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Homo-Valent Mn7 Disc-Like Clusters? A Theoretical Perspective
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Abstract: Density functional theory (DFT) studies have been
undertaken to compute the magnetic exchange and to
probe the origin of the magnetic interactions in two hetero-
and two homo-valent heptanuclear manganese disc-like
clusters, of formula [MnII

4MnIV
3(tea)(teaH2)3(peolH)4] (1),

[MnII
4MnIII

3F3(tea)(teaH)(teaH2)2(piv)4(Hpiv)(chp)3] (2),
[MnII

7(pppd)6(tea)(OH)3] (3) and [MnII
7 (paa)6(OMe)6] (4)

(teaH3 = triethanolamine, peolH4 = pentaerythritol, Hpiv =

pivalic acid, Hchp = 6-chloro-2-hydroxypyridine, pppd = 1-
phenyl-3-(2-pyridyl) propane-1,3-dione; paaH = N-(2-pyridiny-
l)acetoacetamide). DFT calculations yield J values, which re-
produce the magnetic susceptibility data very well for all
four complexes; these studies are also highlighting the likely
ageing/stability problems in two of the complexes. It is
found that the spin ground states, S, for complexes 1–4 are

drastically different, varying from S = 29/2 to S = 1/2. These
values are found to be controlled by the nature of the oxida-
tion state of the metal ions and minor differences present in
the structures. Extensive magneto–structural correlations are
developed for the seven building unit dimers present in the
complexes, with the correlations unlocking the reasons
behind the differences in the magnetic properties observed.
Independent of the oxidation state of the metal ions, the
Mn-O-Mn/Mn-F-Mn angles are found to be the key parame-
ters, which significantly influence the sign as well as the
magnitude of the J values. The magneto–structural correla-
tions developed here, have broad applicability and can be
utilised to understand the magnetic properties of other Mn
clusters.

Introduction

Transition-metal clusters have received a great deal of atten-
tion over the last decade as certain molecules exhibit magnetic
bistability, an important feature that is purely molecular in
origin. Several exciting potential applications have since been
envisaged, such as high density information storage devices,
quantum computing, magnetic refrigeration and spintronic de-
vices.[1] These molecules, which exhibit slow relaxation of mag-
netisation in the absence of a magnetic field, are commonly
called single molecule magnets (SMMs) and act as magnets
below their blocking temperature (TB).[2] Requirements for
a molecule to exhibit SMM behaviour include a high-spin
ground state (S), with a negative zero-field splitting (ZFS) pa-

rameter D. Other desirable properties include negligible inter-
molecular magnetic interactions, large pair-wise magnetic ex-
change and a low probability for quantum tunnelling of the
magnetisation (QTM). The combination of S and D results in an
energy (anisotropy) barrier (U) to the reversal of the magneti-
sation vector, which depends directly on the square of the
spin, and on its magnetic anisotropy (DSz

2). This leads to a case
where upon application and removal of a magnetic field the
system can be stabilised in one of the high-spin energy
wells.[2b] Since the report of the Mn12Ac cluster,[3] hundreds of
SMMs containing transition-metal ions have been reported. Of
notable interest is a [MnIII

6] SMM reported with a barrier height
of 86 K; the largest for any polynuclear manganese complex
reported to date.[4] Besides transition metals, lanthanide-based
complexes have contributed significantly to the area of SMMs,
with blocking temperatures as high as 14 K being achieved.[5]

For the design of transition-metal-based SMMs, polynuclear
manganese complexes are favoured as they offer large Ising-
type anisotropy, with complexes often yielding a large spin
ground state; with values as high as S = 83/2 reported.[6] Al-
though hundreds of Mn-based SMMs have now been reported,
the field of SMM materials is still in its nascent stages and the
magnetic properties are not often predictable. Another chal-
lenging aspect, especially for very large coordination com-
plexes is that fitting/modelling of the experimental magnetic
data is difficult. Understanding the nature of the individual pair
wise super-exchange interactions within larger motifs are of
vital importance. These interactions determine the overall
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magnetic susceptibility behaviour and, if understood, can po-
tentially allow us to design SMMs with a greater control of the
ground spin value. Manganese clusters, in particular, with the
accessibility of various oxidation states, such as + 2, + 3 and
+ 4 often lead to a complex exchange topology, enhancing the
need to incorporate a greater number of parameters to fit the
data. In many cases, however, fits are precluded. Theoretical
tools, particularly those based on density functional methods,
have emerged as a powerful tool for the computation of mag-
netic exchange coupling in large polynuclear complexes[6b, 7]

and of other spin Hamiltonian parameters.[8] In earlier work we
have utilised these methods to predict the pair wise magnetic
interaction in dinuclear [MnIII

2(OR)2] complexes, relating the
magnetic interactions to the orientation of Jahn–Teller axes.
Studies on dinuclear mixed-valence manganese species are,
however, scarce.[7d, 9]

A favourable metal topology which has been observed in
manganese cluster chemistry is a planar or near planar, hepta-
nuclear disc-like metallic core.[10] These complexes are made
up of a central metal ion surrounded by a ring of six ions. This
disc topology is sought after mainly because such a complex
often displays a very large spin ground state.[10a,b] The most
commonly reported manganese disc complexes are hetero-
valent MnII and MnIII compounds,[10] but homo-valent MnII clus-
ters have also been reported.[11] In the mixed-valence cases,
spin values ranging from S = 17/2 to S = 16 are found. This top-
ology is not only restricted to manganese however, and is also
reported for other transition metals, such as homo-valent CoII

and mixed-valent CoII/III systems, all of which display SMM be-
haviour.[8c, 12] Other disc-like complexes containing [FeII/III or
FeIII][13] and [NiII or NiII/III][14] ions have also been synthesised, as
well as larger discs such as [Mn10], [Mn14] ,[15] [FeIII

17] , [FeIII
19][16]

and [Co24][17] complexes, all of which exhibit large spin ground
states.

Despite extensive experimental work, theoretical efforts to-
wards understanding the magnetic coupling in large mixed-va-
lence manganese clusters are rare.[10a,b, 18] As the oxidation state
is likely to play a decisive role in controlling the magnetic
properties, here we have undertaken detailed theoretical stud-
ies on four [Mn7] disc complexes possessing variable oxidation
states and structural features. DFT calculations are performed
on two mixed-valent complexes; [MnII

4MnIV
3(tea)(teaH2)3-

(peolH)4] (1), see Figure 1 a, (teaH3 = triethanolamine, peolH4 =

pentaerythritol) and [MnII
4MnIII

3F3(tea)(teaH)(teaH2)2(piv)4-
(Hpiv)(chp)3] (2), see Figure 1 b, (Hpiv = pivalic acid, Hchp = 6-
chloro-2-hydroxypyridine) reported by some of us earlier.[19]

Compound 1 was the first example of a heptanuclear disc with
a [MnII

4MnIV
3] oxidation-state distribution, compound 2 displays

a unique arrangement of oxidation states within the disc when
compared to other known {MnII

4MnIII
3} examples. We then

extend our calculations to two homo-valent complexes, these
are, [MnII

7(pppd)6(tea)(OH)3] (3), see Figure 2 a, (pppd = 1-
phenyl-3-(2-pyridyl)propane-1,3-dione) and [MnII

7(paa)6(OMe)6]
(4), see Figure 2 b, (paaH = N-(2-pyridinyl) acetoacetamide)[20] in
order to probe the role the Mn oxidation state plays in control-
ling the magnetic properties of these clusters. It was found ex-
perimenatlly that the spin ground state S varies from 29/2 to

5/2 for compounds 1–4 and therefore a theoretical approach
was undertaken in an attempt to explain these differences and
provide an underlying reason for the magnetic interactions
observed.

Computational Details

The manganese ions in compounds 1 (MnII = pink and MnIV =
orange) and 2 (MnII = pink and MnIII = yellow) are labelled as shown
in Figure 1. The following exchange Hamiltonian has been em-
ployed to evaluate the magnetic exchange interactions in com-
pound 1 [Eq. (1)] .

Figure 1. a) Molecular structure of compound 1 (colour scheme: MnII = pink,
MnIV = orange, O = red, N = blue, C = black). b) Molecular structure of com-
pound 2 (colour scheme: MnII = pink, MnIII = yellow, F = cyan, Cl = green). c)
Magnetic exchange pathways in compound 1 determined by using DFT cal-
culations. d) Magnetic exchange pathways in compound 2 determined by
using DFT calculations. Up and down arrows indicate spin-up and spin-down
configurations predicted, respectively, with the tilted arrow in d) indicating
the competing interactions present.

Figure 2. Molecular structures of a) compound 3 and b) compound 4 (colour
scheme: MnII = pink, O = red, N = blue, C = black) (the hydrogen atoms are
omitted for clarity). c) Magnetic exchange pathways in complexes 3 and 4
determined by using DFT calculations.
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Ĥ ¼ �

2J1 SMn1SMn3 þ SMn1SMn5 þ SMn1SMn7ð Þ
þ2J2 SMn1SMn2 þ SMn1SMn4 þ SMn1SMn6ð Þ

þ2J3

SMn2SMn3 þ SMn3SMn4 þ SMn4SMn5

þSMn5SMn6 þ SMn6SMn7 þ SMn2SMn7

 !
2
66664

3
77775 ð1Þ

Here J is the isotropic exchange coupling constant, with SMn repre-
senting the spins of the manganese ions. In the case of compound
2, we have employed the following exchange Hamiltonian [Eq. (2)] .

Ĥ ¼ �

2J1 SMn1SMn2 þ SMn1SMn4 þ SMn1SMn6ð Þþ
2J2 SMn1SMn3 þ SMn1SMn5 þ SMn1SMn7ð Þ
þ2J3 SMn2SMn3ð Þ þ 2J4 SMn3SMn4ð Þ þ 2J5 SMn5SMn6ð Þþ
2J6 SMn2SMn7ð Þ þ 2J7 SMn4SMn5ð Þ þ 2J8 SMn6SMn7ð Þ

2
66664

3
77775 ð2Þ

The manganese ions in compounds 3 and 4 are labelled as shown
in Figure 2. The following exchange Hamiltonian has been em-
ployed to evaluate the exchange J values in these complexes
[Eq. (3)] .

Ĥ ¼ �

2J1

SMn1SMn2 þ SMn1SMn3 þ SMn1SMn4

þSMn1SMn5 þ SMn1SMn6 þ SMn1SMn7

 !

þ2J2

SMn2SMn3 þ SMn3SMn4 þ SMn4SMn5

þSMn5SMn6 þ SMn6SMn7 þ SMn2SMn7

 !
2
666664

3
777775 ð3Þ

The energies of five spin configurations for compound 1, ten spin
configurations for compound 2 and three spin configurations for
compounds 3 and 4 are computed to extract the exchange inter-
actions[21] (see the Supporting Information for details). The comput-
ed spin configurations for compounds 1–4 are given in Tables ST1–
ST3 in the Supporting Information. The exchange coupling con-
stants have been calculated by using the broken symmetry (BS) ap-
proach developed by Noodleman.[22] This method has been em-
ployed previously to compute good numerical estimates of the ex-
change interactions in numerous polynuclear complexes.[23] Further
to the calculations on the full structure, calculations have also
been performed by using the diamagnetic substitution method
(DSM), where, except for the desired pair of paramagnetic metals,
the remaining ions are substituted by diamagnetic cations such as
ZnII, CoIII and TiIV.[24] These calculations are necessary to gauge the J
values computed from the full structure and to understand the in-
fluence that other paramagnetic metal ions have on a particular J
value. Besides isotropic exchange, double-exchange mechanisms
have been reported for mixed-valence complexes,[25] however we
do not expect such interactions in these clusters. See Table ST4 in
the Supporting Information for the computed spin-contamination
values.

To analyse and comprehend the computed J values for the various
Mnn +–Mnm + pairs even further (where n and m are 2, 3 and 4), cal-
culations have been performed on dinuclear models and magne-
to–structural correlations have been developed for these pairs (see
Figure SF3 and SF4 in the Supporting Information for the modelled
dinuclear complexes). Because several pair wise models, with vary-
ing oxidation sates and bridging groups are detected for com-
pounds 1–4, we have used MxyA, MxyB and MxyC notations to
classify each modelled dimer. M simply denotes model, x and y are
numbers denoting the oxidation state of the two Mn ions, and A,
B and C characters, which denote the various bridging ligands
studied. The notation A, B and C represent {Mn2(OMe)2},
{Mn2F(OMe)} and {Mn2F} bridging motifs, respectively. Here all the

DFT calculations were performed by using the B3LYP functional[26]

with the triple-z-quality basis set of Ahlrich et al.[27] and all the cal-
culations have been performed within the Gaussian 09 suite of
programs.[28] The PHI[29] program was used for the simulation of
the magnetic susceptibilities.

Besides the magnetic coupling, the ZFS parameters have also been
computed for complex 1 by using the Orca programme suite.[30] In
our DFT calculations, the spin–orbit coupling operators are repre-
sented by an effective one electron, using the spin–orbit mean-
field (SOMF) method as implemented in Orca.[30] We have used the
coupled perturbed (CP) SOC approach to evaluate the spin–orbit
contribution to D (DSOC). The spin–spin contribution (DSS) was esti-
mated by using the unrestricted natural orbital[7g] approach. To im-
prove the accuracy of the estimated D values, relativistic correc-
tions are performed by using the DKH method.[30] Although ab-
initio CASSCF/PT2 calculations have proven to yield an accurate es-
timate of the D values[9c, 31] this method cannot be employed for
such large clusters. DFT calculations yielded electronic configura-
tion for the Mn atoms, which are given in Table ST5 in the Support-
ing Information.

Experimental Section

Complexes 2 and 4 were synthesised as per literature reports.[19, 20]

Magnetic measurements : Magnetic measurements were carried
out on a Quantum Design SQUID magnetometer MPMS-XL7 oper-
ating between 1.8 and 300 K for dc-applied fields ranging from 0–
5 T. Microcrystalline samples were dispersed in vaseline in order to
avoid torquing of the crystallites. The sample mulls were contained
in a calibrated gelatine capsule held at the centre of a drinking
straw that was fixed at the end of the sample rod.

Results and Discussions

Selected structural parameters, which are likely to affect the
magnetic properties of complexes 1–4 are summarised in
Tables 1 and ST6–ST9 in the Supporting Information. In com-
plex 1 the central MnII ion is surrounded by a ring of three MnII

and three MnIV ions in an alternating arrangement (see Fig-
ure 1 a).[19] Experimental magnetic susceptibility measurements
reveal dominant ferromagnetic exchange interactions, with
a low-temperature cMT value suggesting a spin ground state of
S = 23/2. For complex 2 the central MnII ion is surrounded by
three MnIII and three MnII ions in the outer ring. The thermal
dependence of the cMT product for 2 suggests dominant anti-
ferromagnetic interactions with a spin ground state of S = 4.[19]

For complexes 3 and 4, all Mn sites are found to be MnII. In
these cases, the cMT versus T plots predict dominant antiferro-
magnetic exchange interactions, with a spin ground state pre-
dicted to be S = 5/2 for both complexes.[20] Fits of the experi-
mental susceptibility data were performed for 1, 3 and 4, with
the exchange values (J) found given in Table 2. Fitting of the
experimental susceptibility data for 2 was not possible due to
the large size and low symmetry of the complex.

Calculation of the magnetic exchange interactions (J)

The DFT-computed J values for complexes 1–4 are given in
Table 2. An excellent agreement with the experimental J values
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was found for complexes 1, 3 and 4. The exchange topology
used for the computational simulations for 1 and 2 are shown
in Figures 1 c and d, respectively, whereas the topology used
for 3 and 4 is given in Figure 2 c.

For complex 1, the J1 interaction describes the exchange be-
tween the central MnII ion with the outer-ring MnIV ions. The J2

interaction describes the coupling between the central and
the terminal MnII ions, whereas the J3 interaction describes the
coupling between the outer-ring MnII and MnIV ions. Both the
DFT-calculated and the experimentally fitted parameters pre-
dict the J2 and J3 interactions to be ferromagnetic (F), whereas
the J1 interaction is predicted to be antiferromagnetic (AF). Al-
though the signs are reproduced in all three cases, the magni-
tude of the values for J2 and J3 are reversed for theory and ex-
periment. Confidence in the DFT-computed values are provid-
ed, however, by the excellent fit to both the susceptibility and
the magnetisation data (see Figures 3 a and 4).

In complex 2, the J1 interaction illustrates the coupling be-
tween the central MnII ion with the terminal MnII ions. The J2

interaction describes the exchange between the central MnII

and the ring MnIII ions. J3–J6 interactions describe the coupling
between the outer-ring MnII and MnIII ions. The J7 interaction

describes the coupling between
two outer-ring MnII ions and the
J8 interaction describes the ex-
change between two outer-ring
MnIII ions. Calculations yield
strong AF interactions for J1, J3

and J7, whereas J2, J4, J5 and J6

are calculated to be ferromag-
netic in nature. The J8 interaction
is computed to be weakly ferro-
magnetic. Simulation of the
magnetic susceptibility data by
using the computed DFT J
values for complex 2 yielded
a less than satisfactory fit to the
experimental data.

Because all three computational methods yielded similar
sets of J values, we decided to see if there was any issues with
the experimental data, such as ageing/oxidation of the sample,
which can be common in transition-metal cluster chemis-
try.[24b, 32] We therefore re-synthesised 2, and re-measured the
susceptibility and magnetisation data. The fresh sample yield-
ed an improved fit to the DFT-simulated magnetic data (see
Figures 3 b and SF1 in the Supporting Information), which
likely suggests that there was an ageing problem with the ear-
lier reported sample.[19] This highlights an important issue per-
taining to this chemistry and to re-iterate the need for more
than one set of tools (experimental or theoretical) to obtain
a reliable set of spin Hamiltonian parameters. We still note,
however, that although the agreement between the experi-
ment and theory is better on the fresh sample, below 50 K,
some deviations are noted. This may be attributed to the mag-
netic anisotropy of the MnIII ions or intermolecular interactions,
which are strong in the case of complex 2 as noted earlier.[19]

For complexes 3 and 4, the J1 interaction describes the cou-
pling between the central and the terminal MnII ions, whereas
the J2 interaction describes the coupling between the two
outer-ring MnII ions. For complex 3 the DFT-simulated and the

Table 1. Description of the bridging ligands and the average Mn···Mn distances between each pair wise interaction for complexes 1–4.

1 2 3 4
Jx Bridging ligands d(Mn�Mn) [�] Bridging ligands d(Mn�Mn) [�] Bridging ligands d(Mn�Mn) [�] Bridging ligands d(Mn�Mn) [�]

J1 m3-O{tea3�}
m3-O{peolH3�}

3.204 m3-O{tea3�}, m3-F 3.583, 3.552, 3.501 m3-OH
m3-O{tea3�}

3.454 (m3-OMe)2 3.303

J2 m3-O{tea3�}
m3-O{peolH3�}

3.423 m3-F
m3-O{teaH2�}
m3-O{tea3�}

3.357, 3.355,
3.551

m3-OH,
m3-O{tea3�}
m3-O{pppdH}

3.332 m3-OMe, m3-Opaa 3.304

J3 m3-O{tea3�}
m3-O{peolH3�}
m3-O{teaH2�}
m3-O{teaH2�}

3.271,
3.258

m3-F 3.897

J4 m3-O{tea3�}, m3-O{teaH2�} 3.165
J5 m3-O{tea3�}, m3-O{teaH2

�} 3.223
J6 m3-O{tea3�}, m3-O{teaH2

�} 3.251
J7 m3-F

m3-O{piv}
3.609

J8 m2-F
m3-O{teaH2�}

3.042

Table 2. DFT-calculated and experimental exchange coupling constants for complexes 1–4.

Jx Jexp [cm�1] JDFT [cm�1]
Full cluster Dinuclear models Diamagnetic

substitution
method (DSM)

1 3 4 1 2 3 4 1 2 1 2

J1 �0.35 �0.1 �0.78 �0.09 �0.94 �0.55 �0.5 �0.22 �1.03 �0.21 �2.38
J2 0.21 �0.53 �0.81 1.69 1.38 �1.04 �1.09 14.3 0.37 3.32 �0.29
J3 1.75 – – 0.65 �3.07 – – 3.14 �3.65 �0.58 �6.81
J4 – – – – 2.29 – – – 4.70 – 15.26
J5 – – – – 4.19 – – – �1.22 – 1.27
J6 – – – – 1.59 – – – 0.91 – 2.58
J7 – – – – �2.35 – – – �1.06 – �8.94
J8 – – – – 0.14 – – – 5.27 – 1.36
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experimentally fitted values predict that both the J1 and J2 in-
teractions are antiferromagnetic in nature (see Table 2), al-
though the strength of the computed J values are slightly dif-
ferent than the reported experimental fits. Simulation of the
magnetic data with the computed exchange constants repro-

duces the experimental magnetic data very well (see Figur-
es 3 c and SF2 a in the Supporting Information). Although
a small discrepancy in magnitude was found, we note that it is
the ratio of J1/J2, rather than the magnitude of the interaction
that significantly influences the magnetic behaviour (see Figur-
es SF6 and SF7 in the Supporting Information).

For complex 4 both the J values are computed to be antifer-
romagnetic and consistent with the sign of the experimentally
fitted values. The simulated magnetic data derived from the
DFT parameters, however, did not perfectly reproduce the ex-
perimental points (see Figures 3 d and SF2 b in the Supporting
Information). We again looked at the possibility of sample deg-
radation/ageing and re-synthesised 4. The susceptibility mea-
surement on the fresh sample now revealed a striking match
to the computed simulated curve.

Correlation to experiment and spin density analysis:

The dominant interaction predicted for complex 1 is the ferro-
magnetic J2 interaction, leading to a spin-up configuration on
the central and the outer-ring MnII ions. The next strongest in-
teraction is the MnII···MnIV J3 pathway, which is also ferromag-
netic, leading to a spin-up configuration on all the MnIV cen-
tres. The J1 interaction is antiferromagnetic and is competing
with both the J2 and J3 interactions, however, this interaction is
extremely weak, leading overall to an S = 29/2 ground state for
complex 1 (see Figure 1 b and see Figure 6 a). This is the maxi-
mum spin value achievable for this system. The experimental
magnetisation saturation value of 29 N mB at 2 K also reveals
a S = 29/2 spin ground state (see Figure 4),[19] which is in agree-
ment with the ground state computed by using the DFT-calcu-
lated J values. Several excited states with smaller S values are
found to lie close to the ground state (see Figure 5 a). The
computed spin-density plot of the S = 29/2 ground state is
shown in Figure 6 a. All the MnII ions present possess spin den-
sities of <5.0, with the central MnII ion displaying a lower
spin-density value than the outer-ring sites. The bridging m3-O

Figure 3. Thermal variation of cMT for a) complex 1, b) complex 2, c) com-
plex 3 and d) complex 4 from 300 to 2 K under a magnetic field of 1 T.

Figure 4. Plots of M versus H isotherms for complex 1 at 2 , 3, 4, 5.5, 10 and
20 K. The black shapes are experimental data, the blue shapes represent the
simulation with DFT values and the colour lines are fits of the experimental
data.
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atoms from the tea3� group gain a spin density of approxi-
mately 0.01 in magnitude and a major part of this density is
expected to be gained from the MnII ions through spin delocal-
isation. All the MnIV ions have a spin-density value of >3.0 in-
dicating dominant spin polarisation. Although complex 1 pos-

sesses a very large spin ground state, it does not display any
slow relaxation of the magnetisation, even at very low temper-
atures. We computed the value of D to probe the reason(s) for
the absence of SMM behaviour. The DFT calculations yielded
a positive sign of D, with a value of D = + 0.0182 cm�1 and E/
D = 0.0035. The magnitude and the sign are not surprising as
neither MnII nor MnIV ions possess significant single-ion aniso-
tropy. This is affirmed in our analysis where the major contribu-
tion to D is found to arise from the spin–spin contribution
(Dss = 0.0172 cm�1).

For complex 2, the DFT-computed J values yielded an S = 6
ground state (see Figure 5 b), whereas the low-temperature ex-
perimental cMT data suggest a ground state of S = 3 or 4. The
expected ground-state spin configuration based on the J
values for a simple spin “up”, spin “down” picture would yield
an S = 7 value (see Figure 1 d), however, competing interac-
tions within the structure leads to an S = 6 ground state. The
DFT-computed spin-density plot for 2 is shown in Figure 6 b.
The MnII ions propagate the spin densities through spin deloc-
alisation, similar to 1, whereas the MnIII ions exhibit a mixture
of spin delocalisation and polarisation.

In complexes 3 and 4, both the J1 and J2 interactions are an-
tiferromagnetic in nature. These are of comparable magnitudes
and, therefore, the competing interactions result in a ground
state of S = 1/2 (see Figures 5 c and d). The experimental mag-
netic data were however fitted to yield a S = 5/2 ground
state.[20] The spin-state diagrams computed from DFT are
shown in Figures 5 c and d and show a large number of low
lying excited states of value S = 1/2, S = 5/2 (and S = 3/2) for
both complexes, displaying the difficulty in resolving the
ground state from experimental data alone, when the ex-
change is weak. The computed spin-density plots for the MnII

ions show a dominant spin delocalisation mechanism.

Figure 5. Computed energy levels showing the lowest lying magnetic states
up to 25 cm�1 from the ground state for a) complex 1, b) complex 2, c) com-
plex 3 and d) complex 4. The ground states are highlighted in circles with
values of {1, S = 29/2}, {2, S = 6}, {3, S = 1=2} and {4, S = 1=2}. The full energy
spectrum for these complexes is given in Figure SF5 in the Supporting Infor-
mation.

Figure 6. DFT-computed spin-density plots of a) complex 1, b) complex 2,
c) complex 3 and d) complex 4. The red and blue colours represent positive
and negative spin densities, respectively.
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Analysing the exchange interactions

Although the computed J values for complexes 1–4 are pre-
sented above, no rationale for the observed behaviour was dis-
cussed. We have therefore analysed the structure and deter-
mined the reasons for the sign and magnitude of the J values
obtained. To probe the differences in the observed magnetic
properties and to unravel whether the differences found are
due to the Mn oxidation states or because of the structure, we
have modelled several dinuclear complexes corresponding to
different pair wise pathways (J) present. Essentially, there are
seven different building units (BUs) present in 1–4 and the
core structures of these seven dinuclear models are shown in
Scheme 1 (see Figures SF3 and SF4 in the Supporting Informa-
tion for model structures). The computed magnetic exchange
for these BUs, along with the origin of the magnetic interac-
tion, is presented in detail below.

M24A model (MnII–MnIV interactions)

In complex 1, both the J1 and J3 interactions correspond to
MnII···MnIV coupling. Calculations on this BU yielded J1 as
�0.22 cm�1 and this estimate is similar to the J1 value estimat-
ed in the full cluster calculation (see Table 2 and Figure SF3 a in
the Supporting Information for the model structure). The
model not only reproduces the sign of J1 but also the magni-
tude, offering confidence towards the AF interaction predicted
for this pair.

To understand the nature of the coupling we have analysed
the overlap integral between the singly occupied molecular or-
bitals (SOMOs) of the two Mn centres. Two interactions, jdxz j
dxz j and jdxy jdxy j are found to be significant, whereas other
overlaps are negligible (see Table ST10 in the Supporting Infor-
mation for the overlap integral values and Figure SF8 in the
Supporting Information). Here the interaction between the
two dxy orbitals is a through-space interaction and the metal–
metal distance plays a role in controlling this interaction. The
interaction between the two dxz orbitals is mediated through
the m-OMe group and this is a p-type interaction. Because
these two overlaps are prominent, the overall coupling is anti-

ferromagnetic; however, it is weak in nature as other orbital in-
teractions are essentially orthogonal. We expanded upon this
and have developed magneto–structural correlations for this
pair. Variations were made in the Mn�O distance, Mn-O-Mn
angle and Mn-O-Mn-O dihedral angles. Among the three corre-
lations developed (see Figures 7 a and Figure SF9 in the Sup-
porting Information) the Mn-O-Mn angle is found to signifi-
cantly influence the J value compared to the other two param-
eters. The computed correlation is exponential in nature, with
a smaller angle (less than 1008) leading to antiferromagnetic
coupling and a larger angle (greater than 1008) yielding weak
ferromagnetic coupling. Although a correlation for this pair
has not previously been developed, correlations developed for
a MnIV···MnIV interaction revealed a similar trend.[33]

The J3 interaction in complex 1 also belongs to this model.
The interaction is computed to be ferromagnetic (+ 0.65 cm�1)
for the full cluster calculation. The computed J3 interaction for
the model dimer (+ 3.14 cm�1) is found to complement the
sign of the full cluster calculation (see Figure SF3 c in the Sup-
porting Information for the structure of the model dimer). The
Mn-O-Mn angles for this pair are 101 and 1038 and our devel-
oped correlation predicts ferromagnetic coupling of
+ 1.1 cm�1, which is in excellent agreement with the calcula-
tions made on the full structure and the model dimer. Because
the interaction is switched to ferromagnetic compared to J1,
due to the larger angles, we went on to analyse the magnetic
orbitals. It was found that the jdxz jdxz j and jdxy jdxy j overlaps
are negligible. As the Mn-O-Mn angle expands, the p-type in-
teraction through the dxz orbital weakens and the larger Mn�
Mn distance nullifies the jdxy jdxy j interaction, leading to the
weak ferromagnetic coupling for this pair (see Table ST11 in
the Supporting Information).

M22A model (MnII–MnII interaction)

In complex 1 the J2 interaction belongs to this class. The devel-
oped dimer model yields a ferromagnetic J consistent with the
calculation on the full structure, however, the magnitude is
overestimated: + 14.3 versus + 1.69 cm�1 (see Figure SF3 b in
the Supporting Information for the structure of the model
dimer). Analysing the origin of the exchange reveals no signifi-
cant SOMO–SOMO interaction (see Table ST12 in the Support-
ing Information) resulting in orbital orthogonality, and thus fer-
romagnetic coupling for this pair. Beyond 1, the same BU is
also present in complexes 3 and 4, with the J1 and J2 interac-
tions belonging to this category. In these cases, however, the
interactions are computed to be AF in nature. To rationalise
this observation, magneto–structural correlations were devel-
oped for this MnII–MnII pair. It was found that the Mn�O dis-
tance significantly influences the J values, whereas other struc-
tural parameters have little effect (see Figures 7 b and SF10 in
the Supporting Information). The correlation indicates that
long and short Mn�O bond lengths yield antiferromagnetic ex-
change, which is consistent with the structural parameters ob-
served for the MnII-(OMe)2-MnII pairs in 3 and 4 (see Tables 1 as
well as ST8 and ST9 in the Supporting Information).

Scheme 1. Dinuclear building units present in complexes 1–4. (“A” repre-
sents the [Mn2(OMe)2] bridging unit, “B” represents the [Mn2F(OMe)] frag-
ment and “C” the [Mn2F] fragment).
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M22B model (MnII–MnII interactions)

In complex 2 the J1 and J7 exchange pathways corresponds to
this BU. The modelled dimer (see Figure SF4 a in the Support-
ing Information) yielded an antiferromagnetic interaction

(�1.03 cm�1) similar to the corresponding J values in the full
structure calculation. Here the jdxy jdyz j and jdxz jdxz j SOMO
interactions are found to be significant, whereas other overlaps
are negligible (see Table ST13 and Figure SF11 in the Support-
ing Information). This overlap is essentially super-exchange in
nature and contributes to the antiferromagnetic part of the
net exchange. Here, the correlation developed for the average
angle (see Figures 7 c and SF12 in the Supporting Information)
is found to significantly influence the J values, compared to
the average distance and the Mn-F-Mn-O dihedral angle pa-
rameters, which have little effect on the exchange. The devel-
oped correlation reveals that angles greater than 1058 result in
antiferromagnetic coupling, whereas angles less than 1058 lead
to ferromagnetic exchange. The J7 interaction in complex 2
has an average Mn-O-Mn angle of 105.68 (see Table ST7 b in
the Supporting Information) and our developed correlation
predicted an antiferromagnetic interaction for this pair, which
is in agreement with the computed J value determined from
the full structure calculation.

M23B model (MnII–MnIII interactions)

The J2 interaction in complex 2 corresponds to this BU. The cal-
culated J on the BU reproduces the ferromagnetic coupling
observed on the full structure (0.37 cm�1). Because no signifi-
cant SOMO–SOMO overlap is detected, the coupling is ferro-
magnetic for this pair (see Table ST14 in the Supporting Infor-
mation). As mentioned in earlier models the average angle
was found to play a pivotal role in influencing the J values.
This is found to be the case here, with an angle greater than
1028 favouring ferromagnetic exchange, and an angle less
than 1028 favouring antiferromagnetic coupling (see Figure 7 d
and SF13 in the Supporting Information). This trend is contrary
to our earlier observation for the MnII–MnII pair (M22B). The
dx2�y2 orbital is not occupied at the MnIII centre and, due to the
strong orthogonality between the two dx2�y2 orbitals, a signifi-
cant ferromagnetic contribution is observed at higher angles.
At lower angles this interaction leads to AF coupling.

M23C (MnII–MnIII interactions)

The J3 interaction in complex 2 corresponds to this BU. Calcula-
tions for the dinuclear model resulted in a J value of �6.81
compared to �3.07 cm�1 for the full structure. Here the jdxz j
dz2 j overlap (see Figure SF14 and Table ST15 in the Supporting
Information) between the two SOMOs is found to be signifi-
cant leading to an AF interaction. Both the Mn�F distance and
Mn-F-Mn angles are found to be important. The smaller the
Mn-F-Mn angle (an angle less than 1208 results in a sharp de-
crease and a larger AF contribution) and the shorter the Mn�F
bond length (less than 2.2 � results in a sharp decrease and
a larger AF contribution) increase the antiferromagnetic ex-
change further (see Figures 8 a and b and Table ST7 b in the
Supporting Information).

Figure 7. Magneto–structural correlation developed for a) the Mn-O-Mn
angle in the M24A BU, b) the average Mn�O distance in the M22A BU, c) the
average angle in the M22B BU and d) the average angle in the M23B BU.
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M23A model (MnII–MnIII interactions)

The J4, J5 and J6 interactions in complex 2 corresponds to this
BU. Calculations for J4 by using the dinuclear model yielded
ferromagnetic exchange (4.70 cm�1), which is similar to the full

cluster estimate (see Table 2). The magnetic orbitals are essen-
tially orthogonal and the lack of SOMO–SOMO interaction for
this model (see Table ST16 in the Supporting Information) re-
sults in weak ferromagnetic coupling for this pair. The devel-
oped correlation suggests that the average Mn-O-Mn angle
plays an important role in determining the strength of J (see
Figures 8 c and SF15 in the Supporting Information). It was
found that at angles greater than 958 the interaction is ferro-
magnetic, whereas it is antiferromagnetic below this angle.
The trend found is similar to the earlier MnII–MnIII model
(M23B) where a larger angle (>1028) resulted in ferromagnetic
coupling, whereas an angle below 1028 yielded an AF interac-
tion. This result is supported by pressure studies performed on
a MnII–MnIII–MnII SMM, where larger pressures lead to smaller
angles and therefore a reduction in the ferromagnetic
coupling.[34]

The average Mn-O-Mn angles for J5 and J6 correspond to
100.7 and 102.38, respectively. Our developed correlation cor-
rectly predicts ferromagnetic coupling for these angles (+ 8.2
and + 10.2 cm�1 for J5 and J6, respectively), which is in agree-
ment with the value calculated for the full structure—however
the magnitude of J is overestimated.

M33B model (MnIII–MnIII interaction)

The J8 interaction in complex 2 corresponds to this BU. The di-
nuclear model (see Figure SF4 h in the Supporting Information)
yields a ferromagnetic J value of 5.27 cm�1 consistent with the
full structure calculation. The large Mn-F-Mn angle (104.58) (see
also Table ST7 b in the Supporting Information) and the Mn-O-
Mn angle of approximately 908 (89.58) leads to net ferromag-
netic exchange and strict orbital orthogonality between the
SOMOs are witnessed (see Table ST17 in the Supporting Infor-
mation). The correlation developed for the average Mn-O-Mn
and Mn-F-Mn angles is shown in Figure 8 d (also refer to Fig-
ure SF16 in the Supporting Information for the correlation de-
veloped for other structural parameters). Here an angle of
>958 yields a ferromagnetic interaction, whereas angles below
this result in a strong AF interaction. A maximum ferromagnet-
ic interaction is observed around 1028, before becoming anti-
ferromagnetic again above 1108.

Discussion of the devised correlations

In the preceding section we have discussed the individual
magneto–structural correlations relating to the effect the bond
angle has on J. In Figure 9 c we have combined the correla-
tions into a single plot. The plot reveals that the influence of
the bond angle is difficult to predict and it strongly correlates
to the nature of the bridge and the angle parameter. Some
commonality can, however, be derived (M22B model exclud-
ed), where all the structures yield AF interactions at lower Mn-
O/F-Mn angles and weak antiferromagnetic to moderate ferro-
magnetic interaction at larger angles. Except for model M23C,
the angle can be utilised to switch the interaction from ferro-
to antiferromagnetic and vice versa. Furthermore, independent
of the Mn oxidation state or the nature of the bridging group,

Figure 8. Magneto–structural correlations developed for a) the average Mn-
F-Mn angle for the M23C BU, b) the average Mn�F distance in the M23C BU,
c) the average Mn-O-Mn angle for the M23A BU and d) the average angle
for the M33B BU.
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a larger variation in the value of J is observed upon varying
the angle parameter in all cases. This suggests that the mag-
netic properties of manganese clusters can be manipulated
easily by changing the bond angle parameter alone.

Correlations developed for Mn�O/Mn�F distances and Mn-
O-Mn-O/Mn-F-Mn-O dihedral angles to check for common
trends are shown in Figures 9 a and b, respectively. The dis-
tance correlation, except for model M22A, reveals a general
trend, where the magnetic interactions are either weakly ferro-
magnetic or close to zero at long Mn�O/Mn�F distances,
whereas the shorter Mn�O/Mn�F distances yield AF interac-
tions. This can be connected with the fact that longer Mn�O/
Mn�F distances lead to a weaker interaction between the
SOMOs resulting in zero or weak ferromagnetic coupling.
Short distances promote a strong orbital overlap and therefore
antiferromagnetic interactions are observed. For the M22A
model, strong AF interactions are noted even at Mn�O dis-
tance of 2.4 � and this may be due to a very strong s overlap

between the SOMOs propagating through the two methoxide
bridges. Interestingly, for models M22B, M24B and M23B, no
significant change in the J values was observed upon variation
in the Mn�O/Mn�F distances. For the Mn-O-Mn-O/Mn-F-Mn-O
dihedral angle correlations (see Figure 9 b) only minimal
changes in the J values are observed, with larger dihedral
angles leading to an increasing contribution to the antiferro-
magnetic component of the exchange. Model M22A is again
an exception, with the opposite behaviour noted.

Conclusion

Four structurally similar hetero- and homo-valent heptanuclear
disc-like {Mn7} clusters were modelled by using density func-
tional methods with the key aim being the computation of the
magnetic exchange pathways and to probe the origin of the
magnetic exchange present in the pair-wise building units
present in the clusters. The conclusions derived from this work
are summarised below.

1) The computational method B3LYP/TZV was found to yield
good numerical estimates of the exchange constants (J) for
all four complexes studied despite the fact the exchange
constants in these clusters are numerically very small.

2) The magnetic susceptibility data computed by using the
DFT-calculated J values are in remarkably good agreement
with experimental cMT versus T data. Even minor variations
observed for complexes 2 and 4, in earlier reported
data[19, 20] were found to fall in line with the DFT-simulated
curve once the data had been re-measured on a fresh
sample. This clearly suggests that more than one experi-
mental method, that is, SQUID susceptibilities, inelastic
neutron scattering (INS) and EPR in conjunction with each
other, or by other independent methods, are required to
verify the experimental data and to extract a reliable set of
spin Hamiltonian parameters in polynuclear spin-coupled
clusters. Inputs from computational methods, such as the
one described here, are mandatory for larger clusters pos-
sessing several exchange constants.

3) Among the present complexes, only complex 1 possesses
a very large and relatively isolated ground state. This is due
to the structural topology of alternating MnII and MnIV ions.
A similar MnII and MnIII pair arrangement, reported by
others, also yielded similarly large spin ground state
values.[10a–c] The isostructural homo-valent MnII and hetero-
valent {MnIIMnIII} clusters 2–4 reported here possess smaller
spin ground state values. This highlights the importance of
the oxidation states and their position (topology) in poly-
nuclear clusters in order to obtain a large and isolated spin
ground state.[10a,b, 35]

4) Seven unique BU structures are detected within these large
clusters, and control the overall magnetic susceptibility be-
haviour. There are three sub-types of BUs, which can be
categorised by the bridging ligands between the metal
ions. The first class possesses two methoxide bridges (A),
whereas the second possesses one methoxide and one
fluoride bridge (B) (the third describes a single F bridge

Figure 9. Magneto–structural correlation for a) the average Mn�O/Mn�F dis-
tances, b) the Mn-O-Mn-O/Mn-F-Mn-O dihedral angles and c) the average
Mn-O-Mn/Mn-F-Mn bridging angle corresponding to all the BUs.
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(C)). Interestingly, as we go from M22A to M23A and M24A
(22 for example denotes a MnII–MnII interaction), the ferro-
magnetic contribution to J decreases and the interaction
becomes weakly antiferromagnetic, as we progress with
the oxidation of the metal ions. This is due to the loss of j
dx2�y2 jdx2�y2 j orbital contributions to the ferromagnetic part
of J as the Mn ion gets oxidised.

5) A reverse trend to point 4 is visible if we go from M22B to
M23B and M33B and illustrates the role of the bridging
fluoride ion in switching the magnetic coupling in these
clusters. The fluoride ion promotes stronger delocalisation
of the spins and possesses relatively wider angles com-
pared to the methoxide oxygen-atom bridges, leading to
a reversal of the trend observed with the bis methoxide
models.

6) The extensive magneto–structural correlations developed
reveal, overall, that the major factor controlling the mag-
netic exchange lies with the Mn-O-Mn/Mn-F-Mn angle, for
all the pairs studied, independent of the nature of the
bridging group. This suggests that the magnetic properties
of large polynuclear can be fine-tuned by adjusting the
angle parameter.

In summary, the theoretical study undertaken here has un-
locked some important aspects of the magnetic properties of
large polynuclear complexes, such as how ageing in polynuc-
lear Mn clusters affects the magnetism and fitting from the
originally devised structure. This suggests that a theoretical ap-
proach, in conjunction with experimental methods is needed
to unequivocally determine the spin Hamiltonian parameters
of the complex. The magneto–structural correlations estab-
lished here have wide scope beyond the examples presented
and we are currently testing this in other Mn clusters.
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