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Summary 

Ever increasing energy demands and the closely related issue of global warming derived from fossil 

fuel combustion have encouraged the development of renewable energy sources and energy 

storage concepts as one of the most important scientific challenges today. H2 serves as a clean 

alternative to fossil fuels, and the electrolysis of water is promising for H2 generation and hence the 

development of the H2 economy. Catalysing the oxidation-half reaction of water splitting represents 

the key obstacle for the utilisation of H2 as an alternative clean fuel. Since H2O is diamagnetic and 

O2 is paramagnetic, the electronic structure and hence the magnetic nature of the catalyst affects 

this half-reaction. In plants, this highly endergonic reaction is facilitated in photosystem-II by the 

oxygen evolving complex which comprises of a Mn based coordination complex. Since Mn contains 

a large number of unpaired electrons, it provides the possibility of tuning the electronic structure 

to facilitate the oxidation of water. In addition, the presence of unpaired electrons also gives rise 

to interesting magnetic properties in Mn coordination complexes.  

Considering the diversity in applications of Mn coordination complexes, this work focusses on 

investigating Mn coordination complexes for these applications using a combined computational 

and experimental approach. In this thesis, we report the development of a computational 

methodology for investigating the magnetic properties of coordination complexes, and a synthetic 

approach for the synthesis of Mn based high nuclearity coordination complexes. The synthesised 

complexes have been characterised using various analytical techniques. The magnetic properties 

of some of the synthesised complexes have been studied both experimentally and using the 

developed computational approach. Furthermore, we have investigated the oxidation-half reaction 

of water splitting with selected complexes under electrochemical conditions in aqueous media 

using carbon paste electrodes.  

Chapter 1 provides a brief summary of the available literature illustrating the recent developments 

in the field of water oxidation and magnetism with a focus on Mn coordination complexes. Chapter 

2 describes the basic principles of Hartree-Fock and density functional theory and their application 

along with the details of the developed computational methodology and the concepts that have 

been used to develop it. Chapter 3 reports the development of the synthetic approach and 

introduces the various coordination complexes synthesised using this approach. 

In chapter 4, the application of the computational methodology using a hexanuclear Mn complex 

is demonstrated. In this chapter, a novel methodology for determining the mechanism of coupling 

via each ligand bridge in instances where multiple ligand groups bridge a given pair of metal centres 

is also described. Chapter 5 further explores the use of the computational methodology to 

understand the electronic structure of a tridecanuclear Mn complex. The potential and limitations 

of the novel methodology are also discussed in this chapter. 
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The coordination complexes introduced in chapter 3 are described in detail in chapters 6, 7 and 8. 

These chapters illustrate the versatility of the synthetic approach in terms of modifying previously 

known structures, accessing rare geometrical arrangements and structurally mimicking the oxygen 

evolving complex. Chapter 6 describes the carboxylate based complexes, chapter 7 covers the 

mixed carboxylate-phosphonate complexes and in chapter 8, the phosphonate based complexes 

are described. The magnetic properties and electrochemical behaviour of selected complexes are 

also discussed in these chapters. 

In chapter 9, a summary of this work is provided and possible future work based on the results 

described here is considered. 

Chapter 10 describes the experimental details of the work carried out. This is followed by the 

bibliography of this thesis and an appendix covering some additional information. Crystallographic 

information files for each structure, optimised coordinates for the structures modelled and the 

FORTRAN codes developed in this work are provided on the attached compact disc. The codes are 

also available on github (https://github.com/WatsonGroupTCD). 
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1 Introduction 

Global energy demands are increasing at a rapid rate with 2018 having witnessed a consumption 

of 11.2 billion tonnes of oil equivalents, 2.1% greater than 2017. This rise in the global energy 

consumption has led to an increase of 1.7% in global CO2 emissions between 2017 and 2018 to 27 

billion tonnes.1 These increasing energy demands and the closely related issue of global warming 

derived from increased CO2 emissions have led to the development of alternative clean energy 

sources become one of the most important scientific challenges today.2, 3 

 

1.1 Alternatives to Fossil Fuels 

Nuclear energy and renewable energy serve as the two most promising options for clean energy. 

The former is quite attractive owing to its high energy density, and provides a near-term scalable 

alternative.4-6 The CO2 emissions associated with nuclear energy are predicted to be 400 times less 

than that for energy generated by fossil fuels.7 Although the risk associated with the use of nuclear 

power is extremely low,8 and the waste generated by nuclear power plants compared to that 

generated by fossil fuel based power plants is small, the disposal of the waste product generated 

by nuclear power plants is a matter of concern in its sustainable use.9 The current disposal method 

involves geological disposal whereby the waste is stored in deep-mined repositories and this 

method has been accepted as a safe and reliable method for radioactive waste disposal.10 Despite 

the low volumes of the nuclear waste generated and the reliability of the geological disposal 

method, the radioactive character of this waste necessitates its lifelong active monitoring and 

surveillance. The life span of this waste however, makes guaranteeing of this requirement 

impossible which is concerning.11, 12  

Renewable energy sources, in comparison, provide a relatively safer and hence, a more appealing 

alternative. A variety of options are available under the umbrella of renewable energy sources but 

they can be broadly grouped into five categories – (a) wind, (b) hydropower, (c) geothermal power, 

(d) biomass and (e) solar power. Each of these sources have their own benefits and limitations. For 

example, wind and hydropower are relatively simple to exploit and require low maintenance but at 

the same time, there is a large capital cost to set up these technologies as they require the use of 

magnets which are generally made using rare-earth metals which are expensive.9, 13 Additionally, 

installation of a wind farm can adversely affect human health14 and can lead to increased bird 

mortality rates.9 Similarly, hydropower plants result in loss of agricultural land and displacement of 

population.15 Geothermal energy generation is also associated with expensive set up and the cost 

of maintenance is also high. Biomass can serve as an inexpensive and cleaner alternative to fossil 

fuels but at the same time, increased biomass use requires more land and leads to higher demands 

for fertilisers and pesticides and hence increased air and soil pollution.16 
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Solar energy, among other renewable energy sources, is considered to be more ecologically 

sustainable and of higher economic impact due to its ubiquity. The amount of solar energy 

intercepted by earth in a year is 7500 times greater than the annual global consumption which 

suggests that efficient exploitation of solar energy can end our reliance on fossil fuels.17, 18 

Compared to nuclear power plants, larger quantities of land is required for developing solar farms9 

but at the same time, unlike other renewable energy resources, harnessing of solar energy does 

not necessarily require a dedicated space. Solar panels can easily be accommodated in the current 

infrastructure without adversely affecting the surrounding ecology making the use of solar energy 

more appealing compared to other renewable energy resources. The intermittent supply of solar 

energy however, is a major limitation in the direct use of solar energy because of the mismatch 

between peak supply and demand periods and hence, the implementation of solar energy as an 

alternative, sustainable energy source requires the development of better energy storage 

concepts.19 

 

1.2 Energy Storage Technologies 

There are a few potential options available for energy storage that includes batteries and chemical 

fuels. A number of battery based technologies have been developed for different applications. 

Lead-acid battery technology is quite mature and has a huge market in automotive applications and 

battery-based uninterrupted power supplies.19-21 These batteries are quite cheap and robust but at 

the same time, they have a short cycle-lifetime, are unsuitable for charging at partial state-of-

charge and have a limited charging power capability.19-23 There are advanced versions of these 

batteries that are currently under development which overcome some of these drawbacks21-23 but 

Li-ion batteries have emerged as a more appealing alternative.21 Due to their high gravimetric and 

volumetric energy density (75-200 Wh/kg and 200-500 Wh/L respectively), high efficiency and long 

cycle lifetimes they are currently being used in various electronic devices.19-21, 24-26 The impact of Li-

ion batteries on the society has recently been recognized by the Nobel committee and the 2019 

Nobel prize for chemistry was awarded to Akira Yoshino, M. Stanley Whittingham, and John B. 

Goodenough for their contribution towards the development of Li-ion batteries.27   

The low abundance of Li (18 ppm in earth’s crust)28 and consequently, the relatively higher costs of 

these batteries is a deterrent for the wider use of Li-ion batteries.19 Flow batteries represent 

another segment of battery technology with the unique advantage of having their power and 

energy capability decoupled. The energy capability in these batteries depends on the volume and 

concentration of electrolytes while the power capability depends upon the size of the cell stack 

allowing for flexible design and easy scale up. There are a number of electrolyte materials used for 

these batteries – V/H2SO4, ZnBr, Br/polysulphide and Fe/Cr couple – and these technologies are at 

various stages of development.19, 29, 30  
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Chemical fuels provide another means for energy storage and a number of chemicals like NH3, 

CH3OH and H2 can be used for this purpose. Chemical fuels have the added advantage of decoupled 

power and energy capabilities when compared with most of the current battery technology. Among 

these fuels, the use of H2 as a source of energy storage is quite promising because of high specific 

energy density of H2 (33 kWh/kg).31 It has been argued that the use of batteries is more efficient 

when compared to the production of H2 using renewable energy sources.32 It must be noted 

however that this study assumed that the final energy is needed at the time of production which 

prevents a wider applicability of this conclusion. Marchenko and Solomin have argued that to 

compare the economic efficiency of both technologies in a broader fashion, three key costs need 

to be taken into account– production, transport and storage costs. They have shown that the 

electricity based system are indeed more economical when the storage time is short (< 50-110 

hours depending upon the source of energy generation) but when the energy needs to be stored 

for longer periods, the use of H2 is more economical.33 Based on this study and the fact that there 

is only limited amount of Li available on earth (18 ppm in earth’s crust)28, it can be inferred that 

both technologies need to co-exist. It must be noted that this study assumes that the generated H2 

is being compressed for storage purposes and concerns have been raised about the safety 

associated with compressed H2.34 In this respect, ammonia boranes, metal hydrides and metal 

borohydrides are currently being investigated as potential materials for safe and economical 

hydrogen storage.31, 35-37 

 

1.3 Hydrogen Generation 

For the development of the hydrogen economy (Figure 1.1),38 the problem of H2 generation also 

needs to be addressed in addition to the problem of H2 storage. Current H2 generation methods 

rely on the water gas shift reaction and steam reforming reaction both of which rely on fossil 

fuels.39-42 For the development of an environment friendly hydrogen economy, electrolysis of water 

serves as a promising candidate as nuclear/renewable energy can be used to split water 

photochemically or electrochemically to obtain H2. This process however, is currently not as 

economically efficient as the water gas shift reaction. Electrochemically, at pH = 0, water splitting 

occurs at 1.23 V (vs. reversible hydrogen electrode, RHE) via the half-reactions shown below:43 

 

 
 

Due to the kinetics of the reaction (which includes transfer of reactants and products towards and 

away from the electrodes) and the efficiency of the catalyst, there is always an overpotential (η) 
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associated with both the reactions which means that in practice, the water splitting reaction will 

occur at a potential higher than 1.23V.38 Energetically, the bottleneck of water splitting reaction is 

associated with the oxidation half-reaction or the oxygen evolution reaction (OER) and a significant 

amount of scientific effort has been directed towards optimising this half-reaction.44-47  

 

Figure 1.1: A simplified representation of the hydrogen economy.37 

 

1.4 PS-II and The Oxygen Evolving Complex (OEC) 

One approach for optimising the OER is to study and develop an understanding of how Nature 

achieves this reaction and mimic it. It has been found that the OER occurs in plants in photosystem-

II (PS-II), as part of photosynthesis.38, 46-52 A significant amount of effort has therefore been 

dedicated to understanding the mechanism of water oxidation in the PS-II unit. 

The PS-II unit, which is located in the thylakoid membrane of green plants, cyanobacterias and 

algae, can catalyse water oxidation with turnover frequencies (TOFs) of 102 sec-1.53, 54 It is a large 

membrane-protein complex with a molecular mass of 350 kDa (Figure 1.2 (a)). Numerous successful 

attempts towards crystallizing PS-II have greatly aided our understanding of its complex structure.27, 

55-58 The oxygen evolving complex (OEC) is the active site for water oxidation in PS-II. It is comprised 

of a distorted {Mn3Ca} cubane unit that has a dangling Mn atom attached to it (Figure 1.2 (b)). The 

Mn centres resides in an octahedral environment while Ca resides in a seven coordinate 

environment. This core structure is stabilised by oxo-groups and the metal centres are additionally 

coordinated to O- and N-donors from amino acids. The dangling Mn centre and Ca are further 

bound to two water molecules each.  

The basic mechanism of water oxidation by the OEC can be described by the Kok cycle in which the 

system cycles between 5 states called the S states (Figure 1.3).59 The OEC resides in its dark stable 

{MnIII
2MnIV

2} form, which is commonly referred to as the S1 state. During photosynthesis, the 

complex oxidises and undergoes structural changes cycling through different intermediate (S2, S3 

and S4) states, each of which differs from the others in the number of charge equivalents stored. 

The structure of the OEC core and the oxidation state of the Mn centres in the various S states is 



  Chapter 1 

 5 

shown in Figure 1.3.60-63 The removal of protons and electrons throughout the cycle follows a strictly 

alternating pattern, with all transitions involving a proton loss except the S1 to S2 transition.64-66 In 

the last metastable state, S3, all Mn centres are in +IV oxidation state and the transition to the S4 

state is followed by rapid decomposition to the {MnIII
3MnIV} S0 state and simultaneous evolution of 

O2.49 The structure of the S4 state and the exact mechanism of the O-O bond formation are still 

under extensive investigation.67-70 

 

Figure 1.2: (a) Crystal structure of the PS-II unit27 and (b) the active OEC centre63 within the PS-II 

unit. Colour scheme: Mn (purple), Ca(green), N(blue), C (grey) and O (red). 

The water oxidation half-reaction occurs at neutral pH71-73 but the harsh oxidising conditions 

damage the OEC and deactivate it during H2O oxidation within approximately 30 minutes74 but 

owing to self-healing mechanisms, it reconstitutes to catalyse H2O oxidation for extended 

periods.46, 75 
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Figure 1.3: The Kok cycle indicating the electron and proton release at each transition and the 

oxidation state of the Mn centres in the various S states.62 

 

1.4.1 Role of Ca 

The Ca2+ ion forms an integral part of the distorted cubane unit of the OEC and plays a key role in 

the water oxidation reaction. Its exact role depends upon which stage of the Kok cycle and hence 

which S state the OEC is in. Dy3+ and Cd2+ analogues of the OEC do not evolve oxygen but these are 

able to advance from the S1 to S2 state.76 This suggests that for the S1 and S2 state the Ca2+ centre 

primarily contributes in maintaining the structural integrity of the OEC. Additionally, its 

participation in maintaining a hydrogen bond network and in the delivery of water to Mn has also 

been suggested.77, 78  

The Ca2+ centre has also been found to be responsible for controlling the hydration environment 

and the redox potential of the redox active tyrosine (Tyr161 or Yz, Figure 1.4) which is responsible 

for the oxidation of the Mn centres of the OEC and thus driving the water-oxidation half reaction.79 

The substitution of Ca with metals besides Dy and Cd has been investigated and among these, the 

Sr analogue serves as the closest OEC mimic.76, 80-83 Even the Sr analogue however, has been 

observed to be significantly less active compared to the OEC indicating that Ca is important for 

achieving water oxidation in the OEC.81, 84-86 Model complexes with different heteroatoms other 

than Ca have higher redox potential which suggests that Ca may aid in tuning the redox properties 

of the OEC and this is also supported by computational investigations.61, 87-89  

 

Figure 1.4: Structure of the tyrosine molecule. 
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1.5 Mimicking the OEC – The Journey So Far 

Considerable effort has been dedicated towards mimicking the OEC in the hope of developing 

efficient catalysts for water oxidation. Early works in this area were focussed on dinuclear 

complexes44, 90-94 but a number of {Mn4} cubane type complexes have now been synthesised.95-105 

Dismukes et al. was the first to report a {Mn4O4} cubane complex, [Mn4O4(O2P(C6H5)2)6], that was 

active for water oxidation (Figure 1.5 (a)). This complex is stabilised by phosphinate based ligands 

and was found to promote water oxidation heterogeneously on application of a voltage of 0.8-1.2 

V in the presence of UV-light for 3 days. 97-99, 101 Later however, it was shown that the compound 

decomposes during the preparation of the electrode and the activity observed was due to Mn based 

oxides.106, 107 This does suggest that the identification of the active species can be quite challenging.  

Two tetranuclear square planar Mn complexes with heptadentate ligands bound by N- and O-

donors (Figure 1.5 (b)) were reported by Berggren et al. that were found to be active for chemical 

and electrochemical water oxidation.108 Brudvig and co-workers reported a tetranuclear Mn 

complex [{(H2O)(terpyridine)MnIV(μ-O)2MnIV(terpy)}2(μ-O)](ClO4)6, that does not have a cubane unit 

but is essentially a dimer of dimers with the dimers being perpendicular to each other (Figure 1.5 

(c)).109, 110 This complex was found to catalyse water oxidation chemically and electrochemically but 

the active species in this case was found to decompose quite rapidly resulting in the formation of 

Mn oxide species.110  

Bonchio and co-workers recently reported a {Mn4O3} unit stabilised by acetate bridges and 

tungstosililcate platforms, [Mn4O3(CH3COO)3(A-α-SiW9O34)]6-, that corresponds to the S0 state of the 

OEC based on the oxidation state of the Mn centres (Figure 1.5 (d)). This complex has been found 

to be active for photochemical water oxidation achieving TOFs around 5X10-4 sec-1.102 A vanadate 

based {Mn4O4} complex reported by Schwarz et al., [Mn4V4O17(CH3COO)3]3+, that corresponds to the 

S2 state of the OEC has also been found to catalyse water oxidation under visible light conditions 

(Figure 1.5 (e)). The TOF for this complex was found to be 1.75 sec-1 which is a significant 

improvement over the tungstate analogue but this complex also degrades rapidly.103  

The catalysts described thus far are heterogeneous catalysts and it is only recently that a water 

soluble Mn based cubane type complex has been reported for homogeneous water oxidation.104, 

105 The complex [Mn12O12(dhb16)(H2O)4] (dhb=3,5-dihydroxybenzoate) contains a {MnIV
4O4} cubane 

unit encapsulated in an {MnIII
8} ring (Figure 1.5 (f)). The core structure has been known for a long 

time111-113 and a series of structural analogues of this complex have been previously shown to be 

heterogeneous catalysts for electrochemical water oxidation which can achieve OER at varying 

overpotentials (640-820 mV) in neutral pH conditions. These systems however, were found to be 

quite unstable decomposing within minutes.114 The dodecanuclear complex [Mn12O12(dhb16)(H2O)4] 

on the other hand, has been reported to be active for electrochemical water oxidation at pH 6 with 

an onset overpotential (ηonset) of 334 mV. It was found to oxidise water for 3 hours at 91 % efficiency 
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after which the efficiency decreases.104 Furthermore, the addition of an extra –OH group at the 

para- position of the 3,5-dihydroxybenzoate group has been shown to shift the onset overpotential 

down to a mere 74 mV.105 

 

Figure 1.5: Core structure of (a) [Mn4O4(O2P(C6H5)2)6],97 (b) [L4Mn4](ClO4)4 (L=2-((2-(bis(pyridin-2-

ylmethyl)amino)ethyl)(methyl)amino)acetic acid),108 (c) [{(H2O)(terpyridine) 

MnIV(O)2MnIV(terpy)}2(O)],109, 110 (d) [Mn4O3(CH3COO)3(A-α-SiW9O34)]6-,102 (e) [Mn4V4O17 

(CH3COO)3]3+ and103 (f) [Mn12O12(dhb16)(H2O)4].104, 105 Colour scheme: MnII (teal), MnIII (deep blue), 

MnIV (light blue), V (turquoise), Si (grey), P (pink), O (red) and C (black). W octahedra are shown in 

green. 

 The decrease in the overpotential for the {Mn12} complex has been attributed to the presence of 

additional –OH groups bound to the aryl substituent which aid in the proton-coupled electron 

transfers necessary to drive the O2 formation. This is further supported by an investigation of a 

series of dinuclear Mn complexes for which the incorporation of a distal carboxyl group was found 

to promote proton-coupled electron transfers.115 In both these examples, the presence of proton 
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acceptors essentially drives the removal of the proton thus facilitating efficient oxidation of water 

and this idea has been explored previously by others too.116-119 A very recent study has revealed 

high activity for electrochemical water oxidation by carbon nanomaterials containing quinone type 

moieties with an onset potential of 1.50 V vs. RHE (i.e. ηonset = 270 mV) under basic pH conditions. 

These have also been shown to achieve current densities as high as 10 mA cm-2 at η = 350 mV 

illustrating their high OER activity.120 A study employing a Ru based complex has also reported an 

enhancement in activity in presence of quinone type moieties.121 This does suggest that the activity 

observed for the homogeneous {Mn12} systems may be enhanced by the inherently active 

hydroquinone type groups available in close proximity. The activity cannot be completely attributed 

to the organic moieties however, as the {Mn12} core without these groups has been shown to be 

active for water oxidation.114 

Considering the important role played by Ca, the development of mixed-metal cubane complexes 

may be essential for closely mimicking the OEC. Early reports of incorporating Ca2+ included a Ca 

salt of a carboxylate based tetranuclear Mn complex122 and a mixed Mn-Ca polymer system 

comprising of octahedrally coordinated Mn(II) species and stabilised by malonate groups and water 

molecules.123 Since then, there have been reports illustrating the incorporation of Ca2+ in high 

nuclearity Mn molecular complexes in different geometric arrangements.124-130 A noteworthy 

system among these is the tridecanuclear complex [Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4 

reported by Christou et al. (Figure 1.6 (a)) that contains a cubane core although the overall 

nuclearity of this complex is still too high to be directly comparable with the OEC unit.124  

The incorporation of a hetero-metal in cubane geometries has been found to be synthetically 

difficult and its only recently that a few such complexes have been reported.87, 89, 131-137 Such a feat 

was first reported by Agapie and co-workers using a ‘rational’ synthesis approach where a trinuclear 

Mn coordination complex was oxidised with superoxide in presence of 

Ca(trifluoromethanesulphonate)2. This resulted in the formation of LMn3CaO4(OAc)3 (H3L=1,3,5-

tris(2-(di(2-pyridyl)hydroxymethyl)phenyl)benzene) (Figure 1.6 (b)) that contains the desired 

{Mn3CaO4} core with each Mn centre in oxidation state IV.131 Substitution of Ca2+ with Sr2+ in this 

complex reveals that the redox potentials in both complexes are quite similar87 which is consistent 

with the observation that OEC is active only when Ca2+ or Sr2+ are incorporated in the cubane unit.76, 

80-83 Analogues of this complex containing Na+, Zn2+, Y3+, Sc3+ and Mn3+ show that the Lewis acidity 

of the hetero-metal affects the redox potentials of the system with an increase of 90-100 mV per 

unit increase in the pKa.87-89 The presence of Ca in the cubane unit has also been found to allow the 

incorporation of a dangling Ag centre to the core.133 The {MnIV
3Ca} core with a dangling Ca centre 

has also been reported by Mukherjee et al. in which the structure is stabilised by tert-butyl 

carboxylate (pivalate) groups (Figure 1.6 (c)).132 The synthesis of this complex relies more on 

serendipity and is based on self-assembly in contrast to the more rational approach adopted by 
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Agapie and co-workers.87, 131, 133 The self-assembly approach has also been demonstrated to drive 

the synthesis of [MnIV
6Ca2O9((CH3)3CCO2)10 (H2O)4] which essentially contains three cubane units 

that share an edge comprised of the Ca centres (Figure 1.6 (d)). OER activity with any of these 

complexes has not been reported. 

 

Figure 1.6: Structure of (a) [Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4,124 (b) LMn3CaO4(OAc)3 

(H3L=1,3,5-tris(2-(di(2-pyridyl)hydroxymethyl)phenyl)benzene),131 (c) [Mn3Ca2O4(O2CBut)8 

(ButCO2H)4],132 (d) [Mn6Ca2O9(ButCO2)10(H2O)4],134 (e) [Mn4CaO4((CH3)3CCO2)8((CH3)3CCO2H)2 

(C5H5N)]135 and (f) [Mn8K2O4 (OH)2((CH3)3CCO2)16((CH3)3CCO2H)(CH3CN)].136 Colour scheme: MnII 

(teal), MnIII (deep blue), MnIV (light blue), Ca (light yellow), O (red) and C (black). 

Very recently a series of ligand free CanMn4−nO4
+ (n=0–4) cluster ions with varying Ca content have 

been synthesised by sputtering Mn oxides and binary Ca-Mn oxides with Xe ions. It was observed 

that CaMn3O4
+ facilitates partial water oxidation leading to the formation of H2O2 and the reaction 

does not proceed further towards the formation of O2. The other cluster ions with higher Ca content 

were found to be capable of only dissociating water. The differences observed in the behaviour of 

these cluster ions was found to be related to the varying Lewis acidity of these species.138 Higher 
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Ca content lead to decreased Lewis acidity and hence, increased redox potentials138 which is 

consistent with previous reports.87-89 

Incorporation of the key features of the OEC namely the mixed-metal distorted cubane unit with a 

dangling Mn centre attached to it is even more difficult. It is only recently that a complex that 

captures all these key structural characteristics has been synthesised.135, 137 The complex 

[Mn4CaO4((CH3)3CCO2)8((CH3)3CCO2H)2(C5H5N)] (Figure 1.6 (e)) contains a {Mn3Ca} distorted cubane 

unit which has a dangling Mn centre attached to it. This complex has also been synthesised using 

the serendipitous self-assembly approach and is stabilised by pivalate and pyridine ligands.135 It has 

also been demonstrated that the pyridine molecules bound to the Mn centres can be replaced with 

CH3CN and (CH₃)₂NCH (dimethylformamide, DMF) molecules.137 Based on the oxidation states of 

the Mn centres, this complex can be formally compared with the S1 state of the OEC. An extensive 

DFT study using B3LYP functional investigated the analogous S1 – S3 states of this synthetic 

{CaMn4O4} system and confirms the oxidation states of the metal centres.139 This complex has been 

suggested to be able to access the analogous S-states in non-aqueous solvent electrochemically. 

Catalytic water oxidation however, has not been reported for this distorted, mixed-metal cubane 

complex.135 This system is topologically different from the OEC as the dangling Mn atom is attached 

to the cubane unit by one oxo-bridge in this complex, while in the OEC, it is linked by two oxo-

bridges.140 The possible lack of activity via this complex has been attributed to the absence of the 

additional oxo-bridge as it may allow the dangling Mn to completely detach from the cubane and 

hence render the system inactive.141  

A dimeric mixed-metal distorted cubane system containing dangling Mn centres [Mn8K2O4 

(OH)2((CH3)3CCO2)16((CH3)3CCO2H)(CH3CN)] (Figure 1.6 (f)), has also been reported recently and 

investigation of its electrochemical behaviour in aqueous media reveals that Mn based oxides, and 

not the complex, serve as the active species for water oxidation.136  

From the above discussion, it can be seen that a lot of progress has been made with regards to 

developing structural mimics of the OEC. However, a structural mimic of the OEC capable of 

catalysing the water oxidation half-reaction of water splitting is yet to be developed. 

 

1.6 Accomplishing Water Oxidation – Other Explored Avenues 

Considering that Nature uses a Mn based molecular catalyst to accomplish water oxidation, the 

obvious path to pursue seems to be the development of molecular Mn based complexes. Other 

approaches however, have also been implemented and these include the use of other transition 

metal based coordination complexes44 and metal oxides45 some of which show reasonable catalytic 

activity. Since the OER can be achieved chemically, photochemically and electrochemically, 

different materials have been investigated using different conditions which makes it impossible to 

compare the activity of all materials relative to each other. It is still possible to compare activity of 
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materials investigated for OER activity using the same mode of operation and under similar 

conditions, and the following discussion briefly reviews some of the key highlights in this area.  

 

1.6.1 Water oxidation using metal oxides and the influence of the pH 

The pH of the solution affects the activity and stability of catalysts and thus, the catalytic activity of 

materials is generally investigated in three pH regimes – acidic (pH ~0 – 6), neutral (pH ~6 – 7.5) 

and basic (pH > ~7.5). In acidic media, hydrogen production is easier since the proton concentration 

is higher.142, 143 The Ir based oxides serves as best catalyst for the OER achieving current densities of 

10 mA cm-2 at overpotentials of 270-290 mV in acidic media144, 145 and the activity of these material 

surpasses that of Ru based oxides which are also less stable than the former.146, 147 The activity of Ir 

and Ru based oxides is reasonable and these materials can be implemented in devices but the 

scarcity of these materials prevent large scale applications. These materials are therefore used as 

benchmarks for assessing activity of the other catalytic materials.148 Thus, most studies focussing 

on the OER activity of metal oxides aim to achieve a current density of 10 mA cm-2. For studies 

investigating coordination complexes however, the target current density is generally 1 mA cm-2. 

This is primarily because most coordination complexes are structurally less robust compared to 

metal oxides. 

OER in basic media is quite attractive as it is relatively easier to achieve under these conditions and 

because 3d-transition metal oxides generally show high activity in basic media.149-151 OER in basic 

media however, suffers from one major drawback – carbonation. The excess hydroxyl ions can react 

with the atmospheric CO2 or the CO2 dissolved in the electrolyte solution to form carbonate salts 

resulting in the decrease of the pH of the solution.142, 152  

Considering that OER occurs in Nature at neutral pH, water splitting at neutral pH has also gained a 

lot of attention. Additionally, durability and regulatory issues make the use of neutral aqueous 

media more attractive from an application point of view.153  

 

1.6.1.1 Mn oxides 

Since Nature uses Mn to catalyse water oxidation, it is only natural to investigate Mn based 

materials for achieving OER and hence Mn oxides have been studied quite extensively. Among the 

various Mn oxides, MnO2 has been found to be inactive while the activity of the other Mn oxides 

has been found to vary significantly depending upon the polymorph under investigation.154 

Additionally, the activity of Mn oxides has been found to be dependent on the choice of method 

employed for investigating the OER activity – chemical, photochemical or electrochemical.155 Mn 

oxides have been found to be quite stable under acidic conditions but the OER activity for these is 

quite low and above an overpotential of ~300 mV, the Tafel slope obtained was found to vary 

between 365-851 mV/decade which suggests poor catalytic activity.156 The low activity can be 
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attributed to the instability of Mn(III) sites below pH 9.157 This has been further supported by a 25 

fold increase in the turnover frequency (TOF, number of catalytic cycles occurring per catalyst site 

per unit time) under chemical oxidation conditions at pH 1 when the Mn(III) sites are stabilised.158 

This is also supported by the increase in activity (at pH 8) observed when Mn(III) sites residing in 

tetrahedral environments are introduced in electrodeposited MnO2 which suppresses the 

disproportionation of Mn(III) to Mn(II) and Mn(IV).159 Additionally, cycling the potential of MnO2 

polymorphs has been found to introduce Mn(III) sites which enhances the OER activity.160, 161 

Formation of nanolayered Mn oxide using Li+ electrolyte has also been shown to be a strategy to 

stabilise Mn(III) sites.162  

Mn based oxides have also been explored for OER catalysis under neutral pH conditions and they 

show some promise.163 The stabilisation of Mn(III) sites in defective layered MnO2 allows for 

reasonable OER activity (8.2 mA cm-2 at η = 580 mV) for over 20 hours at neutral pH.164 The addition 

of carbon nanotubes to MnO2 has also been reported to enhance the OER activity at pH 5.6 under 

photocatalytic conditions achieving TOFs of 5.4 X 10-4 sec-1 per Mn site.165 The synthesis conditions 

for MnOx have been found to affect the activity and stability significantly.160, 166-169 Doping with Mo 

and W has also been found to significantly enhance the OER activity.170, 171 

In basic media Mn2O3 has been shown to display OER activity achieving 10 mA cm-2 of current 

density at overpotentials as low as 340 mV by tuning the thickness of the films.172 Reasonable 

photoelectrochemical activity with MnOx has also been demonstrated although in this case, the 

formation of H2O2 is also observed.173 

 

1.6.1.2 Co oxides 

Nanostructured Co3O4 have been shown to exhibit reasonable activity under acidic conditions 

achieving 10 mA/cm-2 at η = 570 mV but they tend to dissolve and degrade after 12 hours.174 The 

OER activity of fluorine doped CoOx has been investigated in the pH range 0-14 and it has been 

found to behave as a homogeneous catalyst at low pH (< 3.5) producing H2O2 and a heterogeneous 

one yielding O2 at higher pH.175 CoOx in a phosphate buffer has been found to be an active self-

healing catalyst for water oxidation under neutral pH conditions achieving a current density 1 

mA cm-2 at η = 410 mV .176, 177 The catalyst essentially comprises of CoO(OH) species stabilised by 

phosphate ions and is often referred to as “CoPi”.178 The phosphate ions facilitate the seal-healing 

process by capturing the Co ions in solution and immobilising them on the electrode surface. The 

role of phosphate ions has been shown to be mainly structural although they have been observed 

to aid the proton transfer steps thereby improving the kinetics of the process.179-181 A similar 

material prepared using methyl phosphonate has also been shown to achieve a current density of 

100 mA cm-2 at η = 363 mV and 442 mV in borate (pH 9.2) and phosphate (pH 7) buffer solutions 

respectively.182  
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In basic media, defective Co3O4 has been reported to display OER activity achieving 10 mA cm-2 

current density at 268 mV of overpotential.183 The activity of Co based oxides and hydroxides is 

enhanced in presence of Fe impurities184 and more so in the presence of a third metal.185 

 

1.6.1.3 Fe oxides 

Fe oxides are quite attractive for OER application because they are cheap.186 Recently, mixed 

polymorph films of α- and γ-Fe2O3 (hematite) with high activity in acidic media have been reported. 

These films can achieve a current density of 10 mA cm-2 at η = 650 mV and have been found to be 

stable under the OER conditions for more than 24 hours.187 OER activity has also been observed 

with thin films of iron oxide (1 mA cm-2 at η = 480 mV) and iron oxyhydroxide (10 mA cm-2 at η = 

600 mV) at neutral pH.188, 189 

FeOx films have also been found to be active in basic media and the kinetics of this reaction have 

been investigated extensively.190-192 Due to the smaller band gap of Fe2O3 (2.1 eV), 

photoelectrochemical water oxidation using Fe2O3 has also been investigated under alkaline 

conditions (pH > 10).193, 194 The maximum photocurrent obtained however, has found to be < 20% 

of the theoretical value.195-197 The photoelectrochemical and photocatalytic activity of Fe2O3 can be 

enhanced by decreasing the particle size to the nanoscale.198-200 

 

1.6.1.4 Ni oxides 

Ni oxides are stable in basic medium and hence their OER activity is generally investigated in alkaline 

media although a few studies at near-neutral pH have been conducted.201-203 Ni oxides have been 

found to be quite active for water oxidation under basic conditions (1 mA cm-2 at η = 425 mV)204, 205 

and the activity is heavily dependent on the preparative method.206-208 The OER activity of Ni based 

oxides and hydroxides is particularly enhanced in presence of Fe impurities.184, 209-211 Like Co, the 

presence of a third metal was found to increase the activity even further.185  

 

1.6.1.5 Mixed metal oxides 

The synergistic effects of additional metals have already been highlighted for Co and Ni oxides and 

similar behaviour is observed for other metals as well. The presence of Mn and Ca in the OEC has 

focussed a lot of attention on mixed Mn-Ca oxides. A study conducted on layered Mn oxides with 

various alkali and alkaline earth metals incorporated between the layers reveals that the highest 

activity is observed for Mn-Ca oxides with the second best being Mn-Sr oxides which is consistent 

with what has been observed for the OEC212 and is in agreement with another study comparing 

Mn2O3 and CaMn2O4.213 Mixed Mn-Ca oxides have also been shown to be quite stable in acidic 

conditions and the observed activity (1 mA/cm-2 at η > 700 mV) has been found to be better 

compared to that observed in neutral and basic media.214 Additionally the OER activity of calcium 
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manganese oxide has been found to be dependent on how the oxide material was prepared.215, 216 

Mn-Ca oxide has also been incorporated into a peptide matrix217, 218 which has been found to 

influence the redox properties of the oxide218 and also results in the initiation of the OER at low 

overpotential (240 mV).219 

Mixed CoMn and CoFePb oxides have been shown to be stable catalysts under acidic conditions 

with the latter being more stable (> 50 hours) and approaching relatively higher activities (1 mA cm-

2 at η > 700 mV) compared to CoMn oxide. Interestingly, the CoMn oxide has been found to be 

more active than MnOx and more stable that CoOx towards water oxidation thereby illustrating the 

synergistic effect of mixed metal oxides.220 Recently, nickel-manganese-antimonate (NixMn1−xSb1.6–

1.8Oy) has also been shown to be quite stable (168 hours) under acidic conditions but the 

overpotentials required to achieve reasonable activity (10 mA cm-2) is still quite high (735 ± 10 

mV).221 

A double perovskite containing Ba, Sr, Co and Fe in the stoichiometry 0.5:0.5:0.8:0.2 has been found 

to be more active for OER in alkaline media than IrO2 (10 A g-1 at η ~ 300 mV).150 This double 

perovskite however, is not as stable as IrO2. The stability problem has been tackled using rare-earth 

based double perovskites, (Ln0.5Ba0.5)CoOx that are as active as their transition metal analogue (10 

mA cm-2 at η ~ 330 mV) but are more resistant to degradation under the harsh OER conditions 

(stable for > 2hrs at 5 mA cm-2).151 Ca containing FeOx have also been shown to exhibit OER activity 

(10 mA cm-2 at η ~ 650 mV) although it tends to decompose gradually.222 Doped SrTiO3 has also 

been found to be quite active for photocatalytic OER at neutral pH (pH = 6.8) achieving solar energy 

to hydrogen conversion efficiency > 1%.223 Al doped SrTiO3 with rhodium chromium oxide as a co-

catalyst has recently been shown to be active for photocatalytic OER at neutral pH (solar energy to 

hydrogen conversion efficiency > 0.3%) and continues to be active for more than 1000 hours.224  

 

1.6.2 Water oxidation using molecular catalysts 

Metal oxides show promising catalytic OER activity but due to lack of exact structural and electronic 

information, it is difficult to optimise these materials.45 In this respect, molecular catalysts provide 

a platform to investigate the mechanistic aspects of the OER and to systematically improve upon 

the current catalytic materials. In addition, they provide the opportunity to tune the electronic 

environment of the active site to enhance selectivity. Since molecular complexes can potentially be 

used as homogeneous catalysts, they also provide a 100% metal utilisation which is unachievable 

by heterogeneous catalyst making them quite appealing for catalytic applications.225 Additionally, 

since the natural OEC is comprised of a molecular catalyst, a lot of attention has been directed 

towards the synthesis of molecular catalysts for water oxidation.44, 226 The following discussion 

briefly reviews some of the noble metal and earth abundant metal based complexes reported in 

recent years. 
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1.6.2.1 Ru and Ir based molecular catalysts 

The first example of a molecular water oxidation catalyst was a Ru based complex [RuIII
2(μ-

O)(H2O)2(bpy)4]4+ (Figure 1.7 (a)), reported in 1982 and often referred to as the ‘blue dimer’ due to 

its distinctive blue colour. This complex can split water at low pH in presence of ceric ammonium 

nitrate as an oxidant and is comprised of a Ru dimer bridged by an oxo-group and stabilised by 

bipyridine ligands and water molecules.227, 228 The turnover number (TON, maximum number of 

catalytic cycles occurred per catalyst site) and turnover frequency (TOF) for this complex were 

found to be 13.2 and 4.2 X 10-3 s-1 respectively for chemically assisted water oxidation. Structural, 

kinetic and computational studies reveal that the OER occurs via four proton coupled electron 

transfer steps that facilitate the formation of RuV,V intermediate which is attacked by an additional 

H2O molecule generating hydroperoxide species which is subsequently oxidised to O2 by the second 

Ru centre.229-242 Furthermore, phosphonate derivatives of this complex and a terpyridine analogue 

of this complex have also been investigated although their activity has been found to be inferior to 

that of the blue dimer.243-247  

Another dinuclear Ru complex [Ru2(OH2)2(bpp)(tpy)2]2+ (Hbpp = bis(2-pyridyl)pyrazole, tpy = 

2,2’:6’,2”-terpyridine) (Figure 1.7 (b)), has been reported to be a better catalyst than the blue dimer 

in acidic media with a TON and TOF of 18.6 and 1.4 X 10-2 s-1 respectively.248 This has been followed 

by a series of dinuclear Ru complexes that have also been found to be more active than the blue 

dimer in acidic media achieving turnover numbers as high as 3200 although the TOFs are relatively 

lower.249, 250 Another series of dinuclear Ru complexes and their corresponding tetranuclear 

analogues that are essentially dimer of dimers have also been reported. These systems have been 

found to be active for water oxidation in acidic conditions with some of them being more active 

than the blue dimer. The higher nuclearity of the tetranuclear complexes does not enhance the OER 

activity.251 The use of neutral ligands instead of anionic ligands on the other hand, has been found 

to decrease the overpotential required for the OER.252, 253  

In addition to dinuclear Ru complexes, mononuclear complexes have also been shown to be quite 

active for water oxidation. The first series of these complexes comprised of tridentate polypyridyl 

type ligand, 2,6-di(1,8-naphthyridin-2-yl)pyridine, with uncoordinated napthyrine nitrogen atoms 

and an example of these is trans-[Ru(L)(4-Methyl-pyridine)2(H2O)]2+ (L=4-tert-Butyl-2,6-di([1',8']-

naphthyrid-2'-yl)pyridine) (Figure 1.7 (c)). The water molecule bound to the Ru centre is further 

involved in hydrogen bonding with the free N-donors and this complex can catalyse water oxidation 

achieving a TON and TOF of 580 and 3.5 X 10-4 s-1.249 Synthesis of similar complexes with modified 

ligand backbones has shown that complexes with ligands that tend to stabilise Ru(III) show higher 

catalytic activity but lower TONs.254 Mechanistic studies confirm that for these systems, water 

oxidation occurs via single-site catalysis.255 Using analogues of 2,2’-bipyridine and 2,2’:6’,2’’-

terpyridine type ligands, further insight into the dependence of catalytic activity on the electronic 
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structure has been obtained. The presence of electron withdrawing group was shown to decrease 

the catalytic activity but increase TONs and hence the stability, and the effects were found to be 

more pronounced when the bipyridine ligand was modified.256 

 

Figure 1.7: (a) Structure of [RuIII
2(μ-O)(H2O)2(bpy)4]4+,44, 227 (b) [Ru2(OH2)2(bpp)(tpy)2]2+,44, 248 (c) 

trans-[Ru(L)(4-Methyl-pyridine)2(H2O)]2+ 249 and (d) [{Ru4O4(OH)2(H2O)4}(γ‐SiW10 O36)2]10−.226, 257 

Colour scheme: Ru (indigo), Si (turquoise), O (red), N (blue) and C (black). W octahedra are shown 

in green. 

As the organic ligands can potentially decompose under the harsh OER conditions, Ru complexes 

stabilised by polyoxometalates have also been reported for homogeneous water oxidation.257-263 

Among these, [{Ru4O4(OH)2(H2O)4}(γ‐SiW10O36)2]10− (Figure 1.7 (d)), has been found to be the most 

active achieving TON of 500 and TOF > 450 hour-1 under chemical oxidation conditions using ceric 

ammonium nitrate at pH = 0.6.258 This complex has also been attached to conductive surfaces by 

immobilising it on carbon based materials bound to the surfaces and has been found to show OER 

activity in neutral pH solutions above ηonset = 300-350 mV depending upon the carbon material 

used.264-266 

Mononuclear Ir complexes with N-donor based ligands and pentamethylcyclopentadienyl ligands 

(Cp*) have been extensively investigated for catalysing the OER267-271 although decomposition to Ir 

based oxide nanoparticles has been observed with some complexes.272 This is especially highlighted 

in the case of Ir complexes with Cp* and functionalised 2,2’-bipyridine ligands where Ir hydroxide 

nanoparticles were observed particularly in case of the –OH functionalised complexes.273, 274 The 

decomposition of these complexes to oxide nanoparticles makes it challenging to identify the true 

catalyst.  
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1.6.2.2 Co based molecular catalysts 

A few mononuclear Co complexes stabilised by pthalocyanine,275 corrole276, 277 porphyrin278, 279 and 

other polydentate N-donor based ligands280 have been found to be active for water oxidation. The 

pthalocyanine complex has been found to be active in basic media (pH = 11) under photocatalytic 

conditions (using a bias potential of 0.3 V) 275 while the corrole complexes have been studied at 

neutral pH under electrochemical conditions for OER activity (ηonset > 530277/600276 mV). The 

porphyrin based complexes have been identified as active catalyst under both photochemical (pH 

= 11, TOF = 0.17 s-1)279 and electrochemical conditions (pH = 7, ηonset ~ 1 V) 278 although 

decomposition of such systems to form the corresponding oxide species has also been reported.281 

Furthermore, dinuclear complexes structurally similar to the Ru systems have also been synthesised 

and demonstrated to be active for electrochemical water oxidation in acidic media (pH = 2.1) ηonset 

> 735 mV.282 Other dinuclear complexes active for electrochemical water oxidation in basic media 

have also been investigated.283 Additionally, Co based polyoxometalates have been investigated for 

their water oxidation properties in the recent years.284-293 Essentially, a {Co4}284, 287, 292 and a {Co9}285, 

286, 288-293 moiety sandwiched between polyoxometalate units have been employed (Figure 1.8 (a) 

and (b)) for this purpose and the latter has been shown to be exhibit activity similar to that of IrO2 

in acidic media (1 mA cm-2 at η = 189 mV).290 

 

Figure 1.8: Representation of the (a) {Co4} and (b) {Co9} units of the Co based 

polyoxometalates.285 Co is shown in pink and O is shown in red. The grey polyhedra represent the 

{WO6} units and the black polyhedra represent the {PO4} unit. 
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1.6.2.3 Fe based molecular catalysts 

Fe based complexes capable of oxidising water are rare and it was only in 2010 that the first such 

complex was reported. This complex comprises of a macrocyclic tetraamido that encapsulates a Fe 

centre which is bound to a water perpendicular to the plane of the tetraamido ligand (Figure 1.9 

(a)) and it can catalyse water oxidation in acidic media using chemical oxidants (ceric ammonium 

nitrate). A series of such complexes was made by changing the functional groups at the periphery 

of the tetraamido group and the complex shown in Figure 1.9 (a) was found to be the most active 

oxidising water with TOFs > 1.3 s-1.294, 295 This report was followed by another series of mononuclear 

Fe complexes with tetradentate and pentadentate ligands that show OER activity in acidic media 

under chemical oxidation conditions reaching TONs > 1000 and TOFs > 800 h-1.296 With polydentate 

N-donor based ligands, other mononuclear Fe complexes have also been reported to be active for 

water oxidation.297-299 It has been observed that for this type of complexes, water oxidation is 

derived from the molecular species at lower pH while at higher pH the Fe oxide nanoparticles are 

responsible for the OER activity.300 A dinuclear Fe complex comprising of Fe centres bridged by an 

oxo-group and further stabilised by pentadentate N-donor based ligand has also been reported as 

a homogeneous water oxidation catalyst under electrochemical conditions (ηonset = 300-400 mV).301 

A highly active pentanuclear Fe complex stabilised by tetradentate N-donor groups (Figure 1.9 (b)) 

has also been reported that is active in the pH range of 2-9 (TOF > 1900 sec-1) albeit at high 

overpotentials of 500-900 mV.302 It has been observed that for this complex, the introduction of 

electron donating groups leads to a decrease in the onset overpotential.303  

 

Figure 1.9: Core structure of (a) the first Fe based water oxidation catalyst294, 295 and (b) the 

pentanuclear Fe catalyst.302 Colour scheme: Fe (dark red), Cl (green), F (rose), O (red), N (blue) and 

C (black). 
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1.6.2.4 Ni and Cu based molecular catalysts 

All reported Ni water oxidation complexes are mononuclear and based on polydentate nitrogen 

ligands304-313 and except for two complexes which achieve water oxidation at ηonset ~180 mV (pH = 

7),304, 305 the overpotential to achieve water oxidation in each case is quite high (ηonset = 450-750 

mV). 

Cu complexes of varying nuclearity have been reported for being active for OER.314 Salts of 

[Cu(OH)2(2,2’-bipyridine)]2
2+ have been shown to be active for water oxidation in basic media with 

high a TOF of 100 s-1 although the overpotential required is also quite high (750 mV).315 

Incorporating the bipyridine group into a peptoid type ligand also allows the formation of a similar 

complex and the catalytic properties are not affected much by such a change (overpotential of 800 

mV at pH 11.5).316 In slightly basic media (pH 8), a mononuclear Cu complex stabilised by [Cu(N,N‐

bis(2‐(2‐pyridyl)ethyl)pyridine‐2,6‐dicarboxamidate)] (Figure 1.10 (a)) has been shown to be an 

active catalyst although the overpotential is still quite high (~650 mV).317 Cu based porphyrin 

complex have been shown to be active for water oxidation at relatively low overpotentials in 

alkaline (350 mV for 1 mA cm-2 and 450 mV for 10 mA cm-2)318 and neutral media (310 mV for 0.1 

mA cm-2).319 Other mononuclear Cu complexes with polydentate N-donor based ligand have also 

been shown to be active for water oxidation.320, 321 Two structurally similar trinuclear complex 

stabilised by 6-pyridinecarboxylate groups and phosphonate groups have also been reported for 

water oxidation at neutral pH at ηonset ~800 mV.322 A tetranuclear cubane type Cu complex 

[Cu4(pyridine-2,6-dimethoxy)4(acetate)2]2+, with a {Cu4O4} core has also been described (Figure 1.10 

(b)). The Cu centres are coordinated to acetate and pyridine-2,6-dimethanol groups and can 

catalyse water oxidation at ηonset ~400-665 mV in basic media.322 

 

Figure 1.10: Structure of (a) [Cu(N,N‐bis(2‐(2‐pyridyl)ethyl)pyridine‐2,6‐dicarboxamidate)]317 and 

(b) [Cu4(pyridine-2,6-dimethoxy)4(acetate)2]2+.322 Colour scheme: Cu (turquoise), O (red), N (blue) 

and C (black).  
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1.7 Magnetism 

The magnetic properties of materials arise from the inherent nature of the electron and how the 

electrons interact with each other and with the external environment. An electron is a moving 

charged particle with an associated spin and orbital angular momentum due to which it produces 

a magnetic field (magnetic moment).323 If there are two electrons present, then they can spin either 

parallel or anti-parallel to each other. If they align parallel to each other in presence of a magnetic 

field, they are attracted by the magnetic field giving rise to what is referred to as paramagnetism. 

If the electrons spin anti-parallel to each other, they tend to weakly repel the applied magnetic field 

and this phenomenon is known as diamagnetism. Paramagnetic materials therefore, possess 

unpaired electrons which is not the case for diamagnetic materials. Paramagnetic materials can be 

further divided into different categories depending upon how the spins on the constituent units of 

the material interact with each other (Figure 1.11). The parallel or anti-parallel alignment of spins 

gives rise to ferromagnetism and antiferromagnetism respectively. Ferrimagnetism is a special case 

of antiferromagnetism where there is a net magnetic moment due to unequal magnitude of the 

individual magnetic moment of the interacting units.324 

 

Figure 1.11: Different categories of paramagnetism.324 

To investigate the magnetic properties of a material, its response to an external magnetic field is 

determined. In the presence of a homogeneous magnetic field H, one mole of the material under 

consideration gets magnetised and acquires a molar magnetisation or molar magnetic moment M 

which is related to H as:325 

𝜕𝑀

𝜕𝐻
= 𝜒 

(1.1) 

 Where 𝜒 is the molar magnetic susceptibility. 𝜒 is comprised of two components – the diamagnetic 

component 𝜒𝐷, which is negative, and the paramagnetic component 𝜒𝑃, which is positive – and is 

related to them as:  

𝜒 = 𝜒𝐷 + 𝜒𝑃 (1.2) 

𝜒𝑃 is independent of the applied field but varies with temperature while 𝜒𝐷 is independent of both. 

𝜒  is a measurable quantity and is generally determined using a superconducting quantum 
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interference device (SQUID) magnetometer in which the movement of the sample induces a current 

which is measured and then related to the magnetic susceptibility of the material. 

Once 𝜒 is determined, it can be used to investigate the electronic structure of the material. For this 

purpose, the diamagnetic part (𝜒𝐷) is subtracted from 𝜒 to determine 𝜒𝑃(denoted as 𝜒 from here 

on). Using the Boltzmann distribution law and noting that the magnetisation is related to the 

variation of the energy with the applied field, the magnetisation can be described as:325 

𝑀 =
𝑁∑ (−

𝜕𝐸𝑛
𝜕𝐻
)exp(−

𝐸𝑛
𝑘𝑇
)𝑛

∑ exp(−
𝐸𝑛
𝑘𝑇
)𝑛

 (1.3) 

Where N is the Avogadro number, 𝐸𝑛 is the energy of the nth energy level among the various MS 

states where MS is the magnetic quantum number, n is the number of MS states in the system, T is 

the temperature and k is the Boltzmann constant (= 0.69504 cm-1K-1). Using equations 1.1 and 1.3 

and simplifying gives the following description of 𝜒: 

𝜒 = 𝑁𝑘𝑇(
𝜕2 ln 𝑍

𝜕𝐻2
) (1.4) 

where 𝑍 = ∑ exp(−
𝐸𝑛

𝑘𝑇
)𝑛 . Since this equation requires a knowledge of all 𝐸𝑛 energy levels and all 

𝜕𝐸𝑛

𝜕𝐻
 derivatives, it has no practical use. Van Vleck proposed a simplification to the above equation 

using the approximation 
𝐻

𝑘𝑇
≪ 1 in which case 𝜒 can be given as:325, 326  

𝜒 =
𝑁∑ (

𝐸𝑛
(1)2

𝑘𝑇
− 2𝐸𝑛

(2)
)exp(−

𝐸𝑛
(0)

𝑘𝑇
)𝑛

∑ exp(−
𝐸𝑛
(0)

𝑘𝑇
)𝑛

 (1.5) 

Where 𝐸𝑛
(𝑥) is the xth derivative of the energy level 𝐸𝑛 with respect to the magnetic field H. The 

above formula is known as the Van Vleck formula. Using this formula, the electronic picture can be 

related to the molar magnetic susceptibility of the material.  

The observed magnetic properties are a collective representation of different effects which further 

depend upon the nuclearity of the system under investigation. It must be noted that in this 

discussion, the nuclearity is defined as the number of paramagnetic centres in a molecule. For 

mononuclear complexes, the contributing effects in the decreasing order of their strength are 

interelectronic repulsion in the valence shell, ligand field effects, spin-orbit coupling and the 

Zeeman effect. The first two effects are mainly related to how the electrons interact with each 

other in presence of a ligand field and these effects can be of similar magnitudes. The presence of 

spin and orbital angular momentum of electrons gives rise to a total angular momentum which also 

influences the magnetic properties of the material. Whenever a material has more than one 

unpaired electrons (i.e., the multiplicity S > ½), the combined effects of ligand field and spin-orbit 

coupling can partly remove the degeneracy of the states denoted by the magnetic quantum number 

Ms. Such a removal can occur even in the absence of a magnetic field which is why this phenomenon 
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is known as zero-field splitting.327 Zero-field splitting gives rise to anisotropy in the system which is 

quite important for the study of single molecule magnetism.328-332 The Zeeman effect essentially 

takes into account the variation of the magnetic properties with the magnetic field and is the 

smallest of all the effects.327 

In polynuclear complexes, the paramagnetic centres interact with each other which also affects the 

magnetic behaviour of the material and this interaction is known as the exchange interaction. This 

interaction tends to align the spins parallel (ferromagnetic coupling) or anti-parallel 

(antiferromagnetic coupling) to each other and its strength is generally denoted by the exchange 

coupling constant 𝐽. For two centres with one unpaired electron each, 𝐽 essentially represents the 

difference in the energy between the singlet and the triplet state. The stabilisation of the singlet 

state leads to antiferromagnetic coupling while stabilising the triplet state results in ferromagnetic 

coupling.333 

The exchange coupling can be facilitated by the direct interaction of orbitals of the paramagnetic 

centres or by the orbitals of the diamagnetic ligand bridging the paramagnetic centres. In the 

former case, the coupling interaction is said to be facilitated by ‘direct-exchange’ while in the latter 

case, it occurs via what is known as ‘superexchange’. In case of direct-exchange, the strength of 

coupling is dependent upon the extent of overlap and the nature of coupling depends upon the 

interelectronic repulsion and the exchange energy which tend to stabilise the singlet and triplet 

state respectively. In the case of superexchange the same principles apply but the coupling is via a 

bridge and hence, the coupling strength depends upon the strength of the bonds between the 

ligand and the paramagnetic centres. The strength of the superexchange also depends upon the 

ionicity of these bonds and decreases with the increase in the ionic nature of the bonds.325, 327, 333, 

334 

 

1.7.1 Single molecule magnetism 

Magnetic properties can be used for a variety of applications like magnetic refrigeration,335-337 data 

storage338 and medical uses (like magnetic resonance imaging).339 These applications are a result of 

various phenomena like magnetic cooling,335-337 magnetoresistance340, 341 and single molecule 

magnetism328-332 that arise from the combination of the various electronic effects, most importantly 

the zero-field splitting and the exchange coupling, outlined in the previous section. Among these 

phenomena, single molecule magnetism has attracted a lot of interest owing to its potential use in 

numerous fields like high density data storage, quantum computing and spintronics.342-347 Single 

molecule magnets (SMMs) are, as the name suggests, materials where each molecule is a magnet 

by itself. For a molecule to function as an SMM, it must display slow magnetisation relaxation. 

SMMs display such a behaviour below a characteristic blocking temperature TB, which is generally 

quite low and the record TB has recently been pushed to liquid N2 temperatures.348-350 Below TB, 
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SMMs are magnetically bi-stable and exhibit an energy barrier (referred to as Ueff) to spin reversal 

from +MS to –MS. The nature of this energy barrier depends upon two factors – the zero-field 

splitting parameter that depends upon the structure of the complex, and the square of the number 

of unpaired electrons in the ground state, although the latter dependence has recently been argued 

to be not true.351-353 

Considering the supposed dependence of Ueff on the multiplicity of the ground spin state, Mn serves 

as the ideal candidate among the 3d metals for SMM materials since it has the highest number of 

unpaired electrons. The past few decades have consequently witnessed immense development in 

the field of Mn based coordination complexes338, 354-356 and the key Mn based homometallic 

complexes displaying SMM properties are summarised in Table 1.1. The first reported SMM, was a 

Mn based polynuclear complex, [Mn12O12(O2CR)16(H2O)4]357 (Figure 1.12 (a)) and since this complex 

is easy to synthesise, it has served as a playground to understand the effects of structural and 

electronic modifications on the SMM behaviour.338, 358-361  

 

Figure 1.12: Core structure of (a) [Mn12O12(O2CR)16(H2O)4],357 (b) ([Mn84O72(CH3CO2)78 

(CH3O)24(CH3OH)12(H2O)42(OH)6]362 and (c) [Mn19O8(N3)8(HL)12(CH3CN)6]2+.363 Colour scheme: MnII 

(teal), MnIII (deep blue), MnIV (light blue), V (turquoise), N (blue), O (red) and C (black). 

To increase the multiplicity of the ground spin state, there has also been a drive to increase the 

nuclearity of the complexes364 and Mn complexes with nuclearity as high as 84 
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([Mn84O72(CH3CO2)78(CH3O)24(CH3OH)12(H2O)42(OH)6], Figure 1.12 (b)) have been reported.362 

Unfortunately, increasing the nuclearity is not sufficient and to stabilise high spin ground states the 

coupling between the metal centres must also be tuned such that the metal centres are 

ferromagnetically coupled. A large number of Mn complexes with high spin ground states have 

been reported363, 365-368 and for a long time the record for the highest spin ground state among 3d 

transition metal complexes was held by the complex [Mn19O8(N3)8(HL)12(CH3CN)6]2+ (H3L=2,6-

bis(hydroxymethyl)-4-methylphenol)  (Figure 1.12 (c)). This complex has a ground spin state of S = 

81/2 and all the Mn centres are ferromagnetically coupled, however this complex does not exhibit 

SMM behaviour.363 This complex has recently been surpassed by a {Fe42} complex which has a 

ground spin state S = 90/2.369 

Table 1.1: Compilation of some of the key Mn coordination complexes displaying SMM behaviour.  

Chemical Formula Sground state Ueff (K) TB (K) 

[Mn6(O)2(5-Me-salox)6(C6H5CH(OH)CO2)2(CH3CH2OH)6]370 2 35 < 3 
[Mn12O4(salox)12(N3)4(CH3OH)6(H2O)2]371 4 70 < 2.5 
[Mn6O2(H2N-sao)6(C6H5CO2)2(EtOH)4(H2O)2]372 4 24/86a < 1.8 
[Mn4(O)3(Cl)(OAc)3{N(iPr2PO)2}3]373 9/2 14 < 1.2 
[Mn30O24(OH)8((CH3)3CCH2CO2)32(H2O)2(CH3NO2)4]374 5 15 < 3 
[Mn12O7(OH)2(CH3O)2(dmhmp)4(C6H5CO2)11(H2O)]375 11/2 9 < 1.9 
[Mn84O72(OAc)78(CH3O)24(CH3OH)12(H2O)42(OH)6] 362 6 18 < 1.5 
[Mn3O(Et3-sao)3(ClO4)(NH3)3]376 6 47 <1.8 
[Mn3O(Et-sao)3(ClO4)(CH3OH)3]377 6 58 <5 
[Mn12O7(OH)(OMe)2(O2CPh)12(dmhmp)4(H2O)]378 13/2 11 < 3 
[Mn12O4(OH)2(C6H5COO)12(thme)4(py)2]379 7 18 < 3 
[Mn12O8Cl4(C6H5CO2)8(hmp)6]380 7 21/20a < 4 
[Mn16O8(OH)2(C6H5CO2)12(hmp)10(H2O)2]( C6H5CO2)2

381 8 8.1 < 1.8 
[Mn12(O)4(salox)12(N3)4(MeOH)4(H2O)2]382 8 51 < 4 
[Mn21O14(OH)2(OAc)16(hmp)8(pic)2(py)(H2O)](ClO4)4

383 17/2 13 < 2.5 
[Mn15O8Cl2(CH3O)4(CH3OH)2((CH3)3CPO3H)2((CH3)3CPO3)10]384 17/2 17 < 4 
[Mn17NaO10(OH)2(N3)3(CH3)3CCO2)13(tea)3(teaH)(DMF)]385 17/2 19 < 3 
[Mn9O7(OAc)11(thme)(py)3(H2O)2]386, 387 17/2 30 < 4 
[Mn4(hmp)6Br2(H2O)2]Br2

388 9 16 < 2 
[Mn4(OAc)2(pdmH)6](ClO4)2

389 9 17 < 2 
[Mn12O12(O2CCHCl2)16(H2O)4]z− (z = 0–3)338, 360, 361 19/2 – 10 25-65  < 2-8 
[Mn22O6(CH3O)14(OAc)16(tmp)8(HIm)2]390 10 14 < 3 
[Mn12O12(OAc)16(H2O)4]357 10 60 < 4 
[Mn12O12(OAc)8((C6H5)2PO2)8(H2O)4]359 10 60 < 3 
[Mn18O11(OH)(OMe)(N3)12(tea)3(teaH)3(MeOH)]385 21/2 8.8 < 3 
[Mn6O2(H2N-sao)6(C6H5CO2)2(EtOH)6]372 11 68/86a < 2 
[Mn6O2(Et-sao)6(O2C11H15)2(CH3CH2OH)6]391 12 80 < 6 
[Mn25O18(OH)2(N3)12(pdm)6(pdmH)6](Cl)2

367 51/2 12 < 0.6 
[Mn25O18(OH)(CH3O)(hmp)6(pdm)6(pdmH)6](N3)2(ClO4)6

368 61/2 16 < 1 

avariation is due to degree of solvation. (5-Me-salox = 5-methyl-salicylaldoxime, salox = salicylaldoxime, H2N-

sao = salicylamidoxime, OAc = CH3CO2
-, N(iPr2PO)2 = bis(diisopropylphosphinyl)imide, dmhmpH = 

dimethylhydroxy methylpyridine, Et-sao = 2’-hydroxypropiophenone oxime, H3thme = 1,1,1-

tris(hydroxymethyl)ethane, py = pyridine, hmpH = 2-(hydroxymethyl)pyridine, picH = pyridine-2-carboxylic 

acid, teaH3 = triethanolamine, DMF = dimethyl- formamide, pdmH2 = 2,6‐pyridine-dimethanol, H3tmp = 1,1,1-

tris(hydroxymethyl)propane, HIm = imidazole) 
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Table 1.1 clearly highlights that higher nuclearity or spin ground state do not necessarily result in 

higher Ueff which is consistent with recent arguments about the dependence of Ueff on the ground 

state spin multiplicity.351-353 Understanding that the increase in the nuclearity does not necessarily 

enhance the SMM properties of the system, the field has steadily started moving towards the 

development of mononuclear complexes.331, 346 These mononuclear complexes are generally 

classified as single ion magnets (SIMs) instead of SMMs. Dy based SIMs have significantly advanced 

the field by pushing TB to 80 K.348-350 Compared to lanthanide based SIMs, the chemistry of 3d metals 

based SIMs is still in its infancy but is growing at a rapid rate.346  

 

1.8 Water Oxidation and Magnetism – Are They Related?  

The effect of the electron donating and electron withdrawing ligands on the OER activity of 

molecular catalysts has been investigated for numerous molecular water oxidation catalyst and the 

insights gained are described in the previous section. The effect of the electronic structure on the 

OER activity however, especially for polynuclear metal complexes and metal oxides, has largely 

been neglected. Since two (diamagnetic) water molecules are needed during the OER to produce 

O2 which is paramagnetic, how the spins on the interacting metal centres and the water molecules 

are aligned can potentially affect the kinetics of the reaction. It has been observed that the 

antiferromagnetic coupling between the Mn centres is more favourable for the formation of the O-

O σ bond while ferromagnetic coupling is more favourable for the formation of the O-O π bond. 

The nature of coupling between metal centres thus affects the kinetic barrier to bond 

formation/cleavage.392 The kinetics of this reaction can therefore be modified if one can have 

antiferromagnetically coupled metal centres for the formation of O-O σ bond which can switch to 

being ferromagnetically coupled for the formation of the O-O π bond. Additionally, it has been 

observed that the ground spin state of the OEC varies with the S state393-399 which suggests that the 

efficiency of the OEC can in part be attributed to how it tackles this spin conservation problem.67, 

68, 400  

In addition to the enhancing effects of spin conservation in the OEC, similar results have been 

observed in artificial systems too. The positive effects of spin polarisation induced by chiral 

molecules have been demonstrated for TiO2 photoanodes which on coating with chiral molecules 

showed a significant decrease in the overpotential required for H2 production. The chiral molecules 

have been suggested to act as spin filters which aid in reducing the overpotential.401 In presence of 

chiral molecules, Fe3O4 nanoparticles have been found to perform better than TiO2 photoanodes 

achieving a high current density of 10 mA cm-2 albeit still at high overpotentials (> 550 mV).402 It has 

also been observed that the presence of chiral molecules can aid the reduction of formation of H2O2 

which is a side product generated during the OER.402, 403 These observations are consistent with 

theoretical works which also highlight the importance of spin control.404-407  
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Co oxide nanosheets have recently been shown to be more active than the bulk material and the 

enhancement in activity has been attributed to a transition from the low spin to the high spin state 

for Co ions occupying the edge sites.408 Furthermore, the application of magnetic field to a highly 

magnetic material (NiZnFe4Ox) has been demonstrated to enhance its OER activity by > 100%.409 

Tuning the magnetic environment, or more specifically, the exchange coupling between the metal 

centres can thus provide a way to enhance the efficiency of the OER. 

 

1.9 Aims and Thesis Outline 

The key conclusions that can be drawn from the above discussion are as follows: 

1. The OER is quite hard to achieve and forms the bottleneck for the overall water splitting 

reaction and hence the development of the hydrogen economy. 

2. Numerous pathways are available that have the potential to tackle this problem. Among 

these, the one employed by Nature involves the use of a Mn based mixed-metal molecular 

complex. 

3. There is an urgent need to develop strategies to improve the stability of the catalysts.  

4. In addition to the structural characteristics of the catalyst, the magnetic properties of the 

material under consideration can significantly impact the catalytic activity again 

exemplifying the complexity of the problem. 

5. Besides influencing the OER activity, the magnetic properties also lead to a plethora of 

other applications like magnetic refrigeration, data storage and magnetic resonance 

imaging. 

 

This work aims towards exploring the OER problem from both the structural and the electronic 

perspective. The path adopted in this work is inspired by Nature and hence focusses on Mn based 

coordination complexes – their synthesis, magnetic properties and electrochemical behaviour. The 

key aims of this work include:  

1. Development of a synthetic strategy to synthesise novel high nuclearity Mn coordination 

complexes. 

2. Structural characterisation of the synthesised Mn complexes. 

3. Employing the developed synthetic strategy for the synthesis and structural 

characterisation of Mn based mixed-metal coordination complexes for capturing key 

structural characteristics of the OEC. 

4. Computational methodology development for investigating the electronic structure and 

understanding the magnetic properties of materials. 

5. Investigation of the OER activity of selected Mn complexes. 
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The first part of this thesis focusses on the experimental and computational strategy employed to 

synthesise novel complexes and develop an understanding of their electronic structure. In chapter 

2, the basic principles of quantum chemistry are introduced which is followed by a description of 

Hartree-Fock theory, Density functional theory (DFT), DFT+U and hybrid DFT. Furthermore, the 

description and analysis of the wavefunction and a brief description of how the magnetic properties 

are evaluated are discussed which is followed by a description of the computational methodology 

adopted in this work. In chapter 3 the development of the synthetic strategy employed in this work 

is described. We have investigated the use of phosphonate and carboxylate based ligands for the 

synthesis of novel high nuclearity Mn complexes. 

In the second part of this thesis, the magnetic properties of high nuclearity Mn complexes are 

investigated. Not only do we determine the strength of exchange coupling between the Mn centre, 

we also describe a novel methodology that allows to study the nature of coupling via different 

pathways in cases where the Mn centres are coupled to each other via multiple bridges. 

Additionally, we provide evidence in support of the validity of the use of this methodology. This 

part of the work is described in chapters 4 and 5. 

In the third part of the thesis, we further illustrate the use of our synthetic strategy for the synthesis 

of novel polynuclear complexes that are stabilised by carboxylate and/or phosphonate groups. 

Additionally, we investigate the magnetic properties and the electrochemical behaviour of these 

complexes in aqueous media for electrocatalytic water oxidation. This part of the work is described 

in chapter 6-8.  

In the final part of this thesis, a summary of this work is provided and possible future work based 

on the results described here is considered. 

 



2 Computational Theory and Methodology 

Quantum chemistry primarily aims at understanding the interaction of the nucleus/nuclei and the 

electron(s) with each other and with the surrounding environment for the system under 

consideration. Such a system can be described using a wavefunction that contains all the 

information about it, and with the use of quantum mechanical operators, the properties of interest 

can be determined. This wavefunction can be determined by solving the Schrödinger wave 

equation410 but the wavefunction becomes increasingly complicated with the increasing size of the 

system and thus, obtaining analytical solutions are not possible for any classical or quantum three 

body system and beyond. Additionally, due to the associated charge, the electrons interact with 

each other and thus their movement is correlated which means that the movement of one electron 

affects the movement of all the others. This added complexity creates the need for approximations 

to obtain even a numerical solution. This chapter describes the Schrödinger wave equation and how 

the solutions to this equation are approximated. 

 

2.1 Schrödinger Wave Equation 

The Schrödinger wave equation in its time-independent form is given as: 

 �̂�𝜑 = 𝐸𝜑 (2.1) 

Here 𝜑 is the wavefunction describing the system under consideration, E is the energy and �̂�, 

known as the Hamiltonian operator, is the sum of kinetic and potential energy operators, is given 

as:  

 �̂� = 𝑇𝑒 +𝑇𝑁 +𝑉𝑁−𝑁 +𝑉𝑒−𝑒 +𝑉𝑒−𝑁 (2.2) 

Here the first two terms represent the kinetic energy of the electrons (𝑇𝑒) and the nuclei (𝑇𝑁) while 

the other three terms represent the coulombic repulsion between nuclei and between electrons, 

and the coulombic attraction between electrons and nuclei. The concise form of �̂� (in atomic units) 

is given as:  

 
�̂� = −

1

2
∑

1

𝑚𝑖
∇2 + 𝑉

𝑖

 (2.3) 

Here 𝑚𝑖 is the mass of the particle𝑖, ∇2 is the laplacian operator (∇𝑖
2=

𝜕2

𝜕𝑥𝑖
2 +

𝜕2

𝜕𝑦𝑖
2 +

𝜕2

𝜕𝑧𝑖
2) and 𝑉 is 

the potential energy operator of the system.  

The Schrödinger wave equation is thus, a partial differential eigenvalue equation where the 

Hamiltonian operates on the wavefunction to return the energy of the system and the 

wavefunction. The wavefunction itself has no physical meaning as it is not an observable, but the 

squared modulus of the wavefunction gives the probability of finding the electrons. This deceivingly 

simple equation can be exactly solved only for systems with only two independent particles like 

He+ , Li2+  and H2
+  (by the H-H distance fixed) and hence, approximations need to be made. 
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Additionally, the wavefunction describing the system that is required to solve the Schrödinger wave 

equation is also unknown and has to be approximated. The following sections describe methods 

employed for determining the wavefunction and approximations made to the Hamiltonian.  

 

2.2 Variational Principle 

The wavefunction contains all information about the system under consideration but 

unfortunately, there is no direct way to obtain the ground state wavefunction. We can try to guess 

the wavefunction but we also need a way to ascertain that the guessed wavefunction corresponds 

to the ground state. This can be achieved by using the variational principle according to which the 

expectation value 𝐸 of the Hamiltonian �̂� for any given wavefunction 𝜑 cannot be lower than that 

obtained using the true wavefunction 𝜑0, i.e.: 

 ⟨𝜑|�̂�|𝜑⟩ = 𝐸 ≥ 𝐸0 = ⟨𝜑0|�̂�|𝜑0⟩  (2.4) 

Thus, any trial wavefunction will correspond to higher energy than that of the true ground state. 

We can, therefore, systematically modify the trial wavefunction until the lowest energy is obtained. 

 

2.3 Born-Oppenheimer Approximation 

One of the approximations made to the Schrödinger wave equation is the Born-Oppenheimer 

approximation.411 The nuclei, being much heavier than the electrons, move slowly compared to the 

electrons and thus, the electrons are always at the lowest energy configuration for the given atomic 

arrangement. It is therefore reasonable to treat nuclei as stationary objects. This approximation 

implies that for a fixed set of atomic coordinates the kinetic energy of the nuclei (𝑇𝑁 ) can be 

neglected while the internuclear coulombic interaction (𝑉𝑁−𝑁) can be considered to be constant. 

Therefore, equation 2.2, under this approximation, changes to:  

 �̂� = 𝑇𝑒 +𝑉𝑒−𝑁 +𝑉𝑒−𝑒 (2.5) 

The internuclear repulsion term, 𝑉𝑁−𝑁 , has also been completely neglected above since it will 

merely shift the total energy of the system by a constant value. It does get calculated however, for 

comparing the energy of different structural arrangements and optimising the geometric structure. 

The Hamiltonian in equation 2.5 is also known as the electronic Hamiltonian the first term of which 

can explicitly be represented (in atomic units) as: 

 
𝑇𝑒 =−

1

2
∑∇𝑖

2

𝑁

𝑖=1

 (2.6) 

where the summation is over the N electrons. The coulombic attraction between nuclei and 

electrons (𝑉𝑒−𝑁) is given as:  

 
𝑉𝑒−𝑁 = −∑∑

𝑍𝐴
𝑟𝑖𝐴

𝑀

𝐴=1

𝑁

𝑖=1

 (2.7) 
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where 𝑍𝐴  is the mass of the 𝐴𝑡ℎ  nuclei and 𝑟𝑖𝐴  is the distance of the 𝑖𝑡ℎ  electron from the 𝐴𝑡ℎ 

nuclei. The interelectronic repulsion is formally described as:  

 
𝑉𝑒−𝑒 =∑∑

1

𝑟𝑖𝑗

𝑁

𝑗>𝑖

𝑁

𝑖=1

 (2.8) 

Since the movement of electrons is correlated, the calculation of the exact interelectronic repulsion 

is not possible and thus has to be approximated. The two key theories to employed for this purpose 

are the Hartree-Fock theory and the density functional theory and these are described in the 

discussion that follows. 

 

2.4 The Hartree Model and Hartree-Fock Theory 

The Hartree model412 condenses the multielectron problem to a single electron problem. This is 

achieved by transforming the wavefunction into a collection of one-electron orbitals the 

Hamiltonian for which is given as follows: 

 
�̂� = ∑ℎ̂𝑖

𝑁

𝑖=1

 (2.9) 

In this model, the electron-electron repulsion is completely ignored and the one-electron 

Hamiltonian can therefore be presented as: 

 
ℎ̂𝑖 =−

1

2
𝛻𝑖
2 −∑

𝑍𝐴
𝑟𝑖𝐴

𝑀

𝐴=1

 (2.10) 

The total wavefunction 𝜑, in this case, is defined as the product of the one-electron orbitals 𝜒𝑖  

(Hartree product):  

 
𝜑 = ∏𝜒𝑖

𝑁

𝑖=1

 (2.11) 

The total energy of the system can thus be given as: 

 
𝐸 = ⟨φ|Ĥ|φ⟩ =∑⟨χi|hî|χi⟩

N

i=1

=∑ εi

N

i=1

 (2.12) 

In this approach, the interelectronic repulsion has been completely neglected so far. Hartree 

proposed a way to include it using a self-consistent field (SCF) model (often referred to as the 

Hartree SCF model)413-415 where each electron is assumed to move in a field created by the nuclei 

and all the other electrons. The Hartree SCF approach begins with a trial wavefunction. The 

Schrödinger wave equation is then solved with this guess wavefunction which leads to a set of 

energies for different orbitals and a new wavefunction. The new wavefunction obtained is then 

used as the guess for solving the Schrödinger wave equation and the procedure is repeated until 

the wavefunction converges.  
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Molecular systems modelled with the Hartree SCF approach tend to fall apart and thus it is still not 

applicable to real systems. This is because the wavefunction used does not satisfy Pauli’s exclusion 

principle according to which the wavefunction should be antisymmetric, i.e. an interchange of any 

two electrons should result in the wavefunction changing its sign.412 This issue was realized by 

Fock416 who proposed the use of determinants based on the work of Slater417 to overcome this. For 

an N-electron system, the N one-electron orbitals are arranged in a determinant in such a way that 

allows each electron to occupy any of the N orbitals and thus restoring the electrons 

indistinguishability. For example, the wavefunction for a 2-electron system, with the electrons 

occupying the spin orbitals 𝜒1 and 𝜒2, can be given as:412 

𝜑 =
1

√2!
|
𝜒1(𝑥1) 𝜒2(𝑥1)
𝜒1(𝑥2) 𝜒2(𝑥2)

| = 
1

√2!
[𝜒1(𝑥1)𝜒2(𝑥2) − 𝜒1(𝑥2)𝜒2(𝑥1)] (2.13) 

where the pre-factor is the normalization factor.  

For an n-electron system with a wavefunction represented by a Slater determinant, the solution of 

the Schrödinger wave equation can be approximated using the Hamiltonian given by equation 2.10 

along with the interelectronic repulsion which can be included by using the following additional 

terms:412 

 
𝐽𝑖𝑗 =∬𝜒𝑖(𝑥1)𝜒𝑗

∗(𝑥2)
1

𝑟𝑖𝑗
𝜒𝑖(𝑥1)𝜒𝑗

∗(𝑥2)𝜕𝜏𝑖𝜕𝜏𝑗 (2.14) 

 
𝐾𝑖𝑗 =∬𝜒𝑖(𝑥1)𝜒𝑗

∗(𝑥2)
1

𝑟𝑖𝑗
𝜒𝑖(𝑥2)𝜒𝑗

∗(𝑥1)𝜕𝜏𝑖𝜕𝜏𝑗 (2.15) 

where 𝜒𝑖(𝑥1) represents the ith spin orbital containing electron 1. 𝐽𝑖𝑗 here is known as the Coulomb 

term and gives the electrostatic repulsion between the electrons in the orbitals i and j. 𝐾𝑖𝑗 is called 

the exchange term and is a direct result of the antisymmetry of the wavefunction. This term reflects 

the reduction in the repulsion as electrons possessing the same spin cannot occupy the same space 

and thus tend to avoid each other. Equations 2.10, 2.14 and 2.15 together with the use of Slater 

determinants constitute the Hartree-Fock (HF) model. Within the HF model, the total energy is 

given as:412  

 

𝐸𝑇𝑜𝑡𝑎𝑙 = 2∑ℎ̂𝑖

𝑁/2

𝑖=1

+∑∑(2𝐽𝑖𝑗 − 𝐾𝑖𝑗)

𝑁/2

𝑗=1

𝑁/2

𝑖=1

 (2.16) 

The HF model describes the electronic systems well but it suffers from a few limitations. First of all, 

the correlated motion of the electrons is not fully captured due to the use of an inadequate 

representation of the wavefunction. A single Slater determinant captures the instantaneous 

correlation of electrons only in an average manner because of which the tendency of the electrons 

to avoid each other is only partially described by the HF model. Electrons close to each other, thus, 

repel each other more than what they would in reality which also means that the energy of the 

system predicted by this model will be higher than the true energy. The same can be concluded 
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from the variational principle as well which states that only the true wavefunction for a system will 

give the lowest energy and since, in the HF model, the wavefunction used is an approximate one, 

the energy obtained using this model will be higher than the true energy. The difference between 

the true (non-relativistic) energy and that obtained from the HF model has been defined by Lowdin 

as the correlation energy.418  

As the electron correlation in the HF model is only partially included, it is ineffective for systems 

with significant electron delocalisation. There are many different schemes to recover the missing 

correlation and these are collectively termed as post-HF methods which include configuration 

interaction (CI) methods, multi-configurational SCF, Møller Plesset (MP) perturbation theory, 

quantum Monte Carlo method and coupled cluster method. Among these, the coupled cluster 

method is generally used for benchmarking purposes. All post-HF methods make use of multi-

determinant wavefunctions to take into account the missing correlation energy which makes them 

quite expensive even for small systems and their routine use is highly restricted. Unlike the HF 

model which scales as N4, the use of multi-determinant makes these methods formally scale as >= 

N5, where N is the size of the basis set.419 A solution to tackle the computational cost can be to 

compute the electron correlation in a completely different way instead of trying to recover the 

correlation by adding corrections to the HF model. This is achieved by density functional theory 

(DFT) which computes the electron correlation with little or no additional computational cost 

compared to the HF model. 

 

2.5 Density Functional Theory 

DFT, in principle, relates the energy of the system to its electron density unlike HF theory which 

relies on the wavefunction.420 DFT is based on the two theorems put forward by Hohenberg and 

Kohn421 which state that (a) the ground state energy of a many-body system can be uniquely 

defined by electron density and (b) the exact total energy of a system can be determined by 

applying the variational principle to the exact ground state density. This enables the description of 

any system using just 3 variables representing its electron density which is significantly 

advantageous over the use of the wavefunction which is defined using 3N variables for an N-particle 

system. The total energy of a system is a function of the electron density, [𝜌(𝑟)], and can be 

represented as: 

 
𝐸[𝜌(𝑟)] = ∫𝑉(𝑟)𝜌(𝑟)𝑑𝑟 + 𝐹[𝜌(𝑟)]𝑑𝑟 (2.17) 

The first term takes into account the nuclear-electron attraction while the second term, also known 

as the universal functional, takes into account the inter-electronic repulsion and the kinetic energy. 

The exact form of the latter is unknown which prevents one from obtaining the exact energy for 
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any system using this approach. One can, however, divide 𝐹[𝜌(𝑟)] into different interactions as 

follows:420 

 𝐹[𝜌(𝑟)] = 𝑇[𝜌(𝑟)] + 𝐽[𝜌(𝑟)] +𝐸𝑛𝑐[𝜌(𝑟)] (2.18) 

The first term in the above equation represents the kinetic energy. The second term denotes the 

inter-electronic interactions and the coulombic energy of the electrons moving in an external field. 

The third term in the non-classical electron-electron interaction which essentially takes into 

account the exchange and correlation energy. The issue with using the above equation for practical 

purpose is that only the coulombic term is known. The exact form of 𝐸𝑛𝑐 is completely unknown 

and the errors associated with the approximations that have been developed to calculate 𝑇 are 

significant. 

Kohn and Sham proposed the re-introduction of the wavefunction formalism to address the issues 

associated with DFT.422 In this scheme the kinetic energy 𝑇[𝜌(𝑟)] is split into the energy associated 

with the non-interacting electrons (𝑇𝑠) and a correction term due to electron-electron interactions 

(𝑇𝑐). The former can be calculated using the HF approach and the latter is included in the 𝐸𝑛𝑐 term. 

Equation 2.18 can thus be represented as:420 

 𝐹[𝜌(𝑟)] = 𝑇𝑠[𝜌(𝑟)] + 𝐽[𝜌(𝑟)] +𝐸𝑥𝑐[𝜌(𝑟)] (2.19) 

where 𝐸𝑥𝑐 is the sum of 𝐸𝑛𝑐 and 𝑇𝑐. Similar to HF theory, one can describe a system using one-

electron orbitals,𝜒𝑖 , although these orbitals are different from the one-electrons orbitals in HF 

theory in that these are related to the ground state electron density, 𝜌(𝑟), as:420 

 
𝜌(𝑟) = ∑|𝜒𝑖(𝑟)|

2

𝑁

𝑖=1

 (2.20) 

It must be noted at this stage that the advantage of DFT of only being dependent on the electron 

density is lost by introducing a wavefunction. Within the wavefunction formalism, the coulombic 

attraction between electrons and nuclei, 𝐸𝑁𝑒[𝜌𝑟], can be given as:420 

𝐸𝑁𝑒[𝜌𝑟] = −∑∑∫
𝑍𝐴
𝑟𝑖𝐴
|𝜒𝑖|

2𝑑𝑟

𝑀

𝐴=1

𝑁

𝑖=1

 (2.21) 

The kinetic energy of the non-interacting electrons can be exactly calculated as: 

 
𝑇𝑠[𝜌(𝑟)] = −

1

2
∑∫𝜒𝑖

∗(𝑟)𝛻2𝜒𝑖(𝑟)𝑑𝑟

𝑁

𝑖=1

 (2.22) 

The coulombic repulsion between electrons can be calculated as follows: 

𝐽[𝜌(𝑟)] =
1

2
∬
𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2 =

1

2
∑∑∬|𝜒𝑖|

2
1

𝑟12
|𝜒𝑖|

2𝑑𝑟1𝑑𝑟2

𝑁

𝑗=1

𝑁

𝑖=1

 (2.23) 

For a non-interacting system, one can now apply the variational principle to the one-particle 

equations to determine the exact ground state wavefunction and energy. If the true form of 
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𝐸𝑥𝑐[𝜌(𝑟)] is known, the energy of any system can be exactly determined. This makes it superior to 

HF theory because compared to HF theory which only accounts for the exchange effects, all 

exchange and correlation effects are included in 𝐸𝑥𝑐[𝜌(𝑟)]. Since the functional form of 𝐸𝑥𝑐[𝜌(𝑟)] 

is unknown, it has to be approximated which leads to the approximation of both the exchange and 

correlation energy unlike HF theory where the correlation energy is neglected although the exact 

exchange energy is known.  

Many approximations made to 𝐸𝑥𝑐[𝜌(𝑟)] are based on the idea of a uniform electron gas which is 

a hypothetical system with infinite electrons that move in an infinitely large space with a positive 

background charge such that the electron density is constant everywhere.423, 424 This resembles the 

situation of the valence electrons in an ideal metallic system. The advantage of using this 

approximation is that the form of the exchange functional for this system is exactly known and the 

correlation energy as a function of density is known to a very high accuracy from accurate quantum 

Monte-Carlo simulations.425, 426 Functionals can therefore be fitted to this data. 

Local density approximation (LDA) employs the uniform electron gas approach and under this 

approximation, 𝐸𝑥𝑐[𝜌(𝑟)] depends only on the electron density and at each point, the energy is the 

same as for a uniform electron gas of the same density. The exchange energy is given as a function 

of the electron density using the equation of Bloch and Dirac.427, 428 The application of this approach 

is limited only to closed-shell systems. To extend its use to open-shell systems, the spin up and spin 

down densities are treated separately and the total density is given as the sum of spin up and spin 

down densities. This extended form of LDA approach is sometimes referred to as the local spin 

density approximation (LSDA). LDA and LSDA work reasonably well for systems where the electron 

density does not vary rapidly (e.g. metals). Generally, however, these approaches tend to 

overestimate the binding energy of electrons which leads to the underestimation of bond lengths 

and overestimation of binding and atomisation energies.429  

The logical way to improve on LDA methods is to take into account the dependence of correlation 

energy not only on the electron density but also on its gradient (first derivative) and this forms the 

basis of the generalised gradient approximation (GGA) methods. The inclusion of the gradient of 

the electron density makes these methods more flexible and allows one to partially account for the 

non-homogeneous nature of the electron density making it superior to the LDA/LSDA approach. 

The GGA functionals can be divided into two categories – parameterised/semi-empirical and non-

parameterised/ab-initio functionals. The parameterised functionals are derived by fitting to 

experimental data and examples of these include the Becke’s exchange and correlation 

functionals430 and Lee-Yang-Parr correlation functional.431 Since the fitting procedure for these 

functionals uses a limited set of (light) elements and only small molecules,430, 431 their indiscriminate 

use needs to be avoided especially when heavy elements are involved. The non-parameterized 

functionals, on the other hand, are based on the physics of electrons and thus can be applied more 
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generally. Examples of such functionals are the ones proposed by Perdew and Wang(PW91),432 and 

Perdew, Burke and Ernzerhof (PBE).433 GGA functionals, in general, perform better than LDA/LSDA 

functionals but they tend to underestimate the binding energies of the electrons leading to the 

overestimation of bond lengths.429  

Further improvement to GGA functionals can, in principle, be achieved by including higher order 

derivatives of the electron density. Functionals employing this approach are known as meta-GGA 

functionals. These functionals generally suffer from numerical instabilities and it is only recently 

that a robust meta-GGA functional, the SCAN functional,434 has been reported and it has been found 

to be, in general, better than GGA functionals.435 This functional is still quite new and further 

investigation is required to conclusively understand its behaviour. 

DFT in practice, suffers from two major limitations because of the approximate nature of the 

exchange-correlation functional 𝐸𝑥𝑐. First of all, unlike the HF model, where the solution can be 

systematically improved (post-HF methods), there is no prescription to improve the DFT solution or 

more specifically 𝐸𝑥𝑐 . The progression from LDA/LSDA functionals to GGA and meta-GGA 

functionals does seem to improve the solutions but the use of derivatives of electron density to 𝐸𝑥𝑐 

is accompanied with the simultaneous addition of more constraints to avoid functional instabilities 

which makes further progression quite difficult. The other major problem associated with DFT is 

the self-interaction error (SIE). Similar to the HF model, the coulomb term 𝐽[𝜌(𝑟)]  (eq. 2.23), 

contains the terms associated with the artificial interaction of each electron with itself. In the HF 

model, the exchange term exactly cancels this spurious interaction. In DFT, however, the exchange 

term is approximated and therefore, electrons partially interact with themselves. This leads to the 

SIE which results in larger delocalisation of electrons. SIE can be addressed in two ways, the use of 

a correction (DFT+U) or combining HF and DFT models together (hybrid DFT). 

 

2.5.1 DFT+U approach 

In this approach, additional parameters are added to the Hamiltonian such that the partial orbital 

occupation is penalised. Here, a Hubbard U parameter is included for specific orbitals (azimuthal 

quantum numbers) and an additional exchange parameter J is introduced. These terms, are then 

included in the Hamiltonian as separate terms as proposed by Liechtenstein et al.436 Dudarev et al. 

has proposed the generation of a 𝑈𝑒𝑓𝑓  term (𝑈𝑒𝑓𝑓 = 𝑈 − 𝐽 ) which is then included in the 

Hamiltonian.437 This correction is zero for integer occupation (i.e. zero or one) and non-zero for 

partial occupation thereby encouraging integer occupation of the orbitals.  

The inclusion of this correction does not increase the computational cost and thus, the accuracy of 

the calculation can be increased without additional expense. A shortcoming of this approach is that 

the U and J terms depend on the atoms being modelled and their chemical environment and hence 

are specific for the system under consideration. The selection of these parameters can be done by 
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comparing the computed results with experimental data and the comparable properties can 

include magnetic properties and band structure.438, 439 The U values can be derived in an ab-initio 

fashion as well using approaches based on constrained DFT440, 441 (linear response method based 

on Koopmans’ theorem)442-444 and density functional perturbation theory.445 

 

2.5.2 Hybrid DFT approach 

This approach to deal with SIE makes use of the fact that the HF exchange term nullifies SIE exactly 

which implies that using the HF exchange with the correlation part of the DFT 𝐸𝑥𝑐 term will remove 

the SIE and hence increase the quality of the solution.446 Implementation of this approach however, 

yields results inferior to those obtained with pure GGA functionals which is because HF exchange 

and DFT exchange are different. DFT exchange and correlation are local while HF exchange is non-

local. To overcome this, a linear combination of the HF exchange and the 𝐸𝑥𝑐 term is employed as 

follows:446 

 𝐸𝑋𝐶
𝐻𝐷𝐹𝑇 = 𝛼𝐸𝑋

𝐻𝐹 + (1 − 𝛼)𝐸𝑋𝐶
𝐷𝐹𝑇  (2.24) 

Here 𝛼  is a factor that can be varied depending upon the amount of exact exchange needed. 

Functionals often employ more parameters to reproduce experimental data and B3LYP is a good 

example of such functionals. B3LYP447 is a three parameter functional which includes 20% HF 

exchange and can be given as:  

𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 =𝑎𝐸𝑋

𝐻𝐹 + (1 − 𝑎)𝐸𝑋
𝐿𝑆𝐷𝐴 + 𝑏𝐸𝑋

𝐵88 + 𝑐𝐸𝐶
𝐿𝑌𝑃 + (1 − 𝑐)𝐸𝐶

𝐿𝑆𝐷𝐴 (2.25) 

Here a = 0.2, b = 0.72 and c = 0.81 and these parameters have been obtained by fitting to a well-

known set of energetic data called the G2 data set.448 This functional makes use of the B88 exchange 

functional, the LYP correlation functional and the LSDA exchange and correlation functionals.  

The problem with this parameterised approach is that the parameters need to be empirically fitted 

which means that it requires experimental assistance. Additionally, the performance of these 

functionals depend on how well the systems under study resembles the test set that was used to 

fit the parameters. Hence, such functionals may prove good for certain systems but not necessarily 

for all. For example, B3LYP has been found to perform poorly for metals and semiconductors.449 

Although the amount of exchange required seems to vary with the properties under investigation 

and the elements modelled,450 non-empirical hybrid functionals have been developed and a prime 

example of these is PBE0.451 This functional uses 25% of exact exchange which has been argued to 

be the correct amount on theoretical grounds by Burke et al.452 This functional employs 100% PBE 

correlation and 75% PBE exchange433 along with 25% HF exchange: 

𝐸𝑋𝐶
𝑃𝐵𝐸0 =0.25𝐸𝑋

𝐻𝐹 + 0.75𝐸𝑋
𝑃𝐵𝐸 + 𝐸𝐶

𝑃𝐵𝐸  (2.26) 

PBE0 has been found to be more robust than B3LYP especially for modelling metals and 

semiconductors.449 Additionally, it has been shown that PBE0 outperforms most GGA and hybrid 

functionals when it comes to reproducing the correct electron density. In this study, the electron 
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densities were determined from the radial distribution functions and the performance of all 

functionals were compared with the values obtained using the coupled cluster approach.453  

Other modifications to the use of hybrid functionals for making calculations fast and accurate have 

also been explored. These generally involve separating the components based on long and short 

range parts and an example of such functionals is the HSE06 functional.454  

 

2.6 Describing the Wavefunction – Basis Sets 

To investigate the properties of a material, one can model the repeating unit (e.g. molecule) or 

model the whole crystal. The former is simplistic and neglects the interactions between the 

adjacent repeating units but, depending upon the properties of interest, may be sufficient. The 

latter is prohibitively expensive but can be achieved if one uses the repeating unit (the unit cell) 

and define the periodicity of the system using some boundary conditions. This will allow one to take 

into account the interaction of the repeating unit with its periodic images. This is achieved by 

making use of the Bloch’s theorem according to which the wavefunction for a periodic system can 

be represented as: 

𝜑(𝑟) = 𝑒𝑖𝑘𝑟𝑢(𝑟) (2.27) 

Where 𝑟  is the spatial direction, 𝑘  is the wavevector, the term 𝑒𝑖𝑘𝑟  is the phase factor which 

describes the interactions between repeating unit cells and 𝑢(𝑟) is the periodic Bloch function 

which describes the repeating unit in the wavefunction. The electron density can be calculated by 

integrating the square of the Kohn-Sham wavefunction over the Brillouin zone which is the region 

in reciprocal space of a unit cell where all values of k or k-points are unique. The modelling of 

periodic systems, in principle, requires the integration over all k-points in the Brillouin zone. The 

Brillouin zone contains an infinite number of k-points but, for the calculation to be feasible, only a 

discrete number of k-points are used and the integration is done numerically. 

For both periodic and non-periodic systems, the wavefunction can be represented by a linear 

combination of one-electron orbitals. The coefficients associated with each of these orbitals can 

then be varied to obtain the wavefunction with the lowest energy (linear combination of atomic 

orbitals, LCAO). The problem at hand now is that how does one define these one-electron orbitals, 

and this is addressed by using basis sets. Basis sets are essentially a mathematical way of 

representing the wavefunction. These functions need not represent the atomic orbitals accurately 

because one uses a linear combination of these functions to produce the wavefunction. This 

flexibility allows one to shift the focus towards making their computation efficient instead of trying 

to obtain the accurate representation of atomic orbitals. Basis sets can broadly be classified into 

two categories – atom centred basis sets and plane wave basis sets. The former is generally 

employed in non-periodic type calculations while the latter is used in periodic calculations.  
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2.6.1 Atom centred basis sets 

In this approach, the basis sets describing each orbital are localised on each nucleus. Such basis sets 

can adopt different forms and the two key ones are the Slater type orbitals (STOs) and the Gaussian 

type orbitals (GTOs). The functional form of STOs is similar to that of the orbitals of a hydrogen 

atom: 

𝜑𝑆𝑇𝑂(휁, 𝑟) = 𝐴𝑒−𝜁𝑟 (2.28) 

Here 휁 and 𝑟 are the orbital exponent and the distance from the nucleus. The advantage of STOs is 

that at𝑟 = 0, these reproduce the correct cusp and they also display the correct exponential decay. 

STOs do not have any nodes and hence the orbitals with higher principal quantum numbers are not 

properly represented but it does not matter since one uses a linear combination of a number of 

STOs.455  

GTOs have the following general form: 

𝜑𝐺𝑇𝑂(휁, 𝑟) = 𝐴𝑒−𝜁𝑟
2
 (2.29) 

Unlike STOs, GTOs do not produce the correct cusp at 𝑟 = 0 or the correct exponential decay. The 

advantage of using GTOs, however, is that these are easy to work with computationally. This is 

because the product of two GTOs is a GTO centred between the two and this property makes 

computing the complicated two-electron multi-centre integrals analytical. With STOs the 

computation of multi-centre integrals is numerical and thus, even though fewer STOs will be 

required for representing the wavefunction, their computation will still be costlier.455  

As GTOs are functionally quite different from hydrogenic atomic orbitals, a large number of GTOs 

are required for the proper description of the wavefunction of a given system. The SCF procedure 

to determine the wavefunction requires varying the coefficients associated with the orbitals and 

hence the coefficients of the basis functions. Since a large number of GTOs are in use, there are a 

large number of coefficients that have to be varied and optimised due to which obtaining solutions 

will still require significant computational resources. For example, for a {Mn6} system (containing 

2407 basis functions), a single SCF cycle took approximately 25 minutes on a machine with 16 

Intel(R) Xeon(R) CPU E5-2470 0 @ 2.30GHz cores. To solve this problem, one can couple some GTOs 

together to obtain the desired functional/orbital form and fix the coefficient associated with each 

individual GTO. This coupled set of GTOs with fixed coefficients is known as a contracted GTO and 

each constituent GTO is called a primitive GTO. This approach decreases the number of variable 

coefficients drastically making the use of GTOs computationally cost-effective.  

To allow for flexibility, one must use more than one contracted GTOs although the use of more 

contracted GTOs increases the computational cost. There are mainly two types of basis sets 

developed using primitive GTOs – n-zeta and split valence basis sets. The n-zeta basis sets, as the 

name suggests, make use of n contracted GTOs to represent each orbital. The split valence basis 

sets, on the other hand, treat the core and valence electrons differently. The core orbitals are 
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essentially unaffected by changes in the external environment and thus, are represented by a few 

contracted GTOs each with a large number of primitive GTOs to ensure a good representation. The 

valence orbitals change more and thus, are represented by a larger number of contracted GTOs so 

that they can accurately describe the effects of the external environment on the electronic 

structure. An example of such basis sets is a 3-21G basis set where the core orbitals are represented 

by a single contracted GTO comprising of three primitive GTOs. Hence, only one variable needs to 

be varied instead of three. The valence orbitals, in this case, are represented using two contracted 

GTOs – one with two primitive GTOs and the other with one primitive GTO.456-461  

When two atoms bond, their electron clouds are polarised and to describe this polarisation, further 

flexibility in the basis set is required which is accomplished by adding polarisation functions to the 

basis set. Polarisation functions are essentially functions with higher angular momentum. 

Generally, functions with angular momentum a unit higher than that of the highest occupied 

angular momentum in the given atom is introduced for describing the polarisation.455 For example, 

for H, in which the valence electron resides in an s-orbital, p-orbital type functions are introduced 

as polarisation functions. 

In instances like modelling of excited states or for describing long-range interaction like hydrogen 

bonding, where electron density that needs to be modelled is very diffuse, additional functions are 

required for an accurate description. This class of additional functions are known as diffuse 

functions. Diffuse functions are functions with small orbital exponent (휁) so that they decay slowly 

over distance thereby allowing the proper description of diffuse electron density.455 

For making calculations computationally more efficient, especially for heavier elements, instead of 

representing all electrons with basis functions, one can take advantage of the fact that the core 

electrons are not much affected by the external environment. This allows one to simply introduce 

a potential known as the effective core potential to represent the effect of the core electrons on 

the valence electrons. For this purpose, a core radius is defined and the effect of all electrons within 

this cut-off radius is defined using a function which represents the effect of the core electrons on 

the valence electrons. At the cut-off radius and beyond, the core potential matches the all-electron 

potential.455 

The exact representation of a system will require the use of an infinite number of basis functions. 

Since the use of such a basis set is practically not possible, one chooses a basis set that is incomplete 

but describes the system reasonably well. The consequence of the use of an incomplete basis set is 

basis set superposition error (BSSE). If one investigates the interaction of two species, A and B, the 

individual species are represented by their own basis sets but the adduct A-B is represented by a 

larger basis set – the combined basis set of A and B. This allows A to make use of the basis set of B 

and vice-versa which can lead to spurious lowering of the total energy of the A-B adduct with 

respect to the individual constituents which is referred to as BSSE. This problem can be mitigated 
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by performing counterpoise correction calculations in which A and B are individually modelled in 

the presence of the basis set of each other.462 

 

2.6.2 Plane wave basis sets 

In periodic systems, especially with a large number of atoms in a unit cell, the use of atom centred 

basis sets may prove quite expensive due to the increasing number of integrals and k-points. In this 

respect, plane wave basis sets provide a much simpler and efficient alternative especially in cases 

where HF exchange is not required. These basis sets comprise of just plane waves of the form eikx 

and the wavefunction is described as a linear combination of these waves.463 The basis set is 

independent of the number of atoms but depends on the size of the simulation cell.  

The plane waves are less flexible because of which a linear combination of a number of these is 

required for the proper description of a system. In principle, an infinite number of plane waves will 

be required to describe the system exactly but this cannot be realised practically. To obtain a finite 

basis, a plane wave energy cut-off is introduced as each plane wave has an associated kinetic energy 

term (frequency). High frequency plane waves are required to model rapid changes in the 

wavefunction. The cut-off is therefore chosen such that these changes in the wavefunction are 

described accurately and the problem is computationally efficient.  

The variation in the wavefunction due to the core orbitals is quite high and capturing this effect on 

the valence orbitals accurately requires a higher plane wave energy cut-off which makes the 

computations expensive. Since the effect of the external environment on the core electrons is 

negligible, similar to the use of effective core potential with atom centred basis sets, the potential 

of the nucleus and the core electrons is replaced by a pseudopotential.  The pseudopotential mimics 

the interaction of core electrons with the valence electrons and allows the use of lower plane wave 

cut-offs to accurately describe the system under consideration. A slightly different approach 

proposed by Blöchl involves the use of the so-called projector augmented wave (PAW) 

pseudopotentials. In this approach, the core electrons are represented by localised basis sets the 

effect of which is projected onto the valence electrons, that are described by plane waves.464 

Essentially, an all-electron calculation with lower plane wave cut-offs can thus be performed with 

this approach. 

An advantage of using plane wave basis sets over atom centred basis sets is that the optimisation 

of the basis set requires the variation of only the plane wave energy cut-off. Additionally, if two 

species A and B, and the adduct A-B are modelled with the same cut-off, the number of basis 

functions representing each species is the same and thus, there is no BSSE.  

The problem of Pulay stress, however, does arise due to the use of an incomplete basis set. Pulay 

stress465 is the stress on the simulation cell resulting from the derivative of the basis set with respect 

to the volume of the cell and results in underestimation of the equilibrium volume of the simulation 
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cell. This problem can be decreased by either increasing the plane wave cut-off or by calculating 

the energy for different lattice volumes with a fixed energy cut-off and fitting the energy-volume 

curve to an equation of state like the Murnaghan equation of state.466 

 

2.7 Electronic and Geometric Optimisation 

One can investigate the properties of interest for the system under consideration by modelling it 

using the basis set and functional of choice. Irrespective of whether one is dealing with a periodic 

system or an isolated species, the basic optimisation procedure for the geometric and electronic 

structure is the same.  

With the knowledge of the elementary composition and the atomic coordinates of the system, a 

trial wavefunction, using the basis set of choice, and charge density, based on the number of 

electrons in the system, can be generated. The Hamiltonian is then set up as the sum of equations 

2.22 (𝑇), 2.23 (𝐽) and 𝐸𝑥𝑐 where the form of 𝐸𝑥𝑐 is dependent on the functional used. The Kohn-

Sham equations are then solved and the matrix of solutions thus obtained is diagonalised either 

partially (for periodic systems) or completely (for molecules), to obtain the eigenvalues.446 These 

Kohn-Sham matrices can be quite large making the diagonalisation procedure the bottleneck of the 

calculation. The exact diagonalisation method can become very resource intensive in which case 

iterative diagonalisation schemes are employed which are used to solve only the lowest eigenvalues 

thereby allowing for faster convergence.467 The diagonalisation procedure provides a set of 

modified coefficients which is then used as a guess for the next set of solutions. This procedure is 

repeated until the difference in the energy between consecutive solutions is less than a particular 

threshold i.e., self-consistency is achieved, in which case the electronic structure is considered to 

be converged.  

Once the electronic structure is converged, the forces on each atom are calculated to determine 

whether the geometry is optimised or not. The force on an atom is the derivative of the energy with 

respect to the atom position and can be determined analytically.468 It can also be calculated using 

the Hellmann-Feynman theorem which states that in a system with fixed nuclei, the force on a 

nucleus is the classical electrostatic interaction of the nucleus with electrons and other nuclei.469 

Hence, if the wavefunction is known, the forces can be calculated directly from it. With plane wave 

basis sets, the Hellmann-Feynman theorem can be employed but in case of atom centred basis sets, 

the former method of calculating forces needs to be resorted to. This is because the plane wave 

basis sets are fixed while atom centred basis sets move with the nuclei. For the application of 

Hellman-Feynman theorem, each parameter entering the wavefunction must either be 

variationally determined or must remain unaffected by nuclear distortions. As the nuclear centred 

basis sets move with the nuclei, their positions are neither variationally determined nor fixed and 

thus Hellman-Feynman theorem cannot be directly applied.470  
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The calculation of forces allows one to determine the movement of the nuclei so that the forces 

can be minimised. A variety of ways can be used to treat this – steepest descent, conjugate gradient, 

Newton-Raphson and quasi Newton-Raphson methods being the key ones.471 Steepest descent 

method moves the atoms along the gradient direction. Conjugate gradient method involves moving 

them in a direction conjugate to all previous directions traversed. Newton-Raphson and quasi 

Newton-Raphson methods involve the determination of the hessian or the derivative of forces (or 

the second derivative of energy) to determine the distance and direction of movement. While the 

former requires the calculation of the hessian, which is computationally expensive, the latter works 

with an estimated hessian which is constantly updated.471  

Once the forces are determined and the atoms are moved accordingly, the electronic structure and 

forces are re-determined. This cycle is repeated until the forces on all atoms are zero or below a 

certain threshold and at this stage the structure is considered to be optimised. 

 

2.8 Wavefunction Analyses 

In this work, the wavefunction is mainly analysed to determine the electron densities on different 

elements. A number of electron density population analysis schemes are available. The ones 

employed in this work are described below. 

 

2.8.1 Mulliken population analysis472-475 

This is the simplest population analysis scheme that is based on the partition of the basis functions. 

The total electron density of the system (i.e. the total number of electrons) can be related to the 

molecular orbitals (𝜑𝑖) and hence the basis functions (𝜒𝛼) as follows:  

 
𝜌(𝑟) =∑∫𝜑𝑖

2𝑑𝑟

𝑖

= ∑∑𝑐𝛼𝑖𝑐𝛽𝑖∫𝜒𝛼𝜒𝛽𝑑𝑟

𝛼𝛽𝑖

 (2.30) 

Where 𝑐𝛼𝑖  is the coefficient associated with the basis function 𝛼 in the molecular orbital𝑖. The 

matrix of the product of these coefficients is known as the density matrix 𝐷 while the matrix of the 

integral of products of the basis functions 𝜒𝛼  is called the overlap matrix. The diagonal elements of 

𝐷 represent the number of electrons associated with each basis function while the off-diagonal 

elements represent the electrons being shared by two basis functions. Electrons belonging to basis 

functions completely localised on a single nucleus are associated solely with the given nucleus while 

those belonging to basis functions shared between nuclei are divided equally between the sharing 

nuclei. The electrons associated with a given nucleus can easily be calculated from 𝐷 . Such a 

simplistic approach proves unrealistic at times and depends significantly on the basis functions 

used.476  
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2.8.2 Hirshfeld population analysis477-479  

In the Hirshfeld population analysis scheme, one begins by assuming that the given molecule 

comprises of isolated atoms positioned as in the real molecule. The atomic densities of isolated 

atoms are then used to define the ‘promolecular’ density for the given molecule. The contribution 

of each atom to the promolecular density is then used to determine the weight of each atom. The 

Hirshfeld populations are then defined by integrating the actual molecular density over space with 

each point weighted according to the weighting scheme obtained using promolecular density.  

This approach provides a relatively basis set independent approach to partitioning the electron 

density. The only issue with this approach, however, is that there is no strict definition of the atomic 

or the promolecular density. Spherically averaged ground state densities for neutral atoms are 

generally used for this purpose. Iterative or self-consistent Hirshfeld charges, where the 

promolecular densities are derived using a self-consistent approach have been found to be a 

promising alternative for defining the atomic densities. In this approach, one begins with a trial 

electron density associated with each atom that is used to determine the promolecular density. 

This promolecular density is then used to define the weight of each atom. The weights are used to 

obtain the electron density associated with each atom in the molecule which is then used to define 

a new promolecular density and this cycle is repeated until self-consistency is achieved.480, 481   

 

2.8.3 Bader population analysis482  

The Bader population analysis involves partitioning the electron density into atomic basins based 

on the topology of the electron density. For any molecular system, the electrons density is a 

maximum near the nuclei and rapidly decays away from these positions. Between any two such 

maxima lies a zero-flux surface, known as the interatomic surface, which is a surface with zero 

charge density normal to the surface. If 𝜌 is the density and 𝑛 is a unit vector perpendicular to the 

surface then  

 𝛻𝜌 ∙ 𝑛 = 0 (2.31) 

On these surfaces lies a point at which ∇𝜌 = 0 and these points are known as bond critical points. 

These points are used to determine whether there is a bond between the two atoms or not. The 

volume of space associated with each atom within the molecule can be defined as the region of 

space surrounding the nucleus bound by the interatomic surfaces. The electron density associated 

with any nuclei 𝑛, can then be given as: 

 
𝜌𝑛 = ∫𝜌(𝑟) 𝑑𝑟 (2.32) 

Here the integration is over the volume enclosed by the interatomic surfaces surrounding the nuclei 

𝑛. The Bader charge associated with each atom can thus be defined as the difference between the 
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nuclear charge and the number of electrons within the region of space bound by the interatomic 

surfaces. 

The key principle of this scheme is to identify the stationary points in the electron density where 

the gradient of the electron density is zero, and characterise them as nuclei or critical points and 

partition the electron density accordingly. At any point, the gradient of electron density will point 

towards the maximum i.e., the nuclei, and the negative of the gradient will point towards a critical 

point (minima). Once the positions of critical points are known, the interatomic surface can be 

determined which will allow the identification of the volume occupied by each atomic basin. 

 

2.9 Magnetic Properties 

The presence of a paramagnetic centre in a system results in the display of magnetic properties. If 

many such centres are present in the same molecule, they can interact with each other which leads 

to the modification of the magnetic properties of the molecule. The magnetic behaviour of a 

molecule is generally investigated using the spin-Hamiltonian approach which provides a way to 

parameterise the magnetic properties without being explicitly dependent on the geometric and 

electronic structure of the system under consideration.483-485 This approach involves the exclusive 

use of spin operators and operates on the states that span the ground state electronic 

configuration. It provides a means to identify the relationship between the magnetic properties of 

the system under study and its geometric and electronic structure. The spin-Hamiltonian for a 

system containing more than one paramagnetic centre is given as:333 

�̂� = −2∑𝐽𝑖𝑗�̂�𝑖
𝑖>𝑗

�̂�𝑗 +∑𝑔𝜇𝐵�⃗� �̂�𝑖
𝑖

+∑�̂�𝑖𝐷𝑖�̂�𝑖
𝑖

+∑�̂�𝑖𝐷𝑖𝑗�̂�𝑗
𝑖

+∑𝑑 𝑖𝑗�̂�𝑖�̂�𝑗
𝑖>𝑗

 
(2.33) 

Here 𝑆�̂�  and 𝑆�̂�  are the spin operators for the centres 𝑖  and 𝑗 , 𝜇𝐵  is the Bohr magneton, 𝑔  is 

gyromagnetic tensor, 𝐵 is the applied magnetic field, 𝐽𝑖𝑗 is the exchange coupling constant and 𝐷𝑖, 

𝐷𝑖𝑗 and 𝑑 𝑖𝑗  are operators associated with the anisotropy of the complex. The first term in the above 

equation is the isotropic exchange coupling term that accounts for the interaction between centres 

with unpaired electrons which leads to these electrons being parallel or antiparallel to each other. 

The second term is known as the Zeeman term and takes into account the splitting of the energy 

levels in the presence of a magnetic field. The third and the fourth terms describe the single-ion 

anisotropy and the anisotropic dipolar contributions to the system under investigation which align 

the spins along a specific spatial orientation. The final term, also known as the Dzyaloshinskii-

Moriya term, describes the antisymmetric contribution to the exchange coupling.327, 333, 486 Since the 

first term in the above equation has the largest contribution and has a direct impact on the O-O 

bond formation,392 the focus of this work has been on the evaluation of this term which is described 

below.  
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2.10 Calculation of Coupling Constants (Theory) 

The isotropic interaction of local spins of a set of magnetic centres can be described using the 

Heisenberg-Dirac-van Vleck (HDVV) Hamiltonian:487-489 

�̂� = −2∑𝐽𝑖𝑗𝑆�̂�. 𝑆�̂�
𝑖>𝑗

 
(2.34) 

where 𝐽𝑖𝑗represents the coupling strength between the magnetic centres 𝑖 and 𝑗.  

DFT involves the use of single determinant but the spin symmetry of the non-ferromagnetic states 

can only be represented by the use of multiple determinants. To overcome this, the broken 

symmetry approach, developed by Ginsberg490 and Noodleman,491, 492 is employed. This involves 

defining a fictitious mixed spin state which is not a true state but can be represented by a single 

determinant. For a system with two centres with equal number of unpaired electrons, the broken 

symmetry state has a total spin of zero with one centre that has unpaired electrons with up spin 

while the other with down spin. The energy of this state, in principle, can be described as the 

average of the pure spin states, i.e., the high-spin state (where the paramagnetic centres coupled 

ferromagnetically) and the low-spin state (where the paramagnetic centres coupled 

antiferromagnetically): 

  
𝐸𝐵𝑟𝑜𝑘𝑒𝑛𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 =

1

2
(𝐸ℎ𝑖𝑔ℎ−𝑠𝑝𝑖𝑛 + 𝐸𝑙𝑜𝑤−𝑠𝑝𝑖𝑛) (2.35) 

Calculation of coupling constants involves mapping of the DFT energies computed by broken 

symmetry wavefunctions to the energies of the Ising Hamiltonian, i.e. the diagonal elements of the 

HDVV Hamiltonian.493 For a dimeric system, if each centre contains 𝑆/2 unpaired electrons (such 

that there are a total of 𝑆 unpaired electrons) and the energy of the high-spin state and the low-

spin states are determined, the coupling strength between the centres can be given as:  

 
𝐽 =

𝐸ℎ𝑖𝑔ℎ−𝑠𝑝𝑖𝑛 + 𝐸𝐵𝑟𝑜𝑘𝑒𝑛𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦

𝑆2
 (2.36) 

The broken symmetry state suffers from spin contamination which needs to be taken into account 

for 𝐽 to make sense. Modification of equation 2.36 for limiting cases of strong and weak coupling 

have been developed but a more generalized adaptation has been given by Yamaguchi et. al:494-496 

 
𝐽 =

𝐸ℎ𝑖𝑔ℎ−𝑠𝑝𝑖𝑛 + 𝐸𝐵𝑟𝑜𝑘𝑒𝑛𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦
〈𝑆2〉ℎ𝑖𝑔ℎ−𝑠𝑝𝑖𝑛 − 〈𝑆

2〉𝐵𝑟𝑜𝑘𝑒𝑛𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦
 (2.37) 

Here 〈𝑆2〉 = 𝑆(𝑆 + 1)  is the expectation value of the spin for a given spin configuration. This 

procedure can be extended to systems with larger number of paramagnetic centres using the 

generalized spin projection approach.497 Another way to extend the above approach involves the 

pairwise consideration of the paramagnetic centres such that equation 2.37 can be used for each 

pair.498 A slightly different approach for tackling the spin contamination problem has been proposed 
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by Paul and Misra which involves the use of spin density to define the spin operator in equation 

2.34.499  

Once the coupling constants are determined, one can determine their accuracy by calculating the 

magnetic susceptibility at different temperatures and compare with the experimental data. 

 

2.11 Computational Methodology 

In vacuo calculations for systems in a non-periodic environment have been carried out using the 

codes gaussian09500 and ORCA,501 and the periodic calculations have been performed using the 

code VASP (Vienna Ab-initio Simulation Package).502-504 The calculations with gaussian09 have been 

performed using hybrid-GGA functionals while those with VASP have been performed using the 

DFT+U approach. These calculations have been followed by the analysis of the electronic structure 

to understand the magnetic properties the details of which have been described in the following 

discussion. 

 

2.11.1 Structural optimisation with gaussian09 and ORCA 

For each system investigated, the crystal structure was used to obtain the initial set of atomic 

coordinates. To determine the appropriate functional and basis set, an initial search for the 

appropriate basis set and functional was carried out by modelling [Mn(H2O)6]2+ and [Mn(H2O)6]3+ 

ions and comparing with the experimental data505, 506. The investigation indicated that the hybrid 

PBE0433, 451 functional gives accurate results when used in conjunction with the SDDALL507 (a double 

zeta) basis set having an effective core potential for the Mn atoms (replacing the 10 core electrons 

– 1s22s22p6 – of Mn with fully relativistic pseudopotentials), the 6-31G(d)508 basis set for O and 6-

31G(p)508 basis set for H. A difference of ~1.5% in the bond lengths between the experimental 

structure and the model has been observed. Based on previous experience, the 6-31G(d)508 basis 

set for C and N and 6-31G(2d)508 basis set for P, Cl and Br, SDDALL509 basis set with Binning-Curtiss 

(df) polarisation functions510, 511 for As and 6-311G(2d)512 basis set for I have been used in this work.  

For the calculation of the ferromagnetic configurations of the various systems investigated in this 

work, the SCF convergence criteria was chosen to be the default one which is 10-8 atomic units 

(Hartrees/atom). Once the electronic structure was converged, the geometry optimisation was 

performed using berny optimiser513 as implemented in gaussian09. This optimiser, at its core, uses 

a modified conjugate gradient algorithm and has been shown to achieve rapid convergence.513 The 

optimisation was performed using a large grid containing 225 radial shells with each shell containing 

974 angular points and the default convergence criteria defined in gaussian09 (root mean square 

forces < 0.0003 Hartrees/Bohr, the maximum force on any atom < 0.00045 Hartrees/Bohr, root 

mean square displacement < 0.0018 Bohr and maximum displacement of any atom < 0.0012 Bohr).  
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For modelling the non-ferromagnetic configurations, broken symmetry calculations were 

performed.492, 514 For these calculations, the corresponding ferromagnetic state was used as the 

initial guess. It was ensured that in each case the overall multiplicity of the system was positive. A 

guess wavefunction with the appropriate spin multiplicity was generated, analysed to look for 

instabilities515 and optimised until a stable wavefunction was found. This wavefunction was then 

employed for the final geometry optimisation using the berny optimiser513. After the optimisation 

was completed, a few more geometry optimisation steps were performed using the ‘verytight’ 

convergence criteria and a smaller step size. This was followed by switching back to the default 

criteria. This additional step was included to ensure that the minimum obtained was a well-defined 

minimum. The visualization was carried out using gaussview.516 

The calculations with ORCA were carried out for calculating the gyromagnetic-tensor. These 

calculations were performed using the same basis set and functional as used in the calculations 

with gaussian09. The integration grid used in these calculations was grid 7 as implemented in ORCA. 

 

2.11.2 Structural optimisation with VASP 

For these calculations, the optimised coordinates of the ferromagnetic state obtained from the 

hybrid DFT calculations were used as the starting point. To ensure that there is no interaction 

between the periodic images, a gap of 15 Å was introduced in each direction. DFT+U calculations 

were performed using the Г point with the PBEsol517 functional. The U value was defined using both 

Dudarev437 and Liechtenstein436 approaches. Plane wave basis set with a 400 eV plane wave cut off 

was used. The interaction between the core electrons and valence electrons was specified using 

projector augmented wave (PAW) method464. For Mn, the 3d and 4s electrons were treated 

explicitly, while for P, O, C, N and Cl, the valence s- and p- electrons were modelled explicitly. For 

optimisation, the electronic and ionic convergence criteria of 10-6 eV and 0.01 eV/Å respectively 

were selected. The optimisation was carried out using the conjugate gradient optimiser developed 

by the Henkelman group as the other optimisers implemented in VASP had difficulties converging 

the strutcture. The visualization was carried out using VESTA518. 

 

2.11.3 Wavefunction/Population analysis 

Mulliken and Hirshfeld population analysis were performed using gaussian09. Bader population 

analysis scheme was performed using a grid based code developed by Henkelman group.519 In this 

code, the steepest descent method is employed to explore the electron density space, which is in 

the form of a 3-dimensional grid, to identify the nuclei. Each point on the grid is considered only 

once and all paths are terminated once they intersect with points that have already been accounted 

for. The whole grid can thus be mapped in an efficient manner that scales linearly with system size. 
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2.12 Calculation of Coupling Constants in Polynuclear Complexes 

The energy obtained from the DFT calculations includes the energy associated with interactions 

other than the exchange coupling. In order to extract the coupling constants, one needs to 

determine the energy associated with the exchange coupling. For this purpose, one of the states is 

used as a reference and it is assumed that the energy of each configuration differs only by the 

amount associated with the coupling of the paramagnetic centres. To obtain n coupling constants, 

at least (n+1) spin configurations need to be modelled.520-522 For x centres with unpaired electrons, 

there can be a maximum of x(x-1)/2 coupling constants and a total of 2x different spin 

configurations, although the number of unique coupling constants and spin configurations may be 

less due to the symmetry of the system. For a system with 6 Mn(III) centres one can have a 

maximum of (6(6-1)/2 =) 15 coupling constants while the total number of spin configurations for 

this system will be (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 will be identical to the one where all unpaired electrons are spin down. Thus, the 

total number of unique configurations will be 25 (= 32). 

For any system with more than 3 paramagnetic centres, the number of configurations that are 

available are more than that required to calculate all coupling constants. Although to obtain n 

coupling constants, a minimum of n+1 states need to be modelled, to remove any dependence of 

the coupling constants on the choice of the spin states modelled, recent works have explored the 

option of modelling extra states.523-526 This work has used a similar approach and more unique 

states than the required minimum have been modelled and this implies that more than one set of 

coupling constants exists, i.e. the solution is overspecified. Since one ends up with more than one 

set of coupling constants, they have to be averaged in some sensible way. To address this, a 

FORTRAN code ej_calc has been developed (code available in the attached disc and on github527). 

When calculating r coupling constants using 𝑛 (where 𝑛 > 𝑟) spin states, then after using one of 

the configurations as a reference for all the other states, the remaining (𝑛 − 1) configurations yield 

[
(𝑛 − 1)!

𝑟! (𝑛 − 1 − 𝑟)!⁄ ] (i.e. 𝐶𝑟
𝑛−1 ) sets of solutions (i.e. coupling constants). Since any of the 𝑛 

modelled spin states can be used as a reference, a total of 𝑛( 𝐶𝑟
𝑛−1 ) sets of solutions are obtained. 

The code ej_calc calculates all 𝑛( 𝐶𝑟
𝑛−1 ) sets of coupling constants and the sets which turn out to 

be singular are discarded. The valid solutions are averaged and the standard deviation is calculated. 

The solutions that deviate by more than three standard deviations are discarded and the standard 

deviation is calculated again and this cycle is repeated until self-consistency is obtained. 

The coupling constants obtained this way are then used to further determine the energy of all the 

possible electronic states (2x/2 for x paramagnetic centres) using the Heisenberg Dirac van Vleck 
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Hamiltonian (eq. 2.34). The spin operator for each paramagnetic centre is determined by taking an 

average of the spin value in the different electronic states. 

 

2.13 Simulation of Magnetic Susceptibility 

Once the coupling constants have been determined, they can also be used to calculate the variation 

of magnetic susceptibility with temperature for comparison with the experimental data. The 

relationship between coupling constants and magnetic susceptibility is well understood and 

described in detail in the literature.486, 528 The simulation of magnetic susceptibility has been carried 

out using the code PHI529 along with a FORTRAN code suscep developed in this work (code available 

in the attached disc and on github530). The approach adopted for the development of the code for 

simulation of magnetic susceptibility is described in the following discussion. 

The basic working of this code involves setting up a matrix of all possible MS (the magnetic spin 

quantum number) states for the given system. This is followed by operating each term of this matrix 

with eq. 2.33. In this code we have only used the first two terms, the isotropic exchange and the 

Zeeman term, for the evaluation of the temperature dependence of magnetic susceptibility. Once 

this operation is complete, the matrix is diagonalised to obtain the eigenvalues which are then used 

to determine the magnetic susceptibility at different temperatures using the van Vleck equation.528 

The details of the implementation of this procedure are given below. 

 

Matrix Elements: The matrix elements are constructed using an uncoupled basis comprising of spin 

elements (the magnetic spin quantum number, Ms, value) for each magnetic centre. If a magnetic 

centre has N unpaired electron, then the magnetic spin quantum number values for that particular 

magnetic centre range from N/2 to –N/2; the consecutive values differing from each other by unity 

(total (N+1) values).  

 

Hamiltonian: Only the two major contributors – the isotropic exchange term and the Zeeman term 

– to the Hamiltonian have been taken into consideration. 

Isotropic Exchange term:531  

−2∑ 𝐽𝐴𝐵 < 𝐼|�̂�𝐴. �̂�𝐵|𝐽 >
𝑁,𝑁

𝐴=1,𝐵=1
 (2.38) 

where 𝐽𝐴𝐵 is the coupling constant between the magnetic centres A and B, 𝐼 and 𝐽 represent the 

particular Ms terms in the basis elements that �̂�𝐴. �̂�𝐵 operate on and  

�̂�𝐴. �̂�𝐵 =
1

2
(�̂�𝐴,+�̂�𝐵,− +�̂�𝐴,−�̂�𝐵,+) + �̂�𝐴,𝑧. �̂�𝐵,𝑧 (2.39) 

where �̂�𝐴,+ and �̂�𝐵,− are increment and decrement operators that are defined as follows:531  
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�̂�𝐴,+|𝑀𝐴⟩ = [(𝑆𝐴(𝑆𝐴 + 1) −𝑀𝐴(𝑀𝐴 + 1)]
0.5|𝑆𝐴,𝑀𝐴 + 1⟩ (2.40) 

�̂�𝐴,−|𝑀𝐴⟩ =  [(𝑆𝐴(𝑆𝐴 + 1) −𝑀𝐴(𝑀𝐴 − 1)]
0.5|𝑆𝐴,𝑀𝐴 − 1⟩ (2.41) 

�̂�𝐴,𝑧|𝑀𝐴⟩ = 𝑀𝐴|𝑆𝐴,𝑀𝐴⟩ (2.42) 

Zeeman term:531  

𝜇𝐵�⃗� .∑ 𝑔𝐴⟨𝐼|�̂�𝐴|𝐽⟩

𝑵

𝑨=𝟏

 (2.43) 

Here �⃗�  represents the applied magnetic field, g𝐴 is the gyromagnetic tensor and μ𝐵 is the unit Bohr 

Magneton. 

⟨𝑆𝐴𝑀𝐴|�⃗� . 𝑔𝐴. �̂�𝐴|𝑆𝐴𝑀
′
𝐴⟩ = 

                       +0.5[(𝐵𝑥𝑔𝐴𝑥 + 𝑖𝐵𝑦𝑔𝐴𝑦){(𝑆𝐴 −𝑀𝐴 + 1)(𝑆𝐴 +𝑀𝐴)}
0.5𝛿𝑀′𝐴𝑀𝐴−1] 

                         +0.5[(𝐵𝑥𝑔𝐴𝑥 − 𝑖𝐵𝑦𝑔𝐴𝑦){(𝑆𝐴 +𝑀𝐴 + 1)(𝑆𝐴 −𝑀𝐴)}
0.5𝛿𝑀′𝐴𝑀𝐴+1] 

                         +𝐵𝑧𝑔𝐴𝑧𝑀𝐴𝛿𝑀′𝐴𝑀𝐴  

(2.44) 

where 𝛿𝐴𝐵  is the kroenecker delta operator which is equal to 1 if A=B. Otherwise its value is 0. 𝐵𝑖  

and 𝑔𝐴𝑖  represent the value of the magnetic field and the gyromagnetic tensor along a given 

direction.531  

The effective Hamiltonian is thus given as:531 

𝐻𝐸+𝑍 = −2∑ 𝐽𝐴𝐵 < 𝐼|�̂�𝐴. �̂�𝐵|𝐽 >
𝑁,𝑁

𝐴=1,𝐵=1
+𝜇𝐵�⃗� .∑ 𝑔𝐴⟨𝐼|�̂�𝐴|𝐽⟩

𝑁

𝐴=1

 (2.45) 

The Hamiltonian matrix can thus be represented as:531  

∑∑⟨𝐴𝐼|𝐻𝐸+𝑍|𝐴𝐽⟩

𝑁

𝐽=1

𝑁

𝐼=1

 (2.46) 

where 𝐴𝐼 and 𝐴𝐽 represent the elements of the basis and N is the total number of elements in the 

basis.  

The eigenvalues 휀𝑖 and hence the energy levels of the various magnetic states are obtained by the 

diagonalisation of the Hamiltonian matrix. Once the eigenvalues are obtained, it can be used to plot 

the magnetic susceptibility with respect to temperature. To calculate the magnetic susceptibility, 

the Van Vleck equation528 is used which is:  

𝜒 = 𝜇0𝑁𝐴
∑ [
(−𝜖𝑖

(1))2

𝑘𝑇𝑖 − 2𝜖𝑖
(2)]𝑒𝑥𝑝(−𝜖𝑖

(0)/𝑘𝑇)

∑ 𝑒𝑥𝑝(−𝜖𝑖
(0)/𝑘𝑇)𝑖

 (2.47) 

where 𝜖𝑖
(1)  and 𝜖𝑖

(2)  are the first and second derivative of energy with respect to the magnetic 

induction, 𝜇0 is the permeability of free space, 𝑁𝐴 is the Avogadro’s number, 𝑘 is the Boltzmann 

constant and 𝑇 is the temperature.  
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By Taylor expansion, the eigenvalues can be represented as:486 

휀𝑖 =𝜖𝑖
(0) +𝜖𝑖

1∆𝐵 +𝜖𝑖
(2)∆𝐵2 +𝜖𝑖

(3)∆𝐵3 +⋯ (2.48) 

with  

𝜖𝑖
(𝑛)
=
1

𝑛!
(
𝜕𝑛𝜖𝑖
𝜕𝐵𝑛

) = 𝐶𝑖
(𝑛) (2.49) 

being the coefficients to be determined. To obtain these coefficients, 3 sets of eigenvalues, 휀𝑖,𝑚 are 

generated using 5 different magnetic fields 𝐵𝑚, where 

𝐵𝑚 =𝐵0 ±𝑁𝛿 (2.50) 

where N = 0, 1 and 2, and 𝛿 has been chosen to be equal 𝐵0/10 

Therefore,486  

휀𝑖,𝑚 =𝑐𝑖
(0)
+𝑐𝑖

(1)
∆𝐵𝑚 +⋯+𝑐𝑖

(𝑛)
(∆𝐵𝑚)

𝑛 (2.51) 

for  
∆𝐵𝑚 =𝐵𝑚 −𝐵0 (2.52) 

 

In matrix form,486 

(휀𝑖,1, 휀𝑖,2, … , 휀𝑖,𝑚) = (𝑐𝑖
1,𝑐𝑖

2,…,𝑐𝑖
𝑛)(

1 1 … 1
∆𝐵1 ∆𝐵2 … ∆𝐵𝑚
… … … …
∆𝐵1

𝑛 ∆𝐵2
𝑛 … ∆𝐵𝑚

𝑛

) (2.53) 

or  
𝑒 = 𝑐𝐵 (2.54) 

The matrix of coefficients can be calculated, provided the inverse of B exists, as follows:486 

𝑐 = 𝑒𝐵−1 (2.55) 

By assembling the rows together, we obtain, 

(

휀1,1 휀1,2 … 휀1,𝑚
휀2,1 휀2,2 … 휀2,𝑚
… … … …
휀𝑛,1 휀𝑛,2 … 휀𝑛,𝑚

) =

(

 

𝑐1
0 𝑐1

1 … 𝑐1
𝑛

𝑐2
0 𝑐2

1 … 𝑐2
𝑛

… … … …
𝑐𝑚
0 𝑐𝑚

1 … 𝑐𝑚
𝑛)

 (

1 1 … 1
∆𝐵1 ∆𝐵2 … ∆𝐵𝑚
… … … …
∆𝐵1

𝑛 ∆𝐵2
𝑛 … ∆𝐵𝑚

𝑛

) (2.56) 

i.e.,  

𝐸 = 𝐶𝐵 (2.57) 

Thus all the coefficients can be determined by the following equation: 

𝐶 = 𝐸𝐵−1 (2.58) 

These coefficients can then be used to calculate the magnetic susceptibility using the Van Vleck 

equation which can now be given as:486 

𝜒 = 𝜇0𝑁𝐴
∑ [
(−𝑐𝑖

(1))2

𝑘𝑇𝑖 − 2𝑐𝑖
(2)]𝑒𝑥𝑝(−𝑐𝑖

(0)/𝑘𝑇)

∑ 𝑒𝑥𝑝(−𝑐𝑖
(0)/𝑘𝑇)𝑖

 (2.59) 



3 Synthetic Approach 

There are two general strategies adopted for the synthesis of polynuclear Mn coordination 

complexes. The first involves the use of chelating ligands and preformed oligonuclear complexes.532-

537 The other approach relies mostly on serendipity and is based on self-assembly where potentially 

bridging ligands are mixed with Mn salts to give rise to high nuclearity coordination complexes.112, 

113, 384, 538-547 This approach often makes use of comproportionation reaction whereby two Mn salts 

in different oxidation states (generally +II and +VII) are mixed together to give rise to species with 

Mn in an intermediate oxidation state.113, 384, 538, 540-545 The success rate with the latter approach is 

quite low but what makes it appealing is the possibility of obtaining structural arrangements that 

would be extremely hard to obtain from a rational approach. An example of this is the first 

characterised SMM, {Mn12},112, 113 which has a {Mn4} cubane moiety encapsulated in a {Mn8} ring. A 

rational synthesis for such a complex is inconceivable due to the low symmetry of this system. This 

serendipitous self-assembly approach has been adopted for most part of this work.  

Comproportionation reactions, in combination with the various attributes of the reaction mixture 

like the ligands used, the solvent used and the pKa of the solution, provide an opportunity to 

stabilise different oxidation states. These conditions, however, also introduce an extra layer of 

complexity from the viewpoint of understanding how self-assembly proceeds in such reactions. 

First of all, the counterion in the MnII salt in use may not be the same as the potentially bridging 

ligands present in the reaction mixture which means that it can affect the self-assembly behaviour. 

Secondly, Mn in MnO4
- ion resides in a tetrahedral coordination environment548 while in Mn(II) salts, 

it generally resides in an octahedral coordination environment.549-554 Thus, Mn centres with two 

different coordination environments are present in the reaction mixture. Predicting which 

coordination environment favours the formation of the major product and how the electron 

transfer process takes place becomes quite complicated. This problem has been briefly highlighted 

in this work. 

This project builds upon the previous work conducted in the Schmitt group on phosphonate based 

polynuclear Mn complexes.384, 542-545 To this end, the choice of bridging ligands has been kept largely 

limited to the use of phosphonate and carboxylate ligands. Although phosphonate based ligands 

are not present in the OEC, they have been previously shown to give rise to cubane type 

complexes.555-560 Furthermore, their versatile binding capabilities make them highly suitable for 

stabilising high nuclearity molecular species536, 561-563 because of which they have also been included 

in this work.  

In this chapter, we describe the synthetic approach that we have adopted in this work and how 

slight modifications to this approach can yield high nuclearity Mn coordination complexes. The 

coordination complexes reported here can broadly be divided into three classes – phosphonate 

based, mixed carboxylate-phosphonate based and carboxylate based. tert-Butyl phosphonic acid 
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(Figure 3.1 (a)) has been mainly used for the synthesis of phosphonate based complexes while for 

the mixed complexes, phenylphosphonic acid (Figure 3.1 (b)) and pivalic acid (Figure 3.1 (c)) have 

been employed. For the carboxylate based complexes, pivalic acid has been utilised as the primary 

ligand. 

 

Figure 3.1: Structure of (a) tert-butyl phosphonic acid, (b) phenylphosphonic acid, (c) pivalic acid 

and (d) diphenylphosphinic acid. 

 

3.1 Phosphonate based complexes 

Previously the group has reported a {Mn6} cage, [ClMn6(tert-butyl-PO3)8(4-picoline)6],545 (Figure 

3.2 (a)) and a symmetric {Mn13} complex, [Mn13(µ4-O)8(µ4-Cl)6(tert-butyl-PO3)8],384, 543 (Figure 3.2 

(b)) both of which contain tert-butyl phosphonate bridging groups. Additionally, a less symmetric 

form of the {Mn13} complex, Mn13(μ4‐O)6(μ‐OH)2(μ‐CH3O)4(CH3OH)2(tert‐butyl‐PO3)10(4‐picoline)4], 

(Figure 3.2 (c)) that contains labile 4-methylpyridine (or 4-picoline) ligands, which can be replaced 

with bridging ligands to form one-dimensional chains, has also been previously reported.542 In this 

work, the {Mn6} cage and the symmetric {Mn13} complex have been used as model compounds for 

developing the computational methodology to investigate the electronic structure and understand 

the magnetic properties. Details of this work are provided in chapter 4 and 5. 

 

Figure 3.2: Structure of (a) the {Mn6} complex [ClMn6(tert-butyl-PO3)8(4-picoline)6],545 (b) the 

symmetric complex [Mn13(µ4-O)8(µ4-Cl)6(tert-butyl-PO3)8]384, 543 and (c) the asymmetric complex 

Mn13(µ4-O)6(µ-OH)2(µ-CH3O)4(CH3OH)2(tert-butyl-PO3)10(4-picoline)4]542 Colour scheme: MnIII (dark 

blue), MnII (teal), Cl (green), P (pink), C (black), N (blue) and O (red). All hydrogen atoms have 

been removed for clarity.  
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For the synthesis of the {Mn6} and the {Mn13} complexes, in essence, the comproportionation 

reaction between MnCl2·2H2O and KMnO4 is carried out in presence of tert-butyl phosphonic acid. 

The striking similarity in the synthetic protocol for these complexes – especially {Mn6} and the 

asymmetric {Mn13} – lead us to believe that these complexes must be structurally related. To verify 

this hypothesis, the counterion of the MnII salt was varied and under similar reaction conditions, 

the {Mn6} cage was obtained with MnCl2 and the less symmetric {Mn13} complex was obtained with 

MnI2. With MnBr2·4H2O as the source of MnII ions however, [MnII
4MnIII

8Br2(µ-O)4((CH3)3CPO3)10 

((CH3)3CPO3H)2(4-picoline)6(H2O)10]·2CH3CN (compound 8.1) (4-picoline = (CH3)C5H4N) was 

synthesised. The formation of three different complexes under similar reaction conditions by simply 

varying the Mn(II) salt highlights the importance of the counterion associated with MnII ions. The 

structural and physicochemical properties of the dodecanuclear complex are described in chapter 

8. 

To obtain high nuclearity mixed-metal complexes, comproportionation reaction between 

Mn(CH3COO)2·4H2O and KMnO4 in presence of tert-butyl phosphonic acid and an alkali/alkaline 

earth metal salt was carried out under different reaction conditions. This resulted in the formation 

of four compounds that are structurally related to the less symmetric {Mn13} complex. In presence 

of NaI and 4-picoline, Na[Na0.4(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-O)0.4(µ-OH)1.6((CH3)3CPO3)10(4-

picoline)4(µ-CH3O)4(CH3OH)2][(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10((CH3)3 

CPO3H)2(4-picoline)4(µ-CH3O)4]·5CH3OH (compound 8.2) was formed. Refluxing KMnO4 and 

Mn(CH3COO)2·4H2O with tert-butyl phosphonic acid and pivalic acid in the ratio 1:4:5:10 lead to the 

formation of K[K2(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10((CH3)3CO2)2(µ-CH3O)4  

(CH3OH)6][(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10((CH3)3CPO3H)2(µ-CH3O)4 

(CH3OH)4]·2CH3OH (compound 8.3).  

Refluxing KMnO4 with Mn(CH3COO)2·4H2O and Ca(CH3COO)2 with diphenylphosphinic acid (Figure 

3.1 (d)) and tert-butyl phosphonic acid in the ratio 1:4:5:5:5 in presence of excess of pivalic acid 

lead to the formation of [MnIIMnIII
12Ca2(µ4-O)2(µ3-O)6((CH3)3CPO3)10((C6H5)2PO2)2((CH3)3CCO2H)2(µ-

CH3O)4 (CH3OH)5.15(CH3CN)0.85]·CH3OH·CH3CN (compound 8.4). By increasing the ratio of KMnO4 and 

Mn(CH3COO)2·4H2O from 1:4 to 5:1, [MnII
3MnIII

12Ca2(µ4-O)4(µ3-O)2(µ3-OH)2((CH3)3CPO3)8 

((C6H5)2PO2)2((CH3)3CCO2)4(CH3CO2)2(µ-CH3O)8(CH3OH)2]·2CH3OH·2CH3CN (compound 8.5) was 

obtained. The structural characteristics and the physicochemical behaviour of all four complexes 

are discussed in chapter 8.  

There are a few key points to take away from the synthesis of these mixed-metal complexes. First 

of all, except for the compounds 8.1 and 8.2, the synthesis of these complexes requires the use of 

large amounts of pivalic acid. This was done to suppress the formation of the less symmetric {Mn13} 

complex which highlights the strong binding capabilities of the phosphonate group. Additionally, it 

can be seen from the molecular formulae that the pivalic acid forms an integral part of the structure 
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and it was observed that it aids in stabilising the hetero-metal. Secondly, the synthesis of the Ca 

containing complexes shows how varying the ratio of the MnII and MnVII salts can lead to 

stabilisation of different species. Additionally, the incorporation of CH3CO2
- ions in the {Mn15} 

complex (compound 8.5) again points towards the non-innocent behaviour of the counterions. 

 

3.2 Mixed phosphonate-carboxylate based complexes  

Considering that both phosphonate and carboxylate ligands can give rise to structures similar to 

the OEC,555-560 we have also investigated the simultaneous use of both ligands. We have primarily 

made use of pivalic acid and phenylphosphonic acid for this purpose. The reason behind the choice 

of these specific ligands is that they provide a balanced mix of structural and electronic features. It 

was observed in the phosphonate based complexes that the use of bulky and strongly binding tert-

butyl phosphonic acid lead to the formation of complexes that belonged to the same family of 

{Mn13} complexes.542 Here we have tried to isolate the steric and the electronic features by using 

sterically less hindered but strongly binding phenylphosphonic acid along with a sterically 

demanding pivalic acid. The idea behind this is to form low nuclearity units stabilised by pivalate 

groups that can be then linked together by the phosphonate groups. This idea has witnessed some 

success in the past536, 562, 564 although separation of steric and electronic features remains largely 

unexplored. 

Based on the observations with the phosphonate compounds, an excess of carboxylic acid was used 

to suppress the formation of complexes that exclusively contain phosphonate ligands. The solvent 

has been also found to play an important role in stabilising different species. It was observed that 

if the comproportionation reaction between Mn(CH3COO)2·4H2O and KMnO4 in presence of 

phenylphosphonic acid, pivalic acid and L(-)-proline in the ratio 1:4:2:40:2 was carried out in CH3CN 

and dimethyl sulfoxide (DMSO), a dodecanuclear Mn complex, [MnII
12(µ3-OH)4((C6H5)PO3)4 

((CH3)3CCO2)12((CH3)2CSO)6]·DMSO·34CH3CN (compound 7.1) was formed. When DMSO was 

replaced with N,N-dimethylformamide (DMF), a mixed-valance hexanuclear complex, [MnII
2MnIII

4 

(µ3-O)2((CH3)3CCO2)10(DMF)4]·(DMF) (compound 6.1), with only pivalate ligands crystallised. 

Refluxing KMnO4, Mn(CH3COO)2·4H2O, phenylphosphonic acid, pivalic acid and L(-)-proline in the 

ratio 1:4:2.5:20:1, in a mixture of CH3CN and CH3OH leads to the formation of a highly symmetric 

pentadecanuclear coordination complex, [MnII
6MnIII

9(µ3-O)4((CH3)3CCO2)11((CH3)3CCO2H)(C6H5PO3)6 

(µ-CH3O)6(µ3-CH3O)2(CH3OH)5] (compound 7.2). By changing the ratio of MnII and MnVII salts to 5:1, 

replacing L(-)-proline with 2, 6-pyridinedimethanol and by addition of acetic acid, an asymmetric 

form of this pentadecanuclear complex, [MnII
5MnIII

10(µ3-O)4((CH3)3CCO2)7.15(CH3CO2)4.85(C6H5PO3)6 

(µ-CH3O)6(µ3-CH3O)2(CH3OH)5]·2CH3CN·CH3OH (compound 7.3), was also obtained.  

By varying the amount of pivalic acid used, comproportionation reaction between KMnO4 and 

Mn(CH3COO)2·4H2O in presence of phenylphosphonic acid and 2,6-pyridinedimethanol in the ratio 
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1:5:2.5:1 in a CH3CN/CH3OH mixture, results in the formation of two compounds. With a 20 fold 

excess of pivalic acid (with respect to KMnO4), a tetradecanuclear complex, [MnII
4MnIII

10(µ3-O)4(µ3-

OH)2(µ-CH3O)9(CH3OH)2(H2O)2((C6H5)PO3)3((CH3)3CCO2)10(CH3CO2)3] (compound 7.4), is formed 

while a 20 fold excess results in the formation of a tridecanuclear complex, [(MnII
0.5MnIII

0.5)2 

MnIII
11(µ3-O)8((C6H5)PO3)4((CH3)3CCO2)10(µ-CH3O)4(µ-CH3OH)4]·CH3OH·CH3CN (compound 7.5). For 

the former, acetate ions form an integral part of the structure which again shows the non-innocent 

behaviour of the counterion. 

This class of complexes also points out the importance of other attributes of the reaction mixture 

in a comproportionation reaction like the solvent system used. All these mixed phosphonate-

carboxylate complexes have also been found to be structurally related and the structural 

characteristics and the physicochemical behaviour of these complexes are discussed in detail in 

chapter 7. 

 

3.3 Carboxylate based complexes 

The previous sections highlighted the effect that the counterion of the MnII salt can have on 

stabilisation of different species in the reaction mixture. To address this, we have completely 

avoided the use of MnII salts for the synthesis of carboxylate only complexes. 

To this end it was observed that the reaction of KMnO4 with excess of pivalic acid in CH3CN leads to 

the formation of a polymorph of the hexanuclear complex, [MnII
2MnIII

4(µ3-O)2((CH3)3CCO2)10 

(DMF)4]·(DMF) (compound 6.1), that was briefly mentioned in the previous section. The crystal 

quality of this polymorph however, was poor because of which [MnII
2MnIII

4(µ3-O)2 

((CH3)3CCO2)10(DMF)4]·(DMF) has been used for characterisation purposes. Using a mixture of 

CH3CN and CHCl3 as the solvent for the reaction between KMnO4 and excess of pivalic acid results 

in the formation of [K2MnIII
8(µ3-O)4(µ-OH)2((CH3)3CCOO)16(CH3CN)2]·CHCl3 (compound 6.2). It is thus 

clear that the solvent can significantly affect the stabilisation of different species in the reaction 

mixture.  

To investigate the structure directing effects of the ligand, pivalic acid was replaced with 4-

phenylbenzoic acid (4-biphenylcarboxylic acid). Such a replacement lead to the formation of a 

dodecanuclear complex, [MnIV
4MnIII

8(µ3-O)12(C6H5C6H4CO2)16(H2O)4]·3CH3CN·13CHCl3 (compound 

6.3), which is structurally related to the first reported single molecule magnet.113 The structural 

characteristics and the physicochemical behaviour of these three complexes are discussed in 

chapter 6. Based on the synthesis of these carboxylate only complexes, it is clear that by tuning the 

steric properties of the ligand and with proper choice of solvent systems, one can obtain complexes 

with varying nuclearities and geometries. 
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3.4 Conclusion 

For the synthesis of high nuclearity Mn coordination complexes, a facile synthetic self-assembly 

approach based on the comproportionation reaction between MnII and MnVII salts in presence of 

carboxylate and/or phosphonate based ligands has been developed. With tert-butyl phosphonic 

acid, a dodecanuclear complex was obtained which may be regarded as a structural intermediate 

between the {Mn6} and the {Mn13} complexes based on the synthesis. Four high nuclearity mixed-

metal coordination complexes were also obtained with tert-butyl phosphonic acid by introducing 

subtle changes to the synthetic protocol. 

To obtain mixed phosphonate-carboxylate based coordination complexes, sterically less hindered 

but strongly binding phenylphosphonic acid and a sterically demanding pivalic acid were used. This 

combination of ligands was used as an attempt to isolate the steric and the electronic features of 

the ligand groups and harness them individually. A series of high nuclearity complexes were 

obtained using this approach. For carboxylate based complexes the synthetic approach was 

modified and only KMnO4 was used as the source for Mn ions. By varying the ligands and the 

solvent, three coordination complexes of different nuclearities were obtained.  

The synthesis of all complexes discussed in this chapter highlights a few key points: 

1. The ratio of the MnII and MnVII salts also affects the stabilisation of different species which 

indicates that the use of two Mn salts not only facilitates the stabilisation of intermediate 

oxidation state but it also has a direct structural effect on the species formed during the 

reaction.  

2. The counterion of the MnII salt is not inert. It can lead to the stabilisation of different end 

products and may even get incorporated into the structure of the end product.  

3. Compared to the carboxylate groups, the phosphonates have stronger affinity towards 

metal ions. Thus, for obtaining complexes that contain both carboxylate and phosphonate 

groups, an excess of carboxylic acid is required. 

4. The choice of solvent can affect the stability of intermediate species in the reaction mixture 

and thus can lead to different end products. 

5. The steric nature of the ligands participating in the reaction can direct the reaction towards 

the formation of different end products. 

We have thus described a synthetic approach which involves the modification of the 

comproportionation reaction and have illustrated the versatility of this approach.  



4 Magnetic Properties of [ClMnIII
6(tert-butyl-PO3)8(4-picoline)6] 

Cl (4.1) 

The influence of magnetic properties on the catalytic activity has been highlighted in the past.67, 392, 

393, 404-407 It is therefore, important to have an understanding of the magnetic properties of the 

system under consideration. The exchange coupling between the metal centres is the most 

important among the various interactions affecting the magnetic behaviour of the system and 

hence influencing the OER.67, 68  

In polynuclear complexes, metal centres are generally bridged together by multiple ligands. This 

implies that the observed magnetic 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. There has been some 

work towards understanding the mechanism of coupling via various bridges in polynuclear 

complexes.524, 565-570 These investigations have either varied the geometrical parameters of the 

system under study or made use of the overlap matrix both of which become increasingly 

complicated with larger systems. 

In this chapter the magnetic properties of a hexanuclear Mn cage complex [ClMnIII
6(tert-butyl-

PO3)8(4-picoline)6]Cl545 (compound 4.1) are described. This complex was made in the Schmitt group 

by a former postdoctoral fellow Lei Zhang. The synthetic protocol adopted for this complex is based 

on comproportionation reaction involving the reaction of MnCl2·2H2O, KMnO4, tert-butyl 

phosphonic acid and 4-picoline in presence of 1,4-phenylenediacetic acid. The calculations were 

primarily carried out using the PBE0 functional451 along with a SDDALL507 basis set for Mn, 6-

31G(2d)508 basis set for P and Cl, 6-31G(d)508 basis set for O and 6-31G(p)508 basis set for H. The aim 

of this chapter is investigate the electronic structure of this complex in five oxidation states using 

hybrid density functional theory. Additionally, we aim to understand the nature of coupling 

between the Mn centres in the different oxidation states and examine the possibility of switching 

the coupling during the oxidation process. To investigate the mechanism of exchange coupling 

between Mn centres via different bridges a novel methodology has been developed and described 

in this chapter.  

Note: A large portion of this work has been pulished as a journal article (ref. 571). 
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4.1 Crystal Structure and DFT Model 

Compound 4.1 ([ClMnIII
6(tert-butyl-PO3)8(4-picoline)6]Cl) contains a positively charged 

hexanuclear Mn complex where the 6 Mn(III) centres reside at the vertices of an octahedron 

centred around a Cl- ion (Figure 4.1).545 This complex is stabilised by 8 tert-butyl phosphonate 

groups which fulfil 4 out of the 6 coordination sites for each Mn(III) 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(III) atoms is along the Mn(III)-Cl bond. 

 

Figure 4.1: Structure of the hexanuclear compound 4.1. Colour scheme: MnIII (dark blue), P(pink), 

Cl (green), C (black) O (red). Hydrogens have been removed for clarity. 

For investigating the magnetic properties, the reported crystal structure was used to build the initial 

model and the whole complex was modelled without simplifying the structure. The ferromagnetic 

state of this complex was modelled and the differences in the key Mn-Mn and Mn-ligand bond 

lengths were found to be < 2 % in comparison to the experimental crystal structure (Table 4.1). The 

distance between the Mn centres trans- to each other was always found to be 6.217 Å but a slight 

variation in the distances between the cis-Mn centres was observed (Table 4.2). Among the other 

possible (26-1 =)63 spin states, five unique spin configurations were identified (assuming that the 

difference in the cis-Mn distances are not important) and all of them were modelled. The 

ferromagnetic state was found to be the highest in energy and the state Mn123 (the configuration 

in which the Mn centres Mn1, Mn2 and Mn3 have down spin) with spin multiplicity S = 0 was found 

to be the most stable (Figure 4.2). The impact of lowering of spin symmetry on the structural 
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features in the non-ferromagnetic states was found to be small as is evident from the bond 

distances (Table 4.1). 

Table 4.1: Comparison of the average distances (Å) in the crystal structure and the DFT model in 

the different spin states for compound 4.1. The numbers after ‘Mn’ specify which Mn centres 

have a down spin. For example, Mn124 corresponds to a state where Mn1, Mn2 and Mn4 have a 

spin down while others have a spin up configuration. 

Configuration\Parameter Mn-Mn 
(trans) 

Mn-Mn 
(cis) 

Mn-Cl Mn-N 
 

Mn-O P-O 
 

Experimental545 6.217 4.396 3.109 2.228 1.866 1.485 
Ferromagnetic 6.192 4.378 3.096 2.279 1.896 1.543 

Mn1 6.190 4.377 3.095 2.279 1.895 1.543 
Mn12 6.189 4.376 3.095 2.279 1.893 1.543 
Mn14 6.192 4.378 3.096 2.279 1.895 1.543 

Mn123 6.188 4.376 3.094 2.279 1.895 1.543 
Mn124 6.190 4.377 3.095 2.279 1.895 1.543 

 

Table 4.2: Mn-Mn distances for compound 4.1 in the ferromagnetic state. 

Mn centres Distance (Å) Mn centres Distance (Å) Mn centres Distance (Å) 

Mn1Mn2 4.386 Mn2Mn4 4.406 Mn4Mn6 4.386 
Mn1Mn3 4.386 Mn2Mn6 4.406 Mn5Mn6 4.386 
Mn1Mn5 4.406 Mn3Mn4 4.406 Mn1Mn4 6.217 
Mn1Mn6 4.406 Mn3Mn5 4.406 Mn2Mn5 6.217 
Mn2Mn3 4.386 Mn4Mn5 4.386 Mn3Mn6 6.217 

 

4.2 Exchange Coupling Constants (𝑱-Values) 

There are (6*5/2 = )15 possible coupling interactions between the Mn centres in compound 4.1 and 

by taking into account the geometrical arrangement in the system, these interactions can be 

divided into 2 sets. These sets take into account the coupling between the Mn centres cis- to each 

other (𝐽𝑐𝑖𝑠) and the Mn centre trans- to each other (𝐽𝑡𝑟𝑎𝑛𝑠). The coupling between the Mn centres 

cis- to each other is facilitated by both the phosphonate groups and the central Cl- while the Mn 

centres trans- to each other are bridged only via the central Cl. This division can be represented by 

the following Hamiltonian: 

 𝐻 = −2𝐽𝑡𝑟𝑎𝑛𝑠[〈𝑠1. 𝑠4〉 + 〈𝑠2. 𝑠5〉 + 〈𝑠3. 𝑠6〉]

− 2𝐽𝑐𝑖𝑠[〈𝑠1. 𝑠2〉 + 〈𝑠1. 𝑠3〉 + 〈𝑠1. 𝑠5〉 + 〈𝑠1. 𝑠6〉

+ 〈𝑠2. 𝑠3〉 + 〈𝑠2. 𝑠4〉 + 〈𝑠2. 𝑠6〉 + 〈𝑠3. 𝑠4〉

+ 〈𝑠3. 𝑠5〉 + 〈𝑠4. 𝑠5〉 + 〈𝑠4. 𝑠6〉 + 〈𝑠5. 𝑠6〉] 

(4.1) 

 

Considering the large distance between the trans-Mn centres, the possibility that one coupling 

constant (𝐽𝑐𝑖𝑠) 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 Å), there 

is a possibility that 3 coupling constants will be needed. The reason for using Mn-Mn distance as a 

parameter to determine the number of coupling constants here is because differences in the Mn-
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Mn distances correspond to different Mn-ligand bond lengths which will ultimately affect the 

strength of coupling. 

 

Figure 4.2: Relative energies of the 6 spin states of compound 4.1 obtained using DFT (PBE0), and 

the calculated 𝐽-values. 

For defining the spin operators in eq. 4.1, the spin density on each Mn centre in the different spin 

states was determined using Bader charge analysis.519 Bader analysis predicts that the spin density 

on each Mn centre is approximately 3.8 (Table 4.3) indicating strong localisation.  

 

Table 4.3: Bader spin density on Mn centres in the different electronic configurations truncated to 

three decimal places. The states Mn16, Mn156 and Mn146 are symmetry equivalent to the Mn12, 

Mn123 and Mn124 states respectively. 

Configuration Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 

Ferromagnetic 3.789 3.789 3.789 3.790 3.790 3.789 

Mn1 -3.786 3.789 3.789 3.787 3.789 3.789 

Mn16 -3.786 3.789 3.787 3.787 3.789 -3.786 

Mn14 -3.788 3.788 3.789 -3.788 3.789 3.789 

Mn156 -3.786 3.786 3.786 3.787 -3.786 -3.786 

Mn146 -3.789 3.789 3.787 -3.789 3.789 -3.787 

  

A 1 𝐽 -value model was investigated by removing the 𝐽𝑡𝑟𝑎𝑛𝑠  term from eq. 4.1 but consistent 

solutions were not obtained implying that the 𝐽𝑡𝑟𝑎𝑛𝑠 term is required. With the 2 𝐽-value model, 

the average coupling constants obtained using Bader spin densities are provided in Table 4.4. The 

relative energies of the 6 states have been calculated using these 𝐽-values and have been found to 
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be in agreement with the DFT results (Figure 4.2). On dividing the 𝐽𝑐𝑖𝑠 term into two based on the 

Mn-Mn distance, the spin Hamiltonian in eq. 4.1 changes to the following:  

 

 𝐻 = −2𝐽1[〈𝑠1. 𝑠4〉 + 〈𝑠2. 𝑠5〉 + 〈𝑠3. 𝑠6〉]

− 2𝐽2[〈𝑠1. 𝑠2〉 + 〈𝑠1. 𝑠3〉 + 〈𝑠2. 𝑠3〉 + 〈𝑠4. 𝑠5〉 + 〈𝑠4. 𝑠6〉 + 〈𝑠5. 𝑠6〉]

− 2𝐽3[〈𝑠1. 𝑠5〉 + 〈𝑠1. 𝑠6〉 + 〈𝑠2. 𝑠4〉 +〈𝑠2. 𝑠6〉 + 〈𝑠3. 𝑠4〉 + 〈𝑠3. 𝑠5〉] 

(4.2) 

 

The three 𝐽-values obtained are within the standard deviation for the 2 𝐽-values (Table 4.4) which 

implies that defining the Hamiltonian with 2 𝐽-values can be considered optimal. 

Table 4.4: Calculated 𝐽 values (cm-1) and the standard deviations obtained using a 2 𝐽-value and a 

3 𝐽-value Hamiltonian for compound 4.1. 

Number of 𝑱-values 𝑱𝒕𝒓𝒂𝒏𝒔/𝑱𝟏 (cm-1) 𝑱𝐜𝐢𝐬/𝑱𝟐 (cm-1) 𝑱𝟑 (cm-1) 

2 -3.48 ± 0.05 -1.28 ± 0.04 - 
3 -3.46 ± 0.06 -1.29 ± 0.06 -1.26 ± 0.06 

 

4.2.1 Effect of the spin operator definition of 𝑱-values 

To investigate the dependence of the coupling constants on the definition of spin operator, the spin 

operators were defined using formal spin values, spin densities obtained using Mulliken472-475 and 

Hirshfeld population analysis,461, 477, 478 and the generalized spin projection approach.497 The formal 

spin approach essentially assumes that the unpaired electrons are completely localised on the Mn 

centre. The other charge analysis schemes have been discussed in chapter 2. Mulliken charge 

analysis predicts higher localisation of the electrons compared to Hirshfeld and Bader charge 

analysis schemes (Table 4.5). The equations associated with the spin projection approach are 

provided in the appendix. Since the 2 𝐽-value model was found to be optimal, it was used for 

calculating the coupling constants with the different spin operator definitions and the values 

obtained are provided in Table 4.6.  

It can be seen that the coupling constants obtained by the spin projection approach are identical to 

those obtained by the formal spin approach and are similar to those obtained using the Mulliken 

spin values. The coupling constants obtained by Bader and Hirshfeld spin values are also close to 

each other but different from those obtained by the other three approaches.  

To understand the effect of the changes in the coupling constants on the magnetic susceptibility, 

the temperature dependence of magnetic susceptibility was plotted using the different pairs of 

coupling constants (Figure 4.3). The value of the g-tensor was determined to be 1.998 for this 

complex which was used for the calculation of the magnetic susceptibility.  
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Table 4.5: Spin density on Mn centres (truncated to three decimal places) in the different 

electronic configurations obtained using Mulliken and Hirshfeld charge analyses. The states Mn16, 

Mn156 and Mn146 are symmetry equivalent to the Mn12, Mn123 and Mn124 states respectively. 

Configuration Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 

 Mulliken charge analysis 
Ferromagnetic 3.946 3.946 3.946 3.946 3.946 3.946 

Mn1 -3.918 3.940 3.941 3.939 3.940 3.939 

Mn16 -3.924 3.935 3.934 3.933 3.935 -3.923 

Mn14 -3.925 3.934 3.936 -3.925 3.934 3.936 

Mn156 -3.929 3.929 3.929 3.929 -3.929 -3.929 

Mn146 -3.930 3.929 3.930 -3.930 3.929 -3.927 

 HIrshfeld charge analysis 
Ferromagnetic 3.744 3.744 3.744 3.744 3.744 3.744 

Mn1 -3.728 3.741 3.741 3.741 3.741 3.741 
Mn16 -3.731 3.738 3.738 3.738 3.738 -3.731 
Mn14 -3.732 3.738 3.738 -3.732 3.738 3.738 

Mn156 -3.735 3.734 3.734 3.734 -3.735 -3.734 
Mn146 -3.735 3.735 3.735 -3.735 3.735 -3.735 

 

Table 4.6: 𝐽-values obtained using different definitions of spin densities on the Mn centres. 

Approach 𝑱𝒕𝒓𝒂𝒏𝒔 (cm-1) 𝑱𝒄𝒊𝒔 (cm-1) 

Formal Spin -3.12 ± 0.05 -1.15 ± 0.04 
Spin Projection -3.12 ± 0.05 -1.15 ± 0.04 

Mulliken -3.22 ± 0.05 -1.18 ± 0.04 
Bader -3.48 ± 0.05 -1.28 ± 0.04 

Hirshfeld -3.57 ± 0.05 -1.31 ± 0.04 

 

 

Figure 4.3: Temperature dependence of magnetic susceptibility for the {Mn6} cage calculated 

using the coupling constants obtained using PBE0 functional and different definitions of spin 

operators. 
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It can be seen that the susceptibility plots obtained from the 𝐽-values of formal spin, spin projection 

approach and Mulliken analysis are almost coincident. The plot obtained using Bader and Hirshfeld 

analyses are quite similar. Since the Bader charge analysis provides a basis set independent 

description of the electron density and is not dependent on any arbitrary promolecular density, it 

has been used for further investigations. 

 

4.2.2 Functional dependence of coupling constants 

PBE0 has been previously shown to provide good estimates of magnetic properties572, 573 and since, 

we are using calculated spin densities to define the spin operators, PBE0 is better suited than most 

other DFT functionals since it has been shown to reproduce the electron density quite accurately.453 

The functional dependence has still been tested using B3LYP426, 431, 447, 574 which has also been shown 

to give reasonable results for the calculation of exchange coupling constants.514, 521, 575 For this 

purpose, the Mn123, Mn12 and Mn124 states were modelled with B3LYP and eq. 4.1 in conjunction 

with the Bader spin densities (Table 4.7) was used for the calculation of the coupling constants. In 

this case, 𝐽𝑡𝑟𝑎𝑛𝑠  and 𝐽𝑐𝑖𝑠  were calculated to be -3.86 and -1.48 cm-1 respectively in reasonable 

agreement with the values obtained with PBE0 (Table 4.6). The susceptibility plot obtained using 

B3LYP also looks similar to that obtained using PBE0 (Figure 4.4). 

Table 4.7: Bader spin density on Mn centres in the different electronic configurations using B3LYP 

(truncated to three decimal places). The state Mn126 is symmetry equivalent to the Mn123 state. 

Configuration Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 

Mn12 -3.740 -3.740 3.743 3.743 3.741 3.741 

Mn126 -3.743 -3.741 3.743 3.743 3.741 -3.743 

Mn124 -3.741 -3.740 3.740 -3.740 3.740 3.740 

 

 

Figure 4.4: Calculated χT vs T plot for the {Mn6} cage and the same plot obtained using the 

coupling constants obtained using PBE0 and B3LYP.   
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4.2.3 Effect of tert-butyl group 

To determine the impact, the tert-butyl group has on the coupling strength, it was replaced with a 

methyl group and the six spin configurations were modelled again. The coupling constants were 

obtained using the Hamiltonian given in eq. 4.1 in conjunction with the Bader spin densities (Table 

4.8). For this system, the value of 𝐽𝑐𝑖𝑠 and 𝐽𝑡𝑟𝑎𝑛𝑠 were calculated to be -1.15 ± 0.02 and -3.47 ± 0.05 

cm-1 respectively. It can thus be seen that there is a reasonable effect of the tert-butyl group on the 

exchange coupling strength. 

Table 4.8: Bader spin density (truncated to three decimal places) on each Mn centre and the 

relative energy of each spin state for compound 4.1 with the tert-butyl groups replaced with 

methyl groups. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.781 3.781 3.781 3.781 3.781 3.781 0.00 
-3.777 3.780 3.780 3.778 3.780 3.780 -115.71 
-3.777 -3.777 3.780 3.778 3.778 3.780 -197.55 
-3.779 3.780 3.780 -3.779 3.780 3.780 -130.62 
-3.777 -3.778 -3.777 3.777 3.777 3.778 -246.65 
-3.779 -3.777 3.779 -3.779 3.777 3.779 -181.12 

 

4.2.4 Effect of replacement of 4-picoline groups with solvent molecules 

The labile 4-picoline groups of compound 4.1 can potentially be replaced with solvent molecules 

from the reaction mixture and this has been previously observed.545 To explore this possibility, the 

4-picoline group on Mn1 was replaced with CH3CN (4.1.CH3CN) and with H2O (4.1.H2O) (Figure 4.5 

(a) and (b) respectively). Such a replacement was found to be energetically unfavourable by ~34 

kJ/mol in the former case and ~4 kJ/mol in the latter under vacuum conditions but it suggests that 

such replacement may be feasible under reaction conditions.  

The introduction of a solvent molecule in the complex reduces the symmetry of the complex and 

this reduction is more pronounced in case of 4.1.H2O which is possibly because in this case the 

donor has been changed from N to O. For 4.1.CH3CN, six spin configurations were modelled and 

Bader spin densities on the Mn centres and the relative energy of each state are provided in Table 

4.9. The Hamiltonian used for the calculation of the coupling constants is given as:  

 

 𝐻 = −2𝐽1[〈𝑠1. 𝑠4〉] − 2𝐽2[〈𝑠2. 𝑠5〉 + 〈𝑠3. 𝑠6〉] 

− 2𝐽3[〈𝑠1. 𝑠2〉 + 〈𝑠1. 𝑠3〉 + 〈𝑠1. 𝑠5〉 + 〈𝑠1. 𝑠6〉]

− 2𝐽4[〈𝑠2. 𝑠3〉 + 〈𝑠2. 𝑠4〉 + 〈𝑠2. 𝑠6〉 + 〈𝑠3. 𝑠4〉 + 〈𝑠3. 𝑠5〉

+ 〈𝑠4. 𝑠5〉 + 〈𝑠4. 𝑠6〉 + 〈𝑠5. 𝑠6〉] 

(4.3) 
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Figure 4.5: Optimised model of (a) 4.1.CH3CN and (b) 4.1.H2O. Colour scheme: MnIII (dark blue), 

P(pink), Cl (green), C (black) O (red). Hydrogens have been removed for clarity. 

Due to lower symmetry, three additional states were modelled in case of 4.1.H2O and the spin 

density of Mn centres and the energy of these states are provided in Table 4.10. The Hamiltonian 

for this system is given as: 

 𝐻 = −2𝐽1[〈𝑠1. 𝑠4〉] − 2𝐽2[〈𝑠2. 𝑠5〉 + 〈𝑠3. 𝑠6〉] 

− 2𝐽3[〈𝑠1. 𝑠2〉 + 〈𝑠1. 𝑠3〉 + 〈𝑠1. 𝑠5〉 + 〈𝑠1. 𝑠6〉]

− 2𝐽4[〈𝑠2. 𝑠3〉 + 〈𝑠2. 𝑠6〉 + 〈𝑠3. 𝑠5〉 + 〈𝑠5. 𝑠6〉] 

− 2𝐽5[〈𝑠2. 𝑠4〉 + 〈𝑠3. 𝑠4〉 + 〈𝑠4. 𝑠5〉 + 〈𝑠4. 𝑠6〉] 

(4.4) 

Table 4.9: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state for 4.1.CH3CN. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.813 3.789 3.791 3.789 3.789 3.791 0.00 
-3.809 3.789 3.790 3.786 3.789 3.790 -131.79 
-3.809 -3.786 3.790 3.786 3.786 3.790 -215.44 
-3.813 3.788 3.790 -3.789 3.788 3.790 -148.75 
-3.809 -3.786 -3.787 3.786 3.786 3.787 -262.76 
-3.812 -3.786 3.790 -3.789 3.786 3.789 -196.62 

 

The coupling constants obtained for both systems are provided in Table 4.11. It is clear that the 

substitution of the 4-picoline ligands with solvent molecules does affect the coupling strength. The 

coupling between the Mn centres trans- to each other is more significantly affected compared to 

the coupling between cis-Mn centres. These changes however are not reflected in the temperature 

dependence of magnetic susceptibility (Figure 4.6) and this can be due to two possible reasons. It 

is possible that the susceptibility curve is not too sensitive to the changes in coupling strength. The 

other possible reason is that as the average coupling strength for the Mn centres cis- and trans- to 

each other for both 4.1.CH3CN and 4.1.H2O, is very similar to that observed for 4.1, it results in 

similar susceptibility behaviour. 
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Table 4.10: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state for 4.1.H2O. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.812 3.788 3.788 3.787 3.787 3.789 0.00 
3.812 -3.784 3.788 3.787 3.785 3.789 -119.13 
3.809 3.787 3.788 -3.784 3.787 3.789 -136.58 
-3.808 3.788 3.788 3.784 3.787 3.789 -137.64 
-3.809 3.787 -3.785 3.784 3.787 3.787 -216.86 
-3.808 -3.784 3.787 3.784 3.785 3.788 -220.00 
-3.811 3.787 3.788 -3.787 3.787 3.789 -149.40 
-3.809 -3.785 -3.785 3.784 3.784 3.786 -260.60 
-3.812 -3.785 3.787 -3.787 3.784 3.788 -195.47 

 

Table 4.11: Coupling constants (cm-1) obtained for 4.1.CH3CN and 4.1.H2O. 

 𝑱𝟏 (cm-1) 𝑱𝟐 (cm-1) 𝑱𝟑 (cm-1) 𝑱𝟒 (cm-1) 𝑱𝟓 (cm-1) 
4.1.CH3CN -3.79 ± 0.06 -3.40 ± 0.05 -1.33 ± 0.01 -1.25 ± 0.02 - 

4.1.H2O -4.23 ± 0.17 -2.95 ± 0.14 -1.31 ± 0.05 -1.38 ± 0.11 -1.30 ± 0.05 

 

 

Figure 4.6: Calculated χT vs T plot for the {Mn6} cage and the calculated plots for compound 4.1, 

4.1.CH3CN and 4.1.H2O using the PBE0 functional. 

 

4.2.5 Comparison with the experiment  

To assess the validity of the coupling constants obtained using DFT, the effect of temperature on 

the magnetic susceptibility has been determined experimentally and compared with the calculated 

plots. For this purpose, we synthesized the cage using the published procedure545 and measured 

the magnetic susceptibility. The complex was characterised using powder X-ray diffraction and 

infrared spectroscopy (Figure 4.7). The temperature dependence of magnetic susceptibility 

obtained for this complex is shown in Figure 4.8. 



  Chapter 4 

 69 

 

Figure 4.7: (a) The infrared spectrum and (b) simulated and measured PXRD pattern for 

compound 4.1.  

The comparison of the calculated χT plots with the experimental one reveals that the plot obtained 

using the coupling constants determined with PBE0 functional and Bader spin densities was the 

closest fit although it did not exactly reproduce the experimental plot. Due to this, a fit using two 

𝐽-values was performed and the values corresponding to the best fit are given in Table 4.12. 𝐽𝑐𝑖𝑠 

has been found to be identical to that calculated while 𝐽𝑡𝑟𝑎𝑛𝑠 differs from the calculated one by ~1 

cm-1. For comparison, only 1 coupling constant (𝐽𝑐𝑖𝑠) was also fitted to the experimental curve and 

it can be seen that it reproduces the experimental curve reasonably (Figure 4.8). The residual error, 

as calculated using phi,529 for the one and two fitted coupling constants 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.  

Table 4.12: Calculated (Bader spin density) and fitted 𝐽-values for the {Mn6} cage. 

Approach\𝑱 value 𝑱𝒕𝒓𝒂𝒏𝒔 (cm-1) 𝑱𝒄𝒊𝒔 (cm-1) 

Calculated (PBE0) -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 understand the effect of using one and two 𝐽-values on the electronic picture of the cage, the 

relative energies of the 6 states was calculated using the coupling constants obtained from the fit 

to experiment. For this purpose, eq. 4.1 was used and the 𝑠𝑖 values were defined using average 

Bader spin densities. Figure 4.9 shows the energy levels calculated from the 2 𝐽-values fit, in line 

with the DFT results. The states quite close in energy, S = 4/2 (cis) and S = 0 (mer), are calculated to 

be almost degenerate with the 2 𝐽-values fit. When 𝐽𝑡𝑟𝑎𝑛𝑠 is ignored, i.e. when only one 𝐽-value is 

used, the ground state is incorrectly predicted even though the susceptibility curve is reasonably 

reproduced. This confirms the previous idea that the susceptibility curve is not very sensitive to the 

details of the coupling constants. Thus one needs to be cautious when trying to fit coupling 

constants to magnetic susceptibility curves and ensure that the complete electronic picture is 

captured. 



  Chapter 4 

 70 

 

Figure 4.8: Experimental χT vs T plot for the {Mn6} cage and the same plot obtained using the 

calculated (PBE0) and fitted coupling constants. 

 

 

Figure 4.9: Relative energies of the 6 spin states of the {Mn6} cage obtained using DFT (PBE0), and 

the calculated and fitted 𝐽-values. 
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4.3 The Nature of the Coupling Pathways 

The Mn centres trans- to each other can only be coupled via the Cl- and the negative 𝐽𝑡𝑟𝑎𝑛𝑠 value 

indicates that the coupling pathway between the trans-Mn centres is antiferromagnetic. The Mn 

centres cis- to each other, on the other hand, can be coupled by the phosphonate and the Cl- bridge. 

In this case, both pathways may be antiferromagnetic or only the dominant one may be 

antiferromagnetic. 

In order to investigate the coupling mechanism between the cis-Mn centres via the different 

bridges, an innovative approach that involves perturbing the system while retaining the symmetry 

and analysing the effect on the coupling strength due to the perturbation was employed. The 

perturbation can be introduced in two ways – by changing the electronegativity of the bridge or by 

changing the Mn-bridge bond distance. In general, a decrease in the electronegativity of the ligand 

bridge and/or a decrease in the Mn-bridge distance increase the coupling strength. The nature of 

coupling via a given bridge can thus be identified by determining how the coupling changes with 

the change in these factors. 

To investigate the effect of the change in electronegativity, the central Cl- in the parent model 

(compound 4.1) was replaced with Br- and I- (Mn6Br and Mn6I respectively), and all 6 spin 

configurations were modelled. The coupling constants were obtained using the 2 𝐽 -value 

Hamiltonian (eq. 4.1) and are given in Table 4.13. For both models, the 𝐽𝑡𝑟𝑎𝑛𝑠  value increases 

rapidly with the decrease in the electronegativity of the central halide which confirms that the 

coupling between the trans-Mn centres is antiferromagnetic. The changes in the 𝐽𝑐𝑖𝑠  value 

however, were found to be too small to reach any conclusions. This is possibly due to the effect of 

the substitution with Br and I on the Mn-bridge distances.   

For investigating the effect of changing only the Mn-Cl distance and hence the Mn-Cl bond strength, 

Br- and I- centres in Mn6Br and Mn6I were replaced with Cl- and constrained geometry optimisation 

calculations were performed for the six spin configurations with the position of the Mn centres kept 

fixed (Mn6Br’ and Mn6I’ respectively). The coupling constants obtained are presented in Table 4.13. 

For both Mn6Br’ and Mn6I’, the 𝐽𝑡𝑟𝑎𝑛𝑠 term was found to be negligible which indicates that there is 

negligible direct coupling between the Mn centres. In these models, although the Mn-Cl bridge is 

weaker, an increase in the 𝐽𝑐𝑖𝑠 value is observed which suggests that the coupling via this bridge 

may be ferromagnetic and that via the phosphonate bridge may be antiferromagnetic. 

To exclusively identify the nature of the phosphonate pathway, the Cl- in the parent model 

(compound 4.1) was removed and the six spin configurations model were optimised keeping the 

position of the Mn centres fixed (Mn6). Additionally, the constrain on the Mn centres was removed 

and the structure was allowed to fully optimise (Mn6’). The Cl- was later added to Mn6’ and this new 

system was optimised keeping the position of the Mn centres fixed (Mn6’Cl). The coupling constants 

obtained for each model are presented in Table 4.13. 
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A negligible  𝐽𝑡𝑟𝑎𝑛𝑠 value observed in case of Mn6 and Mn6’ confirms the absence of direct coupling. 

The negative 𝐽𝑐𝑖𝑠  value for Mn6 and Mn6’ confirms the antiferromagnetic nature of the 

phosphonate pathway since the coupling between the cis-Mn centres is only via the phosphonate 

bridge in these models. Furthermore, the re-introduction of Cl- in Mn6’ (Mn6’Cl) leads to a decrease 

in 𝐽𝑐𝑖𝑠 value which in only possible if the Cl- bridge is ferromagnetic in nature. As the change in the 

𝐽𝑐𝑖𝑠 value is small, it implies that the Cl- bridge is only weakly antiferromagnetic. Thus, it can be 

concluded that the phosphonate pathway is antiferromagnetic while the Cl- bridge is 

antiferromagnetic for the trans-Mn centres and ferromagnetic for the cis-Mn centres. 

Table 4.13: Average (cis-) Mn-Mn distances (Å) and coupling constants (cm-1) for the different 

models of the {Mn6} cage. 

Model cis-Mn-Mn distance (Å) 𝑱𝒕𝒓𝒂𝒏𝒔 (cm-1) 𝑱𝒄𝒊𝒔 (cm-1) 

Compound 4.1 4.378 -3.48 ± 0.05 -1.28 ± 0.04 
Mn6Br 4.391 -6.80 ± 0.07 -1.30 ± 0.06 
Mn6I 4.438 -14.78 ± 0.25 -1.55 ± 0.13 

Mn6Br’  4.391 -0.04 ± 0.02 -1.46 ± 0.01 
Mn6I’ 4.438 -0.04 ± 0.01 -1.38 ± 0.01 
Mn6 4.378 -0.06 ± 0.02 -1.48 ± 0.02 
Mn6’ 4.542 -0.03 ± 0.02 -1.40 ± 0.01 

Mn6’Cl 4.542 -1.86 ± 0.02 -1.12 ± 0.01 

 

4.3.1 Overlap analysis 

To further ensure the validity of the novel methodology, the overlaps between the d-orbitals of the 

Mn centres and the p-orbitals of Cl- were determined and are shown in Table 4.14. It can be seen 

that d-orbitals of Mn1 and Mn4 mainly interact with the pz orbital of Cl, while that of Mn2 and Mn5 

overlap with the px orbital of Cl- and the d-orbitals of Mn3 and Mn6 overlap with the py orbital. The 

coupling between these pairs must be antiferromagnetic based on Goodenough-Kanamori rules.334, 

576, 577 For Mn1 and Mn2 however, and similarly for all other cis-Mn pairs, the coupling is facilitated 

by p-orbitals that are orthogonal to each other. Since electron transfer is, in principle, forbidden, 

the Goodenough-Kanamori-Anderson rules suggest that this coupling should thus be 

ferromagnetic.334, 576, 577 These insights are in line with what was proposed using the novel 

methodology which further supports the reliability of the methodology. 
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Table 4.14: Overlap matrix (× 100) for the d-orbitals of the Mn centres and the p-orbitals of Cl. 

Cl\Mn D D+1 D-1 D+2 D-2 

   Mn1   
PX 0.00 0.04 0.00 0.00 0.00 
PY 0.00 0.00 0.04 0.00 0.00 
PZ 1.40 0.00 0.00 0.00 0.00 
   Mn2   

PX 0.36 0.00 0.00 1.04 0.00 
PY 0.00 0.00 0.00 0.00 0.04 
PZ 0.00 0.04 0.00 0.00 0.00 
   Mn3   

PX 0.00 0.00 0.00 0.00 0.04 
PY 0.34 0.00 0.00 1.06 0.00 
PZ 0.00 0.00 0.04 0.00 0.00 
   Mn4   

PX 0.00 0.04 0.00 0.00 0.00 
PY 0.00 0.00 0.04 0.00 0.00 
PZ 1.40 0.00 0.00 0.00 0.00 
   Mn5   

PX 0.36 0.00 0.00 1.04 0.00 
PY 0.00 0.00 0.00 0.00 0.04 
PZ 0.00 0.04 0.00 0.00 0.00 
   Mn6   

PX 0.00 0.00 0.00 0.00 0.04 
PY 0.34 0.00 0.00 1.06 0.00 
PZ 0.00 0.00 0.04 0.00 0.00 

 

 

4.4 DFT+U Approach and the Possibility of Non-Collinear Spins 

Considering the presence of multiple {Mn3} triangular units in compound 4.1, the possibility of spin 

frustration325, 578 and hence non-collinear spins cannot be ignored. Since non-collinearity cannot be 

investigated using gaussian09, the calculations were performed using VASP. To simulate in vacuo 

non-periodic conditions, only the isolated molecule was modelled. Modelling the whole unit cell 

was not possible due to the computational cost. The calculations were performed using the DFT+U 

approach employing the PBEsol functional.517 Here DFT+U was chosen over the use of PBE0 due to 

the computational cost of hybrid DFT calculations with plane wave basis sets. A number of U and J 

values have been suggested for Mn in the literature.579-586 Previous work in the Watson group has 

shown that the Dudarev approach437 with a U-J value of 4.5 eV for Mn is most appropriate.587-589 

Hence, in this work, we have used the Dudarev approach437 with a U-J value of 4.5 eV. We have 

however, also tested the Liechtenstein approach436 with U and J values chosen such that U-J = 4.5 

eV. These approaches have been employed to determine the energy of all 6 states which, in 

combination with eq. 4.1, have been used to calculate the coupling constants that are summarised 

in Table 4.15. The 𝐽-values obtained in this case are slightly overestimated compared to those 

obtained using PBE0.  

 



  Chapter 4 

 74 

Table 4.15: The coupling constants obtained using DFT+U approach. 

Approach U J 𝑱𝒕𝒓𝒂𝒏𝒔 (cm-1) 𝑱𝒄𝒊𝒔 (cm-1) 

Dudarev 4.5 0.0 -3.40 ± 0.03 -1.67 ± 0.02 
Liechtenstein 5.5 1.0 -3.60 ± 0.03 -1.45 ± 0.02 
Liechtenstein 6.4 1.9 -3.83 ± 0.05 -1.25 ± 0.03 

 

To investigate the non-collinear behaviour, we have employed the Dudarev approach, and the 

Liechtenstein approach with a U and J value of 5.5 and 1 respectively as the 𝐽-values obtained with 

this combination are relatively closer to those obtained using PBE0. Two extreme cases have been 

investigated – one where the spins on Mn centres point towards the Cl- centre (state 1) and the 

other where they point away from the Cl- (state 2). The relative energy of all the collinear state and 

the two non-collinear states are presented in Table 4.16. It can be observed that with both 

approaches, state 2 is more stable than state 1. Since the states 1 and 2 were modelled by taking 

the spin-orbit coupling into account while the other states were modelled without it, a direct 

comparison between them is not possible. Future work will include accounting for the spin-orbit 

coupling in the calculation of the other states. 

Table 4.16: Energy (cm-1) of the various states relative to the Mn123 state calculated using the 

Dudarev (U = 4.5 eV, J = 0.0 eV) and Liechtenstein (U = 5.5 eV, J = 1 eV) approaches. 

State Dudarev Approach Relative Energy (cm-1) Liechtenstein approach Relative 
Energy (cm-1) 

Ferromagnetic 289.3 271.0 
Mn1 145.3 140.7 

Mn12 49.2 50.7 
Mn14 98.7 109.9 

Mn123 0.0 0.0 
Mn124 49.3 59.6 
State 1 206.4 186.2 
State 2 131.2 123.9 
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4.5 Higher Charged States 

The four successive charged states of compound 4.1 were investigated to understand the effect of 

oxidation on the magnetic properties. 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. Oxidation to the first charged state was achieved by removing an electron 

from Mn2. 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 (Figure 4.10 (b)). 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 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 has been 

found to be different with cis - 24 - Mn235 having a S = 0 ground state and trans - 25- Mn25 having 

a S = 10/2 ground state, where the prefix cis- and trans- highlights the fact that the Mn(IV) centres 

are cis- or trans- to each other (Figure 4.10 (c) and (d)). 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 (Figure 4.10 (e) 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 a S = 1/2 state forms 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 (Figure 4.10 

(e)-(h)). 

 

Figure 4.10: Arrangement of Mn atoms and their spins in the {Mn6} cage in the ground electronic 

state of the various charged states and their multiplicity. 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 spin down configuration. The prefix (cis/trans or fac/mer) 

specifies the arrangement of Mn(IV) centres in the model for the 2nd and 3rd charged states and 

that of Mn(III) atoms in the 4th 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. 



  Chapter 4 

 76 

To understand these changes in the electronic configuration on oxidation, we need to understand 

how the Mn centres couple and this has been described in the following discussion. All bond 

distances reported (irrespective of the charged state under consideration) correspond to those of 

the ferromagnetic configuration because like the fully reduced state, the bond distances of other 

spin configurations do not vary significantly (< 0.1 Å). The Mn-Mn distances and the Mn-ligand 

distances in the different charged states are summarised in Table 4.17 and Table 4.18 respectively. 

For defining the spin operators in the higher charged states only Bader spin densities have been 

used and the spin densities reported in the following discussion are the ones for the ferromagnetic 

state. The Bader spin densities on the ligands are summarised in Table 4.19. The sum of overlaps 

between the d- and p- orbitals of Mn and Cl- respectively are provided in Table 4.20. The value of 

the g-tensor for these states was found to be 1.997 ± 0.001, decreasing with increasing charge 

(Table 4.21). This data will be used to rationalise the results described in the forthcoming 

discussion. 

Table 4.17: Mn-Mn distances (Å) in different charged states. 

 Charged States 

 Fully 
reduced 1st 2nd (cis) 

2nd 
(trans) 3rd (Fac) 

3rd 
(Mer) 4th (cis) 

4th 
(trans) 

Mn1Mn2 4.386 4.328 4.455 4.325 4.488 4.156 4.374 4.162 
Mn1Mn3 4.386 4.473 4.532 5.506 4.539 4.405 4.503 4.425 
Mn1Mn5 4.406 4.487 4.488 5.482 4.539 4.389 4.334 4.411 
Mn1Mn6 4.406 4.482 4.534 4.509 4.462 4.415 4.215 4.434 
Mn2Mn3 4.386 4.322 4.387 4.324 4.462 4.409 4.514 4.425 
Mn2Mn4 4.406 4.328 4.107 4.325 4.228 4.461 4.513 4.415 
Mn2Mn6 4.406 4.322 4.382 4.320 4.228 4.413 4.384 4.427 
Mn3Mn4 4.406 4.482 4.407 4.509 4.487 4.566 4.575 4.542 
Mn3Mn5 4.406 4.493 4.534 4.480 4.539 4.512 4.505 4.545 
Mn4Mn5 4.386 4.487 4.441 4.482 4.462 4.485 4.524 4.470 
Mn4Mn6 4.386 4.473 4.379 4.504 4.229 4.568 4.487 4.549 
Mn5Mn6 4.386 4.493 4.549 4.478 4.488 4.505 4.334 4.538 
Mn1Mn4 6.217 6.332 6.183 6.377 6.262 6.223 6.286 6.177 
Mn2Mn5 6.217 6.130 6.182 6.072 6.262 6.140 6.259 6.165 
Mn3Mn6 6.217 3.332 6.436 6.369 6.262 6.468 6.281 6.510 
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Table 4.18: Mn-ligand bond distances (Å) for all their coordinating atoms in all oxidation states 

(ferromagnetic configuration). The number next to each O represents the Mn centres which are 

linked together by the corresponding phosphonate group. For example, O123 denotes that this 

oxygen belongs to a phosphonate that links Mn1, Mn2 and Mn3.  

 Charged State 

 Fully 
reduced 1st 2nd (cis) 

2nd 
(trans) 3rd (Fac) 

3rd 
(Mer) 4th (cis) 

4th 
(trans) 

Mn1         

Cl 3.096 3.219 3.692 3.227 3.626 2.506 2.661 2.648 
N 2.279 2.242 2.213 2.226 2.196 1.997 1.979 1.982 

O126 1.892 1.895 1.895 1.881 1.922 1.851 1.864 1.845 
O123 1.899 1.906 1.909 1.890 1.897 1.849 1.846 1.844 
O135 1.892 1.882 1.875 1.896 1.864 1.864 1.842 1.861 
O156 1.899 1.889 1.880 1.909 1.894 1.866 1.864 1.863 
Mn2         

Cl 3.096 2.369 2.551 2.425 2.712 2.742 3.245 2.652 
N 2.279 2.027 1.991 2.012 1.971 1.970 1.942 1.980 

O126 1.892 1.865 1.846 1.862 1.847 1.862 1.873 1.849 
O123 1.899 1.862 1.844 1.859 1.826 1.859 1.839 1.847 
O234 1.892 1.865 1.868 1.862 1.852 1.839 1.812 1.868 
O246 1.899 1.862 1.865 1.859 1.880 1.837 1.842 1.859 
Mn3         

Cl 3.095 3.218 3.299 3.225 3.624 3.279 3.665 3.292 
N 2.279 2.240 2.218 2.223 2.196 2.201 2.179 2.186 

O123 1.899 1.906 1.892 1.892 1.894 1.914 1.910 1.902 
O234 1.892 1.902 1.925 1.887 1.922 1.880 1.888 1.890 
O135 1.892 1.881 1.872 1.905 1.864 1.900 1.904 1.892 
O345 1.899 1.889 1.893 1.906 1.897 1.897 1.886 1.913 
Mn4         

Cl 3.095 3.219 2.552 3.227 2.712 3.741 3.669 3.566 
N 2.279 2.242 1.990 2.226 1.971 2.196 2.180 1.936 

O234 1.892 1.895 1.864 1.881 1.847 1.882 1.879 1.827 
O345 1.899 1.888 1.843 1.909 1.826 1.901 1.889 1.846 
O456 1.892 1.882 1.847 1.896 1.852 1.888 1.904 1.837 
O246 1.899 1.907 1.862 1.890 1.880 3.578 1.911 1.836 
Mn5         

Cl 3.096 3.760 3.689 3.648 3.626 3.472 3.111 3.552 
N 2.279 2.228 2.210 1.932 2.196 1.934 1.946 1.933 

O135 1.892 1.885 1.874 1.831 1.864 1.851 1.843 1.835 
O345 1.899 1.893 1.908 1.834 1.894 1.824 1.816 1.842 
O456 1.892 1.885 1.906 1.831 1.922 1.821 1.837 1.846 
O156 1.899 1.893 1.882 1.834 1.897 1.850 1.877 1.834 
Mn6         

Cl 3.097 3.217 3.268 3.225 2.713 3.293 2.663 3.302 
N 2.279 2.240 2.217 2.223 1.971 2.201 1.978 2.186 

O126 1.892 1.902 1.890 1.887 1.852 1.908 1.866 1.897 
O456 1.892 1.881 1.881 1.905 1.847 1.896 1.848 1.907 
O156 1.899 1.889 1.879 1.906 1.826 1.905 1.862 1.895 
O246 1.899 1.906 1.933 1.892 1.880 1.883 1.843 1.899 
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Table 4.19: Bader spin density on the coordinating atoms in ferromagnetic configuration of all oxidation 

states (truncated to three decimal places). The number next to each N represents the Mn centre to 

which it is linked. For the O centres, the sum of spin density on the four oxygens centre linked to and 

lying in between the corresponding Mn centres is provided. The number next to O represents the Mn 

centres being taken into account. 

 Charged States 

 Fully 
reduced 1st 2nd (cis) 

2nd 
(trans) 3rd (Fac) 

3rd 
(Mer) 4th (cis) 

4th 
(trans) 

Cl 0.116 0.012 -0.022 0.016 -0.027 -0.019 -0.019 -0.014 
         

N1 0.056 0.062 0.068 0.067 0.072 -0.117 -0.150 -0.149 
N2 0.056 -0.075 -0.112 -0.095 -0.139 -0.142 -0.165 -0.150 
N3 0.056 0.062 0.067 0.067 0.072 0.072 0.078 0.077 
N4 0.056 0.062 -0.112 0.067 -0.139 0.073 0.078 -0.163 
N5 0.056 0.063 0.068 -0.134 0.072 -0.147 -0.165 -0.164 
N6 0.056 0.062 0.067 0.067 -0.139 0.072 -0.150 0.077 

         

O12 0.085 0.091 0.130 0.102 0.137 0.105 0.137 0.118 

O13 0.084 0.100 0.111 0.096 0.117 0.100 0.123 0.112 

O15 0.084 0.107 0.119 0.135 0.116 0.139 0.132 0.152 

O16 0.086 0.100 0.110 0.096 0.127 0.102 0.100 0.113 

O23 0.084 0.089 0.106 0.100 0.127 0.123 0.144 0.109 

O24 0.084 0.091 0.087 0.102 0.113 0.140 0.136 0.151 

O26 0.084 0.089 0.111 0.100 0.113 0.118 0.140 0.111 

O34 0.084 0.100 0.113 0.096 0.137 0.104 0.107 0.129 

O35 0.084 0.107 0.108 0.134 0.116 0.133 0.135 0.134 

O45 0.084 0.107 0.128 0.136 0.126 0.147 0.148 0.164 

O46 0.084 0.099 0.106 0.096 0.112 0.104 0.121 0.134 

O56 0.085 0.106 0.111 0.133 0.135 0.137 0.133 0.127 
 

Table 4.20: Sum of overlaps (× 100) between the d-orbitals of Mn and p-orbitals of Cl- in the 

various charged states. 

 Charged State 

 Fully 
reduced 1st 2nd (cis) 

2nd 
(trans) 3rd (Fac) 

3rd 
(Mer) 4th (cis) 

4th 
(trans) 

Mn1-Cl 1.4800 1.0630 0.2960 1.1890 0.3970 5.9630 3.9200 4.7310 
Mn2-Cl 1.4800 6.7060 4.9670 5.9670 3.9230 3.6810 1.5120 4.3330 
Mn3-Cl 1.4800 0.8340 0.8310 1.0260 0.4440 0.9610 0.3120 1.0500 
Mn4-Cl 1.4800 1.0640 5.8710 1.1960 4.0150 0.3650 0.2360 1.0630 
Mn5-Cl 1.4800 0.6040 0.2590 1.0800 0.3840 1.0180 2.0060 0.9760 
Mn6-Cl 1.4800 0.8310 0.9190 1.0300 3.8310 0.9310 4.1890 1.0250 

 

Table 4.21: g-tensor for the {Mn6} cage in the different charged states. 

Charged state g-tensor Charged state g-tensor Charged state g-tensor 

1st  1.998 2nd (cis)  1.997 2nd (trans) 1.997 
3rd (Fac) 1.997 3rd (Mer) 1.997 4th (cis) 1.996 

4th (trans) 1.996     

 

  



  Chapter 4 

 79 

4.5.1 1st charged state 

In this charged state Mn2 is in oxidation state IV (Figure 4.11). The Mn1-Mn4 and Mn3-Mn6 

distances have been found to be 6.332 Å while the Mn2-Mn5 distance has been found to be 6.129 

Å which means that the cage expands on oxidation. Cl- shifts towards Mn2, because of its higher 

oxidation state (Table 4.18). 

 

Figure 4.11: Optimised model of the 1st charged state for the {Mn6} cage. Colour scheme: MnIII 

(dark blue), MnIV (light blue), P(pink), Cl (green), C (black) O (red). Hydrogens have been removed 

for clarity. 

The electronic environment of Mn5(III) can be considered different from all other Mn(III) centres 

since it is trans- to Mn2(IV) which itself resides in a unique electronic environment owing to its 

oxidation state. Keeping this in mind and ignoring small variations in the Mn-Mn distances, the 

coupling behaviour can be captured using 5 coupling constants via the following Hamiltonian:  

 

 𝐻 =−2𝐽1[〈𝑠2. 𝑠5〉] − 2𝐽2[〈𝑠1. 𝑠4〉 + 〈𝑠3. 𝑠6〉] 

−2𝐽3[〈𝑠1. 𝑠2〉 + 〈𝑠2. 𝑠3〉 + 〈𝑠2. 𝑠4〉 + 〈𝑠2. 𝑠6〉] 

−2𝐽4[〈𝑠1. 𝑠3〉 + 〈𝑠1. 𝑠6〉 + 〈𝑠3. 𝑠4〉 + 〈𝑠4. 𝑠6〉] 

−2𝐽5[〈𝑠1. 𝑠5〉 + 〈𝑠3. 𝑠5〉 + 〈𝑠4. 𝑠5〉 + 〈𝑠5. 𝑠6〉] 

(4.5) 

 

To calculate these 𝐽-values, 16 electronic configurations were modelled (Table 4.22) and the 𝐽-

values thus obtained (Table 4.23) were found to reproduce the relative energies of all 15 states well 

with less than 3% error. The coupling between Mn2(IV) and Mn5(III) (𝐽1), which are trans- to each 

other, is ferromagnetic. In the fully reduced state, Mn2(III) and Mn5(III) were found to be 
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antiferromagnetically coupled. Oxidation of this system from the fully reduced state, thus leads to 

a switch in the nature of coupling from antiferromagnetic to ferromagnetic. All the other 𝐽-values 

in this charged state are negative suggesting antiferromagnetic coupling. There is, thus, a 

competition between ferromagnetic and anti-ferromagnetic 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 

and the ferromagnetic state to be the highest. 

Table 4.22: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the 1st charged state. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.773 3.036 3.775 3.773 3.765 3.775 0.00 
3.773 3.032 3.774 3.773 -3.765 3.774 -60.69 
3.772 3.036 3.774 3.772 3.765 -3.772 -109.21 
-3.770 3.036 3.774 3.772 3.765 3.775 -109.34 
3.772 -3.030 3.774 3.772 3.766 3.774 -132.38 
3.772 -3.034 3.774 3.772 -3.764 3.774 -237.25 
-3.771 3.036 3.774 3.772 3.765 -3.773 -183.72 
3.772 -3.031 3.773 3.772 3.765 -3.773 -165.47 
3.772 3.035 -3.773 3.772 3.764 -3.773 -189.45 
3.772 3.032 3.774 3.772 -3.765 -3.773 -128.00 
3.771 -3.034 -3.773 3.771 -3.764 3.773 -228.74 
3.771 -3.031 -3.773 -3.771 3.765 3.773 -161.38 
3.771 -3.035 3.773 3.771 -3.764 -3.773 -228.72 
-3.772 -3.031 3.773 -3.772 3.765 3.773 -166.63 
-3.771 -3.030 3.773 3.771 3.765 -3.773 -161.39 
3.771 -3.031 -3.774 3.771 3.765 -3.774 -169.45 

 

The Cl- is closer to Mn2 than Mn5 and hence, the overlap between the p-orbitals of Cl- and d-orbitals 

of Mn is greater for Mn2 than for Mn5 (Table 4.20). Cl-, however, serves as the only bridge between 

Mn2 and Mn5 and hence 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. 10 states were 

modelled for this system (Table 4.24) and the coupling constants were determined using the same 

Hamiltonian (eq. 4.5). This model gives a negligible value for 𝐽1 (Table 4.23) confirming that the 

coupling between Mn2 and Mn5 is via the Cl- bridge.  

The coupling between the Mn(III) centres trans- to each other (𝐽2) is antiferromagnetic and is 

significantly weaker compared to that in the fully reduced state. This is also a consequence of the 

movement of Cl- away from the centre which results in weaker Mn(III)-Cl overlaps (Table 4.20) and 

hence weaker couplings.  

The spin density on Mn2 and the N of 4-picoline ligands bound to it (Table 4.19) have been found 

to be opposite to each other (3.036 and -0.075 respectively) which suggests the presence of spin 

polarisation mechanism.330 The presence of the spin polarisation mechanism explains the 

ferromagnetic interaction between Mn2 and Mn5. The spin density on the Mn(III) centres and the 

N of 4-picoline groups bound to them are found to have the same sign (3.77 and 0.06 respectively). 
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The same has been found to be true for the spin density on the Mn centres and Cl. This suggests 

that both the spin delocalisation mechanism introduced by Mn(III) centres, and spin polarisation 

mechanism introduced by Mn2(IV) are active.330 This is further confirmed by the spin density plot 

which shows that Cl- accommodates spin density associated with both up and down spin (Figure 

4.12). There is thus a competition between spin delocalisation and spin polarisation mechanism 

which dictates the overall sign of the spin density on Cl. 

Table 4.23: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for the 1st charged state in presence and absence of the central Cl-. 

𝑱-value Interacting Mn centres With Cl Without Cl 

J1 trans-Mn2(IV)-Mn5(III) 1.94 ± 0.10 0.04 ± 0.05 

J2 
trans-Mn1(III)-Mn4(III) 

-1.03 ± 0.04 -0.09 ± 0.02 
trans-Mn3(III)-Mn6(III) 

J3 

cis-Mn1(III)-Mn2(IV) 

-3.40 ± 0.04 -1.63 ± 0.02 
cis-Mn2(IV)-Mn3(III) 

cis-Mn2(IV)-Mn4(III) 

cis-Mn2(IV)-Mn6(III) 

J4 

cis-Mn1(III)-Mn3(III) 

-1.25 ± 0.04 -1.28 ± 0.02 
cis-Mn1(III)-Mn6(III) 

cis-Mn3(III)-Mn4(III) 

cis-Mn4(III)-Mn6(III) 

J5 

cis-Mn1(III)-Mn5(III) 

-1.45 ± 0.03 -1.67 ± 0.02 
cis-Mn3(III)-Mn5(III) 

cis-Mn4(III)-Mn5(III) 

cis-Mn5(III)-Mn6(III) 

 

Table 4.24: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the 1st charged state 

without the central Cl-. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.750 2.926 3.752 3.750 3.749 3.752 0.00 
-3.748 2.925 3.751 3.750 3.749 3.751 -79.18 
3.750 -2.921 3.751 3.750 3.749 3.751 -70.55 
3.750 2.926 3.751 3.750 -3.748 3.751 -93.42 
3.750 2.925 3.751 3.749 3.749 -3.749 -78.40 
-3.748 2.924 3.751 3.749 3.748 -3.750 -121.21 
3.749 2.925 -3.750 3.749 3.748 -3.750 -154.39 
3.749 2.925 3.751 3.749 -3.747 -3.750 -125.34 
-3.749 -2.924 3.751 3.749 3.748 -3.750 -120.89 
3.748 -2.922 3.750 3.748 -3.748 -3.750 -161.63 

 

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 (Table 4.19). 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 and increased spin densities correspond to stronger coupling. This can be illustrated by 

comparing the coupling between the cis-Mn(III) centres where it can be seen that J5 > J4 (Table 
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4.23). The sum of the spin densities on the oxygens bound to Mn centres associated with J5 is 

greater than those associated with J4 which is consistent with our proposal (Table 4.19). In addition, 

both J4 and J5 are greater than 𝐽𝑐𝑖𝑠 in the fully reduced state for which the sum of spin densities on 

the O-donors of the phosphonate groups is even smaller (Table 4.19). 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 oxygens attached to Mn2(IV) compared to those attached to 

Mn(III) centres, the coupling between Mn2 and its cis-neighbours (J3) is stronger. This is most likely 

due to the higher electronegativity of Mn(IV) and the interactions via the Cl- bridge. The latter is 

confirmed by the model without the Cl- in the centre for which J3 decreased to -1.63 cm-1 (Table 

4.23) 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 oxygens and the overlap between the orbitals of Mn 

and Cl. 

 

 

Figure 4.12: (a) Plot of the spin density distribution in the high spin configuration of the 1st 

charged state of the {Mn6} cage and (b) plot highlighting the spin density on Mn2 and Mn5, the N-

donor bound to these Mn centres, and Cl. Blue and green regions represent the spin density 

associated with up and down spin respectively. Spin density associated with Mn3 and the ligands 

coordinated to it has been removed for clarity. 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. 
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4.5.2 2nd charged state (cis-isomer) 

There are two possibilities to consider in modelling the 2nd charged state – the two Mn centres in 

+IV oxiation state can either be cis- to each other or trans- to each other both of which were 

investigated. For the cis-isomer, Mn2 and Mn4 are in oxidation state IV (Figure 4.13 (a)). The trans-

Mn(IV)-Mn(III) and Mn(III)-Mn(III) distances have been found to be ~6.182 Å and ~6.436 Å 

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(IV) again owing to the higher oxidation 

state of these Mn centres. 

 

Figure 4.13: (a) Optimized model of the cis-isomer of the 2nd charged state for the {Mn6} cage. 

Colour scheme: MnIII (dark blue), MnIV (light blue), P(pink), Cl (green), C (black) O (red). Hydrogens 

have been removed for clarity. (b) The distribution of the spin density in this state. Blue and green 

regions in the spin density plots represent the spin density associated with up and down spin 

respectively. Spin density associated with Mn3 and the ligands coordinated to it has been 

removed for clarity. Cl can be clearly seen to be accommodating both up and down spin density 

confirming the presence of spin delocalisation and polarisation with the latter being dominant. 

 

19 electronic configurations were modelled (Table 4.25) and the spin Hamiltonian was found to 

require 12 𝐽-values for the proper description of the electronic structure and can be given as:  

 H = −2J1[〈s1. s4〉 + 〈s2. s5〉] − 2J2[〈s3. s6〉] − 2J3[〈s2. s4〉] − 2J4[〈s1. s2〉]

− 2J5[〈s2. s3〉] − 2J6[〈s2. s6〉] − 2J7[〈s3. s4〉] − 2J8[〈s4. s5〉]

− 2J9[〈s4. s6〉] − 2J10[〈s1. s5〉] − 2J11[〈s1. s3〉 + 〈s5. s6〉]

− 2J12[〈s1. s6〉 + 〈s3. s5〉] 

(4.6) 
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Table 4.25: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the cis-isomer of the 

2nd charged state. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.755 3.031 3.764 3.026 3.759 3.764 0.00 
3.755 3.027 3.764 3.025 -3.758 3.763 -76.69 
3.755 3.030 3.764 3.025 3.758 -3.761 -106.06 
3.755 -3.019 3.764 3.022 3.759 3.763 -87.38 
-3.755 3.026 3.764 3.022 -3.758 3.763 -107.23 
3.755 -3.023 3.763 -3.019 3.759 3.763 -136.81 
3.755 -3.022 3.764 3.021 -3.757 3.763 -191.56 
3.755 -3.020 3.763 3.021 3.759 -3.762 -133.51 
3.755 3.028 -3.763 3.024 3.758 -3.762 -195.24 
3.756 3.023 3.764 -3.017 -3.758 3.763 -117.78 
3.755 3.026 3.763 3.023 -3.758 -3.762 -140.06 
-3.754 3.021 3.763 -3.020 -3.759 3.762 -175.60 
3.755 -3.025 -3.763 -3.020 3.759 3.762 -131.37 
3.755 -3.026 3.763 -3.021 -3.758 3.762 -193.94 
3.755 -3.024 3.763 -3.020 3.759 -3.762 -128.31 
3.755 -3.023 3.763 3.019 -3.758 -3.762 -195.00 
3.755 3.024 -3.763 -3.017 3.758 -3.763 -165.84 
-3.755 -3.025 3.763 -3.022 3.758 3.762 -188.72 
3.756 3.022 3.763 -3.018 -3.759 -3.762 -126.40 

 

The coupling constants obtained using this Hamiltonian are provided in Table 4.26. The relative 

energies of the different spin states are well reproduced using 12 𝐽-values (< 1.5% error). All 15 

coupling constants were also calculated for this isomer (Table 4.27) and the values obtained were 

found to be similar to 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(III) counterpart is again ferromagnetic 

(J8) 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. Unlike the 1st charged state, the spin density on Cl- here is opposite to that on the Mn(IV) centres 

because there is a strong overlap between the p-orbitals of Cl- and the d-orbitals of the Mn(IV) 

centres (Mn2 and Mn4) but much weaker overlap between the p-orbitals of Cl- and the d-orbitals 

of Mn(III) centres (Table 4.20). This is evident from the spin density plot as well (Figure 4.13 (b)). 

The spin density on Cl- is thus primarily the spin density induced by the Mn(IV) centres confirming 

that the spin polarisation mechanism is active. Like the 1st charged state, even though the overlap 

is negligible, Mn3 and Mn6 are coupled via the Cl- bridge albeit weakly. Additionally, the weaker 

coupling between Mn(IV) centres and their cis-Mn(III) neighbours (J4 – J9) compared to the first 

charged state can be attributed to weaker contribution to the coupling via the Cl- bridge which is 

due to negligible Mn(III)-Cl overlaps (Table 4.20). 
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Table 4.26: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for the cis-isomer of the 2nd charged state. 

𝑱-value Interacting Mn centres Magnitude (cm-1) 

 J1 
trans-Mn1(III)-Mn4(IV) 

1.20 ± 0.02 
trans-Mn2(IV)-Mn5(III) 

 J2 trans-Mn3(III)-Mn6(III) -0.52 ± 0.03 

 J3 cis-Mn2(IV)-Mn4(IV) -2.13 ± 0.04 

 J4 cis-Mn1(III)-Mn2(IV) -2.50 ± 0.03 

 J5 cis-Mn2(IV)-Mn3(III) -2.04 ± 0.04 

 J6 cis-Mn2(IV)-Mn6(III) -2.64 ± 0.02 

 J7 cis-Mn3(III)-Mn4(IV) -2.76 ± 0.03 

 J8 cis-Mn4(IV)-Mn5(III) -2.07 ± 0.04 

 J9 cis-Mn4(IV)-Mn6(III) -2.40 ± 0.02 

 J10 cis-Mn1(III)-Mn5(III) -1.79 ± 0.02 

 J11 
cis-Mn1(III)-Mn3(III) 

-1.51 ± 0.02 
cis-Mn5(III)-Mn6(III) 

 J12 
cis-Mn1(III)-Mn6(III) 

-1.42 ± 0.02 
cis-Mn3(III)-Mn5(III) 

 

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. 

Table 4.27: 𝐽-values (cm-1) for the cis-isomer of the 2nd oxidised state obtained with the 15 𝐽-value 

and 12 𝐽-value Hamiltonians. 

Interaction 𝑱-value(15 𝑱-values) 𝑱-value(12 𝑱-values) 

Mn1Mn2 -2.48 ± 0.01 -2.50 ± 0.03 
Mn1Mn3 -1.53 ± 0.00 -1.51 ± 0.02 
Mn1Mn4  1.20 ± 0.01 1.20 ± 0.02 
Mn1Mn5 -1.79 ± 0.01 -1.79 ± 0.02 
Mn1Mn6 -1.39 ± 0.00 -1.42 ± 0.02 
Mn2Mn3 -2.07 ± 0.01 -2.04 ± 0.04 
Mn2Mn4 -2.12 ± 0.01 -2.13 ± 0.04 
Mn2Mn5 1.21 ± 0.00 1.20 ± 0.02 
Mn2Mn6 -2.63 ± 0.00 -2.64 ± 0.02 
Mn3Mn4 -2.77 ± 0.01 -2.76 ± 0.03 
Mn3Mn5 -1.43 ± 0.00 -1.42 ± 0.02 
Mn3Mn6 -0.55 ± 0.00 -0.52 ± 0.03 
Mn4Mn5 -2.08 ± 0.01 -2.07 ± 0.04 
Mn4Mn6 -2.40 ± 0.00 -2.40 ± 0.02 
Mn5Mn6 -1.50 ± 0.00 -1.51 ± 0.02 
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4.5.3 2nd charged state (trans-isomer) 

For the trans-isomer, Mn2 and Mn5 are in oxidation state IV and Cl- is again closer to Mn2 (Figure 

4.14 (a)). The Mn(IV)-Mn(IV) and Mn(III)-Mn(III) distances have been found to be 6.073 and 6.376 

Å respectively suggesting further expansion of the cage compared to the 1st charged state. 

8 coupling constants are required to properly describe the electronic structure and the required 

Hamiltonian can be given as:  

 

 H = −2J1[〈s2. s5〉] − 2J2[〈s1. s4〉 + 〈s3. s6〉] − 2J3[〈s1. s2〉 + 〈s2. s4〉] 

−2J4[〈s2. s3〉 + 〈s2. s6〉] − 2J5[〈s1. s5〉 + 〈s4. s5〉] 

−2J6[〈s3. s5〉 + 〈s5. s6〉] − 2J7[〈s1. s3〉 + 〈s1. s6〉] 

−2J8[〈s3. s4〉 + 〈s4. s6〉] 

(4.7) 

 

11 different configurations were modelled for this state (Table 4.28) and the coupling constants 

thus obtained are given in Table 4.29. The relative energies of the different spin states are well 

reproduced (< 1% error). The symmetry of this state, the spin densities on the phosphonate oxygens 

and the similar values of J3 and J4, J5 and J6, and J7 and J8 suggest that these interactions can be 

coupled but doing so leads to a large standard deviation on J1 and its sign cannot be determined. 

 

Figure 4.14: Optimised model of the trans-isomer of the 2nd charged state for the {Mn6} cage (a) 

and the distribution of the spin density in this state (b). Colour scheme: MnIII (dark blue), MnIV 

(light blue), P(pink), Cl (green), C (black) O (red). Hydrogens have been removed for clarity. Blue 

and green regions in the spin density plots represent the spin density associated with up and 

down spin respectively. Cl can be clearly seen to be accommodating both up and down spin 

density confirming the presence of spin delocalisation and polarisation. 



  Chapter 4 

 87 

Table 4.28: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the trans-isomer of 

the 2nd charged state. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.765 3.036 3.769 3.765 2.944 3.769 0.00 
3.764 3.036 3.768 3.765 2.942 -3.767 -109.57 
3.764 -3.035 3.768 3.764 2.942 3.768 -158.35 
-3.763 3.036 3.768 3.764 2.940 -3.767 -187.77 
3.764 -3.035 3.768 3.764 -2.934 3.768 -241.84 
3.764 -3.035 3.768 3.764 2.940 -3.767 -190.25 
3.764 3.036 -3.767 3.764 2.940 -3.767 -188.62 
-3.763 -3.035 3.767 3.763 2.938 -3.767 -186.61 
3.763 -3.035 3.768 -3.763 -2.937 3.768 -231.06 
3.764 -3.035 -3.768 3.764 2.938 -3.768 -191.29 
3.764 -3.035 3.767 3.764 -2.937 -3.768 -234.93 

 

The coupling between the Mn(IV) centres is weakly ferromagnetic (J1) and the tendency to switch 

the nature of coupling in this case is retained. It can be concluded that oxidation of a Mn(III) centre 

to Mn(IV) leads to ferromagnetic coupling between the Mn(IV) centre and its trans-Mn(III)/Mn(IV) 

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 and the spin 

density plot (Table 4.19 and Figure 4.14 (b) respectively). 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(III) centres and the p-orbitals of Cl- compared to the cis-isomer (Table 4.20). 

Table 4.29: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for the trans-isomer of the 2nd charged state. 

𝑱-value Interacting Mn centres Magnitude (cm-1) 

 J1 trans-Mn2(IV)-Mn5(IV) 0.13 ± 0.01 

 J2 
trans-Mn1(III)-Mn4(III) 

-1.09 ± 0.01 
trans-Mn3(III)-Mn6(III) 

 J3 
cis-Mn1(III)-Mn2(IV) 

-3.58 ± 0.01 
cis-Mn2(IV)-Mn4(III) 

 J4 
cis-Mn2(IV)-Mn3(III) 

-3.40 ± 0.01 
cis-Mn2(IV)-Mn6(III) 

 J5 
cis-Mn1(III)-Mn5(IV) 

-1.97 ± 0.01 
cis-Mn4(III)-Mn5(IV) 

 J6 
cis-Mn3(III)-Mn5(IV) 

-1.75 ± 0.01 
cis-Mn5(IV)-Mn6(III) 

 J7 
cis-Mn1(III)-Mn3(III) 

-1.25 ± 0.01 
cis-Mn1(III)-Mn6(III) 

 J8 
cis-Mn3(III)-Mn4(III) 

-1.29 ± 0.01 
cis-Mn4(III)-Mn6(III) 

 

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(IV) and its cis- neighbours (J5  and J6 ) is similar to the 

coupling between the Mn(IV) centres and their cis-neighbours in the cis- isomer of this charged 
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state. This comparison highlights the importance of the Mn(IV)-Cl overlaps which is larger in the 

former case and smaller in the latter which results in J3 and J4 being larger than J5 and J6. 

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 with a S = 2/2 state lying close to it. 

The 2nd 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 ground 

states can thus be stabilised depending upon the isomer. 

 

4.5.4 3rd charged state (Fac-isomer) 

To look at whether the tendency to switch the ground state can be retained in even higher oxidation 

states, the 3rd charged state was modelled. In this state, the Mn(IV) centres can be arranged to form 

the fac- and mer- isomer and both these configurations were modelled. In the fac-isomer, Mn2, 

Mn4 and Mn6 are in oxidation state IV, the distance between trans-Mn centres is 6.626 Å and Cl- is 

shifted towards the Mn(IV) centres (Figure 4.15 (a)). A proper description of the electronic picture 

requires the use of only 5 𝐽-values and the required Hamiltonian can thus be given as: 

 

 H = −2J1[〈s1. s4〉 + 〈s2. s5〉 + 〈s3. s6〉] − 2J2[〈s2. s4〉 + 〈s2. s6〉 + 〈s4. s6〉] 

−2J3[〈s1. s2〉 + 〈s3. s4〉 + 〈s5. s6〉] − 2J4[〈s1. s6〉 + 〈s2. s3〉 + 〈s4. s5〉] 

−2J6[〈s1. s3〉 + 〈s1. s5〉 + 〈s3. s5〉] 

(4.8) 

 

14 electronic configurations were modelled for this state (Table 4.30) and the 𝐽-values obtained are 

given in Table 4.31. The J1 term corresponding to the coupling between the trans-Mn centres is 

ferromagnetic although weaker compared to the lower charged states owing to the relatively 

smaller Mn(IV)-Cl overlaps (Table 4.20). The presence of polarised spin density on the Cl- centre is 

confirmed by the spin density plot (Figure 4.15 (b)). The coupling between the Mn(IV) centres cis- 

to each other (J2) is stronger compared to that in the cis- isomer of the 2nd charged state. This is 

also due to higher delocalisation of spin density (Table 4.19). Each Mn(IV) centre has two cis-Mn(III) 

neighbours out of which one is closer than the other by ~0.03 Å and the impact of this difference 

seems to be quite large if one compares J3 and J4. This is again due to differences in the spin density 

of the oxygens attached to the Mn centres.  
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Figure 4.15: Optimised model of the fac-isomer of the 3rd charged state for the {Mn6} cage (a) and 

the distribution of the spin density in this state (b). Colour scheme: MnIII (dark blue), MnIV (light 

blue), P(pink), Cl (green), C (black) O (red). Hydrogens have been removed for clarity. Blue and 

green regions in the spin density plots represent the spin density associated with up and down 

spin respectively.  

Table 4.30: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the fac-isomer of the 

3rd charged state. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.750 3.034 3.750 3.034 3.750 3.034 0.00 
3.750 -3.023 3.750 3.032 3.751 3.032 -96.22 
3.750 3.032 -3.749 3.032 3.750 3.031 -86.23 
3.749 -3.026 -3.750 3.030 3.750 3.030 -150.43 
3.750 -3.025 3.751 3.030 3.750 -3.024 -132.20 
3.749 3.029 -3.750 3.029 -3.750 3.030 -121.30 
3.750 3.029 -3.749 3.031 3.749 -3.025 -203.23 
3.750 3.028 3.750 -3.027 -3.750 -3.027 -126.31 
-3.750 -3.027 3.750 3.027 3.750 -3.027 -125.25 
3.750 -3.027 -3.750 -3.027 3.750 3.028 -124.93 
-3.749 3.028 3.750 -3.027 3.749 -3.028 -208.14 
3.749 -3.028 -3.749 3.028 3.750 -3.027 -208.09 
3.750 -3.027 3.750 -3.027 3.750 -3.027 -106.43 

 

For this configuration, the S = 1/2 state (Fac - 246 - Mn236) has been found to be the lowest in 

energy which shows its similarity with the fully reduced state. The ferromagnetic state is the highest 

in energy. 
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Table 4.31: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for the fac-isomer of the 3rd charged state. 

𝑱-value Interacting Mn centres Magnitude (cm-1) 

 J
1
 

trans-Mn1(III)-Mn4(IV) 

0.95 ± 0.04 trans-Mn2(IV)-Mn5(III) 

trans-Mn3(III)-Mn6(IV) 

 J
2
 

cis-Mn2(IV)-Mn4(IV) 

-3.32 ± 0.04 cis-Mn2(IV)-Mn6(IV) 

cis-Mn4(IV)-Mn6(IV) 

 J
3
 

cis-Mn1(III)-Mn2(IV) 

-2.69 ± 0.04 cis-Mn3(III)-Mn4(IV) 

cis-Mn5(III)-Mn6(IV) 

 J
4
 

cis-Mn1(III)-Mn6(IV) 

-1.39 ± 0.05 cis-Mn2(IV)-Mn3(III) 

cis-Mn4(IV)-Mn5(III) 

 J
5
 

cis-Mn1(III)-Mn3(III) 

-1.79 ± 0.03 cis-Mn1(III)-Mn5(III) 

cis-Mn3(III)-Mn5(III) 

 

 

4.5.5 3rd charged state (Mer-isomer) 

For this isomer, Mn1, Mn2 and Mn5 are in oxidation state IV (Figure 4.16 (a)). The Mn1-Mn4, Mn2-

Mn5 and Mn3-Mn6 distances are 6.223, 6.141 and 6.468 Å respectively. This configuration is the 

least symmetric configuration studied. The Mn(IV)-Cl distance follows the order Mn1-Cl (2.506 Å) < 

Mn2-Cl (2.74 Å) < Mn5-Cl (3.47 Å) which suggests that each Mn(IV) resides in a unique environment. 

The Hamiltonian used for this charged state is the following: 

 

 𝐻 = −2𝐽1[< 𝑠2. 𝑠5 >] − 2𝐽2[< 𝑠1. 𝑠4 >] − 2𝐽3[< 𝑠3. 𝑠6 >] − 2𝐽4[< 𝑠1. 𝑠2 >] 

−2𝐽5[< 𝑠1. 𝑠5 >] − 2𝐽6[< 𝑠1. 𝑠3 >] − 2𝐽7[< 𝑠1. 𝑠6 >] − 2𝐽8[< 𝑠2. 𝑠3 >] 

−2𝐽9[< 𝑠2. 𝑠4 >] − 2𝐽10[< 𝑠2. 𝑠6 >] − 2𝐽11[< 𝑠3. 𝑠5 >] − 2𝐽12[< 𝑠4. 𝑠5 >] 

−2𝐽13[< 𝑠5. 𝑠6 >] − 2𝐽14[< 𝑠3. 𝑠4 >] − 2𝐽15[< 𝑠4. 𝑠6 >] 

(4.9) 

 

21 electronic configurations were modelled (Table 4.32) and the 𝐽-values obtained are given in 

Table 4.33. The coupling strengths between Mn centres are in line with what is expected from the 

spin density on the phosphonate oxygens. The interaction between Mn2(IV) and Mn5(IV) (J1) is 

ferromagnetic but weaker than that between the Mn1(IV) and its trans-Mn4(III) ( J2 ). The 

ferromagnetic interaction between Mn1(IV) and Mn4(III) is stronger compared to that in the cis-

isomer of this charged state because of the larger Mn-Cl overlaps (Table 4.20). The spin density on 
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Cl- and the N-donor of the 4-picoline ligands attached to the Mn(IV) centres is opposite to that on 

the Mn centres indicating the presence of spin polarisation mechanism which is further confirmed 

by the spin density plot (Figure 4.16 (b)). Mn3 and Mn6 (J3), both being in oxidation state III, couple 

antiferromagnetically. The coupling between cis-Mn(IV) centres (J4 and J5) is quite strong as can be 

expected due to higher oxidation states of the interacting Mn centres. The similarity in the coupling 

of Mn3 and Mn6 with their cis-neighbours suggests that these Mn centres reside in similar 

electronic environments. 

 

 

Figure 4.16: Optimised model of the mer-isomer of the 3rd charged state for the {Mn6} cage (a) 

and the distribution of the spin density in this state (b). Colour scheme: MnIII (dark blue), MnIV 

(light blue), P(pink), Cl (green), C (black) O (red). Hydrogens have been removed for clarity. Blue 

and green regions in the spin density plots represent the spin density associated with up and 

down spin respectively.  

For this configuration, unlike the trans-isomer of the 2nd charged state, the S = 1/2 state (Mer - 125 

- Mn256) has been found to be the lowest in energy which indicates that the ability to stabilise 

intermediate states is lost. The ferromagnetic state is the highest in energy. 
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Table 4.32: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the mer-isomer of 

the 3rd charged state. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.049 3.033 3.758 3.747 2.971 3.758 0.00 
3.046 3.031 3.758 -3.745 2.968 3.758 -83.33 
3.047 3.032 3.758 3.746 -2.960 3.758 -89.31 
3.048 3.031 3.757 3.746 2.968 -3.756 -103.45 
-3.039 3.029 3.757 3.747 2.970 3.758 -100.60 
-3.042 3.027 3.757 -3.745 2.968 3.757 -212.33 
-3.041 3.028 3.757 3.747 -2.961 3.757 -136.01 
-3.040 3.027 3.757 3.747 2.968 -3.756 -142.84 
3.044 -3.024 3.757 3.746 -2.961 3.757 -201.74 
3.047 3.029 -3.756 3.746 2.965 -3.757 -187.46 
3.044 3.030 3.757 -3.746 -2.963 3.757 -120.86 
3.045 3.029 3.757 -3.746 2.966 -3.756 -145.59 
3.046 3.030 3.757 3.746 -2.963 -3.756 -147.95 
-3.044 -3.027 3.756 3.746 -2.962 3.757 -190.04 
-3.044 3.027 3.757 -3.746 -2.964 3.757 -195.42 
-3.042 3.027 3.756 3.746 -2.963 -3.757 -133.24 
3.043 -3.025 -3.757 3.746 -2.966 3.757 -213.25 
3.041 -3.026 3.757 -3.746 -2.964 3.757 -171.40 
3.043 -3.026 3.756 3.746 -2.964 -3.757 -218.93 
-3.046 -3.028 3.757 -3.746 2.967 3.757 -202.44 
-3.043 -3.028 -3.757 3.746 2.965 3.757 -138.30 

 

Table 4.33: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for the mer-isomer of the 3rd charged state. 

𝑱-value Interacting Mn centres Magnitude (cm-1) 

 J1 trans-Mn2(IV)-Mn5(IV) 0.11 ± 0.01 

 J2 trans-Mn1(IV)-Mn4(III) 1.23 ± 0.01 

 J3 trans-Mn3(III)-Mn6(III) -0.64 ± 0.00 

 J4 cis-Mn1(IV)-Mn2(IV) -3.17 ± 0.01 

 J5 cis-Mn1(IV)-Mn5(IV) -3.00 ± 0.01 

 J6 cis-Mn1(IV)-Mn3(III) -2.43 ± 0.01 

 J7 cis-Mn1(IV)-Mn6(III) -2.68 ± 0.00 

 J8 cis-Mn2(IV)-Mn3(III) -2.69 ± 0.01 

 J9 cis-Mn2(IV)-Mn4(III) -2.73 ± 0.01 

 J10 cis-Mn2(IV)-Mn6(III) -1.82 ± 0.00 

 J11 cis-Mn3(III)-Mn5(IV) -1.33 ± 0.01 

 J12 cis-Mn4(III)-Mn5(IV) -2.34 ± 0.01 

 J13 cis-Mn5(IV)-Mn6(III) -2.01 ± 0.00 

 J14 cis-Mn3(III)-Mn4(III) -1.41 ± 0.01 

 J15 cis-Mn4(III)-Mn6(III) -1.46 ± 0.00 
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4.5.6 4th charged state (cis-isomer) 

To ensure that further oxidation does not stabilise the intermediate spin states either, the 4th 

charged state was modelled. This charged state is very similar to the 2nd charged state and just like 

the 2nd charged state, there are two possible configurations depending upon whether the Mn(III) 

centres are cis- to each other or trans- to each other both of which were modelled. 

For the cis-isomer, Mn3 and Mn4 are in oxidation state III while the others are in oxidation state IV 

(Figure 4.17 (a)). The trans-Mn(IV)-Mn(IV) and Mn(IV)-Mn(III) distances are 6.259 and 6.286 Å 

respectively. The cage has expanded even further which implies that Cl- ion can move more freely 

within the void. The Mn-Cl distance follows the order Mn1(IV)-Cl ~ Mn6(IV)-Cl (2.66Å) < Mn5(IV)-Cl 

(3.11Å) < Mn2(IV)-Cl (3.24.Å) < Mn3(III)-Cl ~ Mn4(III)-Cl (3.66Å).  

 

Figure 4.17: Optimised model of the cis-isomer of the 4th charged state for the {Mn6} cage (a) and 

the distribution of the spin density in this state (b). Colour scheme: MnIII (dark blue), MnIV (light 

blue), P(pink), Cl (green), C (black) O (red). Hydrogens have been removed for clarity. Blue and 

green regions in the spin density plots represent the spin density associated with up and down 

spin respectively.  

Like the cis-isomer of the 2nd charged state, 12 coupling constants are needed to fully describe the 

spin environment of the system. The Hamiltonian thus used for this charged state is the following: 

 𝐻 = −2𝐽1[〈𝑠2. 𝑠5〉] − 2𝐽2[〈𝑠1. 𝑠4〉 + 〈𝑠3. 𝑠6〉] − 2𝐽3[〈𝑠1. 𝑠2〉 + 〈𝑠2. 𝑠6〉] 

−2𝐽4[〈𝑠1. 𝑠5〉 + 〈𝑠5. 𝑠6〉] − 2𝐽5[〈𝑠1. 𝑠6〉] − 2𝐽6[〈𝑠1. 𝑠3〉] − 2𝐽7[〈𝑠2. 𝑠3〉] 

−2𝐽8[〈𝑠2. 𝑠4〉] − 2𝐽9[〈𝑠3. 𝑠5〉] − 2𝐽10[〈𝑠4. 𝑠5〉] − 2𝐽11[〈𝑠4. 𝑠6〉] 

−2𝐽12[〈𝑠3. 𝑠4〉] 

(4.10) 
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18 electronic configurations were modelled for this state (Table 4.34) and the 𝐽-values obtained are 

given in Table 4.35. The coupling strengths are in line with the observed trend. The trans-Mn 

centres are ferromagnetically coupled and this is consistent with the presence of polarised spin 

density on the Cl- as highlighted by Figure 4.17 (b). The difference in J7 and J8, and J9 and J10 is due 

to differences in the spin density of the oxygens joining Mn2 and Mn5 to Mn3 and Mn4 respectively 

(Table 4.19). The large spin densities on the phosphonate oxygens joining Mn3 and Mn4 make them 

strongly coupled. 

Table 4.34: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the cis-isomer of the 

4th charged state. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.064 3.011 3.742 3.741 3.020 3.066 0.00 
3.061 3.008 3.742 -3.740 3.018 3.064 -83.10 
3.062 3.011 3.743 3.741 3.020 -3.055 -98.54 
3.062 -3.004 3.742 3.741 3.019 3.064 -101.62 
-3.055 3.011 3.743 3.741 3.019 -3.057 -144.03 
3.059 -3.008 3.741 -3.740 3.017 3.061 -149.68 
3.060 -3.004 3.742 3.740 -3.012 3.062 -210.51 
3.060 -3.004 3.742 3.740 3.019 -3.056 -140.54 
3.060 3.005 -3.742 -3.740 3.014 3.061 -115.99 
3.060 3.008 -3.741 3.740 3.016 -3.057 -201.69 
3.059 3.006 3.743 -3.740 3.019 -3.057 -139.74 
-3.057 -3.004 3.742 3.741 3.019 -3.059 -132.83 
-3.058 3.006 3.742 -3.739 3.018 -3.060 -206.73 
3.058 -3.007 -3.741 3.740 3.015 -3.059 -188.03 
3.057 -3.009 3.741 -3.740 -3.015 3.059 -195.44 
3.057 -3.008 3.742 -3.740 3.018 -3.059 -146.66 
3.058 -3.005 3.742 3.740 -3.013 -3.058 -187.31 
3.058 3.009 -3.741 3.739 -3.018 -3.060 -219.03 

 

The coupling between Mn2 and Mn5 (J1) is greater in this state compared to the same in the trans- 

isomer of the 3rd charged state. At the same time however, the standard deviation is also quite high. 

To check the reliability of these values, all 15 coupling constants were also calculated which gives a 

value of 0.02 ± 0.02 for J1 (Table 4.36). The coupling strength between Mn2 and Mn5 is thus in line 

with the observed trend (i.e. decreasing with increasing Mn-Mn distance). 

For this configuration again the antiferromagnetic coupling dominates and like the cis-configuration 

of the 2nd oxidised state, the S = 0 state (cis - 1256 – Mn356) has been found to be the lowest in 

energy while the ferromagnetic state is the highest in energy. 
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Table 4.35: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for the cis-isomer of the 4th charged state. 

𝑱-value Interacting Mn centres Magnitude (cm-1) 

 J1 trans-Mn2(IV)-Mn5(IV) 0.23 ± 0.18 

 J2 
trans-Mn1(IV)-Mn4(III) 

1.01 ± 0.08 
trans-Mn3(III)-Mn6(IV) 

 J3 
cis-Mn1(IV)-Mn2(IV) 

-3.06 ± 0.14 
cis-Mn2(IV)-Mn6(IV) 

 J4 
cis-Mn1(IV)-Mn5(IV) 

-3.39 ± 0.12 
cis-Mn5(IV)-Mn6(IV) 

 J5 cis-Mn1(IV)-Mn6(IV) -2.99 ± 0.15 

 J6 cis-Mn1(IV)-Mn3(III) -2.31 ± 0.13 

 J7 cis-Mn2(IV)-Mn3(III) -2.54 ± 0.11 

 J8 cis-Mn2(IV)-Mn4(III) -1.50 ± 0.16 

 J9 cis-Mn3(III)-Mn5(IV) -1.14 ± 0.15 

 J10 cis-Mn4(III)-Mn5(IV) -2.80 ± 0.11 

 J11 cis-Mn4(III)-Mn6(IV) -1.83 ± 0.16 

 J12 cis-Mn3(III)-Mn4(III) -1.74 ± 0.10 

 

Table 4.36: A comparison of the 𝐽-values (cm-1) for the cis-isomer of the 4th oxidised state 

obtained with the 15 𝐽-value and 12 𝐽-value Hamiltonians. 

Interaction 𝑱-values (15 𝑱-values) 𝑱-values (12 𝑱-values) 

Mn1Mn2 -2.89 ± 0.01 -3.06 ± 0.14 
Mn1Mn3 -2.25 ± 0.01 -2.31 ± 0.13 
Mn1Mn4 0.95 ± 0.00 1.01 ± 0.08 
Mn1Mn5 -3.43 ± 0.01 -3.39 ± 0.12 
Mn1Mn6 -2.98 ± 0.01 -2.99 ± 0.15 
Mn2Mn3 -2.47 ± 0.01 -2.54 ± 0.11 
Mn2Mn4 -1.56 ± 0.00 -1.50 ± 0.16 
Mn2Mn5 0.02 ± 0.02 0.23 ± 0.18 
Mn2Mn6 -3.24 ± 0.00 -3.06 ± 0.14 
Mn3Mn4 -1.70 ± 0.01 -1.74 ± 0.10 
Mn3Mn5 -1.28 ± 0.01 -1.14 ± 0.15 
Mn3Mn6 0.98 ± 0.01 1.01 ± 0.08 
Mn4Mn5 -2.79 ± 0.01 -2.80 ± 0.11 
Mn4Mn6 -1.83 ± 0.00 -1.83 ± 0.16 
Mn5Mn6 -3.37 ± 0.01 -3.39 ± 0.12 
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4.5.7 4th charged state (trans-isomer) 

In this state, Mn3 and Mn6 are in oxidation state III while the others are in oxidation state IV (Figure 

4.18 (a)). The trans- Mn(IV)-Mn(IV) and Mn(III)-Mn(III) distances are ~6.170 and 6.510 Å 

respectively. The Mn(IV)-Mn(IV) distance between the trans-Mn centres is close to the Mn-Mn 

distance between the trans-Mn centres in the fully reduced state. The Mn-Cl distance follows the 

order Mn1(IV)-Cl ~ Mn2(IV)-Cl (2.65Å) < Mn3(III)-Cl (3.29Å) ~ Mn6(III)-Cl (3.30.Å) < Mn5(IV)-Cl 

((3.55Å)) < Mn4(IV)-Cl (3.57 Å). Cl- is shifted towards Mn1(IV) and Mn2(IV) just like the trans-

configuration of the second oxidised state. Surprisingly, the Mn(III)-Cl distance is smaller than Mn-

Cl distance for Mn4 and Mn5 which are in oxidation state IV.  

 

Figure 4.18: Optimised model of the trans-isomer of the 4th charged state for the {Mn6} cage (a) 

and the distribution of the spin density in this state (b). Colour scheme: MnIII (dark blue), MnIV 

(light blue), P(pink), Cl (green), C (black) O (red). Hydrogens have been removed for clarity. Blue 

and green regions in the spin density plots represent the spin density associated with up and 

down spin respectively.  

The Hamiltonian used for this charged state is the following: 

 𝐻 =−2𝐽1[〈𝑠1. 𝑠4〉 + 〈𝑠2. 𝑠5〉] − 2𝐽2[〈𝑠3. 𝑠6〉] − 2𝐽3[〈𝑠1. 𝑠2〉] − 2𝐽4[〈𝑠4. 𝑠5〉]

− 2𝐽5[〈𝑠1. 𝑠5〉 + 〈𝑠2. 𝑠4〉] − 2𝐽6[〈𝑠1. 𝑠3〉 + 〈𝑠2. 𝑠3〉] − 2𝐽7[〈𝑠1. 𝑠6〉]

− 2𝐽8[〈𝑠2. 𝑠6〉] − 2𝐽9[〈𝑠3. 𝑠4〉 + 〈𝑠3. 𝑠5〉] − 2𝐽10[〈𝑠4. 𝑠6〉 + 〈𝑠5. 𝑠6〉] 

(4.11) 

 

19 electronic configurations were modelled for this state (Table 4.37) and the 10 𝐽-values obtained 

are given in Table 4.38. The coupling between cis-Mn(IV) centres with each other can be correlated 

to the Mn-Cl distances and hence the Mn-Cl overlaps (Table 4.20). Mn1 and Mn2 also couple 

strongly to Mn(III) centres compared to the coupling of Mn(III) centres with Mn4 and Mn5. This is 

due to relatively stronger coupling of Mn1 and Mn2 with the Mn(III) centres via the Cl- bridge. The 
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coupling strength between Mn(III) centres is antiferromagnetic and is in line with the observed 

trends. 

Table 4.37: Bader spin density on each Mn centre (truncated to three decimal places) and the 

relative energy of each spin state with respect to the ferromagnetic state for the trans-isomer of 

the 4th charged state. 

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Energy (cm-1) 

3.063 3.070 3.748 2.990 2.997 3.750 0.00 
3.060 -3.063 3.748 2.989 2.995 3.749 -125.65 
3.062 3.068 -3.746 2.987 2.995 3.749 -100.71 
-3.058 -3.065 3.747 2.988 2.995 3.749 -174.33 
3.059 -3.064 -3.746 2.986 2.993 3.748 -168.38 
3.059 -3.063 3.748 2.989 -2.990 3.749 -219.73 
3.061 3.067 -3.746 2.985 2.992 -3.748 -183.35 
-3.060 -3.066 -3.747 2.985 2.993 3.748 -163.92 
-3.060 -3.066 3.747 2.987 -2.991 3.748 -205.62 
3.057 -3.064 -3.746 2.986 -2.993 3.748 -225.95 
-3.058 3.065 3.747 -2.984 -2.991 3.748 -203.40 
3.062 3.068 3.748 -2.981 2.997 3.749 -97.57 
3.062 3.068 3.747 2.987 2.994 -3.747 -100.46 
3.060 -3.064 3.748 -2.983 2.995 3.749 -156.41 
3.059 -3.064 3.747 2.987 2.993 -3.748 -178.69 
-3.060 -3.067 3.746 2.985 2.992 -3.748 -164.60 
3.058 -3.065 -3.747 -2.985 2.993 3.748 -164.28 
3.057 -3.064 -3.746 2.986 -2.993 3.748 -226.21 
3.057 -3.064 3.747 2.986 -2.993 -3.748 -241.01 

 

Table 4.38: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for the trans-isomer of the 4th charged state. 

𝑱-value Interacting Mn centres Magnitude (cm-1) 

 J1 
trans-Mn1(IV)-Mn4(IV) 

0.02 ± 0.15 
trans-Mn2(IV)-Mn5(IV) 

 J2 trans-Mn3(III)-Mn6(III) -0.55 ± 0.12 

 J3 cis-Mn1(IV)-Mn2(IV) -4.44 ± 0.27 

 J4 cis-Mn4(IV)-Mn5(IV) -3.13 ± 0.26 

 J5 
cis-Mn1(IV)-Mn5(IV) 

-3.46 ± 0.15 
cis-Mn2(IV)-Mn4(IV) 

 J6 
cis-Mn1(IV)-Mn3(III) 

-2.40 ± 0.14 
cis-Mn2(IV)-Mn3(III) 

 J7 cis-Mn1(IV)-Mn6(III) -2.86 ± 0.27 

 J8 cis-Mn2(IV)-Mn6(III) -1.88 ± 0.24 

 J9 
cis-Mn3(III)-Mn4(IV) 

-1.57 ± 0.11 
cis-Mn3(III)-Mn5(IV) 

 J10 
cis-Mn4(IV)-Mn6 (III) 

-1.54 ± 0.18 
cis-Mn5(IV)-Mn6(III) 
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As J1  has a standard deviation larger than its value, a set of 14 coupling constants was also 

determined (Table 4.39) using a Hamiltonian in which the only terms that were kept coupled were 

〈𝑠1. 𝑠4〉 and 〈𝑠2. 𝑠5〉 (since these are the only two terms that should be identical based on the Mn-

Mn distances) and the coupling between Mn1 and Mn4, and Mn2 and Mn5 was found to be 0.10 ± 

0.01 cm-1 which implies that it follows the observed trend. This is also consistent with the presence 

of polarised spin density on the Cl- centre (Figure 4.18 (b)). 

In this configuration unlike the trans-configuration of the 2nd oxidised state, the S = 0 state (trans - 

1245 – Mn256) has been found to be the lowest in energy while the ferromagnetic state is the 

highest in energy. This indicates that the ability to stabilise intermediate spin states is lost. 

Table 4.39: A comparison of the 𝐽-values (cm-1) for the trans-isomer of the 4th oxidised state 

obtained with the 14 𝐽-value and 12 𝐽-value Hamiltonians. 

Interaction 𝑱-values (14 𝑱-values) 𝑱-values (10 𝑱-values) 

Mn1Mn2 -4.29 ± 0.02 -4.44 ± 0.27 
Mn1Mn3 -2.34 ± 0.03 -2.40 ± 0.14 
Mn1Mn4 0.10 ± 0.01 0.02 ± 0.15 
Mn1Mn5 -3.46 ± 0.03 -3.46 ± 0.15 
Mn1Mn6 -2.75 ± 0.02 -2.86 ± 0.27 
Mn2Mn3 -2.52 ± 0.01 -2.40 ± 0.14 
Mn2Mn4 -3.65 ± 0.02 -3.46 ± 0.15 
Mn2Mn5 0.10 ± 0.01 0.02 ± 0.15 
Mn2Mn6 -2.06 ± 0.01 -1.88 ± 0.24 
Mn3Mn4 -1.56 ± 0.02 -1.57 ± 0.11 
Mn3Mn5 -1.64 ± 0.02 -1.57 ± 0.11 
Mn3Mn6 -0.64 ± 0.01 -0.55 ± 0.12 
Mn4Mn5 -3.07 ± 0.02 -3.13 ± 0.26 
Mn4Mn6 -1.80 ± 0.02 -1.54 ± 0.18 
Mn5Mn6 -1.43 ± 0.02 -1.54 ± 0.18 
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4.5.8 Trends observed in the charged states 

The oxidation of the complex affects the coupling behaviour between the Mn centres but some 

general trends can be identified within all the oxidations states modelled. The coupling between 

Mn centres trans- to each other becomes ferromagnetic if one of the Mn centres is in oxidation 

state IV, and the coupling is via the spin polarisation mechanism which is indicated by the spin 

density on the N of the 4-picoline bound to the Mn centre and, in some cases, by the Cl- centre. The 

strength of coupling between trans-Mn centres decreases with oxidation due to the expansion of 

the cage which results in weaker Mn-Cl overlaps. Such a change in the nature of coupling between 

metal centres however, becomes very important in reactions like the O-O bond formation.393, 401, 

403, 406, 407, 409, 590 Systems similar to this {Mn6} cage with a diamagnetic ion trapped within may 

provide a way to catalyse such reactions effectively. 

The oxidation of the cage leads to its 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(III) centres cis- to each other, in general, increases. When Mn(IV) centres are 

cis- to Mn(III) centres, some variation is observed in the coupling strength. In the various charged 

states, the cis-Mn(IV)-Mn(III) coupling is found to vary between -3.6 and -1.5 cm-1 and the variation 

is due to different Mn-Cl overlaps and the consequential non-uniform distribution of spin densities 

on the O-donors. 

 

4.5.9 Temperature dependence of magnetic susceptibility in higher charged states 

The temperature dependence of magnetic susceptibility was calculated for each charged state and 

has been summarised in Figure 4.19. The presence of ferromagnetic coupling is clearly indicated at 

lower temperatures for the 1st charged state and the trans-isomer of the 2nd charged state. The 

susceptibility plots for trans-isomer of each charged state indicates that the ground state in each 

case has an intermediate spin multiplicity. This may seem unusual for the charge states higher than 

the 2nd charged state for which an S = 0 (or 1/2) state was predicted to be the ground state. This 

observation can be explained by noting that the calculation of the magnetic susceptibility requires 

the diagonalisation of the full Hamiltonian that depends upon all the MS states and not the S states. 

The multiplicity of the ground state predicted using the experimental magnetic susceptibility is the 

multiplicity of the Ms state and not the spin multiplicity.  
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Figure 4.19: χT vs T plots for the different charged states of the {Mn6} complex. 

To determine the most stable Ms state for each charged state, the eigenvectors of the diagonalised 

Hamiltonian matrix were determined. For the fully reduced state Ms = 0 states were found to form 

the ground state. For the 1st charged state the exact diagonalisation revealed a degenerate ground 

state with MS = 0.5, 1.5 and 2.5 states contributing to it. The 2 – Mn25 state was found to contribute 

to a level lying above (~5.5 cm-1 higher in energy) the ground state. For the cis-isomer of the 2nd, 3rd 

and 4th charged states Ms = 0 states were found to constitute the ground level. The ground level for 

the trans-isomer of the 2nd charged state was found to be degenerate with MS = 0, 1 and 2 states 

contributing to it. For the trans-isomer of 3rd charged state, MS = 0.5 and 1.5 states were found to 

constitute the ground level. The trans-isomer of 4th charged state was found to be similar to that of 

the 2nd charged state with MS = 0, 1 and 2 states contributing to the ground state. 
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4.6 Conclusions 

To conclude, we have computationally and experimentally probed the magnetic properties of a 

{Mn6} cage in its ground state. All the Mn centres in this state are 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 the one trans- to each other. The coupling between 

the trans-Mn centres is antiferromagnetic and occurs via the Cl- bridge. Mn centres cis- to each 

other are coupled via both the Cl- bridge and the phosphonate bridge. The coupling constants 

obtained were found to reproduce the experimental curve reasonably well and the problem of 

experimentally fitting coupling constants to the magnetic susceptibility was highlighted. The 

mechanism of coupling via both bridges was explicitly determined using a novel methodology 

involving 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 ferromagnetic while that via the phosphonate bridge is 

antiferromagnetic. 

The oxidation of this cage was also investigated and it was observed that the {Mn6} 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 during OER where the nature of coupling 

between the Mn sites can affect the rate of the reaction. 

 

 



5 Magnetic Properties of [MnIIMnIII
12(µ4-O)8(µ4-Cl)6(tert-butyl-

PO3)8] (5.1) 

In this chapter the magnetic properties of the symmetric tridecanuclear Mn cage complex 

[MnIIMnIII
12(µ4-O)8(µ4-Cl)6(tert-butyl-PO3)8]384, 543 (compound 5.1) are described. This complex was 

synthesised in the Schmitt group by a former postdoctoral fellow Lei Zhang. The synthetic protocol 

adopted for this complex is based on comproportionation reaction involving the reaction of MnCl2, 

KMnO4 and tert-butyl phosphonic acid in presence of CuCl2, isonicotinic acid and triethylamine. 

The aim of this chapter is to develop an understanding of the magnetic properties of this complex 

and determine the strength of exchange coupling between the Mn centres besides exploring the 

capabilities of the novel methodology described in the previous chapter. The calculations have been 

carried out using the PBE0 functional451 along with a SDDALL507 basis set for Mn, 6-31G(2d)508 basis 

set for P and Cl, 6-31G(d)508 basis set for O and 6-31G(p)508 basis set for H. The coupling constants 

are determined and the nature of the various coupling pathways is determined using the novel 

methodology. Additionally, the nature of the coupling pathways is further verified by overlap 

analysis. 
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5.1 Crystal Structure and DFT Model 

Compound 5.1 is a mixed valence tridecanuclear Mn complex containing 12 Mn(III) centres and a 

Mn(II) centre.384, 543 The Mn(III) centres reside on the vertices of an cuboctahedra while the Mn(II) 

centre resides at the centre of the cuboctahedra (Figure 5.1). The coordination environment of 

each Mn(III) centre is fulfilled by two µ4-Cl-, two µ4-O2- and O-donors from two tert-butyl 

phosphonate groups and it is quite distorted owing to the restraints imposed by the ligands. The Cl- 

centres cap the square faces of the cuboctahedra and are arranged at the vertices of an octahedron 

centred around the Mn(II) centre. The Jahn-Teller axis of each Mn(III) centre is directed towards 

the Cl- centres as is evident from the Mn-ligand distances (Table 5.1). The Mn(II) centre resides in 

an eight coordinated environment which is fulfilled by eight µ4-O2- groups. 

 

Figure 5.1: Structure of the tridecanuclear compound 5.1 from two different angles (a) and (b). 

Colour scheme: MnII (teal), MnIII (dark blue), P(pink), Cl (green), C (black) O (red) and H (grey). 

For investigating the magnetic properties, the reported crystal structure was used to build the initial 

model and the whole complex was modelled without simplifying the structure. The methodology 

adopted is the same as that described in the previous chapter. All calculations have been carried 

out using the cluster code gaussian09500. The model in the ferromagnetic state reproduces the 

crystal structure well and a comparison of key bond distances is provided in Table 5.1. The distances 

in the non-ferromagnetic states were found to be similar to those in the ferromagnetic state. 
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Table 5.1: Comparison of key bond distances in the crystal structure and the DFT model in the 

ferromagnetic state for compound 5.1. The Mn-Cl and Mn-O distances reported here are the 

average distances.  

 XRD (Å)384, 543 DFT (Å)  XRD (Å)384, 543 DFT (Å) 

Mn1-Mn2 3.26 3.27 Mn1-Mn8 5.64 5.66 
Mn1-Mn11 3.26 3.27 Mn1-Mn9 5.65 5.66 
Mn1-Mn12 3.26 3.27 Mn1-Mn6 5.65 5.66 
Mn1-Mn3 3.26 3.27 Mn1-Mn7 6.52 6.54 

Mn1-Mn13 3.26 3.27 Mn(III)-Cl 2.77-2.79 2.75 

Mn1-Mn4 4.61 4.62 
Mn(III)-O 

(Phosphonate) 
1.90-1.91 1.89 

Mn1-Mn10 4.61 4.62 Mn(III)-O (oxo) 1.91-1.92 1.93 
Mn1-Mn5 5.64 5.66 Mn(II)-O (oxo) 2.27 2.28 

 

5.2 5.2 Exchange Coupling Pathways and Coupling Constants 

There are (13*12/2 = )78 possible coupling interactions between the Mn centres in compound 5.1 

and by taking into account the symmetry of the system and the Mn-Mn distances, these 

interactions can be divided into 5 unique sets (Table 5.2 and Table 5.3). The first set contains 

interactions between Mn(III) pairs that are coupled via phosphonate, µ4-Cl- and µ4-O2- bridges. The 

second set of pairs includes the coupling interactions of the central Mn(II) with rest of the Mn(III) 

centres and this coupling is facilitated by the µ4-O2- and µ4-Cl- groups. The third set takes into 

account the coupling between Mn(III) centres that are coupled only via the µ4-Cl- bridge. The last 

two sets contain the interactions between Mn centres that do not interact with each other via any 

bridge and the only possible coupling pathway would be direct coupling. Since these Mn centres 

are far apart from each other (>5.5 Å), the extent of direct coupling between these pairs should be 

negligible but to ensure that this is the case, these pairs have been included. 

Table 5.2: Mn-Mn distances, oxidation states and ligand bridges for Mn centres associated with 

different exchange coupling pathways. The value in brackets in the first column is the total 

number of Mn pairs associated with the particular pathway.  

Pathway Mn-Mn distance (Å) Oxidation states Direct ligand bridges 

J1 (24 pairs) 3.27 III-III µ4-O2-, µ4-Cl-, phosphonate 
J2 (12 pairs) 3.27 II-III µ4-O2-, µ4-Cl- 
J3 (12 pairs) 4.62 III-III µ4-Cl- 
J4 (24 pairs) 5.66 III-III None 
J5 (6 pairs) 6.54 III-III None 
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This division can be represented by the following Hamiltonian: 

𝐻 =−2𝐽1[〈𝑠1. 𝑠2〉 + 〈𝑠1. 𝑠3〉 +〈𝑠1. 𝑠11〉 + 〈𝑠1. 𝑠12〉 +〈𝑠2. 𝑠4〉 + 〈𝑠2. 𝑠5〉 +〈𝑠2. 𝑠12〉 +〈𝑠3. 𝑠4〉

+〈𝑠3. 𝑠6〉 + 〈𝑠3. 𝑠11〉 +〈𝑠4. 𝑠5〉 +〈𝑠4. 𝑠6〉 +〈𝑠5. 𝑠7〉 + 〈𝑠5. 𝑠9〉 +〈𝑠6. 𝑠7〉

+〈𝑠6. 𝑠8〉 + 〈𝑠7. 𝑠8〉 +〈𝑠7. 𝑠9〉 +〈𝑠8. 𝑠10〉 +〈𝑠8. 𝑠11〉 +〈𝑠9. 𝑠10〉 +〈𝑠9. 𝑠12〉

+〈𝑠10. 𝑠11〉 + 〈𝑠10. 𝑠12〉]

− 2𝐽2[〈𝑠1. 𝑠13〉 + 〈𝑠2. 𝑠13〉 + 〈𝑠3. 𝑠13〉 + 〈𝑠4. 𝑠13〉 + 〈𝑠5. 𝑠13〉 + 〈𝑠6. 𝑠13〉 + 〈𝑠7. 𝑠13〉

+ 〈𝑠8. 𝑠13〉 + 〈𝑠9. 𝑠13〉 + 〈𝑠10. 𝑠13〉 + 〈𝑠11. 𝑠13〉 + 〈𝑠12. 𝑠13〉] 

− 2𝐽3[〈𝑠1. 𝑠4〉 + 〈𝑠1. 𝑠10〉 + 〈𝑠2. 𝑠3〉 + 〈𝑠2. 𝑠9〉 + 〈𝑠3. 𝑠8〉 + 〈𝑠4. 𝑠7〉 + 〈𝑠5. 𝑠6〉

+ 〈𝑠5. 𝑠12〉 + 〈𝑠6. 𝑠11〉 + 〈𝑠7. 𝑠10〉 + 〈𝑠8. 𝑠9〉 + 〈𝑠11. 𝑠12〉]

− 2𝐽4[〈𝑠1. 𝑠5〉 + 〈𝑠1. 𝑠6〉 + 〈𝑠1. 𝑠8〉 + 〈𝑠1. 𝑠9〉 + 〈𝑠2. 𝑠6〉 + 〈𝑠2. 𝑠7〉 + 〈𝑠2. 𝑠10〉

+ 〈𝑠2. 𝑠11〉 + 〈𝑠3. 𝑠5〉 + 〈𝑠3. 𝑠7〉 + 〈𝑠3. 𝑠10〉 + 〈𝑠3. 𝑠12〉 + 〈𝑠4. 𝑠8〉 + 〈𝑠4. 𝑠9〉

+ 〈𝑠4. 𝑠11〉 + 〈𝑠4. 𝑠12〉 + 〈𝑠5. 𝑠8〉 + 〈𝑠5. 𝑠10〉 + 〈𝑠6. 𝑠9〉 + 〈𝑠6. 𝑠10〉 + 〈𝑠7. 𝑠11〉

+ 〈𝑠7. 𝑠12〉 + 〈𝑠8. 𝑠12〉 + 〈𝑠9. 𝑠11〉] 

− 2𝐽5[〈𝑠1. 𝑠7〉 + 〈𝑠2. 𝑠8〉 + 〈𝑠3. 𝑠9〉 + 〈𝑠4. 𝑠10〉 + 〈𝑠5. 𝑠11〉 + 〈𝑠6. 𝑠12〉] 

Table 5.3: Mn-ligand-Mn angles for Mn centres associated with different exchange coupling 

pathways. The value in brackets in the first column is the total number of Mn pairs associated 

with the particular pathway. 

Pathway Mn-O-Mn (˚) Mn-Cl-Mn (˚) Mn-P-Mn (˚) 

J1 (24 pairs) 116.0 70.2 66.5 
J2 (12 pairs) 101.7 54.4 - 
J3 (12 pairs) - 108.8 - 

 

19 electronic configurations have been modelled for this system so that the solution is 

overspecified. Configurations with different multiplicities were modelled so that solutions are not 

biased towards a particular spin multiplicity. The Bader spin densities on the Mn centres in each 

configuration and the energy of each modelled state are given in Table 5.4. The difference between 

the Bader spin and the formal spin value essentially represents the extent of delocalisation of the 

electron density from the Mn centre. It can be seen that the delocalisation of spin density from the 

central Mn(II) is greater than that from the Mn(III) centres which is probably due to the lower 

electronegativity of Mn(II). The 𝐽-values obtained (Table 5.5) confirm that the coupling strength 

between Mn centres associated with J4  and J5  terms is negligible. Hence, these terms were 

removed from the Hamiltonian and the coupling constants were recalculated. The coupling 

constants thus obtained (Table 5.5) are similar to the former ones as was expected. In both cases 

the relative energies of the different electronic states were well reproduced (error < 0.5%).  
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Table 5.4: Bader spin densities on each Mn centre (truncated to three decimal places) and in each 

modelled state and the energy (cm-1) of each state relative to the ferromagnetic state. 
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Table 5.5: 𝐽-values (cm-1) obtained for compound 5.1 using the 5 𝐽-value and 3 𝐽-value 

Hamiltonian. 

 𝐉𝟏 𝐉𝟐 𝐉𝟑 𝐉𝟒 𝐉𝟓 

𝐽-values (5 𝐽-value 
Hamiltonian) 

10.11 ± 0.16 3.52 ± 0.09 -3.29 ± 0.15 -0.04 ± 0.15 -0.03 ± 0.31 

𝐽-values (3 𝐽-value 
Hamiltonian) 

10.08 ± 0.13 3.50 ± 0.07 -3.34 ± 0.15 - - 

 

The coupling between Mn centres is dominantly ferromagnetic which is in agreement with the 

observed experimental temperature dependence of magnetic susceptibility.543 The strongest 

coupling is between Mn(III) centres that are coupled via phosphonate, µ4-Cl- and µ4-O2- bridges (J1). 

The coupling between the Mn(II) and Mn(III) centres (J2) is also ferromagnetic but is significantly 

weaker compared to J1. The Mn centres bridged only via the Cl- centres (J3), on the other hand, are 

coupled antiferromagnetically. 

The temperature dependence of magnetic susceptibility has not been determined using the 

calculated 𝐽-values for this complex for two reasons. First of all, the full Hamiltonian matrix is too 

big (6. 512 × 6. 512) so exact diagonalisation is not possible. There are other methods available that 

can be used to approximate the eigenvalues and eigenvectors of the full Hamiltonian matrix. One 

of these methods involves the use of Lanczos algorithm591, 592 for approximating the eigenvalues 

while another involves the use of Monte Carlo methods.593 The latter was attempted but success 

has not been achieved. Another problem with comparison of calculated and experimentally 

determined magnetic susceptibility for this complex is that the crystal structure of this compound 

contains an additional Mn(II) counter-cation in the crystal lattice. Since the complex itself is neutral, 

the charge of the additional Mn(II) is balanced by two additional Cl- centres that are trapped in the 

crystal lattice. The presence of the additional Mn(II) centre can lead to additional interactions that 

can be accounted for only by modelling the complex in its crystal lattice. Even if those interactions 

are weak, the presence of an additional paramagnetic centre cannot be directly accounted for, 

making a direct comparison of the calculated and experimental susceptibility challenging. An 

approach to resolve this issue can be to crystallise the system such that it packs without additional 

paramagnetic centres and the intermolecular exchange interactions are negligible. 

To approximate the ground spin state however, the calculated 𝐽 -values have been used to 

determine the energy of all possible unique 212 (=4096) spin states and the energy of some of the 

states has been provided in Table 5.6. The ferromagnetic state has indeed been found to be the 

lowest in energy and the state above it is 553 cm-1 higher thereby making the former a well-defined 

minimum. 
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Table 5.6: The relative energies (cm-1) of all the unique spin states for compound 5.1. 

Configuration Energy  Configuration Energy 
↑↑↑↑↑↑↑↑↑↑↑↑↑ 0 ↑↑↓↑↓↑↑↑↓↓↓↓↓ 1756 
↑↓↓↓↓↓↓↓↓↓↓↓↓ 553 ↑↓↓↑↓↓↓↑↓↓↓↓↓ 1763 
↑↑↑↑↑↑↑↑↑↑↑↑↓ 751 ↑↓↓↑↓↑↑↑↓↓↓↓↓ 1790 
↑↑↓↓↓↓↓↓↓↓↓↑↓ 779 ↑↓↑↑↑↓↓↓↑↑↓↑↓ 1818 
↑↑↓↓↓↓↓↓↓↓↓↓↓ 814 ↑↓↓↑↑↑↑↑↑↑↓↓↑ 1825 
↑↑↓↓↑↓↓↓↓↓↓↓↓ 1074 ↑↓↓↑↑↓↓↓↓↓↓↓↑ 1843 
↑↓↓↓↑↓↓↓↓↓↓↓↓ 1109 ↑↓↓↑↑↑↑↑↓↓↓↓↓ 1853 
↑↓↑↑↓↑↓↓↓↓↓↓↓ 1137 ↑↓↓↑↓↓↑↓↓↓↓↓↓ 1861 
↑↑↓↓↓↓↓↓↓↓↓↑↑ 1155 ↑↑↓↓↓↑↓↑↓↓↓↓↑ 1881 
↑↑↓↓↑↓↑↓↑↓↓↑↓ 1166 ↑↓↓↑↑↑↑↓↓↓↓↓↓ 1889 
↑↑↓↑↓↓↓↓↓↓↓↓↓ 1171 ↑↓↓↑↓↑↑↑↓↓↓↓↑ 1916 
↑↓↓↓↓↓↓↓↓↓↓↓↑ 1179 ↑↓↓↑↓↑↓↑↓↓↓↓↑ 1978 
↑↑↑↑↓↑↓↓↓↓↓↓↓ 1200 ↑↓↓↑↑↓↓↑↑↑↑↓↑ 1989 
↑↓↓↑↓↓↓↓↓↓↓↓↓ 1206 ↑↓↓↑↑↓↑↓↑↑↓↑↓ 2014 
↑↑↑↑↑↑↓↑↑↓↑↑↑ 1213 ↑↓↓↑↑↑↓↑↑↑↓↑↑ 2024 
↑↑↑↑↓↓↓↓↓↓↓↓↓ 1235 ↑↓↓↓↑↓↓↑↓↓↓↓↑ 2042 
↑↑↑↑↑↑↓↓↓↓↓↓↓ 1263 ↑↓↓↑↑↓↓↓↑↑↑↓↓ 2051 
↑↑↓↓↓↓↓↓↓↓↓↓↑ 1315 ↑↓↓↑↑↑↑↑↑↑↓↓↓ 2076 
↑↑↑↑↓↑↓↓↓↓↓↓↑ 1326 ↑↓↓↑↑↓↓↓↑↑↓↓↓ 2086 
↑↓↓↓↑↓↑↓↑↓↓↓↓ 1335 ↑↓↓↑↑↓↓↑↑↑↑↓↓ 2114 
↑↑↓↓↓↑↓↓↓↓↓↓↓ 1370 ↑↓↓↑↓↓↑↑↓↓↓↓↓ 2122 
↑↓↑↑↓↑↓↓↓↓↓↓↑ 1388 ↑↓↓↑↓↓↓↑↓↓↓↓↑ 2139 
↑↓↓↓↑↓↑↑↑↑↑↓↑ 1398 ↑↓↓↑↑↑↓↑↓↓↑↓↓ 2150 
↑↓↑↑↑↓↓↓↓↓↓↓↓ 1432 ↑↓↓↑↓↑↑↑↑↑↓↓↑ 2184 
↑↑↓↓↑↓↓↓↓↓↓↓↑ 1450 ↑↓↓↑↑↓↓↓↑↑↓↓↑ 2211 
↑↓↓↑↑↓↓↓↓↓↓↓↓ 1467 ↑↓↓↑↓↓↑↓↓↓↓↓↑ 2237 
↑↑↑↑↓↓↓↓↓↓↓↓↑ 1486 ↑↓↓↑↑↓↑↓↑↑↓↓↑ 2247 
↑↓↑↑↑↑↓↓↓↓↓↓↓ 1495 ↑↓↓↑↑↑↓↑↑↑↓↑↓ 2275 
↑↓↑↑↑↑↑↓↑↓↓↓↓ 1523 ↑↓↓↑↑↓↑↑↑↑↓↓↓ 2310 
↑↑↓↑↓↓↓↓↓↓↓↓↑ 1548 ↑↑↓↓↑↑↓↑↓↑↓↓↓ 2348 
↑↓↑↑↓↑↑↑↓↓↓↓↓ 1558 ↑↓↓↑↓↓↓↑↓↑↓↓↑ 2372 
↑↓↓↓↑↓↑↓↑↓↓↓↑ 1585 ↑↓↓↑↑↑↓↑↑↑↓↓↑ 2382 
↑↑↓↓↓↑↑↑↓↓↓↓↓ 1595 ↑↓↓↓↑↑↓↓↓↑↓↓↓ 2419 
↑↓↓↓↑↓↓↓↓↓↓↓↑ 1610 ↑↓↓↑↑↑↓↑↓↑↓↓↓ 2445 
↑↓↓↓↑↓↓↓↑↑↓↑↑ 1621 ↑↓↓↑↑↑↓↓↓↑↓↓↓ 2481 
↑↑↓↓↓↑↓↑↓↓↓↓↓ 1631 ↑↓↓↑↑↑↓↑↑↑↓↓↓ 2508 
↑↑↓↓↑↑↑↑↓↓↓↓↓ 1658 ↑↓↓↑↓↑↑↓↑↑↓↓↑ 2543 
↑↓↓↓↑↓↓↑↓↓↓↓↓ 1667 ↑↓↓↑↓↓↑↓↑↑↓↓↓ 2579 
↑↓↓↓↑↑↑↑↑↑↓↑↓ 1683 ↑↓↓↑↓↓↓↑↑↑↓↓↑ 2606 
↑↑↓↑↓↑↓↑↓↓↓↓↓ 1693 ↑↓↓↑↓↓↑↓↓↑↓↓↓ 2615 
↑↓↓↑↓↓↓↓↓↓↓↓↑ 1707 ↑↓↓↑↓↓↑↑↑↑↓↓↑ 2641 
↑↑↓↓↓↑↑↑↓↓↓↓↑ 1721 ↑↓↓↓↑↑↓↓↓↑↓↓↑ 2670 
↑↓↓↑↓↑↓↑↓↓↓↓↓ 1728 ↑↓↓↑↓↓↑↓↑↑↓↓↑ 2704 
↑↑↓↓↓↑↓↓↓↓↓↓↑ 1746 ↑↓↓↑↓↓↑↓↓↑↓↓↑ 2865 

 

5.3 Nature of Coupling Pathways 

For Mn pairs whose coupling is described by J3, the coupling is only via the Cl- bridge. Since this 

coupling is antiferromagnetic, it means that the Cl- pathway for these Mn pairs is antiferromagnetic. 

Since the coupling between Mn(III) centres and the central Mn(II) is ferromagnetic and as these are 

coupled via the µ4-O2- and µ4-Cl- bridge, either both pathways are ferromagnetic or only the 

dominant one is. The average Mn(II)-Cl distance is quite large (~3.81 Å) which suggests that the 
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coupling via the Cl- bridge will be significantly weaker compared to the oxo- bridge. It can therefore 

be assumed that the coupling via the µ4-O2- bridge would be ferromagnetic but nothing can be 

concluded on the nature of the µ4-Cl- bridge. The Mn pairs whose coupling is accounted for by J1 

presents an even greater challenge as there are three coupling pathways and the magnitude of J1 

only provides the combined picture of the individual pathways. 

In order to determine the nature of coupling via each pathway, we again perturb the system in such 

a way that the symmetry is retained and determine the changes in the coupling strength due to the 

perturbation. We can replace each bridge by its heavier/lighter analogue and determine the effect 

it has on the magnitude and/or nature of the 𝐽-value. Since 𝐽-values for Mn pairs that are not 

coupled via any ligand bridge have been ascertained to be negligible, these terms have been 

neglected in the calculation of coupling constants in further investigation. For each model described 

in the following discussion, eight states have been modelled for the determination of the three 

coupling constants and the configurations are chosen such that they cover a range of spin 

multiplicities ensuring that the electronic picture is properly captured.  

 

5.3.1 Phosphonate pathway 

To determine the nature of this pathway, compound 5.1 was initially modelled with the tert-butyl 

groups substituted with phenyl groups ([Mn13(µ4-O)8(µ4-Cl)6(phen-PO3)8], MnP). Such a 

replacement was made for computational ease because the rotation of the methyl groups makes it 

hard to locate a well-defined minimum. This was followed by substitution of the P centres with As 

to perturb the system ([Mn13(µ4-O)8(µ4-Cl)6(phen-AsO3)8], MnAs). Such a replacement leads to 

perturbations that arise from the combined effects of both changes in electronegativity and in the 

Mn-ligand distance. To decouple the two effects and determine the effect of only the Mn-ligand 

distance on coupling, MnAs was modelled again with the As centres substituted with P and 

constrained geometry optimisations were performed keeping the position of the P and Mn centres 

fixed (constrained [Mn13(µ4-O)8(µ4-Cl)6(phen-PO3)8], MnPc). It was observed that keeping only the 

Mn centres fixed in the constrained geometry optimisations (constrained [Mn13(µ4-O)8(µ4-

Cl)6(phen-PO3)8], MnPc’) allows the P centres to move back to their equilibrium position and the 

constrained optimisation fails to serve its purpose making it necessary to constrain both Mn and P 

centres. The changes in the Mn-ligand distances and the coupling constants resulting from these 

substitutions are summarised in Table 5.7 and Table 5.8 respectively.  

In the previous chapter, the correlation between spin density on the ligand groups and the strength 

of coupling was established and higher spin densities were found to indicate stronger coupling. 

Thus, the effect of these substitutions on the electronic structure was also determined by 

calculating the spin density on the donors attached to the Mn centres. Due to the symmetry of the 

complex, the spin density on the various donors of each type is equally distributed and hence, just 
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the sum of spin density on each type of donor is enough to investigate the electronic structure and 

this is presented in Table 5.9. 

Table 5.7: The various Mn-ligand distances (Å) for the different models. In cases where significant 

variations were observed in the distances, the range is given. 

Model 
Mn(III)-O 

(oxo) 
Mn(III)-Cl 

Mn(III)-O 
(phosphonate) 

Mn(II)-O 
(oxo) 

Mn(II)-Cl 

Compound 5.1 1.93 2.75 1.89 2.28 3.81 
MnP 1.92-1.93 2.75 1.88-1.89 2.28 3.80 

MnAs 1.91-1.93 2.75-2.77 1.87-1.88 2.33 3.81 
MnPc 1.95 2.76 1.91-1.93 2.30 3.80 
MnPc’ 1.94-1.95 2.76 1.86-1.88 2.30 3.81 

 

A comparison of the 𝐽-values for MnP and MnAs reveals a significant decrease in the magnitude of 

J1. Since As is less electronegative than P, a stronger coupling would be expected via the phenyl 

arsonate group and hence, the decrease in J1  suggests that the coupling via this pathway is 

antiferromagnetic. Additionally, in MnPc, the Mn-O bonds are longer compared to MnP suggesting 

that the coupling via the phosphonate bridge will be weaker. The other Mn-ligand distances in 

MnPc are less affected which implies that the effect of the magnitude of 𝐽-values is primarily due 

to changes in the phosphonate pathway. J1 for MnPc is greater than that obtained for MnP which 

is only possible if the coupling via this bridge is antiferromagnetic thereby confirming the 

antiferromagnetic nature of the phosphonate pathway. The spin density on the O-donors of the 

phosphonate groups is lower in MnPc compared to that in MnP and since J1 is greater in MnP 

compared to MnPc the coupling via the phosphonate bridge is confirmed to be antiferromagnetic. 

Table 5.8: 𝐽-value for compound 5.1 and its analogues with the tert-butyl groups replaced with 

different groups. 

Model 𝐉𝟏 𝐉𝟐 𝐉𝟑 

Compound 5.1 10.08 ± 0.13 3.50 ± 0.07 -3.34 ± 0.15 
MnP 9.49 ± 0.16 3.64 ± 0.11 -3.29 ± 0.22 

MnAs 8.48 ± 0.04 2.07 ± 0.04 -3.30 ± 0.05 
MnPc 10.52 ± 0.11 4.61 ± 0.16 -3.36 ± 0.20 
MnPc’ 9.79 ± 0.08 4.11 ± 0.03 -3.40 ± 0.10 

 

Table 5.9: Sum of spin densities on the Mn centres and the various donors attached to them in 

the ferromagnetic state of the different models involving substitution of the phosphonate group. 

 Compound 5.1 MnP MnAs MnPc MnPc’ 

Mn 50.870 50.841 50.812 51.045 51.373 
Cl 1.199 1.209 1.170 1.165 1.145 

O (µ4-O) 0.049 0.037 0.166 -0.114 -0.228 
O (phosphonate) 0.977 0.976 0.875 0.964 0.769 

 

In all models, the value of J3 does not change significantly and this is because the replacement of P 

with As (and vice versa) does not affect the position of Cl- which is evident from the Mn-Cl distances 



  Chapter 5 

 111 

which remain constant (Table 5.7). It can also be seen that the sum of spin density on Cl- remains 

essentially the same and that explains the constant value of J3 in all models.  

The substitution of the P centres affects the coupling via the oxo-groups and the effect of such 

changes are reflected in the magnitude of J2
 (Table 5.8). This is a consequence of the simultaneous 

presence of both spin delocalisation and polarisation mechanism as is evident from the spin density 

plot for MnP (Figure 5.2). The spin density on the oxo- groups is quite small for MnP but is 

significantly larger and of opposite nature for MnPc’ and MnPc. This indicates that there may be a 

competition between spin polarisation and spin delocalisation mechanism and small changes to the 

structure result in one mechanism dominating the other. This is further confirmed by the higher 

spin density of the same nature as on Mn on the oxo groups in MnAs for which the J2 value is 

significantly lower. The spin densities on the oxo- groups in MnAs and MnPc together reveal the 

two extremes and establish the presence of the two coupling mechanism. The presence of both 

mechanisms explains the small value of spin density in the case of compound 5.1 and MnP. 

Additionally, the presence of spin polarisation suggests that the oxo-pathway for the coupling 

between Mn(II) and Mn(III) centres is ferromagnetic. The dominance of spin polarisation results in 

higher J2 values for MnP and MnPc compared to MnP.  

 

Figure 5.2: Spin density plot for MnP. Purple and green regions in the spin density plots represent 

the spin density associated with up and down spin respectively. The µ4-O2- groups can be clearly 

seen to be accommodating both up and down spin density confirming the presence of spin 

delocalisation and polarisation. The presence of spin polarisation on the phosphonate O-donors 

can also be observed. 
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5.3.2 Chloride pathway 

The chloride pathway contributes to all the three coupling constants which means that perturbing 

the chloride pathway will affect all the three 𝐽-values. The nature of this pathway for Mn pairs 

whose coupling is described by J3 is antiferromagnetic in nature because it is the only coupling 

pathway available and J3 is negative. For Mn pairs associated with J1 and J2, its nature is unknown 

and to investigate this, the Cl- centres in compound 5.1 were initially replaced with Br- ([Mn13(µ4-

O)8(µ4-Br)6(tert-butyl-PO3)8], MnBr) and I- ([Mn13(µ4-O)8(µ4-I)6(tert-butyl-PO3)8], MnI). The Mn-X 

(X=Cl, Br and I) distance increases with increasing size of X (Table 5.10). Again, to decouple the 

effects of electronegativity and Mn-X distances, constrained geometry calculations were carried 

out by replacing Br- and I- with Cl- (MnBrCl and MnICl) and keeping the positions of both Mn and Cl- 

fixed. The changes observed in Mn-ligand distances and the coupling constants due to these 

substitutions are presented in Table 5.10 and Table 5.11 respectively. Just like in the investigation 

of the phosphonate pathway, the spin density on the donors attached to the Mn centres was also 

determined and the sum of spin density on each type of donor in the different models is 

summarised in Table 5.12. 

Table 5.10: The various Mn-ligand distances (Å) for the different models. 

Model 
Mn(III)-O 

(oxo) 
Mn(III)-X 

Mn(III)-O 
(phosphonate) 

Mn(II)-O 
(oxo) 

Mn(II)-X 

Compound 5.1 1.93 2.75 1.89 2.28 3.81 
MnBr 1.93 2.85 1.89 2.28 3.97 
MnI 1.94 3.04 1.89 2.29 4.28 

MnBrCl 1.93 2.85 1.89 2.28 3.97 
MnICl 1.94 3.04 1.87 2.28 4.28 

 

The value of J1 is not affected much between compound 5.1, MnBr and MnI making it difficult to 

obtain any insight. This could be due to the two effects – increasing Mn-X distances which decrease 

the extent of coupling, and decreasing electronegativity which increases the coupling strength – 

competing against each other. The clear decrease in the magnitude of J1 (Table 5.11) however, 

when the Mn-Cl distance increases from MnBrCl to MnICl (Table 5.10) suggests that the coupling 

via this bridge is ferromagnetic for the Mn pairs whose coupling is described by J1. On moving from 

compound 5.1 to MnBrCl and MnICl, the change in spin densities on the oxo-groups and the O-

donors of the phosphonate groups is small which suggests that the changes observed in the J1 value 

must be dominantly due to the changes introduced in the halide group. As the Mn-Cl distance 

increases from compound 5.1 to MnBrCl and MnICl, the sum of spin density on Cl- centres and the 

magnitude of J1 decreases which confirms that the coupling via the Cl- bridge is ferromagnetic for 

Mn pairs whose coupling is described by J1.  

The increased sum of spin density on the halides in case of MnBr and MnI without any significant 

change in the magnitude of J1 suggests that the size of the halide centres may have an effect on the 
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coupling behaviour. To investigate this behaviour, an insight into the overlaps between the d-

orbitals of the Mn centres and the p-orbitals of the halides is required. 

Table 5.11: 𝐽-value for compound 5.1 and its analogues with Cl replaced with other halides. 

Model 𝐉𝟏 𝐉𝟐 𝐉𝟑 

Compound 5.1 10.08 ± 0.13 3.50 ± 0.07 -3.34 ± 0.15 
MnBr 10.74 ± 0.07 3.61 ± 0.11 -2.95 ± 0.15 
MnI 10.56 ± 0.14 3.75 ± 0.13 -1.17 ± 0.17 

MnBrCl 9.13 ± 0.06 3.73 ± 0.07 -1.83 ± 0.12 
MnICl 7.35 ± 0.10 3.94 ± 0.14 -0.54 ± 0.16 

 

Among compound 5.1, MnBrCl and MnICl, the change in the magnitude of J2 is small compared to 

the changes observed in J1 and J3. This suggests that the coupling between the Mn(II) centre and 

the Mn(III) centres is dominated by the oxo bridge and confirms the ferromagnetic nature of the 

oxo bridge. Since with the increase in the Mn-Cl distance and consequently, the decrease in the 

coupling strength via the Cl- bridge, J2 increases slightly, the coupling via the Cl- bridge must be 

antiferromagnetic. On moving from compound 5.1 to MnBrCl and MnICl, the value of J3 decreases 

with increasing distances and decreasing spin density on the Cl- again confirming that the coupling 

between Mn centres accounted for by J3 via this bridge is antiferromagnetic.  

Table 5.12: Sum of spin densities on the Mn centres and the various donors attached to them in 

the ferromagnetic state of the different models involving substitution of the halide. 

 Compound 5.1 MnBr MnI MnBrCl MnICl 

Mn 50.870 50.694 50.505 50.932 51.046 
X (=Cl, Br, I) 1.199 1.354 1.568 1.133 1.022 

O (µ4-O) 0.049 0.052 0.033 0.065 0.064 
O (phosphonate) 0.977 0.968 0.944 0.958 0.972 

 

5.3.2.1 Overlap analysis 

To further validate the conclusions obtained from the novel methodology and to understand the 

unusual behaviour exhibited by MnBr and MnI, overlaps between d-orbitals of Mn and the p-

orbitals of the halide groups were investigated. For this purpose, the model was oriented such that 

the halide and Mn(II) are along the z-axis and Mn1-Mn4, that form one of the square faces of the 

cuboctahedra, lie in the xy-plane. As the system is highly symmetric, only the overlap between the 

d-orbitals of Mn1, Mn2, Mn3 and Mn4, and the p-orbitals of the halide lying closest to these Mn 

centres was determined. To obtain a qualitative idea about the overlaps, the overlap analysis was 

performed using a minimal basis set594, 595 and the results obtained are provided in Table 5.13. 

Overlap analysis using the basis set employed for modelling these systems was also performed and 

the results are summarised in Table 5.14. In both cases, more than one d-orbital on the Mn centres 

overlap with the p-orbitals of the halide which is because the Mn-X-Mn (X = Cl, Br or I) angles are 

not equal to 90° (Table 5.3).  
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Table 5.13: Overlap matrix (× 10000) with a minimal basis set for the d-orbitals of the Mn centres 

and the valence p-orbitals of the halides. 

 Cl Br I 
 px py pz px py pz px py pz 

Mn1          
D 0.00 0.00 0.40 0.00 0.00 0.20 0.00 0.50 0.10 

D+1 0.00 0.00 0.00 0.10 0.00 0.00 0.10 0.00 0.00 
D-1 0.00 5.20 1.40 0.00 6.40 2.00 0.00 6.30 3.40 
D+2 0.00 2.10 1.90 0.00 2.30 2.00 0.00 1.20 2.10 
D-2 0.10 0.00 0.00 0.30 0.00 0.00 0.30 0.00 0.00 

Mn2           
D 0.00 0.00 0.40 0.00 0.00 0.30 0.50 0.00 0.10 

D+1 5.20 0.00 1.40 6.40 0.00 2.00 6.30 0.00 3.40 
D-1 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.10 0.00 
D+2 2.10 0.00 1.90 2.30 0.00 2.00 1.20 0.00 2.10 
D-2 0.00 0.20 0.00 0.00 0.30 0.00 0.00 0.30 0.00 

Mn3          
D 0.00 0.00 0.40 0.00 0.00 0.30 0.50 0.00 0.10 

D+1 5.20 0.00 1.40 6.40 0.00 2.00 6.30 0.00 3.40 
D-1 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.10 0.00 
D+2 2.10 0.00 1.90 2.30 0.00 2.00 1.20 0.00 2.10 
D-2 0.00 0.20 0.00 0.00 0.30 0.00 0.00 0.30 0.00 

Mn4          
D 0.00 0.00 0.40 0.00 0.00 0.20 0.00 0.50 0.10 

D+1 0.00 0.00 0.00 0.10 0.00 0.00 0.10 0.00 0.00 
D-1 0.00 5.20 1.40 0.00 6.40 2.00 0.00 6.30 3.40 
D+2 0.00 2.10 1.90 0.00 2.30 2.00 0.00 1.20 2.10 
D-2 0.10 0.00 0.00 0.30 0.00 0.00 0.30 0.00 0.00 

 

The minimal basis set overlap analysis reveals that the largest overlap is between the D±1 orbitals 

of Mn and the px/py orbitals of the halide groups (Table 5.13). For Mn1 and Mn4, the largest overlap 

is between D+1 and px orbitals and since the interacting D+1 orbitals are half-filled and interact via 

a full-filled px orbital, the Goodenough-Kanamori-Anderson rules334, 576, 577 suggest that this coupling 

should be antiferromagnetic. For Mn2 and Mn3 it is the D-1 and py orbitals that have the largest 

overlaps and based on similar arguments, these Mn centres should also be coupled 

antiferromagnetically. It can be seen that dominantly interacting p-orbitals for Mn1 and Mn2 are 

different and since these p-orbitals are orthogonal to each other, electron transfer is, in principle, 

forbidden and the Goodenough-Kanamori-Anderson rules suggest that this coupling should thus be 

ferromagnetic.334, 576, 577 Following the same logic, the coupling between Mn1-Mn3, Mn2-Mn4 and 

Mn3-Mn4 pairs can be considered to be ferromagnetic. These deductions are in agreement with 

the conclusions reached using our novel methodology further validating its reliability.  

The overlaps between d- and p- orbitals of Mn and Br/I respectively are higher, but they show the 

same trend as observed for Mn and Cl. The weakly overlapping orbitals, especially in case of MnI, 

have relatively larger overlaps compared to that in compound 5.1 and MnBr and this indicates that 

the coupling via these bridges will be stronger. This suggests that the strength of the dominant 

ferromagnetic/antiferromagnetic coupling between Mn centres will be diluted because of the 
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availability of additional coupling pathways. This may explain why J1 does not increase for MnI and 

why J3 decreases significantly for MnI compared to MnCl and MnBr. This also suggests that the 

electronegativity may not be a good parameter for perturbing the system.  

Table 5.14: Overlap matrix (× 100) for the d-orbitals of the Mn centres and the valence p-orbitals 

of the halides. 

 Cl Br I 
 px py pz px py pz px py pz 

Mn1          
D 0.000 0.940 0.318 0.000 0.859 0.614 0.000 1.320 0.243 

D+1 0.363 0.000 0.000 0.552 0.000 0.000 0.169 0.000 0.000 
D-1 0.000 0.695 0.196 0.000 0.940 0.152 0.000 1.589 0.308 
D+2 0.000 0.218 1.424 0.000 0.209 1.700 0.000 0.227 1.932 
D-2 0.591 0.000 0.000 0.748 0.000 0.000 0.800 0.000 0.000 

Mn2          
D 0.942 0.000 0.320 0.859 0.000 0.614 1.320 0.000 0.243 

D+1 0.698 0.000 0.198 0.941 0.000 0.153 1.589 0.000 0.308 
D-1 0.000 0.362 0.000 0.000 0.552 0.000 0.000 0.169 0.000 
D+2 0.218 0.000 1.428 0.209 0.000 1.701 0.227 0.000 1.930 
D-2 0.000 0.588 0.000 0.000 0.747 0.000 0.000 0.802 0.000 

Mn3          
D 0.942 0.000 0.320 0.859 0.000 0.614 1.320 0.000 0.243 

D+1 0.698 0.000 0.198 0.941 0.000 0.153 1.589 0.000 0.308 
D-1 0.000 0.362 0.000 0.000 0.552 0.000 0.000 0.169 0.000 
D+2 0.218 0.000 1.428 0.209 0.000 1.701 0.227 0.000 1.930 
D-2 0.000 0.588 0.000 0.000 0.747 0.000 0.000 0.802 0.000 

Mn4          
D 0.000 0.940 0.318 0.000 0.859 0.614 0.000 1.320 0.243 

D+1 0.363 0.000 0.000 0.552 0.000 0.000 0.169 0.000 0.000 
D-1 0.000 0.695 0.196 0.000 0.940 0.152 0.000 1.589 0.308 
D+2 0.000 0.218 1.424 0.000 0.209 1.700 0.000 0.227 1.932 
D-2 0.591 0.000 0.000 0.748 0.000 0.000 0.800 0.000 0.000 

  

The overlap analysis with the full basis set used for the models shows similar behaviour as observed 

in the minimal basis set overlap analysis although here it is the pz orbital of the halide interacting 

strongly with the d-orbitals of the Mn centres (Table 5.14). The increase in the overlap of the weakly 

overlapping orbitals with the increase in the size of the halide group is more noticeable here 

compared to the minimal basis set overlap analysis further confirming the role of the size of the 

halide in the unusual coupling behaviour displayed by MnBr and MnI. 

With the full basis set, the overlap between the d-orbitals of the Mn(II) centre and the p-orbitals of 

halides was found to be smaller compared to the Mn(III)-Cl overlaps. Additionally, between 

compound 5.1, MnBr and MnI, only minor changes are observed in the Mn(II/III)-O overlaps. This 

explains why the change in the halide bridge only has minor impact of the magnitude of J2. These 

results are again in agreement with what was predicted by our novel methodology.  
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5.3.3 Oxo pathway 

For investigating the oxo pathway, one can, in principle, look at the overlap between the d- and p-

orbitals of Mn and oxo-groups respectively or replace the O centres with S to determine the effects 

of perturbing the system. The former was found to be too complicated again because of how the 

oxo-groups are arranged in the system with a number of d-orbitals of Mn interacting with the p-

orbitals of the oxo-groups. The latter can be done but since the nature of the other pathways has 

been determined, the nature of the oxo-bridge can be understood by simple deduction. For J1, the 

phosphonate pathway has been determined to be antiferromagnetic while the Cl- pathway was 

found to be ferromagnetic. Additionally, the changes observed in J1  on increasing the Mn-Cl 

distance were found to be large but even at an Mn(III)-Cl distance of 3.04 Å, the magnitude of J1 

was significant. This implies that there must be another pathway which allows for ferromagnetic 

coupling suggesting that the oxo-pathway is ferromagnetic. For J2 , the changes in the Mn-Cl 

distances had small effect on the coupling strength suggesting that the oxo-pathway dominates the 

coupling between the Mn(II) centres and Mn(III) centres. Since J2 is positive, the oxo pathway must 

be ferromagnetic.  
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5.4 Conclusions 

The magnetic properties of a mixed valence tridecanuclear Mn complex have been investigated 

using DFT. The Mn centres in this complex occupy the vertices of a cuboctahedron and the complex 

is stabilised by µ4-Cl-, µ4-O2- bridges and phosphonate groups. Three coupling constants were found 

to be necessary for a complete description of the exchange coupling – one (J1) for describing the 

coupling between the Mn(III) centres bridged via µ4-Cl-, µ4-O2- bridges and phosphonate groups, 

one (J2) for describing the coupling between the central Mn(II) and all Mn(III) centres and another 

(J3) for Mn(III) centres bridged only via the µ4-Cl- bridge. The coupling in the complex was found to 

be dominantly ferromagnetic with the strongest coupling observed between Mn pairs that are 

accounted for by J1.  

The nature of coupling via the different pathways was analysed using the novel methodology where 

the system is perturbed in such a way that the symmetry is preserved and the effect of the 

perturbation on the coupling constants are determined. The effect of changes in both 

electronegativity of the bridging group, and the Mn-bridge distances on the magnitude of 𝐽-values 

were investigated for this purpose. It was observed however, that the use of distances in terms of 

perturbation serves as a more reliable method since larger (less electronegative) atoms have more 

diffused orbitals which may overlap with orbitals of surrounding atoms leading to abnormal 

changes in coupling strengths due to perturbation. The use of this methodology reveals that the 

phosphonate pathway is antiferromagnetic and the oxo- pathway is ferromagnetic. The Cl- pathway 

is ferromagnetic for pairs of Mn centres whose coupling is accounted for by J1 , and 

antiferromagnetic for those whose coupling is described by J3. These results are in agreement with 

the results obtained using overlap analysis which further validates the reliability of this 

methodology. 

 

 



6 Carboxylate Based Complexes 

As described in the introduction, there has been a lot of scientific effort directed towards 

developing an understanding of the mechanism of water oxidation by the OEC and numerous 

experimental and computational studies have advanced our understanding in this area.27, 38, 46, 50, 52, 

58, 61, 62, 65 Attempts to synthesise structural analogues of the OEC in the recent years have yielded 

some fascinating coordination complexes that bear striking structural similarities to the OEC87-89, 131-

137 but none of these complexes show OER activity.  

A key aim of this work has been to develop coordination complexes that capture both the structural 

and catalytic characteristics of the OEC. Considering that the coordination environment of the OEC 

is predominantly composed of O-donors of carboxylate groups that are a part of large protein 

units,27, 58 we have attempted to synthesise purely carboxylate based complexes. The strategy used 

for this purpose is based on comproportionation reaction and has been described in chapter 3. 

Using KMnO4 as the only source of Mn ions, we have succeeded in synthesising three coordination 

complexes. Using pivalic acid as the ligand results in the formation of a polymorph of a hexanuclear 

complex, [MnII
2MnIII

4(µ3-O)2((CH3)3CCO2)10(DMF)4]·DMF·H2O (compound 6.1), which is structurally 

similar to a previously reported class of hexanuclear Mn complexes.596-601 Since the crystal quality 

of this polymorph was poor, compound 6.1 has been used for characterisation purposes. Slight 

modification of the synthetic procedure results in the formation of a mixed-metal octanuclear 

complex, [K2MnIII
8(µ3-O)4(µ-OH)2((CH3)3CCOO)16(CH3CN)2]·CHCl3 (compound 6.2). This complex 

shows striking structural similarities to the oxygen evolving complex (OEC).27, 55-58 When the tert-

butyl group of the carboxylic acid is replaced with sterically less bulky biphenyl group, significant 

structural rearrangements occur and a dodecanuclear complex, [MnIV
4MnIII

8(µ3-O)12(C6H5C6H4CO2)16 

(H2O)4]·3CH3CN·13CHCl3 (compound 6.3) was obtained. In this chapter we describe the structural 

and physicochemical properties of all three complexes. 

Note: Our work on compound 6.2 has been published as a journal article (ref. 602). 
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6.1 [MnII
2MnIII

4(µ3-O)2((CH3)3CCO2)10(DMF)4]·DMF·H2O (6.1) 

Refluxing Mn(CH3COO)2·4H2O, KMnO4 and pivalic acid in a ratio of 1:4:40 in presence of 

phenylphosphonic acid and L(-)-proline in a mixture of CH3CN and DMF results in the formation of 

compound 6.1. The crystals were obtained within a week and were characterised by single crystal 

X-ray diffraction experiment. KMnO4 when refluxed with excess of pivalic acid in CH3CN results in 

the formation of a polymorph of compound 6.1 although the crystal quality was found to be poor. 

6.1.1 Structural description 

Compound 6.1 crystallises in the monoclinic crystal system and the structure solution was obtained 

in the space group 𝐶𝑐. This compound contains a hexanuclear complex Mn6(µ3-O)2 ((CH3)3CCO2)10 

(DMF)4] (Figure 6.1). The complex itself is quite symmetric but the presence of a water and a 

disordered DMF molecule in the asymmetric unit destroys the overall symmetry. It comprises of 

two edge sharing distorted Mn tetrahedra each centred around a µ4-O2- group (Figure 6.2 (a)). This 

complex is stabilised by two µ4-O2- groups, ten pivalate ligands and four DMF molecules, the latter 

serving as capping groups. The Mn centres on the common edge were determined to be in +III 

oxidation state while the other Mn centres were found to be in +II oxidation state from bond 

valence sum analysis (Table 6.1). The oxidation state of the O atoms bound only to Mn centres has 

also been ascertained by bond valence sum analysis (Table 6.2). The BVS value for O in the 

approximate ranges of 0.2-0.4, 1.0-1.2 and 1.8-2.0 has been suggested to indicate H2O, OH- and O2- 

groups respectively.603, 604 The values obtained for this complex do not strictly meet this proposed 

assignment criteria so the protonation state has been decided based on the proximity of the bond 

valence sum value to an integer. Complexes with similar core structure have been reported 

previously.596-601  

 

Figure 6.1: Crystal structure of the hexanuclear compound 6.1. Colour scheme: MnII
 (teal), MnIII

 

(dark blue), C (black), N(blue) and O (red). All hydrogen atoms have been removed for clarity. 

 



  Chapter 6 

 120 

 

Figure 6.2: (a) Core structure of the compound 6.1, and the octahedral environment of (b) the 

MnII centres and (c) MnIII centres. Colour scheme: MnII
 (teal), MnIII

 (dark blue), C (black), N(blue) 

and O (red). All hydrogen atoms have been removed for clarity. 

In this complex each MnII centre resides in an octahedral environment which is fulfilled by a DMF 

molecule, a µ4-O2- group and O-donors of four pivalate ligands with the Mn-O distances varying 

between 2.1 and 2.3 Å (Table 6.1). Each MnII centre is linked to two MnII centres which are at 

different distances. The MnII centres closer to each other are linked to each other via a pivalate 

(which binds as a µ2-κO:κO’-pivalate) and µ4-O2- and the octahedron of these centres are vertex 

shared at the µ4-O2- group (Figure 6.2 (b)). The bridging mode of the pivalate group in Harris 

notation605 can be given as 2.11 mode which means that this pivalate is bound to two Mn centres 

with each O-donor binding to one Mn centre. From here onwards, the coordination behaviour of 

monodentate groups (like O2-, OH-, etc) will be described using the conventional notation while that 

of polydentate ligands will be given in Harris notation. 

The MnII centres further away from each other are linked to each other via two pivalate groups 

which bind in a 3.21 mode and their octahedra are completely isolated. These centres do not lie on 

the same plane and the dihedral between Mn1 and Mn2, and Mn5 and Mn6 was found to be ~17°. 

The dihedral between Mn1 and Mn6, and Mn2 and Mn5 was found to be ~22°.  
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Table 6.1: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 6.1. 

Mn centre 
Coordinating 

atom 
Bond Distance (Å) BVS 

Assigned 
oxidation state 

Mn1 

O1 2.216(2) 

2.085 +II 

O2 2.3390(18) 
O3 2.1161(19) 
O4 2.1631(18) 
O5 2.1334(19) 
O6 2.160(2) 

     

Mn2 

O7 2.1345(19) 

2.052 +II 

O8 2.1479(19) 
O9 2.2220(19) 

O10 2.1776(18) 
O11 2.2959(18) 
O12 2.1668(18) 

     

Mn3 

O2 2.2358(18) 

3.152 +III 

O4 1.8847(18) 
O12 1.8862(18) 
O13 1.9469(19) 
O14 2.2522(18) 
O15 1.9597(19) 

  

Mn4 

O4 1.8887(18) 

3.122 +III 

O11 2.2520(18) 
O12 1.8940(18) 
O16 1.9542(18) 
O17 2.2391(18) 
O18 1.9558(19) 

     

Mn5 

O12 2.1893(17) 

2.023 +II 

O14 2.2881(18) 
O19 2.1445(19) 
O20 2.1296(19) 
O21 2.285(2) 
O22 2.1502(19) 

     

Mn6 

O4 2.1778(18) 

2.083 +II 

O17 2.2919(19) 
O23 2.173(2) 
O24 2.214(2) 
O25 2.1188(19) 
O26 2.1375(19) 

     

Metals Distance (Å) Metals Distance (Å)   

Mn1-Mn2 4.7817(8) Mn3-Mn4 2.8034(6)  
Mn1-Mn3 3.1754(8) Mn3-Mn5 3.1733(9)  
Mn1-Mn4 3.4647(8) Mn3-Mn6 3.4742(6)  
Mn1-Mn6 3.7304(7) Mn4-Mn5 3.5240(8)  
Mn2-Mn3 3.4708(6) Mn4-Mn6 3.1845(6)  
Mn2-Mn4 3.1714(6) Mn5-Mn6 4.8451(8)  
Mn2-Mn5 3.7394(7)    
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The coordination environment of the MnIII centres is fulfilled by four pivalate ligands and two µ4-

O2- groups (Figure 6.2 (c)). The octahedron of the MnIII centres share an edge. The Jahn-Teller axis 

of these centres are along the pivalate ligands which bind in the 3.21 mode and are not parallel but 

at 20° to each other due to ligand constraints. The Mn-O bond with the O donors of pivalate ligands 

along the Jahn-Teller axis is ~2.25 Å and is ~1.95 Å otherwise. The MnIII-O bonds with µ4-O2- groups 

are shorter (1.89 Å). 

Table 6.2: BVS analysis for O atoms and their assigned protonation state in compound 6.1. 

Atom  BVS  Assignment  

O4 2.136 µ4-O2- 

O12 2.108 µ4-O2- 

 

Examination of the bond lengths (Table 6.1) and bond angles (Table 6.3) for each Mn centre 

indicates that the coordination environment of each Mn centres deviates from ideal geometry. To 

quantify the extent of distortion, bond angle variance (𝜎2) and distortion indices (𝐷𝐼) have been 

calculated and the values obtained are given in Table 6.4..606-609 The limitation of these approaches 

is that they are limited to the use of bond angles but as distortion induced by changes in bond 

lengths are relatively smaller, they provide reasonable values. A more generalised approach for 

calculating the extent of distortion is provided by continuous shape measure analysis where the 

structure under investigation is compared with the corresponding ideal geometry for determining 

the extent of distortion.610-614 The continuous shape measure analysis, in this work, has been carried 

out using SHAPE V2.1 code and the values obtained for the Mn centres of compound 6.1 are given 

in Table 6.4.615 The details of all these approaches are provided in the appendix. 

Table 6.3: Selected bond angles for compound 6.1. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O4-Mn1-O2 76.83(6) O4-Mn4-O12 83.99(7) 
O6-Mn1-O2 80.44(7) O4-Mn4-O17 84.58(7) 
O6-Mn1-O1 82.27(8) O12-Mn4-O11 84.69(7) 
O3-Mn1-O1 84.35(8) O18-Mn4-O11 86.42(7) 
O5-Mn1-O6 86.21(8) O16-Mn4-O18 86.87(8) 
O5-Mn1-O1 88.16(8) O16-Mn4-O17 87.50(7) 
O3-Mn1-O2 89.14(7) O18-Mn4-O17 89.53(7) 
O6-Mn1-O4 91.37(7) O16-Mn4-O11 89.56(7) 
O5-Mn1-O4 94.71(7) O4-Mn4-O18 94.75(8) 
O1-Mn1-O2 98.77(7) O12-Mn4-O16 95.67(8) 
O3-Mn1-O4 101.10(7) O4-Mn4-O11 98.45(7) 
O3-Mn1-O5 106.03(8) O12-Mn4-O17 99.47(7) 
O3-Mn1-O6 161.55(8) O12-Mn4-O18 170.73(8) 
O5-Mn1-O2 163.94(7) O4-Mn4-O16 171.90(8) 
O4-Mn1-O1 172.84(8) O17-Mn4-O11 175.12(7) 

    
O12-Mn2-O11 77.83(6) O22-Mn5-O21 76.94(7) 
O10-Mn2-O9 81.16(7) O12-Mn5-O14 77.16(7) 

O10-Mn2-O11 81.75(7) O19-Mn5-O14 81.64(7) 
O7-Mn2-O9 85.75(7) O20-Mn5-O21 82.94(8) 

O8-Mn2-O10 86.66(7) O22-Mn5-O14 88.28(7) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O8-Mn2-O9 87.47(7) O20-Mn5-O19 89.00(8) 
O12-Mn2-O10 90.24(7) O20-Mn5-O12 91.57(7) 
O7-Mn2-O11 90.47(7) O19-Mn5-O12 94.35(7) 
O9-Mn2-O11 95.14(7) O19-Mn5-O21 94.41(7) 
O8-Mn2-O12 97.83(7) O22-Mn5-O12 95.84(7) 
O7-Mn2-O12 101.74(7) O20-Mn5-O22 103.35(8) 
O7-Mn2-O8 101.86(7) O21-Mn5-O14 109.74(7) 

O7-Mn2-O10 164.08(8) O19-Mn5-O22 163.72(8) 
O8-Mn2-O11 167.56(7) O20-Mn5-O14 164.68(7) 
O12-Mn2-O9 169.65(7) O12-Mn5-O21 169.58(7) 

    
O4-Mn3-O12 84.31(7) O4-Mn6-O17 77.19(6) 

O12-Mn3-O14 84.41(7) O23-Mn6-O17 81.17(7) 
O4-Mn3-O2 85.19(7) O26-Mn6-O24 84.46(8) 

O13-Mn3-O15 86.53(8) O23-Mn6-O24 84.48(8) 
O13-Mn3-O2 87.72(7) O25-Mn6-O23 86.77(8) 

O15-Mn3-O14 88.13(7) O23-Mn6-O4 89.68(7) 
O13-Mn3-O14 88.48(7) O25-Mn6-O24 89.89(8) 
O15-Mn3-O2 90.09(7) O26-Mn6-O17 90.12(7) 

O12-Mn3-O13 94.61(8) O25-Mn6-O4 95.08(7) 
O4-Mn3-O15 95.51(8) O24-Mn6-O17 96.64(7) 
O12-Mn3-O2 97.44(7) O26-Mn6-O4 100.30(7) 
O4-Mn3-O14 98.67(7) O25-Mn6-O26 103.27(8) 

O12-Mn3-O15 172.42(8) O26-Mn6-O23 165.03(8) 
O4-Mn3-O13 172.62(8) O25-Mn6-O17 165.65(7) 
O2-Mn3-O14 175.90(7) O4-Mn6-O24 172.12(7) 

 

It can be observed from the continuous shape measure values, angle variance and distortion indices 

that the octahedral environment of each Mn centre is not heavily distorted (Table 6.4). The higher 

distortions for Mn1 and Mn5 compared to the other two MnII centres is because of the disordered 

DMF molecule which, owing to how it packs in the crystal lattice, preferentially affects Mn1 and 

Mn5. 

Table 6.4: Continuous shape measure values, angle variance and distortion indices (using the ideal 

octahedral geometry as a reference) for each Mn centre for compound 6.1. 

Mn centre 
Continuous shape measure 

value  
Angle variance (σ2) Distortion Index 

Mn1 1.378 77.83 0.0783 
Mn2 0.942 63.31 0.0711 
Mn3 1.102 26.54 0.0479 
Mn4 1.178 30.80 0.0515 
Mn5 2.246 100.18 0.0860 
Mn6 0.964 60.53 0.0664 
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This complex crystallises along with a water and a disordered DMF molecule and the packing 

diagram is shown in Figure 6.3. The radius of the largest voids containing these solvent molecules 

is 2.4 Å as calculated by the ‘calcvoid’ routine implemented in the OLEX2 code.616  

 

Figure 6.3: Packing diagram of compound 6.1. Colour scheme: MnII
 (teal), MnIII

 (dark blue), C 

(black), N(blue), O (red) and H (grey). 

 

6.1.2 Physicochemical characterisation 

Thermogravimetric analysis (TGA) analysis under N2 atmosphere of air dried compound 6.1 shows 

a weight loss of ~6 % up to 120 °C due to the loss of DMF and water molecules (calcd: 5.3 %) trapped 

in the crystal lattice (Figure 6.4). This is followed by a gradual loss of the bound DMF molecules that 

occurs up to ~230 °C (calcd: 16.6 %, found 17.4 %). The steep drop that follows can be attributed to 

the partial loss of pivalate groups and it occurs up to 310 °C. Heating above 310 °C leads to cluster 

degradation and oxide formation. 
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Figure 6.4: TGA analysis of compound 6.1. 

The infrared (IR) spectrum of compound 6.1 is consistent with the proposed structural model 

(Figure 6.5). The feature at ~3000 cm-1 corresponds to the C-H stretching vibrations. Vibration 

modes in the 1300-1600 cm-1 region are due to the organic portion of the molecule.617 The 

symmetric and asymmetric stretches due to the carboxylate groups correspond to the vibration 

modes observed at 1408 cm-1 and ~1575 cm-1 and are in line with the expected energy variance 

for bridging carboxylate groups.618 The peak at 1654 cm-1 can be attributed to the C-O stretch of 

the DMF molecules.619, 620 The characteristic phosphonate stretches621-623 in the region between 

900-1000 cm-1 are missing confirming the absence of phosphonate groups. 

 

 

Figure 6.5: Infrared spectrum of compound 6.1.  
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6.2 [MnIII
8K2(µ3-O)4(µ-OH)2((CH3)3CCOO)16(CH3CN)2]·CHCl3 (6.2) 

Compound 6.2 can be prepared by refluxing KMnO4 with excess of pivalic acid in CH3CN followed 

by the addition of CHCl3. Crystals were obtained in a day and were characterised by single crystal 

X-ray diffraction experiment.  

6.2.1 Structure description 

Compound 6.2 contains an octanuclear Mn complex (Figure 6.6 (a)) that crystallises in the 

monoclinic crystal system and the structure solution was obtained in the space group 𝑃21/𝑛. The 

asymmetric unit contains half of the complex (Figure 6.6 (b)). The core structure of this complex 

can be described as a dimer of two distorted cubane {Mn4K} units that are symmetry related by an 

inversion centre, and that are bridged by pivalate ligands and two µ3-oxo groups, O2 and its 

symmetry equivalent. The oxidation state of the Mn centres and the protonation state of the O 

atoms bound only to Mn centres has been ascertained by bond valence sum analysis (Table 6.5 and  

Table 6.6 respectively). 

 

Figure 6.6: Crystal structure (a), the asymmetric unit (b) and the polyhedral representation (c) of 

the octanuclear compound 6.2. Colour scheme: MnIII
 (dark blue), K (tan), C (black), N(blue) and O 

(red). All hydrogen atoms (grey) except those attached to oxygen centres have been removed for 

clarity. 

Each {Mn4K} cubane unit consists of three Mn(III) ions, Mn1, Mn2 and Mn3, and a K+ ion which is 

stabilised by two µ3-O2- ligands, O1 and O2, and a µ2-OH- O-donor, O3. The latter is further engaged 
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in a H-bond involving a monodentate pivalate ligand that binds to Mn3 (O-O donor–acceptor 

distance 2.6 Å). The {Mn4K} unit is additionally stabilised by nine pivalate ligands out of which seven 

bind in 2.11 mode while one binds in a 3.21 mode and another binds in 1.10 mode.605  

The coordination environment of Mn1 is fulfilled by two µ3-O2- groups (O1 and O2) and the O-

donors from four pivalate groups (Figure 6.7 (a)). The Jahn-Teller axis of Mn1 is directed along the 

O-donors (O7 and O12) of the pivalate groups lying perpendicular to the plane containing the µ3-

O2- groups. The Mn-O distances are ~2.2 Å along the Jahn-Teller axis and vary between 1.89 and 

1.95 Å perpendicular to it. The octahedra of Mn1 shares a point with that of Mn2 and Mn4 at O2 

and O1 respectively, and a face with that of Mn3 at O1 and O12 (Figure 6.6 (c)). Mn2 is coordinated 

to two µ3-O2- groups (O2 and its symmetry equivalent) and the O-donors of the µ2-OH- (O3) and 

three pivalate groups. The Jahn-Teller axis again lies along the pivalate groups that lie in the plane 

perpendicular to that containing the µ3-O2- and the µ2-OH- groups (Figure 6.7 (b)). The Mn-O bond 

has been found to be ~2.3 Å along the Jahn-Teller axis and ~1.9 Å perpendicular to it. The octahedra 

of Mn2 shares a face with that of its symmetry equivalent at O2 and its symmetry equivalent, and 

shares a point with the octahedra of Mn1 and Mn3 at O2 and O3 respectively. The octahedra of 

both Mn1 and Mn2 are slightly distorted as can be seen from continuous shape measures, angle 

variance and distortion indices (Table 6.7) and this is due to the geometrical restrictions imposed 

due to ligand restraints which is apparent from the bond lengths (Table 6.5) and bond angles (Table 

6.8). 

The O-donors of a µ2-OH- (O3) and four pivalate groups in addition to a µ3-O2- group (O1) fulfil the 

coordination environment of Mn3 (Figure 6.7 (c)). Out of the four pivalate groups, the one 

containing O5 is monodentate and is stabilised by hydrogen bonding from the µ2-OH- group. The 

Jahn-Teller axis however, is not directed along this pivalate group as may have been expected. 

Similar to Mn1 and Mn2, the Jahn-Teller axis lies along the pivalate groups lying perpendicular to 

the plane containing the monodentate pivalate group and µ2-OH- group. The Mn-O distances are 

~2.2 Å along the Jahn-Teller axis and ~1.9 Å perpendicular to it. The coordination environment of 

Mn4 is fulfilled by a µ3-O2- group (O1) and the O-donors of four pivalate ligands one of which acts 

as a chelating group (Figure 6.7 (d)). The Jahn-Teller axis of Mn4 is directed along one of the O-

donors of the chelating pivalate group (O17) and the pivalate ligand (O9) lying perpendicular to it 

with the Mn-O distances being 2.360 (2) and 2.115(2) Å respectively. The Mn-O distances in the 

equatorial plane range between 1.86 and 1.96 Å. The octahedron of Mn4 is the most distorted in 

this complex as can be seen from the continuous shape measures, angle variance and distortion 

indices (Table 6.7) and this is due to the chelating pivalate group. 



  Chapter 6 

 128 

 

Figure 6.7: Coordination environment of Mn1 (a) and Mn2 (b), Mn3 (c) and Mn4 (d) in 

compound 6.2. Colour scheme: MnIII
 (dark blue), K (tan), C (black), N(blue) and O (red). All 

hydrogen atoms (grey) except those attached to oxygen centres have been removed for clarity. 

The two µ3-O2- groups, the N-donor of a CH3CN molecule and the O-donors of four pivalate groups 

are bound to the K+ ion allowing it to be well incorporated into the distorted cubane unit. The 

integration of a hetero-metal into a distorted cubane unit has been rarely reported for Mn 

coordination complexes131-133, 135-137 even though it is highly sought after because of the presence 

of such a unit in the OEC – the natural water oxidation complex in photosystem-II.27, 55-58 This 

complex can thus be considered as a structural mimic of the OEC. 
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Table 6.5: Key Mn-O, K-O, K-N and Mn-Mn bond lengths and bond valence sum for each Mn 

centre for compound 6.2. 

Mn centre 
Coordinating 

atom 
Bond Distance (Å) BVS 

Assigned 
oxidation state 

Mn1 

O1 1.894(2) 

3.217 +III 

O2 1.9113(19) 
O10 1.942(2) 
O13 1.951(2) 
O7 2.150(2) 

O12 2.206(2) 
     

Mn2 

O2’ 1.8787(19) 

3.171 +III 

O2 1.9003(19) 
O3 1.922(2) 
O6’ 1.949(2) 
O11 2.253(2) 
O19 2.270(2) 

     

Mn3 

O3 1.895(2) 

3.190 +III 

O5 1.931(2) 
O1 1.935(2) 
O8 1.943(2) 

O15 2.146(2) 
O12 2.230(2) 

     

Mn4 

O1 1.863(2) 

3.148 +III 

O14 1.938(2) 
O16 1.941(2) 
O18 1.962(2) 
O9 2.115(2) 

O17 2.360(2) 
     

K1 

O19 2.663(2) 

  

O17 2.718(2) 
O2 2.820(2) 
N1 2.860(3) 

O11’ 2.998(2) 
O1 2.999(2) 

O16 3.102(2)   
     

Metals Distance (Å) Metals Distance (Å)   

K1-Mn1 3.7050(8) Mn1-Mn4 3.3300(6)  
K1-Mn2 3.6197(9) Mn2-Mn2’ 2.8509(6)  
K1-Mn3 4.2087(9) Mn2-Mn3 3.4807(7)  
K1-Mn4 3.4628(9) Mn2-Mn4 5.3419(7)  

Mn1-Mn2 3.3950(7) Mn3-Mn4 3.2828(7)  
Mn1-Mn3 3.1022(6)    

’1-X,1-Y,1-Z 

 

As all Mn centres in compound 6.2 are in +III oxidation state (Table 6.5), it can formally be compared 

to the S-1 state of the OEC. A thorough comparison of the crystal structure of the OEC which is in 

the S1 state (with two Mn(IV) and two Mn(III)), and compound 6.2 reveals other similarities besides 

the presence of a distorted cubane unit containing a hetero-metal atom. Mn4, structurally relates 

to the dangling Mn centre of the OEC. The bond distances in the core structure of both complexes 
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also show noteworthy similarities (Figure 6.8). The minor differences arise due to ligand restraints 

and the reduced nature of the Mn(III) centres and their characteristic bonding features. The K-O 

bond distances are, on average, approximately 0.3 Å longer in comparison to the Ca-O bond 

distances in OEC. Most significant differences to the OEC structure are associated with the Mn3-

K/Ca distance and the atom position and connectivity of the dangling Mn4 centre which, in the OEC, 

is additionally bound to Mn1 via an oxo-ligand. 

 

 

Figure 6.8: Comparison of the core of the cubane-type complex in OEC and compound 6.2. Colour 

scheme: MnIII
 (dark blue), K/Ca (tan) and O (red).  

 

Table 6.6: BVS analysis for O atoms and their assigned protonation state in compound 6.2. 

Atom BVS Assignment 

O1 2.135 µ3-O2- 
O2 2.130 µ3-O2- 
O3 1.340 µ2-OH- 

 

 

Table 6.7: Continuous shape measure values, angle variance and distortion indices (using the ideal 

octahedral geometry as a reference) for each Mn centre for compound 6.2.  

 

 

 

 
 

 

  

Mn centre  Continuous shape measure 
value  

Angle variance 
(σ2)  

 Distortion Index  

Mn1 0.755 28.31 0.0415 
Mn2 1.144 23.60 0.0427 
Mn3 0.881 20.59 0.0367 
Mn4 2.491 122.79 0.0808 
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The system packs with a disordered CHCl3 molecule which resides in voids that are 2.80 Å in radius 

as calculated by the ‘calcvoid’ routine implemented in the OLEX2 code.616 These voids lie along the 

crystallographic c-axis (Figure 6.9). The packing is possibly stabilised by weak dispersion forces. 

 

Figure 6.9: Packing diagram for compound 6.2. The disordered CHCl3 molecules have been 

removed for clarity. Colour scheme: MnIII
 (dark blue), K (tan), C (black), N(blue) and O (red). All 

hydrogen atoms have been removed for clarity. 

Table 6.8: Selected bond angles for compound 6.2. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O10-Mn1-O13 81.55(9) O1-Mn3-O12 80.34(8) 
O1-Mn1-O12 81.84(8) O5-Mn3-O8 85.61(9) 
O2-Mn1-O7 85.58(8) O3-Mn3-O12 86.28(8) 

O10-Mn1-O7 89.36(9) O5-Mn3-O15 88.92(9) 
O1-Mn1-O2 89.59(8) O8-Mn3-O15 89.21(9) 

O13-Mn1-O7 90.22(9) O3-Mn3-O1 90.41(9) 
O1-Mn1-O13 90.30(9) O3-Mn3-O5 90.64(9) 

O10-Mn1-O12 91.37(8) O8-Mn3-O12 92.34(8) 
O2-Mn1-O12 91.94(8) O1-Mn3-O15 92.51(8) 

O13-Mn1-O12 92.26(8) O3-Mn3-O15 92.66(9) 
O1-Mn1-O7 97.77(9) O1-Mn3-O8 93.29(9) 

O2-Mn1-O10 99.06(8) O5-Mn3-O12 98.25(8) 
O1-Mn1-O10 169.21(9) O15-Mn3-O12 172.76(8) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O2-Mn1-O13 175.74(9) O3-Mn3-O8 175.77(9) 
O7-Mn1-O12 177.49(8) O5-Mn3-O1 178.19(9) 

    
O3-Mn2-O19 80.91(8) O18-Mn4-O17 60.17(9) 
O2’-Mn2-O2 82.06(9) O16-Mn4-O17 82.43(9) 

O6’-Mn2-O11 85.34(8) O14-Mn4-O18 86.68(10) 
O6’-Mn2-O19 89.26(8) O16-Mn4-O18 86.74(10) 
O3-Mn2-O6’ 89.85(9) O14-Mn4-O9 89.02(9) 
O2-Mn2-O11 91.35(8) O1-Mn4-O16 91.68(9) 

O21-Mn2-O19 91.86(8) O16-Mn4-O9 92.16(9) 
O2-Mn2-O3 93.19(8) O14-Mn4-O17 93.96(9) 

O21-Mn2-O11 93.78(8) O1-Mn4-O14 94.59(9) 
O3-Mn2-O11 93.89(8) O18-Mn4-O9 97.07(10) 
O2-Mn2-O19 94.28(8) O1-Mn4-O9 97.60(9) 
O21-Mn2-O6’ 95.33(8) O1-Mn4-O17 105.13(9) 
O21-Mn2-O3 171.07(9) O9-Mn4-O17 156.74(9) 

O11-Mn2-O19 172.52(8) O1-Mn4-O18 165.30(10) 
O2-Mn2-O6’ 175.65(9) O14-Mn4-O16 173.41(9) 

 

6.2.2 Physicochemical characterisation 

Additional structural characterisation has been conducted using a variety of physicochemical 

techniques to verify the structural model. The phase purity of the bulk material has been confirmed 

using powder X-ray diffraction (PXRD) (Figure 6.10 (a)). TGA analysis was conducted in a N2 

atmosphere on a freshly dried sample (Figure 6.10 (b)). The initial thermogravimetric steps up to 

~150 ˚C can be attributed to the loss of constitutional and coordinating solvent molecules (weight 

loss calcd: 8.2 %, found: 9.2 %). The next step up to ~190 ˚C results from decomposition of the two 

monodentate pivalate groups (weight loss calcd: 8.3 %, found: 9.5 %) followed by the loss of 14 

pivalate ligands resulting in the formation of Mn oxide materials. 

 

Figure 6.10: PXRD pattern (a) and TGA analysis (b) of compound 6.2. 

The IR spectrum of compound 6.2 is in agreement with the structural model obtained from single 

crystal XRD (Figure 6.11). The broad feature at 2960 cm-1 can be attributed to the C-H vibrations in 

the organic ligands.617 The sharp feature at 1406 cm-1 corresponds to the symmetric stretching 

mode of the carboxylate groups. The vibrations due to the asymmetric stretching mode of the 
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carboxylate group overlaps with additional vibrations in the 1500-1600 cm-1 range due to the 

pivalate groups.617 The bending C-H mode of CHCl3 appears at 1224 cm-1.624 

 

Figure 6.11: IR of compound 6.2. 

 

6.2.3 Magnetic properties 

The temperature dependence of magnetic susceptibility was determined in the temperature range 

of 4-300 K (Figure 6.12). The room temperature value of χT was found to be 19.5 cm3 K mol-1 which 

is lower than the expected value of 24 cm3 K mol-1 for a complex with 8 Mn(III) (S = 2) centres (𝐶 =

𝜒𝑇 =
𝑁𝜇𝐵

2

3𝑘𝐵
𝑔2𝑆(𝑆 + 1), where 

𝑁𝜇𝐵
2

3𝑘𝐵
= 0.12505 cm3 K mol-1, 𝑔 = 2 is the Lande’s g-factor and 𝑆 is 

the spin). This indicates that the coupling between Mn centres is dominantly antiferromagnetic in 

this complex. This is further confirmed by the behaviour observed upon lowering the temperature 

when the χT value decreases and reaches a value of 2 cm3 K mol-1 at 4 K. The presence of 

ferromagnetic coupling however, still cannot be completely ruled out. This behaviour also indicates 

that the ground state in this case will be an S = 0 state.  

 

Figure 6.12: Temperature dependence of magnetic susceptibility (χT) of compound 6.2. 
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6.2.4 DFT calculations 

To better understand the electronic structure and quantify the strength of exchange coupling 

betweem the Mn centres, DFT calculations were performed. The full complex was modelled with 

the tert-butyl groups replaced with methyl groups for computational ease (Figure 6.13). The hybrid 

PBE0433, 451 functional has been used in conjunction with the SDDALL507 basis set having an effective 

core potential for the Mn and K atoms (replacing the 10 core electrons – 1s22s22p6 – of Mn and K 

with fully relativistic pseudopotentials), the 6-31G(d)508 basis set for O, C and N, and 6-31G(p)508 

basis set for H. For this complex, an even tighter SCF convergence criteria (Δenergy < 10-11 Hartrees) 

was employed to ensure proper convergence. The model represents the experimental structure 

well and the metal distances were found to be well reproduced (Table 6.9). 

 

Figure 6.13: Computational model for compound 6.2. Colour scheme: MnIII
 (dark blue), K (tan), C 

(black), N(blue) and O (red). All hydrogen atoms (grey) except those attached to oxygen centres 

have been removed for clarity. 

The methodology adopted for the calculation of the coupling constants is the one adopted in the 

previous chapters. 11 states were modelled for this complex and the energy of the states modelled 

and the spin on the Mn centres in each state are provided in Table 6.10. Seven coupling constants 

have been used to describe the coupling between the Mn centres and these take into account the 

coupling of Mn centres adjacent to each other (Figure 6.14). 

The Hamiltonian for this complex can thus be given as: 

 

𝐻 = −2𝐽1〈𝑠1. 𝑠5〉 − 2𝐽2[〈𝑠1. 𝑠2〉 + 〈𝑠5. 𝑠6〉] − 2𝐽3[〈𝑠1. 𝑠3〉 + 〈𝑠5. 𝑠7〉] − 2𝐽4[〈𝑠1. 𝑠6〉 + 〈𝑠2. 𝑠5〉]

− 2𝐽5[〈𝑠2. 𝑠3〉 + 〈𝑠6. 𝑠7〉] − 2𝐽6[〈𝑠2. 𝑠4〉 + 〈𝑠6. 𝑠8〉] − 2𝐽7[〈𝑠3. 𝑠4〉 + 〈𝑠7. 𝑠8〉] 
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Table 6.9: Comparison of some of the Mn-Mn distances in the crystal structure and the DFT 

model for compound 6.2. 

 Distance (Å) 
Mn centres XRD DFT 
Mn1-Mn2 3.40 3.41 
Mn1-Mn3 3.48 3.48 
Mn1-Mn4 5.34 5.28 
Mn1-Mn5 2.85 2.88 
Mn2-Mn3 3.10 3.13 
Mn2-Mn4 3.33 3.37 
Mn3-Mn4 3.28 3.26 

K-Mn1 3.62 3.68 
K-Mn2 3.71 3.67 
K-Mn3 4.21 4.44 
K-Mn4 3.46 3.49 

 

The coupling between Mn1 and Mn3, and Mn5 and Mn7 (J3) is facilitated by µ2-OH- and pivalate 

groups while the coupling between all other Mn pairs is through µ3-O2- and pivalate groups. In line 

with the experimental results, the dominant coupling has been found to be antiferromagnetic and 

is between Mn1 and Mn2. It is apparent from Table 6.11 that the coupling within the cubane units 

is dominantly ferromagnetic (J5). The coupling constants obtained were used to determine the 

relative energies of the different states that were modelled using DFT and these were found to be 

well reproduced (< 3% error). 

 

Figure 6.14: The coupling constants representing the coupling between Mn centres. 

The dimension of the Hamiltonian matrix was too large (58 × 58) for exact diagonalisation so the 

temperature dependence of magnetic susceptibility could not be determined from the coupling 

constants. To estimate the ground state however, the coupling constants were used in conjunction 

with the average spin densities and the above mentioned Hamiltonian to determine the energy of 

all 27  (=128) possible spin states. The S = 0 state was indeed found to be the ground state in 

agreement with the experimental observations. In this state the spin on Mn1, Mn2, Mn3 and Mn4 

is opposite to that on the other Mn centres. The ferromagnetic state was calculated to be ~657 cm-

1 higher in energy compared to the ground state (Table 6.12). 
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Table 6.10: Bader spin densities on each Mn centre (truncated to three decimal places) and the 

relative energies for each modelled state for compound 6.2.  
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Table 6.11: Magnitude of 𝐽-values (cm-1) and the Mn-Mn interactions that constitute each 𝐽-value 

for compound 6.2. 

J-value Interacting Mn centers Magnitude (cm-1) 

J1 Mn1-Mn5 -31.40 ± 0.76 

J2 
Mn1-Mn2 

1.74 ± 0.48 
Mn5-Mn6 

J3 
Mn1-Mn3 

2.24 ± 0.48 
Mn5-Mn7 

J4 
Mn1-Mn6 

-6.89 ± 0.43 
Mn2-Mn5 

J5 
Mn2-Mn3 

10.24 ± 0.32 
Mn6-Mn7 

J6 
Mn2-Mn4 

4.10 ± 0.40 
Mn6-Mn8 

J7 
Mn3-Mn4 

-1.73 ± 0.50 
Mn7-Mn8 
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Table 6.12: The relative energies (cm-1) of all the unique spin states for compound 6.2. 

Configuration Energy  Configuration Energy Configuration Energy 

↑↑↑↑↓↓↓↓ 0 ↑↓↑↓↓↑↑↑ 410 ↑↓↑↓↑↑↑↓ 742 
↑↑↑↓↓↓↓↓ 35 ↑↓↓↓↓↑↓↑ 411 ↑↑↑↓↑↓↑↓ 742 
↑↑↑↑↓↓↓↑ 35 ↑↑↓↓↓↑↑↓ 437 ↑↓↑↑↑↓↓↓ 750 
↑↑↑↓↓↓↓↑ 70 ↑↓↓↑↓↓↑↑ 438 ↑↓↓↓↑↓↑↑ 751 
↑↑↓↑↓↓↓↓ 158 ↑↓↑↓↓↑↑↓ 445 ↑↓↑↓↑↓↑↓ 757 
↑↑↑↑↓↓↑↓ 159 ↑↓↓↑↓↑↓↑ 445 ↑↑↓↑↑↓↓↓ 773 
↑↓↓↓↓↓↓↓ 159 ↑↑↓↓↓↓↑↑ 488 ↑↓↓↓↑↑↓↑ 774 
↑↑↑↑↓↑↑↑ 159 ↑↓↑↑↓↓↑↓ 495 ↑↓↑↑↑↓↓↑ 785 
↑↑↓↑↓↓↓↑ 192 ↑↑↓↓↓↑↓↑ 495 ↑↓↓↑↑↓↑↑ 786 
↑↑↑↓↓↓↑↓ 193 ↑↓↑↑↓↑↑↑ 495 ↑↓↑↑↑↑↑↑ 792 
↑↓↓↑↓↓↓↓ 193 ↑↓↑↓↓↓↑↑ 495 ↑↑↑↑↑↓↑↑ 794 
↑↓↓↓↓↓↓↑ 194 ↑↑↓↑↓↑↓↓ 496 ↑↑↓↑↑↓↓↑ 807 
↑↑↑↓↓↑↑↑ 194 ↑↓↓↓↓↑↓↓ 497 ↑↓↓↑↑↑↓↑ 808 
↑↑↑↑↓↑↑↓ 194 ↑↓↑↓↓↑↓↑ 503 ↑↑↓↑↑↑↑↑ 815 
↑↓↓↑↓↓↓↑ 228 ↑↓↑↑↓↑↑↓ 530 ↑↑↑↑↑↑↓↑ 816 
↑↑↑↓↓↑↑↓ 229 ↑↓↓↑↓↑↓↓ 531 ↑↓↑↑↑↑↑↓ 827 
↑↑↓↓↓↓↓↓ 243 ↑↓↓↓↑↓↓↓ 573 ↑↑↑↓↑↓↑↑ 828 
↑↑↑↑↓↓↑↑ 245 ↑↓↑↑↓↓↑↑ 581 ↑↓↑↑↑↓↑↓ 843 
↑↓↑↓↓↓↓↓ 251 ↑↑↓↓↓↑↓↓ 581 ↑↓↑↓↑↓↑↑ 843 
↑↑↑↑↓↑↓↑ 252 ↑↓↑↑↓↑↓↑ 588 ↑↑↓↑↑↑↑↓ 850 
↑↑↓↓↓↓↓↑ 278 ↑↓↑↓↓↑↓↓ 589 ↑↑↑↓↑↑↓↑ 851 
↑↑↑↓↓↓↑↑ 279 ↑↓↓↑↑↓↓↓ 607 ↑↑↓↓↑↓↓↓ 858 
↑↓↑↓↓↓↓↑ 286 ↑↓↓↓↑↓↓↑ 608 ↑↓↓↓↑↑↓↓ 860 
↑↑↑↓↓↑↓↑ 287 ↑↓↓↓↑↑↑↑ 615 ↑↑↓↑↑↓↑↓ 865 
↑↑↓↑↓↓↑↓ 316 ↑↑↑↑↑↓↓↓ 615 ↑↓↑↓↑↑↓↑ 866 
↑↑↓↑↓↑↑↑ 317 ↑↓↓↑↑↓↓↑ 642 ↑↑↓↓↑↓↓↑ 893 
↑↓↓↓↓↓↑↓ 318 ↑↓↓↑↑↑↑↑ 650 ↑↓↓↑↑↑↓↓ 894 
↑↓↓↓↓↑↑↑ 318 ↑↑↑↓↑↓↓↓ 650 ↑↑↓↓↑↑↑↑ 900 
↑↓↑↑↓↓↓↓ 336 ↑↓↓↓↑↑↑↓ 650 ↑↑↑↑↑↑↓↓ 902 
↑↑↑↑↓↑↓↓ 338 ↑↑↑↑↑↓↓↑ 650 ↑↓↑↑↑↓↑↑ 929 
↑↑↓↑↓↑↑↓ 352 ↑↑↑↑↑↑↑↑ 657 ↑↑↓↓↑↑↑↓ 935 
↑↓↓↑↓↓↑↓ 352 ↑↓↑↓↑↓↓↓ 665 ↑↑↑↓↑↑↓↓ 937 
↑↓↓↑↓↑↑↑ 353 ↑↓↓↓↑↓↑↓ 665 ↑↑↓↓↑↓↑↓ 951 
↑↓↓↓↓↑↑↓ 353 ↑↓↑↑↓↑↓↓ 674 ↑↓↑↑↑↑↓↑ 951 
↑↓↑↑↓↓↓↑ 371 ↑↓↓↑↑↑↑↓ 684 ↑↑↓↑↑↓↑↑ 951 
↑↑↑↓↓↑↓↓ 373 ↑↑↑↓↑↓↓↑ 685 ↑↓↑↓↑↑↓↓ 952 
↑↓↓↑↓↑↑↓ 388 ↑↑↑↓↑↑↑↑ 692 ↑↑↓↑↑↑↓↑ 974 
↑↑↓↓↓↓↑↓ 402 ↑↑↑↑↑↑↑↓ 692 ↑↑↓↓↑↓↑↑ 1037 
↑↑↓↓↓↑↑↑ 402 ↑↓↑↓↑↓↓↑ 699 ↑↓↑↑↑↑↓↓ 1037 
↑↑↓↑↓↓↑↑ 402 ↑↓↓↑↑↓↑↓ 700 ↑↑↓↓↑↑↓↑ 1059 
↑↓↓↓↓↓↑↑ 403 ↑↓↑↓↑↑↑↑ 707 ↑↑↓↑↑↑↓↓ 1060 
↑↓↑↓↓↓↑↓ 409 ↑↑↑↑↑↓↑↓ 708 ↑↑↓↓↑↑↓↓ 1145 
↑↑↓↑↓↑↓↑ 410 ↑↑↑↓↑↑↑↓ 727   
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6.2.5 Hydrolytic and electrochemical studies 

The hydrolytic stability of compound 6.2 was investigated prior to investigation of its 

electrochemical behaviour. For this purpose, 20 mg of compound 6.2 was dispersed in 50 ml 

Millipore water and sonicated for 30 minutes. Compound 6.2 was observed to be only partially 

soluble and the residual material was washed, collected and dried at room temperature (6.2*). 

Energy dispersive X-ray (EDX) spectroscopy measurements clearly confirm that the sample 

transforms upon sonication in aqueous systems giving rise to a black-brown, amorphous solid 

(Figure 6.15) with a Mn:K ratio >20:1, rather than 4:1, as observed for compound 6.2. Additionally, 

the Mn:O ratio in 6.2* was found to be ~1:3 and no residual carbon content was detected. The 

inherent instability of the molecular structure of compound 6.2 upon sonication in aqueous solution 

is further supported by changes observed in the infrared (Figure 6.16 (a)) and X-ray photoelectron 

spectroscopy (XPS) data of 6.2* compared to compound 6.2 (Figure 6.17). The IR spectrum shows 

the absence of peaks due to the carboxylate groups in line with the EDX data. The O1s peak for 6.2* 

in the XPS analysis (Figure 6.16 (b)) is centred at ~530.0 eV which corresponds to the O1s peaks of 

hydrated or defective Mn oxides625 suggesting that compound 6.2 transforms into manganese-

derived oxides. The K+ ions, on the other hand, and oligonuclear Mn pivalate complexes are 

released into the aqueous solution phase upon sonication as demonstrated by IR (Figure 6.16 (b)) 

and mass spectrometry where signals corresponding to monomeric and dimeric manganese 

pivalate species (Figure 6.18) can be identified. The low solubility of compound 6.2 in water, but 

moreover its instability when forced to dissolve in water, renders it unsuitable for homogeneous 

electrochemical studies in aqueous medium. Previously conducted electrocatalytic H2O oxidation 

experiments using a polymorph of compound 6.2 thus, only serve to characterise the activity of the 

hydrolytic decomposition products.136 

 

Figure 6.15: SEM images of compound 6.2 and 6.2*. These images highlight the crystalline and 

amorphous nature of compound 6.2 and 6.2* respectively. 
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Figure 6.16: IR spectra of 6.2* (a) and the precipitate obtained by evaporating the filtrate 

obtained after sonicating compound 6.2 in water. 

 

Figure 6.17: Mn 2p (a) and O 1s (b) binding energies for compound 6.2 and 6.2*. 



  Chapter 6 

 140 

 

Figure 6.18: ESI-mass spectrum of the filtrate obtained after sonicating compound 6.2 in water (a) 

and the assigned fragmentation pattern (b). 

To investigate the electrochemical properties of compound 6.2 in neutral aqueous medium, 

modified carbon paste electrodes were prepared by dispersing compound 6.2 in carbon paste. 

Cyclic voltammetry (CV) of compound 6.2 in potassium phosphate buffer at pH 7.2 (KPi, 50 mM) 

using KNO3 (1 M) as electrolyte, results in a strong catalytic wave due to water oxidation (Figure 

6.19). 

 

Figure 6.19: Cyclic voltammograms for compound 6.2 (40 wt-% loading) in a KPi buffer solution at 

pH 7.2. 



  Chapter 6 

 141 

To study the kinetic profile of this water oxidation reaction, linear sweep voltammetry (LSV) was 

performed using a rotating disk electrode at a low scan rate of 1 mV/s to ensure steady state 

conditions during the experiment. The catalyst loading of compound 6.2 was varied between 10 

and 40 wt-% of the total carbon paste blend. From the electrochemical profile (Figure 6.20), it is 

evident that higher loadings significantly increase the current densities and decrease the onset 

potential of the water oxidation reaction. Above a catalyst loading of 40 wt-%, the electrodes 

become brittle and unsuitable for obtaining reproducible data and thus 40 wt-% loadings were 

employed in further experiments.  

With 40 wt-% catalyst loading, an onset overpotential of 420 mV for the water oxidation reaction 

and a Tafel slope of 255 mV dec-1 (Figure 6.21 (a) and (b) respectively) within an overpotential range 

of 400-700 mV (Table 6.13) was observed. Similar Tafel slopes have previously been observed for 

other water oxidation catalysts.626, 627 Within the 700-800 mV range, the slope was found to be 

slightly higher (280 mV dec-1).  

 

Figure 6.20: Linear sweep voltammograms for compound 6.2 and 6.2* at different loadings. 

Tafel analysis for successive linear sweep scans of compound 6.2 resulted in characteristic slope 

changes (Figure 6.22). Upon cycling, the Tafel slope above 700 mV decreases to ~230 mV dec-1 and 

a new redox peak at ca. ~1.1 V (vs NHE) is observed after 5 linear sweep cycles. The appearance of 

a new peak and the convolution behaviour suggests that compound 6.2 is catalytically active 

operating at an onset potential of 420 mV and then undergoes transformation to a new species 

which is catalytically active above 700 mV. 

To substantiate this hypothesis, linear sweep voltammetry experiments were conducted using 6.2* 

(Figure 6.20 and Figure 6.21). In this case, however, the loading of 6.2* in the blend was restricted 

to 20 wt-% as it became brittle at higher loadings. The electrochemical behaviour of 6.2* bears 

close similarity with that observed at the later stages of the successive linear sweep experiments 



  Chapter 6 

 142 

using compound 6.2 thereby suggesting that compound 6.2 transforms to 6.2* while facilitating 

water oxidation. The onset overpotential was found to be 695 mV for 20 wt-% 6.2* loading in 

contrast to 532 mV for compound 6.2 at 20 wt-% loading. Thus, the electrochemical data of 6.2* 

corresponds to that previously reported for a polymorph of compound 6.2 for which the activity 

has been attributed to Mn2O3.136 

 

Figure 6.21: The determined onset potentials (a) and the Tafel slope (b) for compound 6.2 at 

different loadings. 

Table 6.13: The onset overpotential for water oxidation with compound 6.2 and 6.2* at different 

loadings and the Tafel slope in the overpotential range of 400-700 mV. 

Loading Onset overpotential (mV) Tafel slope (mV dec-1) 

10% 6.2 630 190 
20% 6.2 532 245 
30% 6.2 453 278 
40% 6.2 420 255 

10% 6.2* 706 195 
20% 6.2* 695 250 

 

To confirm the formation of oxides under these conditions, chronoamperometry (CA) at an applied 

potential of 1.56 V (vs NHE) was performed for 16 hours with compound 6.2. The application of 

potential leads to the transformation of compound 6.2 to a less active species (Figure 6.23). Cyclic 

voltammetry (Figure 6.24 (a)) and linear sweep voltammetry experiments (Figure 6.24 (b)) were 

performed on this decomposed species and cyclic voltammetry after CA revealed a new oxidation 

peak at ~1.02 V (vs NHE). Additionally, XPS analysis of this decomposed species shows that the O1s 

peak is centred at ~531.5 eV (Figure 6.25 (b)). The appearance of this new signal628 and the XPS 

analysis confirm that the decomposed material comprises of defective Mn oxides.625 
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Figure 6.22: Successive linear sweep voltammograms for compound 6.2 in KPi buffer solution at 

pH 7.2 (a) and the Tafel slope observed for the different cycles calculated in the 700-800 mV 

overpotential range (b). 

 

Figure 6.23: CA data for compound 6.2 at 1.56 V vs NHE in KPi buffer solution at pH 7.2. 

 

Figure 6.24: Cyclic voltammograms (a) and linear sweep voltammograms (b) for compound 6.2 in 

KPi buffer solution at pH 7.2 before and after CA. 
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These results demonstrate that there is an active species prior to the formation of 6.2* and that 

the initial activity results from compound 6.2 and not from manganese oxide. Just like the OEC, 

compound 6.2 decomposes rapidly, but it appears to be highly active for water oxidation in 

comparison to the corresponding oxide phase. This can be inferred from a comparison of the linear 

sweep voltammograms of compound 6.2 and 6.2* at 10 and 20 wt-% loading (Figure 6.20 and 

Figure 6.21) which show that Mn8K2 is highly active even though the concentration of Mn centres 

and hence, the number of active sites per unit weight, is much lower for compound 6.2 in 

comparison to 6.2*. 

 

Figure 6.25: Mn 2p (a) and O 1s (b) binding energies for compound 6.2 and 6.2* and compound 

6.2 in carbon paste after CA. 

Leaching during chronoamperometry was also investigated and for this purpose, linear sweep 

voltammetry with a rotating disk glassy carbon electrode was performed before and after 

chronoamperometry using the same buffer solution (Figure 6.26). A small increase can be observed 

in the current density from 0.09 mA cm-2 to 0.16 mA cm-2 at 1.6 V (vs NHE). This shows that there is 

a small amount of leaching. However, the activity observed cannot be associated with the leached 

product as this increase is negligible compared to the current densities observed for compound 6.2 

and Mn2O3. 
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Figure 6.26: Linear sweep voltammograms using glassy carbon electrodes of the buffer solution 

before and after chronoamperometry. 
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6.3 [MnIV
4MnIII

8(µ3-O)12(C6H5C6H4CO2)16(H2O)4]·3CH3CN·13CHCl3 (6.3) 

Refluxing KMnO4 with excess of biphenyl-4-carboxylic acid in CH3CN followed by the addition of 

CHCl3 leads to the formation of compound 6.3. The crystals were obtained within a week and were 

characterised using single crystal X-ray diffraction.  

6.3.1 Structural description 

Compound 6.3 crystallises in the monoclininc crystal system and the structure solution was 

obtained in the 𝐶𝑐  space group. It contains a dodecanuclear complex [MnIV
4MnIII

8(µ3-

O)12(C6H5C6H4CO2)16(H2O)4] (Figure 6.27) with the asymmetric unit containing the whole complex. 

The core of this complex can be described as a {Mn4O4} cubane unit encapsulated in a non-planar 

{Mn8} ring via eight additional µ3-O2- groups (Figure 6.28 (a)). The complex is further stabilised by 

16 biphenyl-4-carboxylate groups, and four additional water molecules complete the coordination 

environment. Bond valence sum analysis shows that the Mn centres belonging to the cubane unit 

are in +IV oxidation state while those belonging to the ring are in +III oxidation state (Table 6.14). 

This suggests that the oxidation state that gets stabilised does not solely depend upon the ratio of 

Mn(II) and Mn(VII) salts but also varies with the other reaction conditions employed. We believe 

that the +III/IV oxidation states are achieved by oxidising biphenyl-4-carboxylic acid. The 

protonation state of the O atoms bound only to Mn centres has also been confirmed by bond 

valence sum analysis (Table 6.15). 

 

Figure 6.27: (a) and (b) The structure of the dodecadecanuclear compound 6.3 in two different 

orientations. Colour scheme: MnIV (light blue), MnIII (dark blue), C (black) and O (red). All hydrogen 

atoms have been removed for clarity. 

The coordination environment of the Mn(IV) centres (Mn1-Mn4) comprises of five µ3-O2- groups 

and an O-donor of a biphenyl-4-carboxylate group. The Mn-O distances for these centres vary 

between 1.85 and 1.95 Å. The angle variance, distortion indices and continuous shape measure 
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values reveal minimal distortion of the octahedral coordination environment of the Mn(IV) centres 

(Table 6.16). The octahedron for each Mn(IV) centre shares an edge with that of the other Mn(IV) 

centres and one Mn(III) centre, and a vertex with two additional Mn(III) centres (Figure 6.28 (b)).  

Table 6.14: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 6.3. 

Mn centre  Coordinating 
atom  

Bond Distance 
(Å)  

BVS  Assigned 
oxidation state  

Mn1 

O6 1.847(12) 

4.026 +IV 

O7 1.872(10) 
O1 1.907(13) 

O45 1.924(14) 
O3 1.929(12) 
O2 1.933(11) 

     

Mn2 

O8 1.856(11) 

4.075 +IV 

O9 1.859(12) 
O2 1.903(12) 

O36 1.911(15) 
O1 1.925(12) 
O4 1.930(10) 

     

Mn3 

O10 1.820(12) 

3.955 +IV 

O11 1.881(12) 
O4 1.920(12) 

O27 1.941(14) 
O2 1.949(11) 
O3 1.951(11) 

     

Mn4 

O5 1.856(12) 

4.035 +IV 

O12 1.863(12) 
O3 1.895(13) 

O14 1.918(15) 
O1 1.929(12) 
O4 1.947(11) 

     

Mn5 

O6 1.896(13) 

3.072 +III 

O5 1.916(13) 
O18 1.957(13) 
O47 2.018(14) 
O16 2.165(15) 
O48 2.201(13) 

     
     

Mn6 

O7 1.878(11) 

3.343 +III 

O6 1.879(12) 
O40 1.918(13) 
O46 1.942(13) 
O44 2.184(14) 
O42 2.194(15) 

     

Mn7 

O8 1.888(12) 

3.282 +III 

O7 1.896(11) 
O39 1.932(14) 
O38 1.947(12) 
O41 2.135(15) 
O43 2.221(14) 
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Mn centre  Coordinating 
atom  

Bond Distance 
(Å)  

BVS  Assigned 
oxidation state  

Mn8 

O9 1.879(12) 

3.228 +III 

O8 1.888(12) 
O31 1.936(13) 
O37 1.977(12) 
O35 2.192(14) 
O33 2.197(15) 

     

Mn9 

O10 1.899(12) 

3.215 +III 

O9 1.915(12) 
O30 1.922(13) 
O29 1.967(14) 
O32 2.135(15) 
O34 2.217(13) 

     

Mn10 

O11 1.844(12) 

3.401 +III 

O10 1.901(12) 
O24 1.905(13) 
O28 1.969(12) 
O22 2.153(14) 
O26 2.169(14) 

     

Mn11 

O12 1.877(12) 

3.317 +III 

O11 1.912(13) 
O23 1.914(13) 
O20 1.951(13) 
O21 2.139(15) 
O25 2.194(13) 

     

Mn12 

O5 1.874(12) 

3.279 +III 

O12 1.904(12) 
O17 1.928(13) 
O19 1.954(12) 
O13 2.175(14) 
O15 2.189(14) 

     

Metals  Distance (Å)  Metals  Distance (Å)   

Mn1-Mn2 2.818(4) Mn3-Mn9 3.450(4)  
Mn1-Mn3 2.976(4) Mn3-Mn10 2.783(4)  
Mn1-Mn4 2.813(5) Mn3-Mn11 3.448(5)  
Mn1-Mn5 3.452(5) Mn3-Mn12 4.841(5)  
Mn1-Mn6 2.788(4) Mn4-Mn5 3.448(4)  
Mn1-Mn7 3.451(4) Mn4-Mn6 4.829(4)  
Mn1-Mn8 4.831(4) Mn4-Mn10 4.858(4)  

Mn1-Mn12 4.866(5) Mn4-Mn11 3.458(4)  
Mn2-Mn3 2.818(4) Mn4-Mn12 2.795(5)  
Mn2-Mn4 2.970(5) Mn5-Mn6 3.380(5)  
Mn2-Mn6 4.859(4) Mn5-Mn12 3.308(5)  
Mn2-Mn7 3.456(4) Mn6-Mn7 3.303(4)  
Mn2-Mn8 2.784(5) Mn7-Mn8 3.388(4)  
Mn2-Mn9 3.454(4) Mn8-Mn9 3.304(4)  

Mn2-Mn10 4.835(4) Mn9-Mn10 3.383(4)  
Mn3-Mn4 2.818(5) Mn10-Mn11 3.298(5)  
Mn3-Mn8 4.855(4) Mn11-Mn12 3.386(5)  
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Table 6.15: BVS analysis for O atoms and their assigned protonation state in compound 6.3. 

  

 

Based on the coordination environment of Mn(III) centres, they can be divided into two groups: 

1. Type 1: Mn centres bound to a water molecule (Mn5, Mn7, Mn9 and Mn11)  

2. Type 2: Mn centres not bound to a water molecule (Mn6, Mn8, Mn10 and Mn12).  

Type 1 Mn centres reside in an octahedral environment which is fulfilled by two µ3-O2- groups and 

the O-donors of three biphenyl-4-carboxylate groups in addition to a water molecule. The Jahn-

Teller axis is directed towards the water molecule and the carboxylate O-donor opposite to it. The 

Mn-O distances are ~2.2 Å along the Jahn-Teller axis and range from 1.8-2.0 Å perpendicular to it. 

The octahedron of these Mn centres shares a vertex with the octahedron of two Mn(IV) centres 

and type 2 Mn (III) centres (Figure 6.28 (b)).  

 

Figure 6.28: (a) Core structure and (b) polyhedral representation of compound 6.3. Colour 

scheme: MnIV (light blue), MnIII (dark blue), C (black) and O (red). All hydrogen atoms have been 

removed for clarity. 

Atom  BVS  Assignment  

O1 1.909 μ3-O2-  
O2 1.870 μ3-O2- 
O3 1.888 μ3-O2- 
O4 1.849 μ3-O2- 
O5 2.162 μ3-O2- 
O6 2.208 μ3-O2- 
O7 2.158 μ3-O2- 
O8 2.187 μ3-O2- 
O9 2.148 μ3-O2- 

O10 2.220 μ3-O2- 
O11 2.181 μ3-O2- 
O12 2.164 μ3-O2- 
O25 0.309 H2O 
O34 0.291 H2O 
O43 0.288 H2O 
O48 0.304 H2O 
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Table 6.16: Continuous shape measure values, angle variance and distortion indices (using the 

ideal octahedral geometry as a reference) for each Mn centre for compound 6.3. 

Mn centre 
Continuous shape measure 

value 
Angle variance (σ2) Distortion Index 

Mn1 0.463 32.71 0.0525 
Mn2 0.449 32.35 0.0519 
Mn3 0.556 37.35 0.0557 
Mn4 0.473 33.87 0.0513 
Mn5 0.554 22.35 0.0451 
Mn6 0.856 27.06 0.0507 
Mn7 0.649 21.16 0.0427 
Mn8 0.791 24.94 0.0489 
Mn9 0.603 20.14 0.0419 

Mn10 0.778 27.02 0.0499 
Mn11 0.626 21.61 0.0444 
Mn12 0.754 24.53 0.0472 

 

The coordination environment of type 2 Mn centres is fulfilled by two µ3-O2- groups and the O-

donors of four biphenyl-4-carboxylate groups. The Jahn-Teller axis for these Mn centres is directed 

along the carboxylate O-donors that lie perpendicular to the plane containing the µ3-O2- groups. 

The Mn-O bond is ~2.2 Å along the Jahn-Teller axis and ~1.9 Å perpendicular to it. The octahedron 

of these Mn centres is the most distorted in comparison to the other Mn centres. The octahedron 

of these Mn centres shares a vertex with the octahedron of two type 1 Mn(III) centres and an edge 

with the octahedron of a Mn(IV) centre (Figure 6.28 (b)).  

Table 6.17: Selected bond angles for compound 6.3. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O3-Mn1-O2 80.4(4) O39-Mn7-O43 82.8(6) 
O6-Mn1-O7 83.6(5) O38-Mn7-O41 84.2(6) 
O1-Mn1-O2 84.3(5) O39-Mn7-O38 84.2(6) 
O1-Mn1-O3 84.4(5) O38-Mn7-O43 86.4(6) 
O6-Mn1-O1 88.7(6) O8-Mn7-O41 89.0(6) 
O7-Mn1-O1 91.0(5) O8-Mn7-O38 91.1(5) 

O7-Mn1-O45 91.8(6) O8-Mn7-O43 92.0(6) 
O6-Mn1-O45 92.1(6) O7-Mn7-O39 92.3(5) 
O45-Mn1-O3 92.8(6) O7-Mn7-O43 92.3(6) 
O45-Mn1-O2 94.8(5) O8-Mn7-O7 92.4(5) 
O6-Mn1-O3 96.9(5) O39-Mn7-O41 95.4(6) 
O7-Mn1-O2 98.6(5) O7-Mn7-O41 97.0(5) 
O6-Mn1-O2 172.7(6) O41-Mn7-O43 170.6(6) 
O7-Mn1-O3 175.4(6) O8-Mn7-O39 173.1(6) 

O1-Mn1-O45 177.1(6) O7-Mn7-O38 176.4(5) 
    

O1-Mn2-O4 79.8(5) O9-Mn8-O8 82.7(5) 
O8-Mn2-O9 84.1(5) O8-Mn8-O35 83.9(6) 
O2-Mn2-O1 84.6(5) O31-Mn8-O37 85.0(5) 
O2-Mn2-O4 85.5(5) O9-Mn8-O35 85.6(6) 
O8-Mn2-O2 88.1(5) O37-Mn8-O33 86.6(5) 

O9-Mn2-O36 89.6(6) O31-Mn8-O35 89.7(6) 
O9-Mn2-O2 91.5(6) O8-Mn8-O33 92.3(6) 

O8-Mn2-O36 93.0(6) O37-Mn8-O35 93.1(6) 
O36-Mn2-O4 93.3(6) O31-Mn8-O33 94.1(6) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O36-Mn2-O1 94.2(6) O9-Mn8-O33 94.7(6) 
O8-Mn2-O1 97.2(5) O8-Mn8-O37 95.4(5) 
O9-Mn2-O4 98.5(5) O9-Mn8-O31 96.7(6) 
O8-Mn2-O4 173.1(5) O8-Mn8-O31 173.6(6) 
O9-Mn2-O1 175.9(6) O35-Mn8-O33 176.2(6) 

O2-Mn2-O36 178.5(6) O9-Mn8-O37 177.8(6) 
    

O2-Mn3-O3 79.4(5) O30-Mn9-O29 82.9(6) 
O10-Mn3-O11 83.4(5) O30-Mn9-O34 84.3(6) 

O4-Mn3-O2 84.5(5) O29-Mn9-O32 85.2(6) 
O4-Mn3-O3 84.7(5) O29-Mn9-O34 85.2(6) 

O10-Mn3-O4 87.7(5) O10-Mn9-O32 89.4(6) 
O11-Mn3-O27 90.8(6) O10-Mn9-O9 91.2(5) 
O11-Mn3-O4 91.7(5) O10-Mn9-O34 91.6(6) 

O10-Mn3-O27 92.0(6) O9-Mn9-O34 92.5(6) 
O27-Mn3-O2 93.0(6) O9-Mn9-O30 92.7(6) 
O27-Mn3-O3 95.4(6) O10-Mn9-O29 93.1(5) 
O10-Mn3-O2 96.9(5) O30-Mn9-O32 94.0(6) 
O11-Mn3-O3 99.9(5) O9-Mn9-O32 97.0(6) 
O10-Mn3-O3 171.8(6) O32-Mn9-O34 170.4(6) 
O11-Mn3-O2 176.2(6) O10-Mn9-O30 174.5(5) 
O4-Mn3-O27 177.4(6) O9-Mn9-O29 175.3(6) 

    
O1-Mn4-O4 79.3(5) O11-Mn10-O10 82.2(5) 

O5-Mn4-O12 83.9(5) O10-Mn10-O26 83.7(6) 
O3-Mn4-O1 84.7(5) O24-Mn10-O28 84.4(5) 
O3-Mn4-O4 85.6(5) O11-Mn10-O26 85.2(6) 

O12-Mn4-O3 88.6(6) O28-Mn10-O22 87.8(5) 
O5-Mn4-O3 91.0(5) O24-Mn10-O26 89.6(6) 

O5-Mn4-O14 91.0(6) O10-Mn10-O22 92.0(5) 
O12-Mn4-O14 92.0(6) O28-Mn10-O26 93.1(5) 
O14-Mn4-O4 92.5(6) O11-Mn10-O22 93.8(5) 
O14-Mn4-O1 94.5(6) O24-Mn10-O22 94.7(6) 
O12-Mn4-O4 96.7(5) O11-Mn10-O24 96.5(6) 
O5-Mn4-O1 99.7(5) O10-Mn10-O28 96.7(5) 

O12-Mn4-O1 172.4(6) O10-Mn10-O24 173.2(6) 
O5-Mn4-O4 176.5(6) O22-Mn10-O26 175.7(5) 

O3-Mn4-O14 178.0(6) O11-Mn10-O28 178.1(6) 
    

O18-Mn5-O48 82.8(6) O23-Mn11-O20 83.1(6) 
O18-Mn5-O47 82.9(6) O23-Mn11-O25 83.6(6) 
O47-Mn5-O48 85.2(6) O20-Mn11-O25 84.3(6) 
O47-Mn5-O16 85.5(6) O20-Mn11-O21 85.7(6) 
O6-Mn5-O16 88.8(6) O12-Mn11-O21 88.9(6) 
O6-Mn5-O47 91.5(5) O12-Mn11-O20 91.5(6) 
O6-Mn5-O48 92.0(6) O11-Mn11-O23 91.9(6) 
O6-Mn5-O5 92.4(5) O12-Mn11-O25 91.9(6) 

O5-Mn5-O48 92.9(6) O12-Mn11-O11 93.3(5) 
O5-Mn5-O18 93.1(6) O11-Mn11-O25 93.5(5) 

O18-Mn5-O16 95.4(6) O23-Mn11-O21 94.7(6) 
O5-Mn5-O16 96.3(5) O11-Mn11-O21 96.5(6) 

O16-Mn5-O48 170.7(5) O21-Mn11-O25 170.0(6) 
O6-Mn5-O18 172.7(6) O12-Mn11-O23 173.3(6) 
O5-Mn5-O47 175.8(6) O11-Mn11-O20 174.8(6) 

    
O7-Mn6-O6 82.5(5) O5-Mn12-O12 82.3(5) 

O6-Mn6-O44 83.9(6) O12-Mn12-O13 84.1(6) 
O40-Mn6-O46 84.1(6) O17-Mn12-O19 84.6(6) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O7-Mn6-O44 86.0(5) O5-Mn12-O13 87.1(6) 
O46-Mn6-O42 86.1(6) O19-Mn12-O15 87.1(5) 
O40-Mn6-O44 89.9(6) O17-Mn12-O13 89.2(6) 
O6-Mn6-O42 92.7(5) O19-Mn12-O13 91.6(6) 

O40-Mn6-O42 93.4(6) O12-Mn12-O15 92.7(5) 
O7-Mn6-O42 93.9(5) O17-Mn12-O15 94.0(6) 

O46-Mn6-O44 93.9(6) O5-Mn12-O15 94.1(5) 
O6-Mn6-O46 96.2(5) O12-Mn12-O19 95.5(5) 
O7-Mn6-O40 97.1(5) O5-Mn12-O17 97.5(5) 
O6-Mn6-O40 173.9(6) O12-Mn12-O17 173.4(6) 

O44-Mn6-O42 176.6(6) O13-Mn12-O15 176.4(5) 
O7-Mn6-O46 178.8(5) O5-Mn12-O19 177.6(6) 

 

The packing of this complex allows for a significant porosity. The diffracting component of the 

solvent molecules trapped in the crystal lattice however, was removed using the squeeze 

subroutine in PLATON629 due to the diffuse nature of this electron density. The electron density in 

the voids (3714 electrons per unit cell) may correspond to 13 CHCl3 and 3 CH3CN molecules per 

formula unit. The use of the calcvoid routine implemented in OLEX616 reveals that each direction is 

penetrable by a sphere of radius 3.40 Å and the radius of the largest void was found to be 4.60 Å. 

The packing arrangement along the crystallographic c-axis resembles the argyle pattern (Figure 

6.29). 

 

Figure 6.29: Packing diagram of compound 6.3. Colour scheme: MnIV (light blue), MnIII (dark blue), 

C (black) and O (red).  
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6.3.2 Physicochemical characterisation 

The IR spectrum of compound 6.3 (Figure 6.30) is consistent with the structure determined by XRD. 

The small feature centred at 3030 cm-1 is due to the C-H stretching vibrations of the phenyl 

groups.617 The vibrational mode due to the asymmetric stretching of the carboxylate group overlaps 

with the other peaks in the 1500-1600 cm-1 range due to C-C stretches of the aromatic rings.630 The 

symmetric stretching vibration of the carboxylate group also overlaps with the peak vibration 

modes at 1386 cm-1 due to the vibrations of the organic molecules.617 The energy variance between 

the two peaks fulfils the criteria for bridging carboxylate groups.618  

 

Figure 6.30: IR spectrum of compound 6.3. 

Further characterisation has not been performed as this complex is quite similar to some other 

{Mn12} coordination complexes which have been previously reported. This reported analogues of 

this complex have been found to possess SMM properties besides being active for water 

oxidation.104, 105, 112, 113, 533  
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6.4 Conclusions 

Using the synthetic strategy described in chapter 3, we have synthesised three coordination 

complexes (compounds 6.1-6.3). All the three compounds have been characterised using various 

analytical techniques. Using pivalic acid, compounds 6.1 and 6.2 were obtained. Compound 6.1 

contains a mixed-valence hexanuclear complex in which the Mn centres reside at the vertices of 

two edge sharing tetrahedra. The Mn centres on the common edge were determined to be in +III 

oxidation state while the other Mn centres were found to be in +II oxidation state.  

Compound 6.2 contains a mixed-metal octanuclear complex where all Mn centres were found to 

be in +III oxidation state. It is a dimer of two {Mn4K} distorted cubane units that have a dangling Mn 

centre attached and that are symmetry related to each other by an inversion centre. The structural 

features of this complex have been found to bear striking similarities with those of the natural water 

oxidation catalyst. The structure can formally be compared with the S-1 state of the OEC. The 

electronic structure of this complex reveals strong antiferromagnetic interactions between the two 

cubane units and ferromagnetic interactions within them. The complex was found to be unstable 

under hydrolytic conditions and thus, to stabilise the molecular species and to investigate its 

electrocatalytic behaviour, it was dispersed in a protective carbon paste matrix. The investigation 

of its electrochemical behaviour revealed that similar to the OEC, it shows high catalytic activity and 

also undergoes rapid decomposition under oxidative, hydrolytic conditions. Electrodes with a 40 

wt-% loading of compound 6.2, give rise to an onset overpotential of 420 mV and a Tafel slope of 

255 mV dec-1 at pH = 7.2.  

Varying the carboxylic acid used in the synthesis results in structural rearrangements and with 

biphenyl-4-carboxylic acid, compound 6.3 was obtained. This compound contains a mixed-valence 

dodecanuclear complex whose core contains a {Mn4} cubane unit surrounded by a {Mn8} ring. The 

Mn centres in the cubane unit were found to be in +IV oxidation state while those forming the ring 

were found to be in +III oxidation state. This complex is structurally similar to the first characterised 

SMM.  

The difference in the structural characteristics of these compounds illustrates the diversity that can 

be achieved by introducing subtle changes to the synthetic protocol. The structural and electronic 

characteristics of compound 6.2 and their similarity to the OEC suggests that this complex can 

potentially serve as a reference system for understanding the mechanism of natural water 

oxidation by the OEC. It also indicates that further variation of the synthetic conditions may lead to 

better OEC mimics which will be the aim of future endeavours.  

 

 

 



7 Mixed Carboxylate-Phosphonate Complexes 

The previous chapter illustrated how the synthetic approach described in chapter 3 can lead to 

complexes exhibiting a wide spectrum of structural and electronic characteristics. It was also 

observed how this strategy resulted in a compound (6.2) that structurally resembles the OEC and 

can promote the OER. Similar to the OEC, this compound has been found to decompose quickly and 

due to absence of any self-healing pathway, is unable to perform the OER for extended periods. It 

was observed that decomposition of this complex results in the formation of oxide species which 

indicates the lack of structural stability. 

To address the problem of structural stability, one approach is to enhance the metal-ligand bond 

strength that should, in principle, result in a more robust system. Phosphonate groups can 

potentially serve as promising ligand groups for this purpose due to their strong affinity towards 

metal ions. Furthermore, their versatile binding capabilities make them highly suitable for 

stabilising high nuclearity molecular species.536, 561-563 We have thus investigated the combined use 

of carboxylate and phosphonate groups.  

Using the synthetic strategy described in chapter 3, we have isolated a series of structurally related 

compounds. We have synthesised a dodecanuclear complex, [MnII
12(µ3-OH)4((C6H5)PO3)4 

((CH3)3CCO2)12((CH3)2CSO)6]·DMSO·34CH3CN (compound 7.1). By varying the reaction conditions, 

we have also synthesised a pentadecanuclear complex, [MnII
6MnIII

9(µ3-O)4((CH3)3CCO2)11 

((CH3)3CCO2H)(C6H5PO3)6(µ-CH3O)6(µ3-CH3O)2(CH3OH)5] (compound 7.2). We have also synthesised 

a less symmetric version of this pentadecanuclear complex, [MnII
5MnIII

10(µ3-

O)4((CH3)3CCO2)7.15(CH3CO2)4.85(C6H5PO3)6(µ-CH3O)6(µ3-CH3O)2(CH3OH)5]·2CH3CN·CH3OH (compound 

7.3). Furthermore, we have synthesised a tetradecanuclear complex, [MnII
4MnIII

10(µ3-O)4(µ3-OH)2(µ-

CH3O)9(CH3OH)2(H2O)2((C6H5)PO3)3((CH3)3CCO2)10(CH3CO2)3] (compound 7.4) by modifying the 

reaction conditions. We have also synthesised a tridecanuclear complex, [(MnII
0.5MnIII

0.5)2MnIII
11(µ3-

O)8((C6H5)PO3)4((CH3)3CCO2)10(µ-CH3O)4(µ-CH3OH)4]·CH3OH·CH3CN (compound 7.5). These 

complexes serve as examples of geometries that are rarely observed in Mn coordination chemistry 

and some of them reveal interesting electrochemical behaviour. In this chapter, the synthesis, 

structural features, and magnetic and electrochemical properties of these complexes are discussed.  
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7.1 [MnII
12(µ3-OH)4((C6H5)PO3)4((CH3)3CCO2)12(DMSO)6]·DMSO·34CH3CN 

(7.1) 

Comproportionation reaction between Mn(CH3COO)2·4H2O and KMnO4 in presence of 

phenylphosphonic acid, pivalic acid and L(-)-proline in the ratio 1:4:2:40:2 in a mixture of CH3CN 

and DMSO leads to the formation of [MnII
12(µ3-OH)4((C6H5)PO3)4((CH3)3CCO2)12(DMSO)6]·solvent, 

compound 7.1. The crystals were obtained within a week and were characterised by single crystal 

X-ray diffraction.  

7.1.1 Structure description 

Compound 7.1 crystallises in a rhombohedral crystal system and the structure solution was 

obtained in the space group 𝑅3̅𝑐 . It contains a dodecanuclear Mn complex, [MnII
12(µ3-OH)4 

((C6H5)PO3)4((CH3)3CCO2)12(DMSO)6] (Figure 7.1), and the asymmetric unit contains half of the 

complex (Figure 7.2). The Mn centres adopt an octahedral coordination environment and reside at 

the vertices of a truncated tetrahedron (Figure 7.3). A truncated tetrahedron is a solid obtained by 

truncating all the vertices of a regular tetrahedron. It contains four triangular faces and four 

hexagonal faces. The truncated tetrahedral geometry is quite rare in Mn chemistry and there is only 

 

Figure 7.1: Crystal structure of the dodecanuclear compound 7.1. Colour scheme: MnII
 (deep blue), C 

(black), S (yellow), P (pink) and O (red). All hydrogen atoms (grey) except those of the µ3-OH- group 

have been removed for clarity. 
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one reported structure which exhibits a distorted truncated tetrahedron geometry.546 Continuous 

shape measure analysis610-614 was performed on compound 7.1 to determine the deviation from an 

ideal truncated tetrahedron and a value of 0.138 was obtained suggesting minimal distortion and 

this can also be seen from Figure 7.3 (a). Overall, the system is stabilised by four 

phenylphosphonate groups, four µ3-OH- groups, twelve pivalates and six DMSO molecules. The 

hexagonal faces of this truncated tetrahedron are capped by phenylphosphonate groups which 

bind in the 6.222 mode (Harris notation)605 while the triangular faces are capped by µ3-OH- groups 

(Figure 7.3 (b)). The P atoms of the phosphonate groups lie ~1.13 Å above the hexagonal faces while 

the µ3-OH- groups lie ~0.37 Å below the plane of the Mn(II) centres directed towards the centre of 

the cage. The oxidation state of the Mn centres has been calculated to be +II and the isolated O 

atoms have been ascertained to be singly protonated using bond valence sum analysis (Table 7.1 

and Table 7.2  respectively).  

 

Figure 7.2: Asymmetric unit of the dodecanuclear compound 7.1. Colour scheme: MnII
 (deep 

blue), C (black), S (yellow), P (pink) and O (red). All hydrogen atoms (grey) except those of the µ3-

OH- group have been removed for clarity. 

The structure can be divided into 4 triangular {Mn3} units out of which two are present in the 

asymmetric unit and the Mn centres in both units display similar structural features.  The Mn-Mn 

distances between Mn centres residing on the triangular faces vary between 3.52 and 3.56 Å (Table 

7.1). The four {Mn3} triangles are stabilised by the phenylphosphonate and DMSO groups which 

allow the octahedron of the Mn centres in different {Mn3} units to share a face (Figure 7.4). The 

Mn-Mn distance between Mn centres bound to µ2-DMSO is 3.072(2) Å.  
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Figure 7.3: (a) Core structure of the dodecanuclear compound 7.1 superimposed on a perfect 

tetrahedron. (b) Polyhedron representation of the core structure of compound 7.1. Colour 

scheme: MnII
 (deep blue), C (black), S (yellow), P (pink) and O (red). The triangular and the 

hexagonal faces have been highlighted in blue and red respectively. 

 

Figure 7.4: Polyhedral representation of one of the hexagonal faces of compound 7.1. Colour 

scheme: MnII
 (deep blue), C (black), S (yellow), P (pink) and O (red). All hydrogen atoms (grey) 

except those of the µ3-OH- group have been removed for clarity. 

Table 7.1: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 7.1.  

Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn1 

O1 2.126(4) 

2.194 +II 

O3 2.234(4) 
O4’ 2.223(3) 
O4 2.235(3) 
O7 2.081(3) 
O8 2.108(4) 
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Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn2 

O2 2.130(5) 

2.136 +II 

O6 2.255(4) 
O7 2.076(3) 

O10 2.126(4) 
O13 2.254(4) 
O20’ 2.233(4) 

     

Mn3 

O5’ 2.218(3) 

2.203 +II 

O7 2.087(3) 
O9 2.103(4) 

O11 2.131(4) 
O12 2.233(4) 
O24 2.222(4) 

     

Mn4 

O5’ 2.242(3) 

2.190 +II 

O12 2.218(3) 
O15 2.107(4) 
O19 2.119(4) 
O23 2.088(3) 
O24 2.237(4) 

     

Mn5 

O14 2.214(3) 

2.200 +II 

O14’ 2.244(3) 
O16 2.106(4) 
O17 2.223(4) 
O22 2.121(4) 
O23 2.090(4) 

     

Mn6 

O6’ 2.258(4) 

2.148 +II 

O13’ 2.256(4) 
O18 2.125(5) 
O20 2.236(4) 
O21 2.127(5) 
O23 2.065(3) 

     

Metals Distance (Å) Metals Distance (Å)   

Mn1-Mn2 3.561(2) Mn2-Mn6 3.072(2)  
Mn1-Mn3 3.520(2) Mn3-Mn4 3.072(2)  
Mn1-Mn4 6.652(2) Mn3-Mn5’ 6.654(2)  
Mn1-Mn6 5.755(1) Mn3-Mn6’ 5.723(2)  
Mn2-Mn3 3.564(2) Mn4-Mn5 3.523(2)  
Mn2-Mn4’ 5.753(2) Mn4-Mn6 3.558(2)  
Mn2-Mn5’ 5.755(2) Mn5-Mn6 3.562(2)  

‘+Y,+X,3/2-Z 

 

Within each triangular unit, the octahedral coordination environment of each MnII centre is fulfilled 

by O donors from a µ3-OH- group, a DMSO molecule, two phosphonate groups, and two pivalate 

groups (Figure 7.5 (a)) with the octahedron of the Mn centres sharing a vertex at the µ3-OH- group 

(Figure 7.5 (b)) and the Mn-O distance is 2.08 ± 0.01 Å for the O donor of the µ3-OH- group. Mn 

centres bind to the O donors of the phosphonate groups with the Mn-O bond varying between 2.22 

– 2.26 Å which is similar to the distance between Mn and the O donors of the DMSO molecules. 

The pivalate groups bind relatively strongly with the Mn-O bond being ~2.12 Å (Table 7.1). The 
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continuous shape measure values for each Mn centre varies between 0.6 - 0.8 suggesting minor 

deviations from the ideal octahedral geometry and is in agreement with the angle variance and 

distortion indices for the Mn centres (Table 7.3). The minor distortions can be attributed to the 

ligand restraints imposed because of the geometry which can be seen from the bond lengths (Table 

7.1) and bond angles (Table 7.4). 

 

Figure 7.5: (a) The {Mn3} unit of compound 7.1 and (b) its polyhedral representation. Colour 

scheme: MnII
 (deep blue), C (black), S (yellow), P (pink) and O (red). All hydrogen atoms (grey) 

except those of the µ3-OH- group have been removed for clarity. 

 

Table 7.2: BVS analysis for O atoms and their assigned protonation state in compound 7.1. 

  

 

 

Table 7.3: Continuous shape measure values, angle variance and distortion indices (using the ideal 

octahedral geometry as a reference) for each Mn centre for compound 7.1. 

Mn centre 
Continuous shape measure 

value  
Angle variance (σ2) Distortion Index 

Mn1 0.711 69.21 0.0750 
Mn2 0.625 56.53 0.0667 
Mn3 0.729 68.66 0.0746 
Mn4 0.776 72.16 0.0761 
Mn5 0.738 70.02 0.0754 
Mn6 0.606 58.09 0.0673 

 

Atom BVS Assignment 

O7 1.365 µ3-OH- 
O23 1.367 µ3-OH- 
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The packing in this complex allows for potential porosity (Figure 7.6). The ‘calcvoid’ routine in 

OLEX2616 reveals that the structure can be permeated by a sphere of radius 2.6 Å along each 

crystallographic direction. The radius of the largest spherical void was found to be 8.6 Å. The 

electron density found within these pores (14357 electrons per unit cell) may correspond to 1 

DMSO and 34 CH3CN molecules per formula unit but due to its diffused nature, it could not be 

resolved. The packing is stabilised by weak dispersion forces. Along the crystallographic c-axis, the 

complex packs in a honeycomb fashion with a screw axis coinciding with the centre of the hexagons 

(Figure 7.6). 

 

Figure 7.6: Packing diagram of compound 7.1. Colour scheme: MnII
 (deep blue), C (black), S 

(yellow), P (pink) and O (red). All hydrogen atoms (grey) except those of the µ3-OH- group have 

been removed for clarity. 
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Table 7.4: Selected bond angles for compound 7.1. 

 

  

Bond Bond Angle (°) Bond Bond Angle (°) 

O4’-Mn1-O4 76.72(14) O12-Mn4-O5’ 76.53(12) 
O3-Mn1-O4 78.19(11) O24-Mn4-O5’ 77.83(13) 
O4’-Mn1-O3 78.45(11) O12-Mn4-O24 78.26(13) 
O7-Mn1-O4 86.56(13) O23-Mn4-O5’ 86.49(13) 
O7-Mn1-O4’ 88.07(13) O23-Mn4-O12 88.23(13) 
O8-Mn1-O1 90.13(16) O15-Mn4-O19 89.86(16) 
O1-Mn1-O3 92.71(15) O19-Mn4-O24 92.42(17) 
O8-Mn1-O3 92.77(13) O15-Mn4-O24 93.00(15) 
O8-Mn1-O4’ 95.70(14) O15-Mn4-O12 95.83(15) 
O1-Mn1-O4 96.26(14) O19-Mn4-O5’ 96.50(15) 
O7-Mn1-O1 99.27(16) O23-Mn4-O19 99.56(16) 
O7-Mn1-O8 101.13(15) O23-Mn4-O15 101.33(15) 
O7-Mn1-O3 161.56(14) O23-Mn4-O24 161.26(14) 
O8-Mn1-O4 169.13(15) O15-Mn4-O5’ 169.01(14) 
O1-Mn1-O4’ 169.61(15) O19-Mn4-O12 169.29(16) 

    
O20’-Mn2-O6 77.50(13) O14-Mn5-O14’ 76.78(13) 

O20’-Mn2-O13 77.63(14) O17-Mn5-O14’ 77.87(12) 
O13-Mn2-O6 80.38(13) O14-Mn5-O17 78.50(12) 
O7-Mn2-O6 88.53(13) O23-Mn5-O14’ 86.61(13) 

O7-Mn2-O13 88.67(13) O23-Mn5-O14 87.97(13) 
O10-Mn2-O2 90.96(17) O16-Mn5-O22 90.21(16) 
O2-Mn2-O20’ 93.70(17) O22-Mn5-O17 92.74(15) 
O2-Mn2-O6 93.73(16) O16-Mn5-O17 92.76(14) 

O10-Mn2-O13 93.83(16) O16-Mn5-O14 95.38(15) 
O10-Mn2-O20’ 94.08(16) O22-Mn5-O14’ 96.41(14) 
O7-Mn2-O10 98.81(16) O23-Mn5-O22 99.31(16) 
O7-Mn2-O2 98.87(16) O23-Mn5-O16 101.34(15) 

O7-Mn2-O20’ 161.79(14) O23-Mn5-O17 161.34(14) 
O2-Mn2-O13 170.35(16) O16-Mn5-O14’ 168.74(15) 
O10-Mn2-O6 170.59(15) O22-Mn5-O14 169.80(16) 

    
O5’-Mn3-O12 76.72(12) O20-Mn6-O6’ 77.39(14) 
O24-Mn3-O12 78.24(13) O20-Mn6-O13’ 77.54(14) 
O5’-Mn3-O24 78.64(13) O13’-Mn6-O6’ 80.31(13) 
O7-Mn3-O12 86.69(13) O23-Mn6-O13’ 88.56(13) 
O7-Mn3-O5’ 87.89(12) O23-Mn6-O6’ 88.58(13) 
O9-Mn3-O11 90.25(16) O18-Mn6-O21 90.65(18) 

O11-Mn3-O24 92.39(16) O18-Mn6-O20 93.46(16) 
O9-Mn3-O24 92.65(15) O18-Mn6-O6’ 93.87(16) 
O9-Mn3-O5’ 95.84(14) O21-Mn6-O20 93.98(17) 

O11-Mn3-O12 95.97(14) O21-Mn6-O13’ 94.00(16) 
O7-Mn3-O11 99.53(16) O23-Mn6-O21 98.97(16) 
O7-Mn3-O9 101.08(15) O23-Mn6-O18 99.33(16) 

O7-Mn3-O24 161.70(14) O23-Mn6-O20 161.63(14) 
O9-Mn3-O12 169.14(15) O18-Mn6-O13’ 170.13(16) 
O11-Mn3-O5’ 169.35(16) O21-Mn6-O6’ 170.47(15) 
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7.1.2 Physicochemical characterisation 

To verify the structural model, a number of physicochemical techniques were employed. PXRD 

pattern of compound 7.1 is consistent with the one simulated using the structural model confirming 

the phase purity of the material (Figure 7.7 (a)). The PXRD pattern obtained on the same sample 

stored for a week exhibited broader peaks indicating partial loss of crystallinity. TGA analysis (Figure 

7.7 (b)) under a N2 atmosphere on a sample of compound 7.1 dried in air reveals that most of the 

solvent molecules trapped in the crystal lattice are lost when it is dried in air which explains the 

partial loss in crystallinity.  The shallow drop till 80 °C corresponds to the loss of remaining CH3CN 

molecules trapped in the crystal lattice (weight loss calcd: 1.3 %, found: 1.7 %) and it is followed by 

the loss of the trapped and bound DMSO molecules up to 200 °C (weight loss calcd: 14.9 %, found: 

15 %). The sharp drop observed between 200 and 315 °C corresponds to the partial loss of pivalate 

groups. Further heating leads to partial decomposition of the phenyl phosphonate groups and 

probable phosphate formation. 

 

Figure 7.7: (a) The PXRD pattern and (b) TGA analysis of compound 7.1. 

The infrared spectrum of compound 7.1 (Figure 7.8) is consistent with the structure determined by 

XRD. The broad distinctive feature at 2960 cm-1 is due to the C-H vibrations in the organic ligands.617 

The vibration modes at 1418 and 1588 cm-1 correspond to the symmetric and asymmetric stretching 

modes of the carboxylate groups and the energy variance between the two is in line with that 

observed for bidentate bridging carboxylate groups.618 Additional modes in the same range can be 

attributed to the vibrations of the organic moieties – both aliphatic and aromatic.617 The feature in 

the 970-1000 cm-1 range correspond to the stretching of the phosphonate groups.621-623  
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Figure 7.8: Infrared spectrum of compound 7.1. 

 

7.1.3 Magnetic properties 

The temperature dependence of magnetic susceptibility was determined in the 4-300 K 

temperature range (Figure 7.9). The room temperature χT value was found to be 31.5 cm3 K mol-1 

which is significantly lower than the expected value of 52.5 cm3 K mol-1 for a system with 12 MnII (S 

= 5/2) centres. This suggests that the coupling between the Mn centres is dominantly 

antiferromagnetic. This is further confirmed by the behaviour observed upon lowering the 

temperature when the χT value decreases and reaches 4 cm3 K mol-1 at 4 K. This behaviour also 

indicates that the ground state in this case will be an S = 0 state. 

 

Figure 7.9: Temperature dependence of magnetic susceptibility (χT) of compound 7.1. 

  



  Chapter 7 

 165 

7.1.4 DFT calculations 

To quantify the strength of coupling between the Mn centres, DFT calculations were performed. 

The tert-butyl groups were replaced with methyl groups in the model for computational ease 

(Figure 7.10). The hybrid PBE0433, 451 functional has been used in conjunction with the SDDALL507 

basis set having an effective core potential for the Mn atoms (replacing the 10 core electrons – 

1s22s22p6 – of Mn with fully relativistic pseudopotentials), the 6-31G(d)508 basis set for O, C and N, 

6-31G(2d)631 basis set for phosphorus and chlorine and 6-31G(p)508  basis set for H The model 

represents the experimental structure well and the metal distances were found to be reproduced 

with errors <0.1 Å (Table 7.5).  

 

Figure 7.10: DFT model used for calculation of the magnetic properties of compound 7.1. Colour 

scheme: MnII
 (deep blue), C (black), S (yellow), P (pink) and O (red). All hydrogen atoms have been 

removed for clarity. The number scheme here represents the one followed in the computational 

model. 

The methodology adopted for the calculation of coupling constants is the same as that described 

in previous chapters. A total of 19 spin states were modelled for this complex and three coupling 

constants have been used to describe the coupling behaviour. The energy of the modelled states 

and the Bader spin density on the Mn centres in each state are given in Table 7.6. The spin densities 

indicate a small but equal amount of delocalisation of the unpaired electrons from each Mn centre. 

The coupling constants represent the coupling between Mn centres with nearest neighbours 

belonging to different triangular units (𝐽1), the Mn centres forming the triangular unit (𝐽2) (Figure 

7.11 (a)) and the Mn centres forming the hexagonal faces (𝐽3 ) (Figure 7.11 (b)). The coupling 

between Mn centres that are not connected to each other via any ligand has not been considered 

since such pairs are quite far apart which implies that the through space coupling will be negligible 

and hence can be ignored. 
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Figure 7.11: The coupling constants representing the coupling between (a) Mn centres between 

and within the triangular units and (b) on one of the hexagonal faces.  

 

Table 7.5: Comparison of some of the Mn-Mn distances in the crystal structure and the DFT 

model. 

 Distance (Å)  Distance (Å) 
Mn centres DFT  XRD  Mn centres DFT  XRD  

Mn1-Mn2 3.50 3.52 Mn2-Mn7 5.77 5.73 
Mn1-Mn3 3.55 3.56 Mn2-Mn8 7.52 7.50 
Mn1-Mn4 5.83 5.76 Mn2-Mn9 6.64 6.60 
Mn1-Mn5 7.61 7.53 Mn2-Mn10 3.15 3.07 
Mn1-Mn6 6.76 6.65 Mn2-Mn11 5.75 5.73 
Mn1-Mn7 3.15 3.07 Mn2-Mn12 5.78 5.73 
Mn1-Mn8 5.77 5.73 Mn3-Mn4 3.14 3.07 
Mn1-Mn9 5.77 3.56 Mn3-Mn5 5.83 5.76 

Mn1-Mn10 5.80 5.74 Mn3-Mn6 5.79 5.76 
Mn1-Mn11 6.66 6.61 Mn3-Mn7 5.76 5.73 
Mn1-Mn12 7.56 7.50 Mn3-Mn8 6.60 6.60 
Mn2-Mn3 3.57 3.56 Mn3-Mn9 7.51 7.50 
Mn2-Mn4 5.82 5.75 Mn3-Mn10 5.80 5.72 
Mn2-Mn5 6.74 6.65 Mn3-Mn11 7.54 7.50 
Mn2-Mn6 7.60 7.53 Mn3-Mn12 6.66 6.60 
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Table 7.6: Bader spin densities on each Mn centre (truncated to three decimal places) and the 

relative energies for each modelled state for compound 7.1. 
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The Hamiltonian for this complex can be given as: 

 

𝐻 = −2𝐽1[〈𝑠1. 𝑠7〉 + 〈𝑠2. 𝑠10〉 + 〈𝑠3. 𝑠4〉 + 〈𝑠5. 𝑠12〉 + 〈𝑠6. 𝑠8〉 + 〈𝑠9. 𝑠11〉]

− 2𝐽2[〈𝑠1. 𝑠2〉 + 〈𝑠1. 𝑠3〉 + 〈𝑠2. 𝑠3〉 + 〈𝑠4. 𝑠5〉 + 〈𝑠4. 𝑠6〉 + 〈𝑠5. 𝑠6〉 + 〈𝑠7. 𝑠8〉

+ 〈𝑠7. 𝑠9〉 + 〈𝑠8. 𝑠9〉 + 〈𝑠10. 𝑠11〉 + 〈𝑠10. 𝑠12〉 + 〈𝑠11. 𝑠12〉]

− 2𝐽3[〈𝑠1. 𝑠4〉 + 〈𝑠1. 𝑠6〉 + 〈𝑠1. 𝑠8〉 + 〈𝑠1. 𝑠9〉 + 〈𝑠1. 𝑠10〉 + 〈𝑠1. 𝑠11〉 + 〈𝑠2. 𝑠4〉

+ 〈𝑠2. 𝑠5〉 + 〈𝑠2. 𝑠7〉 + 〈𝑠2. 𝑠9〉 + 〈𝑠2. 𝑠11〉 + 〈𝑠2. 𝑠12〉 + 〈𝑠3. 𝑠5〉 + 〈𝑠3. 𝑠6〉 + 〈𝑠3. 𝑠7〉

+ 〈𝑠3. 𝑠8〉 + 〈𝑠3. 𝑠10〉 + 〈𝑠3. 𝑠12〉 + 〈𝑠4. 𝑠7〉 + 〈𝑠4. 𝑠8〉 + 〈𝑠4. 𝑠10〉 + 〈𝑠4. 𝑠12〉

+ 〈𝑠5. 𝑠8〉 + 〈𝑠5. 𝑠9〉 + 〈𝑠5. 𝑠10〉 + 〈𝑠5. 𝑠11〉 + 〈𝑠6. 𝑠7〉 + 〈𝑠6. 𝑠9〉 + 〈𝑠6. 𝑠10〉

+ 〈𝑠6. 𝑠11〉 + 〈𝑠7. 𝑠10〉 + 〈𝑠7. 𝑠11〉 + 〈𝑠8. 𝑠11〉 + 〈𝑠8. 𝑠12〉 + 〈𝑠9. 𝑠10〉 + 〈𝑠9. 𝑠12〉] 

 

Two phenyl phosphonate groups and a DMSO molecule facilitates the coupling between Mn pairs 

represented by 𝐽1. The pair of Mn centres represented by 𝐽2 are coupled via the pivalate groups 

(replaced with acetate groups in the model) and µ3-OH- groups. 𝐽3 describes the coupling between 

Mn centres solely bridged by the phenyl phosphonate groups. It is worth noting that the 𝐽3includes 

terms representing two types of pairs of Mn centres – ones with one Mn centre between them (e.g. 

Mn1 and Mn9 in Figure 7.11 (b)) and ones with two Mn centres between them (e.g. Mn1 and 

Mn11). The Mn-Mn distances for both sets are different but since the same group bridges both 

pairs, the coupling should be the same. 

All the three coupling constants (𝐽-values) calculated were found to be antiferromagnetic which is 

in line with the experimental observations (Figure 7.9). The coupling constants obtained were used 

to determine the relative energies of the different states that were modelled using DFT and these 

were found to be well reproduced (< 2% error). The coupling between Mn centres within the 

triangular units was found to be the strongest whereas the coupling (𝐽3 ) between Mn centre 

residing on the hexagonal faces was found to be quite weak (Table 7.7). 

Table 7.7: Magnitude of J-values, the Mn-Mn distances between Mn centres associated with each 

J-value and the ligands bridging the Mn centres associated with each J-value. 

J-value Mn-Mn distance (Å) Ligand Bridges Coupling Strength (cm-1) 

𝐽1 3.14 ± 0.01 Phenyl phosphonate, DMSO -2.59 ± 0.23 
𝐽2 3.54 ± 0.04 Pivalate, µ3-OH- -6.48 ± 0.16 
𝐽3 5.78 ± 0.05 / 6.68 ± 0.08 Phenyl phosphonate -0.12 ± 0.05 

 

The dependence of magnetic susceptibility on temperature could not be calculated using these 

coupling constants because the Hamiltonian matrix for this system is too big (512 × 512) for exact 

diagonalisation. To determine the ground state however, the coupling constants were used in 

conjunction with the average spin densities and the above mentioned Hamiltonian to determine 

the energy of all 211 (=2048) possible spin states. The S = 0 state was indeed found to be the ground 

state in agreement with the experimental observations. The ferromagnetic state was calculated to 
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be ~1523 cm-1 higher in energy compared to the ground state and was determined to be the highest 

in energy (Table 7.8).  

Table 7.8: The relative energy of the some of the key states out of the 2048 possible unique states 

for compound 7.1. The energy of all the other states was found to be close (within 1 cm-1) to one 

of the levels given in this table.   

Configuration Energy (cm-1) Configuration Energy (cm-1) 

↑↓↑↓↑↓↓↑↓↑↑↓ 0 ↑↑↑↓↓↓↓↓↑↓↓↑ 616 
↑↓↑↓↑↓↓↑↑↑↑↓ 57 ↑↓↑↑↓↑↓↓↓↑↑↑ 617 
↑↓↑↓↑↓↓↓↑↑↑↓ 109 ↑↓↓↓↑↑↑↑↑↓↑↑ 622 
↑↓↑↑↑↓↓↑↑↑↑↓ 114 ↑↑↑↓↓↓↑↑↓↓↓↑ 668 
↑↓↑↓↑↑↑↓↑↑↑↓ 119 ↑↓↑↓↑↓↓↓↓↑↑↑ 669 
↑↓↑↑↑↓↓↓↑↑↑↓ 161 ↑↑↑↑↑↑↓↓↑↓↑↓ 673 
↑↓↑↓↑↓↑↓↑↑↑↓ 166 ↑↑↓↓↑↑↓↓↓↓↓↓ 674 
↑↓↑↓↓↑↑↓↑↑↑↓ 171 ↑↓↑↓↑↑↓↓↓↓↓↓ 679 
↑↓↑↓↑↓↑↓↑↓↓↑ 208 ↑↑↑↓↓↓↑↑↓↑↓↑ 725 
↑↓↑↓↑↓↑↑↓↓↓↑ 213 ↑↓↑↑↑↓↑↑↑↓↓↓ 726 
↑↓↑↑↑↓↑↓↑↑↑↓ 223 ↑↑↑↓↓↓↑↑↓↑↑↓ 730 
↑↓↑↑↓↑↑↓↑↑↑↓ 228 ↑↓↑↓↑↑↑↑↑↓↓↓ 731 
↑↓↑↓↑↑↓↑↑↓↑↑ 233 ↑↓↑↓↑↓↑↑↑↑↑↑ 741 
↑↓↑↓↑↓↑↓↓↓↓↑ 265 ↑↓↑↓↓↑↓↓↓↓↓↓ 746 
↑↓↑↑↓↓↑↓↑↑↑↓ 275 ↑↓↑↓↓↑↑↑↑↑↑↑ 747 
↑↓↑↓↑↑↓↓↓↑↑↓ 280 ↑↑↑↓↓↓↓↓↑↑↑↓ 782 
↑↓↑↑↓↑↑↑↓↓↓↑ 285 ↑↓↑↑↓↓↑↑↑↓↓↓ 783 
↑↓↑↑↑↓↑↓↓↓↓↑ 322 ↑↓↑↑↑↓↓↓↓↓↓↓ 788 
↑↓↑↓↑↑↓↓↓↑↓↓ 337 ↑↓↑↑↓↑↓↓↓↓↓↓ 793 
↑↓↑↑↑↓↓↓↓↑↑↓ 389 ↑↓↓↓↓↓↓↓↓↓↓↑ 808 
↑↓↓↓↑↑↓↓↓↑↓↓ 394 ↑↓↑↑↑↓↑↑↑↑↑↑ 809 
↑↓↑↓↑↓↑↑↑↑↑↓ 399 ↑↓↑↑↑↑↑↑↑↑↑↓ 813 
↑↓↑↓↑↓↑↑↑↓↓↑ 441 ↑↓↑↑↓↑↑↑↑↑↑↑ 814 
↑↓↑↓↑↑↓↓↓↓↓↑ 446 ↑↓↑↑↓↑↑↑↑↓↓↓ 845 
↑↓↑↑↓↑↓↓↓↓↓↑ 451 ↑↓↑↑↓↓↓↓↓↓↓↓ 855 
↑↓↓↓↑↓↓↓↓↑↓↓ 461 ↑↑↑↓↓↓↓↑↓↑↑↑ 896 
↑↓↑↑↑↓↑↑↑↑↑↓ 462 ↑↑↑↓↑↑↓↓↓↓↓↓ 897 
↑↑↓↑↓↑↑↑↑↓↑↑ 466 ↑↑↓↓↑↑↑↑↑↑↑↑ 922 
↑↓↑↓↑↑↑↑↑↑↑↓ 467 ↑↓↑↓↓↓↑↑↑↑↑↑ 959 
↑↑↑↑↓↓↓↓↑↓↑↓ 492 ↑↑↑↓↓↓↑↓↑↓↓↓ 1010 
↑↓↓↓↑↓↑↑↑↓↓↑ 493 ↑↓↑↑↑↑↓↓↓↓↓↓ 1011 
↑↓↑↓↑↓↓↓↓↓↓↑ 503 ↑↑↑↑↓↓↓↓↓↓↓↓ 1073 
↑↓↑↑↓↓↑↑↑↑↑↓ 508 ↑↓↑↓↓↓↓↓↓↓↓↓ 1093 
↑↓↑↓↓↑↑↑↑↑↑↓ 513 ↑↑↑↑↑↑↑↑↑↑↑↓ 1165 
↑↓↑↑↑↓↓↓↓↓↓↑ 555 ↑↓↑↑↑↑↑↑↑↑↑↑ 1166 
↑↓↑↓↓↑↓↓↓↑↑↑ 560 ↑↑↑↑↑↑↓↓↓↓↓↓ 1234 
↑↓↓↓↑↓↓↓↓↓↓↑ 565 ↑↑↑↓↓↓↑↑↑↑↑↑ 1306 
↑↓↑↓↑↑↑↑↑↓↑↑ 575 ↑↑↑↑↑↑↑↑↑↑↑↑ 1523 
↑↓↑↑↓↑↑↑↑↑↑↓ 576   
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7.1.5 Electrochemical studies 

To be consistent with the methodology employed and described in chapter 6, the electrochemical 

behaviour of compound 7.1 was investigated using modified carbon paste electrodes. The 

preparation of these electrodes requires dispersing compound 7.1 in commercially available carbon 

paste. All experiments were carried out in potassium phosphate buffer at pH 7.2 (KPi, 50 mM) using 

KNO3 (1 M) as electrolyte. Cyclic voltammetry of compound 7.1 was performed at a scan rate of 50 

mV/s which led to a strong catalytic oxidation wave (Figure 7.12).  

 

Figure 7.12: Cyclic voltammograms for compound 7.1 (40 wt-% loading) in a KPi buffer 

solution at pH 7.2. 

To study the kinetic profile, linear sweep experiments with the catalyst loading varying between 

10-40 wt-% were performed using a rotating disk electrode (Figure 7.13). To ensure steady state 

conditions, these experiments were conducted at a scan rate of 1 mV/s. Loadings higher than 40 

wt-% make the blends brittle and unsuitable for obtaining reproducible results and thus, all further 

experiments were carried out with 40 wt-% loading. It can be seen that higher loadings lead to 

higher current densities and lower overpotentials (Figure 7.14). The onset potential was found to 

be 251 mV with 40 wt% catalyst loading (Table 7.9). The Tafel slope was found to remain constant 

with loadings (~320-340 mV dec-1) indicating similar kinetics (Figure 7.14 (b) and Table 7.9). The 

lower Tafel slope for 30 wt-% loading maybe a potential outlier but further work will be required to 

establish that. The Tafel slope above 600 mV for 40 wt-% loading was found to be 630 mV dec-1 and 

not been shown in Figure 7.14 (b). 
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Figure 7.13: Linear sweep voltammograms for compound 7.1 at different loadings. 

 

 

Figure 7.14: (a) The determined onset potentials and (b) the Tafel slope  for compound 7.1 at 

different loadings. 

 

Table 7.9: The onset overpotential and Tafel slope for water oxidation with compound 7.1 at 

different loadings  

Loading Onset overpotential (mV)   Tafel slope (mV dec-1) 

10% 425 335 
20% 413 338 
30% 352 203 
40% 251 317 

 

To determine the electrochemical behaviour of compound 7.1 over extended periods, successive 

linear sweep experiments were performed (Figure 7.15 (a)). The first few cycles show large 

variations and cycles after the 10th one are almost coincident. It was observed that initially the Tafel 

slope (Figure 7.15 (b)) increases up to 637 mV dec-1 for the 9th cycle after which it decreases and 

goes down to 305 mV dec-1 (cycle 40) in the overpotential range of 300-550 mV. After cycle 40, the 
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electrochemical behaviour around 300 mV of overpotential changes again and in the 300-550 mV 

overpotential range a non-linear behaviour was observed due to which after the 40th cycle, the 

reported Tafel slope has been calculated in the 400-600 mV overpotential range. 

 

Figure 7.15: (a) Successive linear sweep voltammograms for compound 7.1 in KPi buffer solution 

at pH 7.2 and (b) the Tafel slope observed for the different cycles calculated in the 300-500 mV 

overpotential range. Note that the Tafel slopes for cycles 45 and 50 have been calculated in the 

400-600 mV overpotential range.   

To obtain insight into the stability of compound 7.1, chronoamperometry (CA) experiment was 

conducted for 16 hours at an applied potential of 1.56 V (vs NHE). It was observed that the current 

density initially decreases and then starts increasing. A maximum in the current density is achieved 

in ~3.5 hours after which it starts decreasing again (Figure 7.16). The CA was followed up with cyclic 

voltammetry and linear sweep voltammetry and a broad new peak can be observed at ~1.04 V (vs 

NHE) (Figure 7.17 (a)) along with some additional redox activity that still occurs at higher potential 

(Figure 7.17 (b)).  
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Figure 7.16: CA data for compound 7.1 at 1.56 V vs NHE in KPi buffer solution at pH 7.2 for the 

first 5 hours and the entire 16 hour duration (inset).  

 

Figure 7.17: (a) Cyclic voltammograms and (b) linear sweep voltammograms for compound 

7.1 in KPi buffer solution at pH 7.2 before and after CA. 

The possibility of leaching during CA was also investigated. For this purpose, linear sweep 

voltammetry using a rotating disk glassy carbon electrode was performed before and after 

chronoamperometry using the same buffer solution. It was observed that the current density 

increases from 0.09 mA cm-2 to 0.41 mA cm-2 which suggests that leaching does occur (Figure 7.18). 

The current density however, is still significantly low compared to that observed for compound 7.1. 

The structure of this dodecanuclear complex suggests that this complex needs to be activated 

before it can catalyse water oxidation since there are no water molecules bound to the Mn centres. 

Among DMSO molecules, the pivalate groups and the phosphonate groups, it is more likely that the 

DMSO molecules get replaced with water during water oxidation because pivalate and 

phosphonate groups are chelating and hence, strongly bound. Such substitution may explain the 

electrochemical behaviour observed above 500 mV of overpotential  with 40 wt-% catalyst loading 
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(Figure 7.13). This structural transformation may also be the cause of the large variations observed 

between the first and the 10th cycle of the successive linear sweep experiment (Figure 7.15 (a)). 

This is further indicated by the initial increase in the Tafel slope up to the 9th cycle. Cycles after the 

10th one are almost coincident indicating that the transformation is complete. The Tafel slope 

during these cycles decreases suggesting higher activity which is to be expected for a system with 

water molecules attached to it. Since the Tafel slopes have been calculated in the same 

overpotential range, it confirms that compound 7.1 transforms to a different species which is more 

active in the same overpotential range. After the 40th cycle, the Tafel slope increases again 

indicating the decomposition of the transformed species. 

 

Figure 7.18: Linear sweep voltammograms using glassy carbon electrodes of the buffer solution 

before and after chronoamperometry. 

The data obtained from the CA experiment is in agreement with our observations in the successive 

linear sweep voltammetry experiments. An initial decrease is observed due to capacitance effects 

(Figure 7.16).632 The applied potential results in the transformation of compound 7.1 to an active 

species, the concentration of which reaches a maximum in ~3.5 hours corresponding to the peak 

observed in Figure 7.16. The transformed species then decomposes to a less active species with 

time as indicated by the decrease in the current density during CA. Cyclic voltammetry after CA 

reveals a broad new peak at ~1.04 V (vs NHE) (Figure 7.17 (a)) which indicates that the decomposed 

species may be Mn2O3.628 The Tafel slope after CA was found to be 790 mv dec-1 above 400 mV of 

overpotential implying poor kinetics of the decomposed species.  

These results demonstrate that the initial OER activity is derived from an active species structurally 

related to compound 7.1 that has water molecules bound to the Mn sites. We propose that this 

species is essentially compound 7.1 with the DMSO molecules replaced with water molecules. This 

species has been found to be active at overpotentials as low as 251 mV which is much lower 

compared to compound 6.3.   
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7.2 [MnII
6MnIII

9(µ3-O)4((CH3)3CCO2)11((CH3)3CCO2H)(C6H5PO3)6(µ-CH3O)6(µ3-

CH3O)2(CH3OH)5] (7.2) 

To investigate whether the counterion of the Mn(II) salt can play a role in stabilising different end 

products, the ratio of MnII:MnVII was varied. In low concentrations and absence of a MnII salt, all 

crystallisation attempts failed although a red solution was obtained each time indicating the 

possible reduction of Mn(VII) via the excess pivalic acid. By refluxing KMnO4, Mn(CH3COO)2·4H2O, 

phenylphosphonic acid, pivalic acid and L(-)-proline in the ratio 1:4:2.5:20:1, in a mixture of CH3CN 

and CH3OH, compound 7.2 was obtained. The crystals of this compound were obtained within a 

week and were characterised by single crystal X-ray diffraction experiment. 

7.2.1 Structural description 

Compound 7.2 crystallises in a trigonal crystal system and the structure was solved in the space 

group 𝑅3̅ . This complex contains a pentadecanuclear complex [Mn15(µ3-O)4((CH3)3CCO2)11 

((CH3)3CCO2H)(C6H5PO3)6(µ-CH3O)6(µ3-CH3O)2(CH3OH)5] (Figure 7.19 (a)) and the asymmetric unit of 

this complex contains a third of the complex (Figure 7.19 (b)). The core of this complex can 

essentially be described as an augmented truncated tetrahedron. An augmented truncated 

tetrahedron is a solid in which a triangular cupola unit is attached to one of the hexagonal faces of 

a truncated tetrahedron (Figure 7.20). The overall structure is stabilised by four µ3-O2-, two µ3-CH3O- 

groups and six phenylphosphonate ligands, six methoxy and eleven pivalate groups. The three 

hexagonal and pentagonal faces are each capped by phenylphosphonate groups. The phosphonates 

on the hexagonal faces bind in 6.222 mode while those on the pentagonal faces bind in 5.221 mode. 

The phosphorus centre on the hexagonal faces is ~0.68 Å above the Mn plane while that on the 

 

Figure 7.19: (a) Crystal structure and (b) the asymmetric unit of the pentadecanuclear compound 7.2. 

The hydrogen bonds are shown with dashed lines. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P 

(pink), C (black) and O (red). All hydrogen atoms (grey) except those of the µ3-OH- group have been 

removed for clarity. 
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pentagonal faces is ~1.64 Å above the Mn plane. The vertices of the hexagonal faces comprise of 

Mn1, Mn3, Mn4 and Mn5 (and their symmetry equivalents) and all hexagonal faces are joined at 

the {Mn3} triangular face formed by Mn5 and its symmetry equivalents. The vertices of the 

pentagonal faces comprise of Mn1, Mn2, Mn3 and Mn4 along with their symmetry equivalents and 

are joined at the {Mn3} triangular face formed by Mn2 and its symmetry equivalents.  

The triangular face formed by Mn5 is centred around a µ3-O2- (O17) group while that formed by 

Mn2 is centred around two µ3-CH3O- (containing O8 and O9) groups. O17 lies ~0.68 Å above the 

{Mn3} plane and O8 and O9 are ~1.18 Å below and above the {Mn3} plane respectively. The other 

triangular faces formed by Mn1, Mn2 and Mn3 are centred around µ3-O2- groups (O3 and its 

symmetry equivalents) and these faces lie between the pentagonal faces. O3 on the other hand, 

lies in the plane of the Mn centres. Bond valence sum analysis reveals that Mn2 and Mn4 are in +II 

oxidation state while the others are in +III oxidation state (Table 7.10) and confirms that all the O 

atoms bound only to Mn centres are µ3-O2- groups (Table 7.11).  

 

Figure 7.20: The core structure of compound 7.2 consists of a triangular cupola fused to an 

truncated tetrahedron resulting in the augmented truncated tetrahedron geometry. MnII and 

MnIII for compound 7.2 are shown in teal and dark blue respectively.  

The octahedral coordination environment of Mn1 comprises of a µ3-O2- group (O3) and O-donors 

from two phosphonates (O2 and O14’), a µ-CH3O- group (O4), a partially (67 %) occupied methanol 

(O5), a partially occupied (33 %) pivalic acid group and a pivalate group (O1) with the Jahn-Teller 

axis oriented along the O-donor of one of the phosphonates (O14) and the disordered site occupied 

partially by the O-donors of the methanol and pivalic acid groups. The octahedron of Mn1 shares a 

vertex with that of the Mn(II) centres (via O3 and O14) and an edge (involving O3 and O4) with that 

of Mn3 (Figure 7.21 (a)). The Mn-O distances along the Jahn-Teller axis are ~2.3 Å while those 

perpendicular to it are ~1.9 Å (Table 7.11). The octahedral geometry is slightly distorted as can been 

seen from the continuous shape measure value, the angle variance and the distortion index (Table 

7.12). The distortion is because of the ligand constraints imposed by the geometry of the complex 

as indicated by the bond angles (Table 7.13). 

Mn2 also lies in an octahedral coordination environment which is fulfilled by a µ3-O2- group (O3), 

and O-donors from two phosphonates (O22 and O22’’), two µ3-CH3O- groups (O8 and O9) and a 

pivalate group (O7A) (Figure 7.21 (b)) with the Mn-O bond lengths varying between 2.0 and 2.3 Å 
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(Table 7.10). The octahedron of Mn2 shares a face (containing O8, O9 and O22) with the octahedron 

of its symmetry equivalents and a vertex (O3) with that of Mn1 and Mn3.  

Table 7.10: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 7.2. 

Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned oxidation 
state 

Mn1 

O1 1.929(9) 

3.263 +III 

O2 1.878(8) 
O3 1.869(8) 
O4 1.891(8) 
O5 2.326(10) 

O14’ 2.289(6) 
     

Mn2 

O3 2.051(9) 

2.109 +II 

O8 2.157(6) 

O9 2.161(6) 

O22’’ 2.205(8) 

O7A 2.061(8) 

O7B 2.009(6) 

O22 2.305(9) 
     

Mn3 

O3 1.866(8) 

3.137 +III 

O4 1.932(8) 
O10 2.184(8) 
O11 1.956(9) 
O19’ 2.215(7) 
O21’’ 1.975(8) 

     

Mn4 

O12 2.147(8) 

1.854 +II 

O13 2.152(6) 
O14 2.163(7) 
O19’ 2.218(7) 
O20’’ 2.188(8) 
O21’’ 2.329(7) 

     

Mn5 

O13 1.871(6) 

3.212 +III 

O15 1.956(7) 
O16’’ 2.115(7) 
O17 1.874(4) 
O18’ 2.273(6) 
O18 2.006(6) 

     

Metals Distance (Å) Metals Distance (Å)  

Mn1-Mn2 3.496(3) Mn2-Mn3 3.585(3)  
Mn1-Mn3 2.874(5) Mn3-Mn4 3.330(3)  
Mn1-Mn4' 3.663(3) Mn4-Mn5 3.545(2)  
Mn2-Mn2'  3.129(4) Mn5-Mn5' 3.024(4)  

’1+Y-X,1-X,+Z; ”1-Y,+X-Y,+Z 

 

Mn3 is bound to a µ3-O2- group (O3) and O-donors of a µ-CH3O- group (O4), a methanol (O10), a 

pivalate group (O11) and two phosphonate groups (O19’ and O21’’) and its octahedron shares a 

vertex with that of Mn2 and Mn4 (via O3 and O21 respectively) besides sharing an edge with Mn1 

(Figure 7.21 (c)). The Jahn-Teller axis of Mn3 is oriented along the O-donors of one of the 
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phosphonate (O19’) and the methanol group (O10) and is parallel to that of Mn1. The Mn-O bond 

along the Jahn-Teller axis is ~2.2 Å but varies between 1.9 and 2.0 Å otherwise (Table 7.10).  

 

Figure 7.21: Coordination environment of (a) Mn1, (b) Mn2, (c) Mn3, (d) Mn4 and (e) Mn5 in 

compound 7.2. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P (pink), C (black) and O (red). 

The coordination behaviour of Mn4 is similar to that of Mn2 and it is bound to the O-donors of 

three phosphonates (O14, O19’ and O21’’), two pivalates (O12 and O20’’) and a µ-CH3O- group 

(O13) (Figure 7.21 (d)). The octahedral environment of Mn4 however, is more distorted compared 

to that of Mn2 and is the most distorted coordination environment in this complex based on the 
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continuous shape measure values (Table 7.12).The octahedron of Mn4 shares a vertex with those 

of Mn1 and Mn5 (O20 and O13 respectively), and an edge with Mn3 (O12 and O19). 

The octahedral coordination environment of Mn5, of all the Mn centres in this complex, is the least 

distorted (Table 7.12) and is fulfilled by a µ3-O2- group (O17) and O-donors of two phosphonates 

(O18 and O18’), two pivalates (O15 and O16) and a µ-CH3O- group (O13) (Figure 7.21 (e)). The 

octahedron of Mn5 shares an edge (containing O17 and O18) with that of its symmetry equivalents 

besides sharing a vertex with the octahedron of Mn4 (O13). The Jahn-Teller axis in this case is along 

the O-donors of a phosphonate group (O18) and a pivalate group (O161) with the Mn-O distance 

lying between 2.1 and 2.3 Å. The Mn-O distances in the plane perpendicular to the Jahn-Teller axis 

vary between 1.9 and 2.0 Å (Table 7.10). 

Table 7.11: BVS analysis for O atoms and their assigned protonation state in compound 7.2. 

Atom  BVS  Assignment  

O3 1.990 μ3-O2-  
O17 2.205 μ3-O2- 

 

Table 7.12: Continuous shape measure values, angle variance and distortion indices (using the 

ideal octahedral geometry as a reference) for each Mn centre for compound 7.2.  

Mn centre  Continuous shape measure 
value  

Angle variance (σ2)  Distortion Index  

Mn1 1.370 30.74 0.0498 
Mn2 1.797 155.86 0.1219 
Mn3 1.228 36.84 0.0555 
Mn4 2.442 116.8 0.0881 
Mn5 1.021 41.10 0.0542 

 

Table 7.13: Selected bond angles for compound 7.2.  

Bond  Bond Angle (°)  Bond  Bond Angle (°)  

O3-Mn1-O4 81.1(4) O21’’-Mn3-O19’ 79.5(3) 
O1-Mn1-O5 82.0(4) O3-Mn3-O4 80.1(4) 
O2-Mn1-O5 86.0(4) O11-Mn3-O10 85.7(4) 
O4-Mn1-O5 86.4(4) O3-Mn3-O10 87.0(4) 

O3-Mn1-O14’ 88.5(3) O4-Mn3-O19’ 88.4(3) 
O2-Mn1-O1 89.0(3) O3-Mn3-O19’ 92.1(3) 

O4-Mn1-O14’ 90.2(3) O4-Mn3-O11 92.2(3) 
O1-Mn1-O14’ 92.7(3) O11-Mn3-O21’’ 92.3(3) 
O4-Mn1-O1 93.0(4) O4-Mn3-O10 94.8(3) 
O3-Mn1-O5 96.5(4) O11-Mn3-O19’ 95.6(3) 
O3-Mn1-O2 96.7(4) O3-Mn3-O21’’ 96.9(3) 

O2-Mn1-O14’ 97.7(3) O21’’-Mn3-O10 97.1(3) 
O2-Mn1-O4 171.8(3) O4-Mn3-O21’’ 167.5(3) 

O14’-Mn1-O5 173.5(4) O3-Mn3-O11 168.9(4) 
O3-Mn1-O1 174.0(4) O10-Mn3-O19’ 176.4(3) 

    
O8-Mn2-O9 66.4(3) O19’-Mn4-O21’’ 72.4(2) 

O8-Mn2-O22 77.1(2) O12-Mn4-O20’’ 80.1(3) 
O9-Mn2-O22 77.43(19) O14-Mn4-O20’’ 83.0(3) 

O8-Mn2-O22’’ 79.3(2) O12-Mn4-O21’’ 84.6(3) 
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Bond  Bond Angle (°)  Bond  Bond Angle (°)  

O9-Mn2-O22’’ 79.6(2) O12-Mn4-O19’ 85.1(3) 
O7A-Mn2-O8 91.2(4) O13-Mn4-O14 89.6(2) 
O3-Mn2-O22’’ 95.0(5) O13-Mn4-O19’ 89.8(2) 
O7A-Mn2-O22 95.3(3) O12-Mn4-O13 91.0(3) 

O3-Mn2-O9 98.9(3) O20’’-Mn4-O21’’ 93.1(3) 
O7A-Mn2-O22’’ 100.2(5) O14-Mn4-O21’’ 99.8(2) 

O3-Mn2-O7A 103.6(4) O13-Mn4-O20’’ 103.4(3) 
O3-Mn2-O22 103.7(3) O14-Mn4-O19’ 112.1(2) 

O22’’-Mn2-O22 152.2(3) O20’’-Mn4-O19’ 160.2(3) 
O7A-Mn2-O9 157.3(4) O13-Mn4-O21’’ 161.9(2) 
O3-Mn2-O8 165.0(3) O12-Mn4-O14 162.8(3) 

    
O17-Mn5-O18’ 76.4(3) O13-Mn5-O18 93.6(3) 
O17-Mn5-O18 83.4(3) O13-Mn5-O15 93.8(3) 

O17-Mn5-O16’’ 86.2(3) O13-Mn5-O16’’ 96.9(3) 
O18-Mn5-O18’ 86.5(3) O13-Mn5-O18’ 100.3(2) 
O18-Mn5-O16’’ 88.7(3) O16’’-Mn5-O18’ 162.4(3) 
O17-Mn5-O15 89.0(3) O15-Mn5-O18 172.0(3) 
O15-Mn5-O18’ 89.1(2) O13-Mn5-O17 175.7(4) 
O15-Mn5-O16’’ 93.5(3)   

 

The system packs tightly without any voids for solvents. The packing arrangement is stabilised by 

π-π stacking of the phenyl rings belonging to the phenylphosphonate groups which is evident from 

the packing diagram along the b-axis (Figure 7.22). Along the crystallographic c-axis the complex 

packs in an interpenetrated honeycomb type arrangement with a screw axis running along it. 

 

Figure 7.22: Packing diagram for compound 7.2. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P 

(pink), C (black) and O (red). All hydrogen atoms have been removed for clarity.  
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7.2.2 Physicochemical Characterisation 

The infrared spectrum of compound 7.2 (Figure 7.23) is consistent with the structure determined 

by XRD. The vibrational mode at 3440 cm-1 corresponds to the –OH stretching vibrations of the 

hydrogen bonded methanol molecules.633, 634 The signal centred at 2930 cm-1 can be attributed to 

the C-H vibrations in the organic ligands.617 The vibrational modes at 1416 and 1540 cm-1 

correspond to the symmetric and asymmetric stretching modes of the carboxylate groups and the 

gap between the two peaks is in agreement with that observed for bidentate bridging carboxylate 

groups.618 Additional peaks in the same range are due to the vibrations of the organic moieties – 

both aliphatic and aromatic.617 The strong peak at 980 cm-1 range corresponds to the stretching of 

the phosphonate group.621-623 

 

Figure 7.23: Infrared spectrum of compound 7.2. 

Further characterisation of this compound was not carried out due to poor yields. A more detailed 

characterisation of an asymmetric analogue of this complex however, has been described in the 

following discussion. 
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7.3 [MnII
5MnIII

10(µ3-O)4((CH3)3CCO2)7.15(CH3CO2)4.85(C6H5PO3)6(µ-CH3O)6(µ3-

CH3O)2(CH3OH)5]·2CH3CN·CH3OH (7.3) 

Refluxing KMnO4, Mn(CH3COO)2·4H2O, pivalic acid and acetic acid in a ratio of 1:5:10:20 in presence 

of phenylphosphonic acid and 2,6-pyridinedimethanol in a mixture of CH3CN and CH3OH leads to 

the formation of compound 7.3. Crystals of compound 7.3 were obtained within a day and they 

were characterised by single crystal X-ray diffraction. 

7.3.1 Structure description 

Compound 7.3 crystallises in a trigonal crystal system and the structure solution was obtained in 

the space group 𝑅3 . This compound contains a pentadecanuclear complex, [MnII
5MnIII

10(µ3-

O)4((CH3)3CCO2)7.15(CH3CO2)4.85(C6H5PO3)6(µ-CH3O)6(µ3-CH3O)2(CH3OH)5] (Figure 7.24) and the 

asymmetric unit of this complex contains the whole molecule. The core of this complex can be 

described as an augmented truncated tetrahedron and is very similar to that of compound 7.2. 

Mn1-Mn3 here can be compared with Mn2 and its symmetry equivalents of compound 7.2 while 

Mn4-Mn9 resemble Mn1 and Mn3, and their symmetry equivalents of compound 7.2. In the same 

way, Mn10-Mn12 and Mn13-Mn15 can be considered equivalent to Mn4 and Mn5 of compound 

7.2 respectively. The P centres of the phosphonate groups are ~0.69 and 1.67 Å above the 

hexagonal and pentagonal faces respectively, similar to compound 7.2 and the µ3-O2- and µ3-CH3O- 

groups also reside in positions similar to those observed in compound 7.2. Some of the sites 

occupied by pivalate ligands in compound 7.2 have been replaced with acetate ligands – partially 

in some cases and completely in others.  

 

Figure 7.24: Crystal structure of the dodecanuclear compound 7.3. For clarity, only the parts with 

the highest occupancies are shown. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P (pink), C (black) 

and O (red). All hydrogen atoms (grey) except those of the µ3-OH- group have been removed for 

clarity. 
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Unlike compound 7.2 however, the structure was found to be heavily disordered. The phosphonate 

groups binding to the pentagonal faces in 5.221 mode are disordered in two and three positions 

with roughly equal occupancies. There is additional disorder on the tert-butyl and methanol groups. 

Due to the disorder, the sharing of octahedra cannot be uniquely defined and thus has not been 

attempted. Considering the structural similarities however, the sharing should be similar to that 

observed in compound 7.2. 

Although there are only minor structural differences between compound 7.3 and 7.2 in terms of 

the coordination environment of Mn centres, bond-distances (Table 7.14) and bond angles (Table 

7.15), the electronic structure shows some notable differences as indicated by bond valence sum 

analysis (Table 7.14 and Table 7.16). Unlike compound 7.2 where nine Mn centres are in oxidation 

state +III, compound 7.3 contains ten Mn centres that reside in +III oxidation state. Here Mn1, Mn2 

and Mn10-Mn12 are in +II oxidation state while the rest are in the +III oxidation state. Mn3 serves 

as the additional Mn centre exhibiting the higher oxidation state which lowers the overall symmetry 

of the molecule.  

 

Figure 7.25: The coordination environment of (a) Mn1-Mn3 and (b) Mn4-Mn9. Only the parts 

with the largest occupancy are shown here. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P (pink), C 

(black) and O (red).  

Mn1, Mn2 and Mn3 are stabilised by two µ3-CH3O- groups (O2 and O4). The coordination 

environment of Mn1 and Mn2 is further fulfilled by a µ3-O2- group and O-donors from two phenyl 

phosphonate groups and a partially occupied pivalate and acetate groups with the Mn-O distances 

ranging between 2.1 and 2.4 Å. The coordination environment of Mn3 is fulfilled by a µ3-O2- group 

and O-donors from two phenyl phosphonate groups and a disordered acetate group that binds to 

Mn4 and Mn5 (Figure 7.25 (a)). Although the structure is heavily disordered, the Mn-O distances 

for Mn3 clearly confirm the presence of Jahn-Teller distortion thereby indicating Mn3 to be in +III 

oxidation state which is in agreement with the result obtained from the bond valence sum analysis. 
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The Jahn-Teller axis is directed along the two phosphonate groups and the Mn-O bond is ~2.3 Å 

long. The Mn-O distances perpendicular to the Jahn-Teller axis are ~1.9 Å. The octahedra of Mn1-

Mn3 are distorted as indicated by angle variance, distortion index and continuous shape measure 

values (Table 7.17) and this is partly due to the disorder which makes it difficult to determine the 

true extent of distortion. For this compound, all distortion parameters have been determined using 

centres with highest occupancies. 

Table 7.14: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 7.3. 

Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn1 

O5 2.057(10) 

2.191 +II 

O1 2.080(8) 
O7A 2.100(18) 
O2 2.243(8) 

O3A 2.256(15) 
O4 2.321(10) 

     

Mn2 

O8 2.049(10) 

1.974 +II 

O10 2.096(8) 
O7A 2.203(18) 
O2 2.247(8) 
O4 2.327(10) 

O11A 2.409(10) 
     

Mn3 

O12 1.856(8) 

3.203 +III 

O13A 1.904(19) 
O4 1.912(9) 
O2 1.920(8) 

O3A 2.209(14) 
O14A 2.476(12) 

     

Mn4 

O12 1.845(9) 

3.139 +III 

O17 1.887(8) 
O15 1.926(10) 

O14A 2.002(13) 
O43 2.282(9) 

O16A 2.30(3) 
     

Mn5 

O12 1.859(9) 

3.290 +III 

O17 1.884(8) 
O20A 1.907(12) 
O19 1.928(11) 
O21 2.262(8) 

O18A 2.28(3) 
     

Mn6 

O1 1.856(7) 

3.275 +III 

O26 1.920(8) 
O25 1.929(7) 

O23A 1.948(12) 
O24A 2.142(17) 
O22 2.254(7) 
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Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn7 

O1 1.858(7) 

2.967 +III 

O26 1.915(8) 
O27 1.929(8) 

O30A 2.046(13) 
O28 2.254(7) 

O29A 2.386(18) 
     

Mn8 

O31A 1.845(13) 

3.291 +III 

O10 1.848(7) 
O35 1.921(8) 
O33 1.931(8) 
O34 2.260(7) 

O32A 2.412(17) 
     

Mn9 

O10 1.846(7) 

3.095 +III 

O35 1.918(8) 
O37 1.939(7) 

O39A 2.085(14) 
O38A 2.135(16) 
O36 2.266(7) 

     

Mn10 

O42 2.140(8) 

2.095 +II 

O40 2.148(8) 
O36 2.168(7) 
O41 2.169(10) 
O43 2.191(7) 

O39A 2.276(13) 
     

Mn11 

O45 2.142(8) 

2.097 +II 

O46 2.142(8) 
O44 2.161(9) 
O22 2.168(7) 
O21 2.201(7) 

O23B 2.277(13) 
     

Mn12 

O48 2.158(8) 

1.991 +II 

O47 2.159(8) 
O49 2.166(8) 
O28 2.172(7) 
O34 2.182(7) 

O30A 2.409(16) 
     

Mn13 

O49 1.883(7) 

3.134 +III 

O54 1.889(7) 
O53 2.044(10) 
O50 2.049(10) 
O52 2.102(8) 
O51 2.106(8) 

     

Mn14 

O54 1.872(8) 

3.154 +III 

O42 1.873(8) 
O55 2.006(9) 
O56 2.054(9) 
O51 2.135(7) 
O57 2.149(8) 
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Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn15 

O54 1.868(8) 

3.160 +III 

O45 1.875(8) 
O59 2.002(9) 
O58 2.055(9) 
O57 2.138(8) 
O52 2.149(8) 

     

Metals Distance (Å) Metals Distance (Å)  

Mn1-Mn2 3.203(3) Mn6-Mn7 2.845(3)  
Mn1-Mn3 3.089(2) Mn6-Mn11 3.454(2)  
Mn1-Mn6 3.571(2) Mn7-Mn12 3.509(4)  
Mn1-Mn7 3.565(2) Mn8-Mn9 2.844(2)  
Mn2-Mn3 3.087(3) Mn8-Mn12 3.504(2)  
Mn2-Mn8 3.565(3) Mn9-Mn10 3.454(2)  
Mn2-Mn9 3.574(4) Mn10-Mn14 3.541(2)  
Mn3-Mn4 3.333(3) Mn11-Mn15 3.540(3)  
Mn3-Mn5 3.331(3) Mn12-Mn13 3.565(2)  
Mn4-Mn5 2.826(4) Mn13-Mn14 3.009(2)  

Mn4-Mn10 3.533(4) Mn13-Mn15 3.010(3)  
Mn5-Mn11 3.534(2) Mn14-Mn15 3.007(3)  

 

The coordination environment of Mn4 and Mn5 is fulfilled by a µ3-O2- group and O-donors from a 

µ-CH3O- group, a pivalate group, two phenyl phosphonate groups with the final coordination site 

being partially occupied by the acetate group that binds to Mn3 in addition to a partially occupied 

CH3OH O-donor (Figure 7.25 (b)). The Jahn-Teller axis of both is directed towards this disordered 

site and the O-donor of the phosphonate located opposite to it with the Mn-O distance being ~2.3 

Å. The Mn-O distances perpendicular to the Jahn-Teller axis are ~1.9 Å. The coordination 

environment of Mn6-Mn9 is similar to that of Mn4 and Mn5 with the exception of the disordered 

site which in this case, is fully occupied by the O-donor of a disordered CH3OH molecule.  The Mn-

O distances are similar to those observed for Mn4 and Mn5.   

Table 7.15: Selected bond angles for compound 7.3. 

Bond  Bond Angle (°)  Bond  Bond Angle (°)  

O2-Mn1-O4 62.0(3) O10-Mn8-O35 81.4(3) 
O3A-Mn1-O4 69.9(5) O31A-Mn8-O32A 83.4(6) 
O2-Mn1-O3A 74.4(4) O33-Mn8-O32A 83.7(6) 
O7A-Mn1-O2 74.4(6) O35-Mn8-O32A 85.4(5) 
O7A-Mn1-O4 84.7(5) O35-Mn8-O34 88.4(3) 
O5-Mn1-O4 89.2(4) O31A-Mn8-O33 90.4(5) 

O1-Mn1-O7A 96.6(5) O35-Mn8-O33 90.4(3) 
O5-Mn1-O7A 97.8(6) O10-Mn8-O32A 90.6(6) 
O1-Mn1-O2 101.1(3) O10-Mn8-O34 91.8(3) 

O1-Mn1-O3A 101.3(5) O33-Mn8-O34 93.0(3) 
O5-Mn1-O3A 103.2(5) O31A-Mn8-O10 96.7(5) 
O5-Mn1-O1 108.2(4) O31A-Mn8-O34 102.8(5) 

O7A-Mn1-O3A 146.5(6) O31A-Mn8-O35 168.7(5) 
O5-Mn1-O2 150.5(4) O10-Mn8-O33 170.4(3) 
O1-Mn1-O4 162.1(3) O34-Mn8-O32A 173.0(5) 
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Bond  Bond Angle (°)  Bond  Bond Angle (°)  

O2-Mn2-O4 61.8(3) O39A-Mn9-O36 73.8(4) 
O7A-Mn2-O2 72.4(5) O10-Mn9-O35 81.6(3) 

O8-Mn2-O11A 79.4(4) O37-Mn9-O38A 87.2(5) 
O7A-Mn2-O4 82.4(5) O35-Mn9-O36 88.2(3) 

O10-Mn2-O11A 85.7(4) O37-Mn9-O39A 89.4(4) 
O8-Mn2-O4 88.9(4) O10-Mn9-O38A 90.7(5) 

O4-Mn2-O11A 93.7(5) O35-Mn9-O37 91.0(3) 
O10-Mn2-O7A 98.5(5) O10-Mn9-O36 91.7(3) 
O8-Mn2-O7A 99.0(6) O37-Mn9-O36 91.9(3) 
O10-Mn2-O2 101.5(3) O39A-Mn9-O38A 95.5(5) 

O2-Mn2-O11A 107.0(3) O10-Mn9-O39A 98.8(4) 
O8-Mn2-O10 108.2(4) O35-Mn9-O38A 102.5(5) 
O8-Mn2-O2 150.1(4) O35-Mn9-O39A 162.0(4) 

O10-Mn2-O4 162.4(3) O38A-Mn9-O36 169.3(5) 
O7A-Mn2-O11A 175.8(6) O10-Mn9-O37 171.6(3) 

    
O12-Mn3-O14A 62.2(4) O36-Mn10-O39A 72.1(4) 

O4-Mn3-O2 75.7(4) O40-Mn10-O39A 78.2(4) 
O4-Mn3-O3A 78.6(5) O40-Mn10-O41 80.1(3) 
O2-Mn3-O3A 82.1(5) O41-Mn10-O43 83.1(3) 

O13A-Mn3-O14A 86.2(16) O40-Mn10-O36 84.9(3) 
O12-Mn3-O13A 91.0(14) O42-Mn10-O43 88.7(3) 
O13A-Mn3-O3A 92.5(16) O42-Mn10-O36 89.7(3) 
O13A-Mn3-O4 95.7(14) O42-Mn10-O40 93.4(3) 
O12-Mn3-O2 97.6(4) O42-Mn10-O41 97.7(4) 

O12-Mn3-O3A 100.8(5) O41-Mn10-O39A 98.2(4) 
O2-Mn3-O14A 101.2(4) O43-Mn10-O39A 104.4(4) 
O4-Mn3-O14A 118.4(4) O36-Mn10-O43 111.7(3) 

O3A-Mn3-O14A 163.0(5) O42-Mn10-O39A 160.4(4) 
O13A-Mn3-O2 170.6(15) O40-Mn10-O43 163.2(3) 
O12-Mn3-O4 173.3(4) O36-Mn10-O41 163.6(3) 

    
O12-Mn4-O14A 73.3(4) O22-Mn11-O23B 71.0(4) 
O15-Mn4-O16A 79.0(9) O46-Mn11-O23B 78.8(4) 
O12-Mn4-O17 81.8(3) O46-Mn11-O44 80.2(4) 

O14A-Mn4-O16A 83.6(10) O44-Mn11-O21 83.0(3) 
O17-Mn4-O16A 84.4(9) O46-Mn11-O22 85.0(3) 
O12-Mn4-O43 86.5(3) O45-Mn11-O21 89.4(3) 
O17-Mn4-O43 88.9(3) O45-Mn11-O22 90.4(3) 
O17-Mn4-O15 91.4(4) O46-Mn11-O45 93.1(3) 
O15-Mn4-O43 93.9(4) O45-Mn11-O44 97.7(4) 

O12-Mn4-O16A 99.8(9) O44-Mn11-O23B 98.7(5) 
O14A-Mn4-O43 105.7(4) O21-Mn11-O23B 103.5(4) 
O15-Mn4-O14A 112.9(5) O22-Mn11-O21 111.6(3) 
O17-Mn4-O14A 150.1(5) O45-Mn11-O23B 160.2(4) 
O43-Mn4-O16A 170.1(9) O46-Mn11-O21 163.2(3) 
O12-Mn4-O15 173.3(4) O44-Mn11-O22 163.5(4) 

    
O20A-Mn5-O18A 75.8(10) O28-Mn12-O30A 68.7(4) 
O20A-Mn5-O19 77.6(6) O47-Mn12-O30A 77.9(4) 
O12-Mn5-O18A 80.2(8) O48-Mn12-O47 80.3(3) 
O12-Mn5-O17 81.6(3) O47-Mn12-O28 83.5(3) 
O12-Mn5-O21 86.0(3) O48-Mn12-O34 84.0(3) 
O17-Mn5-O21 88.9(3) O49-Mn12-O34 88.9(3) 
O17-Mn5-O19 91.7(4) O49-Mn12-O28 89.2(3) 

O17-Mn5-O18A 93.8(8) O48-Mn12-O49 93.9(4) 
O19-Mn5-O21 94.6(4) O47-Mn12-O49 94.3(4) 

O19-Mn5-O18A 99.6(8) O34-Mn12-O30A 104.5(4) 
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Bond  Bond Angle (°)  Bond  Bond Angle (°)  

O20A-Mn5-O21 104.5(5) O48-Mn12-O30A 105.8(4) 
O12-Mn5-O20A 108.7(5) O28-Mn12-O34 112.1(3) 
O17-Mn5-O20A 163.4(5) O49-Mn12-O30A 157.1(4) 
O21-Mn5-O18A 165.4(7) O48-Mn12-O28 163.7(3) 
O12-Mn5-O19 173.3(5) O47-Mn12-O34 164.2(3) 

    
O1-Mn6-O26 81.8(3) O54-Mn13-O51 80.6(3) 

O23A-Mn6-O24A 84.5(6) O54-Mn13-O52 80.8(3) 
O23A-Mn6-O22 84.9(4) O52-Mn13-O51 86.2(3) 
O25-Mn6-O24A 87.7(5) O54-Mn13-O53 86.9(4) 
O26-Mn6-O22 88.4(3) O54-Mn13-O50 87.2(4) 

O25-Mn6-O23A 89.2(6) O53-Mn13-O52 87.9(3) 
O1-Mn6-O24A 90.3(5) O50-Mn13-O51 88.0(3) 
O26-Mn6-O25 91.1(3) O49-Mn13-O50 95.0(4) 
O1-Mn6-O22 91.2(3) O49-Mn13-O53 95.3(4) 

O25-Mn6-O22 92.2(3) O53-Mn13-O50 95.4(4) 
O1-Mn6-O23A 98.3(6) O49-Mn13-O52 96.8(3) 

O26-Mn6-O24A 102.2(5) O49-Mn13-O51 97.1(3) 
O24A-Mn6-O22 169.4(5) O53-Mn13-O51 166.9(4) 

O1-Mn6-O25 172.0(3) O50-Mn13-O52 167.4(4) 
O26-Mn6-O23A 173.3(5) O49-Mn13-O54 176.7(3) 

    
O30A-Mn7-O28 74.0(5) O54-Mn14-O51 80.2(3) 

O1-Mn7-O26 81.8(3) O54-Mn14-O57 80.2(3) 
O27-Mn7-O29A 83.6(6) O51-Mn14-O57 84.6(3) 
O26-Mn7-O29A 85.3(5) O54-Mn14-O56 87.1(4) 
O26-Mn7-O28 89.1(3) O55-Mn14-O51 88.5(3) 
O26-Mn7-O27 90.6(3) O54-Mn14-O55 88.7(4) 
O1-Mn7-O29A 90.9(6) O56-Mn14-O57 89.1(3) 

O27-Mn7-O30A 91.5(5) O42-Mn14-O56 94.6(3) 
O1-Mn7-O28 91.8(3) O42-Mn14-O55 94.8(4) 

O27-Mn7-O28 92.9(3) O55-Mn14-O56 95.5(4) 
O1-Mn7-O30A 97.1(4) O42-Mn14-O57 96.1(3) 

O30A-Mn7-O29A 111.7(6) O42-Mn14-O51 97.8(3) 
O26-Mn7-O30A 163.0(5) O56-Mn14-O51 166.6(3) 

O1-Mn7-O27 171.1(3) O55-Mn14-O57 167.8(4) 
O28-Mn7-O29A 173.4(5) O54-Mn14-O42 176.0(3) 

    
O54-Mn15-O52 80.0(3) O45-Mn15-O59 94.7(4) 
O54-Mn15-O57 80.6(3) O59-Mn15-O58 95.5(4) 
O57-Mn15-O52 84.5(3) O45-Mn15-O57 96.0(3) 
O54-Mn15-O58 87.2(3) O45-Mn15-O52 98.0(3) 
O59-Mn15-O52 88.3(3) O58-Mn15-O52 166.6(3) 
O54-Mn15-O59 88.5(4) O59-Mn15-O57 167.9(4) 
O58-Mn15-O57 89.4(3) O54-Mn15-O45 176.2(3) 
O45-Mn15-O58 94.5(3)   

 

Table 7.16: BVS analysis for O atoms and their assigned protonation state in compound 7.3. 

Atom BVS Assignment 

O1 1.995 µ3-O2- 
O10 2.018 µ3-O2- 
O12 2.331 µ3-O2- 
O54 2.191 µ3-O2- 
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Mn10-Mn12 are bound to the O-donors of a µ-CH3O- group, two pivalate groups and three phenyl 

phosphonate groups with the Mn-O distance varying between 2.1 and 2.4 Å (Figure 7.26 (a)). The 

triangular {Mn3} unit comprising of Mn13-Mn15 is centred around a µ3-O2- group (Figure 7.26 (b)). 

The coordination environment of Mn13 is fulfilled by the O-donors of a µ-CH3O- group, two acetate 

groups and two phenyl phosphonate groups. Mn14 and Mn15 have a similar coordination 

environment with the exception of one of the acetate groups which is replaced with a partially 

occupied acetate and pivalate group with the acetate having the major occupancy (75%). The 

coordination environment of these three Mn centres is the least disordered but based on the Mn-

O distances, it is not very clear whether the Jahn-Teller distortion leads to elongation or 

compression. Knowledge of how the d-orbitals are filled can provide a definite answer and DFT 

calculations on this complex will be carried out in the future to better understand the electronic 

picture of this complex. If one assumes that these Mn centres are axially compressed, the Jahn-

Teller axis is directed along the µ3-O2- group and the µ-CH3O- group located opposite to it with Mn-

O bond being ~1.9 Å. The Mn-O distance for these Mn centres lies between 2.0 and 2.1 Å in the 

direction perpendicular to the Jahn-Teller axis. 

 

Figure 7.26: The coordination environment of (a) Mn10-Mn12 and (b) Mn13-Mn15. Only the parts 

with the largest occupancy are shown here. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P (pink), C 

(black) and O (red).  

The packing of this complex, unlike compound 7.2, allows for solvent molecules to be trapped in 

the triangular voids that are directed along the crystallographic c-axis (Figure 7.27). Due to the 

crystal quality, these molecules could not be structurally resolved and the electron density due to 

these molecules (corresponding to 1583 electrons) was subjected to the ‘squeeze’ routine as 

implemented in the PLATON code.629, 635 The treated electron density may correspond to one CH3OH 

and two CH3CN molecules per formula unit. The largest spherical voids holding these molecules are 

4.6 Å in radius and these voids are connected to each other via channels that can be penetrated by 

a sphere of radius 2.4 Å as calculated using the ‘calcvoid’ routine of OLEX2 code.616  
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Figure 7.27: Packing diagram of compound 7.3. Only the parts with the largest occupancy are 

shown here. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P (pink), C (black) and O (red). All 

hydrogen atoms (grey) except those of the µ3-OH- group have been removed for clarity. 

Table 7.17: Continuous shape measure values, angle variance and distortion indices (using the 

ideal octahedral geometry as a reference) for each Mn centre for compound 7.2. 

Mn centre  Continuous shape measure 
value  

Angle variance (σ2)   Distortion Index  

Mn1 3.170 233.11 0.1457 
Mn2 3.216 201.30 0.1273 
Mn3 1.889 211.84 0.1221 
Mn4 3.121 130.64 0.0984 
Mn5 2.964 111.80 0.0949 
Mn6 1.352 32.48 0.0451 
Mn7 2.349 83.95 0.0672 
Mn8 2.136 36.60 0.0498 
Mn9 1.694 56.03 0.0568 

Mn10 2.499 131.76 0.1007 
Mn11 3.182 131.85 0.0994 
Mn12 3.105 159.66 0.1095 
Mn13 0.625 35.65 0.0571 
Mn14 0.686 36.99 0.0556 
Mn15 0.697 36.78 0.0555 
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7.3.2 Physicochemical characterisation  

Physicochemical characterisation was carried out to further support the structural model obtained 

using single crystal X-ray crystallography. Unlike compound 7.2 which forms block like crystals, 

compound 7.3 crystallises as micro-sized hollow rods which has been confirmed by SEM analysis 

(Figure 7.28 (a)). The phase purity of the sample was confirmed using PXRD (Figure 7.28 (b)). The 

peak broadening observed in the PXRD pattern indicates partial loss of crystallinity.  

TGA analysis (Figure 7.29) of air dried compound 7.3 under an atmosphere of N2 reveals a drop up 

to ~80 °C which represents the loss of the solvent molecules (one CH3OH and two CH3CN molecules 

per formula unit) trapped in the lattice (weight loss calcd: 3.4 %, found: 3.7 %). The next drop up to 

~170 °C is due to the loss of water and methanol molecules bound to the complex (weight loss 

calcd: 5.2 %, found: 5.1 %). This is followed by the loss of acetate groups and pivalate groups up to 

~500 °C (weight loss calcd: 29.3 %, found: ~31 %) which is succeeded by, based on the weight loss, 

the partial decomposition of the phosphonate groups up to ~600 °C. The gradual weight loss at 

higher temperatures most likely corresponds to the formation of phosphate and oxide species.  

 

Figure 7.29: TGA analysis of compound 7.3. 

Figure 7.28: (a) Scanning electron micrograph and (b) PXRD pattern for compound 7.3. 
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The infrared spectrum of compound 7.3 (Figure 7.30) is consistent with the structure determined 

by XRD. The broad distinctive feature around 2960 cm-1 is due to the C-H vibrations in the organic 

ligands.617 The strong vibration mode at 1402 cm-1 corresponds to the symmetric carboxylate 

stretching while that at 1558 cm-1 corresponds to the asymmetric stretching which is in line with 

the behaviour observed for bidentate bridging carboxylate groups.618 Other vibrations observed in 

the same region are due to tert-butyl groups.617 The intense peak at 976 cm-1 and the shoulder 

attached to it corresponds to the stretching of the phosphonate group.621-623  

 

 

 

Figure 7.30: Infrared spectrum of compound 7.3. 

 

7.3.3 Magnetic properties 

The temperature dependence of magnetic susceptibility was determined in the temperature range 

of 4-300 K (Figure 7.31). The room temperature χT value of 44 cm3 K mol-1 is significantly lower than 

the expected value of 51.875 cm3 K mol-1 for a system with 5 MnII (S = 5/2) centres and 10 MnIII (S 

= 2) centres. This suggests that the coupling between the Mn centres is dominantly 

antiferromagnetic. This is further confirmed by the behaviour observed upon lowering the 

temperature when the χT value decreases and reaches 13 cm3 K mol-1 at 4 K. Considering that even 

at 4 K, the χT value is quite high, the presence of ferromagnetic coupling cannot be ruled out. 

Additionally, the presence of multiple {Mn3} triangular units and odd number of unpaired spins can 

result in spin frustration leading to ground states with larger overall spin.528, 578  
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Figure 7.31: Temperature dependence of magnetic susceptibility (χT) of compound 7.3. 

 

7.3.4 Electrochemical studies 

For consistency, the electrochemical properties of compound 7.3 were investigated using modified 

carbon paste electrodes which were prepared by dispersing compound 7.3 in commercially 

available carbon paste. Cyclic voltammetry of compound 7.3 at a scan rate of 50 mV/s in potassium 

phosphate buffer at pH 7.2 (KPi, 50 mM) using KNO3 (1 M) as electrolyte, results in a strong catalytic 

wave (Figure 7.32).  

 

Figure 7.32: Cyclic voltammograms for compound 7.3 (40 wt-% loading) in a KPi buffer solution at 

pH 7.2.  
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To investigate the kinetic profile of this reaction, linear sweep voltammetry experiments with 

varying catalytic loadings were performed using a rotating disk electrode packed with carbon paste 

mixture. These experiments were performed at a low scan rate of 1 mV/s to ensure steady state 

conditions with the catalytic loading varied between 10 and 40 wt-%. Loadings higher than 40 wt-

% made the blend brittle and hence were not used. Within 10-40 wt-% catalyst loading range, 

higher loadings lead to higher current densities (Figure 7.33). Unlike compound 7.1 however, the 

onset overpotential and Tafel slopes beyond 20 wt-% loading does not vary with catalyst loading 

(Table 7.18 and Figure 7.34). With 40 wt-% loading, the onset potential was determined to be 521 

mV dec-1 and the Tafel slope was determined to be 220 mV dec-1 in the overpotential range of 500-

650 mV. For 30 and 40 wt-% loading, the Tafel slope decreases to 107 and 100 mV dec-1 respectively 

in the 650-700 mV overpotential range. The Tafel slope above 700 mV of overpotential for 30 and 

40 wt-% catalyst loading was found to be 750 mV dec-1. 

Table 7.18: The onset overpotential and Tafel slope for water oxidation with compound 7.3 at 

different loadings. 

Loading Onset overpotential (mV)   Tafel slope (mV dec-1) 

10% 605 218 
20% 516 225 
30% 512 230 
40% 521 220 

 

 

Figure 7.33: Linear sweep voltammograms for compound 7.3 at different loadings. 

Successive linear sweep experiments were conducted to determine the stability of the complex 

under repeated application of varying potential over an extended period and to obtain further 

insight into the electrochemical behaviour of this complex. It was observed that during the 50 linear 

sweep cycles performed, the current density increases with each cycle (Figure 7.35 (a)). From the 

15th cycle, an additional redox peak can be observed at ~50 mV of overpotential (or ~0.85 V vs NHE). 
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The Tafel slope in the overpotential range of 500-650 mV increases from 220 to 409 mV dec-1 up to 

the 10th cycle (Figure 7.35 (b)) and then decreases to 397 mV dec-1 by the 15th cycle and achieves a 

constant value of ~380 mV dec-1 from the 25th cycle. The Tafel slope in the overpotential range of 

700-800 mV decreases from 750 mV dec-1 and reaches a fairly constant value of 250 mV dec-1 

(Figure 7.35 (c)).  

 

Figure 7.34: (a) The determined onset potentials and (b) the Tafel slope for compound 7.3 at 

different loadings. 

 

Figure 7.35: (a) Successive linear sweep voltammograms for compound 7.3 in KPi buffer 

solution at pH 7.2 and the Tafel slope observed for the different cycles calculated in the (b) 

500-650 and (c) 700-800 mV overpotential range. 
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To investigate the stability of the complex, CA was also performed for 16 hours at an applied 

potential of 1.56 V (vs NHE). The current density, after decreasing for some time due to capacitance 

effects,632 increases (Figure 7.36 (a)). Further investigation on the time required for the current 

density to stabilise was not studied but cyclic voltammetry and linear sweep voltammetry 

experiments were performed after CA.  A broad new peak can be observed around ~1.06 V (vs NHE) 

(Figure 7.37 (a)) with some additional redox activity occurring at higher potential (Figure 7.37 (b)).  

 

Figure 7.36: CA data for compound 7.3 at (a) 1.56 V and (b) 1.41 V vs NHE in KPi buffer solution at 

pH 7.2. 

 

Figure 7.37: (a) Cyclic voltammograms and (b) linear sweep voltammograms for compound 7.3 in 

KPi buffer solution at pH 7.2 before and after CA. 

CA experiment was also carried out at 1.41.V vs NHE for 5 hours (Figure 7.36 (b)) to determine the 

electrochemical behaviour at η < 700 mV. The observed activity was found to remain constant at 

this potential.  

Leaching during chronoamperometry was also investigated and for this purpose, linear sweep 

voltammetry was conducted with a rotating disk glassy carbon electrode was performed before and 

after chronoamperometry using the same buffer solution. The current density increases from 0.13 

mA cm-2 to 0.37 mA cm-2 after the CA at 1.56 V vs NHE indicating that there is some leaching (Figure 
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7.38). The overall current density however, is negligible compared to that observed for compound 

7.3 (Figure 7.35) suggesting that the observed activity cannot be attributed to the leached product 

but has to be due to species derived from compound 7.3. 

 

Figure 7.38: Linear sweep voltammograms using glassy carbon electrodes of the buffer solution 

before and after chronoamperometry. 

From a structural perspective, this complex contains numerous sites for potential OER activity. The 

Mn(III) centres Mn4-Mn9 are coordinated to CH3OH molecules which can easily be replaced with 

water molecules to initiate the OER. Cyclic voltammetry indeed reveals a catalytic wave 

corresponding to water oxidation. The similarity in the behaviour of the 1st and the 4th cycle 

indicates that there is no observable decomposition during this period which implies that the initial 

activity must be derived from compound 7.3. It is quite interesting to see that the catalyst loading 

does not affect the initial activity as highlighted by the similar Tafel slopes. The activity at higher 

overpotentials however, does change and the Tafel slope goes down from 220 to 100 mV dec-1 for 

40 wt-% loading. Such an increase in activity suggests a change in the mechanism pointing to the 

presence of multiple active sites per molecule. The increase in the Tafel slope above 700 mV of 

overpotential is possibly due to mass transfer effects. 

During the successive linear sweep experiments, there is a significant increase in the current density 

on advancing from the first to the second cycle indicating that the complex undergoes some initial 

transformations which may be associated with the substitution of the CH3OH groups with water 

molecules. The additional peak that appears in the 15th cycle and the cycles that follow at ~50 mV 

of overpotential (or ~0.85 V vs NHE) indicates further transformation of the complex. During this 

experiment the Tafel slope in the overpotential range of 500-650 mV increases from 220 to 409 mV 

dec-1 up to the 10th cycle (Figure 7.35 (b)) indicating a decrease in the activity suggesting that that 
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the complex is decomposing. The Tafel slope then decreases to 397 mV dec-1 by the 15th cycle and 

achieves a constant value of ~380 mV dec-1 from the 25th cycle indicating that the complex has 

transformed to a species that is less active compared to the active species derived from compound 

7.3. The Tafel slope in the overpotential range of 700-800 mV shows a contrasting behaviour (Figure 

7.35 (c)). The Tafel slope in this range decreases from 750 mV dec-1 and reaches a fairly constant 

value of 250 mV dec-1 suggesting that this transformed species is quite active at higher 

overpotentials. Since this decrease in the Tafel slope is observed only at higher overpotentials, it 

can be concluded that the activity observed at lower overpotentials is due to a species derived from 

the compound 7.3.  

CA performed at an applied potential of 1.56 V (vs NHE) shows a constant increase in the current 

density (Figure 7.36 (a)) which is consistent with the successive LSV experiment where the 

transformation of compound 7.3 to a species active above an overpotential of 700 mV was 

observed. Cyclic voltammetry performed after the CA experiment at 1.56 V vs. NHE reveals a broad 

new peak around ~1.06 V (vs NHE) (Figure 7.37 (a)). The additional peak at ~1.06 V suggests that 

the transformed species is Mn2O3.628 

The CA experiment at 1.41.V vs NHE shows a constant current density for 5 hours. This suggests 

that compound 7.3 is quite stable at this potential. This suggests that compound 7.3 can promote 

water oxidation for extended periods without rapid degradation. In light of this experiments it can 

be proposed that the decomposition behaviour observed in the other experiments could be due to 

application of higher potential. However, further work is required to substantiate this proposition.  
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7.4 [MnII
4MnIII

10(µ3-O)4(µ3-OH)2(µ-CH3O)9(CH3OH)2(H2O)2((C6H5)PO3)3((CH3)3 

CCO2)10(CH3CO2)3] (7.4) 

Refluxing KMnO4, Mn(CH3COO)2·4H2O, phenylphosphonic acid and pivalic acid in a ratio of 

1:5:2.5:20 in presence of 2,6-pyridinedimethanol in a mixture of CH3CN and CH3OH results in the 

formation of compound 7.4. Dark block crystals of compound 7.4 were obtained within a week 

which were characterised by single crystal X-ray diffraction experiment.  

7.4.1 Structure description 

Compound 7.4 crystallises in the triclinic crystal system and the structure was solved in the space 

group 𝑃1̅. It contains a tetradecanuclear complex [Mn14(µ3-O)4(µ3-OH)2(µ-CH3O)9(CH3OH)2(H2O)2 

((C6H5)PO3)3((CH3)3CCO2)10(CH3CO2)3] (Figure 7.39), and the asymmetric unit again contains the 

whole complex. The core structure of this complex can be considered equivalent to a truncated 

tetrahedron where two additional Mn centres (Mn1 and Mn2) are attached to one of the hexagonal 

faces (Figure 7.40). The result of such an addition is the distortion of the two hexagonal faces that 

are in direct contact with the additional Mn centres. The structure is stabilised by two µ3-OH-, four 

µ3-O2-, nine µ-CH3O-, three phenylphosphonate and ten pivalate groups in addition to acetate, 

methanol and water molecules. What is fascinating here is the presence of acetate groups in this 

structure because the only source of acetate groups in the reaction mixture is Mn(CH3COO)2 which 

highlights the non-innocent nature of the counterion of the MnII salt. 

 

Figure 7.39: Asymmetric unit of the tetradecanuclear compound 7.4. The hydrogen bonds are 

shown with dashed lines. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P (pink), C (black) and O 

(red). All hydrogen atoms (grey) except those of the oxygen centres have been removed for 

clarity. 
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The core structure is stabilised by three phenylphosphonate groups, four µ3-O2- groups and two µ3-

OH- groups (Figure 7.41). The phenylphosphonate groups bind to the hexagonal faces with two of 

the phenylphosphonate groups (containing P1 and P2) bound to the less distorted hexagonal faces 

away from Mn1 and Mn2 in 6.222 binding mode. The third phosphonate group (containing P3) joins 

Mn1 and Mn2 to the main body and is bound to the Mn centres in 5.221 mode. The µ3-OH- groups 

(O1 and O9) and two of the µ3-O2- groups (O13 and O20) are bound to the triangular {Mn3} faces as 

depicted in Figure 7.41. The remaining two µ3-O2- groups (O4 and O14) bind Mn1 and Mn2 to the 

{Mn12} unit. The triangular faces do not correspond to equilateral triangles which is mainly due to 

the distortion induced by the additional Mn centres. A water molecule (O54) resides at the centre 

of this complex and is hydrogen bonded to both µ3-OH- groups and the µ3-O2- groups (O13 and O20) 

bound to the triangular faces. These µ3-OH- groups and the µ3-O2- groups (O13 and O20) are ~0.76 

Å below the plane of the corresponding {Mn3} unit. O4 also lies 0.309(10) Å below the {Mn3} plane 

while O14 lies in the plane.  

 

 

Figure 7.40: Comparison of the core structure of compound 7.4 with an ideal truncated 

tetrahedron. MnII and MnIII for compound 7.4 are shown in teal and dark blue respectively. 

All Mn centres reside in an octahedral coordination environment and 12 of the 14 Mn centres adopt 

different coordination environments in terms of the ligands coordinated to the Mn centres (Table 

7.19). A list of key bond distances is provided in Table 7.20. 

The oxidation state of the Mn centres was determined using bond valence sum analysis (Table 7.20) 

and the Mn centres Mn10, Mn11, Mn12 and Mn14 were found to be in +II oxidation state while all 

other were determined to be in +III oxidation state. Bond valence sum analysis was also used to 

determine the protonation state of the O atoms bound only to Mn centres (Table 7.21). The values 

obtained in some cases do not strictly meet the proposed criteria for assignment603, 604 so the 

protonation state has been decided based on the proximity of the bond valence sum value to an 

integer.  
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Figure 7.41: Core structure of compound 7.4. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P (pink), 

C (black) and O (red). All hydrogen atoms (grey) except those of the oxygen centres have been 

removed for clarity. 

Using the oxidation state of the Mn centres as a criterion, one can divide the structure into three 

parts: 

1. The additional Mn centres – Mn1 and Mn2 (unit 1). 

2. Two triangular MnIII units – Mn3, Mn4 and Mn5 (unit 2), and Mn6, Mn7 and Mn8 (unit 3). 

3. Two triangular mixed-valence units – Mn9, Mn10 and Mn11 (unit 4), and Mn12, Mn3 and 

Mn14 (unit 5). 

Table 7.19: Coordinating ligands for each Mn centre in compound 7.4. The number in bracket 

adjacent to each ligand specifies the number of the corresponding ligand molecules attached to a 

given Mn centre. The Mn centres in bold have the same set of ligands in their coordination 

environment. 

Mn centre Coordinating Ligands 

Mn1 CH3COO- (1), CH3O- (1), µ3-O2- (1), pivalate (2), phosphonate (1) 
Mn2 CH3OH (1), CH3O- (1), µ3-O2- (2), pivalate (1), phosphonate (1) 
Mn3 CH3COO- (1), µ3-OH- (1), CH3O- (1), µ3-O2- (1), pivalate (2) 

Mn4 µ3-OH- (1), CH3O- (1), µ3-O2- (1), pivalate (2), phosphonate (1) 
Mn5 µ3-OH- (1), CH3O- (3), pivalate (1), phosphonate (1) 
Mn6 CH3O- (2), µ3-O2- (1), pivalate (2), phosphonate (1) 
Mn7 CH3O- (2), µ3-O2- (1), pivalate (1), phosphonate (2) 
Mn8 CH3O- (2), µ3-O2- (1), pivalate (2), phosphonate (1) 
Mn9 µ3-OH- (1), CH3O- (2), pivalate (2), phosphonate (1) 

Mn10 CH3COO- (1), µ3-OH- (1), CH3O- (1), phosphonate (2), H2O (1) 
Mn11 CH3COO- (2), µ3-OH- (1), pivalate (2), phosphonate (1) 
Mn12 CH3COO- (1), µ3-OH- (1), CH3OH (1), µ3-O2- (1), pivalate (1), phosphonate (2) 
Mn13 CH3O- (1), µ3-O2- (2), pivalate (2), phosphonate (1) 
Mn14 CH3O- (1), µ3-O2- (1), pivalate (1), phosphonate (2) 

 

All Mn centres reside in an octahedral coordination environment and within each trinuclear unit, 

the octahedron of the Mn centres share an edge with each other besides sharing edges with the 

octahedron of the Mn centres residing in the adjacent trinuclear units. Within unit 1, the 
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octahedron of Mn1 and Mn2 are edge shared besides sharing a vertex with that of Mn3. 

Additionally, the octahedron of Mn1 shares an edge with that of Mn11 while the octahedron of 

Mn2 shares a vertex with that of Mn4 and Mn13.  

Mn1 and Mn2 of unit 1 are bound to each other by µ3-O2- (O4), µ-CH3O- (05), and a 

phenylphosphonate (P3) group (Figure 7.42). The Jahn-Teller axis for both is along the Mn-O4 bond 

but Mn1 exhibits an axial compression while Mn2 is axially elongated with the Mn1-O4 and Mn2-

O4 bond lengths being 1.818(6) and 2.216(6) Å respectively (Table 7.20). The O-donor (O50) of a 

pivalate group also binds along the Jahn-Teller axis of Mn1 to form a Mn-O bond of 1.920(6) Å while 

for Mn2, the O-donor (O53) of a CH3OH group binds along the Jahn-Teller axis and forms a Mn-O 

bond of 2.252(7) Å. The coordination environment of Mn1 is further fulfilled by the O donors of an 

acetate and another pivalate group while that of Mn2 is fulfilled by a pivalate and another µ3-O2- 

(O14) group. The pivalates bind in a 2.11 mode while the acetate group binds in a 3.21 mode. The 

distance between Mn1 and Mn2 is 2.994(2) Å which corresponds to the shortest Mn-Mn distance 

within this complex (Table 7.20). Mn1 is linked to Mn3 of unit 2 by a µ3-O2- (O4), a pivalate and an 

acetate group. Mn2 is linked to both Mn3 and Mn4 of unit 2 via µ3-O2- (O4 and O14) groups and a 

pivalate group. O14 also links Mn2 to Mn13 of unit 5 while both Mn1 and Mn2 are linked to Mn12 

of the same unit via a phosphonate group (P3). Unit 1 is also linked to unit 4 with Mn1 being linked 

to Mn11 by a phosphonate, a pivalate and an acetate and Mn2 being linked to Mn10 by only the 

phosphonate group.  

 

Figure 7.42: Coordination environment of unit 1 of compound 7.4. Colour scheme: MnII
 (teal), 

MnIII
 (dark blue), P (pink), C (black) and O (red). All hydrogen atoms have been removed for clarity. 
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Table 7.20: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 7.4. 

Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn1 

O4 1.818(6) 

3.200 +III 

O5 2.002(7) 
O6 2.183(6) 
O7 2.053(6) 

O50 1.920(6) 
O51 2.095(7) 

     

Mn2 

O3 1.998(7) 

3.125 +III 

O4 2.126(6) 
O5 1.933(6) 

O14 1.893(6) 
O47 1.926(6) 
O53 2.252(7) 

     

Mn3 

O1 1.910(6) 

3.162 +III 

O2 2.446(6) 
O4 1.854(6) 
O8 2.167(6) 

O17 1.913(6) 
O52 1.969(6) 

     

Mn4 

O1 1.926(6) 

3.233 +III 

O2 2.195(6) 
O14 1.887(6) 
O15 2.142(6) 
O18 1.923(6) 
O43 1.964(7) 

     

Mn5 

O1 1.888(6) 

3.236 +III 

O16 2.220(6) 
O17 2.106(6) 
O18 1.939(7) 
O19 1.978(6) 
O41 1.905(6) 

     

Mn6 

O16 2.018(6) 

3.123 +III 

O19 1.926(6) 
O20 2.166(6) 
O21 1.874(7) 
O37 1.949(7) 
O40 2.184(7) 

     

Mn7 

O20 1.992(7) 

2.771 +III 

O21 2.176(6) 
O22 2.037(6) 
O26 2.213(6) 
O29 1.974(7) 
O39 1.959(9) 

     

Mn8 

O20 1.902(6) 

3.214 +III 

O28 2.175(6) 
O29 1.923(7) 
O30 1.953(7) 
O35 1.954(7) 
O36 2.120(8) 
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Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn9 

O9 1.934(6) 

3.255 +III 

O28 2.231(7) 
O30 1.928(6) 
O31 1.872(6) 
O32 2.112(8) 
O34 1.955(7) 

     

Mn10 

O9 2.224(6) 

2.184 +II 

O10 2.250(6) 
O12 2.118(6) 
O27 2.196(6) 
O31 2.115(7) 
O48 2.107(7) 

     

Mn11 

O6 2.160(6) 

2.115 +II 

O7 2.307(6) 
O9 2.186(6) 

O10 2.206(6) 
O33 2.073(8) 
O49 2.161(7) 

     

Mn12 

O12 2.162(6) 

2.074 +II 

O13 2.172(6) 
O24 2.244(6) 
O27 2.249(6) 
O45 2.101(7) 
O46 2.191(7) 

     

Mn13 

O13 1.929(6) 

3.106 +III 

O14 1.923(6) 
O15 2.276(6) 
O23 1.912(7) 
O42 1.972(7) 
O44 2.144(7) 

     

Mn14 

O13 2.182(6) 

2.277 +II 

O22 2.244(6) 
O23 2.099(7) 
O24 2.177(7) 
O26 2.128(6) 
O38 2.085(8) 

     

Metals Distance (Å) Metals Distance (Å)  

Mn1-Mn2 2.994(2) Mn6-Mn8 3.593(2)  
Mn1-Mn3 3.256(2) Mn7-Mn8 2.948(2)  

Mn1-Mn11 3.326(3) Mn7-Mn14 3.249(3)  
Mn2-Mn3 3.589(2) Mn8-Mn9 3.139(2)  
Mn2-Mn4 3.275(2) Mn9-Mn10 3.086(3)  

Mn2-Mn13 3.512(2) Mn9-Mn11 3.670(3)  
Mn3-Mn4 3.129(2) Mn10-Mn11 3.305(2)  
Mn3-Mn5 3.005(2) Mn10-Mn12 3.316(2)  
Mn4-Mn5 2.915(3) Mn12-Mn13 3.636(2)  

Mn4-Mn13 3.038(2) Mn12-Mn14 3.230(2)  
Mn5-Mn6 3.104(3) Mn13-Mn14 3.136(3)  
Mn6-Mn7 3.102(2)    
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All Mn centres of unit 2 are connected to each other via the µ3-OH- group (O1) with the Mn-O1 

bond varying from 1.89-1.93 Å (Figure 7.43). The Mn centres in this unit reside in an elongated 

octahedral environment. The Jahn-Teller axes of Mn3 and Mn4 are perpendicular to each other 

directed towards the µ3-O2- (O2) group such that the Mn-O bond is 2.446(6) and 2.195(6) Å 

respectively. The O donor from an acetate (O8) and a phosphonate group (O15) also lie on the Jahn-

Teller axes of Mn3 and Mn4 respectively. The coordination environment of both Mn3 and Mn4 is 

further fulfilled by O donors from a µ3-O2-, and O-donors of a µ-CH3O- and a pivalate group with the 

Mn-O bonds varying between 1.85-1.97 Å. For Mn5, the O donor of the phosphonate group (O16) 

and a µ-CH3O- group (O17) lies along the Jahn-Teller axis forming an Mn-O bond of 2.220(6) and 

2.106(6) Å respectively. Mn5 is further bound to O donors of two µ-CH3O- groups and a pivalate 

group with the Mn-O bond varying between 1.91-1.98 Å. Mn4 and Mn5 are bridged to Mn centres 

of unit 3 and unit 5 via phenylphosphonate, pivalate and methoxy groups. 

 

Figure 7.43: Coordination environment of unit 2 of compound 7.4. Colour scheme: MnII
 (teal), 

MnIII
 (dark blue), P (pink), C (black) and O (red). All hydrogen atoms (grey) except those of the 

oxygen centres have been removed for clarity. 

The coordination environment of Mn6 consists of O donors from a µ3-O2- group (O20) and the O-

donors of a phosphonate group (O16), two µ-CH3O- groups (O19 and O21) and two pivalate groups 

(O37 and O40) with the Jahn-Teller axis lying along O40 and O20 (Figure 7.44). The Mn-O distance 

varies between 1.87 and 2.01 Å perpendicular to the Jahn-Teller axis and is ~2.2 Å along it. For both 

Mn7 and Mn8, the Jahn-Teller axis is directed towards the same phosphonate group (containing 
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P2). Mn7 is coordinated to a µ3-O2- group (O20) in addition to the O-donors of two phosphonate 

groups (O22 and O26), a pivalate group (O39) and two µ-CH3O- groups (O21 and O29). The 

coordination environment of Mn8 is fulfilled by the O-donors of two µ-CH3O- (O29 and O30), two 

pivalate groups (O35 and O36) and a phosphonate group (O28) besides O20. The Mn-O distances 

for both Mn7 and Mn8 along the Jahn-Teller axis are ~2.2 Å while perpendicular to it, the distances 

vary between 1.96 and 2.04 Å for Mn7 and 1.90 and 1.95 Å for Mn8. Mn6 and Mn8 are the only 

two Mn centres in this complex that have the same ligands fulfilling their coordination spheres. 

Mn7 is linked to each Mn centre of unit 5 via the two phosphonate groups containing P1 and P2, 

and a pivalate group besides being linked to Mn9 and Mn10 of unit 4 via a phosphonate group (P2). 

The same phosphonate group also links Mn8 to Mn9 and Mn10 of unit 4 and Mn12 of unit 5.  

 

Figure 7.44: Coordination environment of unit 3 of compound 7.4. Colour scheme: MnII
 (teal), 

MnIII
 (dark blue), P (pink), C (black) and O (red). All hydrogen atoms (grey) except those of the 

oxygen centres have been removed for clarity. 

All Mn centres of unit 4 bind to the µ3-OH- O-donor (O9) and in this unit, only Mn9 is in oxidation 

state +III. Its Jahn-Teller axis is along the O donors of the phosphonate (O28) and a pivalate (O32) 

group with the Mn-O bonds being 2.231(7) and 2.112(8) Å respectively (Figure 7.45). O donors from 

a µ3-OH-, a pivalate and two µ-CH3O- groups fulfil the remaining coordination sites of Mn9 with the 

Mn-O distance ranging from 1.87-1.96 Å. For Mn10, in addition to O9, the O-donors of a µ-CH3O- 

(O31), a H2O molecule (O48), an acetate (O10) and two phenylphosphonate groups (O27 and O47) 

fulfil the coordination environment and the Mn-O distance varies between 2.11 and 2.25 Å. Mn11 

binds to the O-donors of a phenylphosphonate (O6), two acetates (O7 and O10) and two pivalate 

groups (O33 and O49) with the Mn-O distance lying in the 2.16-2.31 Å range. Between the two 
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acetate groups, one is bidentate joining Mn11 to Mn1 and Mn3 while the other is monodentate 

and is stabilised by hydrogen bonding from the water molecule attached to Mn10. 

 

Figure 7.45: Coordination environment of unit 4 of compound 7.4. Colour scheme: MnII
 (teal), 

MnIII
 (dark blue), P (pink), C (black) and O (red). All hydrogen atoms (grey) except those of the 

oxygen centres have been removed for clarity. 

Mn centres in unit 5 bind to O donors of all the three phosphonates with Mn12 and Mn14 linked to 

two phosphonate groups each while Mn13 binds to only one (Figure 7.46). The Jahn-Teller axis of 

Mn13 is along the O donor of the phosphonate group (O15) and a pivalate group (O44) with Mn-O 

bonds of 2.276(6) and 2.144(7) Å respectively. Two µ3-O2- groups (O13 and O14) and O-donors of 

another pivalate group (O42) and a µ-CH3O- (O13) complete the coordination environment of Mn13 

with the Mn-O distances varying between 1.92-1.98 Å. Mn12 is bonded to a µ3-O2- (O13) and the O 

donors of a CH3OH (O46), a pivalate (O45) and a monodentate acetate group (O24) in addition to 

the two phenylphosphonate groups (O12 and O27) and the Mn-O distances vary from 2.10 to 2.25 

Å. The monodentate acetate is hydrogen bonded to the CH3OH molecule. The octahedral geometry 

of Mn14 is completed by a µ3-O2- (O13) and the O-donors of a µ-CH3O- (O23), a pivalate (O38), a 

monodentate acetate (O24) and two phosphonate groups (O22 and O26) with the Mn-O bond 

ranging from 2.10 to 2.44 Å.  
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Figure 7.46: Coordination environment of unit 5 of compound 7.4. Colour scheme: MnII
 (teal), 

MnIII
 (dark blue), P (pink), C (black) and O (red). All hydrogen atoms (grey) except those of the 

oxygen centres have been removed for clarity. 

Table 7.21: BVS analysis for O atoms and their assigned protonation state in compound 7.4. 

Atom  BVS  Assignment  Atom    BVS   Assignment  

O1 2.013 μ3-O2- O14 2.051 μ3-O2- 
O4 2.002 μ3-O2- O20 1.549 μ3-O2- 
O9 1.277 μ3-OH- O48 0.425 H2O 

O13 1.336 μ3-OH-    

 

Table 7.22: Continuous shape measure values, angle variance and distortion indices (using the 

ideal octahedral geometry as a reference) for each Mn centre for compound 7.4. 

Mn centre 
Continuous shape measure 

value  
Angle variance (σ2) Distortion Index 

Mn1 1.314 42.42 0.0554 
Mn2 1.361 48.08 0.0601 
Mn3 2.018 65.28 0.0616 
Mn4 0.736 26.02 0.0438 
Mn5 1.728 70.63 0.0726 
Mn6 1.024 42.30 0.0595 
Mn7 1.083 51.77 0.0632 
Mn8 0.953 35.79 0.0513 
Mn9 1.023 36.05 0.0517 

Mn10 1.545 80.63 0.0770 
Mn11 0.961 61.35 0.0699 
Mn12 0.834 58.06 0.0616 
Mn13 1.173 46.93 0.0621 
Mn14 1.522 100.26 0.0831 
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Table 7.23: Selected bond angles for compound 7.4. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O7-Mn1-O6 79.5(2) O30-Mn8-O28 77.9(3) 
O4-Mn1-O5 81.6(3) O20-Mn8-O29 81.5(3) 

O50-Mn1-O51 82.8(3) O35-Mn8-O36 84.4(3) 
O5-Mn1-O6 88.2(2) O35-Mn8-O28 88.8(3) 

O50-Mn1-O6 89.1(3) O30-Mn8-O35 90.2(3) 
O7-Mn1-O51 90.7(3) O29-Mn8-O35 91.4(3) 
O50-Mn1-O5 91.3(3) O20-Mn8-O28 91.9(3) 
O50-Mn1-O7 93.8(3) O29-Mn8-O28 92.4(3) 
O4-Mn1-O51 93.9(3) O30-Mn8-O36 94.0(3) 
O4-Mn1-O7 94.2(3) O20-Mn8-O36 95.8(3) 
O4-Mn1-O6 95.4(2) O29-Mn8-O36 95.8(3) 

O5-Mn1-O51 102.3(3) O20-Mn8-O30 96.9(3) 
O5-Mn1-O7 166.6(3) O36-Mn8-O28 169.5(3) 

O51-Mn1-O6 166.8(3) O29-Mn8-O30 170.2(3) 
O4-Mn1-O50 171.5(3) O20-Mn8-O35 172.9(3) 

    
O5-Mn2-O4 75.9(3) O30-Mn9-O28 77.0(2) 

O47-Mn2-O53 82.9(3) O31-Mn9-O9 84.6(3) 
O3-Mn2-O53 83.0(3) O34-Mn9-O32 84.6(3) 
O5-Mn2-O3 88.2(3) O34-Mn9-O28 87.5(3) 

O14-Mn2-O47 89.1(3) O31-Mn9-O34 88.9(3) 
O47-Mn2-O5 89.4(3) O30-Mn9-O34 89.6(3) 

O14-Mn2-O53 92.4(3) O31-Mn9-O28 90.9(3) 
O3-Mn2-O4 93.3(3) O9-Mn9-O28 92.5(2) 

O14-Mn2-O4 94.7(2) O30-Mn9-O32 95.0(3) 
O14-Mn2-O3 95.8(3) O9-Mn9-O32 96.2(3) 
O5-Mn2-O53 97.2(3) O30-Mn9-O9 96.7(3) 
O47-Mn2-O4 100.1(2) O31-Mn9-O32 96.8(3) 
O47-Mn2-O3 165.3(3) O31-Mn9-O30 167.9(3) 
O14-Mn2-O5 170.0(3) O32-Mn9-O28 168.8(3) 
O4-Mn2-O53 172.4(3) O9-Mn9-O34 173.5(3) 

    

O1-Mn3-O2 79.1(2) O31-Mn10-O9 72.4(2) 
O1-Mn3-O17 81.5(3) O12-Mn10-O27 80.1(2) 
O52-Mn3-O2 84.5(3) O9-Mn10-O10 80.3(2) 
O52-Mn3-O8 87.2(3) O48-Mn10-O10 85.9(3) 
O4-Mn3-O1 87.3(2) O31-Mn10-O10 90.1(3) 
O4-Mn3-O2 88.0(2) O12-Mn10-O10 91.6(2) 

O17-Mn3-O2 90.8(2) O48-Mn10-O31 92.1(3) 
O4-Mn3-O8 91.3(2) O12-Mn10-O9 93.7(2) 

O17-Mn3-O52 91.5(3) O27-Mn10-O9 94.4(2) 
O17-Mn3-O8 91.6(3) O31-Mn10-O27 96.5(2) 
O4-Mn3-O52 99.5(3) O48-Mn10-O27 101.5(3) 
O1-Mn3-O8 109.5(3) O48-Mn10-O12 102.4(3) 

O1-Mn3-O52 162.0(3) O48-Mn10-O9 159.0(3) 
O4-Mn3-O17 168.8(3) O31-Mn10-O12 165.5(2) 
O8-Mn3-O2 171.3(2) O27-Mn10-O10 169.9(2) 

    

O18-Mn4-O1 80.0(3) O6-Mn11-O7 74.6(2) 
O14-Mn4-O15 84.1(2) O49-Mn11-O7 81.7(2) 

O1-Mn4-O2 85.5(2) O9-Mn11-O10 82.1(2) 
O18-Mn4-O2 87.6(3) O6-Mn11-O49 86.8(2) 

O43-Mn4-O15 89.1(3) O6-Mn11-O9 87.2(2) 
O18-Mn4-O15 90.7(2) O6-Mn11-O10 89.1(2) 
O14-Mn4-O43 91.1(3) O33-Mn11-O49 89.8(3) 
O43-Mn4-O2 91.7(3) O49-Mn11-O10 95.0(2) 

O18-Mn4-O43 92.3(3) O33-Mn11-O9 96.5(3) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O1-Mn4-O15 93.5(2) O33-Mn11-O10 97.0(3) 
O14-Mn4-O1 96.8(2) O33-Mn11-O7 99.1(3) 
O14-Mn4-O2 97.5(3) O9-Mn11-O7 99.4(2) 
O1-Mn4-O43 171.9(3) O10-Mn11-O7 163.5(2) 

O14-Mn4-O18 173.8(3) O33-Mn11-O6 173.2(3) 
O15-Mn4-O2 178.2(2) O49-Mn11-O9 173.4(3) 

    

O19-Mn5-O16 74.5(2) O12-Mn12-O27 78.0(2) 
O1-Mn5-O17 77.1(2) O13-Mn12-O24 83.0(2) 
O1-Mn5-O18 80.6(2) O45-Mn12-O46 84.5(3) 

O18-Mn5-O16 89.0(2) O24-Mn12-O27 85.4(2) 
O1-Mn5-O16 90.1(2) O46-Mn12-O27 88.0(2) 

O41-Mn5-O19 91.2(3) O46-Mn12-O24 88.4(2) 
O41-Mn5-O18 92.5(3) O12-Mn12-O46 88.8(2) 
O41-Mn5-O16 94.9(3) O45-Mn12-O24 89.7(3) 
O1-Mn5-O19 97.0(3) O13-Mn12-O27 92.2(2) 

O18-Mn5-O17 97.1(3) O45-Mn12-O13 94.5(2) 
O19-Mn5-O17 98.4(3) O12-Mn12-O13 99.6(2) 
O41-Mn5-O17 98.9(3) O45-Mn12-O12 106.4(3) 
O18-Mn5-O19 163.4(3) O12-Mn12-O24 163.3(3) 
O17-Mn5-O16 164.6(2) O45-Mn12-O27 171.2(3) 
O1-Mn5-O41 171.4(3) O13-Mn12-O46 171.4(3) 

    
O19-Mn6-O16 80.5(3) O14-Mn13-O15 79.8(2) 
O21-Mn6-O20 81.2(2) O23-Mn13-O13 80.9(3) 
O37-Mn6-O40 84.0(3) O42-Mn13-O15 83.3(3) 
O16-Mn6-O40 84.3(2) O42-Mn13-O44 84.3(3) 
O19-Mn6-O40 87.9(3) O23-Mn13-O15 88.9(3) 
O21-Mn6-O16 90.5(3) O14-Mn13-O42 89.0(3) 
O16-Mn6-O20 90.9(2) O23-Mn13-O42 90.6(3) 
O19-Mn6-O20 93.6(2) O13-Mn13-O15 92.5(2) 
O21-Mn6-O37 94.0(3) O14-Mn13-O44 95.6(3) 
O19-Mn6-O37 95.8(3) O23-Mn13-O44 95.6(3) 
O21-Mn6-O40 96.5(3) O14-Mn13-O13 98.5(3) 
O37-Mn6-O20 100.9(3) O13-Mn13-O44 100.4(3) 
O37-Mn6-O16 167.9(3) O44-Mn13-O15 166.8(2) 
O21-Mn6-O19 169.6(3) O23-Mn13-O14 168.6(3) 
O20-Mn6-O40 174.7(3) O13-Mn13-O42 170.6(3) 

    
O29-Mn7-O20 78.1(3) O23-Mn14-O13 71.2(2) 
O20-Mn7-O21 78.4(2) O26-Mn14-O22 77.7(2) 
O22-Mn7-O26 80.3(2) O38-Mn14-O22 81.4(3) 
O39-Mn7-O22 89.2(3) O24-Mn14-O13 84.4(2) 
O22-Mn7-O21 89.7(2) O26-Mn14-O24 89.7(2) 
O20-Mn7-O26 92.0(2) O26-Mn14-O13 90.7(2) 
O39-Mn7-O26 92.5(3) O38-Mn14-O26 91.2(3) 
O29-Mn7-O21 94.0(3) O13-Mn14-O22 92.2(2) 
O29-Mn7-O26 94.5(3) O23-Mn14-O24 93.6(3) 
O20-Mn7-O22 94.7(2) O23-Mn14-O22 97.2(2) 
O39-Mn7-O21 97.7(3) O38-Mn14-O24 102.6(3) 
O39-Mn7-O29 98.4(3) O38-Mn14-O23 106.2(3) 
O21-Mn7-O26 165.6(2) O23-Mn14-O26 161.1(3) 
O29-Mn7-O22 171.0(3) O24-Mn14-O22 166.9(2) 
O39-Mn7-O20 174.4(3) O38-Mn14-O13 172.8(3) 
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This system packs quite compactly without any solvent molecule and accessible voids (Figure 7.47). 

The phenyl rings attached to P1 and P2, the tert-butyl groups attached to C15, C30, C66, C92 and 

C101) of two pivalate ligands and the methyl group attached to O30 were disordered and were 

modelled as two parts but only the major part has been shown here for clarity. The stabilisation of 

the packing is probably achieved by weak dispersion forces and not due to π-π stacking because 

the closest phenyl rings are those attached to P3 and the distance between their centroids is ~4.8 Å.  

 

Figure 7.47: Packing diagram of compound 7.4. Colour scheme: MnII
 (teal), MnIII

 (dark blue), P 

(pink), C (black) and O (red).  
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7.4.2 Physicochemical characterisation 

The phase purity of the bulk material was determined using powder X-Ray diffraction (PXRD) and it 

was found to be in agreement with the simulated pattern (Figure 7.48). Infrared spectrum of 

compound 7.4 is also in line with the proposed structure determined by XRD (Figure 7.49). The 

signal between 2962-2870 cm-1 corresponds to the C-H vibrations of the organic ligands.617 The 

symmetric and asymmetric stretches of the carboxylate groups were observed at 1406 and 1538 

cm-1 respectively and are in line with the expected energy variance for bridging carboxylate 

groups.618 The additional features in the 1300-1600 cm-1 range are due to vibrations of the organic 

moieties of the molecule.617 The band between 940 and 1050 cm-1 correspond to the stretching of 

the phosphonate group.621-623  

 

Figure 7.48: Measured and simulated PXRD pattern for compound 7.4. 

 

Figure 7.49: Infrared spectrum of compound 7.4. 
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7.4.3 Magnetic properties 

The magnetic properties of compound 7.4 were studied on a microcrystalline sample and the 

temperature dependence of magnetic susceptibility was determined in the temperature range of 

4-300 K (Figure 7.50). The room temperature χT value was found to be 38.5 cm3 K mol-1 which is 

significantly lower than the expected value of 47.5 cm3 K mol-1 for a system with 4 MnII (S = 2.5) and 

10 MnIII (S = 2) centres. This suggests that the exchange coupling between the Mn centres is 

dominantly antiferromagnetic. Upon lowering the temperature, this value decreases and reaches 

11.7 cm3 K mol-1 at 4 K. For a system with an even number of electrons with solely antiferromagnetic 

coupling between the paramagnetic centres, S = 0 states form the ground state. Since χT is 

significantly higher at 4 K, ferromagnetic coupling in this system cannot be ruled out. The presence 

of ferromagnetic coupling is also supported by the feature observed at ~17 K. Additionally, the 

presence of triangular units and the asymmetry in the structure can potentially lead to higher spin 

ground states.  

Electrochemical studies for this complex have not been performed due to poor yields of this 

compound.  

 

Figure 7.50: Temperature dependence of magnetic susceptibility (χT) of compound 7.4. 
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7.5 [(MnII
0.5MnIII

0.5)2MnIII
11(µ3-O)8((C6H5)PO3)4((CH3)3CCO2)10(µ-CH3O)4(µ-

CH3OH)4]·CH3OH·CH3CN (7.5) 

Compound 7.5 can be prepared by refluxing KMnO4, Mn(CH3COO)2·4H2O, phenylphosphonic acid 

and pivalic acid in a ratio of 1:5:2.5:40 in presence of 2,6-pyridinedimethanol in a mixture of CH3CN 

and CH3OH. Dark block crystals of compound 7.5 were obtained within a week which were 

characterised by single crystal X-ray diffraction.  

7.5.1 Structural description 

Compound 7.5, like  compound 7.4, crystallises in the triclinic crystal system and the structure was 

solved in the space group 𝑃1̅ . This compound contains a tridecanuclear complex [Mn13(µ3-

O)8((C6H5)PO3)4 ((CH3)3CCO2)10(µ-CH3O)4(µ-CH3OH)4], with the asymmetric unit containing the whole 

complex (Figure 7.51 (a)). The core structure of this system can be considered as a truncated 

tetrahedron that has been distorted to an extent that it transforms to a distorted elongated 

gyrobifastigium with twelve Mn centres at the vertices and one in the centre (Figure 7.51 (b)). An 

elongated gyrobifastigium contains two prismatic units augmented to a cube such that the dihedral 

angle between the two prismatic units is 90°. Although the gyrobifastigium geometry (in which two 

prismatic units are fused together at 90° to each other) has been observed in a number of 

complexes,593 this is the first complex that exhibits the elongated gyrobifastigium geometry as far 

as we know. The synthetic protocol for both compounds 7.4 and 7.5 is quite similar as both use an 

excess of pivalic acid but the influence of subtle differences is immense. 

The triangular prismatic {Mn6} units are stabilised by two µ3-O2-, two µ-CH3O-, two 

phenylphosphonate and five pivalate groups (Figure 7.51 (c)). The pivalate and phosphonate groups 

bind in 2.11 and 4.211 mode (Harris notation605) respectively. The µ3-O2- groups form the centre of 

triangular {Mn3} units and lie ~0.19 Å below the {Mn3} plane. The {Mn6} units are linked to each 

other via µ-CH3OH and µ-CH3O- in addition to four µ3-O2- groups bound to the central Mn (Mn11). 

The dihedral between the two triangular prisms is 87° which is close to the expected value of 90° 

for the elongated gyrobifastigium geometry. 

Within each {Mn6} unit, the Mn centres can be divided into two different types based on their 

proximity to Mn11: type-1 – that are closer to Mn11 (Mn1 – Mn8) and type-2 – that are further 

away (Mn9, Mn10, Mn12 and Mn13). The type-1 Mn centres are ~3.3 Å away from Mn11 and are 

coordinated to a µ-CH3O-, µ-CH3OH, a pivalate, a phosphonate and two µ3-O2- groups. The type-2 

Mn centres, on the other hand are coordinated to a µ3-O2-, two phosphonates and three pivalates 

and are ~4.4 Å away from Mn11. Bond valence sum analysis was used to identify the oxidation state 

of each Mn centre (Table 7.24). A +III oxidation state can be assigned to all Mn centres except Mn10 

and Mn13. The bond valence sum for Mn10 and Mn13 is close to 2.5 which suggests that these may 

possess an intermediate oxidation state. Such an assignment is required for the charge neutrality 
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of the complex. Bond valence sum analysis has also been used to determine the protonation states 

of the O atoms bound only to Mn centres (Table 7.25). The values obtained in some cases do not 

strictly meet the proposed criteria for assignment603, 604 so the protonation state has been decided 

based on the proximity of the bond valence sum value to an integer. 

 

Figure 7.51: (a) Crystal structure of the tridecanuclear compound 7.5, (b) polyhedron 

representation of the core of the complex and (c) with the constituent trigonal prismatic 

units of the complex. The hydrogen bonds are shown with dashed lines. Colour scheme: 

MnIII
 (dark blue), P (pink), C (black) and O (red). All hydrogen atoms (grey) except those 

belonging to methanol molecules have been removed for clarity. 
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Within one {Mn6} unit comprising of Mn1, Mn4, Mn5, Mn8, Mn9 and Mn10 (Figure 7.52), for the 

type-1 Mn centres, the O-donors of the phosphonate and the µ-CH3OH lie along the Jahn-Teller 

axis. The Mn-Omethanol distance for each Mn centre is 2.4 Å while the Mn-Ophosphonate bond length is 

~2.12 Å for Mn1 and Mn5, and ~2.16 Å for Mn4 and Mn8. The slight difference in the bond lengths 

is because of hydrogen bonding with the µ-CH3OH from the other {Mn6} unit with the phosphonate 

O-donors (Ophosphonate-H distance and Ophosphonate-Omethanol distances being ~1.93 Å and ~2.74 Å 

respectively)636 bound to Mn4 and Mn8. The Mn1-O8 (µ3-O2- group) and Mn8-O8 distance is 

1.924(5) Å while the Mn4-O4 and Mn5-O5 distances are 1.906(6) and 1.916(5) Å respectively. The 

Mn-O bond distances between the type-1 Mn centres and the µ3-O2- groups shared with the central 

Mn are quite short and lie between 1.84-1.86 Å. The distance between Mn and O of µ-CH3O- has 

been found to be between 1.95-1.98 Å while that between Mn, and O-donors of pivalate groups 

has been found to vary between 1.91-1.94 Å. The octahedral environment of the type-1 Mn centres 

is only slightly distorted as illustrated by the small continuous shape measure values611-614 and the 

distortion indices (Table 7.26). The distortion is in part due to the Jahn-Teller axis of the MnIII 

centres and partially because of the geometrical restrictions imposed by the coordinating ligands 

and this can be observed from the bond distances (Table 7.24) and bond angles (Table 7.27). The 

octahedron of these Mn centres shares an edge with the octahedra of each other and a vertex with 

the octahedra of type-2 Mn centres (Figure 7.53). 

  

 

Figure 7.52: {Mn6} unit of compound 7.5. Colour scheme: MnIII
 (dark blue), P (pink), C 

(black) and O (red). All hydrogens (grey) except the methanolic hydrogens have been 

removed for clarity. 
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Table 7.24: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 7.5. 

Mn centre Coordinating atom Bond Distance (Å) BVS 
Assigned 

oxidation state 

Mn1 

O1 1.850(5) 

3.192 +III 

O8 1.924(5) 
O20 2.117(5) 
O24 1.938(5) 
O26 2.391(5) 
O48 1.959(5) 

     

Mn2 

O1 1.859(5) 

3.139 +III 

O2 1.898(5) 
O29 2.181(5) 
O33 1.919(6) 
O47 2.450(5) 
O48 1.977(5) 

     

Mn3 

O2 1.913(5) 

3.182 +III 

O3 1.846(5) 
O35 1.916(6) 
O38 2.156(5) 
O46 1.971(6) 
O47 2.428(6) 

     

Mn4 

O3 1.862(5) 

3.189 +III 

O4 1.906(6) 
O14 1.911(6) 
O19 2.177(5) 
O45 2.433(6) 
O46 1.948(6) 

     

Mn5 

O4 1.916(5) 

3.241 +III 

O5 1.835(6) 
O11 2.112(6) 
O16 1.915(6) 
O44 1.978(6) 
O45 2.417(6) 

     

Mn6 

O5 1.875(5) 

3.211 +III 

O6 1.903(6) 
O27 2.421(6) 
O39 2.153(6) 
O43 1.909(6) 
O44 1.942(6) 

     

Mn7 

O6 1.918(5) 

3.213 +III 

O7 1.854(5) 
O25 1.965(5) 
O27 2.402(6) 
O28 2.117(6) 
O41 1.918(5) 

     

Mn8 

O7 1.859(5) 

3.161 +III 

O8 1.924(5) 
O12 2.162(6) 
O22 1.910(5) 
O25 1.961(5) 
O26 2.409(6) 
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Mn centre Coordinating atom Bond Distance (Å) BVS 
Assigned 

oxidation state 

Mn9 

O8 1.863(5) 

3.094 +III 

O9 2.199(5) 
O10 1.976(5) 
O18 1.930(6) 
O21 2.180(6) 
O23 2.002(6) 

     

Mn10 

O4 1.921(6) 2.697 
(assuming 

valence III)/ 
2.925 

(assuming 
valence II) 

+II/III 

O9 2.051(5) 
O10 2.241(5) 
O13 2.147(6) 
O15 2.054(7) 
O17 2.003(7) 

     

Mn11 

O1 1.852(5) 

3.139 +III 
O3 1.846(5) 
O5 1.849(6) 
O7 1.851(5) 

     

Mn12 

O6 1.895(6) 

2.924 +III 

O30 2.181(5) 
O31 2.041(5) 
O37 1.942(7) 
O40 2.043(6) 
O42 2.134(6) 

     

Mn13 

O2 1.944(5) 2.669 
(assuming 

valence III)/ 
2.895 

(assuming 
valence II) 

+ II/III 

O30 2.066(5) 
O31 2.212(6) 
O32 2.129(6) 
O34 2.060(7) 
O36 2.005(8) 

     

Metals Distance (Å) Metals Distance (Å)   

Mn1-Mn2 2.967(1) Mn4-Mn11 3.285(2)   
Mn1-Mn4 5.074(2) Mn5-Mn6 2.961(2)   
Mn1-Mn8 3.269(2) Mn5-Mn8 5.073(2)   
Mn1-Mn9 3.254(1) Mn5-Mn10 3.294(2)   

Mn1-Mn11 3.328(2) Mn5-Mn11 3.306(2)   
Mn2-Mn3 3.237(2) Mn6-Mn7 3.237(2)   
Mn2-Mn7 5.067(2) Mn6-Mn11 3.281(2)   

Mn2-Mn11 3.260(2) Mn6-Mn12 3.342(2)   
Mn2-Mn13 3.369(2) Mn7-Mn8 2.954(2)   
Mn3-Mn4 2.968(2) Mn7-Mn11 3.325(2)   
Mn3-Mn6 5.090(2) Mn7-Mn12 3.267(2)   

Mn3-Mn11 3.290(2) Mn8-Mn9 3.326(2)   
Mn3-Mn13 3.303(2) Mn8-Mn11 3.283(2)   
Mn4-Mn5 3.266(2) Mn9-Mn10 3.243(2)   

 

The type-2 Mn centres (Mn9 and Mn10) within the same {Mn6} unit reside in a less distorted 

octahedral environment compared to type-1 Mn centres (Table 7.26). The octahedron of these Mn 

centres shares an edge with that of each other (Figure 7.53). The Jahn-Teller axis for each Mn centre 

is directed along the O-donors of different phosphonate groups (O9 and O10) in such a way that 

the Jahn-Teller axis for Mn9 is parallel to that of Mn10. This leads to Mn9-O9 and Mn10-O10 
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distances being 2.199(5) and 2.241(5) Å respectively while the Mn9-O10 and Mn10-O9 distances 

are 1.976(5) and 2.051(5) Å respectively. The Mn-O distance between Mn and the O of the pivalate 

ligand coordinated along the Jahn-Teller axis for Mn9 and Mn10 has been found to be 2.180(6) and 

2.147(6) Å respectively. The Mn-O distance between Mn and O of other pivalate groups has been 

found to between ~1.9 and 2.1 Å. The distance between the µ3-O2- groups (O8 and O4) and Mn9 

and Mn10 has been found to be 1.863(5) and 1.921(6) Å respectively. For both type-1 and type-2 

Mn centres of the other {Mn6} unit which comprises of Mn2, Mn3, Mn6, Mn7, Mn12 and Mn13 the 

Mn-O distances have been found to be similar (Table 7.24).  

Table 7.25: BVS analysis for O atoms and their assigned protonation state in compound 7.5. 

Atom  BVS  Assignment  Atom  BVS  Assignment  

O1 2.329 μ3-O2- O5 2.336 μ3-O2- 
O2 1.958 μ3-O2- O6 2.026 μ3-O2- 
O3 2.344 μ3-O2- O7 2.323 μ3-O2- 
O4 1.977 μ3-O2- O8 2.041 μ3-O2- 

 

 

Figure 7.53: Polyhedral representation of one of the {Mn6} units of compound 7.5. The oxygen 

atoms labelled here are the ones shared between the octahedrons of the Mn centres. Colour 

scheme: MnIII
 (dark blue), P (pink), C (black) and O (red). All hydrogen atoms have been removed 

for clarity. 

The central Mn is in oxidation state +III and resides in a slightly distorted square planar environment 

that is exclusively fulfilled by µ3-O2- groups. The possibility of the coordination environment of this 

Mn centre being tetrahedral was also examined using continuous shape measure analysis.611-614 

Such a description, however, leads to a higher continuous shape measure values (Table 7.26) 
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indicating that the coordination environment is square planar. All Mn-O bond lengths are ~1.85 Å 

which is quite short and there are only 187 structures out of 1620 structures in the CCDC 

database637 that contain µ3-O2- groups with Mn-O bond lengths shorter than 1.86 Å. 

This system crystallises along with a CH3CN and CH3OH molecule and other partially occupied 

solvent molecules which could not be resolved due to the crystal quality and were removed using 

the squeeze routine as implemented in the PLATON code.629, 635 The crystal packing is shown in 

Figure 7.54. The tert-butyl groups (attached to C17 and C51) of two pivalate ligands and phenyl 

rings of two phenylphosphonate groups (P3 and P4) were disordered and were modelled as two 

parts but the figure shows only one part for clarity. The packing is stabilised by π-π interaction 

between the phenylphosphonate groups and the interaction of the complex with the solvent 

molecules trapped in the lattice. 

 

Figure 7.54: Packing diagram of compound 7.5. Colour scheme: MnIII
 (dark blue), P (pink), C 

(black), O (red), N (blue) and H (grey).  
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Table 7.26: Continuous shape measure values, angle variance and distortion indices for each Mn 

centre for compound 7.5. All values are obtained using octahedral geometry as reference unless 

otherwise stated. 

Mn centre 
Continuous shape measure 

value 
Angle variance (σ2) Distortion Index 

Mn1 1.537 53.03 0.0611 
Mn2 1.637 45.76 0.0588 
Mn3 1.639 46.42 0.0556 
Mn4 1.694 52.36 0.0623 
Mn5 1.583 48.78 0.0570 
Mn6 1.499 46.32 0.0593 
Mn7 1.468 47.91 0.0570 
Mn8 1.580 47.77 0.0611 
Mn9 0.733 23.84 0.0402 

Mn10 0.675 30.41 0.0410 

Mn11 
0.651 (square planar) 
/25.985 (tetrahedral) 

  

Mn12 0.524 19.87 0.0360 
Mn13 0.511 23.99 0.0373 

 

Table 7.27: Selected bond angles for compound 7.5. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O8-Mn1-O26 77.5(2) O1-Mn2-O48 77.5(2) 
O1-Mn1-O48 78.2(2) O2-Mn2-O47 78.6(2) 

O48-Mn1-O26 86.2(2) O1-Mn2-O47 82.0(2) 
O24-Mn1-O20 86.8(2) O48-Mn2-O29 89.8(2) 
O24-Mn1-O26 89.1(2) O1-Mn2-O2 90.9(2) 
O1-Mn1-O26 89.35(19) O1-Mn2-O29 91.8(2) 
O1-Mn1-O8 90.1(2) O33-Mn2-O47 92.1(2) 

O48-Mn1-O20 94.6(2) O33-Mn2-O48 93.7(2) 
O1-Mn1-O20 94.8(2) O48-Mn2-O47 94.2(2) 
O8-Mn1-O24 94.8(2) O33-Mn2-O29 94.8(2) 

O24-Mn1-O48 96.4(2) O2-Mn2-O29 96.2(2) 
O8-Mn1-O20 102.4(2) O2-Mn2-O33 97.2(2) 
O8-Mn1-O48 160.1(2) O2-Mn2-O48 167.1(2) 
O1-Mn1-O24 174.5(2) O1-Mn2-O33 169.0(2) 

O20-Mn1-O26 175.87(19) O29-Mn2-O47 171.79(19) 
    

O3-Mn3-O46 77.2(2) O4-Mn4-O45 77.0(2) 
O2-Mn3-O47 78.85(19) O3-Mn4-O46 77.4(2) 

O35-Mn3-O47 86.4(2) O3-Mn4-O45 81.7(2) 
O46-Mn3-O47 88.7(2) O46-Mn4-O19 90.1(2) 
O35-Mn3-O38 89.0(2) O3-Mn4-O4 90.9(2) 

O3-Mn3-O2 90.3(2) O3-Mn4-O19 92.0(2) 
O3-Mn3-O47 91.2(2) O14-Mn4-O19 92.8(2) 

O46-Mn3-O38 92.7(2) O14-Mn4-O46 93.4(2) 
O3-Mn3-O38 93.5(2) O46-Mn4-O45 93.4(2) 
O2-Mn3-O35 95.5(2) O14-Mn4-O45 94.3(2) 

O35-Mn3-O46 96.4(2) O4-Mn4-O14 97.6(2) 
O2-Mn3-O38 100.7(2) O4-Mn4-O19 98.2(2) 
O2-Mn3-O46 162.2(2) O4-Mn4-O46 165.9(2) 
O3-Mn3-O35 173.2(2) O3-Mn4-O14 169.6(2) 

O38-Mn3-O47 175.3(2) O19-Mn4-O45 171.9(2) 
    

O4-Mn5-O45 77.2(2) O5-Mn6-O44 77.8(2) 
O5-Mn5-O44 77.8(2) O6-Mn6-O27 78.2(2) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O16-Mn5-O45 86.9(2) O5-Mn6-O27 82.0(2) 
O16-Mn5-O11 88.4(3) O44-Mn6-O39 89.5(2) 
O44-Mn5-O45 89.1(2) O5-Mn6-O39 91.5(2) 

O5-Mn5-O4 90.9(2) O43-Mn6-O27 91.5(2) 
O5-Mn5-O45 91.0(2) O5-Mn6-O6 91.6(2) 

O44-Mn5-O11 93.6(2) O43-Mn6-O44 93.5(3) 
O5-Mn5-O11 93.9(2) O44-Mn6-O27 93.7(2) 
O16-Mn5-O4 94.2(2) O43-Mn6-O39 95.7(2) 

O16-Mn5-O44 96.5(2) O6-Mn6-O43 96.2(3) 
O4-Mn5-O11 101.0(2) O6-Mn6-O39 97.3(2) 
O4-Mn5-O44 162.2(3) O6-Mn6-O44 167.6(2) 
O5-Mn5-O16 173.9(3) O5-Mn6-O43 168.6(3) 

O11-Mn5-O45 174.9(2) O39-Mn6-O27 171.9(2) 
    

O6-Mn7-O27 78.4(2) O8-Mn8-O26 77.07(19) 
O7-Mn7-O25 78.4(2) O7-Mn8-O25 78.4(2) 

O41-Mn7-O27 87.1(2) O7-Mn8-O26 82.2(2) 
O25-Mn7-O27 87.2(2) O25-Mn8-O12 89.1(2) 
O41-Mn7-O28 88.1(2) O7-Mn8-O8 91.5(2) 
O7-Mn7-O27 90.0(2) O22-Mn8-O26 92.1(2) 
O7-Mn7-O6 90.2(2) O7-Mn8-O12 92.2(2) 

O25-Mn7-O28 92.9(2) O22-Mn8-O25 93.1(2) 
O7-Mn7-O28 94.7(2) O22-Mn8-O12 94.4(2) 
O6-Mn7-O41 95.2(2) O22-Mn8-O8 96.3(2) 

O41-Mn7-O25 95.4(2) O25-Mn8-O26 96.3(2) 
O6-Mn7-O28 102.3(2) O8-Mn8-O12 96.5(2) 
O6-Mn7-O25 161.7(2) O8-Mn8-O25 168.6(2) 
O7-Mn7-O41 173.3(2) O7-Mn8-O22 169.1(2) 

O28-Mn7-O27 175.24(19) O12-Mn8-O26 171.30(19) 
    

O10-Mn9-O9 78.9(2) O9-Mn10-O10 76.40(19) 
O18-Mn9-O23 84.6(2) O17-Mn10-O10 84.7(2) 
O18-Mn9-O9 87.1(2) O17-Mn10-O9 87.9(2) 

O23-Mn9-O21 88.7(2) O17-Mn10-O15 88.7(3) 
O18-Mn9-O10 88.9(2) O15-Mn10-O13 90.2(2) 
O18-Mn9-O21 90.3(2) O4-Mn10-O10 91.3(2) 
O8-Mn9-O21 90.6(2) O4-Mn10-O9 91.5(2) 
O8-Mn9-O9 92.2(2) O4-Mn10-O15 91.6(2) 

O8-Mn9-O23 93.1(2) O4-Mn10-O13 91.7(2) 
O8-Mn9-O10 93.3(2) O17-Mn10-O13 92.3(2) 

O10-Mn9-O21 95.4(2) O9-Mn10-O13 94.0(2) 
O23-Mn9-O9 96.6(2) O15-Mn10-O10 99.2(2) 

O10-Mn9-O23 172.3(2) O13-Mn10-O10 170.0(2) 
O21-Mn9-O9 173.8(2) O9-Mn10-O15 174.7(2) 
O8-Mn9-O18 177.5(2) O4-Mn10-O17 176.0(2) 

    
O5-Mn11-O7 89.7(2) O3-Mn11-O5 90.7(2) 
O7-Mn11-O1 90.5(2) O5-Mn11-O1 169.9(2) 
O3-Mn11-O1 90.6(2) O3-Mn11-O7 171.6(2) 

    
O31-Mn12-O30 79.7(2) O30-Mn13-O31 78.4(2) 
O37-Mn12-O40 86.2(3) O36-Mn13-O31 85.4(3) 
O37-Mn12-O30 87.2(3) O36-Mn13-O30 87.5(2) 
O40-Mn12-O42 88.6(2) O36-Mn13-O34 88.7(2) 
O37-Mn12-O31 88.9(2) O34-Mn13-O32 89.7(2) 
O6-Mn12-O42 90.4(2) O2-Mn13-O32 90.4(2) 

O37-Mn12-O42 90.9(3) O2-Mn13-O30 91.8(2) 
O6-Mn12-O30 91.6(2) O2-Mn13-O31 91.9(2) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O6-Mn12-O31 91.8(2) O2-Mn13-O34 91.9(2) 
O6-Mn12-O40 93.1(2) O36-Mn13-O32 92.2(3) 

O31-Mn12-O42 94.8(2) O30-Mn13-O32 93.0(2) 
O40-Mn12-O30 96.9(2) O34-Mn13-O31 98.7(2) 
O31-Mn12-O40 174.1(3) O32-Mn13-O31 171.1(2) 
O42-Mn12-O30 174.1(2) O34-Mn13-O30 175.4(2) 
O6-Mn12-O37 178.5(3) O2-Mn13-O36 177.3(3) 

 

7.5.2 Physicochemical characterisation 

The structural model has been verified using a number of physicochemical techniques. The infrared 

spectrum of compound fits the proposed structural model (Figure 7.55). The feature at ~2950 cm-1 

can be attributed to the C-H stretching vibrations.617 The vibrational modes at 1404 and 1556 cm-1 

correspond to the symmetric and asymmetric stretching modes of the carboxylate groups and the 

difference between the two peaks is in line with the behaviour observed for bidentate bridging 

carboxylate groups.618 The additional features in the 1300-1600 cm-1 range are due to vibrations of 

the organic moieties of the molecule.617 The stretching vibrations of the phosphonate ligands can 

be found between 930-982 cm-1. The strong signal at 970 cm-1 and the shoulder attached to it 

corresponds to the stretching mode of the phosphonate group.621-623 

 

Figure 7.55: Infrared spectrum of compound 7.5. 
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7.5.3 Magnetic properties 

The temperature dependence of magnetic susceptibility was determined in the 4 – 300 K 

temperature range on hand picked crystals (Figure 7.56). The room temperature χT value was found 

to be 30.5 cm3 K mol-1 which is lower than the expected value of 39 cm3 K mol-1 for a system with 

13 MnIII (S = 2) centres. This observation is characteristic of predominantly strong antiferromagnetic 

interaction between Mn centres. On lowering the temperature, the χT value decreases to 12.8 cm3 

K mol-1 at 4 K. Such a behaviour confirms the presence of dominant antiferromagnetic interactions 

within the complex. The presence of ferromagnetic interactions, however, cannot be ruled out 

because the χT value is still higher than the expected value of 3 cm3 K mol-1 corresponding to purely 

antiferromagnetic interactions. Additionally, the slight variations observed at ~8 and 75 K indicate 

the potential presence of ferromagnetic coupling. The presence of multiple {Mn3} triangular units 

and odd number of unpaired spins can result in spin frustration which can also lead to ground states 

with larger overall spin.528, 578  

 

 

Figure 7.56: Temperature dependence of magnetic susceptibility (χT) of compound 7.5. 

Electrochemical studies for this complex have not been performed due to poor yields of this 

compound.  
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7.6 Conclusions  

Five high nuclearity Mn complexes containing both phosphonate and carboxylate ligands were 

synthesised using the synthetic strategy described in chapter 3. All complexes were characterised 

using a variety of analytical techniques and the observations were found to be consistent with the 

structural model. All complexes are structurally related to the truncated tetrahedron geometry 

which is quite rare for Mn complexes. Mn centres in the dodecanuclear compound 7.1 reside at the 

vertices of a truncated tetrahedron. In the pentadecanuclear compounds 7.2 and 7.3 the Mn 

centres reside at the vertices of an augmented truncated tetrahedron while in the tetradecanuclear 

compound 7.4, twelve of the Mn centres reside at the vertices of a highly distorted truncated 

tetrahedron and the remaining two cap one of the hexagonal faces. Compound 7.5 can be described 

as a truncated tetrahedron that has been distorted to an extent that it transforms to a distorted 

elongated gyrobifastigium with twelve Mn centres at the vertices and one in the centre. The 

increase in the distortion of the regular truncated tetrahedron geometry as one goes from 

compound 7.1 to 7.5 is marked by a decrease in the number of regular hexagonal faces.  

Compound 7.1 was found to contain all Mn centres in +II oxidation state while the compounds 7.2 

and 7.3 are mixed valence compounds with Mn centres in +II and +III oxidation states. Compound 

7.4 was also found to be mixed valence with Mn centres in +II and +III oxidation states. Compound 

7.5 was to contain Mn centres in +III and intermediate (+2.5) oxidation states. 

The magnetic properties of compound 7.1 reveal that the exchange coupling between the Mn 

centres is dominantly antiferromagnetic. This was further confirmed using DFT calculations by 

which an S = 0 state was found to be the ground state. In case of compounds 7.3-7.5 too, the 

experimental data suggested the presence of dominant antiferromagnetic interactions between 

Mn centres at high temperatures. However, it also indicates a ground state with larger number of 

unpaired electrons for all three complexes.  

The electrochemical behaviour of compounds 7.1 and 7.3 in aqueous media was determined using 

carbon paste electrodes which were prepared by mixing the compounds with carbon paste. Both 

compounds were determined to be active for water oxidation and the current density was found 

to increase with the catalytic loading. For compound 7.1, an initial structural transformation was 

observed during the application of external potential. This transformation has been attributed to 

the oxidation of the Mn(II) centres and the substitution of labile DMSO molecules with water. In 

case of compound 7.3, the activity has been found to be due to species derived from this complex 

but transformation of the complex is observed during the water oxidation reaction. The current 

density in case of compound 7.1 was found to be higher than that in compound 7.3 and the 

mechanism in both cases was found to be different as indicated by different Tafel slopes. The 

former has also been found to be active at relatively lower overpotentials (251 mV at 40 wt-% 
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catalytic loading) compared to the latter for which the onset overpotential was found to be 521 mV 

at 40 wt-% catalytic loading.  

Like the OEC, both complexes decompose during the water oxidation reaction and the decomposed 

species in both complexes is most likely a Mn based oxide moiety but further characterisation is 

required to confirm this. The initial activity however, can unarguably be attributed to species 

derived from the parent complexes and not the decomposed species as the latter has been found 

to be active only at very high overpotentials. 

We have thus shown how the interplay between carboxylate and phosphonate based ligands leads 

to the formation of a series of high nuclearity coordination complexes that are structurally related 

to the truncated tetrahedron geometry. The decrease in the symmetry gives rise to complex 

magnetic behaviour. Additionally, some of these complexes have been found to be active for the 

OER. Further investigation of the electrochemical properties of these complexes may provide some 

information about tuning the ligand environment for enhanced OER activity. 

 

 

 

 



8 Phosphonate Based Complexes 

In the previous chapter it was observed that the use of carboxylate and phosphonate based ligands 

can also lead to high nuclearity complexes. It was also observed that these complexes can perform 

water oxidation half-reaction under electrochemical conditions. The versatile nature of the 

phosphonate ligands and their high binding affinity towards metal ions is well established.536, 561-563 

As the Schmitt group has already been developing the chemistry of phosphonate groups for the 

past few years,384, 542-545 we decided to further pursue the use of phosphonate based ligands for 

synthesising high nuclearity complexes and to test their electrochemical behaviour.  

Considering the similarity in the synthetic protocol of the {Mn6} and the asymmetric {Mn13} 

complexes previously reported by us,542, 543, 545 we believed that these complexes must be 

structurally related. In this chapter, we describe the structural and physicochemical properties of a 

dodecanuclear complex [MnII
4MnIII

8Br2(µ3-O)4((CH3)3CPO3)10((CH3)3CPO3H)2(4-picoline)6(H2O)10] 

·2CH3CN (compound 8.1) (4-picoline = (CH3)C5H4N) which may serve as an intermediate between 

the two structures. Using the synthetic strategy described in chapter 3, we have also synthesised a 

series of high nuclearity complexes that are structurally related to the {Mn13} complex.542  We have 

synthesised a tridecanuclear complex, Na[Na0.4(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-O)0.4(µ-OH)1.6 

((CH3)3CPO3)10(4-picoline)4(µ-CH3O)4(CH3OH)2][(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-OH)2 

((CH3)3CPO3)10((CH3)3CPO3H)2(4-picoline)4(µ-CH3O)4] (compound 8.2) that is structurally similar to 

the previously reported {Mn13} complex.542 We have also synthesised K[K2(MnII
0.5MnIII

0.5)MnIII
12(µ4-

O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10((CH3)3CO2)2(µ-CH3O)4(CH3OH)6][(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4 

(µ-OH)2((CH3)3CPO3)10((CH3)3CPO3H)2(µ-CH3O)4(CH3OH)4] (compound 8.3) where the {Mn13} units 

are linked together by K+ ions. Furthermore, we have synthesised [MnIIMnIII
12Ca2(µ4-O)2(µ3-

O)6((CH3)3CPO3)10((C6H5)2PO2)2((CH3)3CCO2H)2(µ-CH3O)4(CH3OH)5.15(CH3CN)0.85] (compound 8.4) and 

[MnII
3MnIII

12Ca2(µ4-O)4(µ3-O)2(µ3-OH)2((CH3)3CPO3)8((C6H5)2PO2)2((CH3)3CCO2)4(CH3CO2)2(µ-

CH3O)8(CH3OH)2] (compound 8.5). The structural and physicochemical properties of these 

complexes are described in this chapter. 
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8.1 [MnII
4MnIII

8Br2(µ3-O)4((CH3)3CPO3)10((CH3)3CPO3H)2((CH3)C5H4N)6 

(H2O)10]·2CH3CN (8.1) 

Compound 8.1 was prepared by comproportionation reaction between MnBr2 and KMnO4 in 

presence of tert-butyl phosphonic acid and 4-picoline in CH3CN. The reaction mixture was stirred 

for five hours, filtered and left undisturbed at room temperature and tiny red crystals of compound 

8.1 formed within one day. The crystal structure of compound 8.1 was determined using single 

crystal X-ray diffraction measurements.  

8.1.1 Structure description 

Compound 8.1 crystallises in the triclinic crystal system and the structure solution was solved in the 

space group 𝑃1̅ . It comprises of a dodecanuclear Mn complex [MnII
4MnIII

8Br2(µ3-O)4 

((CH3)3CPO3)10((CH3)3CPO3H)2((CH3)C5H4N)6(H2O)10] (Figure 8.1), and the asymmetric unit of this 

complex contains half of the molecule (Figure 8.2). This overall structure is stabilised by four µ3-O2- 

groups and twelve tert-butyl phosphonate groups two of which are partially protonated. 

Furthermore, 4-picoline and water molecules serve as capping ligands. The core structure of this 

compound is quite an open one and is in the shape of an “S” (Figure 8.1). It contains two 

 

Figure 8.1: Crystal structure of the dodecanuclear compound 8.1. The hydrogen bonds are shown 

with dashed lines. Colour scheme: MnII
 (teal), MnIII

 (dark blue), Br (dark yellow), P (pink), C (black) 

and O (red). All hydrogen atoms (grey) except those attached to oxygen centres have been 

removed for clarity. 
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characteristic tetranuclear {Mn4} see-saw subunits638 (Figure 8.3) that are linked via the Mn6 

centres. There are two additional dangling Mn1 centres that are linked to the tetranuclear units. 

The tetranuclear units are stabilised by two µ3-O2- groups and six tert-butyl phosphonate groups. 

The phosphonates containing P3 and P4 are partially protonated and bind to the Mn centres in a 

2.110 mode (Harris notation)605 while all the others bind in a 3.111 mode. The Mn centres forming 

the see-saw component (Mn2-Mn5) are in +III oxidation state while the others (Mn1 and Mn6) are 

in +II oxidation state as determined by bond valence sum analysis (Table 8.1).639 The protonation 

state of the O atoms bound only to Mn centres has also been determined using bond valence sum 

analysis (Table 8.2). The BVS values for O in the approximate ranges of 0.2-0.4, 1.0-1.2 and 1.8-2.0 

indicate H2O, OH- and O2- groups respectively.603, 604 The two asymmetric units are joined together 

via two phosphonate groups bound to Mn6. 

 

Figure 8.2: Asymmetric unit of the dodecanuclear compound 8.1. The hydrogen bonds are shown 

with dashed lines. Colour scheme: MnII
 (teal), MnIII

 (dark blue), Br (dark yellow), P (pink), C (black) 

and O (red). All hydrogen atoms (grey) except those attached to oxygen centres have been 

removed for clarity. 

The coordination water molecules and the partially protonated tert-butyl phosphonate groups form 

an extensive hydrogen bond network (Figure 8.2). These partially protonated phosphonate groups 

are hydrogen bonded to each other via the hydrogen atom lying between O24 and O25. 

Additionally, the water molecules containing O5 and O16 are hydrogen bonded to these 

phosphonate groups. There are three water molecules bound to Mn6 out of which one (containing 

O23) is hydrogen bonded to the O-donor (O18) of the phosphonate group containing P6. The 

hydrogen atoms of the water molecule containing O21 are hydrogen bonded to the O-donors (O1 

and O13) of the phosphonate groups that contain P2 and P6 and belong to the symmetry equivalent 

of the asymmetric unit. In a similar manner, the hydrogen atoms of the water molecule that 
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contains O22 are hydrogen bonded to the O-donors (O2 and O20) of the phosphonate groups 

containing P1 and P5 of the other half of the complex.  

 

Figure 8.3: The core structure of the compound 8.1 highlighting the tetranuclear see-saw unit. 

Colour scheme: MnIII
 (dark blue), P (pink) and O (red). All hydrogen atoms (grey) except those 

attached to oxygen centres have been removed for clarity. 

This dodecanuclear complex contains Mn in tetrahedral (Mn1), square pyramidal (Mn3 and Mn4) 

and octahedral (Mn2, Mn5 and Mn6) coordination environments. The tetrahedral coordination 

environment of Mn1(II) is comprised of a bromide, the N-donor (N1) of a 4-picoline group and the 

O-donors (O1 and O2) of two tert-butyl phosphonate groups (Figure 8.4 (a)). The O-donors of the 

phosphonate groups are hydrogen bonded to the water molecules bound to Mn6. The Mn-O 

distances are ~2.0 Å while the Mn-N and Mn-Br distances are 2.170(6) and 2.5289(13) Å 

respectively. The tetrahedron of Mn1 is isolated from the other Mn centres but Mn1 is linked to 

Mn2-Mn4 via the phosphonate groups.  

Mn2(III) resides in a slightly distorted octahedral coordination environment which is fulfilled by a 

µ3-O2- group (O7), the N-donor (N2) of a 4-picoline group, and the O-donors of a water molecule 

(O5) and three tert-butyl phosphonate groups (O3, O4 and O6) (Figure 8.4 (b)). The deviation from 

ideal geometry are due to Jahn-Teller distortion and ligand restraints which are highlighted by the 

bond distances (Table 8.1) and bond angles (Table 8.3). The octahedron of Mn2 is vertex shared 

with the polyhedra of Mn3 and Mn4 at O7. The Jahn-Teller axis is directed towards the water 

molecule and the O-donor of the phosphonate (O3) lying opposite to it with the Mn-O distance 

being 2.363(5) and 2.100(5) Å respectively. The Mn-ligand distances perpendicular to the Jahn-

Teller axis vary between 1.9 and 2.1 Å.  
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Table 8.1: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 8.1. 

Mn centre 
Coordinating 

atom 
Bond Distance (Å) BVS 

Assigned 
oxidation state 

Mn1 

Br1 2.5290(13) 

2.054 +II 
O1 2.033(4) 
O2 2.027(4) 
N1 2.171(6) 

     

Mn2 

O3 2.100(5) 

3.166 +III 

O4 1.913(4) 
O5 2.363(5) 
O6 1.906(4) 
O7 1.883(4) 
N2 2.063(5) 

     

Mn3 

O7 1.886(4) 

3.153 +III 
O8 1.899(4) 
O9 2.102(4) 

O10 1.888(4) 
O11 1.919(4) 

     

Mn4 

O7 1.898(4) 

3.162 +III 
O11 1.871(4) 
O12 2.087(4) 
O13 1.918(4) 
O14 1.910(4) 

     

Mn5 

O11 1.889(4) 

3.123 +III 

O15 1.916(4) 
O16 2.332(5) 
O17 1.882(4) 
O18 2.134(4) 
N3 2.103(6) 

     

Mn6 

O19 2.225(4) 

1.998 +II 

O19’ 2.155(4) 
O20 2.143(4) 
O21 2.180(4) 
O22 2.379(4) 
O23 2.149(5) 

Metals Distance (Å) Metals Distance (Å)   

Mn1-Mn2 4.216(2) Mn3-Mn6’ 5.296(1)  
Mn2-Mn3 3.375(1) Mn4-Mn5 3.373(1)  
Mn2-Mn4 3.487(1) Mn4-Mn6’ 4.445(1)  
Mn3-Mn4 2.826(1) Mn5-Mn6 4.673(1)  
Mn3-Mn5 3.518(1) Mn6-Mn6’ 3.252(1)  

  ’1-X,1-Y,1-Z   

 

Table 8.2: BVS analysis for O atoms and their assigned protonation state in compound 8.1.  

Atom  BVS  Assignment  Atom  BVS  Assignment  

O5 0.196 H2O O21 0.349 H2O 
O7 2.117 µ3-O2- O22 0.204 H2O 

O11 2.097 µ3-O2- O23 0.379 H2O 
O16 0.213 H2O    
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Mn3(III) and Mn4(III) reside in a square pyramidal environment with an edge shared between the 

two at the two µ3-O2- groups, O7 and O11 (Figure 8.5 (a) and (b)). The coordination environment of 

both is further fulfilled by the O-donors of three tert-butyl phosphonate groups. To minimise 

interelectronic repulsion, the Jahn-Teller axes for Mn3 and Mn4 are directed towards the apical 

position and is fulfilled by the O-donors (O9 and O12 respectively) of the phosphonate groups. The 

Mn-O distance along the Jahn-Teller axis is ~2.1 Å while that perpendicular to it is ~1.9 Å. 

 

Figure 8.4: Coordination environment of (a) Mn1 and (b) Mn2 in compound 8.1. Colour scheme: 

MnII
 (teal), MnIII

 (dark blue), Br (dark yellow), P (pink), C (black) and O (red). All hydrogen atoms 

(grey) except those attached to oxygen centres have been removed for clarity. 

The continuous shape measure values for Mn3 and Mn4 are the largest amongst all Mn centres 

(Table 8.4). Instead of using a square pyramid geometry as a reference geometry, if one uses a 

spherical square pyramid reference geometry, the distortions are found to be less, indicating that 

the environment resembles more closely to that of the spherical square pyramid. A spherical square 

pyramid is essentially a square pyramid where the vertices are distributed spherically around the 

centre of mass. For an ideal spherical square pyramid, the apical-basal bond angles are ~104.45° 

while the basal-basal bond angles are ~86.5° unlike a square pyramid where all angles are 90°. 

Ligand restraints lead to Mn3 and Mn4 exhibiting such a behaviour. A comparison of the 

coordination environments of Mn3 and Mn4 with the trigonal bipyramidal geometry was also made 

but it resulted in higher continuous shape measure values – 4.558 and 3.511 respectively – 

indicating that the environment is best represented as a spherical square pyramid. 

The octahedral coordination environment of Mn5(III) is similar to that of Mn2 and fulfilled by a µ3-

O2- group (O11), the N-donor (N3) of a 4-picoline group and the O-donors of a water molecule (O16) 

and three tert-butyl phosphonate groups (O15, O17 and O18) (Figure 8.5 (c)). The octahedron 
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shares a vertex with the polyhedra of Mn3 and Mn4 at O11. The Jahn-Teller axis is again along the 

O-donors of the water molecule (O16) and the phosphonate group (O18) lying opposite to the 

water molecule and is almost perpendicular (~85°) to that of Mn2. The Mn-O16 and Mn-O18 

distances are 2.332(5) and 2.134(4) Å respectively. The Mn-ligand distances perpendicular to the 

Jahn-Teller axis lie in the range of 1.9-2.1 Å.  

 

Figure 8.5: Coordination environment of (a) Mn3, (b) Mn4 and (c) Mn5 in compound 8.1. Colour 

scheme: MnII
 (teal), MnIII

 (dark blue), Br (dark yellow), P (pink), C (black) and O (red). All hydrogen 

atoms (grey) except those attached to oxygen centres have been removed for clarity. 

Mn6(II) also lies in an octahedral environment which is fulfilled by the O-donors of three 

phosphonate groups and three water molecules with the Mn-O distances varying between 2.1 and 

2.4 Å (Figure 8.6). The octahedron of Mn6 shares an edge with that of its symmetry equivalent at 

O19 and O19’. Based on the continuous shape measure values, the environment of Mn6 is less 

distorted than that of Mn5. The bond angle variance and distortion index for Mn6 and Mn5, 

however, say otherwise. This is due to the fact that the Jahn-Teller distortion of Mn5 is not taken 

into account in the calculation of bond angle variance and distortion index but is implicitly included 
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in the calculation of continuous shape measures. Hence, instances where angular distortions are 

similar, continuous shape measures provide a more realistic picture of the structural environment. 

 

Figure 8.6: Coordination environment of Mn6 in compound 8.1. Colour scheme: MnII
 (teal), MnIII

 

(dark blue), Br (dark yellow), P (pink), C (black) and O (red). All hydrogen atoms (grey) except 

those attached to oxygen centres have been removed for clarity. 

 

Table 8.3: Selected bond angles for compound 8.1. 

Bond Bond Angle (°) Bond Bond Angle (°) 

N1-Mn1-Br1 99.52(16) O1-Mn1-Br1 111.54(13) 
O2-Mn1-Br1 106.20(13) O1-Mn1-N1 112.78(19) 
O2-Mn1-O1 107.73(18) O2-Mn1-N1 118.62(19) 

    
N2-Mn2-O5 85.47(19) O7-Mn2-O4 93.08(18) 
O4-Mn2-O5 85.83(18) O4-Mn2-O3 93.19(18) 
O6-Mn2-N2 86.2(2) O7-Mn2-O6 93.29(18) 
O6-Mn2-O5 86.88(19) O6-Mn2-O3 93.53(19) 
O4-Mn2-N2 87.2(2) O6-Mn2-O4 170.5(2) 
N2-Mn2-O3 89.48(19) O3-Mn2-O5 174.90(17) 
O7-Mn2-O5 92.13(17) O7-Mn2-N2 177.6(2) 
O7-Mn2-O3 92.92(18)   

    
O7-Mn3-O11 81.05(18) O7-Mn3-O9 95.96(18) 
O10-Mn3-O8 90.45(19) O11-Mn3-O9 96.60(18) 

O10-Mn3-O11 91.80(18) O8-Mn3-O9 102.55(19) 
O7-Mn3-O8 92.93(18) O8-Mn3-O11 160.44(19) 

O10-Mn3-O9 95.11(18) O7-Mn3-O10 167.44(19) 
    

O11-Mn4-O7 82.00(18) O11-Mn4-O12 94.60(18) 
O14-Mn4-O13 88.74(17) O7-Mn4-O12 98.56(18) 
O7-Mn4-O14 91.73(18) O13-Mn4-O12 105.19(18) 

O14-Mn4-O12 93.83(17) O7-Mn4-O13 156.17(19) 
O11-Mn4-O13 93.94(18) O11-Mn4-O14 170.15(19) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O15-Mn5-O16 85.82(18) O191-Mn6-O22 80.70(16) 
N3-Mn5-O18 85.94(19) O19-Mn6-O22 83.18(15) 
O17-Mn5-N3 86.2(2) O191-Mn6-O19 84.10(17) 

O17-Mn5-O16 87.79(18) O21-Mn6-O22 84.85(15) 
O15-Mn5-N3 88.5(2) O20-Mn6-O19’ 88.61(16) 
N3-Mn5-O16 89.64(19) O23-Mn6-O21 89.55(17) 

O11-Mn5-O16 91.33(18) O23-Mn6-O19 90.16(17) 
O17-Mn5-O11 91.46(19) O20-Mn6-O23 92.93(17) 
O17-Mn5-O18 92.86(18) O20-Mn6-O19 93.15(16) 
O15-Mn5-O18 93.11(18) O191-Mn6-O21 95.81(16) 
O11-Mn5-O18 93.12(17) O23-Mn6-O22 97.45(17) 
O11-Mn5-O15 94.00(18) O20-Mn6-O21 98.97(16) 
O17-Mn5-O15 171.68(19) O21-Mn6-O19 167.88(16) 
O18-Mn5-O16 175.48(17) O20-Mn6-O22 168.98(16) 
O11-Mn5-N3 177.4(2) O23-Mn6-O19’ 174.13(17) 

 

Table 8.4: Continuous shape measure values, angle variance and distortion indices for each Mn 

centre for compound 8.1 (1tetrahedral, 2octahedral, 3spherical square pyramidal and 4square 

pyramidal geometry). 

Mn centre Continuous shape measure value Angle variance (σ2) Distortion Index 

Mn11 0.742 42.34 0.0449 
Mn22 0.585 11.47 0.0344 

Mn3 
0.4853 
/1.2014 50.694 0.06074 

Mn4 
0.7063 
/1.4834 60.564 0.0654 

Mn52 0.620 9.38 0.0296 
Mn62 0.589 34.97 0.0532 

 

This system packs with numerous disordered acetonitrile molecules some of which are partially 

occupied and due to their highly disordered nature, most of them could not be refined. The packing 

diagram is shown in Figure 8.7. These solvent molecules reside in voids which mainly lie along the 

crystallographic a-axis which can be penetrated by a sphere of 1.2 Å as determined using the 

calcvoid routine as implemented in OLEX2.616 The radius of the largest sphere holding these solvent 

molecules was found to be 2.8 Å. The 4-picoline groups are not π-π stacked and the stabilisation of 

the packing is probably due to weak interaction between the clusters and with the acetonitrile 

molecules packed in the lattice.  
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Figure 8.7: Packing diagram of compound 8.1. Colour scheme: MnII
 (teal), MnIII

 (dark blue), Br 

(dark yellow), P (pink), C (black) and O (red). All hydrogen atoms have been removed for clarity. 

 

8.1.2 Physicochemical characterisation 

Physicochemical characterisation was carried out to further support the structural model obtained 

using single crystal X-ray crystallography. The compound was dried in air and the constitutional 

solvent molecules were removed. Thermogravimetric analysis (TGA) under an atmosphere of N2 of 

compound 8.1 (Figure 8.8) dried in air reveals an initial drop between 100 and 125 °C due to the 

loss of water molecules (weight loss calcd: 5.5 %, found: 6.0 %). This is followed by the loss of 4-

picoline groups and the partial decomposition of the tert-butyl phosphonate groups occurs which 

is followed by the formation of phosphate and oxide species.  
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Figure 8.8: TGA analysis of compound 8.1. 

Infrared spectrum of dried compound 8.1 is in agreement with the proposed structural model 

(Figure 8.9). The feature at ~2900 cm-1 corresponds to the C-H vibrations.617 The signals in the 1300-

1600 cm-1 range are due to vibrations of the organic moieties of the molecule.617 The stretching 

vibrations of the hydrogen bonded water molecules appear at 3400 cm-1.633, 634 The strong 

vibrational modes around 970 cm-1 can be attributed to the stretching vibrations of the CPO3 groups 

of the phosphonate ligands.621-623    

 

Figure 8.9: Infrared spectrum of compound 8.1.  
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8.2 Na[Na0.4(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-O)0.4(µ-OH)1.6((CH3)3CPO3)10 

(4-picoline)4(µ-CH3O)4(CH3OH)2][(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-

OH)2((CH3)3CPO3)10((CH3)3CPO3H)2(4-picoline)4(µ-CH3O)4]·5CH3OH (8.2) 

Compound 8.2 was prepared by comproportionation reaction between Mn(CH3COO)2·4H2O and 

KMnO4 in presence of NaI, tert-butyl phosphonic acid and 4-picoline in CH3CN/CH3OH mixture. The 

reaction mixture was stirred for five hours, filtered and left undisturbed at room temperature and 

crystals of compound 8.2 were obtained in one day. The crystal structure of compound 8.2 was 

determined using single crystal X-ray diffraction measurements.  

8.2.1 Structural description 

Compound 8.2 contains a tridecanuclear complex (Figure 8.10) that crystallises in the triclinic 

crystal system and the structure was solved in the space group 𝑃1̅. The asymmetric unit contains 

half of this complex (Figure 8.11). The tridecanuclear complex in this compound exists in two forms 

that are slightly different – one contains partially protonated tert-butyl phosphonate groups while 

the other contains methanol molecules instead. Both forms are stabilised by two OH- groups, four 

CH3O-, six O2- and ten phosphonate groups. The two forms lie adjacent to each other and the 

methanol molecules are hydrogen bonded to the partially protonated tert-butyl phosphonate 

groups.  

 

Figure 8.10: Crystal structure of the tridecanuclear compound 8.2. Colour scheme: Mn (deep 

blue), Na (light yellow), C (black), P (pink) and O (red). All hydrogen atoms (grey) except those 

bound to O centres have been removed for clarity. Hydrogen bonds are shown with dashed lines. 

The core structure in both forms comprises of a three layered metal-centered distorted 

cuboctahedron with a brucite640-642 like {Mn7} disc sandwiched between two {Mn3} triangular units. 

The triangular units are staggered in a trigonal antiprismatic fashion and are bound to the central 

{Mn7} disc by µ4-O2- groups and the O-donors of µ-CH3O- and tert-butyl phosphonate groups which 
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bind in 4.211 and 3.111 modes. The oxidation state of each Mn centre has been determined using 

bond valence sum analysis (Table 8.5) which has also been used for the proper assignment of the 

protonation states of the O centres bound only to Mn (Table 8.6).  

 

Figure 8.11: Asymmetric unit of compound 8.2. Colour scheme: Mn (deep blue), Na (light yellow), 

C (black), P (pink) and O (red). All hydrogen atoms (grey) except those bound to O centres have 

been removed for clarity. Hydrogen bonds are shown with dashed lines. 

Mn1, Mn3, Mn5, Mn6A/B  and their symmetry equivalents form the {Mn7} disc (Figure 8.12). Mn1 

resides in a distorted octahedral environment (Table 8.7) which is fufilled by four µ3-O2- (O13 and 

O16 and their symmetry equivalents) and two µ4-O2- groups (O14 and its symmetry equivalent) 

(Figure 8.12 (a)). The bond valence sum for this centre is quite close to 2.5 indicating that this Mn 

centre may display variable valency. The coordination environment is axially compressed along O13 

and its symmetry equivalent. The Mn-O distances are ~1.96 Å for O13 and O13’, and ~2.14 Å 

otherwise. The octahedron of Mn1 shares a vertex with the octahedron of Mn2 and an edge with 

that of Mn3, Mn5 and Mn6 (Figure 8.12 (b)). 

Mn3(III) is bound to a µ4-O2- (O14) and a µ3-O2- (O16) group along with the O-donors of a µ-CH3O- 

(O15) and three phosphonate groups (O2, O12 and O17) (Figure 8.12 (a)). The phosphonate O-

donors O2 and O12 reside at the Jahn-Teller elongated sites with the Mn-O bond being ~2.2 Å. The 

Mn-O distances for the O-donors perpendicular to the Jahn-Teller axis is ~1.9 Å. The octahedral 

coordination environment of Mn5 is satisfied by two µ3-O2- (O13 and O16) groups and the O-donors 

of four phosphonate groups (O2, O18, O19 and O20) with the Jahn-Teller axis directed towards two 

of the phosphonate O-donors (O2 and O19). The Mn-O distances are in the 2.2-2.3 Å range along 

the Jahn-Teller axis and vary between 1.9 and 2.0 Å perpendicular to it.  

Mn6 was also found to be disordered and was modelled as two parts – Mn6A and Mn6B. The 

coordination environment for both parts is similar to that of Mn3 with a µ3-O2- (O13) and a µ4-O2- 
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(O14) group along with the O-donors of a µ-CH3O- (O5A/B) and three phosphonate groups (O12, 

O19 and O22) fulfilling it (Figure 8.12 (a)). The O-donors O12 and O19 of the phosphonate groups 

reside along the Jahn-Teller elongated sites.  

 

Figure 8.12: (a) Coordination environment of Mn centres constituting the {Mn7} disc and (b) 

polyhedral representation of the {Mn7} disc in compound 8.2. Colour scheme: Mn (deep blue), C 

(black), P (pink) and O (red). tert-Butyl groups have been removed for clarity.  

The Jahn-Teller axis of the Mn centres forming the vertices of the {Mn7} disc are arranged in such a 

way that they are joined to each other at an angle that ranges between 77-85°. The deviation from 

90° may be due to the presence of Mn2A/B which is bound to the {Mn7} disc via a µ4-O2- group 

(O14). This is supported by the observation that the Jahn-Teller axes of Mn6A/B and Mn3 (which 

are closest to Mn2) are at ~77° to each other and this angle increases as one moves further along 

the disc. Such a deviation may affect the magnetic properties of this complex. 

The trinuclear units capping the hexagonal {Mn7} disc is comprised of Mn2A/B, Mn4 and Mn7 

(Figure 8.13). The Mn2 centre was found to be disordered crystallographically and was modelled 

as two parts – Mn2A and Mn2B – and the disorder is due to the partially occupied Na+ ion present 

in the vicinity. For both parts, the oxidation state has been determined to be +III and both are 

coordinated to a µ4-O2- (O14) and the O-donors of a methanol (O4A/B), two µ-CH3O- (O5A/B and 

O15) and two phosphonate groups (O3 and O6A/B) (Figure 8.13). The Jahn-Teller axis is directed 

along the µ4-O2- and the methanol O-donor with the Mn-O distances being ~2.2 Å along the Jahn-

Teller axis and varying between 1.8-2.0 Å perpendicular to it. The octahedron of both parts share 

an edge with the octahedron of Mn3 and Mn6A/B at O5A/B and O14 respectively. 
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Figure 8.13: Coordination environment of Mn2A, Mn4, Mn7 and Na in compound 8.2. Colour 

scheme: Mn (deep blue), Na (light yellow), C (black), P (pink), O (red) and H (grey). 

 

Table 8.5: Key Mn-O and Mn-Mn bond lengths and bond valence sum for each Mn centre for 

compound 8.2. 

Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn1 

O13’ 1.958(4) 

2.609 +II/III 

O13 1.958(4) 
O14 2.138(5) 
O14’ 2.138(5) 
O16’ 2.139(5) 
O16 2.139(5) 

     

Mn2A 

O3 1.842(7) 

3.259 +III 

O5A 1.928(8) 
O6A 1.971(7) 
O4A 2.100(8) 
O15’ 1.992(5) 
O14’ 2.177(6) 

     

Mn2B 

O5B 1.900(3) 

2.963 +III 

O6B 1.960(3) 
O4B 2.000(3) 
O3 2.383(12) 

O15' 1.913(11) 
O14’ 2.175(11) 
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Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn3 

O16 1.908(4) 

3.178 +III 

O17 1.911(4) 
O15 1.926(4) 
O14 1.937(4) 
O12 2.211(5) 
O2’ 2.220(5) 

     

Mn4 

O7 1.870(5) 

3.088 +III 
O9 1.873(5) 
O8 1.899(5) 

O10 1.931(5) 
N1A 2.276(8) 

     

Mn5 

O16 1.914(4) 

3.080 +III 

O20 1.914(4) 
O18 1.921(4) 
O13’ 1.972(4) 
O19 2.223(4) 
O2’ 2.253(4) 

     

Mn6A 

O5A’ 1.960(12) 

3.138 +III 

O13 1.975(14) 
O14 2.030(3) 
O12 2.114(18) 
O22’ 1.800(2) 
O19’ 2.300(2) 

     

Mn6B 

O14 1.811(12) 

3.368 +III 

O13 1.872(11) 
O5B’ 1.941(3) 
O12 2.272(13) 
O22’ 2.013(13) 
O19’ 2.110(13) 

     

Mn7 

O1 1.849(5) 

3.089 +III 
O11 1.874(5) 
O21’ 1.908(5) 
O10 1.935(5) 
N2A 2.299(8) 

     

Mn8 

O46 1.948(4) 

2.696 +II/III 

O46’’ 1.948(4) 
O45’’ 1.968(4) 
O45 1.968(4) 

O28’’ 2.402(4) 
O28 2.402(4) 

     

Mn9 

O26 1.901(5) 

3.172 +III 

O40 1.909(4) 
O28 1.923(4) 
O45 1.950(4) 
O37 2.214(4) 

O33’’ 2.224(4) 
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Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn10 

O23A 1.948(6) 

3.129 +III 

O34’’ 1.973(5) 
O28 1.974(4) 
O27 1.987(5) 
O26 2.068(5) 

O44’’ 2.074(5) 
     

Mn11 

O42 1.863(4) 

3.110 +III 
O38 1.874(4) 
O39 1.897(4) 
O35 1.932(4) 
N4A 2.266(4) 

     

Mn12 

O32 1.853(5) 

3.174 +III 
O36 1.868(4) 
O31 1.891(4) 
O35 1.932(4) 
N3 2.242(6) 

     

Mn13 

O30’’ 1.910(4) 

3.130 +III 

O41 1.911(4) 
O45 1.928(4) 

O46’’ 1.944(4) 
O43 2.230(4) 

O33’’ 2.239(5) 
     

Mn14 

O28 1.906(4) 

3.159 +III 

O29 1.911(4) 
O27 1.917(5) 
O46 1.954(4) 

O43’’ 2.211(4) 
O37 2.233(4) 

     

Metals Distance (Å) Metals Distance (Å)  

Mn1-Mn3 3.105(4) Mn6A-Mn7 3.661(5)  
Mn1-Mn5 2.993(4) Mn8-Mn13 2.908(3)  

Mn1-Mn6A 3.118(4) Mn8-Mn14 3.108(3)  
Mn2A-Mn3’ 3.014(3) Mn9-Mn10 2.968(1)  
Mn2A-Mn4 5.320(3) Mn9-Mn11 3.817(1)  
Mn2A-Mn5 5.251(3) Mn9-Mn13 3.042(1)  

Mn2A-Mn6A’ 3.127(4) Mn9-Mn14 3.081(1)  
Mn2A-Mn7 5.165(3) Mn10-Mn11’’ 5.445(1)  
Mn2B-Na1 3.539(5) Mn10-Mn12’’ 5.347(1)  
Mn3-Mn4 3.693(1) Mn10-Mn13’’ 5.213(2)  
Mn3-Mn5 2.981(1) Mn10-Mn14 2.948(1)  

Mn3-Mn6A 3.124(4) Mn11-Mn12 3.647(1)  
Mn4-Mn5 3.857(4) Mn11-Mn13 3.927(1)  
Mn4-Mn7 3.643(5) Mn12-Mn13’’ 3.936(1)  

Mn5-Mn6A’ 3.115(4) Mn12-Mn14 3.805(1)  
Mn5-Mn7’ 3.982(2) Mn13-Mn14’’ 3.057(1)  

’2-X,2-Y,1-Z; ”1-X,1-Y,-Z 
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Table 8.6: BVS analysis for O atoms and their assigned protonation state in compound 8.2. 

 

 

 

 

 

 

Mn4 and Mn7 reside in a square pyramidal environment and not a spherical square pyramidal 

environment which was confirmed by continuous shape measure analysis (Table 8.7) which gives a 

slightly higher value (~1.2) when spherical square pyramidal geometry is used as reference. The 

coordination environment of both Mn centres is fulfilled by the O-donors of a µ-OH-, three 

phosphonate groups and the N-donor of a 4-picoline group (Figure 8.13). The Jahn-Teller axis for 

both is directed along the 4-picoline N-donor with the Mn-N bond being close to 2.3 Å. The Mn-O 

distances on the other hand vary between 1.85 and 1.95 Å. These Mn centres are relatively isolated 

from the other Mn centres and their polyhedra only share a vertex with each other at the µ-OH- 

group (O10). 

Table 8.7: Continuous shape measure values, angle variance and distortion indices for each Mn 

centre for compound 8.2  (1octahedral and 2square pyramid geometry).  

Mn centre  Continuous shape measure 
value  

Angle variance (σ2)   Distortion Index  

Mn11 2.820 167.86 0.1360 
Mn2A1 0.883 45.23 0.0527 
Mn31 0.897 34.23 0.0522 
Mn42 0.832 9.37 0.0239 
Mn51 0.988 30.03 0.0460 

Mn6A1 1.178 86.42 0.9344 
Mn72 0.669 9.60 0.0258 
Mn81 4.073 197.41 0.1427 
Mn91 0.884 31.75 0.0559 

Mn101 0.560 32.49 0.0487 
Mn112 0.929 13.06 0.0270 
Mn122 0.753 8.00 0.0313 
Mn131 0.988 32.20 0.0491 
Mn141 0.919 30.44 0.0235 

 

The Mn centres in the other form that contains the partially protonated tert-butyl phosphonate 

group reside in coordination environments similar to those described for the form above (Figure 

8.14). This form was found to be less disordered with only the partially protonated phosphonate 

group being disordered and it was modelled as two parts. The central Mn centre in this case (Mn8) 

has a bond valence sum value of 2.696 suugesting that this centre may exist in both +II and +III 

oxidation state. The partially protonated phosphonate group is coordinated to Mn10 (Figure 8.14 

(c)) which, like Mn2, is further coordinated to a µ4-O2- (O28) and the O-donors of two µ-CH3O- (O26 

Atom BVS Assignment 

O10 1.253 µ3-OH- 
O13 1.709 µ3-O2- 
O14 1.786 µ4-O2- 
O16 1.689 µ3-O2- 
O28 2.055 µ4-O2- 
O35 1.256 µ3-OH- 
O45 1.803 µ3-O2- 
O46 1.802 µ3-O2- 
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and O27) and two fully deprotonated phosphonate groups (O34 and O44). The Jahn-Teller axis for 

this Mn centre is directed along the µ4-O2- and the partially protonated phosphonate O-donor 

(O23A/B). The bond distances for Mn10 are slightly shorter than those observed for both Mn2A 

and Mn2B.  

This complex bears some structural similarities with some of the previously reported Mn 

complexes. These complexes contain a {Mn7} disc stabilised by carboxylate and phosphonate 

ligands.368, 384, 542, 544, 643-647 A number of these complexes also show similar trinuclear units as found 

in compound 8.2.384, 542, 544, 645-647 The capping of the trinuclear units has been observed only in two 

cases where an additional MnII centre was found to cap the trinuclear units.645, 647 

 

Figure 8.14: (a) Coordination environment of Mn centres constituting the {Mn7} disc, (b) 

polyhedral representation of the {Mn7} disc and (c) coordination environment of Mn centres the 

trinuclear unit in the other form of the tridecanuclear complex in compound 8.2. Colour scheme: 

Mn (deep blue), C (black), P (pink), O (red) and H (grey). 
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Table 8.8: Selected bond angles for compound 8.2. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O14-Mn1-O16 75.21(15) O5A-Mn2A-O14’ 76.9(3) 
O14’-Mn1-O16’ 75.21(15) O15’-Mn2A-O14’ 77.60(19) 
O13’-Mn1-O14’ 77.94(17) O5A-Mn2A-O6A 88.3(3) 
O13-Mn1-O14 77.94(17) O5A-Mn2A-O15’ 88.4(3) 
O13-Mn1-O16’ 80.13(17) O6A-Mn2A-O14’ 89.8(3) 
O13’-Mn1-O16 80.13(17) O3-Mn2A-O15’ 90.4(2) 
O13’-Mn1-O16’ 99.87(17) O3-Mn2A-O6A 91.8(3) 
O13-Mn1-O16 99.87(17) O3-Mn2A-O4A 92.1(3) 
O13-Mn1-O14’ 102.06(17) O6A-Mn2A-O4A 93.3(3) 
O13’-Mn1-O14 102.06(17) O5A-Mn2A-O4A 93.7(3) 
O14’-Mn1-O16 104.79(15) O3-Mn2A-O14’ 97.3(2) 
O14-Mn1-O16’ 104.79(15) O15’-Mn2A-O4A 99.0(3) 
O13’-Mn1-O13 180.00(6) O6A-Mn2A-O15’ 167.4(3) 
O14-Mn1-O14’ 180.0(2) O4A-Mn2A-O14’ 170.1(3) 
O16’-Mn1-O16 180.0(2) O3-Mn2A-O5A 174.2(3) 

    
O15’-Mn2B-O3 77.8(4) O14-Mn3-O12 81.52(18) 

O15’-Mn2B-O14’ 79.3(4) O15-Mn3-O14 85.3(2) 
O14’-Mn2B-O3 83.0(4) O16-Mn3-O14 85.5(2) 

O5B-Mn2B-O14’ 87.358(9) O14-Mn3-O2’ 85.52(18) 
O5B-Mn2B-O6B 90.0(12) O16-Mn3-O2’ 86.09(17) 
O4B-Mn2B-O3 92.2(11) O15-Mn3-O12 86.8(2) 

O6B-Mn2B-O14’ 92.840(6) O15-Mn3-O2’ 90.11(19) 
O15’-Mn2B-O4B 93.2(11) O17-Mn3-O2’ 91.24(19) 
O6B-Mn2B-O3 93.3(8) O16-Mn3-O17 92.09(19) 

O6B-Mn2B-O4B 94.1(13) O16-Mn3-O12 94.85(18) 
O5B-Mn2B-O4B 97.1(14) O17-Mn3-O15 96.96(19) 
O5B-Mn2B-O15’ 97.713(9) O17-Mn3-O12 101.78(19) 
O15’-Mn2B-O6B 168.7(10) O12-Mn3-O2’ 166.89(16) 
O5B-Mn2B-O3 169.9(10) O16-Mn3-O15 170.3(2) 

O4B-Mn2B-O14’ 171.7661(13) O17-Mn3-O14 176.1(2) 
    

O9-Mn4-N1A 86.5(3) O7-Mn4-O8 91.2(2) 
O9-Mn4-O8 87.8(2) O9-Mn4-O10 91.4(2) 

O7-Mn4-N1A 88.0(3) O10-Mn4-N1A 96.4(3) 
O8-Mn4-N1A 89.6(3) O8-Mn4-O10 173.8(2) 
O7-Mn4-O10 90.1(2) O7-Mn4-O9 174.4(2) 

    
O13’-Mn5-O19 82.44(16) O5A’-Mn6A-O14 79.9(8) 
O16-Mn5-O2’ 85.03(17) O13-Mn6A-O14 80.3(9) 

O16-Mn5-O13’ 85.62(19) O13-Mn6A-O19’ 80.3(8) 
O16-Mn5-O19 87.21(17) O14-Mn6A-O12 81.9(5) 
O13’-Mn5-O2’ 87.33(16) O5A’-Mn6A-O19’ 82.0(7) 
O18-Mn5-O2’ 88.83(17) O14-Mn6A-O19’ 82.3(11) 
O20-Mn5-O18 89.11(19) O22’-Mn6A-O19’ 92.1(5) 
O20-Mn5-O19 89.12(19) O5A’-Mn6A-O12 94.4(6) 
O16-Mn5-O18 92.7(2) O22’-Mn6A-O13 95.0(6) 
O20-Mn5-O13’ 92.81(18) O13-Mn6A-O12 97.8(5) 
O20-Mn5-O2’ 98.40(19) O22’-Mn6A-O5A’ 103.2(9) 
O18-Mn5-O19 101.21(17) O22’-Mn6A-O12 103.7(14) 
O19-Mn5-O2’ 167.60(15) O5A’-Mn6A-O13 155.0(17) 

O18-Mn5-O13’ 175.92(18) O12-Mn6A-O19’ 164.2(13) 
O16-Mn5-O20 176.18(19) O22’-Mn6A-O14 173.2(12) 

    
O5B’-Mn6B-O12 78.3(9) O45’’-Mn8-O28’’ 73.68(15) 
O5B’-Mn6B-O22’ 81.466(8) O45-Mn8-O28 73.68(15) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O14-Mn6B-O12 82.5(4) O46-Mn8-O28 75.02(16) 
O13-Mn6B-O19’ 88.0(5) O46’’-Mn8-O28’’ 75.02(16) 
O14-Mn6B-O13 88.9(6) O46-Mn8-O45’’ 82.78(15) 
O13-Mn6B-O22’ 91.5(4) O46’’-Mn8-O45 82.78(15) 
O22’-Mn6B-O12 91.8(5) O46’’-Mn8-O45’’ 97.22(15) 
O22’-Mn6B-O19’ 92.4(5) O46-Mn8-O45 97.22(15) 
O14-Mn6B-O19’ 93.2(6) O46’’-Mn8-O28 104.98(16) 
O13-Mn6B-O12 95.7(4) O46-Mn8-O28’’ 104.98(16) 
O14-Mn6B-O5B’ 97.4(10) O45-Mn8-O28’’ 106.32(15) 
O19’-Mn6B-O5B’ 98.559(8) O45’’-Mn8-O28 106.32(15) 
O13-Mn6B-O5B’ 170.6(11) O28-Mn8-O28’’ 180 
O19’-Mn6B-O12 174.3(5) O45’’-Mn8-O45 180.00(10) 
O14-Mn6B-O22’ 174.4(7) O46’’-Mn8-O46 180 

    
O1-Mn7-N2A 84.7(4) O1-Mn7-O21’ 91.9(2) 

O11-Mn7-O21’ 88.5(2) O10-Mn7-N2A 92.4(3) 
O1-Mn7-O10 88.7(2) O211-Mn7-N2A 94.8(4) 

O11-Mn7-N2A 90.9(4) O211-Mn7-O10 172.8(2) 
O11-Mn7-O10 91.4(2) O1-Mn7-O11 175.5(2) 

    
O28-Mn9-O37 82.52(16) O28-Mn10-O26 78.60(18) 

O45-Mn9-O33’’ 82.82(16) O28-Mn10-O27 79.36(18) 
O26-Mn9-O28 84.1(2) O27-Mn10-O44’’ 87.62(19) 

O28-Mn9-O33’’ 85.08(16) O34’’-Mn10-O26 87.8(2) 
O28-Mn9-O45 86.05(17) O27-Mn10-O26 91.2(2) 
O26-Mn9-O37 88.18(19) O23A-Mn10-O26 91.8(3) 

O26-Mn9-O33’’ 93.0(2) O23A-Mn10-O34’’ 92.0(4) 
O40-Mn9-O33’’ 93.46(16) O34’’-Mn10-O44’’ 92.4(2) 
O45-Mn9-O37 93.88(16) O28-Mn10-O44’’ 93.04(17) 
O40-Mn9-O45 94.31(17) O34’’-Mn10-O28 93.71(19) 
O26-Mn9-O40 95.4(2) O23A-Mn10-O27 94.9(4) 
O40-Mn9-O37 98.95(16) O23A-Mn10-O44’’ 96.5(3) 

O37-Mn9-O33’’ 167.37(15) O23A-Mn10-O28 168.6(3) 
O26-Mn9-O45 169.6(2) O26-Mn10-O44’’ 171.63(19) 
O40-Mn9-O28 178.45(19) O34’’-Mn10-O27 173.1(2) 

    
O42-Mn11-N4A 87.4(2) O36-Mn12-N3 86.4(2) 
O38-Mn11-O39 88.68(19) O32-Mn12-O35 88.2(2) 
O42-Mn11-O35 88.7(2) O36-Mn12-O31 88.69(19) 
O39-Mn11-N4A 89.22(19) O32-Mn12-N3 89.5(2) 
O38-Mn11-N4A 89.64(19) O31-Mn12-N3 90.7(3) 
O38-Mn11-O35 90.51(18) O36-Mn12-O35 91.16(18) 
O42-Mn11-O39 92.5(2) O32-Mn12-O31 92.4(2) 
O35-Mn11-N4A 98.6(2) O35-Mn12-N3 95.5(3) 
O39-Mn11-O35 172.17(19) O31-Mn12-O35 173.7(2) 
O42-Mn11-O38 176.8(2) O32-Mn12-O36 175.8(2) 

    
O46’’-Mn13-O43 82.27(16) O28-Mn14-O37 82.37(16) 
O45-Mn13-O33’’ 82.91(16) O46-Mn14-O43’’ 82.52(16) 
O45-Mn13-O46’’ 83.96(16) O28-Mn14-O27 82.85(19) 
O302-Mn13-O41 87.76(17) O28-Mn14-O43’’ 85.98(16) 
O41-Mn13-O33’’ 88.43(18) O28-Mn14-O46 87.64(17) 
O302-Mn13-O43 88.55(17) O27-Mn14-O43’’ 90.42(18) 
O45-Mn13-O43 89.43(16) O27-Mn14-O37 90.56(18) 

O46’’-Mn13-O33’’ 89.93(16) O29-Mn14-O46 92.87(18) 
O302-Mn13-O46’’ 93.78(17) O29-Mn14-O43’’ 93.96(17) 
O41-Mn13-O45 94.55(16) O46-Mn14-O37 94.50(16) 

O302-Mn13-O33’’ 98.84(18) O29-Mn14-O27 96.6(2) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O41-Mn13-O43 99.20(17) O29-Mn14-O37 97.72(16) 
O43-Mn13-O33’’ 169.61(15) O43’’-Mn14-O37 168.09(15) 
O302-Mn13-O45 177.15(18) O27-Mn14-O46 168.54(19) 
O41-Mn13-O46’’ 177.91(18) O28-Mn14-O29 179.5(2) 

 

The packing arragement in this complex allows for some solvent molecules to be trapped in the 

crystal lattice (Figure 8.15). The ‘calcvoid’ routine in OLEX2 reveals that the structure contains voids 

that can be permeated by a sphere of radius 2.2 Å. The electron density found within these voids 

(100 electrons per unit cell) may correspond to some Na+ ions and five CH3OH molecules per 

formula unit but due to its diffused nature, they could not be resolved. 

 

Figure 8.15: Packing diagram of compound 8.2. Colour scheme: Mn (blue), Na (tan), P(pink), C 

(black) and O (red). 
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8.2.2 Physicochemical characterisation 

A number of physicochemical techniques were employed to verify the structural model. The Mn:Na 

ratio in this complex was determined to be 26:1.1 using EDX analysis which is close to the expected 

ratio of 26:1.4 confirming the presence of an extra Na+ ion in the crystal lattice. 

TGA analysis reveals (Figure 8.16) an intial drop up to 70 °C due to the loss of the five CH3OH 

molecules trapped in the crystal lattice (weight loss calcd: 2.7 %, found: 2.7 %). This is followed by 

the loss of the bound CH3OH, 4-picoline and methoxy groups up to 320 °C (weight loss calcd: 17.9 

%, found: 17.8 %). Above 320 °C, the partial decomposition of the tert-butyl phosphonate groups 

and the subsequent formation of the oxide and phosphate species occurs. 

 

Figure 8.16: TGA analysis of compound 8.2. 
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The IR spectrum of compound 8.2 is in agreement with the proposed structural model (Figure 8.17). 

The feature centred at ~2900 cm-1 corresponds to the C-H vibrations.617 The signals in the 1300-

1600 cm-1 range are due to vibrations of the organic moieties of the molecule.617 The strong 

vibrational mode at 972 cm-1 corresponds to the stretching vibration of the phosphonate groups.621-

623 

 

 

Figure 8.17: Infrared spectrum of compound 8.2. 
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8.3 K[K2(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10 

((CH3)3CO2)2(µ-CH3O)4(CH3OH)6][(MnII
0.5MnIII

0.5)MnIII
12(µ4-O)2(µ3-O)4(µ-

OH)2((CH3)3CPO3)10((CH3)3CPO3H)2(µ-CH3O)4(CH3OH)4]·2CH3OH (8.3) 

Having dangling partially protonated phosphonate groups in compound 8.2 provides the potential 

opportunity to link such units together by cationic species and hence this possibility was 

investigated. It was observed that refluxing KMnO4 with Mn(CH3COO)2·4H2O with tert-butyl 

phosphonic acid and pivalic acid in the ratio 1:4:5:10 resulted in the formation of compound 8.3, 

K[K2Mn13(µ4-O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10((CH3)3CO2)2(µ-CH3O)4(CH3OH)6][Mn13(µ4-O)2(µ3-O)4(µ-

OH)2 ((CH3)3CPO3)10((CH3)3CPO3H)2(µ-CH3O)4(CH3OH)4]·2CH3OH. The crystals were obtained within a 

week and were characterised using single crystal X-ray diffraction. 

8.3.1 Structure description 

Compound 8.3 crystallises in the triclinic crystal system and the structure was solved in the space 

group 𝑃1̅. Compound 8.3 is a one-dimensional polymer of the tridecanuclear complex similar to 

that of compound 8.2, that are bound to each other by K+ ions (Figure 8.18). The asymmetric unit 

contains half of this complex (Figure 8.19). The tridecanuclear complex in this case too exists in two 

different forms one contains partially protonated phosphonate group while the other contains a 

pivalate group. These ligands lie at the periphery and bind to the K+ ion. Both forms are stabilised 

by two OH- groups, four CH3O-, six O2- and ten phosphonate groups. 

 

Figure 8.18: Crystal structure of the tridecanuclear compound 8.3. Colour scheme: Mn (deep 

blue), K (tan), C (black), P (pink) and O (red). All hydrogen atoms (grey) except those bound to O 

centres have been removed for clarity. Hydrogen bonds are shown with dashed lines. 

Similar to compound 8.2, the core structure of this complex comprises of a three layered metal-

centred distorted cuboctahedron with the top and bottom {Mn3} layers sandwiching the central 

{Mn7} layer. The overall structure is stabilised by µ4-O2- groups and the O-donors of µ-CH3O- and 

tert-butyl phosphonate groups which bind in 4.211 and 3.111 modes. The oxidation state of each 

Mn centre has been determined using bond valence sum analysis (Table 8.9) which has also been 
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used for the proper assignment of the protonation states of the O centres bound only to Mn (Table 

8.10). The oxidation state of all Mn centres except Mn1 and Mn8 has been found to be +III. For Mn1 

and Mn8, the bond valence sum has been determined to close to 2.5 suggesting that these Mn 

centres display intermediate oxidation state. 

 

Figure 8.19: Asymmetric unit of compound 8.3. Colour scheme: Mn (deep blue), K (tan), C (black), 

P (pink) and O (red). All hydrogen atoms (grey) except those bound to O centres have been 

removed for clarity. Hydrogen bonds are shown with dashed lines. 

The {Mn7} disc is comprised of Mn1, Mn2, Mn6, Mn7 and their symmetry equivalents (Figure 8.20). 

Mn1 resides in an octahedral environment which is fufilled by four µ3-O2- (O1 and O2 and their 

symmetry equivalents) and two µ4-O2- groups (O3 and its symmetry equivalent) (Figure 8.20 (a)). 

The coordination environment of Mn1 is axially elongated with the Jahn-Teller axis directed along 

O3 and its symmetry equivalent. The bond distances are ~2.4 Å along the Jahn-Teller axis and vary 

between 1.95-2.00 Å perpendicular to it. The octahedron of Mn1 shares a vertex with the 

octahedron of Mn3 and an edge with that of Mn2, Mn6 and Mn7 (Figure 8.20 (b)).  

The coordination environment of Mn2 is fulfilled by a µ3-O2- (O2) and a µ4-O2- (O3) groups in addition 

to the O-donors of a methoxy group (O4), and three phosphonate groups (O5, O6 and O12’) (Figure 

8.20 (a)). The Jahn-Teller axis is directed along two of the phosphonate O-donors (O6 and O12’) 

with the Mn-O distance being ~2.2 Å. The Mn-O distances perpendicular to the Jahn-Teller axis 

range between ~1.91 and 1.95 Å. The octahedron of Mn2 shares an edge with the octahedron of 

Mn3, Mn6 and Mn7. 
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Figure 8.20: (a) Coordination environment of Mn centres constituting the {Mn7} disc and (b) 

polyhedral representation of the {Mn7} disc in compound 8.3. Colour scheme: Mn (deep blue), P 

(pink), O (red) and C (black). tert-Butyl groups have been removed for clarity. 

Mn6 and Mn7 also reside in an octahedral coordination environment (Figure 8.20 (a)). Two µ3-O2- 

groups (O1 and O3’) along with the O-donors of a methoxy (O14) and three phosphonate groups 

(O6’, O19 and O21) fulfil the coordination envrionemnt of Mn6. Mn7 resides in a similar 

coordination environment with the methoxy O-donor replaced by another phosphonate O-donor. 

For both Mn centres, the Jahn-Teller axis is directed along the phosphonate O-donors such that 

they are mutally perpendicular to each other. The Mn-O distances along the Jahn-Teller axis are 

~2.2 Å and vary between 1.88-1.96 Å perpendicular to it. The octahedron of both Mn centres share 

an edge with each other at O1 and O19 (Figure 8.20 (b)). Similar to compound 8.2, the Jahn-Teller 

axis of the Mn centres forming the vertices of the {Mn7} disc are arranged in such a way that they 

are joined to each other at an angle that ranges between 77-85°. 

Mn3-Mn5 constitute the trinuclear units capping the central layer (Figure 8.21). Mn3 is coordinated 

to a µ4-O2- (O3’) group in addition to the O-donors of a pivalate group (O16), two methoxy groups 

(O4’ and O14) and two phosphonate groups (O13 and O15) (Figure 8.21). One of the phosphonate 

O-donors (O13) and the methoxy O-donor (O14) lying opposite to it occupy the Jahn-Teller axis 

elongated site with the Mn-O bond being ~2.1 Å. The Mn-O distance perpendicular to the Jahn-

Teller axis vary between 1.9 and 2.0 Å. The octahedron of Mn3 shares an edge with Mn6 in addition 

to sharing an edge with that of Mn2 and a vertex with that of Mn1.  
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Figure 8.21: Coordination environment of Mn3-Mn5 in compound 8.3. Colour scheme: Mn (deep 

blue), K (tan), C (black), P (pink), O (red) and H (grey). 

Mn4 and Mn5 similar to compound 8.2 reside in a square pyramidal coordination environment 

(Figure 8.21) which was confirmed by continuous shape measure analysis (Table 8.11). A higher 

continuous shape measure value (~1.2) was obtained when spherical square pyramidal geometry 

was used as reference. The coordination environment of both Mn4 and Mn5 is fulfiiled by a µ-OH- 

group (O10) in addition to a methanol and three phosphonate O-donors with the Jahn-Teller axis 

directed along the methanol O-donor with the Mn-O distance being ~2.2 Å. Perpendicular to the 

Jahn-Teller axis, the Mn-O distances are ~1.9 Å. The polyhedron of these Mn centres share a vertex 

with each other at O10. 

Table 8.9: Key metal-ligand and metal-metal bond lengths and bond valence sum for each Mn 

centre and Ca centre for compound 8.3. 

Metal centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn1 

O2 1.946(3) 

2.659 +II/III 

O2’ 1.946(3) 
O1’ 1.998(3) 
O1 1.998(3) 
O3’ 2.357(3) 
O3 2.358(3) 

     

Mn2 

O5 1.908(3) 

3.188 +III 

O4 1.922(3) 
O3 1.925(3) 
O2 1.944(3) 
O6 2.178(3) 

O12’ 2.204(3) 
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Metal centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn3 

O16 1.913(3) 

3.158 +III 

O4’ 1.960(3) 
O3’ 1.965(3) 
O15 1.968(3) 
O13 2.109(3) 
O14 2.118(3) 

     

Mn4 

O18 1.871(3) 

3.090 +III 
O7 1.876(3) 

O24 1.888(3) 
O10 1.934(4) 
O25 2.223(3) 

     

Mn5 

O11 1.866(3) 

3.084 +III 
O8 1.884(3) 

O20’ 1.891(3) 
O10 1.938(3) 
O9 2.208(4) 

     

Mn6 

O14 1.884(3) 

3.171 +III 

O21 1.905(3) 
O1 1.937(3) 
O3’ 1.942(3) 
O6’ 2.237(3) 
O19 2.240(3) 

     

Mn7 

O22 1.920(3) 

3.078 +III 

O23 1.922(3) 
O1 1.934(3) 
O2 1.956(3) 

O12’ 2.205(3) 
O19 2.245(3) 

     

Mn8 

O31 1.970(3) 

2.556 +II/III 

O31’’ 1.970(3) 
O30’’ 2.004(3) 
O30 2.004(3) 

O29’’ 2.367(3) 
O29 2.367(3) 

     

Mn9 

O33 1.902(3) 

3.192 +III 

O34 1.903(3) 
O29 1.930(3) 
O31 1.945(3) 

O41’’ 2.207(3) 
O32 2.213(3) 

     

Mn10 

O28 1.947(3) 

3.148 +III 

O40 1.977(4) 
O29’’ 1.983(3) 
O49’’ 1.987(3) 
O33’’ 2.026(4) 
O39 2.088(3) 

     

Mn11 

O37 1.867(3) 

3.110 +III 
O44 1.871(3) 
O36 1.889(3) 
O43 1.927(3) 
O51 2.234(4) 



  Chapter 8 

 256 

Metal centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn12 

O42 1.863(3) 

3.100 +III 
O45 1.876(3) 
O46 1.881(4) 
O43 1.932(4) 
O50 2.254(5) 

     

Mn13 

O48 1.918(3) 

3.150 +III 

O49 1.919(3) 
O29 1.921(3) 
O30 1.937(3) 

O38’’ 2.214(3) 
O32 2.222(3) 

     

Mn14 

O47 1.913(3) 

3.088 +III 

O35’’ 1.919(3) 
O30 1.940(3) 

O31’’ 1.953(3) 
O41 2.211(3) 

O38’’ 2.241(3) 
     

K1 

O17 2.595(5) 

  

O13 2.665(3) 
O15 2.770(3) 
O27 2.781(5) 
O26 2.862(4) 
O18 3.163(4) 

     

Metals Distance (Å) Metals Distance (Å)  

Mn1-Mn2 3.0637 Mn9-Mn10 2.9569(9)  
Mn1-Mn7 2.948 Mn9-Mn11 3.733(1)  
Mn2-Mn3 2.9380(9) Mn9-Mn13 3.094(1)  
Mn2-Mn4 3.791(1) Mn9-Mn14 3.056(1)  
Mn2-Mn6 3.096(1) Mn10-Mn11 5.363(1)  
Mn2-Mn7 3.041(1) Mn10-Mn12 5.396(1)  
Mn3-Mn5 5.481(1) Mn10-Mn13 2.960(1)  
Mn3-Mn6 2.970(1) Mn11-Mn12 3.644(1)  
Mn4-Mn5 3.653(1) Mn11-Mn14 3.898(1)  
Mn4-Mn7 3.956(1) Mn12-Mn13 3.723(1)  
Mn5-Mn6 3.726(1) Mn12-Mn14 3.874(1)  
Mn5-Mn7 3.9013(9) Mn13-Mn14 3.044(1)  
Mn6-Mn7 3.045(1) K1-Mn4 4.270(2)  
Mn8-Mn9 3.116 K1-Mn10 5.791(1)  

Mn8-Mn13 3.1272 K1-Mn3 3.600(1)  
Mn8-Mn14 2.9443 K1-Mn5 4.656(2)  

’1-X,2-Y,2-Z; ”-X,1-Y,1-Z 

 

Table 8.10: BVS analysis for O atoms and their assigned protonation state in compound 8.3. 

 

 

Atom BVS Assignment    

O1 1.815 µ3-O2- O29 2.036 µ4-O2- 
O2 1.853 µ3-O2- O30 1.795 µ3-O2- 
O3 2.042 µ4-O2- O31 1.815 µ3-O2- 

O10 1.243 µ3-OH- O43 1.265 µ3-OH- 
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The coordination envrionment of K1 is fulfilled by the O-donors of a pivalate group (O17) and three 

phosphonate groups with two of the phosphonates acting as chelating groups (Figure 8.22). These 

O-donors reside at the vertices of a distorted pentagonal pyramid and the K-O distances vary 

between 2.6-3.2 Å (Table 8.9).  

 

Figure 8.22: Coordination environment of K+ ion in compound 8.3. Colour scheme: K (tan), Mn 

(deep blue), C (black), P (pink), O (red) and H (grey). 

Table 8.11: Continuous shape measure values, angle variance and distortion indices for each Mn 

centre for compound 8.3 (1octahedral and 2square pyramid geometry).  

Mn centre  Continuous shape measure 
value  

Angle variance (σ2)   Distortion Index  

Mn11 3.662 185.13 0.14 
Mn21 0.778 26.66 0.0499 
Mn31 0.720 35.49 0.0471 
Mn42 0.920 17.19 0.0383 
Mn52 0.792 43.62 0.0621 
Mn61 1.106 11.4 0.0239 
Mn71 0.829 27.49 0.044 
Mn81 3.706 189.8 0.1416 
Mn91 0.866 31.45 0.0528 

Mn101 0.561 31.9 0.0487 
Mn112 0.834 12.48 0.0316 
Mn122 0.797 8.99 0.0285 
Mn131 0.901 33.55 0.0551 
Mn141 0.974 34.65 0.0503 

 

The Mn centres in the other form that contains the partially protonated tert-butyl phosphonate 

group reside in coordination environments similar to those described for the form above (Figure 

8.23). The central Mn in this form (Mn8) also has a bond valence sum of 2.556 suggesting that, like 

Mn1, this Mn centre may exhibit variable valency. The partially protonated phosphonate group is 

coordinated to K1 and Mn10. The former is further bound to the O-donors of a pivalate and two 

phosphonate groups (Figure 8.23 (c)). Mn10 is further coordinated to a µ4-O2- group (O29’’) and the 
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O-donors of two methoxy (O33’’ and O49’’) and two phosphonate groups (O39 and O40). O39 is 

further engaged in hydrogen bonding with the partially protonated phosphonate group (donor-

acceptor distance: ~1.82 Å).636 The coordination environment of all other Mn centres in this form is 

similar to that observed for the corresponding Mn centres in the other form. 

 

 

Figure 8.23: (a) Coordination environment of Mn centres constituting the {Mn7} disc, (b) 

polyhedral representation of the {Mn7} disc and (c) coordination environment of Mn centres the 

trinuclear unit in the other form of the tridecanuclear complex in compound 8.3. Colour scheme: 

Mn (deep blue), C (black), P (pink), O (red) and H (grey). 
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The packing in this complex is such that the linear chains formed by the tetradecanuclear complex 

run parallel to each other as is evident from the packing diagram along the crystallographic a-axis 

(Figure 8.24). The packing arragement allows for some solvent molecules to be trapped in the 

crystal lattice. These molecules could not be structurally resolved and the electron density due to 

these molecules (corresponding to 50 electrons) was subjected to the ‘squeeze’ routine as 

implemented in the PLATON code. The treated electron density may correspond to an additional K+ 

ion and two CH3OH molecules per unit cell. The largest spherical voids holding these molecules are 

2.4 Å in radius as calculated by the calcvoid routine implemented in OLEX2.  

 

Figure 8.24: Packing diagram of compound 8.3. Colour scheme: Mn (blue), K (tan), P(pink), C 

(black) and O (red).  
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Table 8.12: Selected bond angles for compound 8.3. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O1’-Mn1-O3 73.64(10) O4-Mn2-O3 82.54(12) 
O1-Mn1-O3’ 73.64(10) O2-Mn2-O12’ 82.95(11) 

O21-Mn1-O3’ 76.87(10) O3-Mn2-O6 83.22(11) 
O2-Mn1-O3 76.87(10) O3-Mn2-O12’ 87.36(11) 
O2’-Mn1-O’ 81.69(11) O4-Mn2-O12’ 88.13(12) 
O2-Mn1-O1 81.69(11) O3-Mn2-O2 88.28(11) 
O2’-Mn1-O1 98.31(11) O5-Mn2-O2 92.33(12) 
O2-Mn1-O1’ 98.31(11) O2-Mn2-O6 93.67(11) 
O2’-Mn1-O3 103.13(10) O4-Mn2-O6 93.68(12) 
O2-Mn1-O3’ 103.13(10) O5-Mn2-O6 94.48(12) 
O1-Mn1-O3 106.36(10) O5-Mn2-O12’ 94.95(12) 

O1’-Mn1-O3’ 106.36(10) O5-Mn2-O4 97.18(13) 
O1’-Mn1-O1 180 O4-Mn2-O2 167.49(13) 
O2-Mn1-O2’ 180 O6-Mn2-O12’ 170.10(11) 
O3’-Mn1-O3 180.00(19) O5-Mn2-O3 177.66(12) 

    
O3’-Mn3-O14 78.19(11) O16-Mn3-O15 92.61(14) 
O4’-Mn3-O3’ 80.57(12) O16-Mn3-O14 93.73(14) 

O15-Mn3-O14 87.46(13) O3’-Mn3-O15 95.80(12) 
O3’-Mn3-O13 88.55(12) O16-Mn3-O13 99.61(15) 
O4’-Mn3-O14 89.52(13) O13-Mn3-O14 166.65(12) 
O4’-Mn3-O13 89.77(13) O16-Mn3-O3’ 168.04(14) 
O16-Mn3-O4’ 90.65(14) O4’-Mn3-O15 175.70(14) 
O15-Mn3-O13 92.45(13)   

    
O18-Mn4-O10 85.97(15) O8-Mn5-O9 87.44(14) 
O18-Mn4-O25 86.41(13) O8-Mn5-O20’ 88.43(13) 
O7-Mn4-O25 87.83(13) O11-Mn5-O9 88.73(14) 
O7-Mn4-O24 88.30(13) O11-Mn5-O20’ 90.14(15) 
O7-Mn4-O10 91.20(14) O11-Mn5-O10 90.21(15) 

O10-Mn4-O25 93.08(14) O10-Mn5-O9 90.95(14) 
O18-Mn4-O24 95.48(14) O8-Mn5-O10 91.84(14) 
O24-Mn4-O25 96.53(13) O20’-Mn5-O9 98.05(14) 
O24-Mn4-O10 170.35(14) O20’-Mn5-O10 170.99(14) 
O18-Mn4-O7 173.43(14) O11-Mn5-O8 175.68(14) 

    
O3’-Mn6-O6’ 81.29(11) O2-Mn7-O12’ 82.65(11) 
O1-Mn6-O19 83.29(11) O1-Mn7-O2 83.07(11) 
O14-Mn6-O3’ 84.72(12) O1-Mn7-O19 83.19(11) 
O3’-Mn6-O19 85.23(11) O22-Mn7-O19 88.43(11) 
O1-Mn6-O3’ 85.24(11) O1-Mn7-O12’ 88.76(11) 

O14-Mn6-O6’ 85.62(13) O23-Mn7-O12’ 89.74(11) 
O21-Mn6-O19 90.39(12) O22-Mn7-O23 90.20(12) 
O1-Mn6-O61 92.65(11) O2-Mn7-O19 90.48(10) 

O14-Mn6-O21 94.98(13) O23-Mn7-O2 93.07(12) 
O21-Mn6-O1 95.04(12) O22-Mn7-O1 93.67(12) 

O14-Mn6-O19 96.08(12) O23-Mn7-O19 97.90(11) 
O21-Mn6-O6’ 103.12(12) O22-Mn7-O12’ 98.02(11) 
O6’-Mn6-O19 166.21(10) O121-Mn7-O19 170.01(10) 
O14-Mn6-O1 169.96(13) O23-Mn7-O1 176.01(12) 
O21-Mn6-O3’ 175.55(12) O22-Mn7-O2 176.67(12) 

    
O30’’-Mn8-O29’’ 74.55(11) O31-Mn9-O41’’ 82.21(12) 

O30-Mn8-O29 74.55(11) O29-Mn9-O32 82.25(12) 
O31-Mn8-O29 75.17(11) O33-Mn9-O29 83.93(14) 

O31’’-Mn8-O29’’ 75.18(11) O29-Mn9-O41’’ 85.34(12) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O31’’-Mn8-O30 82.03(12) O29-Mn9-O31 86.89(13) 
O31-Mn8-O30’’ 82.04(12) O33-Mn9-O32 90.30(14) 
O31-Mn8-O30 97.96(12) O33-Mn9-O41’’ 90.95(14) 

O31’’-Mn8-O30’’ 97.96(12) O34-Mn9-O41’’ 93.34(12) 
O31’’-Mn8-O29 104.83(11) O34-Mn9-O31 93.79(13) 
O31-Mn8-O29’’ 104.83(11) O31-Mn9-O32 94.51(12) 
O30-Mn8-O29’’ 105.45(11) O33-Mn9-O34 95.23(14) 
O30’’-Mn8-O29 105.45(11) O34-Mn9-O32 99.10(13) 
O29-Mn8-O29’’ 180 O41’’-Mn9-O32 167.32(11) 
O30’’-Mn8-O30 180.00(8) O33-Mn9-O31 168.98(15) 
O31-Mn8-O31’’ 180 O34-Mn9-O29 178.42(14) 

    
O29’’-Mn10-O49’’ 79.17(13) O28-Mn10-O39 93.44(14) 
O29’’-Mn10-O33’’ 79.43(12) O28-Mn10-O49’’ 94.24(15) 
O49’’-Mn10-O39 85.76(15) O29’’-Mn10-O39 95.19(12) 
O40-Mn10-O33’’ 89.05(16) O28-Mn10-O40 95.48(16) 

O49’’-Mn10-O33’’ 91.01(16) O28-Mn10-O29’’ 168.70(15) 
O40-Mn10-O29’’ 91.29(14) O40-Mn10-O49’’ 170.28(15) 
O28-Mn10-O33’’ 91.62(14) O33’’-Mn10-O39 174.18(13) 
O40-Mn10-O39 93.31(16)   

    
O37-Mn11-O51 85.93(16) O42-Mn12-O50 85.26(18) 
O44-Mn11-O51 87.00(16) O45-Mn12-O50 87.09(18) 
O37-Mn11-O43 87.40(15) O42-Mn12-O43 88.52(16) 
O44-Mn11-O36 88.61(13) O45-Mn12-O46 88.52(15) 
O36-Mn11-O51 90.82(16) O45-Mn12-O43 91.23(14) 
O44-Mn11-O43 90.92(14) O46-Mn12-O50 92.3(2) 
O37-Mn11-O36 93.93(14) O42-Mn12-O46 92.53(17) 
O43-Mn11-O51 96.01(17) O43-Mn12-O50 93.8(2) 
O37-Mn11-O44 172.51(15) O42-Mn12-O45 172.31(16) 
O36-Mn11-O43 173.12(16) O46-Mn12-O43 173.94(17) 

    
O29-Mn13-O32 82.20(12) O31’’-Mn14-O41 81.92(12) 
O49-Mn13-O29 82.42(14) O30-Mn14-O38’’ 82.53(12) 

O30-Mn13-O38’’ 83.32(12) O30-Mn14-O31’’ 84.15(12) 
O29-Mn13-O38’’ 85.58(12) O47-Mn14-O35’’ 88.49(13) 
O29-Mn13-O30 87.30(13) O35’’-Mn14-O41 88.79(13) 
O49-Mn13-O32 88.34(14) O30-Mn14-O41 88.89(12) 

O49-Mn13-O38’’ 92.14(14) O31’’-Mn14-O38’’ 88.89(12) 
O48-Mn13-O38’’ 92.56(13) O47-Mn14-O38’’ 88.89(13) 
O48-Mn13-O30 93.60(14) O47-Mn14-O30 93.48(13) 
O30-Mn13-O32 93.98(12) O35’’-Mn14-O31’’ 93.96(12) 
O48-Mn13-O49 96.54(14) O35’’-Mn14-O38’’ 99.53(13) 
O48-Mn13-O32 99.69(13) O47-Mn14-O41 99.99(13) 

O38’’-Mn13-O32 167.60(12) O41-Mn14-O38’’ 168.03(11) 
O49-Mn13-O30 169.07(15) O47-Mn14-O31’’ 176.94(12) 
O48-Mn13-O29 177.83(15) O35’’-Mn14-O30 177.19(13) 
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8.3.2 Physicochemical characterisation 

Physicochemical characterisation was carried out to further support the structural model obtained 

using single crystal X-ray crystallography. Powder X-ray diffraction analysis confirms the phase 

purity of the compound (Figure 8.25 (a)). EDX measurements reveal a Mn:K ratio of 8.57:1 which is 

close to the expected ratio of 8.67:1 confirming the presence of the additional K+ ion in the voids. 

TGA analysis reveals (Figure 8.25 (b)) an intial drop up to 70 °C due to the loss of solvent molecules 

trapped in the crystal lattice. This is followed by the loss of coordinating methanol molecules upto 

225 °C. Beyond 225 °C, the decomposition of organic ligands and the formation of phosphate and 

oxide species occurs. 

 

Figure 8.25: (a) PXRD pattern and (b) TGA analysis of compound 8.3. 
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The infrared spectrum (Figure 8.26) of compound 8.3 reveals a broad distinctive feature centred 

around 2900 cm-1 which is due to the C-H vibrations in the organic ligands.617 The other vibrational 

modes in the 1300-1500 cm-1 range are due to the tert-butyl groups.617 The vibrational mode at 

3400 cm-1 is due to the hydrogen bonding network.633, 634 The strong signal at 962 cm-1 corresponds 

to the stretching vibrations of the phosphonate groups.621-623 

 

 

Figure 8.26: Infrared spectrum of compound 8.3. 
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8.4 [MnIIMnIII
12Ca2(µ4-O)2(µ3-O)6((CH3)3CPO3)10((C6H5)2PO2)2((CH3)3CCO2H)2 

(µ-CH3O)4(CH3OH)5.15(CH3CN)0.85]·CH3OH·CH3CN (8.4) 

Compound 8.2 reveals that the triangular units of the {Mn13} complex can potentially be capped by 

cations as partial occupancy by Na+ was observed in one of its forms. This possibility was 

investigated using alkali and alkaline earth metals and it was observed that refluxing KMnO4 with 

Mn(CH3COO)2·4H2O and Ca(CH3COO)2 with diphenylphosphinic acid and tert-butyl phosphonic acid 

in the ratio 1:4:5:5:5 in presence of excess of pivalic acid lead to the formation of compound 8.4. 

The crystals were obtained within a week and were characterised using single crystal X-ray 

diffraction. 

8.4.1 Structure description 

Compound 8.4 crystallises in the triclinic crystal system and the structure was solved in the space 

group 𝑃1̅. It comprises of a heterometallic tridecanuclear {Mn13Ca2} complex (Figure 8.27) with the 

asymmetric unit containing half of it (Figure 8.28). The core of this complex, similar to that of 

compounds 8.2 and 8.3, consists of a three layered metal-centred distorted cuboctahedron with 

the top and bottom layers capped by Ca(II). The {Mn13} unit here is stabilised by ten tert-butyl 

phosphonate groups which bind in 4.211 and 3.111 modes, four µ-CH3O- and eight oxo-groups while 

the Ca centres are joined to the main unit via phosphonate groups that bind in 5.221 mode and a 

diphenylphosphinate group binding in 2.11 mode. The Ca2+ ion lies ~2.03 Å above the {Mn3} plane 

and the incorporation of Ca2+ ion here does not lead to disorder in the core structure.  

 

Figure 8.27: Crystal structure of the tridecanuclear compound 8.4. Colour scheme: Mn(II) (teal), 

Mn(III) (deep blue), Ca (light yellow), C (black), P (pink) and O (red). All hydrogen atoms (grey) 

except those bound to O centres have been removed for clarity. Hydrogen bonds are shown with 

dashed lines. 
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The oxidation states of Mn centres has been determined using bond valence sum analysis (Table 

8.13). Similar to compounds 8.2 and 8.3 the oxidation states of all Mn centres except Mn1 has been 

found to be +III, and a +II oxidation state has been assigned to the Ca centre as was expected. For 

Mn1, bond valence parameters for a valence of +II leads to a value of 2.626 while that for +III results 

in a value of 2.422. The oxidation state of Mn1 is thus not very well defined and this may be due to 

the poor quality of the data set obtained from the single crystal X-ray diffraction. For charge balance 

reasons, the oxidation state of this centre has been assumed to be +II but the possibility that the 

pivalate and/or CH3OH groups may be partially deprotonated to accommodate the extra half charge 

on the cluster cannot be ruled out. The protonation states of the O centres bound only to the Mn 

centres was also determined using bond valence sum analysis (Table 8.14) and they were all 

determined to be O2- groups.  

 

Figure 8.28: Asymmetric unit of compound 8.4. Colour scheme: Mn(II) (teal), Mn(III) (deep blue), 

Ca (light yellow), C (black), P (pink) and O (red). All hydrogen atoms (grey) except those bound to 

O centres have been removed for clarity. Hydrogen bonds are shown with dashed lines. 

Mn1, Mn2, Mn6 and Mn7 form the central {Mn7} layer (Figure 8.29). Mn1 is coordinated to two µ4-

O2- and four µ3-O2- groups (Figure 8.29 (a)) with the Mn-O distances varying between 2.0 and 2.4 Å 

(Table 8.13). It resides in a highly distorted octahedral environment (Table 8.15) and its octahedron 

shares a vertex with that of Mn3 and an edge with the octahedra of Mn2, Mn6 and Mn7 (Figure 

8.29 (b)). The octahedron of Mn2 is fulfilled by a µ4-O2- (O2), a µ3-O2- (O3) and the O-donors of a µ-

CH3O- (O6) and three phosphonate groups (Figure 8.29 (a)). The Jahn-Teller axis for this Mn centre 

is directed along the O-donors of two phosphonate groups (O5 and O20) with the Mn-O distance 

being 2.203(6) and 2.272(6) Å respectively. The octahedron of Mn2 shares a vertex with that of 

Mn7 and a face with the octahedra of Mn3 and Mn6 (Figure 8.29 (b)).  
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Figure 8.29: (a) Coordination environment of Mn centres constituting the {Mn7} disc and (b) 

polyhedral representation of the {Mn7} disc in compound 8.4. Colour scheme: Mn(II) (teal), Mn(III) 

(deep blue), C (black), P (pink) and O (red).  

The octahedral coordination environment of Mn6 is satisfied by two µ3-O2- (O1 and O3) and four 

tert-butyl phosphonate O-donors (Figure 8.29 (a)) with the Jahn-Teller axis directed towards two 

of the phosphonate O-donors (O20 and O28). The Mn-O distances for Mn6 are ~2.3 Å along the 

Jahn-Teller axis and ~1.95 Å perpendicular to it. Mn7 resides in a coordination environment similar 

to that of Mn2 with a µ4-O2- (O2), a µ3-O2- (O1) and the O-donors of a µ-CH3O- (O9) and three 

phosphonate groups fulfilling it (Figure 8.29 (a)). The octahedron of these Mn centres share a face 

with each other at the two oxo-groups. For this complex, the Jahn-Teller axis of the Mn centres 

forming the vertices of the {Mn7} disc are joined to each other at an angle that ranges between 75-

85°. 

Mn3, Mn4 and Mn5 constitute the trinuclear unit capping the {Mn7} disc. Mn3 binds to the O-

donors of two µ-CH3O- (O6 and O9), two phosphonate (O23 and O27) and a diphenylphosphinate 

group (O7) in addition to a µ4-O2- group (O2) (Figure 8.30). The Jahn-Teller distortion does not 

influence Mn3 as much and this is apparent from the bond lengths (Table 8.13) which vary between 

1.9-2.1 Å. This may be due to constraints imposed by the ligand environment. The octahedron of 

Mn3 is edge shared with that of Mn7.  
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Figure 8.30: Coordination environment of Mn3-Mn5 in compound 8.4. Colour scheme: Mn(III) 

(deep blue), Ca (light yellow), C (black), P (pink) and O (red). All hydrogen atoms (grey) except 

those bound to O centres have been removed for clarity.  

 

Table 8.13: Key metal-ligand and metal-metal bond lengths and bond valence sum for each Mn 

centre and Ca centre for compound 8.4. 

Metal centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn1 

O3 1.994(6) 
2.422(assumed 

valence: III) 
/2.626(assumed 

valence: II) 

+II 

O3’ 1.994(6) 
O1’ 2.009(6) 
O1 2.009(6) 
O2’ 2.417(6) 
O2 2.417(6) 

     

Mn2 

O6 1.918(7) 

3.081 +III 

O4 1.921(7) 
O2 1.926(6) 
O3 1.955(6) 
O5 2.203(6) 

O20’ 2.272(6) 
     

Mn3 

O2 1.937(6) 

3.049 +III 

O7 1.959(7) 
O9 2.030(7) 

O23’ 2.036(7) 
O6 2.042(7) 

O27’ 2.079(7) 
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Metal centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn4 

O15 1.876(8) 

2.860 +III 
O11 1.899(8) 
O12 1.905(8) 
O13 1.958(7) 
N1 2.392(14) 

     

Mn5 

O16 1.870(7) 

2.975 +III 
O15 1.873(8) 
O19 1.915(7) 
O18 1.936(8) 
O17 2.327(9) 

     

Mn6 

O21 1.926(6) 

2.992 +III 

O10’ 1.929(6) 
O3’ 1.953(6) 
O1 1.970(6) 

O20 2.230(6) 
O28’ 2.233(6) 

     

Mn7 

O9 1.916(7) 

3.088 +III 

O22 1.921(6) 
O2 1.923(6) 
O1 1.944(6) 
O5 2.229(6) 

O28’ 2.271(7) 
     

Ca1 

O26 2.320(10) 

2.112 +II 

O23 2.378(8) 
O15 2.389(8) 
O27 2.396(7) 
O24 2.399(10) 
O8’ 2.461(7) 
O19 2.826(9) 
O12 2.850(9) 

Metals Distance (Å) Metals Distance (Å)  

Mn1-Mn2 3.147(2) Mn3-Mn7 2.946(2)  
Mn1-Mn6 2.948(2) Mn4-Mn5 3.471(3)  
Mn1-Mn7 3.144(2) Mn4-Mn6’ 3.913(3)  
Mn2-Mn3 2.955(2) Mn5-Mn6 3.889(3)  
Mn2-Mn4 3.727(2) Mn5-Mn7 3.711(2)  
Mn2-Mn6’ 3.068(3) Mn6-Mn7 3.076(2)  
Mn2-Mn7 3.103(2) Ca1-Mn3’ 3.397(3)  
Mn3-Mn4’ 5.355(3) Ca1-Mn4 3.557(3)  
Mn3-Mn5’ 5.331(3) Ca1-Mn5 3.537(3)  

’1-X,1-Y,1-Z 

 

Table 8.14: BVS analysis for O atoms and their assigned protonation state in compound 8.4. 

 

 

 

 

Atom BVS Assignment 

O1 1.728 µ3-O2- 
O2 2.086 µ4-O2- 
O3 1.760 µ3-O2- 

O15 1.787 µ3-O2- 
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Mn4 and Mn5 reside in a square pyramidal coordination environment fulfilled with similar 

coordinating ligands. The square pyramidal geometry is confirmed by continuous shape measure 

analysis (Table 8.15) which gives a higher value (~1.7) when a spherical square pyramid geometry 

is used as a reference. Mn4 is coordinated to the O-donors of three phosphonates (O11, O12 and 

O13) and the N-donor of a partially occupied CH3CN group (N1) in addition to a µ3-O2- group (O15) 

(Figure 8.30). The site partially occupied by CH3CN is further occupied by the O-donor of a partially 

occupied CH3OH molecule. The coordination environment of Mn5 is similar but the partially 

occupied site of Mn4 is fully occupied by a CH3OH O-donor here (Figure 8.30). The Jahn-Teller axis 

in both cases is along the CH3CN/CH3OH groups. The Mn-ligand distances in the equatorial plane lie 

in 1.9-2.0 Å while those along the Jahn-Teller axis are in the 2.3-2.4 Å range. The polyhedron of both 

share a vertex with each other at O15.  

The Ca2+ ion in this complex is eight coordinated and is well incorporated into the {Mn13} unit via a 

µ3-O2- (O15) and the O-donors of two chelating phosphonate groups and a diphenylphosphinate 

ligand which satisfy six of the coordination sites (Figure 8.31). It is further coordinated to a 

methanol molecule and a pivalic acid that is hydrogen bonded to a diphenylphosphinate O-donor 

(O8) and the Ca-O distances vary between 2.3 and 2.9 Å. There is an extensive hydrogen bonding 

network associated with the ligands coordinated to the Ca2+ ions which allow for better integration 

of Ca2+ ion into the core structure. The Ca2+ ion in this complex does not simply act as a mere 

counterion but potentially affects the electronic behaviour of the {Mn13} core. This is further 

supported by previous reports where a MnII centre was found to cap the trinuclear units.645, 647 

 

Figure 8.31: Coordination environment of Ca2+ ion and the associated hydrogen bonding network 

in compound 8.4. Colour scheme: Mn(III) (deep blue), Ca (light yellow), C (black), P (pink) and O 

(red). All hydrogen atoms (grey) except those bound to O centres have been removed for clarity. 

Hydrogen bonds are shown with dashed lines. 
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The packing arragement in this complex (Figure 8.32) allows for some solvent molecules to be 

trapped in the crystal lattice. These molecules could not be structurally resolved and the electron 

density due to these molecules (corresponding to 41 electrons) was subjected to the ‘squeeze’ 

routine as implemented in the PLATON code. The treated electron density may correspond to a 

CH3OH and a CH3CN molecule per formula unit. The largest spherical voids holding these molecules 

are 2.6 Å in radius as calculated by the calcvoid routine implemented in OLEX2.  

 

Figure 8.32: Packing diagram of compound 8.4. Colour scheme: Mn (blue), Ca (tan), P(pink), C 

(black) and O (red). 
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Table 8.15: Continuous shape measure values, angle variance and distortion indices for each Mn 

centre for compound 8.4 (1octahedral and 2square pyramid geometry). 

Mn centre  Continuous shape 
measure value  

Angle variance (σ2)   Distortion Index  

Mn11 3.928 198.12 0.1430 
Mn21 0.938 32.40 0.0535 
Mn31 0.563 34.57 0.0448 
Mn42 1.154  17.52 0.0322 
Mn52 0.938  18.03 0.0338 
Mn61 0.858 28.92 0.0450 
Mn71 1.052 36.98 0.0554 

 

Table 8.16: Selected bond angles for compound 8.4. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O1’-Mn1-O2’ 74.2(2) O3-Mn1-O2’ 105.6(2) 
O1-Mn1-O2 74.2(2) O31-Mn1-O2 105.6(2) 

O31-Mn1-O2’ 74.4(2) O1’-Mn1-O2 105.8(2) 
O3-Mn1-O2 74.4(2) O1-Mn1-O2’ 105.8(2) 

O31-Mn1-O1 82.8(2) O1’-Mn1-O1 180.0(4) 
O3-Mn1-O1’ 82.8(2) O2-Mn1-O2’ 180 

O31-Mn1-O1’ 97.2(2) O3-Mn1-O31 180 
O3-Mn1-O1 97.2(2)   

    
O2-Mn2-O5 82.1(2) O2-Mn3-O6 79.7(3) 

O3-Mn2-O20’ 82.1(2) O2-Mn3-O9 79.7(3) 
O6-Mn2-O2 83.1(3) O23’-Mn3-O27’ 87.7(3) 

O2-Mn2-O20’ 85.2(2) O23’-Mn3-O6 88.6(3) 
O2-Mn2-O3 87.7(3) O7-Mn3-O27’ 89.8(3) 

O6-Mn2-O20’ 90.8(3) O7-Mn3-O23’ 90.0(3) 
O6-Mn2-O5 91.4(3) O9-Mn3-O27’ 90.1(3) 

O4-Mn2-O20’ 93.5(3) O2-Mn3-O23’ 91.5(3) 
O3-Mn2-O5 93.6(3) O2-Mn3-O27’ 92.4(3) 
O4-Mn2-O3 93.6(3) O9-Mn3-O6 92.4(3) 
O6-Mn2-O4 95.4(3) O7-Mn3-O6 98.2(3) 
O4-Mn2-O5 99.3(3) O7-Mn3-O9 98.8(3) 

O5-Mn2-O20’ 166.8(2) O9-Mn3-O23’ 170.9(3) 
O6-Mn2-O3 168.8(3) O6-Mn3-O27’ 171.2(3) 
O4-Mn2-O2 178.1(3) O2-Mn3-O7 177.3(3) 

    
O12-Mn4-N1 82.2(4) O19-Mn5-O17 83.7(3) 
O11-Mn4-N1 86.7(4) O16-Mn5-O17 84.5(3) 
O13-Mn4-N1 87.6(5) O16-Mn5-O18 86.9(3) 

O11-Mn4-O13 88.4(3) O19-Mn5-O18 88.9(3) 
O15-Mn4-O12 88.6(4) O15-Mn5-O19 89.4(4) 
O12-Mn4-O13 89.4(4) O18-Mn5-O17 89.5(4) 
O15-Mn4-O11 94.4(3) O15-Mn5-O17 93.8(4) 
O15-Mn4-N1 96.6(5) O16-Mn5-O15 95.5(3) 

O11-Mn4-O12 168.7(3) O16-Mn5-O19 167.5(3) 
O15-Mn4-O13 175.1(4) O15-Mn5-O18 176.0(4) 

    
O1-Mn6-O28’ 82.7(2) O2-Mn7-O5 81.5(2) 
O3’-Mn6-O20 83.3(2) O1-Mn7-O28’ 82.3(2) 
O3’-Mn6-O1 84.9(3) O9-Mn7-O2 83.0(3) 

O3’-Mn6-O28’ 87.8(3) O2-Mn7-O28’ 84.4(2) 
O1-Mn6-O20 88.5(3) O2-Mn7-O1 88.1(3) 

O10’-Mn6-O20 89.1(3) O9-Mn7-O5 90.2(3) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O21-Mn6-O101 89.5(3) O9-Mn7-O28’ 91.9(3) 
O21-Mn6-O28’ 89.5(3) O22-Mn7-O1 92.6(3) 
O21-Mn6-O1 92.8(3) O1-Mn7-O5 93.3(3) 

O10’-Mn6-O3’ 92.9(3) O22-Mn7-O28’ 93.4(3) 
O21-Mn6-O20 99.1(3) O9-Mn7-O22 96.1(3) 

O10’-Mn6-O28’ 99.3(3) O22-Mn7-O5 100.8(3) 
O20-Mn6-O28’ 168.0(2) O5-Mn7-O28’ 165.4(2) 
O21-Mn6-O3’ 176.6(3) O9-Mn7-O1 169.9(3) 
O10’-Mn6-O1 176.9(3) O22-Mn7-O2 177.6(3) 

 

8.4.2 Physicochemical characterisation 

A number of physicochemical techniques were employed to verify the structural model. The Mn:Ca 

ratio in this complex was determined to be 6.25:1 using EDX analysis which is close to the expected 

ratio of 6.50:1.  

TGA analysis (Figure 8.33) under an atmosphere of N2 of compound 8.4 dried in air reveals a drop 

up to 100 °C which represents the loss of the CH3OH and CH3CN molecules trapped in the crystal 

lattice (weight loss calcd: 2.2 %, found: 2.2 %). This is followed by the loss of the bound CH3OH and 

CH3CN molecules up to 250 °C (weight loss calcd: 6.0 %, found: 6.0 %). Further heating results in 

ligand decomposition. 

 

Figure 8.33: TGA analysis of compound 8.4. 
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The IR spectrum of compound 8.4 is in agreement with the proposed structural model (Figure 8.34). 

The feature centred at ~2900 cm-1 corresponds to the C-H vibrations.617 The signals in the 1300-

1600 cm-1 range are due to vibrations of the organic moieties of the molecule and these 

overshadow the signals doe to the stretching vibrations of the carboxylate groups.617 The strong 

vibrational mode at 970 cm-1 corresponds to the stretching vibration of the phosphonate groups.621-

623 

 

 

Figure 8.34: Infrared spectrum of compound 8.4. 
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8.5 [MnII
3MnIII

12Ca2(µ4-O)4(µ3-O)2(µ3-OH)2((CH3)3CPO3)8((C6H5)2PO2)2 

((CH3)3CCO2)4(CH3CO2)2(µ-CH3O)8(CH3OH)2]·2CH3OH·2CH3CN (8.5) 

Based on the synthetic strategy described in chapter 3, the ratios of MnII and MnVII were varied. On 

refluxing Mn(CH3COO)2·4H2O, KMnO4 and Ca(CH3COO)2 with diphenylphosphinic acid and tert-butyl 

phosphonic acid in the ratio 5:1:5:5:5 in presence of excess of pivalic acid, compound 8.5 was 

formed. Tiny crystals were formed within a day and were characterised using single crystal X-ray 

diffraction.  

8.5.1 Structure description 

Compound 8.5 crystallises in the monoclinic crystal system and the structure was solved in the 

space group 𝑃21/𝑐. It comprises of a heterometallic pentadecanuclear {Mn15Ca2} complex (Figure 

8.35) with the asymmetric unit containing half of the structure (Figure 8.36). The core of this 

complex consists of a three layered metal-centred distorted cuboctahedron with the top and 

bottom layers capped by Ca and an additional Mn centre. This complex is essentially an extension 

of compound 8.4 with an additional Mn centre bridged to the core structure. The core structure is 

stabilised by two OH-, six O2-, eight µ-CH3O- moieties, eight tert-butyl phosphonate ligands binding 

in 6.222, 5.221 and 3.111 modes and four pivalate groups which bind in 2.11 mode. Additionally, 

two diphenylphosphinate ligands, two acetate groups and two methanol molecules also coordinate 

to the complex. The presence of an acetate again highlights the importance of the counterion used 

in the reaction mixture. 

 

Figure 8.35: Crystal structure of the pentadecanuclear compound 8.5. Colour scheme: Mn(II) 

(teal), Mn(III) (deep blue), Ca (light yellow), C (black), P (pink) and O (red). All hydrogen atoms 

(grey) except those bound to O centres have been removed for clarity. Hydrogen bonds are 

shown with dashed lines. 
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The addition of a Mn centre to the triangular {Mn3} units pushes these layers closer to the {Mn7} 

disc and this is characterised by an increase in the number of µ4-O2- groups in comparison to 

compounds 8.2-8.4. Consequently, two of the Mn centres in the trinuclear layer are octahedrally 

coordinated unlike the previous complexes where only one of those Mn centres was found to the 

octahedrally coordinated. 

The oxidation state for the Mn centres has been determined using bond valence sum analysis (Table 

8.17). Unlike the other complexes discussed in this chapter, for this complex, a +II oxidation state 

can be confidently assigned to the central Mn (Mn1). The additional Mn centre (Mn4) has also been 

found to be in +II oxidation state while all the others have been found to be in +III oxidation state. 

The protonation state of the O centres bound only to Mn has also been ascertained using bond 

valence sum analysis (Table 8.18).  

 

Figure 8.36: Asymmetric unit of the pentadecanuclear compound 8.5. Colour scheme: Mn(II) 

(teal), Mn(III) (deep blue), Ca (light yellow), C (black), P (pink) and O (red). All hydrogen atoms 

(grey) except those bound to O centres have been removed for clarity. 

The central {Mn7} layer in this complex is comprised of Mn1, Mn2, Mn6 and Mn7 (Figure 8.37). Mn1 

resides in a distorted octahedral environment (Table 8.19) which is fulfilled by four µ4-O2- and two 

µ3-O2- groups (Figure 8.37 (a)). The distortion is due to the ligand restraints as is evident particularly 

from the bond angles (Table 8.20). The Mn-O distances range between 2.1 and 2.3 Å which is a 

smaller range in comparison to those observed in the other {Mn13} complexes discussed in this 

chapter. The octahedron of Mn1 shares a vertex with the octahedron of Mn5 and an edge with the 

octahedra of Mn2 and Mn5-Mn8 (Figure 8.37 (b)). 
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Figure 8.37: (a) Coordination environment of Mn centres constituting the {Mn7} disc and (b) 

polyhedral representation of the {Mn7} disc in compound 8.5. Colour scheme: Mn(II) (teal), Mn(III) 

(deep blue), C (black), P (pink) and O (red).  

Table 8.17: Key metal-ligand and metal-metal bond lengths and bond valence sum for each Mn 

centre and Ca centre for compound 8.5. 

Metal centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn1 

O1 2.096(5) 

2.032 +II 

O1’ 2.096(5) 
O8’ 2.242(4) 
O8 2.242(4) 
O7 2.256(5) 
O7’ 2.256(5) 

     

Mn2 

O29 1.884(5) 3.119 

+III 

O16 1.902(5)  
O1 1.923(5)  
O7’ 2.005(5)  
O2 2.227(4)  

O20’ 2.231(4)  
     

Mn3 

O4 1.905(5) 

2.963 +III 
O10 1.909(5) 
O17 1.919(5) 
O5 1.925(5) 

O27 2.173(5) 
     

Mn4 

O24 2.076(6) 

2.182 +II 

O6 2.133(5) 
O23 2.136(6) 
O26 2.145(6) 
O5 2.242(5) 

O19 2.297(5) 
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Mn centre 
Coordinating 

atom 
Bond Distance 

(Å) 
BVS 

Assigned 
oxidation state 

Mn5 

O22 1.930(5) 

3.058 +III 

O7 1.950(4) 
O18 1.963(5) 
O19 1.991(5) 
O29’ 2.101(5) 
O6 2.185(5) 

     

Mn6 

O12 1.862(5) 

3.237 +III 

O18 1.921(5) 
O7 1.923(5) 
O8 1.961(5) 
O9 2.196(5) 
O2’ 2.207(5) 

     

Mn7 

O15 1.903(5) 

3.156 +III 

O1 1.906(5) 
O11 1.923(5) 
O8 1.954(5) 
O9 2.217(5) 

O20’ 2.236(5) 
     

Mn8 

O13 1.914(5) 

3.059 +III 

O8 1.939(4) 
O11 1.965(5) 
O3’ 1.998(5) 
O12 2.132(5) 
O21’ 2.185(5) 

     

Ca1 

O28’ 2.190(6) 

2.503 +II 

O14 2.244(6) 
O24’ 2.310(6) 
O3’ 2.345(5) 

O21’ 2.411(5) 
O5’ 2.420(5) 

O25’ 2.717(7) 

Metals Distance (Å) Metals Distance (Å)  

Mn1-Mn2 3.086(2) Mn3-Mn7 3.886(1)  
Mn1-Mn7 3.041(1) Mn4-Ca1’ 3.461(2)  
Mn2-Mn3 3.873(2) Mn4-Mn5 3.143(2)  
Mn2-Mn5’ 2.990(1) Mn5-Mn6 2.870(2)  
Mn2-Mn6’ 3.157(2) Mn6-Mn7 3.154(2)  
Mn2-Mn7 3.021(2) Mn6-Mn8 2.929(2)  
Mn3-Ca1’ 3.785(2) Mn7-Mn8 2.953(1)  
Mn3-Mn4 3.695(2) Mn8-Ca1 3.358(2)  

’1-X,1-Y,1-Z 

 

Table 8.18: BVS analysis for O atoms and their assigned protonation state in compound 8.5. 

Atom BVS Assignment 

O1 1.755 µ3-O2- 
O5 1.206 µ3-OH- 
O7 2.042 µ3-O2- 
O8 2.084 µ3-O2- 
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Mn2 is also octahedrally coordinated and binds to two oxo-groups (O1 and O7) and the O-donors 

of a µ-CH3O- (O29) and three phosphonate groups (O2, O16 and O20) (Figure 8.37 (a)). The sites 

directed towards the Jahn-Teller axis for Mn2 are fulfilled by two of the phosphonate O-donors O2 

and O20 with the Mn-O distance being 2.227(4) and 2.231(4) respectively. The other Mn-O bonds 

perpendicular to the Jahn-Teller axis are 1.9-2.0 Å long. The octahedron of Mn2 shares an edge with 

the octahedra of Mn5-Mn7 (Figure 8.37 (b)).  

Mn6 and Mn7 also form part of the {Mn7} disc with the former being coordinated to two oxo-groups 

and the O-donors of two µ2-CH3O- and two phosphonate groups. The latter resides in a similar 

coordination environment with one of the µ2-CH3O- O-donor replaced by that of one of the 

phosphonate group (Figure 8.37 (a)). Their octahedra share an edge with each other and with the 

octahedron of Mn8 (Figure 8.37 (b)). 

It is interesting to note that the octahedra of each Mn centre forming the periphery of the {Mn7} 

disc (i.e. Mn2, Mn6, Mn7 and their symmetry equivalents) are distorted to similar extents as 

depicted by the continuous shape measure values, angle variances and distortion indices (Table 

8.19). Additionally, for this complex, the Jahn-Teller axis of the Mn centres forming the vertices of 

the {Mn7} disc are joined to each other at an angle ranging between 80-85° which is smaller range 

compared to that observed in compounds 8.2-8.4.  

Mn3, Mn5 and Mn8 form the trinuclear unit capping the central {Mn7} disc. Mn3 resides in a square 

pyramidal environment and not a spherical square pyramidal environment as confirmed by 

continuous shape measure analysis (Table 8.19) which gives a higher value (0.901) when a spherical 

square pyramid is used as reference. Unlike compounds 8.2-8.4, where two Mn centres in the 

trinuclear units reside in a square pyramidal environment, only Mn3 here resides in a square 

pyramidal environment and it is coordinated to a µ3-OH- (O5) and the O donors of the phosphinate 

and three phosphonate groups (Figure 8.38). The phosphinate O-donor occupies the axial position 

and the Mn-bond is 2.173(5) Å. The Mn-O bonds in the equatorial plane are ~1.9 Å. The polyhedron 

of Mn3 shares a vertex with the octahedron of Mn4 at O5.  

Mn5 is coordinated to a µ4-O2- (O7) and the O-donors of a pivalate (O22), two µ2-CH3O- (O18 and 

O29) and two phosphonate groups (O6 and O19) (Figure 8.38). The Jahn-Teller axis is directed along 

one of the µ2-CH3O- O-donor (O29) and the phosphonate O-donor (O6) residing opposite to it with 

the Mn-O distances being 2.101(5) and 2.185(5) respectively. The Mn-O distance perpendicular to 

the Jahn-Teller axis vary between 1.9-2.0 Å. The octahedron of Mn5 shares an edge with Mn6 at O7 

and O18 (Figure 8.38 (d)). 

Mn8 resides in a coordination environment similar to that of Mn5 with a µ4-O2- (O8) and the O-

donors of a pivalate (O13), two µ2-CH3O- (O11 and O12) and two phosphonate groups (O3 and O21) 

fulfil it (Figure 8.38). The Jahn-Teller axis is again along the O-donors of one of the µ2-CH3O- O-donor 
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(O12) and the phosphonate O-donor (O21) residing opposite to it. The Mn-O distances along the 

Jahn-Teller axis range between 2.1-2.2 Å, and 1.9-2.0 Å perpendicular to it. 

 

Figure 8.38: Coordination environment Mn3, Mn5 and Mn8 in compound 8.5. Colour scheme: 

Mn(II) (teal), Mn(III) (deep blue), Ca (light yellow), C (black), P (pink) and O (red).  

Mn4(II) resides over the trinuclear unit and is coordinated to a µ3-OH- along with the O-donors of a 

methanol, an acetate, a pivalate and two phosphonate groups (Figure 8.39). The Mn-O distances 

vary between 2.1-2.3 Å. The octahedron of Mn4 shares an edge with that of Mn5 at two of the 

phosphonate O-donors.  

 

Figure 8.39: Coordination environment Mn4 in compound 8.5. Colour scheme: Mn(II) (teal), 

Mn(III) (deep blue), Ca (light yellow), C (black), P (pink) and O (red).  
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The coordination environment of Ca2+ ion is similar to that observed in compound 8.4 except that 

here, it resides in 7-coordinate environment instead of an 8-coordinate environment. The 

coordination environment is fulfilled by a µ3-OH- and the O-donors of a pivalate, a chelating acetate 

and two phosphonate groups with the Ca-O distances lying in the 2.2-2.7 Å range (Figure 8.40). Ca2+ 

is thus well incorporated into the core structure but unlike compound 8.4, a hydrogen bonding 

network does not exist here. 

 

Figure 8.40: Coordination environment of Ca in compound 8.5. Colour scheme: Mn(II) (teal), 

Mn(III) (deep blue), Ca (light yellow), C (black), P (pink) and O (red). All hydrogen atoms (grey) 

except those bound to O centres have been removed. Hydrogen bonds are shown with dashed 

lines. 

Table 8.19: Continuous shape measure values, angle variance and distortion indices for each Mn 

centre for compound 8.5 (1octahedral and 2square pyramid geometry). 

Mn centre  Continuous shape 
measure value  

Angle variance (σ2)   Distortion Index  

Mn11 3.300 198.4 0.1479 
Mn21 1.051 43.78 0.0565 
Mn32 0.466 7.80 0.0223 
Mn41 0.525 46.31 0.0631 
Mn51 0.734 30.50 0.0495 
Mn61 1.017 36.22 0.0500 
Mn71 1.048 39.46 0.0586 
Mn81 0.830 31.92 0.0499 
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The molecules in this compound pack to give a layered structure along the crystallographic b-axis 

(Figure 8.41). The system packs with solvent molecules whose electron density was too diffuse to 

be resolved. The diffracting component of this electron density (equivalent to 160 electrons) was 

removed using the squeeze subroutine in PLATON and it may correspond to two CH3CN and two 

CH3OH molecules per formula unit. The calcvoid routine in OLEX2 reveals that the largest voids in 

this structure have a radius of 2.6 Å where these solvent molecules are likely to reside. It also shows 

that the structure can be penetrated by a sphere of radius 1.8 Å along the crystallographic c-axis 

which indicates that this system may be porous along this direction. 

 

Figure 8.41: Packing diagram of compound 8.5. Colour scheme: Mn (blue), Ca (tan), P(pink), C 

(black) and O (red). 
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Table 8.20: Selected bond angles for compound 8.5. 

Bond Bond Angle (°) Bond Bond Angle (°) 

O1’-Mn1-O7 78.25(18) O7’-Mn2-O2 79.83(18) 
O8-Mn1-O7 73.62(17) O1-Mn2-O20’ 82.48(18) 

O8’-Mn1-O7’ 73.62(17) O29-Mn2-O7’ 83.40(20) 
O1’-Mn1-O8’ 78.20(18) O7’-Mn2-O20’ 83.94(18) 
O1-Mn1-O8 78.20(18) O1-Mn2-O7’ 88.80(20) 
O1-Mn1-O7’ 78.25(18) O29-Mn2-O20’ 90.09(19) 
O1’-Mn1-O7’ 101.75(18) O29-Mn2-O2 91.09(19) 
O1-Mn1-O7 101.75(18) O16-Mn2-O20’ 92.70(20) 
O1-Mn1-O8’ 101.80(18) O29-Mn2-O16 93.10(20) 
O1’-Mn1-O8 101.80(18) O1-Mn2-O2 94.05(19) 
O8’-Mn1-O7 106.38(17) O16-Mn2-O1 94.20(20) 
O8-Mn1-O7’ 106.38(17) O16-Mn2-O2 103.70(20) 
O1-Mn1-O1’ 180.00 O2-Mn2-O20’ 163.48(19) 
O7’-Mn1-O7 180.00(18) O29-Mn2-O1 169.80(20) 
O8’-Mn1-O8 180.00 O16-Mn2-O7’ 175.10(20) 

    
O10-Mn3-O17 87.50(20) O4-Mn3-O5 92.00(20) 
O5-Mn3-O27 88.80(20) O4-Mn3-O27 93.60(20) 
O4-Mn3-O17 89.50(20) O17-Mn3-O27 95.40(20) 

O10-Mn3-O27 90.20(20) O4-Mn3-O10 175.30(20) 
O10-Mn3-O5 90.70(20) O17-Mn3-O5 175.40(20) 

    
O6-Mn4-O19 80.68(18) O7-Mn5-O29’ 79.30(20) 
O5-Mn4-O19 82.36(18) O7-Mn5-O18 83.10(20) 
O24-Mn4-O5 84.00(20) O18-Mn5-O6 84.80(20) 

O23-Mn4-O19 84.30(20) O19-Mn5-O6 86.73(19) 
O6-Mn4-O5 86.38(19) O18-Mn5-O29’ 89.30(20) 

O6-Mn4-O23 87.00(20) O7-Mn5-O19 90.80(20) 
O24-Mn4-O26 90.10(20) O22-Mn5-O6 92.40(20) 
O24-Mn4-O19 91.40(20) O22-Mn5-O19 92.60(20) 
O26-Mn4-O5 93.80(20) O7-Mn5-O6 93.80(20) 
O6-Mn4-O26 97.20(20) O22-Mn5-O29’ 94.20(20) 

O23-Mn4-O26 99.30(20) O22-Mn5-O18 94.40(20) 
O24-Mn4-O23 100.90(20) O19-Mn5-O29’ 98.40(20) 
O23-Mn4-O5 165.90(20) O18-Mn5-O19 169.30(20) 
O24-Mn4-O6 168.30(20) O29’-Mn5-O6 171.46(18) 

O26-Mn4-O19 175.70(20) O22-Mn5-O7 173.00(20) 
    

O8-Mn6-O9 80.82(19) O8-Mn7-O9 80.41(19) 
O7-Mn6-O2’ 82.10(18) O11-Mn7-O8 80.80(20) 
O18-Mn6-O7 85.00(20) O1-Mn7-O20’ 82.71(18) 
O12-Mn6-O8 86.90(20) O8-Mn7-O20’ 86.01(19) 
O7-Mn6-O8 87.89(19) O11-Mn7-O20’ 87.65(19) 

O12-Mn6-O2’ 89.99(19) O1-Mn7-O8 90.40(20) 
O8-Mn6-O2’ 90.23(19) O11-Mn7-O9 93.20(20) 
O18-Mn6-O9 90.80(20) O15-Mn7-O1 93.40(20) 
O7-Mn6-O9 91.48(19) O15-Mn7-O20’ 93.70(20) 

O12-Mn6-O9 95.50(20) O1-Mn7-O9 94.25(19) 
O18-Mn6-O2’ 97.20(20) O15-Mn7-O11 95.40(20) 
O12-Mn6-O18 101.30(20) O15-Mn7-O9 100.00(20) 
O18-Mn6-O8 168.90(20) O9-Mn7-O20’ 166.08(19) 
O9-Mn6-O2’ 169.20(19) O1-Mn7-O11 167.40(20) 
O12-Mn6-O7 170.50(20) O15-Mn7-O8 176.20(20) 

    
O8-Mn8-O11 80.20(20) O8-Mn8-O3’ 93.10(20) 
O8-Mn8-O12 80.35(19) O13-Mn8-O3’ 94.40(20) 
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Bond Bond Angle (°) Bond Bond Angle (°) 

O31-Mn8-O21’ 84.56(19) O11-Mn8-O21’ 96.60(20) 
O31-Mn8-O12 88.10(20) O13-Mn8-O21’ 96.60(20) 
O11-Mn8-O12 89.70(20) O12-Mn8-O21’ 168.64(18) 
O8-Mn8-O21’ 91.40(19) O13-Mn8-O8 169.50(20) 
O13-Mn8-O11 92.10(20) O11-Mn8-O3’ 173.17(19) 
O13-Mn8-O12 92.50(20)   

 

8.5.2 Physicochemical characterisation 

Physicochemical characterisation was carried out to further support the structural model obtained 

using single crystal X-ray crystallography. The Mn:Ca ratio in this complex was determined to be 

7.23:1 using EDX analysis which is close to the expected ratio of 7.5:1. 

TGA analysis (Figure 8.42) under an atmosphere of N2 of compound 8.5 dried in air reveals a drop 

up to ~70 °C which represents the loss of the CH3OH molecules trapped in the crystal lattice (weight 

loss calcd: 1.8 %, found: 2.4 %). This is followed by the loss of lattice CH3CN molecules and the 

CH3OH molecules bound to the complex up to 230 °C (weight loss calcd: 4.1 %, found: 3.4 %). 

Between 230 and 300 °C, the bound methoxy groups are lost (weight loss calcd: 7.0 %, found: 5.7 

%). Above 300 °C the acetate and pivalate groups are lost. This is followed by the partial 

decomposition of phosphinate and phosphonate groups, and the formation of oxide and phosphate 

species.  

 

Figure 8.42: TGA analysis of compound 8.5. 
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The infrared spectrum of compound 8.5 (Figure 8.43) is consistent with the structure determined 

by XRD. The broad distinctive feature centred at 2900 cm-1 is due to the C-H vibrations in the organic 

ligands.617 The vibration mode at 1404 cm-1 corresponds to the symmetric carboxylate stretching 

while that centred at 1560 cm-1 corresponds to the asymmetric stretching. The energy variance 

between the two peaks in consistent with that exhibited by bridging carboxylate groups.618 The 

additional features in the 1300-1600 cm-1 range are due to vibrations of the organic moieties of the 

molecule.617 The strong signal at 970 cm-1 and the shoulder attached to it corresponds to the 

stretching mode of the phosphonate group.621-623 

 

Figure 8.43: Infrared spectrum of compound 8.5. 
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8.6 Electrochemical studies of compounds 8.2 and 8.3 – preliminary results 

Due to time constraints, a preliminary investigation of the electrochemical behaviour of only 

compounds 8.2 and 8.3 was conducted. For this purpose, modified carbon paste electrodes were 

prepared by dispersing compounds 8.1 and 8.3 in carbon paste. Cyclic voltammetry (CV) of 

compound 8.2 in potassium phosphate buffer at pH 7.2 (KPi, 50 mM) using KNO3 (1 M) as 

electrolyte, results in a strong catalytic wave due to water oxidation (Figure 8.44). Compound 8.3 

shows similar behaviour as can be expected. 

 

Figure 8.44: Cyclic voltammogram for compound 8.2 (10 wt-% loading) in a KPi buffer solution at 

pH 7.2. 

To study the kinetic profile of this water oxidation reaction, linear sweep voltammetry (LSV) was 

performed using a rotating disk electrode at a low scan rate of 1 mV/s to ensure steady state 

conditions during the experiment. The catalyst loading of both compounds was varied between 10 

and 20 wt-% of the total carbon paste blend. Higher loadings were not tested due to time 

constraints. From the electrochemical profile, it is evident that higher loadings increase the current 

densities (Figure 8.45) and decrease the onset potential of the water oxidation reaction for both 

compounds (Figure 8.46 (a) and Table 8.21). The Tafel slope also tends to decrease with increased 

catalytic loading (Figure 8.46 (b) and Table 8.21). Further increment in the catalytic loading may 

result in improved catalytic performance.  

It can be observed that the onset potential for compound 8.3 is 50-60 mV lower than that of 

compound 8.2 and the Tafel slopes are similar. The similarity in Tafel slopes indicates that the 

reaction may occur via a similar mechanism which suggests that the lowering of the onset potential 

must be due to the presence of K+ ions in compound 8.3. This hypothesis is consistent with previous 

reports87-89 but further investigation is required to confirm this. 
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Figure 8.45: Linear sweep voltammograms for compound 8.2 and 8.3 at different loadings. 

 

 

Figure 8.46: The determined (a) onset potentials and the (b) Tafel slope for compounds 8.2 and 

8.3 at different loadings. 

 

Table 8.21: The onset overpotential for water oxidation with compound 8.2 and 8.3 and the Tafel 

slope at different loadings above the onset potential. 

Loading Onset overpotential (mV) Tafel slope (mV dec-1) 

10% 8.2  630 233 
20% 8.2 585 216 
10% 8.3 571 267 
20% 8.3 526 211 
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8.7 Conclusions 

Five novel phosphonate based complexes have been synthesised using tert-butyl phosphonic acid 

and characterised using various analytical techniques. In presence of tert-butyl phosphonic acid and 

4-picoline groups, compound 8.1 was formed. This compound contains a dodecanuclear complex 

whose core structure resembles the ‘S’ shape and it contains Mn in octahedral, spherical square 

pyramidal and tetrahedral coordination environments. The coordinating water molecules in this 

complex give rise to a complex intramolecular hydrogen bonding network.  

A series of complexes structurally related to the previously reported tridecanuclear {Mn13} complex 

have also been synthesised. Each of these complexes consists of a three layered metal-centered 

distorted cuboctahedron with a {Mn7} disc sandwiched between two {Mn3} triangular units. 

Compound 8.2, besides containing the {Mn7} disc and the {Mn3} triangular units, contains dangling 

partially protonated tert-butyl phosphonate groups which is quite fascinating as it provides the 

potential oppurtunity to link the {Mn13} units together. Attempts to link the dangling phosphonate 

groups observed in compound 8.2 resulted in the formation of compound 8.3 where the {Mn13} 

units are linked together by K+ ions forming 1-D chains.  

Compound 8.2 also revealed that the triangular units of the {Mn13} complex can potentially be 

capped by cations as partial occupancy by Na+ ion was observed. This possibility was investigated 

using alkali and alkaline earth metals and was realised in compound 8.4 where  Ca2+ ions were found 

to cap the triangular units. Introducing slight modifications to the synthesis of compound 8.4 yields 

compound 8.5, where it was observed that an additional Mn centre can be added to further cap 

the triangular units.  

The preliminary electrochemistry results for compounds 8.2 and 8.3 reveal that these compounds 

can catalyse water oxidation. Additionally, it was observed that the onset potential for compound 

8.3 is lower than that for 8.2 and this may be attributed to the presence of  K+ ions in the former. 

However, further investigation is required for cofirming this.  

By means of the series of {Mn13} complex discussed in this chapter, we have shown how the 

structural attributes of compound 8.2 were modified by controlling the reaction conditions. The 

modifications introduced to the structure may affect the magnetic properties which may be 

investigated in the future. Additionally, OER activity is observed in these complexes and the 

addition of a heterometal has been observed to affect the onset potential. Further investigation of 

the electrochemical behaviour of these complexes may allow us to obtain more insight into the role 

of Ca2+ in the OEC. 

 



9 Conclusions and Future Work 

In this work, we have reported the development of a computational methodology for investigating 

the magnetic properties of high nuclearity complexes, and a synthetic approach for the synthesis 

of high nuclearity Mn coordination complexes. The synthesised complexes have been characterised 

using various analytical techniques. The magnetic properties of some of the synthesised complexes 

have been studied experimentally and using the developed computational approach. Furthermore, 

we have investigated the OER activity of some of the synthesised complexes under electrochemical 

conditions in aqueous media using carbon paste electrodes.  

For the development of the computational approach, we have used the previously reported 

phosphonate based {Mn6} and {Mn13} complexes as models. DFT calculations, primarily performed 

using the PBE0 functional and atom centred basis sets, were used to probe the electronic structure. 

FORTRAN codes were written for the calculation of coupling constants and determination of the 

temperature dependence of magnetic susceptibility. To understand the mechanism of coupling 

between metals centres via different bridges, we have developed a novel methodology that 

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. 

The investigation of the magnetic properties of the {Mn6} complex in its ground state revealed that 

the coupling is dominantly antiferromagnetic and two coupling constants were required for the 

accurate description of its electronic properties. The Cl- ion residing at the centre of this complex 

was found to play a key role in coupling the Mn centres. The problem of experimentally fitting 

coupling constants to the magnetic susceptibility was highlighted. Investigation of the mechanism 

of coupling between Mn centres using our methodology reveals that the coupling via the 

phosphonate bridge is antiferromagnetic while the central Cl- ion can couple the Mn centres 

ferromagnetically or antiferromagnetically depending upon where they are located with respect to 

each other. These results were found to be in line with those obtained by overlap analysis thus 

supporting the reliability of our methodology. 

The oxidation of this cage was also computationally investigated and it was observed that the {Mn6} 

cage can potentially accommodate the loss of at least four electrons which is accompanied by 

expansion of the cage. The oxidation changes the coupling behaviour between Mn centres and for 

understanding these changes, one needs to take 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. It 

was also observed that the oxidation of the cage results in switching of the nature of coupling 

between some Mn centres and stabilisation of intermediate spin states. 

The reliability of our computational approach was further tested by modelling the magnetic 

properties of a highly symmetric {Mn13} complex where the Mn centres are bridged by Cl-, O2- and 

tert-butyl phosphonate groups. It was observed that for this complex, the coupling is dominantly 



  Chapter 9 

 289 

ferromagnetic and three coupling constants were required for the accurate description of its 

magnetic properties. The nature of coupling via the different pathways was analysed using our 

methodology and the coupling via the oxo- bridge was found to be ferromagnetic. The phosphonate 

bridge was again found to be antiferromagnetic while Cl- ion was found to couple Mn centres either 

ferromagnetically or antiferromagnetically depending upon their relative positions. These results 

were found to be in agreement with the results obtained using overlap analysis further validating 

the reliability of our methodology. 

The synthetic approach for synthesising high nuclearity Mn coordination complexes developed in 

this work is a facile self-assembly approach based on the comproportionation reaction between 

MnII and MnVII salts in presence of carboxylate and/or phosphonate based ligands. In an attempt to 

structurally mimic the OEC, we synthesised carboxylate based high nuclearity complexes. Using 

KMnO4 as the only source of Mn ions, we synthesised three complexes (compounds 6.1-6.3). The 

use of pivalic acid resulted in the formation of compounds 6.1 and 6.2 while the use of biphenyl-4-

carboxylic acid resulted in the formation of compound 6.3. The synthesis of these complexes 

indicated that the oxidation state that is stabilised does not solely depend upon the ratio of Mn(II) 

and Mn(VII) salts but also varies with the other reaction conditions employed. The impact that the 

steric nature of the ligands participating in the reaction has on directing the reaction towards the 

formation of different end products was also highlighted in the synthesis of these complexes. 

Compound 6.1 was found to contain a hexanuclear complex in which the Mn centres reside at the 

vertices of two edge sharing tetrahedra. Compound 6.2 was found to contain a mixed-metal 

octanuclear Mn complex. This complex is essentially a dimer of two {Mn4K} distorted cubane units 

that have a dangling Mn centre attached and that are symmetry related to each other by an 

inversion centre. This complex is structurally similar to the OEC and can formally be compared with 

the S-1 state of the OEC. Compound 6.3 was found to contain a dodecanuclear complex whose core 

structure contains a {Mn4} cubane unit surrounded by a {Mn8} ring.  

Due to the structural similarities between compound 6.2 and the OEC, further studies were 

conducted. The electronic structure of this complex reveals strong antiferromagnetic interactions 

between the two cubane units and ferromagnetic interactions within them which results in the 

stabilisation of the S = 0 spin state. The investigation of its electrochemical behaviour revealed that 

similar to the OEC, it shows high catalytic activity and also undergoes rapid decomposition under 

oxidative, hydrolytic conditions. Electrodes with a 40 wt-% loading of compound 6.2, gave rise to 

an onset overpotential of 420 mV and a Tafel slope of 255 mV dec-1 at pH = 7.2.  

To understand the interplay between phosphonate and carboxylate groups, and to investigate the 

possibility of forming high nuclearity complexes containing both carboxylate and phosphonate 

ligands, we made use of pivalic acid and phenylphosphonic acid as the primary ligands. Using a 

sterically less hindered but strongly binding phenylphosphonic acid and a sterically demanding 
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pivalic acid, we succeeded in isolating five structurally related complexes (compounds 7.1-7.5) and 

the importance of having both ligands in the reaction mixture for obtaining these complexes is 

highlighted by these complexes. The synthesis of these complexes also revealed the effect of the 

counterion of the MnII salt on the end product and the importance of the choice of solvent used for 

the reaction. Additionally, it was observed that varying the ratio of the MnII and MnVII salts can also 

lead to stabilisation of different end products. It was also observed that an excess of carboxylic acid 

is required to suppress the formation of complexes that exclusively contain phosphonate ligands 

Compound 7.1 was found to contain a dodecanuclear complex in which the Mn centres reside at 

the vertices of a regular truncated tetrahedron. Compounds 7.2 and 7.3 were found to contain a 

pentadecanuclear complex in which Mn centres reside at the vertices of an augmented truncated 

tetrahedron. Significant distortion of the truncated tetrahedral geometry is observed in compounds 

7.4 and 7.5 with the former containing a tetradecanuclear complex which has two additional Mn 

centres attached to one of the hexagonal faces. In the latter case, the distortion leads to 

transformation of the core structure of the tridecanuclear complex to a distorted elongated 

gyrobifastigium with twelve Mn centres at the vertices and one in the centre. A clear decrease in 

the number of regular hexagonal faces is observed as one moves from compound 7.1 to 7.5 further 

indicating the increase in the distortion. The increase in distortion gives rise to complex magnetic 

properties with compound 7.1 displaying dominant antiferromagnetic interactions and an S = 0 

ground state at low temperatures while compound 7.5 showed the presence of ferromagnetic 

interactions and intermediate spin ground state. 

The electrochemical studies of compounds 7.1 and 7.3 in aqueous media revealed OER activity. The 

former was found to be active at relatively lower overpotentials (251 mV at 40 wt-% catalytic 

loading) compared to the latter (521 mV at 40 wt-% catalytic loading). Both complexes were found 

to decompose during the water oxidation reaction but the initial activity was unarguably attributed 

to species derived from the parent complexes and not the decomposed species as the latter was 

observed to be active only at very high overpotentials. 

For synthesising high nuclearity complexes where the Mn centres are primarily coordinated by 

phosphonate groups, we modified the synthesis of the previously reported tert-butyl phosphonate 

based {Mn6} and {Mn13} complexes. This resulted in the isolation of five novel complexes 

(compounds 8.1-8.5). Compound 8.1 was found to contain a dodecanuclear complex whose core 

structure resembles the ‘S’ shape and contains Mn in octahedral, spherical square pyramidal and 

tetrahedral coordination environments. Compounds 8.2-8.5 were found to contain complexes that 

are structurally related to the previously reported {Mn13} complex in that they contain a three 

layered metal-centered distorted cuboctahedron with a brucite-like {Mn7} core capped by two 

{Mn3} units. Compound 8.2 was found to contain partially protonated terminal phosphonate groups 

that were exploited to form 1-D chains (compound 8.3) using K+ ions as the linker. Compound 8.2 
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was also observed to contain a partially occupied Na+ ion capping the trinuclear units which was 

exploited to form the Mn-Ca mixed metal compounds 8.4 and 8.5.  

The preliminary electrochemistry results for compounds 8.2 and 8.3 in aqueous media reveal that 

these compounds can catalyse the oxidiation of water. Additionally, it was observed that the onset 

potential for compound 8.3 is lower than that for 8.2 and this may be attributed to the presence of  

K+ ions in the former. 

To conclude, we have developed a computational methodology for the calculation of exchange 

coupling constants and devised a novel methodology for determining the mechanism of coupling 

via each ligand bridge in instances where multiple ligand groups bridge a given pair of metal centres. 

We have also developed a synthetic approach which involves the modification of the 

comproportionation reaction and have illustrated the versatility of this approach. We have 

demonstrated the application of this approach for modifying previously known structures, for 

accessing rare geometrical arrangements and for synthesising OEC mimics. Keeping in mind the 

versatility of the computational and synthetic approaches discussed and based on the results 

obtained using these approaches, a number of directions for future work emerge and some of the 

possible avenues that can be explored are discussed below. 

We believe that the complexes reported in this thesis represent only a small subset of the possible 

complexes that can be generated using our synthetic approach. Varying the reaction conditions 

further and expanding the set of ligands used can potentially give rise to complexes of varying 

nuclearities and geometries. One can not only modulate the steric and electronic properties of 

carboxylate and phosphonate based ligands but also make use of other family of ligands like boronic 

acids, amino acids and nitrogen based ligands. 

Considering that the carboxylate based octanuclear complex (compound 6.2) bears structural 

similarity with the OEC, this complex can be used as a starting point for understanding the 

mechanism of OER by the OEC. The synthetic strategy can be modified to replace the K+ ions with 

Ca2+ ions and to include pyridine type ligands. These modifications would allow structurally 

mimicking the OEC even more closely. Furthermore, the computational approach developed in this 

work can be used to understand the mechanism of water oxidation via this complex and determine 

the effect of the magnetic properties on the OER activity. Additionally, the effect of the ligand 

environment on the magnetic properties can be investigated computationally. This would allow the 

determination of the optimal ligand environment for efficient OER catalysis. This information can 

then be used to direct the synthetic approach to synthesise such a complex thereby allowing us to 

move forward in generating efficient OER catalysts.  

The series of mixed carboxylate-phosphonate based complexes provides a set of structurally 

related complexes with varying levels of distortion. Further investigation of the magnetic properties 

of these complexes may help obtain some correlation between the magnetic behaviour of these 
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complexes and their structural symmetry. Additionally, since two members of this series have 

observed to be OER active, it will be interesting to investigate the electrochemical properties of the 

other complexes. 

The magnetic properties and OER activity of the phosphonate based complexes can be explored in 

greater detail. Computational and experimental investigation of the magnetic properties of these 

complexes will shed some light on the effect of the structural modifications introduced in 

compounds 8.2-8.5 on their magnetic properties. Additionally, the OER activity detected for 

compounds 8.2 and 8.3 and the trends observed demand a rigorous investigation of the 

electrochemical properties of compounds 8.2-8.5. Determining the OER activity of the Ca2+ 

containing compounds 8.4 and 8.5 may also provide some insight on the role of Ca2+ in the OEC. 

Considering how all materials reported for OER activity in this thesis tend to decompose, increasing 

their stability or developing self-healing pathways can prove helpful in making these materials 

perform the OER for extended periods. Considering the case of Ru dimeric complexes, where the 

increase in stability came at the cost of reduced activity, the latter appears to be more appealing. 

For developing self-healing pathways, we need to build our understanding of how Nature repairs 

the OEC during the OER and this will require a combined computational and experimental approach 

to realise. Advancement in this respect will allow us to focus on the enhancing the activity of the 

OER catalysts instead of their stability. 

 

 



10 Experimental 

10.1 Materials and Methods 

Reagents 

All chemicals used were of reagent grade and were purchased from Sigma-Aldrich, Alfa Aesar or 

Acros Organics and were used without further purification. Solvents were supplied by in-house 

suppliers, and were of technical grade or higher. These were also used without further purification. 

 

Single crystal X-ray diffraction analysis 

Single crystal X-ray Diffraction datasets were collected by Dr. Brendan Twamley, Dr. Nianyong Zhu, 

Dr. Amal Cherian Kathalikkattil, Friedrich Steuber or Paul Wix. The solution and refinement of the 

dataset was also performed by them besides myself. 

A suitable crystal was selected and immersed in oil, mounted in a mitiGen loop on a Bruker APEX-II 

CCD diffractometer equipped with a Mo-Kα source (λ = 0.71073 Å) and a Cu-Kα source (λ = 1.5418 

Å). The crystal was kept at 100 K during data collection using a Cobra cryostream low- temperature 

apparatus. The diffraction frames were integrated and processed using the Bruker SAINT software 

package. The data were corrected for absorption effects using the multi-scan method (SADABS).648 

Using Olex2,616 the structure was solved with the XT649 structure solution program using Intrinsic 

Phasing and refined with the XL650 refinement package using Least Squares minimisation.  

Some structures contain large solvent accessible void volume and the electron density due to the 

solvent molecules residing in these voids was too diffuse. To account for the diffracting component 

of the diffuse electron density, the squeeze subroutine in PLATON629 was used. This routine 

generates a reflection file by that excludes the diffraction contributions of the diffuse electron 

density. The final results are based on the new reflection data. 

 

Powder X-ray diffraction analysis 

For structurally robust samples, powder X-ray diffraction data was collected on a Bruker D2 Phaser 

diffractometer using Cu-Kα radiation at 30 kV and 10 mA, with a step size of 0.02° (2θ) between 5 

and 55° (2θ), and data were collected at 25°C. The samples were grounded and loaded on a low-

background silicon sample holder.  

For samples that were observed to be sensitive to solvation, powder XRD patterns were measured 

by Dr. Brendan Twamley, Dr. Nianyong Zhu, Dr. Amal Cherian Kathalikkattil or Paul Wix, by sealing 

crystalline samples under solvent in a glass capillary or by incorporating the sample in grease. The 

capillaries/grease samples were mounted and centred on a goniometer head on a Bruker APEX II 

diffractometer for data collection. The data were collected upon 360° φ rotational frames at 2θ 

values of 10° and 20°, with exposure times of 10 minutes per frame at a detector distance of 120 
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mm. Overlapping sections of data were combined and the data was processed using the Bruker 

APEX II routine XRD2-Eval subprogram. 

Analysis of the data and background subtraction was performed using DIFFRAC.EVA program.651 

 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer Pyris-1 Thermogravimetric 

analyser that had been previously calibrated using nickel and iron standards. The analysis was 

performed under a N2 stream at a flow rate of 20 mL min-1. Measurements were carried out 

between 25°C and 700-900°C at a heating rate of 2, 3 or 5°C per minute. 

 

Fourier-Transform Infrared (FTIR) spectroscopy 

Infrared data in the 4000-300 cm-1 region were obtained using a PerkinElmer Spectrum One FT-IR 

spectrometer with a universal Attenuated Total Reflectance (ATR) sampling accessory.  

The following symbols have been used to describe the spectra: w weak, m medium, s strong, b 

broad, sh shoulder. 

 

Scanning electron microscopy (SEM) 

SEM experiments were performed by Dr. Guanghua Jin or Éadaoin Whelan using a Zeiss ULTRA plus 

scanning electron microscope using both InLens and SE2 detectors at a 5 kV acceleration voltage. 

 

Energy-dispersive X-ray (EDX) spectroscopy 

EDX spectroscopy was carried by Dr. Guanghua Jin or Éadaoin Whelan on samples with the Zeiss 

ULTRA plus scanning electron microscope using a 20 mm2 Oxford Inca EDX detector and a 20 kV 

acceleration voltage. 

 

X-ray photoelectron spectroscopy (XPS) 

XPS experiments were carried out by Dr. Ross Lundy and these were performed under ultra-high 

vacuum condition (<5x10-10 mbar) using a VG Scientific ESCAlab Mk II system equipped with a 

hemispherical analyser using Al Kα X-rays (1486.6 eV). The emitted photoelectrons were collected 

at a take-off angle of 90 ° from the samples surface. The analyser pass energy was set to 100 eV for 

survey scans and 40 eV for high-resolution core scans, yielding an overall resolution of 1.5 eV. 

Photoemission peak positions were corrected to C 1s at a binding energy of 284.8 eV. 

 

Elemental analysis 

Quantitative elemental analysis was performed by Dr. Ann Connolly and Dr. Rónán Crowley using 

an Exeter Analytical CE 440 at the Analytical Laboratory, UCD Belfield, Dublin. 
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Magnetic measurements 

All magnetic susceptibility measurements were carried out by Dr. Munuswamy Venkatesan on a 5 

T MPMS SQUID from Quantum Design. Temperature dependence of magnetic susceptibility was 

measured in the temperature range of 2-300 K in an applied magnetic field of 0.1 T. 

 

Electrochemical experiments 

Electrochemical measurements were performed on Biologic VSP potentiostat. The Ohmic drop was 

measured prior to each experiment and compensated using the positive feedback compensation 

as implemented in the instrument. The typical three-electrode set-up used for all the experiments 

was composed of Ag/AgCl (KCl 3M) reference electrode, carbon paste (CP) working electrodes 

(surface area = 0.07 cm2), and a Pt mesh. All the measurements were carried out in a 50 mM 

potassium phosphate (KPi) buffer solution with KNO3 (1 M) as electrolyte at pH 7.2. The CP blends 

were prepared by mixing CP and the desired amount of catalyst in an agate mortar, then the 

mixtures were inserted inside the CP electrode pocket. The linear sweep voltammetry (LSV) 

measurements were conducted using an ALS RRDE-3A set-up with a CP rotating disc electrode 

(surface area = 0.07 cm2) at 1,600 r.p.m., and at a scan rate of 1 mV s-1. Tafel data were extracted 

from the LSV measurements. Bulk water electrolysis was performed using the same conditions as 

stated for the LSV measurements. 

All the applied potentials (Eapp) were converted to the normal hydrogen electrode (NHE) reference 

scale using ENHE =EAg/AgCl + 0.210(V). The overpotentials were calculated by subtracting the 

thermodynamic water oxidation potential (EH2O/O2
0 ) to Eapp as: 

η = Eapp − EH2O/O2
0  

Where EH2O/O2
0 was corrected by the pH value employing the Nerst equation: 

EH2O/O2
0 = 1.229 − (0.059 × pH)(V)vsNHEat25℃ 

The geometrical area of the CP electrode was used to calculate all the current densities. The onset 

potentials were estimated from the intersection point between the tangent lines of the Faradaic 

current at 0.5 mA cm-2 and the non-Faradic current. 

For measurements in non-aqueous media, a saturated calomel electrode was used as a reference 

electrode along with a Pt counter electrode. For the working electrode, a glassy carbon electrode 

was used and the sample was mechanically deposited on the electrode surface. The measurements 

were conducted in an electrolyte solution of 0.1 M Bun
4NPF6 in acetonitrile. Before the 

measurement, the solution was purged with N2 to remove oxygen and during the measurements, 

the solution was kept under an atmosphere of N2. The cyclic voltammograms were recorded at a 

scan rate of 100 mV/s. The reported potentials were converted to the normal hydrogen electrode 

(NHE) reference scale using ENHE = ECalomel + 0.244(𝑉).  
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10.2 Syntheses 

[ClMnIII
6(tert-butyl-PO3)8(4-picoline)6]Cl (4.1) 

The procedure published in the literature was followed for the synthesis of this compound.545 

MnCl2·2H2O (0.162 g, 1.00 mmol), KMnO4 (0.032 g, 0.20 mmol), tert-butyl phosphonic acid (0.136 

g, 1.00 mmol) and 1,4-phenylenediacetic acid (0.193 g, 1.00 mmol) were combined in CH3CN (25 

mL) and sonicated for 2 minutes followed by the addition of 4-picoline (0.24 mL, 2.47 mmol). The 

solution was then stirred at room temperature for 5 hours. The dark brown/red solution was then 

filtered and the filtrate was then allowed to evaporate slowly. Dark red crystals were formed within 

a week which were isolated by filtration, washed with CH3CN and air dried.  

Yield: 40% (based on Mn). Elemental analysis (C68H114Cl2Mn6N6O24P8): Calculated (%) – C 39.88, H 

5.61, N 4.10; found (%) – C 39.22, H 5.63, N 3.91. 

IR (�̅�/cm-1): 2920 (b), 1622 (w), 1478 (w), 1146 (s), 1074 (w), 1022 (s), 812 (w), 804 (m), 724 (w), 

662 (m). 

 

[Mn6(µ3-O)2((CH3)3CCO2)10((CH3)2NCHO)4]·((CH3)2NCHO)·H2O (6.1) 

Mn(CH3COO)2·4H2O (0.025 g, 0.10 mmol), KMnO4 (0.063 g, 0.40 mmol) and pivalic acid (0.408 g, 

4.00 mmol) were combined in CH3CN (20 mL). After refluxing this solution for 30 minutes, 

phenylphosphonic acid (0.032 g, 0.20 mmol) was added. The solution was then refluxed again for 

10 minutes and L(-)-proline (0.022 g, 0.20 mmol) was added. The resultant solution was refluxed 

again for 15 minutes. The light red coloured solution was then filtered and DMF (10 mL) was added 

to it. This solution was then boiled till it was reduced to 1/3rd of its original volume. This solution 

was then filtered and the filtrate was then allowed to evaporate slowly. Red crystals were obtained 

within one week which were isolated by filtration, washed with DMF and air dried. 

Yield: ~10% (based on Mn).  

IR (�̅�/cm-1): 2930 (b), 1658 (m), 1594 (m), 1576 (m), 1528 (s), 1482 (s), 1408 (s), 1390 (m), 1372 (s), 

1360 (s), 1226 (s), 1210 (wsh), 1104 (w), 1032 (w), 894 (w), 798 (w), 788 (w), 676 (w), 608 (s). 

 

[Mn8K2(µ3-O)4(µ-OH)2((CH3)3CCOO)16(CH3CN)2]·CHCl3 (6.2) 

KMnO4 (0.079 g, 0.50 mmol) and pivalic acid (0.408 g, 4.00 mmol) were added to 20 mL of CH3CN. 

The solution was refluxed for 2.5 hours. To the hot solution, 8 mL of CHCl3 was added and the 

resultant was stirred for 5 minutes. The brown/red solution was then filtered and the filtrate was 

then allowed to evaporate slowly. Dark red crystals were obtained within a day. The crystallization 

was found to be dependent on the humidity and temperature and small variation in the 

CH3CN/CHCl3 ratio can lead to good quality crystals. The crystals were washed with CH3CN/CHCl3 

(20/10 mL) mixture and dried.  
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Yield: 32% (based on Mn). Elemental analysis (C85H153Cl3K2Mn8N2O38): Calculated (%) – C 41.92, H 

6.33, N 1.15; found (%) – C 41.29, H 6.23, N 0.65. 

IR (�̅�/cm-1): 2958 (mb), 1594 (m), 1572 (m), 1554 (m), 1526 (m), 1480 (m), 1458 (w), 1404 (m), 1368 

(msh), 1356 (m), 1328 (m), 1220 (m), 1030 (w), 938 (w), 896 (w), 790 (w), 694 (s), 762 (w), 672 (w), 

610 (s). 

 

 [Mn12(µ3-O)12(C6H5C6H4CO2)16(H2O)4]·solvent (6.3) 

KMnO4 (0.020 g, 0.25 mmol) and 4-biphenylcarboxylic acid (0.198 g, 1.00 mmol) were combined in 

CH3CN (20 mL). The solution was refluxed for 2.5 hours. To the hot solution, 8 mL of CHCl3 was 

added and the resultant was stirred for 5 minutes. The brown/red solution was then filtered and 

the filtrate was then allowed to evaporate slowly. Red crystals were obtained within one week 

which were isolated by manual separation, washed with CH3CN/CHCl3 (20/10 mL) mixture and air 

dried. 

Yield: (few crystals) ~2% (based on Mn). 

IR (�̅�/cm-1): 3028 (wb), 1694 (w), 1606 (m), 1588 (m), 1572 (m), 1514 (mb), 1448 (w), 1386 (sb), 

1180 (m), 1142 (w), 1106 (w), 1076 (w), 1020 (w), 1008 (m), 916 (w), 858 (m), 846 (msh), 790 (m), 

744 (s), 694 (s), 644 (sb). 

 

[MnII
12(µ3-OH)4((C6H5)PO3)4((CH3)3CCO2)12(DMSO)6]·solvent (7.1) 

Mn(CH3COO)2·4H2O (0.025 g, 0.10 mmol), KMnO4 (0.063 g, 0.40 mmol) and pivalic acid (0.408 g, 

4.00 mmol) were combined in CH3CN (20 mL). After refluxing this solution for 30 minutes, 

phenylphosphonic acid (0.032 g, 0.20 mmol) was added. The solution was then refluxed again for 

10 minutes and L(-)-proline (0.022 g, 0.20 mmol) was added. The resultant solution was refluxed 

again for 15 minutes. The light coloured solution was then filtered and DMSO (10 mL) was added 

to it. This solution was then boiled till it was reduced to 1/3rd of its original volume. This solution 

was then filtered and the filtrate was then allowed to evaporate slowly. Pale coloured crystals were 

obtained within one week which were isolated by filtration, washed with DMSO and air dried. 

Yield: 20% (based on Mn). Elemental analysis (C96H164Mn12O46P4S6): Calculated (%) – C 38.06, H 5.46, 

N 0.00, S 6.35; found (%) – C 37.49, H 5.43, N 0.00, S 6.54. 

IR (�̅�/cm-1): 2954 (mb), 1590 (s), 1556 (msh), 1482 (m), 1418 (s), 1372 (m), 1358 (m), 1404 (m), 1318 

(wb), 1228 (w), 1134 (w), 1096 (w), 1078 (m), 1068 (m), 1032 (m), 1000 (s), 970 (s), 954 (msh), 892 

(w), 790 (w), 752 (w), 708 (m), 698 (m). 

 

[Mn15(µ3-O)4((CH3)3CCO2)11((CH3)3CCO2H)(C6H5PO3)6(µ-CH3O)6(µ3-CH3O)2(CH3OH)5] (7.2) 

Mn(CH3COO)2·4H2O (0.025 g, 0.10 mmol), KMnO4 (0.063 g, 0.40 mmol) and pivalic acid (0.204 g, 

2.00 mmol) were combined in CH3CN (15 mL). After refluxing this solution for 2 minutes, 
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phenylphosphonic acid (0.040 g, 0.25 mmol) was added. The solution was then refluxed again for 2 

minutes and L(-)-proline (0.011 g, 0.10 mmol) was added. The resultant solution was refluxed again 

for 2 minutes after which CH3OH (20 mL) was added to the solution and the solution was then 

refluxed for 2.5 hours. The dark brown/red solution was then filtered and the filtrate was then 

allowed to evaporate slowly. Small red crystals were obtained within one week which were isolated 

by manual separation, washed with CH3CN/CH3OH (15/20 mL) mixture and air dried. 

Yield: (few crystals) < 1% (based on Mn). 

IR (�̅�/cm-1): 3446 (wb), 2964 (wb), 1594 (wb), 1556 (w), 1532 (wb), 1484 (m), 1460 (w), 1438 (w), 

1416 (mb), 1366 (wsh), 1358 (w), 1226 (w), 1136 (m), 1140 (m), 1090 (s), 1072, (ssh), 1048 (m), 

1026 (m), 980 (s), 934 (msh), 894 (w), 784 (w), 748 (m), 722 (m), 696 (s), 616 (sb). 

 

[Mn15(µ3-O)4((CH3)3CCO2)7.15(CH3CO2)4.85(C6H5PO3)6(µ-CH3O)6(µ3-CH3O)2(CH3OH)5]·2CH3CN· CH3OH 

(7.3) 

Mn(CH3COO)2·4H2O (0.125 g, 0.50 mmol), KMnO4 (0.016 g, 0.10 mmol), pivalic acid (0.204 g, 2.00 

mmol) and CH3COOH (0.060 g, 1 mmol) were combined in CH3CN (15 mL). After refluxing this 

solution for 2 minutes, phenylphosphonic acid (0.040 g, 0.25 mmol) was added. The solution was 

then refluxed again for 2 minutes and 2,6-pyridinemethanol (0.014 g, 0.10 mmol) was added. The 

resultant solution was refluxed again for 2 minutes after which CH3OH (20 mL) was added to the 

solution and the solution was then refluxed for 2.5 hours. The dark brown/red solution was then 

filtered and the filtrate was then allowed to evaporate slowly. Dark needle-like crystals were 

obtained during the time period of one week which were isolated by manual separation, washed 

with CH3CN/CH3OH (15/20 mL) mixture and air dried. 

Yield: 40% (based on Mn).  Elemental analysis (C88H143Mn15O58P6): Calculated (%) – C 33.67, H 4.59, 

N 0.00; found (%) – C 33.08, H 4.23, N 0.00. 

IR (�̅�/cm-1): 2958 (wb), 1612 (w), 1584 (s), 1554 (m), 1482 (s), 1456 (w), 1438 (w), 1402 (s), 1364 

(ssh), 1354 (s), 1404 (m), 1224 (m), 1132 (m), 1068 (sb), 1078 (m), 1046 (sb), 1004 (s), 976 (s), 894 

(w), 784 (w), 750 (m), 720 (m), 696 (m), 620 (ssh), 616 (s). 

 

[Mn14(µ3-O)4(µ3-OH)2(µ-CH3O)9(CH3OH)2(H2O)2((C6H5)PO3)3((CH3)3CCO2)10 (CH3CO2)3] (7.4) 

Mn(CH3COO)2·4H2O (0.125 g, 0.50 mmol), KMnO4 (0.016 g, 0.10 mmol) and pivalic acid (0.204 g, 

2.00 mmol) were combined in CH3CN (15 mL). After refluxing this solution for 2 minutes, 

phenylphosphonic acid (0.040 g, 0.25 mmol) was added. The solution was then refluxed again for 2 

minutes and 2,6-pyridinemethanol (0.014 g, 0.10 mmol) was added. The resultant solution was 

refluxed again for 2 minutes after which CH3OH (20 mL) was added to the solution and the solution 

was then refluxed for 2.5 hours. The dark brown/red solution was then filtered and the filtrate was 
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then allowed to evaporate slowly. Dark block-like red crystals were obtained within one week which 

were isolated by manual separation, washed with CH3CN/CH3OH (15/20 mL) mixture and air dried. 

Yield: (few crystals) < 2% (based on Mn). 

IR (�̅�/cm-1): 2962 (wb), 1582 (m), 1558 (s), 1538 (sb), 1482 (s), 1456 (m), 1408 (sb), 1374 (msh), 

1360 (s), 1226 (m), 1138 (m), 1088 (m), 1048 (m), 1002 (w), 976 (mb), 938 (m), 894 (w), 784 (w), 

750 (w), 718 (m), 696 (m), 652 (ssh), 614 (s). 

 

[Mn13(µ3-O)8((C6H5)PO3)4((CH3)3CCO2)10(µ-CH3O)4(µ-CH3OH)4]·CH3OH·CH3CN (7.5) 

Mn(CH3COO)2·4H2O (0.125 g, 0.50 mmol), KMnO4 (0.016 g, 0.10 mmol) and pivalic acid (0.408 g, 

4.00 mmol) were combined in CH3CN (15 mL). After refluxing this solution for 2 minutes, 

phenylphosphonic acid (0.040 g, 0.25 mmol) was added. The solution was then refluxed again for 2 

minutes and 2,6-pyridinemethanol (0.014 g, 0.10 mmol) was added. The resultant solution was 

refluxed again for 2 minutes after which CH3OH (20 mL) was added to the solution and the solution 

was then refluxed for 2.5 hours. The dark brown/red solution was then filtered and the filtrate was 

then allowed to evaporate slowly. Dark block-like red crystals were obtained during the time period 

of one week which were isolated by manual separation, washed with CH3CN/CH3OH (15/20 mL) 

mixture and air dried. 

Yield: (few crystals) < 1% (based on Mn). 

IR (�̅�/cm-1): 2964 (wb), 1582 (w), 1558 (w), 1526 (wb), 1482 (m), 1462 (w), 1410 (msh), 1404 (m), 

1372 (msh), 1358 (m), 1224 (m), 1136 (m), 1114 (w), 1048 (m), 1002 (w), 980 (w), 962 (m), 928 (m), 

894 (w), 784 (w), 750 (m), 718 (m), 696 (m), 654 (ssh), 620 (s). 

 

[Mn12Br2(µ3-O)4((CH3)3CPO3)10((CH3)3CPO3H)2((CH3)C5H4N)6(H2O)10]·2CH3CN (8.1) 

MnBr2·4H2O (0.287 g, 1.00 mmol), KMnO4 (0.032 g, 0.20 mmol) and tert-butyl phosphonic acid 

(0.136 g, 1.00 mmol) were combined in CH3CN (25 mL) and sonicated for 2 minutes followed by the 

addition of 4-picoline (0.24 mL, 2.47 mmol). The solution was then stirred at room temperature for 

5 hours. The dark brown/red solution was then filtered and the filtrate was then allowed to 

evaporate slowly. Small red crystals were formed in a day which were isolated by filtration, washed 

with CH3CN and air dried.  

Yield: 12% (based on Mn). Elemental analysis (C84H172Br2Mn12O50P12): Calculated (%) – C 30.98, H 

5.32, N 2.58; found (%) – C 31.37, H 5.24, N 2.57. 

IR (�̅�/cm-1): 3412 (wb), 2948 (wb), 1624 (w), 1506 (w), 1478 (w), 1458 (w), 1392 (w), 1360 (w), 1220 

(wb), 1140 (m), 1094 (m), 1068 (s), 1022 (s), 988 (ssh), 972 (s), 832 (m), 806 (m), 704 (m), 648 (msh), 

642 (m), 618 (m). 
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Na[Na0.4Mn13(µ4-O)2(µ3-O)4(µ-O)0.4(µ-OH)1.6((CH3)3CPO3)10(4-picoline)4(µ-CH3O)4(CH3OH)2] 

[Mn13(µ4-O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10((CH3)3CPO3H)2(4-picoline)4(µ-CH3O)4]·5CH3OH (8.2) 

Mn(CH3COO)2·4H2O (0.125 g, 0.50 mmol), KMnO4 (0.016 g, 0.10 mmol), tert-butyl phosphonic acid 

(0.069 g, 0.50 mmol) and NaI (0.075 g, 0.5 mmol) were combined in CH3CN/CH3OH (15/10 mL) 

mixture and sonicated for 2 minutes followed by the addition of 4-picoline (0.12 mL, 1.25 mmol). 

The solution was then stirred at room temperature for 5 hours. The dark brown/red solution was 

then filtered and the filtrate was then allowed to evaporate slowly. Small red crystals were formed 

in a day and were isolated by filtration, washed with CH3CN/CH3OH (15/10 mL) and air dried.  

Yield: 18% (based on Mn). 

IR (�̅�/cm-1): 2948 (mb), 1618 (m), 1558 (w), 1502 (w), 1478 (m), 1456 (m), 1422 (w), 1392 (m), 1362 

(m), 1204 (w), 1114 (s), 1066 (s), 1070 (m), 996 (s), 972 (s), 832 (s), 804 (s), 724 (m), 668 (s), 660 

(ssh). 

 

K[K2Mn13(µ4-O)2(µ3-O)4(µ-OH)2((CH3)3CPO3)10((CH3)3CO2)2(µ-CH3O)4(CH3OH)6][Mn13(µ4-O)2 (µ3-

O)4(µ-OH)2((CH3)3CPO3)10((CH3)3CPO3H)2(µ-CH3O)4(CH3OH)4]·2CH3OH (8.3) 

Mn(CH3COO)2·4H2O (0.025 g, 0.10 mmol), KMnO4 (0.063 g, 0.40 mmol), pivalic acid (0.102 g, 1.00 

mmol) and tert-butyl phosphonic acid (0.069 g, 0.50 mmol) were combined in CH3CN (25 mL) and 

refluxed. After refluxing this solution for 30 minutes, 2,6-pyridinemethanol (0.014 g, 0.10 mmol) 

was added. The resultant solution was then refluxed overnight. To the hot solution, CH3OH (20 mL) 

was added and the resultant was stirred for 5 minutes. The red solution was then filtered and the 

filtrate was then allowed to evaporate slowly. Small red crystals were obtained within one week 

which were isolated by filtration, washed with CH3CN/CH3OH (15/20 mL) mixture and air dried. 

Yield: 16% (based on Mn). Elemental analysis (C114H286K3Mn26O104P22): Calculated (%) – C 24.68, H 

5.20, N 0.0; found (%) – C 24.51, H 4.54, N 0.00.  

IR (�̅�/cm-1): 2960 (mb), 1632 (wb), 1558 (w), 1478 (m), 1458 (m), 1394 (w), 1364 (w), 1202 (w), 1110 

(s), 1060 (s), 994 (s), 960 (sb), 832 (s), 668 (s). 

 

[Mn13Ca2(µ4-O)2(µ3-O)6((CH3)3CPO3)10((C6H5)2PO2)2((CH3)3CCO2H)2(µ-CH3O)4(CH3OH)5.15 

(CH3CN)0.85]·CH3OH·CH3CN (8.4) 

Mn(CH3COO)2·4H2O (0.025 g, 0.10 mmol), KMnO4 (0.063 g, 0.40 mmol), pivalic acid (0.408 g, 4.00 

mmol) and Ca(CH3COO)2 (0.069 g, 0.5 mmol) were combined in CH3CN (20 mL) and refluxed for 5 

minutes. Diphenylphosphinic acid (0.109 g, 0.5 mmol) was added to the solution which was then 

refluxed again for 5 minutes. tert-Butyl phosphonic acid (0.069 g, 0.50 mmol) was then added to 

the solution which was again refluxed for 5 minutes. To this solution, CH3OH (20 mL) was added 

and the resultant was refluxed for 2.5 hours. The red solution was then filtered and the filtrate was 
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then allowed to evaporate slowly. Small red crystals were obtained within one week which were 

isolated by manual separation, washed with CH3CN/CH3OH (10/10 mL) mixture and air dried. 

Yield: (few crystals) < 2% (based on Mn). 

IR (�̅�/cm-1): 2950 (mb), 1478 (m), 1456 (w), 1440 (w), 1414 (w), 1394 (w), 1362 (w), 1204 (w), 1120 

(msh), 1102 (m), 1042 (sh), 1004 (ssh), 972 (s), 832 (m), 750 (m), 726 (m), 698 (m), 668 (s). 

 

[Mn15Ca2(µ4-O)4(µ3-O)2(µ3-OH)2((CH3)3CPO3)8((C6H5)2PO2)2((CH3)3CCO2)4(CH3CO2)2(µ-CH3O)8 

(CH3OH)2]·2CH3OH·2CH3CN  (8.5) 

Mn(CH3COO)2·4H2O (0.125 g, 0.50 mmol), KMnO4 (0.016 g, 0.10 mmol), pivalic acid (0.408 g, 4.00 

mmol) and Ca(CH3COO)2 (0.069 g, 0.5 mmol) were combined in CH3CN (20 mL) and refluxed for 5 

minutes. Diphenylphosphinic acid (0.109 g, 0.5 mmol) was added to the solution which was then 

refluxed again for 5 minutes. tert-Butyl phosphonic acid (0.069 g, 0.50 mmol) was then added to 

the solution which was again refluxed for 5 minutes. To this solution, CH3OH (20 mL) was added 

and the resultant was refluxed for 2.5 hours. The red solution was then filtered and the filtrate was 

then allowed to evaporate slowly. Small red crystals were obtained within one week which were 

isolated by filtration, washed with CH3CN/CH3OH (10/10 mL) mixture and air dried. 

Yield: 12% (based on Mn). 

IR (�̅�/cm-1): 2952 (mb), 1586 (w), 1564 (w), 1478 (m), 1458 (w), 1438 (w), 1410 (w), 1396 (w), 1362 

(w), 1220 (w), 1204 (w), 1126 (msh), 1106 (m), 1036 (s), 998 (ssh), 972 (s), 832 (m), 784 (w), 752 

(m), 726 (m), 698 (m), 668 (s). 
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12 Appendix 

This section includes the equations for the spin projection approach, the details about the 

calculation of distortion parameters and crystallographic tables for all compounds reported in this 

thesis. 

 

12.1 Equations for spin projection approach 

The following equations were used for calculation of the coupling constants using the spin 

projection approach in chapter 4. 

1. 𝐻𝐹𝑒𝑟𝑟𝑜 =−96𝐽𝑐𝑖𝑠 − 24𝐽𝑡𝑟𝑎𝑛𝑠 

2. 𝐻1 =−31.99𝐽𝑐𝑖𝑠 − 7.99𝐽𝑡𝑟𝑎𝑛𝑠 

3. 𝐻12 = 0.01𝐽𝑐𝑖𝑠 + 8.001𝐽𝑡𝑟𝑎𝑛𝑠 

4. 𝐻16 = 32.05𝐽𝑐𝑖𝑠 − 24𝐽𝑡𝑟𝑎𝑛𝑠   

5. 𝐻125 = 0.01𝐽𝑐𝑖𝑠 + 24𝐽𝑡𝑟𝑎𝑛𝑠 

6. 𝐻126 = 32.015𝐽𝑐𝑖𝑠 − 7.99𝐽𝑡𝑟𝑎𝑛𝑠 

 

12.2 Calculation of extent of distortion 

To quantify the extent of distortion from the ideal geometries, bond angle variance and distortion 

indices have been calculated.606-609 The bond angle variance (𝜎2) for octahedral geometry is defined 

as:606-609  

𝜎2 =
1

11
∑(𝛼𝑖 − 90)

2

12

𝑖=1

 (12.1) 

where 𝛼𝑖 is the angle between any two centres bound to an octahedrally coordinated Mn centre 

and lie cis- to each other.  

For tetrahedral geometry, the bond angle variance is given as:608 

𝜎2 =
1

5
∑(𝛼𝑖 − 109.47)

2

6

𝑖=1

 (12.2) 

where 𝛼𝑖 is the angle between any two centres bound to a tetrahedrally coordinated Mn centre. 

Similarly, for square pyramidal geometry, the bond angle variance can be calculated as: 

𝜎2 =
1

7
∑(𝛼𝑖 − 90)

2

8

𝑖=1

 (12.3) 

where 𝛼𝑖  is the angle between any two centres bound to a Mn centre in a square pyramidal 

coordination environment and lie cis- to each other.  

The distortion index (DI) for octahedral geometry is defined as:  
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𝐷𝐼 =
1

12𝛼𝑚
∑|𝛼𝑖 − 𝛼𝑚|

12

𝑖=1

 (12.4) 

here 𝛼𝑚 is the average cis- bond angle for the given octahedral system. The DI value lies between 

0 and 1 with 0 indicating ideal octahedral geometry and values > 0 indicating angular distortion. For 

tetrahedral and square pyramidal geometries, the distortion index is calculated using equations  

12.5 and 12.6 as follows:  

𝐷𝐼 =
1

6𝛼𝑚
∑|𝛼𝑖 − 𝛼𝑚|

6

𝑖=1

 (12.5) 

𝐷𝐼 =
1

8𝛼𝑚
∑|𝛼𝑖 − 𝛼𝑚|

8

𝑖=1

 
(12.6) 

The limitation of these approaches to quantify the extent of distortion from ideal geometries is that 

they are limited to the use of bond angles. It still provides a reasonable value as distortion induced 

by changes in bond lengths are relatively smaller. A more generalised approach for calculating the 

extent of distortion is provided by continuous shape measure analysis.610-614 In this approach, the 

overall structure of the system under investigation is compared with its ideal analogue for 

determining the extent of distortion. If 𝑃𝑖 and 𝑄𝑖  represent the position vectors of the reference 

polyhedron and the system under study respectively, with 𝑄0  being the position vector of the 

geometrical centre, the continuous shape measure value (𝑆) can be determined as follows: 

𝑆 = 𝑚𝑖𝑛
∑ |𝑄𝑖 − 𝑃𝑖|

2𝑁
𝑖=1

∑ |𝑄𝑖 − 𝑄0|
2𝑁

𝑖=1

× 100 (12.7) 

𝑆 varies between 0 and 100 with larger values indicating greater distortions. The use of continuous 

shape measures also provides a way to assign the correct shape to a system in cases where the 

structure is close to two or more different polyhedrons. The continuous shape measure analysis, in 

this work, has been carried out using SHAPE V2.1 code.615 
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12.3 Crystallographic tables 

Compounds 6.1-6.3 

 

Identification code  Compound_6.1  Compound_6.2  Compound_6.3    

Empirical formula  C65H125.67Mn6N5O27.33  C170H306Cl6K4Mn16N4O76  C208H152Mn12O48    

Formula weight  1744.33  4870.31  4078.57    

Temperature/K  100(2)  99.99  100.15    

Crystal system  monoclinic  monoclinic  monoclinic    

Space group  Cc  P21/n  Cc    

a/Å  24.8031(10)  19.040(2)  29.0406(17)    

b/Å  14.1011(5)  15.7109(17)  29.0343(16)    

c/Å  26.7382(11)  20.192(2)  35.023(2)    

α/°  90  90  90    

β/°  113.6240(10)  100.691(2)  114.478(2)    

γ/°  90  90  90    

Volume/Å3  8568.0(6)  5935.3(11)  26876(3)    

Z  4  1  4    

ρcalcg/cm3  1.352  1.363  1.008    

μ/mm-1  0.931  1.033  0.600    

F(000)  3677.0  2540.0  8336.0    

Crystal size/mm3  0.2 × 0.2 × 0.2  0.26 × 0.18 × 0.05  ? × ? × ?    

Radiation  MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  MoKα (λ = 0.71073)    

2Θ range for data 
collection/°  

5.778 to 55.25  3.306 to 53.514  4.752 to 45  
  

Index ranges  
-32 ≤ h ≤ 32, -18 ≤ k ≤ 

18, -34 ≤ l ≤ 34  
-24 ≤ h ≤ 24, -19 ≤ k ≤ 19, 

-25 ≤ l ≤ 25  
-31 ≤ h ≤ 31, -31 ≤ k ≤ 

31, -37 ≤ l ≤ 37  
  

Reflections collected  65360  190941  132205    

Independent reflections  
19778 [Rint = 0.0265, 

Rsigma = 0.0309]  
12589 [Rint = 0.0683, 

Rsigma = 0.0274]  
34395 [Rint = 0.1715, 

Rsigma = 0.1688]  
  

Data/restraints/parameters  19778/566/1145  12589/103/749  34395/1569/2034    

Goodness-of-fit on F2  1.037  1.063  0.955    

Final R indexes [I>=2σ (I)]  
R1 = 0.0237, wR2 = 

0.0584  
R1 = 0.0439, wR2 = 0.1096  

R1 = 0.0898, wR2 = 
0.2177  

  

Final R indexes [all data]  
R1 = 0.0264, wR2 = 

0.0596  
R1 = 0.0641, wR2 = 0.1214  

R1 = 0.1844, wR2 = 
0.2812  

  

Largest diff. peak/hole / e 
Å-3  

0.62/-0.53  1.02/-1.30  0.76/-0.49  
  

Flack parameter 0.132(8)  0.07(4)   
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Compounds 7.1-7.3 

 

Identification code  Compound_7.1  Compound_7.2  Compound_7.3     

Empirical formula  C96H168Mn12O46P4S6  C109H183Mn15O59P6  C94.45H152.9Mn15O59P6     

Formula weight  3033.81  3447.48  3242.38     

Temperature/K  100.01  100.01  100(2)     

Crystal system  trigonal  trigonal  trigonal     

Space group  R-3c  R-3  R3     

a/Å  35.9770(10)  26.6412(10)  48.387(3)     

b/Å  35.9770(10)  26.6412(10)  48.387(3)     

c/Å  88.049(3)  36.1302(17)  17.8264(10)     

α/°  90  90  90     

β/°  90  90  90     

γ/°  120  120  120     

Volume/Å3  98697(6)  22208(2)  36146(4)     

Z  18  5.99994  9     

ρcalcg/cm3  0.919  1.547  1.341     

μ/mm-1  6.625  11.351  1.266     

F(000)  28224.0  10644.0  14909.0     

Crystal size/mm3  0.264 × 0.162 × 0.109  0.06 × 0.06 × 0.05  0.43 × 0.09 × 0.08     

Radiation  CuKα (λ = 1.54178)  CuKα (λ = 1.54178)  MoKα (λ = 0.71073)     

2Θ range for data 
collection/°  

5.762 to 122.374  4.544 to 112.164  5.052 to 52.344  
   

Index ranges  
-40 ≤ h ≤ 34, -38 ≤ k ≤ 

33, -99 ≤ l ≤ 95  
-28 ≤ h ≤ 28, -28 ≤ k ≤ 

28, -38 ≤ l ≤ 38  
-59 ≤ h ≤ 59, -60 ≤ k ≤ 

57, -22 ≤ l ≤ 22  
   

Reflections collected  99748  48719  152549     

Independent reflections  
16601 [Rint = 0.1161, 

Rsigma = 0.0972]  
6429 [Rint = 0.1709, 

Rsigma = 0.1126]  
31014 [Rint = 0.1254, 

Rsigma = 0.1012]  
   

Data/restraints/parameters  16601/181/845  6429/283/738  31014/2460/2187     

Goodness-of-fit on F2  0.912  1.014  0.970     

Final R indexes [I>=2σ (I)]  
R1 = 0.0630, wR2 = 

0.1763  
R1 = 0.0744, wR2 = 

0.1684  
R1 = 0.0609, wR2 = 

0.1418  
   

Final R indexes [all data]  
R1 = 0.1019, wR2 = 

0.1912  
R1 = 0.1432, wR2 = 

0.2041  
R1 = 0.1112, wR2 = 

0.1683  
   

Largest diff. peak/hole / e 
Å-3  

0.80/-0.58  0.56/-0.59  0.76/-0.73  
   

   -0.007(8)    

 

  



  Chapter 12 

 335 

Compounds 7.4-7.5 

   

Identification code  Compound_7.4  Compound_7.5   

Empirical formula  C84.68H153.02Mn14O54P3  C83.94H142.34Mn13N0.58O48.78P4   

Formula weight  2897.26  2778.15   

Temperature/K  100.15  100.15   

Crystal system  triclinic  triclinic   

Space group  P-1  P-1   

a/Å  16.8387(8)  15.6787(7)   

b/Å  17.5125(9)  18.4538(8)   

c/Å  24.2245(13)  23.4553(10)   

α/°  71.548(4)  99.277(3)   

β/°  80.665(4)  93.245(3)   

γ/°  69.798(3)  112.715(3)   

Volume/Å3  6348.1(6)  6125.2(5)   

Z  2  2   

ρcalcg/cm3  1.516  1.506   

μ/mm-1  11.977  11.686   

F(000)  2976.0  2850.0   

Crystal size/mm3  0.182 × 0.036 × 0.022  0.18 × 0.08 × 0.06   

Radiation  CuKα (λ = 1.54178)  CuKα (λ = 1.54178)   

2Θ range for data 
collection/°  

3.852 to 118.396  3.85 to 126.386  
 

Index ranges  
-18 ≤ h ≤ 18, -19 ≤ k ≤ 17, -26 ≤ l ≤ 

26  
-18 ≤ h ≤ 18, -21 ≤ k ≤ 15, -26 ≤ l ≤ 

27  
 

Reflections collected  55345  62111   

Independent reflections  
18219 [Rint = 0.1000, Rsigma = 

0.1323]  
19514 [Rint = 0.1018, Rsigma = 

0.1133]  
 

Data/restraints/parameters  18219/858/1706  19514/519/1542   

Goodness-of-fit on F2  1.018  1.014   

Final R indexes [I>=2σ (I)]  R1 = 0.0731, wR2 = 0.1811  R1 = 0.0685, wR2 = 0.1644   

Final R indexes [all data]  R1 = 0.1342, wR2 = 0.2187  R1 = 0.1341, wR2 = 0.2024   

Largest diff. peak/hole / e Å-3  0.88/-0.54  0.79/-0.60   
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Compounds 8.1-8.3 

 

Identification code  Compound_8.1  Compound_8.2  Compound_8.3    

Empirical formula  C46H91BrMn6N5O25P6  C146H291.6Mn26N8Na0.4O92P22  C57H139KMn13O51P11    

Formula weight  1709.60  5750.43  2734.66    

Temperature/K  100.01  100(2)  100.01    

Crystal system  triclinic  triclinic  triclinic    

Space group  P-1  P-1  P-1    

a/Å  12.6480(8)  16.772(3)  15.766(2)    

b/Å  15.7206(9)  18.558(3)  16.047(2)    

c/Å  19.3918(11)  20.026(3)  22.047(3)    

α/°  92.405(2)  94.613(5)  90.046(2)    

β/°  93.354(2)  98.296(4)  94.385(2)    

γ/°  102.354(2)  91.378(5)  96.007(3)    

Volume/Å3  3754.1(4)  6143.8(16)  5530.4(12)    

Z  2  1  2    

ρcalcg/cm3  1.512  1.554  1.642    

μ/mm-1  1.709  1.507  1.708    

F(000)  1754.0  2944.0  2796.0    

Crystal size/mm3  0.09 × 0.08 × 0.05  0.464 × 0.157 × 0.042  0.14 × 0.13 × 0.08    

Radiation  MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  MoKα (λ = 0.71073)    

2Θ range for data 
collection/°  

3.298 to 51.474  4.84 to 53.936  1.852 to 54.36  
  

Index ranges  
-15 ≤ h ≤ 15, -19 ≤ k ≤ 

19, -23 ≤ l ≤ 23  
-21 ≤ h ≤ 21, -23 ≤ k ≤ 23, -

25 ≤ l ≤ 25  
-20 ≤ h ≤ 20, -20 ≤ k 

≤ 20, -28 ≤ l ≤ 28  
  

Reflections collected  87008  129759  236619    

Independent reflections  
14323 [Rint = 0.1481, 

Rsigma = 0.1193]  
26500 [Rint = 0.0835, Rsigma = 

0.0613]  
24521 [Rint = 0.0703, 

Rsigma = 0.0408]  
  

Data/restraints/parameters  14323/7/800  26500/921/1648  24521/65/1278    

Goodness-of-fit on F2  1.015  1.044  1.031    

Final R indexes [I>=2σ (I)]  
R1 = 0.0625, wR2 = 

0.1301  
R1 = 0.0692, wR2 = 0.1807  

R1 = 0.0475, wR2 = 
0.1192  

  

Final R indexes [all data]  
R1 = 0.1379, wR2 = 

0.1597  
R1 = 0.1109, wR2 = 0.2077  

R1 = 0.0786, wR2 = 
0.1353  

  

Largest diff. peak/hole / e 
Å-3  

2.48/-1.11  2.17/-1.67  1.85/-1.11  
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Compounds 8.4-8.5 

 

Identification code  Compound_8.4  Compound_8.5   

Empirical formula  C85.7H164.3Ca2Mn13N1.7O54.3P12  C90H168Ca2Mn15O58P10   

Formula weight  3253.50  3392.19   

Temperature/K  100.0  100.15   

Crystal system  triclinic  monoclinic   

Space group  P-1  P21/c   

a/Å  14.7883(6)  18.6161(8)   

b/Å  16.5903(7)  26.5973(10)   

c/Å  16.6969(7)  17.7786(7)   

α/°  72.567(3)  90   

β/°  85.567(3)  117.532(2)   

γ/°  63.836(3)  90   

Volume/Å3  3500.6(3)  7806.0(6)   

Z  1  2   

ρcalcg/cm3  1.543  1.443   

μ/mm-1  11.814  11.689   

F(000)  1670.0  3474.0   

Crystal size/mm3  0.22 × 0.08 × 0.03  0.11 × 0.09 × 0.09   

Radiation  CuKα (λ = 1.54178)  CuKα (λ = 1.54178)   

2Θ range for data 
collection/°  

5.558 to 137.082  5.354 to 136.808  
 

Index ranges  
-17 ≤ h ≤ 17, -19 ≤ k ≤ 20, -19 ≤ l ≤ 

20  
-22 ≤ h ≤ 22, -31 ≤ k ≤ 32, -21 ≤ l ≤ 

21  
 

Reflections collected  51359  62901   

Independent reflections  
12770 [Rint = 0.1396, Rsigma = 

0.1560]  
14166 [Rint = 0.1276, Rsigma = 

0.1194]  
 

Data/restraints/parameters  12770/84/798  14166/0/815   

Goodness-of-fit on F2  1.071  0.968   

Final R indexes [I>=2σ (I)]  R1 = 0.0991, wR2 = 0.2672  R1 = 0.0667, wR2 = 0.1633   

Final R indexes [all data]  R1 = 0.1462, wR2 = 0.3098  R1 = 0.1240, wR2 = 0.1965   

Largest diff. peak/hole / e Å-3  0.95/-1.05  0.86/-0.59   

 

 

 

 

 


