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Two molecular grid - like clusters are reported, one is a 

discrete [3 x 5] grid and the other a [3 x 4] grid within a 

Mn12Ni2 loop. Both Mn24Ni2 and Mn15 aggregates display 10 

novel and aesthetically pleasing structures with the former 

one being among the highest nuclearity heterometallic MnxMy 

clusters (M= any transition metal ion). 

High nuclearity 3d metal clusters continue to attract significant 

research interest owing to their intriguing geometrical features 15 

(large size, high symmetry, aesthetically pleasing shapes and 

architectures),1 fascinating physical properties, including single-

molecule magnetism  (SMM) behaviour1, 2  and usefulness as 

models to probe nanoscopic and mesoscopic phenomena.3  The 

intense efforts in this area have resulted in a plethora of 20 

polynuclear compounds and SMMs that possess diverse structural 

topologies, including dimers, triangles, cubanes, tetrahedra, 

icosahedra, etc.1 Among these species, the ones with planar metal 

topologies including wheels, disks and clusters with sheet-like or 

grid-like conformations have attracted special attention.4 -  6 The 25 

significance of such compounds arises from their inherent 

structural beauty and the fact that they represent excellent model 

systems for the study of spin frustration and quantum effects.7 In 

addition, wheels and grids can be used for the study of one- and 

two- dimensional magnetism, respectively. Furthermore, 30 

molecular grids also constitute model systems for magnets with 

extended interactions on a square lattice, which have gained 

significant attention due to their importance in the development 

of better high-temperature superconductors.8 However, although 

there are now many wheels known,4 clusters with grid-like metal 35 

topologies are less common.6 In fact, the majority of the known 

molecular grids contain polytopic ligands with suitably disposed 

coordination pockets that favor the formation of such structural 

motifs and possess oligomeric structures based on mononuclear 

repeating units.6 In these compounds, the metal ions are usually 40 

connected through poly-atomic bridges which result in very weak 

magnetic exchange interactions and low ground state spin values. 

On the other hand, molecular grids that involve tightly connected 

metal ions through several monoatomic bridges are very unusual 

in metal cluster chemistry and would be particularly attractive in 45 

the area of molecular magnetism.6,8 

Herein, we report two new compounds 

[MnIV
12MnIII

12NiII
2O30(EtCO2)16(MeO)12(MeOH)8(H2O)2] (1) and  

(Me4N)2[MnIII
13MnIV

2O10(OH)2(mpt)4(hmmbd)2((CH3)3CCO2)8 

(py)2]∙((CH3)3CCO2)2H∙2py∙3.6MeCN (2∙2py∙3.6MeCN) (py = 50 

pyridine, H3mpt = 3-methyl-1,3,5-pentanetriol and H3hmmbd = 

2-hydroxymethyl-3-methylbutane-1,3-diol) based on uncommon 

[3 x 4] and [3 x 5] grid – like aggregates respectively that are held 

together through both monoatomic and polyatomic bridges. They 

possess several novel structural features with complex 1 55 

displaying an unprecedented “grid-within-a-loop” metal topology 

and being among the highest nuclearity heterometallic Mn/M (M 

= any transition metal ion) metal clusters, and the anion of 2 

representing a unique example of high oxidation state, mixed-

valent MnIII/IV molecular grid-like cluster.  60 

 The reaction of [Mn3O(EtCO2)6(py)3]·(ClO4), ΝiCl2·6H2O  

and Bun
4NΜnO4 in a 10 : 30 : 1 molar ratio in MeOH resulted in 

a red-brown slurry that was filtered to give a dark reddish-brown 

filtrate. The filtrate was left undisturbed at room temperature for 

a period of ~ 2 weeks, upon which reddish-brown crystals of 1 65 

were formed in 37% yield; dried solid was analyzed as 1∙5H2O 

(for synthetic details see ESI†). The molecular structure‡ of 1 

(Fig 1) consists of a mixed-metal [MnIII
12Ni2(μ3-

O)12(EtCO2)16(μ3-MeO)2(μ-MeO)6(MeOH)8(H2O)2]
8- loop 

incorporating a [MnIV
12(μ3-Ο)14(μ-Ο)4(μ-MeO)4]

8+ [3 x 4] grid- 70 

 
Fig.1 Representation of the molecular structure of 1. Colour code: MnIII, 

light blue; MnIV, dark blue; Ni, orange; O, red; C, grey. H atoms are 

omitted for clarity. 

Page 1 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

 

Fig.2 Representations of the MnIII
12Ni2 loop (top) and MnIV

12 [3 x 4] 

grid – like (bottom) sub-units of 1. Colour code: MnIII, light blue; MnIV, 

dark blue; Ni, orange; O, red; C, grey. H atoms are omitted.  5 

like unit. The MnIII
12Ni2 loop (Fig 2, top) is composed of two 

symmetry-related [Mn6NiO6(EtCO2)8(MeO)4(MeOH)4(H2O)]4-

units, each one containing six MnIII and one NiII ions held 

together through six μ3-Ο
2-, eight η1:η1:μ EtCO2

- ions and three μ 

and one μ3-MeO- groups. Their peripheral ligation is completed 10 

by four terminal MeOH and one monodentate H2O molecules. 

The two Mn6Ni units are linked through one μ3-MeΟ- and one μ-

MeΟ- bridges that connect Ni1 and Mn5 atoms at each side 

forming the Mn12Ni2 loop which adopts an ellipsoid 

conformation. In the inner cavity of the loop is located a MnIV
12 15 

[3 x 4] grid-like unit (Fig 2, bottom) linked to the external ring 

through fourteen μ3-Ο
2- ions, two η1:η1:μ EtCO2

- ions and two μ3-

MeΟ- bridges. The metal ions in the MnIV
12 unit are held together 

through fourteen μ3- and four μ-O2- bridges, and four μ- MeO- 

groups. The MnIV
12 sub-unit consists of twelve edge-sharing 20 

[MnIV
3O]10+ oxo-centered triangular units.  Note that the MnIV

12 

grid-like subunit present in 1 is the highest nuclearity unit 

consisting of solely MnIV ions. In addition, the average oxidation 

state level of the Mn ions of 1 (3.5) is the highest ever observed 

in large polynuclear clusters (with nuclearity > 20) with the 25 

second one being ~3.43 appeared in a MnIII
12MnIV

9 aggregate.5d  

The oxidation states of the Mn ions and the protonation levels of 

O2-/MeO-/EtCO2
- groups were determined by bond valence sum 

(BVS) calculations,9 charge-balance considerations and 

inspection of metric parameters. All Mn ions are six-coordinate 30 

with near octahedral geometry except from Mn1 atom (and its 

symmetry equivalent) which is five-coordinate with a distorted 

square pyramidal coordination geometry; the O17 atom from a 

terminal MeOH molecule occupies the axial position. The six-

coordinate MnIII ions (Mn2 - Mn6) display the expected Jahn – 35 

Teller elongation axes which are aligned almost co-parallel. (Fig 

S1, ESI†). 

 The reaction of [Mn3O((CH3)3CCO2)6(py)3], H3mpt and 

Me4NOH in a 1 : 2 : 2 molar ratio in MeCN/py (3:1) resulted in a 

red-brown slurry which was filtered to give a dark reddish-brown 40 

filtrate. The filtrate was left undisturbed at room temperature for 

a period of ~ 2 weeks, upon which reddish-brown crystals of 

2∙2py∙3.6MeCN were formed in 25% yield; dried solid was 

analyzed as 2∙2py∙2H2O (ESI†). Note that although H3hmmbd 

ligand was added in the reaction mixture as one of the coexisting 45 

branched polyalcohols contained as impurities in commercially 

available H3mpt, the synthesis of 2∙2py∙3.6MeCN is highly 

reproducible. The molecular structure‡ of the anion of 2 (Fig 3) 

consists of 13 MnIII and 2 MnIV ions which are held together 

through ten μ3-Ο
2- ions and six μ3-OR- groups, the latter coming 50 

from the two η3:η3:η3:μ7 hmmbd3- ligands.9 The Mn ions adopt a 

planar conformation with the mean deviation from the least-

squares plane being ~0.1 Å and the maximum deviation being 

~0.3 Å (for the two MnIV ions, i.e Mn2). The Mn/O2- (OR-) core 

consists of 16 edge-sharing [Mn3(μ3-O(R))]n+ triangles whose 55 

central Ο2- or OR- groups are located above and below the plane 

defined by the Mn ions. The grid-like [Mn15(µ3-O)10(µ3-OR)6]
21+ 

core is further bridged in its periphery through two μ-ΟΗ- ions 

and ten μ-OR- groups coming from four mpt3- ligands. In 

particular, the five Mn ions in each long edge of the Mn15 plane 60 

are connected through one μ-ΟΗ- and the µ-OR- arms of an mptl3- 

ligand adopting the η2:η2:η2:μ4 coordination mode whereas the 

three Mn ions in each short edge of the [3 x 5] plane are bridged 

through the µ-OR- arms of an mptl3- ligand adopting the 

η2:η2:η1:μ3 mode. The peripheral ligation of the metal ions is 65 

completed by eight pivalate groups, six of which bridge with the 

common syn,syn-η1:η1:μ coordination mode with the remaining 

two acting as monodentate ligands, and two terminal py  

 

 70 

Fig.3 Representations of the molecular structure of the anion of 2 (top) 

and its [Mn15(µ3-O)10(µ3-OR)6]
21+ structural core (bottom). Colour code: 

MnIII, light blue; MnIV, dark blue; O, red; N, green; C, grey. H atoms are 

omitted for clarity.  
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molecules. The charge of the [Mn15]
- anion is balanced by two 

Me4N
+ and one ((CH3)3CCO2)2H

- counterions in the crystal 

lattice, the latter consisting of two pivalate anions sharing a 

proton. All Mn ions are six-coordinate with near octahedral 

geometry with the MnIII ones displaying the expected Jahn – 5 

Teller elongations, although the elongation axes are not all co - 

parallel.  It is noteworthy that the Mn/O2- core of 2 is clearly 

related to the structures of several salts and minerals including 

iodides of moderately polarizing cations (Cd2+, Mg2+, Ca2+, etc) 

and hydroxides of dications, i.e. compounds with the general 10 

formula M(OH)2.
10   

Direct-current (dc) magnetic susceptibility (χM) measurements 

were performed on powdered crystalline samples of 1∙5H2O and 

2∙2py∙2H2O in the 5-300 K range in a 1 kG (0.1 T) magnetic field 

and are plotted as χMT vs T in Fig 4. For both complexes, the 15 

profiles of the χMT versus T plots are indicative of the presence of 

competing ferro- and antiferromagnetic exchange interactions 

between the metal ions. In addition, the χMT values at low 

temperatures (1∙5H2O, 10.23 cm3 K mol-1 ;  2∙2py∙2H2O, 16.52 

cm3 K mol-1) suggest ground-state spin values, ST = 4 and 5 or 6 20 

for 1∙5H2O and 2∙2py∙2H2O, respectively; the spin-only (g = 2) 

values are 10 and 15 or 21 cm3 K mol-1 for ST = 4 and 5 or 6, 

respectively.  

 
Fig. 4 χMT vs T plots for 1∙5H2O  (●) and 2∙2py∙2H2O (■).  25 

Ac susceptibility studies use no dc field and thus are an 

excellent complementary tool for determining S by avoiding 

potential complications from a large dc field.2a, 11a The in-phase 

susceptibility χ'M data for 1∙5H2O  and 2∙2py∙2H2O are shown as 

χ'MT versus T plots in Fig S2, ESI†. For 1∙5H2O, extrapolation of 30 

the χ'MT signal to 0 K from T > ~8 K (to avoid the effects of 
intermolecular interactions at lower temperatures) gives a value 

of ~10 cm3 K mol-1 consistent with ST = 4 and g = 2. In addition,  

the out-of-phase ac magnetic susceptibility χ''M versus T plot  for 

1∙5H2O, at temperatures < ~2.5 K (Fig S3, ESI†) displays 35 

frequency-dependent signals whose maxima lie below the 

operating minimum temperature (1.8 K) of our SQUID 

instrument. This behavior is possibly due to slow relaxation of 

magnetization, suggesting that 1∙5H2O might be a new SMM. For 

2∙2py∙2H2O, extrapolation of the χ'MT to 0 K, from T above ~6 K 40 

as in case of 1∙5H2O, gave a value of ~17-18 cm3 K mol-1 

consistent with an ST = 6 ground state value with g < 2. No out-

of-phase ac signals were observed for 2∙2py∙2H2O down to 1.8 K.  

Magnetization (M) data were also collected for 1∙5H2O and 

2∙2py∙2H2O in the 0.1- 7 T and 1.8-10.0 K ranges, and these are 45 

plotted as reduced magnetization (M/NμB) vs H/T. We used only 

low field data to avoid problems caused by the existence of low –

lying excited states and / or intermolecular interactions.5b, 11a For 

1∙5H2O, it was not possible to obtain a satisfactory fit assuming 

that only the ground state is populated in this temperature range. 50 

This suggests that the complex possesses particularly low-lying 

excited states, populated even at these relatively low 

temperatures. For 2∙2py∙2H2O, an acceptable quality fit was 

obtained for ST = 6 with parameters g = 1.87(1) and D = -0.295(1) 

cm-1 (Fig S4, ESI†). However, the g and D values are merely an 55 

approximation given the low quality of the fit. Thus, the 

magnetization data also suggest an ST = 6 ground state for 

2∙2py∙2H2O.  

In conclusion, two new polynuclear compounds based on 

molecular grid clusters are reported. The first one is a discrete [3 60 

x 5] grid and the other a [3 x 4] grid encapsulated within a 

MnIII
12Ni2 loop. The discrete Mn15 cluster is a member of a small 

class of molecular grids containing several monoatomic bridges 

and as a consequence tightly connected metal ions. In addition, it 

represents a unique example of high oxidation state mixed-valent 65 

MnIII/IV grid-like cluster. The Mn24Ni2 aggregate possesses an 

unprecedented “grid-within-a- loop” structural topology, a unique 

[3 x 4] grid like sub-unit consisting solely of MnIV ions and a 

nuclearity that is among the highest yet observed for 

heterometallic MnxMy clusters being smaller only than these of a 70 

Mn28Cu17 and a Mn36Ni4 clusters.11 Its isolation, following on 

from the construction of a Mn36Ni4 “loop of loops and 

supertetrahedra” aggregate11a proves the potential of mixed 

Mn/Ni cluster chemistry to afford high nuclearity, aesthetically 

pleasing structures. Furthermore, the present study establishes 75 

H3mpt as a promising ligand for the isolation of polynuclear Mn 

complexes with novel crystal structures and magnetic properties. 

Further studies in both areas are in progress and will be reported 

in due course.  
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105.960(4)o, γ= 102.440(2) o, V = 3532.5(3) Å3, T = 100(2) K, space 

group Pī, Z = 1, ρcalcd = 1.757 g cm-3, 25598 reflections collected,  12422 
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Crystal data for 2∙2py∙3.6MeCN: C121.20H213.80Mn15N9.60O50, Mw=3429.72, 

triclinic, a = 14.6777(2) Å , b = 15.9353(2) Å , c = 18.1069(2) Å, α= 

72.526 (2) o, β = 86.197(2) o, γ= 84.174(2) o, V = 4015.9 (1) Å3, T = 

100(2) K, space group Pī,  Z = 1, ρcalcd = 1.418 g cm-3, 65809 reflections 

collected,  18343 reflections used, R1 [I > 2σ(I)] = 0.0486, wR2= 0.1219.  5 
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