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Two novel decametallic clusters displaying a supertetrahedral structural core are discussed, a homometal-
lic compound [MnIII

9 MnII(l4-O)4(l3-OMe)3(btH)3(ed)3(PhCO2)6]�6Η2Ο (1�6Η2Ο) (btH3 = (±)-1,2,4-butane-
triol; edH2 = 1,2-ethanediol) and a heterometallic one [MnIII

6 Ca
II
4(l4-O)4(l3-Cl)4(pd)6Cl2(MeOH)10] (2)

(pdH2 = 1,3-propanediol). In particular complex 1�6Η2Ο is a new member of an extended family of
homometallic Mn10 supertetrahedra which exhibits an unprecedented MnIII

9 MnII oxidation state level. It is
based on a supertetrahedral [MnIII

9 MnII(l4-O)4]
21+ core with its peripheral ligation being completed by bridg-

ing alkoxy (OMe�, btH2�, ed2�) and carboxylate (PhCO2
�) ligands. Complex 2 is a unique heterometallic ana-

logue of the family of complexes displaying the well-known [MnIII
6 MnII

4(l4-O)4]18+ supertetrahedral core in
which the MnII ions have been replaced by CaII ions. The peripheral ligation of the heterometallic
[MnIII

6 CaII4(l4-O)4]18+ core is completed by both bridging (l3-Cl� and pd) and terminal (Cl�, MeOH) ligands.
Magnetism studies revealed that complex 1�6Η2Ο displays dominant ferromagnetic exchange interactions
and a large spin ground state value ST = 23/2 whereas complex 2 exhibits exclusively ferromagnetic exchange
interactions and the maximum possible spin ground state ST = 12 for a complex consisting of six MnIII and
four CaII ions.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Polynuclear clusters of paramagnetic 3d metal ions have
attracted intense interest in the last two decades for a number of
reasons including their novel crystal structures and magnetic prop-
erties [1–4]. Such compounds often exhibit impressive crystal
structures with unique features such as high nuclearities and aes-
thetically pleasing, high symmetry structural cores [1]. In addition
they sometimes display interesting magnetic properties including
the presence of ferromagnetic exchange interactions that lead to
large or even abnormally large spin ground state values [2–7].
The construction of molecular aggregates possessing large ST val-
ues has been a challenge for synthetic chemists since they are
related to interesting phenomena and hot research areas such as
single molecule magnetism [2–4] and magnetic refrigeration [8].
The most successful synthetic methods towards metal clusters
exhibiting large ST values include the use of ligands that usually
lead to ferromagnetic exchange interactions [9] or the employment
of ligands and synthetic procedures that lead to complexes that are
known to display ferromagnetic exchange interactions [10]. One
family of compounds that has attracted intense interest because
of their high symmetry structural core and the fact that they usu-
ally exhibit entirely ferromagnetic exchange interactions are those
containing the decametallic supertetrahedral core. A Cambridge
database search for decametallic discrete Mn complexes exhibiting
the [Mn10(l4-O)4]n+ supertetrahedral core gave twelve hits and a
second one for all compounds containing this core even as frag-
ment of high nuclearity clusters or as fragment or repeating unit
of multidimensional coordination polymers returned over thirty
hits [6,7,11–26]. The extended appearance of this core in Mn
carboxylate chemistry reveals not only its significance for this area
but also its ability to be stabilized with a series of chelating
ligands. The most widely appeared ligands in decametallic
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supertetrahedral compounds are various aminoalcohols [11–14],
diols [7,16,17,19,20,22–26] and triols [6,17], although such com-
pounds have been stabilized with a variety of ligands including
oxacalix[3]arene [18], benzotriazole [21], etc. Intense interest has
attracted the most commonly appeared [MnIII

6 MnII
4(l4-O)4]18+

supertetrahedral core since it usually displays entirely ferromagnetic
exchange interactions and the maximum possible spin ground state
value ST = 22. Interestingly, members of this family displayed
enhanced magnetocaloric effect and were proposed for use in
magnetic refrigeration applications [11,12]. In addition, this
core has appeared as fragment in high nuclearity [Mn17] [7] and
[Mn19] [6] clusters which consist of two edge- or vertex-sharing
[MnIII

6 MnII
4(l4-O)4]18+ sub-units respectively. The exchange interac-

tions within these clusters are entirely ferromagnetic resulting in
giant ST values of 37 ([Mn17]) and 83/2 ([Mn19]) which correspond
to the highest ST value reported for a SMM and the second highest
ST value for any metal cluster in general, respectively. Furthermore,
this core also has appeared as fragment in nanosized homometallic
and heterometallic aggregates including the giant [Mn49] cuboctahe-
dron consisting of eight tightly connected [MnIII

6 MnII
4(l4-O)4]18+

supertetrahedral sub-units [24] and a [Mn36Ni4] ‘loop-of-loops-
and-supertetrahedra’ complex [25] consisting of two [MnIII

8 NiII2] loops
and two [MnIII

6 MnII
4(l4-O)4]18+ supertetrahedra. These compounds

display dominant ferromagnetic exchange interactions leading to
large ST values (61/2 in the case of [Mn49] aggregate and 26 in the
case of [Mn36Ni4] compound). The presence of decametallic
supertetrahedra in the repeating units of multidimensional
coordination polymers has also been realized with the list of such
species containing compounds based on a [MnIII

6 MnII
4(l4-O)4]18+

and a [MnIII
11MnII

6(l4-O)8]29+ repeating units [7,16,23]. Apart from
the rather common [MnIII

6 MnII
4] oxidation state level, the decametal-

lic supertetrahedral core has also appeared at the [MnIII
4 MnII

6]
[18–20] and [MnIII

10] [21] ones. In addition, the heterometallic
[Mn10�xMx(l4-O)4]n+ (M = any metal ion) supertetrahedral core,
has also appeared only once in discrete form in a MnIII

4 CeIV6 cluster
[27]. It has also been observed a few times as a fragment in high
nuclearity [MnIII

9 DyIII8 ] [28] and [MnIII
12MnII

6M] (M = DyIII, YIII, LuIII, SrII

and CdII) [29,30] aggregates consisting of two edge- or vertex-shar-
ing decametallic supertetrahedra, respectively and in the nanosized
[Mn25Na4] aggregate containing four edge-sharing [MnIII

6 MnII
3NaI]

supertetrahedral repeating units [24].
Herein we report the synthesis, structural, spectroscopic and

magnetic characterization of two new compounds, a
homometallic [MnIII

9 MnII(l4-O)4(l3-OMe)3(btH)3(ed)3(PhCO2)6]�
6Η2Ο (1�6Η2Ο) (btH3 = (±)-1,2,4-butanetriol; edH2 = 1,2-ethanediol)
and a heterometallic [MnIII

6 CaII4(l4-O)4(l3-Cl)4(pd)6Cl2(MeOH)10] (2)
(pdH2 = 1,3-propanediol) one, exhibiting supertetrahedral structural
cores. Complex 1 displays an unprecedented in the rich family of
Mn-based decametallic supertetrahedra [MnIII

9 MnII] oxidation state
level whereas complex 2 is a unique heterometallic analogue of the
family of complexes containing the [MnIII

6 MnII
4(l4-O)4]18+ core in

which the MnII ions are replaced by CaII ions. Magnetism studies
revealed the presence of dominant ferromagnetic exchange interac-
tions in 1�6Η2Ο leading to large ST = 23/2 and entirely ferromagnetic
exchange interactions in 2 affording an ST = 12.
2. Experimental

2.1. General and physical measurements

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received.
[Mn3O(O2CPh)6(py)2(H2O)] was prepared as described elsewhere [31].

Microanalyses (C, H, N) were performed by the in-house facili-
ties of the University of Cyprus, Chemistry Department. IR spectra
(4000–400 cm�1) were recorded on a Shimadzu Prestige-21 spec-
trometer with the samples prepared as KBr pellets. Variable-tem-
perature dc and ac magnetic susceptibility data were collected at
the University of Florida using a Quantum Design MPMS-XL SQUID
susceptometer equipped with a 7 T magnet and operating in the
1.8–300 K range. Samples were embedded in solid eicosane to pre-
vent torquing. The ac magnetic susceptibility measurements were
performed in an oscillating ac field of 3.5 G and a zero dc field. Pas-
cal’s constants were used to estimate the diamagnetic corrections,
which were subtracted from the experimental susceptibilities to
give the molar paramagnetic susceptibility (vM).

2.2. Compound preparation

2.2.1. [MnIII9 MnII(l4-O)4(l3-OMe)3(btH)3(ed)3(PhCO2)6]�6Η2Ο (1�6Η2Ο)
A colorless solution of btH3 (0.095 ml, 0.11 g, 1.06 mmol) in

MeOH (5 ml) was added to a brown solution of [Mn3O(O2CPh)6
(py)2(H2O)] (0.20 g, 0.18 mmol) in MeOH (10 ml) and to the result-
ing brown slurry was added solid NaOCN (0.047 g, 0.72 mmol). The
reaction mixture was left under magnetic stirring for 40 min and
the resulting solution remained undisturbed for 15 min. Then it
was filtered off and the filtrate was left to slowly evaporate at room
temperature. After a few weeks X-ray quality crystals of 1�3Η2Ο
were formed. The reaction yield was 20% based on total Mn con-
tent. The dried solid was analyzed as 1�6Η2Ο. Anal. Calc.: C,
37.21; H, 4.31. Found: C, 36.92; H, 4.38. IR (KBr, cm�1): 3119b,
2848w, 1638 s, 1618 s, 1570 m, 1400 s, 1105 m, 1036 m, 947w,
777w, 718 m, 679 m, 625 m, 561 m, 480 m.

2.2.2. [MnIII6 Ca
II
4(l4-O)4(l3-Cl)4(pd)6Cl2(MeOH)10] (2)

pdH2 (0.15 ml, 0.16 g, 2.1 mmol), NEt3 (0.14 ml, 0.10 g,
1.0 mmol) and solid CaCl2� 4H2O (0.09 g, 0.5 mmol) were added to
a solution of MnCl2�4H2O (0.10 g, 0.5 mmol) in MeCN/MeOH
(25/4 ml). The resulting orange slurry was gently heated for 1 h
under stirring during which time it turned to a brown solution.
The latter was filtered off and the filtrate left to stand undisturbed
in a closed flask. After five days, X-ray quality, orange, rod-shaped
crystals of 2 were observed. The crystals were collected by
filtration, washed with cold MeCN and dried on air. The reaction
yield was 40% based on total Mn content. The dried solid analyzed
satisfactorily as 2. Anal. Calc.: C, 21.96; H, 5.00. Found: C, 21.68;
H, 5.21. IR (KBr, cm�1): 3218b, 2915w, 2882w, 1564 s,
1522 m, 1481 s, 1475 s, 1304 m, 1269 m, 1253w, 1224 m, 1196 m,
1123 m, 1129 m, 1097 s, 1063 s, 980 m, 922 m, 910 s, 883w,
809 m, 780 m, 751 m, 732 m, 624 m, 590 m.

2.3. Single-crystal X-ray crystallography

Data were collected on a SuperNova A Oxford Diffraction
diffractometer, equipped with a CCD area detector and a graphite
monochromator utilizing Cu-Ka (k = 1.54184 Å) and Mo Ka radia-
tion (k = 0.71073 Å) for 1�3Η2Ο and 2, respectively. Suitable crys-
tals covered with paratone-N oil were mounted on the tip of
glass fibers or scooped up in cryo-loops at the end of a copper
pin and transferred to a goniostat where they were cooled for data
collection. Empirical absorption corrections (multi-scan based on
symmetry-related measurements) were applied using CRYSALIS RED

software [32]. The structures were solved by direct methods with

SIR92 [33] and refined on F2 using full-matrix least squares with

SHELXL97 [34]. The program SQUEEZE [35], a part of the PLATON package
of crystallographic software, was used to remove contribution of
highly disordered solvent molecules in 1�3Η2Ο. Software packages
used: CrysAlis CCD for data collection [32], CrysAlis RED for cell
refinement and data reduction [32], WINGX for geometric calcula-
tions [36], and DIAMOND [37] for molecular graphics. The non-H



Table 1
Crystallographic data for complexes 1�3H2O and 2.

Complex 1�3H2O 2

Empirical formula C63H72Mn10O37 C28H54Ca4Cl6Mn6O26

Formula weight 1970.03 1509.37
Crystal system cubic monoclinic
Space group Pa�3 C2/c
Unit cell dimensions
a (Å) 25.6527(2) 18.7571(8)
b (Å) 25.6527(2) 15.4398(7)
c (Å) 25.6527(2) 21.092(2)
b (�) 98.772(2)
V (Å3) 16881.0(2) 6036.9(5)
Z 8 4
q (g cm�3) 1.550 1.661
k (Å) 1.54184 0.71073
l (mm�1) 12.462 1.892
T (K) 100(2) 100(2)
Measured/independent

reflections (Rint)
54478/4385
(0.0666)

14018/5322
(0.0371)

Obsd reflections [I > 2r(I)] 2729 4484
Parameters refined 331 326
GoF (on F2) 1.018 0.940
R1

a (I > 2r(I)) 0.0596 0.0459
wR2

b (I > 2r(I)) 0.1877 0.1316
(Dq)maximum/(Dq)minimum (e Å�3) 1.230/�0.483 1.860/�1.200

a R1 = R(|Fo| � |Fc|)/R(|Fo|).
b wR2 = {R[w(Fo2 � Fc

2)2]/R[w(Fo2)2]}1/2.
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atoms were treated anisotropically, whereas the hydrogen atoms
were placed in calculated, ideal positions and refined as riding on
their respective carbon atoms. In compound 1, the H atoms of
the alcohol O atom of the organic ligand btH2� and these of the
H2O solvent molecules could not be located. The H atoms of one
independent pd2� ligand (totally two in the molecule) and the
alcohol O atom of terminal MeOH molecules could not be located
in the molecule of 2. Unit cell data and structure refinement details
for compounds 1�3H2O and 2 are listed in Table 1. Full details can
be found in the CIF files provided in Supplementary information.
3. Results and discussion

3.1. Synthesis

Our group has been investigating the use of polyols in Mn car-
boxylate chemistry. These investigations have focused on the use
of diols and especially of 1,3-propanediol (pdH2) and its derivatives
as a strategy for the synthesis of high nuclearity Mn clusters
exhibiting interesting magnetic properties [7,10,23–26]. These
ligands have been shown to stabilize complexes containing the
[MnIII

6 MnII
4(l4-O)4]18+ core either in a discrete form or as fragment

of high nuclearity clusters [7,16,17,22–26]. These investigations
have been recently extended towards various directions. These
include the use in Mn carboxylate chemistry of various triols that
have not been widely employed in metal cluster chemistry. Thus,
the use of 3-methyl-1,3,5-pentanetriol (mptH3) in Mn carboxylate
chemistry afforded a [MnII

6MnIII
6 ] single – strand molecular wheel

with a reuleaux triangular topology [38] and a [MnIII
13MnIV

2 ] 3 � 5
molecular grid [39]. Further investigations in this area included
the use of the aliphatic triol btH3. To the best of our knowledge there
are no metal clusters reported in the literature containing this
ligand. Thus, the reaction of [Mn3O(O2CPh)6(py)2(H2O)] with btH3

in the presence of NaOCN in �1:6:4 molar ratio in MeOH afforded
a brown solution which was left undisturbed to slowly evaporate
at room temperature for a few weeks, upon which brown X-ray qual-
ity crystals of 1�3H2O were formed in 20% yield; the dried solid was
analyzed as 1�6H2O. The NaOCN salt, although neither its cation nor
its anion appear in 1, is essential for the formation of the metal clus-
ter since reactions performed in its absence led to microcrystalline
products that we were unable to further characterize. Note that
despite the fact that edH2 ligand was added in the reaction mixture
as one of the coexisting polyols contained as impurities in commer-
cially available btH3, the synthesis of 1�6H2O is highly reproducible.
The formation of complex 1 is summarized in Eq. (1).

10½MnIII
2 MnIIOðO2CPhÞ6ðpyÞ2ðH2OÞ�þ9btH3þ9edH2þ9MeOH

þ1:75O2þ6;5H2O �!MeOH
3½MnIII

9 MnIIðl4-OÞ4ðl3-OMeÞ3-
ðbtHÞ3ðedÞ3ðPhCO2Þ6� �6H2Oþ20pyþ42PhCO2H ð1Þ
A second extension of our research programme on the use of

polyols in Mn carboxylate chemistry involved the use of paramag-
netic or diamagnetic heterometals targeting to mixed metal com-
pounds. Particular attention has attracted the use of diamagnetic
heterometals in Mn/pdH2 reactions especially after the discovery
of a 3-D coordination polymer based on a high-spin [Mn19Na]
repeating unit [40]. These investigations have afforded some
high nuclearity clusters displaying aesthetically pleasing
crystal structures and interesting magnetic properties such as a
nanosized [Mn40Na4] ‘loop-of-loops’ aggregate consisting of four
[MnIII

8 MnII
2NaI] loops [41] and a [Mn15K] loop incorporating a

supertetrahedron [26]. These studies were also extended to the use
of CaII salts in Mn/pdH2 chemistry targeting to mixed Mnn+/CaII

clusters. Such compounds have attracted attention not only for their
interesting magnetic properties and crystal structures but also
because they could possibly serve as structural models of the Mn4Ca
cluster appearing in the active site of photosystem II that is respon-
sible for the photocatalytic oxidation of H2O to O2 [42]. In fact, com-
pound 2 is the initial result of these studies. Thus, the reaction of
MnCl2�4H2O and CaCl2� 4H2O with pdH2 in the presence of NEt3 in
�1:1:4:2 molar ratio in MeCN/MeOH (25/4 ml) afforded a brown
solution which was left undisturbed in a closed flask for five days,
upon which orange X-ray quality crystals of 2 were formed in 40%
yield; the dried solid was analyzed as solvent free 2.

The formation of complex 2 is summarized in Eq. (2).

6MnCl2 � 4H2Oþ 4CaCl2 � 4H2Oþ 6pdH2 þ 10MeOH

þ 1:5O2 �!MeCN=MeOH½MnIII
6 Ca

II
4ðl4-OÞ4ðl3-ClÞ4ðpdÞ6Cl2ðMeOHÞ10�

þ 14HClþ 39H2O ð2Þ
3.2. Description of structures

Representations of the molecular structure and the structural
core of compound 1 are shown in Fig. 1 and selected interatomic
distances and angles are listed in Table S1.

Complex 1�3Η2Ο (Fig. 1) crystallizes in the cubic space group
Pa�3 and its asymmetric unit consists of one third of the Mn10 clus-
ter and one crystallization water molecule. Its metallic skeleton
consists of a mixed valent MnIII

9 MnII supertetrahedron in which
the MnII ion occupies one of the apex positions. The oxidation states
of the Mn ions [43] and the protonation levels of the O atoms [44]
were determined by bond valence sum (BVS) calculations, charge
considerations and inspection of metric parameters. All MnIII ions
are hexacoordinated, displaying a distorted octahedral coordination
geometry and containing the expected, for high spin d4 ions, Jahn–
Teller (JT) elongations (the JT axes are not co-parallel). The MnII

ion is heptacoordinated although one of the bond lengths is too long
(Mn4� � �O8 = 2.567(8) Å) and thus this interaction can only be mar-
ginally considered as a covalent bond. The metal ions are connected
by four l4-O2� ions forming the [MnIII

9 MnII(l4-O)4]21+ core which
consists of three [MnIII

4 (l4-O)]10+ and one [MnIII
3 MnII(l4-O)]9+ ver-

tex-sharing tetrahedra. The Mn ions of the [MnIII
4 (l4-O)]10+ tetrahe-

dra are connected through two PhCO2
� ions bridging one pair of



Fig. 1. Partially labeled representation of the molecular structure of complex 1
(top) and its [MnIII

9 MnII(l4-O)4]21+ supertetrahedral structural core (bottom). Colour
code: MnIII, blue; MnII, cyan; O, red; C, grey. The hydrogen atoms are omitted for
clarity. (Colour online.)
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Mn ions in a syn,syn-g1:g1:l coordination mode and through
a g2:g1:l ed2� ligand bridging another pair of Mn ions. The three
[MnIII

4 (l4-O)]10+ tetrahedra are held together by three l3-OMe
bridges. The Mn ions of the [MnIII

3 MnII(l4-O)]9+ tetrahedron are con-
nected through three g2:g2:g1:l3 btH2� ligands occupying six of
the coordination sites of the MnII ion and connecting it to the
other Mn ions of the same tetrahedron and also to Mn ions of the
[MnIII

4 (l4-O)]10+ tetrahedra.
Complex 1 is a new member of the extended family of the

decametallic supertetrahedra possessing a [Mn10(l4-O)4]n+ core.
In the past several clusters displaying a decametallic supertetrahe-
dral core either in a discrete form or as part of a high nuclearity
cluster or repeating unit of a coordination polymer had been
reported with various chelating ligands. These complexes exhib-
ited the oxidation state levels [MnIII

4 MnII
6] [18–20], [MnIII

6 MnII
4]
Fig. 2. The oxidation state distribution in complex 1 (left) and those of reported [Mn10] s
and [MnIII

10] oxidation state distributions of decametallic supertetrahedra are shown. The
metallic skeletons. Colour code: MnIII, blue; MnII, cyan. (Colour online.)
[6,7,11–17,22–25] and [MnIII
10] [21] (Fig. 2) with the [MnIII

6 MnII
4] one

being by far the most common oxidation state level shown in
decametallic supertetrahedra. Interestingly, the [MnIII

9 MnII] oxida-
tion state distribution appeared in 1 is observed for the first time
in this family of [Mn10] supertetrahedra.

Representations of the molecular structure and the structural
core of compound 2 are shown in Fig. 3 and selected interatomic
distances and angles are listed in Table S2.

Complex 2 (Fig. 3) crystallizes in the monoclinic space group
C2/c and its asymmetric unit consists of half of the [MnIII

6 CaII4] clus-
ter. The metallic skeleton of 2 consists of a heterometallic MnIII

6 CaII4
supertetrahedron in which the CaII ions occupy the apex positions.
The oxidation states of the Mn ions [43] and the protonation levels
of the O atoms [44] were determined by bond valence sum (BVS) cal-
culations, charge considerations and inspection of metric parame-
ters. All MnIII ions are hexacoordinated, displaying a distorted
octahedral coordination geometry and containing the expected, for
high spin d4 ions, JT elongation axes which are not co-parallel. The
CaII ions are either hexacoordinated (Ca1) or heptacoordinated
(Ca2). The CaII ions occupy the apex positions of a tetrahedron and
the MnIII ones are located in its edges. The metal ions are connected
by four l4-O2� ions forming the [MnIII

6 CaII4(l4-O)4]18+ core (Fig. 3)
which consists of four [MnIII

3 CaII(l4-O)]9+ vertex-sharing tetrahedra.
In fact, the [MnIII

6 CaII4(l4-O)4]18+ core is analogous to the commonly
appeared homometallic [MnIII

6 MnII
4(l4-O)4]18+ supertetrahedral core

in which the MnII ions have been replaced by CaII ions. The MnIII ions
are bridged through four l3-Cl� ions which occupy their JT axes. The
two CaII and one MnIII ions located in each edge of the tetrahedron
are connected through one pd2- ligand (totally 6 pd2- in 2) bridging
in a g2:g2:l3 mode. The peripheral ligation of the CaII ions is com-
pleted by two terminal Cl� ions and ten MeOH molecules. Alterna-
tively the [MnIII

6 CaII4(l4-O)4]18+ core can be described as exhibiting
an ‘octahedron subscribed in a tetrahedron’ metal topology (Fig. 3,
bottom right). The inner octahedral unit is formed by the six MnIII

ions bridged through the four l3-Cl� ions whereas the outer tetrahe-
dral unit comprises the four CaII ions. The [MnIII

6 (l3-Cl)4]14+ and [CaII4]
sub-units are connected through the four l4-O2� ions with each of
them bridging three MnIII and one CaII ions.

Complex 2 represents a rare example of a heterometallic
[Mn10�xMx] supertetrahedron. In fact, there have been only three
types of mixed-metal supertetrahedra reported in the past, two
of which appeared as fragments of high nuclearity clusters
[24,27–30]. Their metallic skeletons are shown in Fig. 4 and com-
pared to the one of complex 2. To the best of our knowledge, there
is only one other discrete heterometallic supertetrahedron, a
[MnIII

4 CeIV6 ] aggregate [27]. In this compound the four MnIII and the
CeIV ions occupy the apices and the edges of the distorted supertetra-
hedron, respectively. The most common supertetrahedral unit,
appeared as fragment of high nuclearity clusters, is the [MnIII

6 MnII
3M]

(M = Na+, Sr2+, Cd2+, Y3+, Dy3+, Lu3+) one in which the heterometal is
located in one of the apex positions of the tetrahedron [24,29,30].
This unit has appeared in the [MnIII

12MnII
6M] (M = Sr2+, Cd2+, Y3+,

Dy3+, Lu3+) [29,30] aggregates consisting of two vertex-sharing
upertetrahedra.[6,7,11–25] From left to right the [MnIII
9 MnII], [MnIII

4 MnII
6], [MnIII

6 MnII
4]

solid lines connecting the metal ions are to emphasize the tetrahedral shape of the



Fig. 3. Partially labeled representation of the molecular structure of complex 2
(top), its [MnIII

6 CaII4(l4-O)4]18+ supertetrahedral structural core (bottom, left) and the
[MnIII

6 CaII4] metallic skeleton (bottom, right); the dashed lines connecting the metal
ions in the bottom, right figure are to emphasize the description of the [MnIII

6 CaII4]
metallic skeleton as a MnIII

6 octahedron subscribed in a CaII4 tetrahedron. Colour code:
MnIII, blue; CaII, light green; O, red; Cl, green; C, grey. The hydrogen atoms are omitted
for clarity. (Colour online.)

Fig. 5. vMT vs. T plots for complexes 1�6H2O (�) and 2 (s) in the temperature range
5–300 K in a 0.1 T applied dc field. The solid line is the fit of the data for 2; see text
for the fit parameters.
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[MnIII
6 MnII

3M] supertetrahedra which are analogues of the high
spin ST = 83/2 [MnIII

12MnII
7] aggregate [6]. A similar [MnIII

6 MnII
3M]

(M = Na+) core was also appeared recently as a repeating unit in a
[Mn25Na4] aggregate consisting of four such decametallic superte-
trahedral units sharing their edges [24]. Finally a [MnIII

5 DyIII5 ] superte-
trahedral core appeared as fragment in a [MnIII

9 DyIII8 ] aggregate
composed of two supertetrahedral units sharing their edges [28].
From the above discussion and Fig. 4 it becomes apparent that com-
plex 2 is a new type of heterometallic Mn-based supertetrahedron.
3.3. Magnetic properties

Solid-state dc magnetic susceptibility measurements were per-
formed on polycrystalline samples of complexes 1�6H2O and 2,
under a magnetic field of 0.1 T in the temperature range 5–300 K.
The obtained data are shown as vΜΤ versus T plot in Fig. 5. For
complex 1�6H2O, the vΜΤ value increases slowly from 34.68 cm3

mol�1 K at 300 K to 40.22 cm3 mol�1 K at 100 K, then rapidly to
Fig. 4. The Mn/M (M = heterometal) ions distribution in complex 1 (left) and those of re
metallic skeletons of [MnIII

6 CaII4], [MnIII
4 CeIV6 ], [27] [MnIII

6 MnII
3M] (M = M = Na+, Sr2+, Cd2+, Y3+, D

are shown. Colour code: MnIII, blue; MnII, cyan, Heterometal, purple. (Colour online.)
66.89 cm3 mol�1 K at 10 K and decreases slightly to 65.11 cm3

mol�1 K at 5 K. For 2, the vΜΤ value at 300 K is 25.55 cm3 mol�1

K and increases continuously with decreasing temperature reach-
ing to a near plateau value of �79 cm3 mol�1 K at 40–20 K and
then decreases to 67.79 cm3 mol�1 K at 5 K (Fig. 5). In both com-
pounds the 300 K vΜΤ value is higher than the corresponding
spin-only (g = 2) values of 31.375 and 18 cm3 mol�1 K expected
for compounds consisting of 1 MnII/9 MnIII (1�6H2O) and six MnIII

(2) non-interacting ions, respectively. The shapes of the vΜΤ versus
T curves, the increase of the vΜΤ values with decreasing tempera-
ture and the higher room temperature vΜΤ values than the corre-
sponding expected spin-only values reveal the presence of
dominant ferromagnetic exchange interactions in both com-
pounds. The maximum vΜΤ value at 10 K reveals that 1�6H2O pos-
sesses a ground-state spin value of S = 23/2 or 21/2; the spin-only
(g = 2) values for S = 23/2 and 21/2 ground states are 71.88 and
60.38 cm3 mol�1 K, respectively. For compound 2, the vMT near-
plateau value in the 20–40 K range appears to be heading for a final
value of�79 cm3 mol�1 K which is very close to the spin-only (g = 2)
value of a species with an S = 12 ground state (78 cm3 mol�1 K),
the maximum possible ST value for a complex containing 6 MnIII

ions, indicating that it exhibits entirely ferromagnetic exchange
interactions. The low temperature decrease appearing in the vΜΤ
versus T plots of 1�6H2O and 2 is due to Zeeman effects, zero-field
splitting and/or weak intermolecular interactions.

The dc magnetic susceptibility data for 2were fit to the theoret-
ical vΜΤ versus T expression derived from the spin Hamiltonian
appropriate for a [MnIII

6 ] octahedron (see discussion of the crystal
structure of 2 and Fig. 3, bottom, right); given in Eq. (3),
ported heterometallic [Mn10�xMx] supertetrahedra.[24,27–30] From left to right the
y3+, Lu3+) [24,29,30] and [MnIII

5 DyIII5 ] [28] heterometallic decametallic supertetrahedra



Fig. 6. Plots of reduced magnetization (M/NlB) vs H/T for complexes 1�6H2O (top)
and 2 (bottom) at the indicated fields and in the 1.8–10 K temperature range. The
solid lines are the fit of the data; see the text for the fit parameters.
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Ĥ ¼ �2JcisðŜ1 � Ŝ2 þ Ŝ1 � Ŝ3 þ Ŝ1 � Ŝ4 þ Ŝ1 � Ŝ6 þ Ŝ2 � Ŝ3 þ Ŝ2 � Ŝ5
þ Ŝ2 � Ŝ6 þ Ŝ3 � Ŝ4 þ Ŝ3 � Ŝ5 þ Ŝ4 � Ŝ5 þ Ŝ4 � Ŝ6 þ Ŝ5 � Ŝ6Þ
� 2JtransðŜ1 � Ŝ5 þ Ŝ2 � Ŝ4 þ Ŝ3 � Ŝ6Þ ð3Þ

where Si refers to the spin of metal ion Mni (S1 = S2 = S3 = S4 = S5 =
S6 = 2), and Jcis and Jtrans are the pairwise exchange parameters for
metal ions located in neighboring and opposite positions of the
octahedron, respectively; the labeling scheme employed for the
Mn ions of the MnIII

6 octahedron of 2 is shown in Fig. S1 in the Sup-
plementary information. The eigenvalues of Eq. (3) are given in Eq.
(4), where ŜA = Ŝ1 + Ŝ5, ŜB = Ŝ2 + Ŝ4, ŜC = Ŝ3 + Ŝ6, and ŜT = ŜA + ŜB + ŜC;
ST is the resultant spin of the complete molecule:

EðSTÞ ¼ �Jcis½STðST þ 1Þ � SAðSA þ 1Þ � SBðSB þ 1Þ � SCðSC þ 1Þ�
� Jtrans½SAðSA þ 1Þ þ SBðSB þ 1Þ þ SCðSC þ 1Þ� ð4Þ

We note that constant terms contributing equally to all states have
been omitted from Eq. (4). An expression for the molar paramag-
netic susceptibility, vM, was derived using the above and the Van
Vleck equation, and assuming an isotropic g tensor. The derived
equation was then used to fit the experimental vΜΤ versus T data
in Fig. 5 as a function of the two exchange parameters Jcis and Jtrans,
and the g factor. Only data for the 20–300 K range were used, since
the model does not incorporate ZFS and other minor effects
appearing at lower temperatures. A good quality fit was obtained
(represented from the solid line of Fig. 5) with fit parameters of
Jcis = 3.8 ± 0.2 cm�1, Jtrans = 1.2 ± 0.8 cm�1, and g = 2.02 ± 0.002, with
temperature independent paramagnetism (TIP) held constant at
600 � 10�6 cm3 mol�1. The fit indicates that [MnIII

6 CaII4] complex
has an ST = 12 ground state. In the notation |ST, SA, SB, SC| this is
the |12, 4, 4, 4| state in which all six MnIII spins are aligned parallel.
The first excited state is a triply degenerate set of ST = 11 states com-
prising the |11, 3, 4, 4|, |11, 4, 3, 4|, and |11, 4, 4, 3| states at 366 cm�1

above the ground state. Thus, the S = 12 ground state is well isolated
from the nearest excited state.

Given the size of the [Mn10] cluster of 1�6H2O, and the resulting
number of inequivalent exchange constants, it was not possible to
apply the Kambemethod to determine the individual pairwise Mn2

exchange interaction parameters. We concentrated instead on
obtaining additional information for the ground-state spin, ST,
and the zero-field splitting parameter, D, of 1�6H2O and 2 by per-
forming magnetization versus dc field measurements at applied
magnetic fields and temperatures in the 1–70 kG and 1.8–10 K
ranges, respectively. The data for complex 1�6H2O and 2 are shown
in Fig. 6 as reduced magnetization (M/NlB) versus H/T plots, where
M is the magnetization, N is Avogadro’s number, lB is the Bohr
magneton, and H is the magnetic field. The M/NlB versus H/T data
were fit using the program MAGNET to a model that assumes that
only the ground state is populated at these temperatures and mag-
netic fields, includes isotropic Zeeman interactions and axial zero-
field splitting (DŜz2), and incorporates a full powder average. The
corresponding spin Hamiltonian is given by Eq. (5),

H ¼ DŜ2z þ glBl0Ŝ � H ð5Þ
where D is the axial ZFS parameter, Ŝz is the easy-axis spin operator,
l0 is the vacuum permeability, and H is the applied field. The last
term in Eq. (5) is the Zeeman energy associated with an applied
magnetic field. The variable-field variable-temperature magnetiza-
tion data for 1�6H2O were fitted when low field data, up to 1 T, were
used to minimize problems arising from the presence of low-lying
excited states as has been reported for other high nuclearity Mn
clusters. [24–26] The best fit for 1 is shown as the solid lines
in Fig. 6, top and was obtained with S = 23/2, g = 1.94, and
D = �0.048 cm�1. Alternative fits with S = 21/2 and 25/2 were also
achieved with fit parameters g = 2.04 and D = �0.053 cm�1 and
g = 1.93 and D = �0.062 cm�1, respectively. The different possible
fits of the magnetization data are assigned to the large number of
low-lying excited states which is a general property in high
nuclearity Mn clusters with high S values. [24,25] For complex 2,
a satisfactory fit was obtained using all data up to 7 T. This indicates
that its ground state is relatively well-isolated from the nearest
excited states, as suggested from the obtained fit of the variable
temperature magnetic susceptibility data (vide supra). The best fit
shown as the solid lines in the reduced magnetization (M/NlB ver-
sus H/T) plot in Fig. 6, bottom was obtained with S = 12, g = 2.07,
and D = �0.051 cm�1. It is recognized that the g value is too high,
however this fit is a rough estimate mainly for the S and D values
of the compound which in this case are realistic. Note that the D val-
ues determined for 1 and 2 are very small being in line with the
reported D values of known Mn supertetrahedra [11–14,16,20].
More accurate information for the g values could be obtained using
other techniques; such investigations however, are beyond the
scope of this paper.

Ac magnetic susceptibility studies at zero dc field and 3.5 G ac
field were also carried out. Ac susceptibility studies are a powerful
complement to dc studies for determining the ground state of a
system, because they remove the complications arising from the
presence of a dc field. The obtained in-phase v0

M signal for
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complexes 1�6H2O and 2 are plotted as v0
MT versus T in Figs. S2 and

S3 in the Supplementary information. The v0
MT value for 1�6H2O

increases with decreasing temperature from 15 K to 10 K and then
it remains stable before it decreases at �5 K. Extrapolation of the
v0

MT data from the plateau (�6–9 K) to 0 K, at which point only
the ground state will be populated, gives a value of �70 cm3mol�1 K
consistent with an S = 23/2 assuming a g value slightly less than
two. Thus, based on the conclusions arising from the various types
of dc and ac magnetic measurements it is suggested that complex 1
exhibits a spin ground state value ST = 23/2. The v0

MT value for 2
decreases slightly from 15–5 K as expected for a compound
exhibiting a well-isolated ground state and then more rapidly
below 5 K. Extrapolation of the v0

MT versus T plot from T > 6 K to
avoid phenomena appearing at lower temperatures gives a value
of �78 cm3 mol�1 K, which is consistent with an S = 12 ground
state, in excellent agreement with the findings from variable-field
variable-temperature magnetization and variable temperature
magnetic susceptibility studies. We thus conclude that complex 2
does have an ST = 12 ground state. Finally, complexes 1 and 2 do
not exhibit any out-of-phase ac magnetic susceptibility signals
down to 1.8 K.
4. Conclusions

The initial use of triol btH3 in Mn carboxylate chemistry and the
extension of our investigations on the employment of pdH2 on the
synthesis of mixed metal Mn/M clusters afforded a homometallic
MnIII

9 MnII cluster and a heterometallic MnIII
6 CaII4 aggregate. Com-

pounds 1 and 2 exhibit [MnIII9 MnII(l4-O)4]21+ and [MnIII6 CaII4(l4-O)4]18+

supertetrahedral structural cores, respectively being members of
an extended family of metal complexes combining high symmetry
crystal structures and interesting magnetic properties. In particular
Mn supertetrahedra often display ferromagnetic exchange interac-
tions and the maximum possible spin ground state values. In fact
this family includes members displaying giant ST values such as
83/2, [6] 37, [7] 61/2, [24] 26 [25] and 22 [12–14,16,17]. Interest-
ingly, complex 1 displays a MnIII

9 MnII oxidation state level that
appears for the first time in the rich family of homometallic
[Mn10] supertetrahedra. In addition, complex 2 displays a core
related to the common [MnIII

6 MnII
4(l4-O)4]18+ supertetrahedral one

in which the four MnII ions are replaced by CaII ions. This heterome-
tal ion distribution has not appeared again in any mixed metal
[Mn10�xMx] (M = any metal ion) cluster. Dc and ac magnetism stud-
ies revealed that 1 and 2 display dominant and entirely ferromag-
netic exchange interactions leading to ST values 23/2 and 12,
respectively.

The isolation of complex 1 establishes the potential of the unex-
plored coordination chemistry of the triol btH3 to become a rich
source of new compounds with novel crystal structures and inter-
esting magnetism. In addition, the formation of the two supertetra-
hedral compounds 1 and 2 further demonstrates the capability of
polyol-type ligands to stabilize various types of supertetrahedra
appearing either in discrete form or as fragments of high nuclearity
metal clusters. Although there have been quite a few studies in this
area, additional investigations will definitely afford new types of
molecular superetetrahedral aggregates exhibiting interesting
properties. Further synthetic efforts involving the detailed explo-
ration of the use of polyols, including btH3, in Mn and mixed metal
Mn/M cluster chemistry are currently in progress.
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Appendix A. Supplementary data

CCDC 1831777 and 1831778 contains the supplementary crys-
tallographic data for compounds 1�3H2O and 2, respectively. These
data can be obtained free of charge via http://www.ccdc.cam.ac.
uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Supplementary data (various structural and magnetism figures)
associated with this article can be found, in the online version, at
https://doi.org/10.1016/j.poly.2018.05.029.
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