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Polynuclear transition metal complexes have continuously attracted interest owing to their peculiar electronic and magnetic

DOI: 10.1039/x0xx00000x

properties which are influenced by the symmetry and connectivity of the metal centres. Understanding the full electronic

picture in such cases often becomes difficult owing to the presence of multiple bridges between metal centres. We have

investigated the electronic structure of a {Mne} cage complex using computational and experimental approaches with the

aim to understand the coupling between the manganese centres. The nature of the various coupling pathways has been

determined using a novel methodology that involves perturbing the system while retaining the symmetry and analysing the

effect on the coupling strength due to the perturbation. Furthermore, we have investigated the magnetic properties of this

complex in higher oxidation states which reveals a switch in the nature of coupling from antiferromagnetic to ferromagnetic

in addition to stabilisation of intermediate spin states.

Introduction

Polynuclear manganese complexes have attracted a lot of
attention because of their interesting electronic and magnetic
properties such as colossal magnetoresistance,?!
ferroelectricity? and single molecule magnetism,3 the last one
being a major driving force. The first reported single molecule
magnet (SMM) was a {Mni2} complex which had a blocking
temperature of 2K.% Since the energy barrier for this blocking
temperature is proportional to the total number of unpaired
electrons, there has been a large variety of transition metal
based polynuclear complexes synthesised with the aim of
obtaining a large total spin value.> Mn complexes have generally
topped the list for the largest spin ground state among
transition metal complexes and for a long time, the system with
the highest ground spin state was a {Mn19} complex (S = 83/2)5f
which has been recently succeeded by an {Fes,} system (S =
90/2).5i

Mn complexes have also been studied extensively as catalysts
for various reactions,® the oxygen evolution half-reaction of
water splitting being a key one. This is because the catalyst used
by nature for accomplishing the oxidation half-reaction of water
splitting is a mixed metal {MnsCa} complex found in
photosystem-I1.69: 7 It has been observed that the nature of
exchange coupling between metal centres can have a significant
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impact on the kinetics of the reaction.# McGrady et al.
investigated the cleavage of the O, bond by a Mn dimer. They
found that the antiferromagnetic coupling between the Mn
centres is more favourable for the formation of the O-O o bond
while ferromagnetic coupling is more favourable for the
formation of the O-O i bond. The nature of coupling between
metal centres thus affects the kinetic barrier to bond
formation/cleavage.82 The kinetics of this reaction can
therefore be modified if one can have antiferromagnetically
coupled metal centres for the formation of O-O o bond which
can switch to being ferromagnetically coupled for the formation
of the O-O i bond.

In polynuclear complexes, metal centres are generally bridged
together by multiple ligands. This implies that the observed
exchange coupling strength between the metal centres is a sum
of coupling via all the bridges. To fully understand the coupling
in a polynuclear complex, one therefore needs to identify the
effect of each ligand bridge on the coupling. The approaches
currently used to achieve this include the variation of
geometrical parameters of the system under study, the
substitution of paramagnetic centres with diamagnetic centres
and the use of the overlap matrix.? These approaches however,
become increasingly complicated for larger systems.

In this study, we have investigated, both experimentally and
computationally, the magnetic properties of the [ClcMn's(tert-
butyl-PO3)s(4-picoline)s]Cl cage complex (Fig. 1) previously
reported by us.5 10 Using hybrid density functional theory (DFT),
we have examined this complex in five oxidation states to
understand the nature of coupling between the Mn centres in
the different oxidation states and to examine the possibility of
switching the coupling during the oxidation process. We have
also determined the mechanism of exchange coupling between
Mn centres via different bridges using a novel methodology.
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Fig. 1: Structure of the {Mng} model, [ClcMn'g(tert-butyl-POs)g(4-picoline)e]*.1° Colour
scheme: Mn (dark blue), P (pink), Cl (green), C (black), N (blue) and O (red). Hydrogen
atoms have been removed for clarity.

Experimental
General comments

All reagents were bought from Sigma-Aldrich and were used
without further purification. The elemental analyses data was
obtained from the Microanalysis lab, School of Chemistry and
Chemical Biology, University College Dublin. Magnetic
susceptibility measurements were performed using a 5-Tesla
Quantum Design MPMS 5T SQUID magnetometer.

Synthesis of [ClcMn'(tert-butyl-POs)s(4-picoline)s]Cl:  The
reported procedurel® was followed for the synthesis of this
compound. A mixture of MnCl,.2H,0 (0.162 g, 1.0 mmol),
KMnO,4 (0.032 g, 0.2 mmol), tert-butylphosphonic acid (0.136 g,
1.0 mmol), 1,4-phenylenediacetic acid (0.193 g, 1.0 mmol) and
4-picoline (0.24 ml) in CH3CN (25 ml) was stirred at room
temperature for 5 hours. The resultant solution was filtered and
the filtrate was left undisturbed at room temperature for slow
evaporation. Crystals were obtained within a few weeks. The
crystals obtained this way were dissolved in CHCI; which was
allowed to evaporate. The resultant precipitate was
recrystallised using minimum volume of CH3CN and 0.20 ml of
4-picoline.  Elemental  analysis  (CesH114Cl2MngNgO24Ps):
Calculated (%) — C 39.88, H 5.61, N 4.10; found (%) — C 39.22, H
5.63, N 3.91. The compound was further characterised using
powder X-ray diffraction and infrared spectroscopy (Fig. S1.1
and S1.2, ESIT).

Computational Methodology

All calculations have been carried out using the cluster codes
gaussian0911 and ORCA 3.0.3.12 The hybrid PBEO functional3
has been used in conjunction with the SDDALL!4 basis set having
an effective core potential for the Mn atoms (replacing the 10
core electrons — 1s22s22p® — of Mn with fully relativistic
pseudopotentials), the 6-31G(d)*> basis set for O, C and N, 6-

2 | J. Name., 2012, 00, 1-3

31G(2d)*® basis set for phosphorus and chlorine aRd, 6:31G6n)2
basis set for H. DOI: 10.1039/D0DT01404D
In the fully reduced state, all Mn centres are in oxidation state
Ill. For the higher charged states, electrons were removed such
that no Mn centre has an oxidation state greater than IV. For all
five oxidation states, the optimisation of the ferromagnetic
configurations was performed using the berny optimiserl” as
implemented in gaussian09.1! The default convergence criteria
and a large grid containing 225 radial shells with each shell
containing 974 angular points were used.

For modelling the non-ferromagnetic configurations, broken
symmetry calculations!® were performed. For these, the
corresponding ferromagnetic state was used as the initial guess.
The wavefunction was then analysed to look for instabilities®
and optimised until a stable wavefunction was found. This
wavefunction was then employed for the final geometry
optimisation using the berny optimiser.1?

The exchange coupling constants (J-values) were calculated
using the Heisenberg Dirac van Vleck Hamiltonian:20

i>j

(eq. 1)

where J;jis the coupling constant between the magnetic centres
iandj,and s; and s; are the spin operators for the centres i and
j which were defined using the atomic spin density which has
been shown to give results comparable to those obtained using
the spin projection method.2! The spin density has been
expressed in a number of ways which includes the use of formal
spins, Mulliken, Hirshfeld and Bader charge analyses.22

The energy obtained from the DFT calculations includes the
energy associated with interactions other than the exchange
coupling. To determine the energy changes associated with
coupling of the Mn centres, one can assume that the energy of
different spin configurations differs only by this amount and use
one of the states as a reference. Once, the reference equation
has been selected, the problem at hand is to solve a set of n
simultaneous linear equations with n unknowns (coupling
constants). Thus, to obtain n coupling constants, (n+1) spin
configurations need to be modelled.

If there are x paramagnetic centres, there can be a maximum of
X(x-1)/2 coupling constants and a total of 2x different spin
configurations. The presence of symmetry may decrease the
number of unique coupling constants and spin configurations.
For the fully reduced state of the {Mne} cage one can have a
maximum of (6(6-1)/2 =) 15 coupling constants while the total
number of spin configurations for this complex is (26 =) 64. Out
of these 64 configurations, 32 are mirror images of the other 32
configurations based on the spin orientation. For example, the
configuration with all unpaired electrons spin up is identical to
the one where all unpaired electrons are spin down.

Despite the need to model only n+1 states for the
determination of n coupling constants, °h. 23 the option of
modelling more states has been explored in recent studies to
remove any dependence of the coupling constants on the
choice of spin state modelled.%= 9 9. 9m We have used a similar
approach and modelled extra states for each oxidation state.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2: Arrangement of Mn atoms and their spins in the {Mng} cage in the ground electronic state of the various charged states. The numbers before ‘Mn’ in the labels below each
state specify which Mn centres are in +IV oxidation state while the numbers after ‘Mn’ specify which Mn centres have a down spin. The prefix (cis/trans or fac/mer) specifies the
arrangement of Mn(IV) centres in the model for the 2" and 314 charged states and that of Mn(lll) atoms in the 4t charged state. e.g. Cis— 24 — Mn235 state represents the state

where Mn2 and Mn4, which are cis- to each other, are in oxidation state IV and Mn2, Mn3 and Mn5 have down spin.

This implies that more than one set of coupling constants exists,
i.e. the solution is overspecified and so, we have calculated all
possible solutions. When calculating r coupling constants using
n spin configurations (where n > r), there are n[(n— 1)!/
{r!(n — 1 — r)!}] sets of solutions obtained. Out of these, the
ones which were found to be singular were discarded and the
average and the standard deviation for each coupling constant
were determined. The solutions in which any of the coupling
constant deviated by more than three standard deviations were
discarded and the average and standard deviation were re-
calculated with the cycle repeated until self-consistency.

Once the coupling constants were obtained, they were used to
determine the energy associated with the different spin
configurations for all 32 possible electronic states using the
Heisenberg Dirac van Vleck Hamiltonian (eq. 1). The spin density
on each Mn centres was determined by taking an average of the
spin densities in the different electronic states that were
modelled. This procedure of calculating the coupling constants
and determining the ground electronic state has been
implemented in the code ej_calc.24

To account for the effects of the applied magnetic field and
calculate the magnetic susceptibility, the Zeeman term needs to
be added to the Hamiltonian in eq. 1 as follows:2>

H= —ZZ]sziSj + guBBZ Si

i>J T

(eq. 2)

where g is the g-tensor, pg is the Bohr magneton and B is the
applied magnetic field. The g-tensor was calculated for the
ferromagnetic configuration of the corresponding charged state
with ORCA 3.0.3.12.26 For this calculation, grid 7 was employed
along with the same basis set and functional as used in
gaussian09. The calculation of magnetic susceptibility and
fitting of coupling constants to the susceptibility were carried
out using the PHI code developed by Chilton et al?” and an in-
house code suscep.28

This journal is © The Royal Society of Chemistry 20xx

Results and discussion

We have investigated the electronic structure of the {Mng}
cagel® in 5 oxidation states. In the fully reduced state it is
positively charged and comprises of 6 Mn(lll) centres which
reside at the vertices of an octahedron centred around a Cl- ion
(Fig. 1). The system is stabilised by 8 tert-butyl phosphonate
groups which fulfil 4 out of the 6 coordination sites for each
Mn(lIl) centre, and any two Mn centres cis- to each other are
connected to each other by two phosphonate groups. The Mn
centres are additionally coordinated to the N-donor of the 4-
picoline ligands. The Jahn-Teller axis of all the Mn(lll) centres is
directed along the Mn(lll)-Clbond.

Ground state configurations

In the fully reduced state, the Mn123 state (the configuration in
which the Mn centres Mn1, Mn2 and Mn3 have down spin),
with S =0, was found to be the ground electronic state (Fig. 2a).
To oxidise this system, an electron was removed from Mn2. The
Jahn-Teller axis of Mn(lll) centres remains directed towards the
centre of the cage upon oxidation and redirecting it was found
to be unfavourable. This oxidation gives rise to the 2 - Mn25 (S
= 9/2) ground state in which Mn2 is in oxidation state IV and
Mn2 and Mn5 have down spin (Fig. 2b). An S = 1/2 state does
not form the ground state as may have been expected. This
indicates that the oxidation of the system leads to a change in
not only the strength but also the nature of interactions
between Mn centres.

Further oxidation presents two possibilities as the additional
charge can be accommodated by the cage in a manner such that
the two Mn(IV) centres are cis- or trans- to each other. The cis-
isomer has been found to be more stable by ~19 kJ/mol. The
ground electronic state for the two isomers have been found to
be different. Cis - 24 - Mn235 with S = 0 and trans - 25- Mn25
with S = 10/2 form the ground state for the cis- and trans-

J. Name., 2013, 00, 1-3 | 3
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isomer respectively (Fig. 2c and 2d), where the prefix cis- and
trans- highlights the fact that the Mn(IV) centres are cis- or
trans- to each other.

The oxidation to the third and fourth charged state also leads to
two isomers each. The fac/cis- isomer for the third and fourth
charged state (Fig. 2e and g) is more stable (~3 and ~9 kJ/mol
respectively) although the stabilisation energy is lower
compared to the second charged state. For both fac- and mer-
isomers of the third charged state, S = 1/2 states form the
ground state. Similarly, for the cis- and trans- isomer of the
fourth charged states, the lowest spin states (S = 0) are the most
stable (Fig. 2e-h).

To understand these changes in the electronic configuration on
oxidation, we need to understand how the Mn centres couple.
In the following we describe the fully reduced state, compare
the results with experiment, and investigate the coupling
mechanism via each bridge. This is followed by a description of
the higher charged states to explain the changes in the spin
multiplicity of the ground electronic state during successive
oxidation.

Coupling constants of the fully reduced state

The structural features of the cage were modelled with less than
2% difference in the key bond lengths and bond angles in
comparison to the experimental crystal structurel© (Table S2.1,
ESIT). The trans- Mn-Mn distances are 6.19 A in the
ferromagnetic state with the corresponding distances for the
other spin states found to be within £0.01 A. The value of g-
tensor has been found to be 1.998 for the ferromagnetic
configuration of this state.

Six unique spin configurations were identified for the fully
reduced state including the ferromagnetic state which was
found to be the highest in energy (Fig. 3). The Jahn-Teller axis of
all the Mn(lll) centres is along the Mn(lll)-Cl bond in all the six
configurations. Bader analysis predicts that the spin density on
each Mn centre is approximately 3.8 (Table S2.3, ESIT)
indicating strong localisation. The sum of spin density on the O-
donors of the phosphonate group attached to each Mn centres
is ~0.085 while that on the Clis 0.116 (Table S2.8, ESIt).

Due to the symmetry of the system, one can expect that two
coupling constants — one for the coupling between Mn centres
cis- to each other (J.s) and the other for the ones trans- to each
other (Juans) — should be sufficient to describe the magnetic
behaviour of the system as follows:

H = —2]qns[(51.54) + {52.55) + (53.56)]
= 2)cis[(s1.52) + (51.53)
+ (51.55) + (51.56)
+ (52.53) + (52.54)
+ (52.56) + (53.54)
+ (53.55) + (54.S5)
+ (54.56) + (55.56)]

(eq. 3)

Considering the large distance between the trans-Mn centres,
the possibility that one coupling constant (Jis) may prove
sufficient cannot be ignored. Additionally, since Mn centres cis-
to each other can also be divided into two groups based on the
Mn-Mn distances (4.41 and 4.39 A —see Table $2.2, ESIt), there
is a possibility that 3 coupling constants will be needed.

4| J. Name., 2012, 00, 1-3
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Fig. 3: Relative energies of the 6 spin states of the {Mng} cage obtained using DFT (PBEO),
and the calculated and fitted J-values.

Examination of the three possibilities suggests that the 2 J-value
model is the most appropriate as the 1 J-value model leads to
inconsistent solutions while the values obtained with the 3 J-
value model are within the standard deviation for the values
obtained with the 2 J-value model (Table S2.10, ESIt). With the
2 J-value model, the average coupling constants obtained using
Bader spin densities are provided in Table 1. The values
obtained using other charge analysis schemes and the spin
projection method?® were found to be similar (Table S2.9, ESIt).
These J-values were used to determine the energy associated
with the different spin configurations for all 6 states and have
been found to be in agreement with the DFT results (Fig. 3).
PBEO has been previously shown to provide good estimates of
magnetic properties.3° Since, we are using calculated spin
densities to define the spin operators, PBEQ is better suited than
most other DFT functionals since it has been shown to
reproduce the electron density quite accurately.3l The
functional dependence has still been tested using B3LYP and
results similar to those obtained with PBEO were obtained
(Table S2.12, ESIt).

Table 1: Calculated J values (using Bader charge densities) and fitted J-values for the
{Mn¢} cage.

Approach\J value Jtrans (cm?) Jeis (cm™)
Calculated (PBEO) -3.48 £ 0.05 -1.28 £ 0.04
Fit to Experiment (2 J-values) -2.53 -1.28
Fit to Experiment (1 J-value) - -1.88

To further assess the validity of the coupling constants, the
effect of temperature on the magnetic susceptibility has been
calculated and compared with the experimental data. For this
purpose, we synthesised the cage and measured the magnetic
susceptibility (Fig. 4) which was found to be similar to that which
has been reported previously.1° This was then compared with
the magnetic susceptibility obtained using the calculated

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4: Experimental XT vs T plot for the {Mng} cage and the same plot obtained using the
calculated (PBEO) and fitted coupling constants.

coupling constants (Fig. 4) and it can be seen that the
experimental and calculated plots are slightly different. We
performed a 2 coupling constant fit to the experimental plot
and the values corresponding to the best fit are given in Table
1. Jas has been found to be identical to that calculated using DFT
while Jians differs from the calculated one by ~1 cm™. For
comparison, we also fitted only 1 coupling constant (J.;s) to the
experimental curve (Table 1) and it can be seen that it
reproduces the experimental curve reasonably (Fig. 4). The
residual error, as calculated using phi,2’ for these 1 and 2 J-
values fits were found to be 19.4 and 12.2 respectively which
shows that the curve obtained from 1 J-value is inferior to that
obtained using 2 J-values as was expected.

To investigate how these J-values fitted to the experimental
data reproduce the electronic picture of the cage, they were
used to calculate the relative energies of the 6 spin states. For
this purpose, we calculated the energies of each spin
configuration using equation 3, the J-values fitted to the
experimental data and the s; values obtained from the Bader
spin densities of our DFT calculations. It can be seen from Fig. 3
that with the 2 J-values fitted to the experimental data, the

Table 2: Coupling constants for the fully optimised {MngCl} and partially optimised
{Mng}.

Jtrans Jeis

{Mns} with Cl (optimised) -3.48 £ 0.05 -1.28 £ 0.04

{Mns} without Cl (constrained) -0.03 £ 0.02 -1.40+0.01

relative energy of the states follow the same order as the DFT
results. The ground state is correctly predicted and the next two
states, S = 8/2 (cis) and S = 0 (mer), are predicted to be close in
energy by DFT (13 cm apart) but are almost degenerate with
the 2 J-values fitted to the experimental data. All of the other
states are in the correct order although the spacing is slight
smaller than that found with DFT. It can also be seen that when

This journal is © The Royal Society of Chemistry 20xx
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only one J-value is fitted to the experimental data,thegreund
state is incorrectly predicted even tholigh 18H&38(Iseeprilility
curve is reasonably reproduced. This suggests that one needs to
be cautious when trying to fit coupling constants to magnetic
susceptibility curves and ensure that the complete electronic
picture is captured.

Mechanism of coupling between Mn centres

The Mn centres trans- to each other can only be coupled via the
Cl bridge. The negative Jians value indicates that the coupling
pathway between the trans-Mn centres must be
antiferromagnetic which is in line with Goodenough-Kanamori-
Anderson rules.32 The Mn centres cis- to each other, on the
other hand, can be coupled by both the phosphonate and the Cl
bridge. In this case, both pathways may be antiferromagnetic or
only the dominant one may be antiferromagnetic.

To investigate the coupling mechanism between the cis-Mn
centres via the different bridges, we employed an innovative
approach that involves perturbing the system while retaining
the symmetry and analysing the effect on the coupling strength
due to the perturbation. To our best knowledge this is the first
study employing this methodology. The perturbation can be
introduced by removing bridges or by substituting the bridging
groups with their heavier/lighter analogues. Here, we removed
the Cl from the centre, and optimised the same 6 spin
configurations. The coupling constants were obtained using the
2 J-value Hamiltonian (eq. 3) and are shown with the original
coupling constants in Table 2.

Jirans is effectively zero due to absence of the Cl bridge which
ascertains the absence of any direct trans- coupling between
Mn centres and further confirms that they are coupled
antiferromagnetically and through the Cl bridge. J s retains its
sign but increases slightly. Since the coupling is now only via the
phosphonate bridge, it indicates that this pathway is
antiferromagnetic. Additionally, since Jgs is greater in the
absence of the Cl coupling pathway, it suggests that the Cl
pathway is weakly ferromagnetic.

To validate our methodology, we investigated the overlap of the
d-orbitals of Mn centres with the p-orbitals of the Cl in our
parent model with the central Clpresent (Table S2.13, ESIT). The
interaction between the Mn centres trans- to each other via the
Cl was found to be of o type which indicates that the coupling
will be antiferromagnetic. The d-orbitals of Mn centres cis- to
each other overlap with orthogonal p-orbitals on Cl. Since the
p-orbitals are orthogonal, the coupling will be indirect through
the interaction of the orthogonal p-orbitals on the Cl and hence
ferromagnetic32 which is consistent with our predictions.
Charged states

In these states, the oxidation has been achieved by introducing
Mn(IV) sites and in cases where the Mn(IV) centres can be cis-
or trans- to each other, both have been analysed. All bond
distances reported (irrespective of the charged state under
consideration) correspond to those of the ferromagnetic
configuration because, similar to fully reduced state, the bond
distances of other spin configurations do not vary significantly.
For defining the spin operators in the higher charged states we
have only used Bader spin densities. The spin densities reported

J. Name., 2013, 00,1-3 | 5
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in the following discussion are the ones for the ferromagnetic
state. The value of the g-tensor for these states was found to be
1.997 + 0.001, decreasing with increasing charge (Table S3.1,
ESIT).

1st charged state

In this charged state, Mn2 is in oxidation state IV (Fig. 2b). The
Mn1-Mn4 and Mn3-Mn6 distances have been found to be 6.332
A while the Mn2-Mn5 distance has been found to be 6.129 A
which means that the cage expands on oxidation. Cl shifts
towards Mn2, because of its higher oxidation state (Table S3.2,
ESIT).

The electronic environment of Mn5(lll) can be considered
different from all other Mn(lll) centres since it is trans- to
Mn2(1V) which itself resides in a unique electronic environment
owing to its oxidation state. Keeping this in mind, the coupling
behaviour can be captured using 5 J-values as shown in Table 3.
To calculate these, 16 spin configurations were modelled (Table
S4.1, ESIT) and the J-values thus obtained were found to
reproduce the relative energies of all 15 states well (< 3% error).
The coupling between Mn2(IV) and Mn5(ll1) (J1), unlike the fully
reduced state, is ferromagnetic. Oxidation of this system from
the fully reduced state, thus leads to a switch in the nature of
coupling from antiferromagnetic to ferromagnetic. All other Mn
pairs are antiferromagnetically coupled. There is, thus, a
competition between ferromagnetic and antiferromagnetic
coupling which affects the energy of the different spin
configurations and enables the 2 — Mn25 (S = 9/2) state to be
the lowest in energy.

The ferromagnetic coupling between Mn2 and Mn5 can be
explained on the basis of spin polarisation mechanism3 which

Table 3: Magnitude of J-values (cm1) and the Mn-Mn interactions that constitute each
J-value for the 15t charged state.

J-value Interacting Mn centers Magnitude (cm)
Ja trans-Mn2(IV)-Mn5(111) 1.94 +0.10
trans-MnZ1(111)-Mnd4(Il1)
)2 -1.03 +0.04

trans-Mn3(111)-Mn6(l11)

cis-Mn1(I11)-Mn2(1V)
cis-Mn2(IV)-Mn3(lIl)
J3 N -3.40+0.04
cis-Mn2(IV) —Mn4(Ill)

cis-Mn2(IV) —Mn6(Ill)

cis-Mn1(I11)-Mn3(l11)
cis-Mn1(I11)-Mné(111)
Ja - -1.25+0.04
cis-Mn3(I11)-Mn4(ll1)

cis-Mn4(I11)-Mné(111)

cis-Mn1(I11)-Mn5(111)
cis-Mn3(I11)-Mn5(111)
Js - -1.45 +0.03
cis-Mn4(I11)-Mn5(111)

cis-Mn5(I11)-Mn6(111)

seems counter-intuitive because the spin density on Cl has the
same sign as that on the Mn centres (Table S3.3, ESIT). To
ascertain the presence of spin polarisation, one needs to
examine the spin density on Mn2 and the N of 4-picoline ligands
bound to it which have been found to be opposite to each other
(3.036 and -0.075 respectively). The spin density on the Mn(lll)
centres and the N of 4-picoline groups bound to them are found

6 | J. Name., 2012, 00, 1-3
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Fig. 5: Plot of the spin density distribution in the high spin configuration of the 1%t charged
state highlighting the spin density on Mn2 and Mn5, the N-donor bound to these Mn
centres, and Cl. Purple and yellow regions represent the spin density associated with up
and down spin respectively. Cl can be clearly seen to be accommodating spin density
associated with both up and down spin confirming the presence of both spin
delocalisation and polarisation.

to have the same sign (3.77 and 0.06 respectively). This suggests
that both spin delocalisation and spin polarisation mechanisms
are active.3 This is further confirmed by the spin density plot
which shows that Cl accommodates spin density associated
with both up and down spin (Fig. 5). The spin polarisation
probably arises due to the interaction of an empty d-orbital on
Mn2 with one of the p-orbitals of Cl. Thus, Cl facilitates the
interaction between an empty d-orbital (Mn2) and a half-filled
d-orbital (Mn5) which results in ferromagnetic coupling in line
with the Goodenough-Kanamori-Anderson rules.32

As Cl serves as the only bridge between Mn2 and Mn5, the
ferromagnetic coupling between Mn2 and Mn5 must be
facilitated by Cl. To confirm this, the same system was modelled
without the Cl in the centre. This model gives a negligible value
for J; (Table S4.3, ESIt) confirming that the coupling between
Mn2 and Mn5 is via the Cl bridge.

The coupling between the Mn(lll) centres trans- to each other
(J2) is antiferromagnetic and is significantly weaker compared to
that in the fully reduced state. This is a consequence of the cage
expansion and the movement of Cl away from the centre which
results in smaller Mn(lll)-Cl overlaps (Table S3.4, ESIt) and
hence weaker couplings.

Unlike the fully reduced state, the spin density on the O-donors
of the phosphonate groups varies depending on the Mn centres
they are attached to. Between any two Mn centres lie four
phosphonate O-donors that are directly attached to these Mn
centres. The spin density on these O-donors and the strength of
the exchange coupling between the Mn centres they link are
correlated with increased spin densities corresponding to
stronger coupling. This can be illustrated by comparing the
coupling between the cis-Mn(lll) centres where it can be seen
that Js > J4 (Table 3). The sum of the spin densities (Table S3.3,
ESIT) on the O-donors bound to Mn centres associated with Js is
greater than those associated with J4 which is consistent with
our proposal. In addition, both J4 and Js are greater than Js in
the fully reduced state for which the sum of spin densities on
the O-donors of the phosphonate groups is even smaller (Table
S3.3, ESIt). The magnitude of spin density on the phosphonate
O-donors thus provides an indication of the coupling strength
between the Mn centres that they are attached to.

Despite the lower spin density on the O-donors attached to
Mn2(IV) compared to those attached to Mn(lll) centres, the
coupling between Mn2 and its cis-neighbours (J3) is stronger.
This is most likely due to the higher electronegativity of Mn(1V)
although the interactions via the Cl bridge could also play a role.

This journal is © The Royal Society of Chemistry 20xx
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The latter is confirmed by the model without the Cl in the centre
for which J; decreased to-1.63 cm™ (Table S4.3, ESIT) suggesting
strong antiferromagnetic coupling via the Cl bridge. Hence, for
understanding the coupling strength between Mn centres one
needs to take into account the oxidation state of the interacting
Mn centres, the spin density on O-donors and the overlap
between the orbitals of Mn and Cl.

2 charged state

To look at whether the tendency to switch the nature of
coupling is exhibited upon further oxidation, the 2" charged
state was modelled. There are two possibilities to consider in
modelling this state — the two Mn centres in +lV oxiation state
can either be cis- to each other or trans- to each other both of
which were investigated.

Cis-isomer

For the cis-isomer, Mn2 and Mn4 are in oxidation state IV (Fig.
2c). The trans-Mn(1V)-Mn(l1l) and Mn(Il1)-Mn(l11) distances have
been found to be ~6.182 A and ~6.436 A respectively. The
central space containing Cl is larger compared to that in the fully
reduced and the first oxidised state. Cl is shifted towards
Mn2(IV) and Mn4(1V) again owing to the higher oxidation state
of these Mn centres.

19 electronic configurations were modelled (Table S5.1, ESIt)
and the spin Hamiltonian was found to require 12 J-values for
the proper description of the electronic structure (Table 4). The
relative energies of the different spin states obtained from DFT
are well reproduced by these J-values (< 1.5% error). All 15
coupling constants were also calculated for this isomer (Table
S5.2, ESIt) and the values obtained were found to be similar to

Table 4: Magnitude of J-values (cm™t) and the Mn-Mn interactions that constitute each
J-value for the cis-isomer of the 2" charged state.

J-value Interacting Mn centers Magnitude (cm)
trans-Mn1(111)-Mn4(IV)
I 1.20 £ 0.02
trans-Mn2(IV)-Mn5(l11)
)2 trans-Mn3(I11)-Mn6(111) -0.52 +0.03
J3 cis-Mn2(IV)-Mn4(1V) -2.13+0.04
1a cis-Mn1(1ll)-Mn2(1V) -2.50 £ 0.03
Js cis-Mn2(1V)-Mn3(lll) -2.04 £ 0.04
Js cis-Mn2(1V)-Mn6(1ll) -2.64 £ 0.02
i cis-Mn3(111)-Mn4(1V) -2.76 £ 0.03
Jg cis-Mn4(IV)-Mn5(111) -2.07 £ 0.04
Jo cis-Mn4(IV)-Mn6(1ll) -2.40 £ 0.02
Jio cis-Mn1(1l1)-Mn5(111) -1.79 £ 0.02
cis-Mn1(I11)-Mn3(l1I)
Jua - -1.51 +0.02
cis-Mn5(I11)-Mn6(111)
cis-Mn1(I11)-Mné(111)
Ji2 - -1.42 +0.02
cis-Mn3(I11)-Mn5(111)

those obtained using the 12 J-value Hamiltonian implying that
the 12 J-values are sufficient.

The coupling between Mn(IV) centres and their trans- Mn(lll)
counterpart is again ferromagnetic (Jg) as observed for the 1st
charged state. This is due to spin polarisation mechanism which
is evident not only from the spin density on the N-donor of the
4-picoline bound to Mn(IV) but also the central Cl (Table S3.3,

This journal is © The Royal Society of Chemistry 20xx
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ESIT). Unlike the 15t charged state, the spin density,on Clhersis
opposite to that on the Mn(IV) centres B&ealséalsP SIERIFI4ALY
smaller overlap between the p-orbitals of Cl and the d-orbitals
of Mn(lll) centres (Table S3.4, ESIt). The smaller Mn(ll1)-Cl
overlaps also result in weaker coupling between the Mn(lll)
centres trans- to each other. Additionally, the weaker coupling
between Mn(IV) centres and their cis-Mn(lll) neighbours (J4 — Jo)
compared to the first charged state can also be attributed to
smaller Mn(lll)-Cl overlaps (Table S3.4, ESIt) which decreases
the contribution of the Cl bridge to the coupling.

For this configuration, the S = 0 state (Cis - 24 — Mn235) has
been found to be the lowest in energy and the ferromagnetic
state is the highest in energy. Unlike the first oxidised state, the
presence of ferromagnetic interactions does not lead to a state
with higher multiplicity being the ground state.

Trans-isomer

For the trans-isomer, Mn2 and Mn5 are in oxidation state IV
(Fig. 2d) and Cl is again closer to Mn2. The Mn(IV)-Mn(IV) and
Mn(H1)-Mn(Ill) distances have been found to be 6.073 and 6.376
A respectively suggesting further expansion of the cage
compared to the 15t charged state.

11 different configurations were modelled for this state (Table
S5.3, ESIt) and 8 coupling constants are required to properly
describe the electronic structure (Table 5). The relative energies
of the different spin states obtained from DFT are well
reproduced by these J-values (< 1% error). The symmetry of this
state, the spin densities on the phosphonate O-donors and the
similar values of J3 and Js, Js and Jg, and J; and Jg suggest that
these interactions can be coupled but doing so leads to a large
standard deviation on J; and its sign cannot be determined.

Table 5: Magnitude of J-values (cm') and the Mn-Mn interactions that constitute
each J-value for the trans-isomer of the 24 charged state.

. Magnitude
J-value Interacting Mn centers
(cm?)
1 trans-Mn2(IV)-Mn5(IV) 0.13+0.01
trans-Mn1(111)-Mn4(Ill)
12 -1.09 £ 0.01

trans-Mn3(111)-Mn6(ll1)

cis-Mn1(l11)-Mn2(1V)
I3 " -3.58 + 0.01
cis-Mn2(IV)-Mn4(Ill)

cis-Mn2(IV)-Mn3(Ill)
Ja - -3.40+0.01
cis-Mn2(IV)-Mn6(Ill)

cis-Mn1(l11)-Mn5(1V)
Is - -1.97 +£0.01
cis-Mn4(l11)-Mn5(1V)

cis-Mn3(l11)-Mn5(1V)
Je - -1.75+0.01
cis-Mn5(1V)-Mn6(Il1)

cis-Mn1(l11)-Mn3(l11)
J7 - -1.25+0.01
cis-Mn1(l11)-Mn6(111)

cis-Mn3(l11)-Mn4(l1l)
Js - -1.29 +0.01
cis-Mn4(l11)-Mn6(111)

The coupling between the Mn(lV) centres is weakly
ferromagnetic (J;) and the tendency to switch the nature of
coupling in this case is retained. It can be concluded that
oxidation of a Mn(lll) centre to Mn(IV) leads to ferromagnetic
coupling between the Mn(IV) centre and its trans-
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Mn(11)/Mn(1V) counterpart. The ferromagnetic coupling here is
also due to spin polarisation as indicated by the spin density on
the nitrogen of the 4-picoline ligands bound to the Mn(IV)
centres. The spin density on Cl is again of the same sign as that
on the Mn centres which is due to the relatively larger overlaps
between the d-orbitals of Mn(lll) centres and the p-orbitals of
Cl compared to the cis-isomer (Table S3.4, ESIt).

The coupling between Mn2(IV) and its cis-neighbours (J3 and J4)
is similar to that in the first charged state while the coupling
between Mn5(1V) and its cis- neighbours (Js and Jg) is similar to
the coupling between the Mn(IV) centres and their cis-
neighbours in the cis- isomer of this charged state. This
comparison highlights the importance of the Mn(1V)-Cl overlaps
which is larger in the former case and smaller in the latter which
results in J3 and J, being larger than Js and Je.

For this configuration, the ferromagnetic state is the highest in
energy while the S = 10/2 state (Trans - 25 — Mn25) has been
found to be the lowest in energy. The 2" charged state thus
presents the possibility of two isomers where one (cis-isomer)
has an S = 0 ground state while the other (trans-isomer) has an
S = 10/2 ground state. Different magnetic ground states can
thus be stabilised depending upon the isomer.

3rd and 4th charged state

To look at whether the tendency to stabilise intermediate spin
states can be retained upon further oxidation, the 3 and the
4th charged states were modelled. Both charged states can have
two isomers each. In each case, however, the lowest spin state
was found to be the ground state which suggests that the
stabilisation of intermediate spin states is lost after the 2nd
charged state (see ESIt). Further charged states were not
modelled as the 3 and 4th charged states failed to stabilise
intermediate spin states.

Trends observed upon oxidation

The oxidation of the cage affects the coupling behaviour
between the Mn centres but some general trends can be
identified within all the oxidations states modelled. The
coupling between trans-Mn centres becomes ferromagnetic if
one of the Mn centres is in oxidation state IV, and the coupling
is via the spin polarisation mechanism. Such a change in the
nature of coupling between metal centres however, becomes
very important in reactions like the O-O bond formation.8
Systems similar to this {Mng} cage with a diamagnetic ion
trapped within may provide a way to catalyse such reactions
effectively.

The oxidation leads to cage expansion and the central Cl moves
towards the Mn(IV) centre(s) resulting in different Mn-Cl
overlaps. The extent of delocalisation of the spin density from
Mn centres to the bound ligand groups increases with the
oxidation state and the spin density distribution on the O-
donors of the phosphonate groups becomes non-uniform. The
spin density on the O-donors was found to be inversely
proportional to the Mn-Cl overlaps. Smaller Mn-Cl overlaps lead
to greater spin density on the O-donors bound to the
corresponding Mn centre. A direct consequence of the
increased delocalisation is that the coupling between Mn(IV)
centres cis- to each other and Mn(lll) centres cis- to each other,

8 | J. Name., 2012, 00, 1-3

in general, increases. When Mn(IV) centres are gjs;, i@, M(HD
centres, some variation is observed in the@oUplHg/stPengti1n
the various charged states, the cis-Mn(IV)-Mn(lll) coupling is
found to vary between -3.6 and -1.5 cm™ and the variation is
due to different Mn-Cl overlaps and the consequential non-
uniform distribution of spin densities on the O-donors.

Conclusions

To conclude, we have computationally and experimentally
probed the magnetic properties of a {Mng} cage. All Mn centres
in this complex are antiferromagnetically coupled to each other
and the coupling can be described using two coupling constants
— one for the coupling between the Mn centres cis- to each
other while the other for those trans- to each other. The
mechanism of coupling via both bridges was explicitly
determined using a novel methodology which involves
perturbing the system in such a way that the symmetry is
retained and then analysing the effect of the perturbation on
the coupling strength. It was found that the coupling between
the cis-Mn centres via the Cl bridge is weakly ferromagnetic
while that via the phosphonate bridge is antiferromagnetic.
The oxidation of this cage was also investigated and it was
observed that the {Mn¢} cage can potentially accommodate the
loss of four electrons which is accompanied by expansion of the
cage. The successive oxidation of this system gives rise to some
unusual magnetic properties. The oxidation results in the
movement of Cl towards the Mn(IV) centre(s). The trends in the
coupling strength between Mn centres cis- to each can be
explained by taking into account the oxidation state of the
interacting Mn centres, the spin density on the O-donors of
phosphonate groups and the Mn-Cl overlaps. The oxidation also
leads to switching of the nature of coupling between trans-Mn
centres from antiferromagnetic to ferromagnetic in addition to
stabilisation of intermediate spin states. The latter is retained
up to the second charged state but the switching occurs
whenever one of the interacting trans-Mn centres is in
oxidation state IV. Such a change can potentially allow fine
tuning of reactions like the O-O bond formation where the
nature of coupling between the Mn sites can affect the rate of
the reaction.
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