (up to 7 T) at 1.8
K did not show any hysteresis (Figure 5), but the reduced

magnetization value quite rapidly saturates to ∼11 Nβ,
suggesting a spin ground state of S = 11/2, which is expected
for ferromagnetically aligned spins of two MnIV (3/2) ions and
one MnII (5/2) ion. The plots of the magnetization data as a
function of the temperature (1.8−10 K) in varying fields (1−7
T) showed no evidence for the presence of anisotropy
(Supporting Information). To further probe the ground state,
ac susceptibility data were collected for both complexes in the
1.8−15 K range using a 5 G ac field oscillating at frequencies in
the 10−1000 Hz range. The ac in-phase χ′MT values for both
complexes slowly rise from 15 K up to about 8 K, clearly
heading to ∼16 cm3 K mol−1 at 0 K (Figure 5), which is
consistent with a S = 11/2 ground state (the expected value with
g = 1.9 is 16.13), and a small dip is observed below 8 K
(frequency-independent) because of weak intercluster inter-
actions.5

DFT (UB3LYP and LANL2DZ) calculations of the
MnIIMnIV2 unit in 1 show that the spin ground state is S =
11/2 (Figure S10). The complex nature of the spin structures
and the relative energies of the six spin states (2S + 1 = 2, 4, 6,
8, 10, 12) make it rather difficult to obtain a reliable value for
the exchange parameter J.6

In summary, two new heterometallic 1D complexes have
been synthesized, in which a MnIV ion bonded to 2 equiv of the
pyridyldialkoxide ligand generates trigonal-prismatic pockets on
both sides occupied by MnII and NaI ions. The resulting MnIV−
MnII−MnIV units exchange ferromagnetically to give a spin
ground state of 11/2. This work demonstrates that the rare
hexacoordinate trigonal-prismatic geometry can be accessed by
introducing geometrical constraints by suitable choices of
ligands, and not only transition metals but also alkali metals can
adopt this geometry in molecular complexes. We are currently
investigating the unique properties of the [MnIV(L)2] moiety
by substituting the sodium ion with other alkali metals and the
MnII ion with other transition-metal ions.
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Kataev, V.; Büchner, B.; Müller, P.; Meyer, F. J. Am. Chem. Soc. 2011,
133, 3433. (g) Chandrasekhar, V.; Murugesapandian, B.; Vittal, J. J.
Inorg. Chem. 2009, 48, 1148. (h) Winpenny, R. E. P. Dalton Trans.
2002, 1. (i) Jain, P.; Ramachandran, V.; Clark, R. J.; Zhou, H. D.;
Toby, B. H.; Dalal, N. S.; Kroto, H. W.; Cheetham, A. K. J. Am. Chem.
Soc. 2009, 131, 13625. (j) Jain, P.; Dalal, N. S.; Toby, B. H.; Kroto, H.
W. J. Am. Chem. Soc. 2008, 130, 10450. (k) Manoli, M.; Collins, A.;
Parsons, S.; Candini, A.; Evangelisti, M.; Brechin, E. K. J. Am. Chem.
Soc. 2008, 130, 11129. (l) Moushi, E. E.; Lampropoulos, C.;
Wernsdorfer, W.; Nastopoulos, V.; Christou, G.; Tasiopoulos, A. J. J.
Am. Chem. Soc. 2010, 132, 16146. (m) Alexiou, M.; Dendrinou-
Samara, C.; Karagianni, A.; Biswas, S.; Zaleski, C. M.; Kampf, J.; Yoder,
D.; Penner-Hahn, J. E.; Pecoraro, V. L.; Kessissoglou, D. P. Inorg.
Chem. 2003, 42, 2185. (n) Kar, P.; Biswas, R.; Drew, M. G. B.; Ida, Y.;
Ishida, T.; Ghosh, A. Dalton Trans. 2011, 40, 3295. (o) Kar, P.; Guha,
P. M.; Drew, M. G. B.; Ishida, T.; Ghosh, A. Eur. J. Inorg. Chem. 2011,
2075.
(2) (a) Seppelt, K. Acc. Chem. Res. 2003, 36, 147. (b) Cremades, E.;
Echeverría, J.; Alvarez, S. Chem.Eur. J. 2010, 16, 10380.
(3) (a) Karmakar, T. K.; Ghosh, B. K.; Usman, A.; Fun, H.-K.;
Rivier̀e, E.; Mallah, T.; Aromí, G.; Chandra, S. K. Inorg. Chem. 2005,
44, 2391. (b) Gorkum, R. V.; Buda, F.; Kooijman, H.; Spek, A. L.;
Bouwman, E.; Reedijk, J. Eur. J. Inorg. Chem. 2005, 2255.
(c) Desroches, C.; Pilet, G.; Borshch, S. A.; Parola, S.; Luneau, D.
Inorg. Chem. 2005, 44, 9112. (d) Zaleski, C. M.; Tricard, S.;
Depperman, E. C.; Wernsdorfer, W.; Mallah, T.; Kirk, M. L.;
Pecoraro, V. L. Inorg. Chem. 2011, 50, 11348. (e) Stoumpos, C. C.;
Stamatatos, T. C.; Sartzi, H.; Roubeau, O.; Tasiopoulos, A. J.;
Nastopoulos, V.; Teat, S. J.; Christou, J.; perlepes, S. P. Dalton Trans.
2009, 38, 1004.
(4) Liu, W.; Thorp, H. H. Inorg. Chem. 1993, 32, 4102.
(5) (a) Stamatatos, T. C.; Oliver, K.; Abboud, K. A.; Christou, G.
Inorg. Chem. 2011, 50, 5272. (b) Saha, A.; Abboud, K. A.; Christou, G.
Inorg. Chem. 2011, 50, 12774.
(6) (a) Atanasov, M.; Comba, P.; Hausberg, S.; Martin, B. Coord.
Chem. Rev. 2009, 253, 2306. (b) Mukherjee, S.; Gole, B.; Chakrabarty,
R.; Mukherjee, P. S. Inorg. Chem. 2009, 48, 11325. (c) Mukherjee, S.;
Gole, B.; Song, Y.; Mukherjee, P. S. Inorg. Chem. 2011, 50, 3621.
(d) Mukherjee, S.; Patil, Y. P.; Mukherjee, P. S. Dalton Trans. 2012,
41, 54. (e) Sarkar, S.; Datta, A.; Mondal, A.; Chopra, D.; Ribas, J.;
Rajak, K. K.; Sairam, S. M.; Pati, S. K. J. Phys. Chem. B 2006, 110, 12.

Figure 5. Plots of M versus H data at 1.8 K for 1 and 2 (left) and the
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1.8−15 K at the indicated frequencies for 1 (right).
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