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Two mixed valent tetranuclear MnII/III complexes of formula 
[Mn4(L)4(OAc)2(OMe)4].2H2O (1) and [Mn4(L)4(OAc)2(OMe)4]  
(2), where HL = 9-hydroxy phenalenone,were synthesized using a 
solvothermal method and magneto-structurally characterized. 
Complex 1 crystallizes in the monoclinic space group P21/c with a 
=12.69 Å, b =15.51 Å, c =15.40 Å, β =114.35° and Z = 2. Complex 
2 crystallizes in the triclinic space group Pī with a = 8.74 Å, b 
=12.06 Å, c =13.89 Å, α =114.23° β =102.16°, γ = 98.54° and Z =1. 
Both 1 and 2 are products of the same reaction and have the same 
molecular formula except the solvent of crystallization. X-ray 
crystallographic studies show that complexes 1 and 2 have six co-
ordinated MnII and MnIII ions and almost the same tetranuclear core 
which resembles a ‘butterfly motif’ (Rhomboidal) except that the 
MnIII ions are at the ‘wing-tip’ and MnII ions in the ‘body’. The 
MnII/III ions forming the metal core in complex 1 and 2 have two 
µ3−Oalkoxo and four µ2−Oalkoxo bridges along with two carboxylate 
anions bridging the  MnII  and  MnIII centres  situated  at the ‘body’ 

and the ‘wing-tip’. Complex 1 shows intermolecular π⋅⋅⋅π and C-
H⋅⋅⋅π interactions. Detailed DC magnetic susceptibility studies in 
the temperature range 2-300 K suggest that 1 and 2 are 
antiferromagnetically coupled. The exchange coupling constants 
and g values were estimated by theoretical fitting of the 
magnetic susceptibility data. We find that it is difficult to 
determine a three different coupling constant (J1, J2, J3) model 
unambiguously from the magnetic susceptibility. Nevertheless, 
the bonding parameters of the metal core for complexes 1 and 2 
suggest a simplification to two exchange coupling constants (Jbb 
and Jwb) with a reasonably good fit. In addition the theoretical 
fitting of the magnetic data when correlated to the structure 
shows good agreement for complexes with similar cores in the 
literature and it appears that the exchange coupling constants 
correlate with the solid angle formed by the µ3−O(alk)oxo bonded 
to the MnII/III ions. 
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Introduction 

The progress of research in the area of molecular magnetism has 
led to a library of coordination complexes displaying interesting 
magnetic behaviour including single molecule magnets (SMMs).[1] 
Polynuclear coordination complexes having ground states with a 
high value of spin and negative zero field splitting due to axial 
anisotropy originating from individual metal centres and high 
blocking temperature are thought to have potential as SMMs.[2] 
However, the axial anisotropy is dependent also on the symmetry 
of the overall molecule and this is modulated by the ligands used 
apart from the preferred geometry by the coordinated metal 
centre.[3] Significant efforts are made to find the role of ligands in 
providing a particular metal (hydr)oxo core geometry.[4] 

Manganese complexes have been one of the most widely studied 
ones because of its established role of manganese in generating 
SMMs.[1a] The properties of SMMs are related to their existence in 
discrete molecular form. The spin interactions mediated through 
the bound (hydr)oxo, (alk)oxo or azido bridges are quite responsive 
to changes in the metal core geometries and leads to changes in 
magnetic properties.[5] The (alk)oxo/(hydr)oxo bridges are the most 
commonly observed ones since they have been used much by the 
coordination chemists in the area of SMMs.[6],[7] Among 
polynuclear complexes the tetranuclear complexes are of particular 
interest. Especially the tetranuclear “butterfly/rhomboidal motif” in 
manganese complexes has emerged as one of the most intensely  
 

 

 

 

 

 

Figure 1. Diagram showing the ‘Rhombic/butterfly’ motif with µ3-O(alk)oxo 
bridges-(A) most commonly observed core with two body MnIII ions and 
two ‘wing-tip’ MnII ions (B) less prevalent core with two body MnII ions 
and two ‘wing-tip’ MnIII ions. 

studied systems.[8] During the past few years efforts have been 
made to correlate magnetic properties originating from tetranuclear 
manganese complexes with the core of the well known ‘Butterfly 
motif’ or ‘Rhombic motif’ (Figure 1).[9],[8c] 
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 We have chosen phenalenyl based ligand systems which have 
exhibited the highest room temperature based conductivity among 
neutral organic solids.[10] They also demonstrate π⋅⋅⋅π stacking and 
C−H⋅⋅⋅π interaction.[11],[10b] However, only mononuclear complexes 
of phenalenyl derivatives are reported.[12] We successfully 
synthesized tetranuclear complexes of 9-hydroxy phenalenone 
(HL) using a solvothermal method. Herein we present the 
magneto-structural studies of the two polymorphic tetranuclear 
manganese (MnII/III) complexes [Mn4(L)4(OAc)2(OMe)4]. 

Results and Discussion 

Structural description 

The polymorphic tetranuclear complexes [Mn4(L)4(OAc)2(OMe)4]. 
2H2O 1 and [Mn4(L)4(OAc)2(OMe)4] 2 were formed in one single 
reaction with the ligand HL in a teflon lined sealed stainless steel 
reactor. Various synthetic methods were attempted to obtain 
selectively one of the polymorphs. We varied the metal ligand 
stoichiometry (1:1 to 1:3), heating hours (1, 2, 6, 24 and 48 h), 
solvent volume (10, 15 and 20 mL) and cooling rate (1°C h-1 and 
2°C h-1) (Table S1). The change in volume of the solvent was seen 
to affect the crystallinity of the product and the yield. Increase in 
heating hours lead to precipitates which were insoluble. Change of 
metal ligand stoichiometry from a 1:1 ratio as found in product, 
resulted in solutions with no precipitate or crystals and on trying to 
attempt crystallization from the clear solutions we only got 
precipitates. After various such synthetic attempts the best method 
found still had the crystals of both the polymorphs 1 and 2 in one 
pot. Hence, the crystals of two different morphologies were hand-
picked using needles and the isolated yields are reported. Single 
crystal X-ray diffraction was carried out on the two different 
morphology crystals and we found that they had the same 
molecular formula but 1 crystallized in monoclinic and 2 in 
triclinic crystal systems under the exact same synthetic conditions. 
 Complex 1 crystallized in the monoclinic space group P21/c. 
The asymmetric unit contains half of the molecules having two 
manganese centres with oxidation state +II/III, two L¯, one acetate 
and two methoxy groups. The entire molecule consists of four Mn-
centres having a mixed valent metal (alk)oxo core and in addition 
there are two acetate bridges. This kind of metal (alk)oxo-acetato 
core is known as the ‘rhomboidal’ or ‘butterfly’ motif (Figure 1). 
We would hence forth in the manuscript term this core with the 
terminologies used in ‘Butterfly motif’ (e.g. ‘wing-tip’ and ‘body’ 
metal ions). 
 Complexes 1 and 2 have two ‘body’ MnII ions and two ‘wing-
tip’ MnIII ions.  All the four  Mn  ions  are  six  co-ordinated  with  

Figure 2. A ball and stick representation of molecular structure of complex 
1. H- atoms are not shown for clarity. Symmetry operation for equivalent 
atoms (A): -x+1, -y+1, -z+1. 

oxygen as donor and are bridged by acetates, µ2−oxygens from L- 

and µ3−oxygen atoms from the methoxo group. The oxidation 
states of the manganese atoms have been confirmed through bond-
valence sum (BVS) calculation (Supporting Information, Table 
S2)[13] and single crystal X-ray studies. In both the complexes both 
MnII ions (Mn1 and Mn1A) and MnIII ions (Mn2 and Mn2A) have 
distorted octahedral geometry. The ‘body’ Mn(1) is  connected to 
the ‘wing-tip’ Mn(2) via three different bridges: a µ2−methoxo 
oxygen, O(2); a µ3−methoxo oxygen, O(1);  and a carboxylate 
anion (Figure 2). On the other hand the ‘body’ Mn(1) and the 
‘wing-tip’ Mn(2A) are connected by µ3−O(1A), from the 
methoxide; and µ-O(5A), from the ligand only.  
 In complex 1 the Mn(2)−O(5) distance is rather weak 2.530(6)Å 
where O(5) belongs to L (Figure 2). The crystallographic data 
suggests that the O(5)−Mn(2)−O(3) is the elongated axis of the six 
co-ordinated Mn(2) showing Jahn-Teller distortion with the 
O(3)−Mn(2)−O(5) angle of 171.6(2)°. The angle of the best mean 
plane (r.m.s. deviation 0.04 Å) bearing the Jahn-Teller axis with 
the Mn4 best mean plane ( having Mn1, Mn2, Mn1A, Mn2A) is ca. 
28.2°. The Jahn-Teller axes in both the MnIII centres are parallel to 
each other in the molecule.  

Table 1. Selected bond distances (Å) and angles (°) for complexes 1 and 2 

 1 2 
Mn(1)⋅⋅⋅Mn(2) 
Mn(1)⋅⋅⋅Mn(1A) [a] 

Mn(1A)⋅⋅⋅Mn(2) 
 

3.080(1) 
3.469(2) 
3.374(2) 

3.088(1) 
3.443(2) 
3.330(2) 

Mn(1)−O(6) 
Mn(1)−O(5A) [a] 

Mn(1)−O(2) 
Mn(1)−O(4) 
Mn(1)−O(1) 
Mn(1)−O(1A) [a] 

 

2.074(5) 
2.096(4) 
2.127(4) 
2.146(5) 
2.202(4) 
2.292(5) 

 

2.102(6) 
2.115(6) 
2.137(6) 
2.145(6) 
2.220(6) 
2.258(6) 

 

Mn(2)−O(2) 
Mn(2)−O(8) 
Mn(2)−O(7) 
Mn(2)−O(1) 
Mn(2)− O(3) 
Mn(2)−O(5)  

1.881(4) 
1.904(3) 
1.910(4) 
1.937(4) 
2.151(6) 
2.530(6) 

1.875(6) 
1.907(6) 
1.912(6) 
1.927(6) 
2.190(6) 
2.423(6) 

 
Mn(1)−O(1)−Mn(1A) [a] 

Mn(1)−O(1)−Mn(2)  
Mn(1A) [a]−O(1)−Mn(2) 

Mn(1A) [a]−O(5)−Mn(2) 

Mn(1)−O(2)−Mn(2)       

 
101.1(2) 
96.0(2) 

105.5(2) 
93.2(2) 

100.2(2) 

 
100.5(2) 
96.0(2) 

105.2(2) 
94.2(2) 

100.5(4) 

  [a] A= -x+1, -y+1, -z+1 for 1 and –x+2, -y+1, -z+2 for 2 

 
The torsional angle for O(5)-Mn(2)-Mn(2A)-O(3A) or O(3)-
Mn(2)-Mn(2A)-O(5A) is 1.6(2)°. The MnII centres in complex 1, 
Mn(1) and Mn(1A), have a distance of 3.469(2) Å. The geometry 
of the Mn(1) and Mn(1A) centres show distortion from an ideal 
octahedron with the O(3)−Mn(2)−O(5) axis being the longest 
showing an angle of 167.3(2)° (Figure 2). The longest axis in 
Mn(2), along O(4)−Mn(1)−O(1A), is ~0.3 Å longer than Mn(1) 
and the plane having the above axis shows an angle of ca. 40.5° 
with the Mn4 best mean plane. The Mn(1)–O(5A) and 
Mn(2A)−O(5A) bond length is 2.096(4) and 2.530(6) Å 
respectively with a Mn(1)–O(5A)–Mn(2A) angle of 93.2(2)° and 
the Mn(1)–O(1A) and Mn(2A)−O(1A) bond distances are 2.292(5) 
and 1.937(4) Å respectively with a Mn(1)–O(1A)–Mn(2A) angle of 
105.5(2)° (Table 1). Among the MnII centres, the Mn(1)–O(1)–
Mn(1A) angle is 101.1(2)°. In complex 1, the sp3 hybridized 
µ3−bridged O(1) atom binds to Mn(1), Mn(2), Mn(1A) atoms, the 
solid angle formed by the summation of the three Mn−O−Mn bond 
angles is ~302.6°, which is quite less than 360°. Such solid angles 
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could be used to correlate magnetic exchange coupling 
parameters.[14] 
 Complex 2 crystallizes in the triclinic space group Pī with a 
geometry of the metal-oxygen core very similar to that of 1 
(Figure 3). The type of connectivity of the Mn(1), Mn(2) and 
Mn(1), Mn(2A) centres are the same in 1 and 2. However, there are 
certain differences in the bonding parameters (Table 1) owing to 
the symmetry. When the Mn(1)–O(5A) and Mn(2A)−O(5A) 
distances are compared to that of 1 it is seen that the Mn(1)–O(5A) 
distance is elongated to 2.115(6) Å (2.096(4) Å in 1) and the 
Mn(2A)−O(5A) distance is shortened to 2.423(6) Å (2.530(6) Å in 
1). Hence in this case the spin exchange between the relevant Mn 
centres, [Mn(1A), Mn(2) and Mn(1), Mn(2A)] would be relatively 
more  influenced by O(5) and O(5A). The torsional angle for O(5)-
Mn(2)-Mn(2A)-O(3A) or O(3)-Mn(2)-Mn(2A)-O(5A) is 4.9(3)° as 
compared to 1.6(2)° for 1. The Jahn-Teller axis O(5)−Mn(2)−O(3) 
has an angle of 171.0(2)° and the mean plane (r.m.s. deviation 0.04 
Å) of the Jahn-Teller axis shows an angle of ca. 32.4° with the Mn4 
best mean plane. The shorter metal oxygen bond distance for 
O(1A)  would  make exchange  through  O(1A) more  dominant  as  

Figure 3. Molecular structure of complex 2 showing that the planar ligands 
are oriented in a fashion which minimizes intermolecular π-π interaction. 
H- atoms are not shown for clarity. Symmetry operation for equivalent 
atoms (A): -x+2, -y+1, -z+2. 

in case of complex 1. The Mn–O–Mn angles do not show any 
major change except the Mn(1)–O(5A)–Mn(2A) angle which is 
94.2(2)° whereas it is 93.2(2)° in 1, but the  O–Mn–O angles have 
significant differences in 1 and 2 (Supporting Information, Table 
S3). The orientation of the ligand with respect to the metal core and 
with respect to each other shows significant changes (Figure 3). 
The two ligands on each side of the complex connecting the ‘body’ 
and the ‘wing-tip’ have moved away from each other as compared 
to complex 1. Again, for the MnII centres Mn(1) and Mn(1A) have 
a distance of 3.443(2) Å which is relatively shorter than complex 1. 

 Figure 4. Diagram showing the carbon atoms involved (black dots) in the 
intermolecular π⋅⋅⋅π interactions for complexes 1 and 2. 

The Mn(1)–O(1)–Mn(1A) angle is 100.5(2)°. The solid angles for 

the µ3−alkoxo O(1) and O(1A) are ~301.7° (sum of the three 
respective M-O-M angles), which is considered to be pyramidal. 

Intermolecular interactions 

There are extensive intermolecular interactions in complexes 1 and 
2. Complex 1 shows π⋅⋅⋅π (~3.35 - 3.37 Å) stacking and C−H⋅⋅⋅π 
(~2.9 Å) interactions as seen in the lattice packing diagram 
(Figure 4 and Figure 5(a)). The intermolecular π⋅⋅⋅π interaction 
links the individual tetramers and makes them propagate like a 
staircase (Figure S1).  Each of the molecules forming the steps of 
the staircase in turn shows C−H⋅⋅⋅π interaction to the molecules 
forming the neighbouring staircase (Figure 5(a)). However, all the 
four ligands do not have the same kind of role in the π⋅⋅⋅π stacking 
and C−H⋅⋅⋅π interactions as  evident from Figure 5.  Four carbon 
atoms (Figure 4 & 5) from each of the two diagonally situated 
ligands participate in the π⋅⋅⋅π stacking and one of the C−H from 
each of these two ligands interacts with the π electrons of the other 
two diagonally situated ligands from two different molecules in 
opposite direction (Figure 5(a)). The Jahn-Teller axes for the MnIII 
centres in 1 although parallel to each other within the molecule are 
not parallel between all the neighbouring units. It is parallel within 

Figure 5. (a) Packing diagram of complex 1 showing the green staircase 
layer interconnecting the two red staircase layers through C−H⋅⋅⋅π 
interaction and the π⋅⋅⋅π stacking in the red staircases. (b) A packing 
diagram of complex 2 showing each of the two participating ligands 
(molecule in green) in π⋅⋅⋅π interaction with two ligands from two different 
molecules (the red molecules). 
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a staircase but not parallel to its neighbouring staircases due to the 
tilt in the neighbouring staircases to facilitate C−H⋅⋅⋅π interaction 
from both sides (Figure 5(a)). In complex 2 the symmetry of the 
molecule influences the intermolecular interactions significantly. 
The intermolecular π⋅⋅⋅π interaction in 2 is different from 1 
(Figure 4) and there is no C−H⋅⋅⋅π interaction taking place. As 
compared to 1 the intermolecular π⋅⋅⋅π interaction in 2 brings two 
tetranuclear units closer in a lateral fashion to the direction of 
propagation of the staircase making it a 2D-chain staircase 
(Figure S2). Hence in 2 the Jahn-Teller axes of the MnIII centres 
are parallel not only within the molecule but also with the 
neighbouring molecules. In 2 the π⋅⋅⋅π stacking interaction (~3.25-
3.30Å) from each molecule involves four neighbours rather than 
two as in 1 (Figure 5(b)). This becomes possible because the steps 
of the staircase formed by each of the molecules have a lateral slip 
(perpendicular to the direction of propagation of the staircase) 
enough for another neighbouring tetranuclear cluster to approach in 
proper orientation for intermolecular π⋅⋅⋅π interaction as seen in 
Figure 5(b). In addition the lateral slip during the packing makes 
the carbon atoms involved in π⋅⋅⋅π stacking interaction in 2 
different from that of 1 (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a) Plot of molar susceptibility (χM) vs. T for complex 1 (о) and 2 
(∇) in the temperature range 2-300 K under an applied DC field of 0.01 T. 
(b) Plot of χMT vs. T for 1 (о) and 2 (∇) along with the theoretical best fit of 
the data to the Hamiltonian (1) with Jwb=J1 = J2,  Jbb=J3. 

Magnetic properties 

Variable temperature magnetic susceptibility studies of complexes 
1 and 2 were performed in a Quantum Design SQUID 
magnetometer (MPMS-XL) in the temperature range 2-300 K. The 
magnetic measurements were performed on a powdered 
polycrystalline sample using zero-field cooled DC magnetization 

measurements at a field of 100 Oe (0.01 T). The experimental data 
were corrected for the sample holder and for the diamagnetic 
contribution of the sample. 
 The DC magnetic susceptibility measurements of 1 (monoclinic) 
and 2 (triclinic) indicate that the µeff value for 1 and 2 at 300 K are 
10.3 µB and 10.2 µB which is quite close to the expected values 
associated with the sum of two uncoupled or very weakly coupled 
MnII (S=5/2) and MnIII (S=2) centres (10.86 µB). The χMT vs. T data 
for complexes 1 and 2 indicates a weak antiferromagnetic 
interaction at room temperature. However from around 200 K the 
χMT for complex 2 decreases relatively faster than complex 1 until 
they merge at around 20 K while continually decreases down to 2 
K (Figure 6). The χMT value decreases slowly up to 100 K and then 
shows a steady decrease showing a µeff value of 2.26 µB (0.64 cm3 

mol−1K) at 2 K (for 1) and 3.001 µB (1.125 cm3 mol−1K) at 4 K (for 
2). The molar magnetic susceptibility data at low temperature 
shows that complex 1 has slightly higher molar susceptibility than 
2 starting from around 100 K (Figure 6) and reaches a maximum at 
around 17 K then decreases up to 4 K and increases again. This 
signifies that the subtle changes in the bonding parameters have an 
effect on the coupling which is manifested in the low temperature 
range. Finally, inspection of the low-temperature data for the 
magnetic susceptibility shows that the antiferromagnetic exchange 
interactions between MnII and MnIII centres, most likely lead to a 
non-zero ground state spin of ST = 1 for complex 2 and a non-
magnetic ST = 0 ground state for complex 1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A diagram of the rhomboidal/butterfly tetranuclear core of type A 
and B showing the various coupling parameters. Complexes 1 and 2 have a 
type-B core. 

Based on the structural data the coupling scheme proposed is 
provided in Figure 7. There are reports of similar cores in the 
literature which uses the same kind of coupling scheme as 
proposed here.[15] Based on the symmetry of the core in 1 and 2, 
three different types of exchange pathways exist for both 
complexes. Accordingly, the complexes should be modelled by the 
following Hamiltonian: 
 
H = − 2J1(Ŝ1Ŝ2 + Ŝ3Ŝ4) − 2J2(Ŝ2Ŝ3 + Ŝ1Ŝ4) − 2J3(Ŝ2Ŝ4) .      (1) 
 
However two of the exchange pathways have quite similar features 
and hence based on similar literature evidences, the experimental 
χMT vs. T data were first fitted by using J1=J2=Jwb and J3=Jbb. 
Under these simplifying assumptions, the Hamiltonian can be 
diagonalized analytically.[15] 
Once we have computed the eigenvalues, the magnetic 
susceptibility can be computed from 
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χM(T) =NAg2µB
2/KBT[∑i(Sz

i)2exp(−Ei/KBT)]/[∑iexp(−Ei/KBT)], (2) 

where the sum over i runs over all Sz–eigenstates. For the special 
case Jwb=J1=J2, an explicit expression for χM(T) is obtained which 
is, however, too cumbersome to be presented here. However, it is 
useful  to  write  down  the  first  two  terms of  a  high-temperature 
expansion[16] of χM(T) which can be easily derived also for the 
general case: 

χM(T) TKB/(NAg2µB
2) = 59/6 + [140/3 (J1+J2) + 1225/36 J3] (KBT)−1 

 +…                               (3) 

Before we proceed we note that we have considered neither 
intermolecular magnetic interactions nor a magnetic impurity 
contribution. The reason is firstly that it will turn out that already 
three parameters cannot be fitted uniquely and introduction of 
further parameters would render the fit even less conclusive. In 
addition, intermolecular magnetic interactions must be 
comparatively weak since we did not observe any indications of a 
magnetic ordering transition. 

Figure 8. (a) Plot of molar susceptibility (χM) vs.T for complex 1 (о) and 2 
(∇) in the temperature range 2-300 K under an applied DC field of 0.01 T. 
(b) Plot of χMT vs. T for complex 1 (о) and 2 (∇) along with theoretical best 
fits for J1≠J2≠J3. Solid lines are best fits of the data using the Hamiltonian 
(1) with J1= −1.68, J2=1.68, J3=−2.86 K for 1 and J1= −1.12, J2= −3.36, J3= 
1.23 K for 2. 

We have first used the expression (3) to fit TχM(T) for T ≥ 100 K 
and extracted the g-factors as g = 1.928 for 1 and g = 1.932 for 2, 
respectively which are in good agreement with the previously 
reported complexes.[8e,15a,15b,17] In a next step, we have fitted 
TχM(T) over the entire temperature range using the analytic 
expression available for Jwb=J1=J2. This yields Jwb= −1.79 K 
[−1.24 cm−1] and Jbb= 2.57 K [1.78 cm−1] for complex 1 and Jwb= 

−2.31 K [−1.60 cm−1] and Jbb= 1.46 K [1.01 cm−1] for complex 2. 
These fits are summarized in Table 2 and shown by the lines in 
Figure 6. For these two parameter sets, the ground state of the 
model turns out to have a total spin ST = 1. It should be mentioned 
that the susceptibility of complex 1 exhibits a feature around T = 
35…40 K which is not captured by the model. In fact, powder X-
ray diffraction data (Figure S3) shows that there are certain 
structural changes below 50 K such that the exchange constants 
may differ for temperatures above and below the aforementioned 
feature. Since the information content encoded in χM(T)  is 
insufficient to determine the exchange constants in each region 
separately, we nevertheless used the entire temperature range for 
the analysis. However, the exchange parameters extracted from the 
fit for 1 should clearly be interpreted with care. 
 Next we turn to the J1≠J2≠J3 model. In this case, we have to 
resort to a numerical diagonalization of the Hamiltonian (1). In 
order to minimize the free parameters, we start from the high-
temperature expansion (3) and use not only the g-factors, but also 
the combination 12 (J1+J2) + 35/4 J3, which takes the value 12 
(J1+J2) + 35/4 J3 = −25 K and −43 K, for 1 and 2, respectively. The 
dominant exchange turns out to be antiferromagnetic for both 
complexes, as is also expected on the basis of the TχM(T) plot 
shown in Figure 6(b). This suggests at least one of the exchanges J1 
and J2 to be antiferromagnetic. Given the symmetry between these 
two exchange constants, we choose J1 antiferromagnetic and use it 
to set the scale. This leaves a two-dimensional parameter space 
given by J2/J1 and J3/J1 that we need to scan numerically. In order 
to quantify the quality of the fit of the experimental data we use a 
“residue” 

R = ∑T (χtheory(T) − χexp.(T))2 / ∑Tχexp.(T)2 ,             (4)         

where the sums over T run over the experimentally measured 
temperature points. The fact that now we use χM(T) rather than 
TχM(T) emphasizes the low-temperature region. Next, we have 
performed exact diagonalization of the J1≠J2≠J3 model and 
evaluated the residue (4) numerically. Plots of scans over the 
J2/|J1|-J3/|J1|-parameter space are shown in Figure S4 and S5 for 1 
and 2, respectively.  

Table 2. Best-fit(s) parameters of the χMT vs. T  plot for complexes 1 and 2 
against the spin-Hamiltonian shown in eqn. 1 using the J1 = J2≠J3 and 
J1≠J2≠J3 model 

 (J1=J2≠J3)/ K 
 Jwb Jbb g R [a] 

1 −1.79 2.57 1.928 2 x 10-2 

2 −2.31 1.46 1.932 5 x 10−4 

(J1≠J2≠J3)/ K 
 J1 J2 J3 g R a 

1 −1.68 1.68 −2.86 3.5 x 10-3 

 −1.18 2.35 −4.47 1.928 7.1 x 10-3 

2 −1.12 −3.36 1.23 6.7 x 10-4 

 −3.16 −1.57 1.57 1.932 7.6 x 10-4 
[a] The residue R is defined in Eq. (4) 

The scan for complex 2 (Figure S5) shows that there is a long line 
of essentially indistinguishably good fits that passes through the 
previous fit with J1=J2=Jwb. The examples included in Table 2 and 
Figures S5 and S6 show that, for complex 2, one can obtain fits to 
χM(T) of a comparable quality for the ratio J2/|J1| ranging at least 
from –3 to –0.5. This is also illustrated by the corresponding line in 
Figure 8, since it is very difficult to distinguish from the 
corresponding line in Figure 6(b). The physical origin of this 
ambiguity is that the low-lying spectrum depends only weakly on 
the ratio J2/|J1| (compare top panel of Figure S6). Thus, in 
particular thermodynamic properties alone are not sufficient to 
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determine three exchange constants J1, J2 and J3. Similar 
ambiguities have been observed previously for other molecular 
magnets.[18] 
 For complex 1, the best fit is achieved in a parameter regime not 
considered previously, namely for ferromagnetic J2 (compare 
Figure S4). Indeed, the corresponding entries in Table 2 
demonstrate that in the latter parameter region one finds up to one 
order of magnitude smaller values for the residue R than for 
antiferromagnetic J2=J1=Jwb< 0. In the case of complex 1, the 
optimal parameter region is somewhat better defined than for 
complex 2, but again the ratio J2/|J1| can be varied from 1 to 2 with 
changes of R at the level of the discretization error of the J2/|J1|-
J3/|J1| grid (compare Table 2). Again, the line included in Figure 8 
is very similar to the corresponding line in Figure 6(b), but in the 
case of complex 1 there is an important difference: in the regime 
with ferromagnetic J2, the ground state carries a spin ST = 0 and 
consequently TχM(T) goes to zero as T→0. By contrast, for the 
model with antiferromagnetic J2 the TχM(T) product approaches a 
constant value for T→0, corresponding to an ST = 1 ground state.  
 To summarize the analysis of the magnetic susceptibility χM(T), 
one can determine two exchange constants with high precision, but 
generalization to three independent exchange constants opens a big 
window where fits of very similar quality can be obtained. In 
addition, for complex 1 there is a feature in χM(T) for T just below 
40 K which cannot be captured by the four-spin model and is most 
likely due to a change in the crystal structure. Hence, the fits of 
χM(T) for 1 should not be over interpreted. 
 Notwithstanding the uncertainties regarding the precise values 
of the exchange constants, the analysis of the magnetic data and the 
crystallographic structure are in good agreement when compared 
with the magneto-structural data for a large number of complexes 
in the literature (Table 3). Complexes 1 and 2 both exhibit bond 
angles of ~100-101º between the MnII centres whereas the angles 
between MnII and MnIII centres vary from 93º to 105º. The Mn(1) 
and Mn(2) centres have two µ3−Oalkoxo bridges showing Mn(1)–
O(1)–Mn(2) and Mn(1)–O(5A)–Mn(2A) angles of 105.5(2)° and 
93.2(2)°. However, the exchange pathway through the µ3−O(5A) 
would be weaker due to poor orbital overlap as the Mn(2A)−O(5A) 
bond length is 2.530(6) Å as compared to the Mn(1)–O(1A) and 
Mn(2A)−O(1A) bond distances of 2.292(5) and 1.937(4) Å 
respectively. The Mn(2A)–O(5A) distance (2.423(6) Å)  in 2  is 
shorter than 1 (2.530(6) Å). The shorter Mn(2A)–O(5A) distance in 
2 signifies that the Mn(1)−O(5A)−Mn(2A) pathway would 
influence the magnetic exchange coupling more. The 
Mn(1)−O(5A)−Mn(2A) angles in 1  and 2 are 93.2(2)° and 
94.2(2)° respectively. Whereas the Mn(2A)–O(1A)–Mn(1) angle is 
almost the same in both cases (~105°). 
 The spin exchange between the +II oxidation state, Mn(1) and 
Mn(1A) centres is mediated through the µ3−Oalkoxo, O(1) and 
O(1A) from the two co-ordinated methoxide anions. The solid 
angle (θs) formed by the summation of the Mn−O−Mn angles 
(θ1+θ4ʹ′+θ5) or (θ1ʹ′+θ4+θ5ʹ′) is ~302° for both 1 and 2 (Figure 7). 
Such a pyramidal µ3−O(1) and relatively smaller Mn(1)–O(1)–
Mn(1A) angle may render weak ferromagnetic or 
antiferromagnetic interaction between the manganese centres and 
the best theoretical fit of the  χMT vs. T data for 1 and 2 gave a Jbb 
value of 2.57 K and 1.46 K respectively (compare Table 2).  
 The M−O−M angles (θ1 to θ5) are known to influence the 
coupling constants (Ji).[6,14] Earlier studies have given semi-
quantitative correlations of the coupling constants Jbb and Jwb with 
θ5 (see Figure 7 for the assignment of the angles θi), which states 
that both Jbb and Jwb decrease with increasing θ5. Correlation of J 
values is rarely simple. The above correlation is true in many 

complexes however it does have several violations (Table 3)[8c] 
which emphasizes that correlation of exchange coupling constants 
especially of relatively lower magnitude are always complicated. It 
is observed that in such cases the decrease or increase of Ji with θi 

in many cases does not follow a linear relationship. It is also 
known that the presence of carboxylates as bridging groups along 
with an alk(oxo) bridge has significant influence on the exchange 
coupling constants and changes in the nature of carboxylate may 
influence the ground state of  the complex.[8b, 19] The structural 
investigation of similar complexes in the literature suggests that the 
pyramidal nature of the bridging µ3-Oalk(oxo) may serve as an 
important correlation parameter for the magnetic behaviour 
especially when we observe non-linearity in the M−O−M vs. Ji 

correlation. The literature data shows that similar 
(Rhomboidal/butterfly) tetranuclear cores formed by MnII/MnIII 
ions are mostly of type A (Figure 7) which exhibit ferromagnetic 
coupling giving rise to a ST ~ 9. The reversal of the position of 
MnIII and MnII in such (Rhomboidal/butterfly) tetranuclear 
complexes leads to the type-B core (Figure 7) and such complexes 
show dominant antiferromagnetic coupling with ST ~ 1 (Table 3). 
In our attempt to compare the magnetic data of complexes 1 and 2 
with bond angles and distances with that of the similar compounds 
in the literature we found that the solid angle formed by the 
µ3−O(alk)oxo bonded to the MnII/III has an effect on the exchange 
coupling.  

 Collation of the magneto-structural properties of the tetranuclear 
“butterfly/rhomboidal motif” manganese complexes available in 
the literature shows that for cores with type-A structure, when the 
solid angle (θS) formed by the µ3–O(alk)oxo (O1 and O1A) 
(calculated by the summation of the three respective Mn−O−Mn 
bond angles) bridging the ‘body’ Mn ions is ≤ 300° the coupling 
constant Jbb in the complexes have values corresponding to 
ferromagnetic interaction but when the sum of the µ3–O(alk)oxo 
angles (θS), is above 300° then the coupling constant Jbb in the 
complexes is antiferromagnetic. The examples available for the 
Type-A core show that the statement holds for the complexes given 
in Table 3 although the MnIII−O−MnIII angle(s) (θ5) (Table 3 & 
Figure 7) may vary between 96°≤θ5≤103°. Hence, the pyramidal 
nature of the solid angle involving the µ3−O(alk)oxo may be needed 
to be taken into account for such a family of complexes especially 
to explain the violations while correlating Jbb along with the 
relevant M⋅⋅⋅M distance and M-O-M angle. 
 The comparison of the coupling constant Jwb with the structural 
parameters of the core can be done exploiting the average of the 
respective M−O−M angles (average of θ1, θ2, θ3, θ4 in Figure 7). It 
should be noted that in many of the cases the Jwb is actually 
modelled such that two possibly different coupling constants are 
simplified as one. Generally when the value of θavg [(θ1+θ2+θ3 

+θ4)/4] is ≤104° the coupling constant Jwb shows ferromagnetism. 
This correlation matches well with the cases even where θ2, θ3, θ2ʹ′ 
and θ3ʹ′ are absent.[8c] The θavg≤104° introducing ferromagnetism is 
independent of the presence of only a µ3−Ο(alk)oxo bridge[20],[21],[22] 

or both µ3− and µ2−Ο(alk)oxo bridges. 
 However, such comparisons for the Type-B core of the available 
examples (similar to the two complexes 1 and 2), is rather early 
because such examples are scarce. This type of core generally 
shows a ST value of ~1. There are only six MnII/III complexes 
having the type-B core (Figure 7) including complex 1 and 2.[15c, 

17e, 23] Hence trying to compare gains less merit as the library is too 
small. However, in the few available examples it appears that the 
ferromagnetic/antiferromagnetic nature of Jbb with respect to the 
solid angle (θS) formed by the µ3−O(alk)oxo bridges is opposite to 
that observed in the type-A core (Figure 7).  Unlike ‘Type-A’ core 
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Table 3.Selected bonding and magnetic fit parameters for Mn4
II/III complexes with ‘Rhomboidal/butterfly motif’ in comparison to complexes 1 and 2[a] 

Complexes θavg.

[b] θ5 θS
[c] d1 d2 d3 g Jbb (K) Jwb (K) ST ref 

Type- A core 
           

[Mn4(Bet)4(mdea)2(mdeaH)2]2+ (3J model) 103.1 96.6 292.1 3.26 3.34 3.16 1.81 7.6(8) 5.8(1),-1.0(1)[d] 9 [24] 

[MnII
2MnIII

2(O2CFc)4(Mdea)2(MdeaH)2] 102.8 96.9 290.5 3.28 3.38 3.14 1.8 3.3 0.26 7 or 8 [25] 
[Mn4(L1H2)2(L1H)2(PhCO2)2]2+ 102.6 97 291.1 3.3 3.4 3.2 1.95 9.5 0.6 9 [15a] 
[Mn4(hmp)4(OH)2Mn(dcn)6](3D) 102.5 97.1 294.9 3.33 3.25 3.17 1.95 7.1 1.5 9 [17b] 
[Mn4(HL2)4(MeOH)4Br2] 101.4 97.3 291.9 3.37 3.19 3.24 1.89 17.93 4.68 9 [26] 
[MnIII

2MnII
2(O2CCMe3)2(teaH2)2(teaH)2]2+ 101.5 97.4 289.5 3.2 3.36 3.15 1.87 10.1 0.09 9 [17e] 

[MnII
2MnIII

2(O2CFc)4(Bdea)2(BdeaH)2] 102.7 97.4 293 3.24 3.39 3.14 2 3.5 0.63 8 [25] 
[MnII

2MnIII
2(teaH)2(teaH2)2(O2CPh)2]2+ 103 97.7 292.2 3.26 3.36 3.17 1.95 12.3(1)  2.6(1)  9 [17d] 

[Mn4(hmp)6Br2(MeO)2(dcn)2](2D) 103.6 97.7 293.3 3.33 3.31 3.16 1.98 10.89 1.3 9 [8e] 
[Mn4(L1H2)2(L1H)2(EtCO2)2]2+ 101.1 97.8 290.3 3.2 3.3 3.19 1.95 15.7 0.32 9 [15a] 
[Mn4(O2CPh)4(mda)2(mdaH)2] 102.3 97.8 290.8 3.24 3.36 3.17 1.78 - - 9 [27] 
[Mn4(HL2)4(MeOH)4Cl2] 102.2 97.9 292.8 3.41 3.19 3.28 1.89 11.09 4.9 9 [26] 
[Mn4(hmp)6(Cl)2]n

2+ (1D) 102.7 98.1 292.3 3.32 3.23 3.33 - - - 9 [28] 
[MnII

2MnIII
2(bdea)2(bdeaH)2(O2CCMe3)4] 102.1 98.3 291.9 3.2 3.4 3.2 1.97 6.7(1) 0.4(1) 9 [17d] 

[Mn4(hmp)6(H2O)2(NO3)2]2+ 103.5 98.3 294.5 3.37 3.26 3.21 1.96 7.1(1) 0.80(5) 9 [29] 
[Mn4(hmp)6Br2(H2O)2]2+ 103.3 98.4 293.2 3.37 3.24 3.19 1.94 12.65 1.34 9 [15b] 
[Mn4(hmp)6(dcn)2]2+(2D) 102.7 98.4 294.7 3.35 3.24 3.19 1.98 9.12 1.02 9 [8e] 
[MnII

2MnIII
2(bdea)2(bdeaH)2(O2CPh)4] 102.2 98.5 293.2 3.25 3.35 3.17 2 11(1)  1.3(1)  9 [17d] 

[Mn4(hmp)6(H2O)4]2+ 103 98.9 292.7 3.35 3.25 3.23 2.01 5.0(1)  0.55(2) 9 [17c] 
[Mn4(hmp)6(NO3)2(dcn)2] 103.6 98.91 295.5 3.35 3.29 3.21 1.94 9.8 1.61 9 [8e] 
[Mn4(hmp)6(NO3)4] 103.6 99.03 295.4 3.4 3.25 3.21 1.99 9.1 6.0 9 [17a] 
[Mn4(hmp)6(C6H5COO)2(H2O)2]2+ 103.8 99.1 293.1 3.39 3.29 3.22 2.01 7.5(2)  1.3(2)  9 [17f] 
[Mn4(hmp)4(acac)2(MeO)2]2+ * 102.7 99.38 293.6 3.27 3.27 3.3 1.93 7.6 1.12 9 [17a] 
[Mn4(hmp)6(H2O)2(NO3)2]2+ 103.5 99.5 295 3.36 3.27 3.25 1.93 13.3(1)  1.24(2)  9 [17c] 
[{Mn4(hmp)6(MeCN)2}{Pt(mnt)2}4] 103.9 99.5 297.1 3.36 3.31 3.21 2.02 10.03 0.58 9 [30] 
[Mn4(hmp)6(CH3COO)2(H2O)2]2+ 103.5 99.6 294.2 3.39 3.31 3.22 1.94 8.0(2)  0.77(1) 9 [17f] 
[Mn4(hmp)6(NO3)2(MeCN)2]2+ 103.1 99.6 294.7 3.34 3.25 3.23 1.87 14. 2 1.4 9 [17a] 
[Mn4(O2CMe)2(Hpdm)6]2+ 102.2 100.3 295.6 3.3 3.4 3.25 1.85 - -  [31] 
[Mn4(O2CMe)2(pdmH)6]2+ 102.2 100.3 293.6 3.28 3.35 3.25 1.84 11.7 0.6 9 [32] 
[Mn4(L1H2)2(L1H)2(H2O)2(MeCO2)2]2+ 104.1 100.4 292.4 3.36 3.37 3.2 1.89 9.4 2.4 9 [15a] 
[Mn4(hmp)6(CH3CN)2(H2O)4]4+ 103.8 100.5 294.8 3.39 3.32 3.24 1.96 8.56(5) 0.66(1) 9 [33] 
[Mn4(hmp)6(N3)4] 103.1 100.5 293 3.38 3.26 3.29 1.99 5.70 3.99 9 [34] 
[Mn4(hmp)6(Hpdm)2(dcn)2]2+(2D) 103.9 100.6 296 3.39 3.35 3.24 1.97 12.66 1.15 9 [8e] 
[Mn4(hmp)6(CCl3COO)2(H2O)2]2+ 102 100.7 293.9 3.29 3.24 3.24 1.99 5.3(1)  0.99(1)  9 [17f] 
[Mn4(paa)4(teaH)2]2+ 102.5 100.9 302.3 3.31 3.32 3.63 2 -12.5 8.3 9 [35] 
[MnII

2MnIII
2(N3)4(pdmH)2(teaH)2] 104 101.6 293.6 3.37 3.31 3.27 1.96 1.71 0.04 9 [36] 

[Mn4(hmp)6(Hhmp)2]4+ 101.9 102.9 294.5 3.33 3.2 3.35 2.05 0.25(5) -0.92(2) 1 [17c] 
[Mn4(µ3,η2-L3)2(µ,η2-L3)4L3

2Br2] 104.4 103.1 293.5 3.38 3.28 3.34 1.82 5.6 -0.50 1 [8c] 
[Mn4(hmp)6Br2(H2O)2]2+ - - - - - - - - - 9 [37] 

Type A core (no µ2 metal-(alk)oxo bridges)  
          

[Mn4O2(O2CMe)7(Bipy)2]2+** 127 96.23 351 3.38 3.31 2.85 2 -33.8 -11.2 3 [20] 
[Mn4O2(O2CCHMe2)6(bpm)(EtOH)4]n(1D) ** 117.5 96.7 331.6 3.28 3.48 2.77 2 -5.0 -2.5 - [22] 
Mn4O2(O2CMe)6(Bipy)2]  ** 117.7 97.1 332.5 3.29 3.48 2.78 1.7 -4.49 -2.83 2 [20] 
[Mn4O2(cao)4(MeCN)2(H2O)]2+** 129.6 97.75 357 3.55 3.55 2.77 1.88 -66.2 -3.6 5 [21] 

Type-B core 
           

[MnIII
2MnII

2(teaH)2(acac)4(MeOH)2]2+ 104.3 99.9 304.2 3.38 3.39 3.73 1.89 1.0 -1.0 1 [17e] 
[MnIII

2MnII
2(bheapH)2(acac)4(MeOH)2]2+ 103.8 99.4 303.8 3.36 3.39 3.68 1.94 3.0 -1.2 1 [17e] 

[Mn(MeOH)L4(OH)Mn(bpy)]2 99.2 93.2 290.3 3.21 3.25 2.74 1.95 -20.3 -5.0 1 [15c] 
[MnIII

2MnII
2(OH)2(TBC4)2(dmf)6] 102 95 293.9 3.29 3.3 3.19 2 -11.18 7.09 6 [23] 

1 98.7 101.1 302.6 3.08 3.37 3.47 1.928 2.57 -1.79 0 [e] 
2 99 100.5 301.7 3.08 3.33 3.44 1.932 1.46 -2.31 1 [e] 

 [a] Data presented with increasing θ5 (for Type-A core), Abbreviations: H3L1= triethanolamine; H3L2=2,6-bis(hydroxymethyl)-4-methylphenol; HL3 = 2-
methoxyethanol;H4L4 =1,2-bis(2-hydroxybenzamido)benzene; Hpdm = pyridine-2,6-dimethanol, bdeaH2=N-butyldiethanolamine; teaH3 =triethanolamine; 
Hmp = 2-hydroxymethylpyridine, mdeaH2 = N-methyldiethanolamine, Bet = Glycine betaine, paaH = N-(2-pyridinyl)acetoacetamide;  caoH = HON = 
C(CN)CONH2; dcn- = N(CN)2

-; mnt2- = malionitriledithionate; mdaH2 = N-methyldiethanolamine ; bpm = 2,2’-bipyrimidine ; bipy = bipyridine ; TBC4 = p-
tBu-calix[4]arene. In general, θ1= θ1ʹ′, θ2= θ2ʹ′, θ3= θ3ʹ′, θ4= θ4ʹ′, θ5= θ5ʹ′,  *: θ1= θ4, θ2= θ3, θ5= θ5ʹ′, **: θ2, θ3, θ2ʹ′, θ3ʹ′ absent. [b] θav = (θ1+ θ2+ θ3+ θ4)/4, [c] θS = 
(θ1+θ4ʹ′+θ5) or (θ1ʹ′+θ4+θ5ʹ′), [d] J1=5.8(1), J2=1.0(1), J3= 7.6(8) K; [e] This work. 



Published in the European Journal of Inorganic Chemistry on 8 October 2012 (Early View) 8 

where the solid angle (θS) when less than 300°, introduced 
ferromagnetic  coupling  (Jbb)  among  the  ‘body’  MnIII   ions,   in 
Type-B’ core having the ‘body’ MnII ions with µ3–O(alk)oxo bridges 
showed that, when θS is less than 300° then there is 
antiferromagnetic coupling whereas when the θS is more than 300° 
we see ferromagnetic coupling. The above observation in both type 
of cores warrants further theoretical work to correlate the solid 
angle involving the µ3–O(alk)oxo with the coupling parameters and 
check our proposition. In the type-A or B cores the coupling 
constant, Jwb is a result of the assumption that exchange between 
Mn(1)−O−Mn(2), Mn(2)−O−Mn(3), Mn(3)−O−Mn(4) and 
Mn(4)−O−Mn(1) involving the bond angles θ1, θ2; θ3, θ4; θ1ʹ′, θ2ʹ′  
and θ3ʹ′, θ4ʹ′ respectively are the same since the bonding parameters 
are similar. Hence, using a simplistic approach of averaging the 
relevant bond angles (θavg = average of θ1, θ2, θ3, θ4 in Figure 7) in 
the type-A core related to the Jwb coupling pathway, we observed 
that in general ferromagnetic interaction is present when the angle 
is between 101° to 104° except for one case[8c] (Table 3). In 
addition when the outer µ2 bridging oxygen atoms are not present 
the inner µ3–O(alk)oxo angle is wider and the geometry of the 
bridging oxygen is less pyramidal and more planar in nature hence 
the Jwb becomes antiferromagnetic.[20-22] This demonstrates the well 
established hypotheses that the presence of the bis µ2–/µ3–O(alk)oxo 

pathways in the rhombic cores renders the coupling to be less 
antiferromagnetic.[38] 
 Among the six tetranuclear Mn complexes of the type B core 
which includes complexes 1 and 2, we observed that when the θavg 

is less than equal to 100° the coupling constant values are anti-
ferromagnetic and for θavg above 100° the coupling constant values 
are ferromagnetic. There are two examples having a θavg greater 
than 100° which have two very long metal µ3–O(alk)oxo distances of 
~2.7 Å and hence represent a very weak µ3–O(alk)oxo bridge that 
does not match with the above proposition.[17e] In general type B 
core bearing complexes show a ground state of ST= 1, however the 
reported complex [MnIII

2MnII
2(OH)2(TBC4)2(dmf)6] shows ST= 6 

instead of a ST ~1.[23a] In this example it is seen that the θavg is 102°. 
Hence it appears that the θavg being above 100° and less than 104° 
has a major effect in introducing ferromagnetism, rendering a 
ground state of ST = 6 to the complex 
[MnIII

2MnII
2(OH)2(TBC4)2(dmf)6].[23a] In complexes 1 and 2 

having the type-B core, using the simplified model of J1=J2=Jwb 
and J3=Jbb we find that (Figure 7) the value of Jwb shows weak 
antiferromagnetic exchange for both the complexes: Jwb= -1.79 K 
for 1 and -2.31 K for 2, since the θavg is less than 100° (98.7° for 1 
and 99° for 2). 

Conclusions 

The magneto-structural studies of the two polymorphic 
tetranuclear complexes re-emphasize that the positions of the MnII 
and MnIII centres in the complexes are in general crucial for their 
magnetic properties. The type-B cores (Figure 7) generally lead to 
a spin state of ST = 1. A scan over the J2/|J1|-J3/|J1|-parameter space 
shows that an unambiguous determination of three coupling 
constants from susceptibility data is difficult and rather there would 
be a range of values which give reasonably good fits. Nevertheless, 
the structure suggests a reduction to two coupling 
constants J1 = J2 = Jwb and J3 = Jbb which removes the ambiguity of 
the fit (Table 2). We found that the solid angle, formed by each of 
the µ3–O(alk)oxo bound to the metal centres, have major significance 
in rendering ferro- or antiferromagnetic exchange interactions and 
hence explaining the violation of the linearity relationship of the 
M−O−M bond angles to the Ji values which warrants more 

theoretical work especially for the ‘rhomboidal/butterfly’ motif 
tetranuclear complexes (Figure 7). However, especially for the 
type-B core more MnII/III complexes are required in the library to 
gain better insight into the correlation of the M...M distances, 
M−O−M bond angles and the solid µ3-O(alk)oxo angles with the 
magnetic properties. We have found that in spite of our complexes 
showing extensive π⋅⋅⋅π stacking and C−H⋅⋅⋅π interactions the 
theoretical best fits suggests that there is no significant influence of 
the intermolecular interaction on the spin exchange parameters of 
each molecule.  

Experimental Section 

Materials and physical measurements 

All reactions were carried out using commercially available analytical 
grade solvents [dichloroethane (Merck), dichloromethane (Merck), ethanol 
(Merck), methanol (Merck)]. Syntheses of ligand and other precursors were 
carried out under bench-top aerobic conditions.  2-Methoxy naphthalene 
(Aldrich), cinnamoyl chloride (Aldrich), aluminium chloride (Aldrich), 
sodium sulphate (Merck) were all used as received without further 
purification. [Mn3O(OAc)6(Py)3]ClO4 was prepared according to the 
literature method.[39] Elemental analyses for vacuum dried complexes 1  and 
2 were carried out with a Perkin-Elmer 2400 series II CHNS/O series 
elemental analyser. Infrared Spectra were recorded in the range 400–4000 
cm−1 on a Perkin Elmer Spectrum L1200 spectrophotometer using KBr 
pellets. Variable temperature powder X-ray Diffraction (PXRD) data were 
collected on a Rigaku SmartLab with a Cu Kα radiation (1.540 Å). NMR 
spectra were recorded on a Jeol ECS400 MHz spectrometer. Magnetic 
measurements were performed on polycrystalline samples by using a 
Quantum Design magnetometer (MPMS-XL). 
 
Hydroxy phenalenone (HL): The Ligand was synthesized according to a 
previously reported literature procedure.[40] The yield obtained was (86%). 
 
Synthesis of [Mn4(L)4(OAc)2(OMe)4] (1 & 2): The complexes were 
synthesised in one pot using a single solvothermal synthesis. A 25 mL 
Teflon-lined stainless steel container was filled with 
[Mn3O(OAc)6(Py)3]ClO4 (110 mg, 0.125 mmol) and 9-hydroxy 
phenalenone (HL) (70 mg, 0.357 mmol) in 15 mL methanol. This container 
was then sealed and its contents were heated to 120 °C and maintained at 
this temperature for 1 h followed by which the container was allowed to 
cool to 30 °C at a rate of 1 °C h-1. Crystals of two distinctly different 
morphologies (rhombic, monoclinic 1 & rectangular block, triclinic 2) were 
observed on the wall and the bottom of the teflon vessel which were hand-
picked for separation using a needle. Yield: 1 (43%) and 2 (11%). Anal. 
Calcd C60H46Mn4O16 (vacuum dried 1, M=1242.72): C 57.98, H 3.73. 
Found C 58.12, H 3.78. C60H46Mn4O16 (2, M=1242.72): C 57.98, H 3.73. 
Found C 57.91, H 3.81. IR(KBr): Main IR bands (KBr, 450-4000 cm-1) for 
1: 3429(br), 2919(w), 2814(w), 1947(s), 1629(s), 1588(s), 1565(s), 1404(s), 
1344(s), 1332(s), 1221(m), 1130(m), 1020(m), 851(s), 756(m), 536(m), 
511(m) and for 2 : 3368(br), 2924(w), 2813(w), 1939(s), 1633(s), 1589(s), 
1564(s), 1524(s), 1404(s), 1348(s), 1332(s), 1272(s), 1243(s), 1178(s), 
1148(s), 1048(m), 1013(m), 990(m), 845(s), 756(s), 539(s). 
Caution! Perchlorate salts are potentially explosive and should only be 
handled in small quantities. 
 
X-ray structural determination: X-ray crystallographic data of all the 
metal complexes were collected on a Bruker’s Kappa Apex-II CCD Duo 
diffractometer. The separated crystals having two different morphologies 
(Monoclinic 1 & Triclinic 2, Figure S7) were each mounted on a cryo loop. 
Data were collected using graphite monochromatic Mo-Kα radiation 
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(0.71073Å) at 100K (using Oxford Cryosystems controller700). Scaling 
and multiscan absorption corrections were employed using SADABS[41] 
and structures were solved using the SHELXL-97[42] software package. 
Selected bond distances and angles of the two compounds (1 & 2) and 
crystallographic details are summarised in Tables 1 and 4. 
CCDC-872246 (for 1) and CCDC-872247 (for 2) contain the 
supplementary crystallographic data for this paper. The data can be 
obtained free of charge from Cambridge Crystallographic Data Centre via 
ccdc.cam.ac.uk/data_request/cif 

Table 4.Crystallographic Data for [Mn4(L)4(OAc)2(OMe)4].2H2O (1) & 
[Mn4(L)4(OAc)2(OMe)4](2) 

  1 2 
Structural formula   C60 H46 Mn4 O18 C60 H46 Mn4 O16 
Formula weight   1278.72 1242.72 
Temperature   100 K 100 K 
Wavelength   0.71073 Å 0.71073 Å 
Crystal system   Monoclinic Triclinic 
Space group   P2(1)/c Pī 

Unit cell dimensions  

a= 12.6985(10)Å 
b = 15.5148(12)Å                                            
c = 15.4024(12)Å 
β= 114.35(1)° 
 

a = 8.7356(14)Å 
b = 12.0582(18)Å                                            
c = 13.892(2)Å 
α = 114.233(3)° 
β= 102.159(4)° 
γ  = 98.539(4)° 

Volume  2764.6(4) Å3 1258.3(3) Å3 
Z  2 1 
Density (calculated) 
(mg/m3)  1.536 1.640 

Crystal size (µm3)  266 x 248 x 160 132 x 98 x 75 
Goodness-of-fit[a] on F2  0.880 1.180 
Final R indices 
[I>2sigma(I)]  

R1
[b] = 0.0548, wR2

[c] = 
0.1595 

R1
[b] = 0.0872, wR2

[c]  
= 0.2857 

R indices (all data) 
  

R1
[b]  = 0.1456, wR2

[c]  = 
0.1780 

R1 = 0.1000, wR2
[c]  

= 0.2915 
[a] Goodness-of-fit=[Σw(Fo

2 – Fc
2)2]/(Nreflection –Nparams)]1/2, based on all data. 

[b] R1 = Σ (|Fo| – |Fc|)/|Fo|. [c] wR2 = [R [Σ (Fo
2 – Fc

2)2]/R[Σ(Fo
2)2]]1/2. 

 
Supporting Information (see footnote on the first page of this article): A 
selective chart of the best results obtained in various synthetic attempts to 
obtain either complex 1 or 2 during a single synthesis (Table S1),  bond-
valence sum calculations for complex 1 and 2 (Table S2), selected 
O−Mn−O bond angles (°) for complexes 1 and 2 (Table S3), packing 
diagrams (Figure S1 and S2), a plot of powder X-ray diffraction data of 
complex 1  and 2 generated from single crystal data (source Mo-Kα) and 
obtained at different temperature using Cu-Kα (Figure S3), parameter scans 
using the J1 ≠ J2 ≠ J3 model (Figure S4 and S5), low-lying excitations for 
complex 2 (Figure S6) and photographic image of crystals (Figure S7). 
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Table S1. A chart showing some selected approaches of various synthetic attempts to obtain either complex 1 or 2 
during a single synthesis 

Metal to Ligand 
ratio 

Synthetic Condition Solvent 
(MeOH) Vol-

ume (mL) 

Result 

Heating time Cooling 
rate 

(°C/hr) 

  
Temperature 

(°C) 
Time 
(hour) 

1 M:L = 1:1 120 24 1 15 Mixture of Com-
plex 1 and 2 

2 M:L = 1:1 120 48 2 15 Mixture of Com-
plex 1 and 2 (yield 

is very poor)  
3 M:L = 1:1 120 6 1 15 Mixture of Com-

plex 1 and 2 
4 M:L = 1:1 120 2 1 15 Mixture of Com-

plex 1 and 2 
5 M:L = 1:1 120 1 1 10 Mixture of Com-

plex 1 and 2 
6 M:L = 1:1 120 1 1 15 Mixture of Com-

plex 1 and 2 
(best yield) 

7 M:L = 1:1 120 1 1 20 Mixture of Com-
plex 1 and 2 

8 M:L = 1:1 120 1 2 15 Mixture of Com-
plex 1 and 2 

9 M:L = 1:2 120 1 1 15 No Crystal directly 
or even after slow 

evaporation 
10 M:L = 1:3 120 1 1 15 No Crystal directly 

or even after slow 
evaporation 

  



 
 

Table S2. The bond valence sum calculations for complexes 1 and 2 

 
 
 

 

 

 

 

Table S3. Selected O−Mn−O bond angles (°) for complexes 1 and 2 

 1 2 
       
O(1)−Mn(1)−O(2) 
O(1)−Mn(1)−O(1A)[a] 

O(1A)[a]−Mn(1)−O(2) 

O(1A)[a]−Mn(1)−O(4) 

O(1)−Mn(1)−O(4) 
O(1)−Mn(1)−O(5A) [a] 

O(1A)[a]−Mn(1)−O(5A)[a] 

O(1)−Mn(1)−O(6)  
O(1A)[a]−Mn(1)−O(6) 

O(2)−Mn(1)−O(4) 
O(2)−Mn(1)−O(6) 
O(2A)[a]−Mn(1)−O(5) 

O(4)−Mn(1)−O(6) 
O(4A)[a]−Mn(1)−O(5) 

O(5A)[a]−Mn(1)−O(6) 

 
72.8(2) 
78.9(1) 
85.9(2) 
167.3(2) 
88.5(2) 
101.0(2) 
82.0(2) 
172.0(2) 
95.4(2) 
91.6(2) 
101.4(2) 
167.3(2) 
97.2(2) 
99.4(2) 
83.7(2) 

 
72.4(2) 
79.5(2) 
86.3(2) 

166.0(2) 
86.8(2) 

102.8(2) 
80.2(2) 

170.8(2) 
94.6(2) 
92.6(2) 

100.4(2) 
166.3(2) 
99.4(2) 

100.0(2) 
82.9(2) 

 
O(1)−Mn(2)−O(2) 
O(1)−Mn(2)−O(8)  
O(1)−Mn(2)−O(7) 
O(1)−Mn(2)−O(3) 
O(1)−Mn(2)−O(5) 
O(2)−Mn(2)−O(3) 
O(2)−Mn(2)−O(5) 
O(2)−Mn(2)−O(8) 
O(2)−Mn(2)−O(7) 
O(3)−Mn(2)−O(8) 
 O(3)−Mn(2)−O(7) 
 O(3)−Mn(2)−O(5) 
 O(5)−Mn(2)−O(8) 
 O(5)−Mn(2)−O(7) 
 O(7)−Mn(2)−O(8) 

84.5(2) 
90.5(2) 
171.7(2) 
92.8(2) 
79.1(2) 
91.3(2) 
85.6(2) 
172.9(2) 
93.8(2) 
94.0(2) 
95.4(2) 
171.6(2) 
88.5(2) 
92.6(2) 
90.3(2) 

85.2(2) 
90.2(2) 

171.9(3) 
91.0(2) 
79.9(2) 
91.8(3) 
88.0(2) 

173.2(3) 
93.5(3) 
93.3(3) 
97.0(3) 

170.9(2) 
86.3(2) 
92.0(2) 
90.4(3) 

[a]  A = -x+1, -y+1, -z+1 for 1 and –x+2, -y+1, -z+2 for 2 
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Complex 2 
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OMe O1 O2 O1 O2 
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Figure S1. A space-fill packing diagram of Complex 1 showing the staircase type feature. The layer of molecules 
shown in green are a tilted layer of the  stacked staircase to achieve proper orientation for the C−H interac-
tion with the two adjacent layers shown in red. 

 

Figure S2. A space-fill packing diagram of Complex 2 showing the laterally extended staircase type feature (left). 
The right side diagram shows that the  electron density of one of the ligands from a tetranuclear unit can interact 
with two ligands from two different neighbouring molecules. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. (A) A plot of powder x-ray diffraction data of complex 1: (a) simulated from single crystal data (source 
Mo-K) at 100 K, and obtained at different temperatures using Cu-K (b) 100 K (c) 50 K (d) 36 K (e) 20 K (f) 11 
K  (B) Powder X-ray diffraction plot of complex 2 (a) simulated from single crystal data (source Mo-K) at 100 K 
(b) at 298 K (using Cu-K radiation source); showing the distinct difference between the two structural poly-
morphs.  

  



 

Figure S4. Fit of χM for complex 1 using the J1≠J2≠J3 model and g= 1.928, 12 (J1+J2) + 35/4 J3= −25 K. In the 
white region, the latter constraint cannot be satisfied with antiferromagnetic J1, contrary to assumptions. Other-
wise, the color scale shows the residue R of the fit to the experimental data (see Eq. (4)). Exchange constants are 
normalized to J1 < 0. 

 

 

Figure S5. Same as Figure S4, but for complex 2 using g= 1.932 and 12 (J1+J2) + 35/4 J3= −43 K. 

 



 

Figure S6. Physical properties of complex 2 as a function of J2/|J1| (normalized to J1 < 0). The bottom panel shows 
the residue R corresponding to the optimal exchange constants J1, J2 and J3 for the given ratio J2/|J1|, as shown in 
the middle panel. The top panel shows the energy E of the lowest excitations for the same parameters classified 
according to total spin S = 0, 1 and 2. Spectra are complete in the S = 0 sector, but restricted to the lowest excita-
tions for S = 1 and 2. Note that the ground state carries spin S = 1 for antiferromagnetic J2 < 0 and spin S = 0 for 
ferromagnetic J2 > 0. 

 

 

 

 

 

 

 

 

Figure S7. Photographic images of Complex 1 (a) and Complex 2 (b) 

(a) (b) 


