
Glasgow Theses Service 
http://theses.gla.ac.uk/ 

theses@gla.ac.uk 

 
 
 
 
 
Graham, Kristoffer (2009) The synthesis and characterisation of 
polymetallic transition metal complexes towards single-molecule 
magnets. PhD thesis. 
 
 
 
 
 
http://theses.gla.ac.uk/1351/ 
 
 
 
Copyright and moral rights for this thesis are retained by the author 
 
A copy can be downloaded for personal non-commercial research or 
study, without prior permission or charge 
 
This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author 
 
When referring to this work, full bibliographic details including the 
author, title, awarding institution and date of the thesis must be given 

 

http://theses.gla.ac.uk/
http://theses.gla.ac.uk/1351/


 
 

 

 

The Synthesis and 

Characterisation of Polymetallic 

Transition Metal Complexes 

towards Single-Molecule Magnets 

 
by 
 

Kristoffer Graham 
 
 

Submitted to the University of Glasgow 
 
 

for the degree of Doctor of Philosophy 
 
 

in the faculty of science 



Kristoffer Graham Abstract 2009 

 

Abstract 
The synthesis and characterisation of sixteen new complexes are reported. The use 

of the ligand edte (((HOCH2CH2)2NCH2CH2N(CH2CH2OH)2)), H4L1) has resulted in five 

new iron complexes. Two Fe6 complexes and an Fe3 complex display non-zero 

ground states of S = 5 and S = 3 respectively. An Fe12 complex which displays a 

unique cluster topology and an Fe2 dimer are also reported, both with a ground 

state S = 0. 

A further six new iron clusters are reported using bicine 

(((HOCH2CH2)2N(CH2COOH)), H3L2). Two homeo-structural Fe6 complexes display 

spin ground states of S = 5 and S = 4, whereas a mixed-valence Fe6 cluster has a 

ground state of S = 3 and a large magnetic anisotropy. Further measurements are 

needed below 1.8 K to confirm any SMM behaviour. In addition an Fe12 cluster with 

a unique core topology possesses a spin ground state of S = 0. Two remaining Fe6 

clusters are still to be magnetically characterised.  

The final three iron complexes are reported using the ligand tricine 

(((HOCH2)3CNHCH2COOH)H4L3). Fe9 posesses a ground state S = 11/2. Magnetic 

characterisation of Fe7 and Fe12 complexes are still needed to determine the spin 

ground state of these clusters. 

Two new Cr(III) clusters are reported using bis-tris (((HOCH2)3CN(CH2CH2OH)2), 

H4L4), the first a simple monomer and the second a Cr4 tetramer characterised with 

a spin ground state S = 0.    
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Definitions  

 

SMM   =  Single molecule magnet  

OAc   =  Acetate  

Piv   =  Pivalate 

Phbenz  =  2-Phenoxybenzoic acid 

OBz   =  Benzoate 

Tacn   =  1, 4, 7-triazacyclononane 

Sao   =  Salicylaldoxime 

PhCH2OH  =  Benzyl alcohol 
tBuCH2COOH  =  tert-Butylacetic acid 

Tris   =  2-amino-2-(hydroxymethyl)propane-1,3-diol 

Bis-Tris  =  2-[bis(2-hydroxyethyl)amino]-2 

(hydroxmethyl)propane-1,3-diol 

EDTE   =  N, N, N’,N’–Tetrakis(2hydroxethyl) 

Ethylenediamine 

EDTA   =  Ethylenedinitrilotetraacetic acid 

Bicine   =  N,N-bis(2-hydoxyethyl)glycine,di(hydroxyethyl) 

glycine 

Bic   =  Bicine 

Tricine  =  N-(2-hydroxy-1,1bis(hydroxymethyl)ethyl) 

glycine 

SQIUD   =  Superconducting Quantum Interference Device 

BVS   =  Bond Valence Sum 

HF-EPR  =  High Frequency Electron Paramagnetic 

Resonance   

Magnevist  =  Gadopentetic acid 

Thme   =  tris(hydroxymethyl)ethane 

Dmp   =  dipivaloylmethane 

Bta   =  benzotriazole 

Metheidi  =  N-(1-Hydroxymethylethyl)iminodiacetic acid 
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1.0 Introduction 

 

1.1 Molecular magnetism 

 

The magnetisation M, of a sample placed in a homogeneous magnetic field H, is 

related through equation 1.1 where χ is the magnetic susceptibility.1 When the field 

is weak enough, χ is independent of H which leads to equation 1.2. 
 

χ = dM/dH  (1.1) 

χ = M/H (1.2) 

 

Magnetic susceptibility is composed of two contributions; diamagnetic and 

paramagnetic susceptibility (equation 1.3).1 

 

χ = χD + χP (1.3) 

 

Where χD and χP are the diamagnetic and paramagnetic susceptibilities respectively. 

The diamagnetic contribution (χD) of a sample can be roughly estimated (equation 

1.4), where k is a factor varying between 0.4 and 0.5 and Mw is the molecular 

weight.1  

 

χD = kMw x 10-6 cm3 mol-1 (1.4) 

 

1.2 Diamagnetism 

 

Diamagnetism arises from the interaction of paired electrons with a magnetic 

field.2 All materials possess diamagnetic character, even when it is masked by 

paramagnetism.1 A diamagnetic sample placed in a magnetic field will align itself 

against the applied field meaning magnetic susceptibility will be negative.3  
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1.3 Paramagnetism, Van Vleck, Curie and Weiss 

 

Paramagnetism is the result of interactions of orbital and/or spin angular 

momentum of unpaired electrons with the applied field.2 In molecular magnetism 

one of the fundamental equations (1.5), can be used to deduce molar magnetic 

susceptibility. 

 

 

 

 

 

Where N is Avagadro’s number, T is absolute temperature, k is the Boltzman 

constant. Although this equation relies on no approximations, it is often difficult to 

apply. 

 

Van Vleck derived an equation to calculate magnetic susceptibilities of 

paramagnetic systems based on a few approximations.1 Through expanding the 

energies of states and assuming that both H is not too large and T too small, he 

derived the Van Vleck formula (equation 1.6). 

 

 

 

 

This equation can be simplified further to give equation 1.7 known as the Curie law. 

 

 

 

 

Curie law 

 

Where N is Avogadro’s number, β is the bohr magneton, g is a constant and S is the 

spin ground state. The Curie law holds true for normal paramagnets and the sample 

shows a horizontal straight line in a plot of χT vs T. 

(1.5) 

(1.6) 

(1.7) 
Ng2 µ2 B 

  3kT 
χ =  S(S+1) 

 
 

or χ = 
   C 

T 

M = 

N Σn 
-dEn 

 dH 
exp(-En/kT) 

exp(-En/kT) 

χ = 
N Σn [(En

(1)) / kT — 2En
(2)]exp(—En

(0) / kT) 2 

Σn exp(—En
(0) / kT) 
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However, it was found that not all paramagnets obey the Curie law. It was shown 

that some material’s susceptibilities could be fitted to equation 1.8 known as the 

Curie-Weiss law (equation 1.8). 

 

 

Curie-Weiss law 

 

Where θ is the Weiss constant. This constant is positive for ferromagnetically 

ordered material and negative for antiferromagnetically ordered materials. 

 

1.4 Exchange pathways in polymetallic complexes 

 

Direct exchange involves direct overlap of orbitals containing unpaired electrons,2 

resulting in an interaction without the need for an intermediate diamagnetic 

bridging ion. This type of interaction was first observed by Figgs and Martin4 for a 

sample of [Cu2(OAc)4(H2O)2] where one unpaired electron in each of the dx
2
-y

2 

orbital of the Cu(II) centre interact. 

 

Superexchange is an exchange interaction between neighbouring metal centres 

which proceeds through a diamagnetic ion. This type of exchange depends upon the 

degree of orbital overlap therefore the M-L-M (where M is the metal and L is the 

ligand) bond angle is very important. For linear interactions, the electrons align 

antiparallel resulting in an antiferromagnetic interaction. Interactions where the 

angle is close to 90˚, results in unpaired electrons aligning parallel promoting 

ferromagnetic coupling between the two metal centres (figure 1.1). 

 

 

 C 
       T - θ χ = (1.8) 
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Figure 1.1: Illustration of antiferromagnetic exchange (top) and ferromagnetic 

exchange (bottom) between two metal centres5  

 

Superexchange can also proceed between two different metal centres. The 

exchange is stabilised by unpaired electrons in the orthogonal orbitals, which tend 

to align with parallel spins (figure 1.2). 

 

 
Figure 1.2: Illustration of ferromagnetic exchange between two different metal 

centres5 

 

This spin-spin interaction can be represented by the spin Hamiltonian given in 

equation 1.9 where Jij is the exchange integral. 

 

Ĥ = −2Σ JijŜi.Ŝj 

 

For binuclear complexes the Hamiltonian is given as equation 1.10. 

(1.9) 
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Ĥ = −2JŜ1.Ŝ2 

 

For antiferromagnetic interactions, J will be negative; a ferromagnetic interaction 

will give a positive J. 

 

1.5 Single Molecule Magnets 

 

A single molecule magnet, SMM, displays superparamagnetic-like properties below a 

certain temperature known as its blocking temperature.6 These properties are 

solely molecular as SMMs are surrounded by an organic shell, and are not due to the 

long range ordering associated with bulk magnets. 

[Mn12O12(CH3O2)16(H2O)4].2CH3O2H.4H2O, (Mn12OAc)7 was the first complex to display 

single SMM behaviour.8 One of the features of Mn12OAc is its slow relaxation of 

magnetisation, which has attracted major interest.9 This gives rise to hysteresis 

loops more commonly observed in bulk magnets. Slow relaxation of magnetisation is 

a result of a negative axial zero-field splitting, D, which leads to the splitting of the 

spin ground state (S) (figure 1.3).10 

 
 

Figure 1.3: Representation of zero-field splitting within the ground state leading to 

an energy barrier Ea
10 

 

 The energy barrier associated with reorientation of the spin is given by equation 

1.11 for an integer spin and 1.12 for a non-integer spin. 

(1.10) 
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Ea = S2 |D| 

  
Ea = (S2 – ¼) |D|  

 
The larger the value of S, together with a large negative zero-field splitting 

parameter, the larger the barrier of reorientation. For Mn12OAc an S = 10 ground 

state and a negative D value results in splitting of the ground state into 21 ms levels 

with an energy barrier of 60 K. The large energy barrier allows the molecule to be 

magnetised in one direction in the presence of a magnetic field. When the field is 

applied in one direction, the magnetisation of the sample will reach its maximum 

meaning only the ms = -10 will be populated. Once the field is removed, the sample 

slowly returns to its equilibrium of zero, dependant upon the size of the energy 

barrier and whether the sample is below its blocking temperature. Above the 

blocking temperature the relaxation of magnetisation is 50% ms +10 and 50% ms -10, 

below the blocking temperature the magnetisation is blocked in ms = -10. Below the 

blocking temperature, the field can then be applied in the opposite direction 

allowing the sample to be either spin up or spin down in the zero field depending on 

the sign of the applied field. This can lead to sweep dependent hysteresis loops in 

magnetisation versus field studies shown for [Mn12O12(O2CCH2Br)16(H2O)4] in figure 

1.4.11  

 
Figure 1.4: [Mn12O12(O2CCH2Br)16(H2O)4] sweep dependent hysteresis loops11 

 

 

(1.11) 

 (1.12) 
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1.6 Ac Susceptibility 

 

Ac susceptibility measurements can provide further evidence of slow magnetic 

relaxation. By applying an oscillating magnetic field, it is possible to measure the 

dynamic susceptibility. At high frequency, the magnetization of the sample may not 

be able follow the immediate changes caused by the oscillating field, which leads 

to a non-zero response in χ”. The dynamic susceptibility is composed of two 

quantities: χ, the magnetic susceptibility and φ, the phase shift.12 From this the 

dynamic susceptibility χ(ω) can be thought of as a complex quantity (equation 

1.13), 

 

χ(ω) = χ΄(ω)- χ˝(ω)  

 

 

where ω = 2πν is the angular frequency, χ΄ = χCos φ and  χ˝ = χCos φ are the real and 

imaginary components which are both frequency dependent. At low frequency χ΄ 

will follow the low field static susceptibility, however if slow magnetic relaxation is 

present an increase in χ˝ should be observed over all frequencies.  This increase can 

be seen as distinct peaks in SMMs, which occurs due to the relaxation rate becoming 

comparable with the frequency producing a maximum in χ˝. At this maximum ω = τ-

1, this allows us to calculate the relaxation time. For SMMs the relaxation time 

follows an Arrhenius law of thermal activation over the energy barrier given as 

equation 1.14. 

 

τ = τοeEa / kT 

 

By measuring different frequencies and noting the temperature of the maximum in 

χ˝, the Ea barrier can be calculated. An example of an Arrhenius plot of τ vs. 1/T for 

[Mn12O12(O2CCH2Br)16(H2O)4]·4CH2Cl2 is given below (figure 1.5), the Arrhenius 

equation can then be fitted to find values for Ea and το (where το is the attempted 

frequency). 

(1.13) 

(1.14) 
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Figure 1.5: Plot of relaxation time (τ) vs. 1/T for 

[Mn12O12(O2CCH2Br)16(H2O)4]·4CH2Cl2 using AC and DC magnetization data11




 

1.7 Quantum Tunnelling 

 

Quantum tunnelling of magnetization, (QTM) is another phenomenon associated 

with SMMs. The origin of QTM is still a matter of active research. This process of 

tunnelling occurs between two levels that have the same energy if some admixing 

of the two states occur,6 which in turn increases the relaxation rate. An example of 

QTM is shown in figure 1.6. 

 
Figure 1.6: The potential energy diagram of an SMM showing changes as the field is 

swept from Hz = 0 to Hz = nD/gµB
6 
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(3) 

 

QTM is said to occur due to dipolar interactions,13 nuclear spins14 and phonon 

assisted tunnelling.15 The original SMM, Mn12OAc and its derivatives16 have become 

the most studied SMMs in a bid to understand this phenomenon. In SMMs which have 

S4 symmetry the zero field Hamiltonian can be expressed as equation 1.15. 

 

H = DS z
 2 + gzµBHzSz + E(Sx

2 Sy
2) + B/2(S4

+ +  S4
-)  (1.15)17  

 

 

Terms (1) and (2) are the unaxial anisotropy and the Zeeman interaction of the 

magnetic field along the z axis. The second order E term, (3) allows the transition 

between states when the eigenvalues of Sz differ by a value of multiples of two and 

(4) is the symmetry allowed term for fourth order symmetry which permits 

tunnelling every fourth step.17 

For tetragonal symmetry, the second order E term should vanish, meaning QTM 

should only come from the fourth order term; however it was shown experimentally 

that all transitions between states occur.17 These transitions disobey the rules for 

tetragonal symmetry making it necessary to include a higher order term which 

arises from crystals having lower symmetry groups. Detailed X-ray analysis17,18 

showed that not all Mn12OAc molecules display S4 symmetry due to disorder of the 

acetic acid molecules over two sites around the two fold axis. Also, evidence of 

dislocations in the crystal which lead to disorder of the crystal structure has been 

presented,19 however extensive work has been done to support the findings of 

Cornia et al.20 High-field EPR has been used to determine values of the second 

order E term.20 Synthesis of Mn12 derivatives with pure S4 symmetry have been 

studied by Barra et al,16 indicating the presence of sixth order terms of magnetic 

anisotropy. The fourth order transverse anisotropy is directly connected to the 

tilting of the single-ion easy axis.16 and the sixth order term shows more complex 

behaviour.16 The work goes on to describe how subtle alterations in tilting the angle 

produce a significant increase in the tunnel splitting making it possible to predict 

based on design the magnetic anisotropy of SMMs to higher orders.16 

 

(1) (2) (4) 
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The complex [Fe8O2(OH)12(tacn)6]Br8,21 (where tacn is 1,4,7-triazacyclononane), 

(Fe8) was the first iron-based complex to show SMM behaviour and is the second 

most studied SMM (figure 1.7).22 

 
Figure 1.7: Structure of the cation [Fe8O2(OH)12(tacn)6]8+. Ball and stick 

representation with Fe(III), Gold, C, Brown, N, Blue; O, Red; H and Br atoms are 

ommited for clarity.  

 

Just like Mn12OAc, Fe8 has an S = 10 ground state, confirmed by high field 

magnetization measurements23 and a D parameter of -0.19 cm-1, the ms levels are 

largely split in zero field.24 The low lying ms levels resemble that of Mn12OAc while 

approaching the top of the barrier labelling of the ms states is no longer appropriate 

due to strong admixing form of a large transverse anisotropy, E = 0.046 K. Hence, it 

is not possible to calculate an energy barrier (equation 1.11) between the lowest 

and highest energy levels. Fe8 also shows steps in hysteresis loops,25 which are 

attributed to thermally activated tunnelling. The hysteresis of Fe8 shows a strong 

dependence on sweep rate of the field. The lower the sweep rate, the smaller the 

fraction of molecules that can relax by quantum tunnelling at the lower fields. 

Steps at higher fields increase in height as the sweep rate increases. For Fe8, the 

hysteresis becomes temperature independent below 350mK making it more suitable 

to explore the effects related to the quantum tunnelling process.  

 

The interesting properties found for Fe8 prompted further investigation into 

polynuclear iron(III) clusters displaying SMM behaviour. [Fe4(OMe)6(dpm)6], (Fe4) 
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provided insights into the ZFS in Iron(III) complexes.26 The small number of Fe(III) 

ions made it possible for detailed calculations to be performed on the energy and 

spin levels. The single ion and spin-spin contributions to the total D parameter of 

the cluster were established. This has helped to rationalise the enhanced 

anisotropy of the analogous complex [Fe4(thme)2dpm)6].27 These breakthroughs 

have promoted further interest in the synthesis of polynuclear iron complexes that 

function as SMMs.28 Further examples of iron(III) SMMs will be discussed/highlighted 

in later chapters. 

 

1.8 Synthetic Routes to SMMs Rational / Serendipitous  

 

The synthesis of SMMs via rational design is difficult. Rational design involves the 

synthesis of ligands, that can be reacted to control and produce predicted 

structural motifs. Examples where this has been successful are provided by 

Thompson et al.29 The use of rigid ligands based on a diazine backbone stabilized 

the chelating metal ions to produce a nonanuclear Mn9 grid.  Another example 

includes the use of hexacyanometalates precursors with rigid ligands. Marvaud et 

al,10 showed how this approach produced a series of predictable structures, 

highlighting how they could control the spin ground state of clusters, using the CN- 

bridging ligands which ensure strong magnetic interaction between the metal 

centres to produce clusters with ground states up to S = 27/2. Another example of 

the use of CN- bridging ligands is [MnII{MnII
8(MeOH)3}8(µ-

CN)30{Mov(CN)3}6]·5MeOH·2H2O,  (Mn9Mo6) with S = 39/2.30 However none of the 

above have shown SMM behaviour. 

 

There are examples of SMMs produced via rational design by Glaser et al.31 The 

design of a complex ligand to promote ferromagnetic exchange, led to a Mn6Cr 

complex with S = 21/2 which displayed hysteresis below 1.5K. Also Kim et al,32 

report the use of CN- bridging for the complex [(Tp)8Fe4Ni4(CN)12] which displays 

SMM behaviour.  

Another area of rational design involves the substitution of ligands of known 

complexes. The previously mentioned [Fe4(OMe)6(dpm)6],28 being a prime example, 

using site specific ligand substitution of the six methoxide bridges, results in much 
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larger anisotropy and a higher barrier to reorientation.33 In 2007 Milios et al34 

reported the structural distortion of a previously studied complex 

[Mn6O2(sao)6(O2CPh)2(EtOH)4], (saoH2 = 2-hydroxybenzaldehyde oxime). Changing 

the saoH2 ligand for 2-hydroxyphenylpropanone oxime (Et-saoH2) and benzoate for 

3, 5-dimethylbenzoate resulted in the complex [Mn6O2(Etsao)6(O2CPh(Me)2)2(EtOH)6] 

which holds the record for the largest effective energy barrier seen for an SMM to 

date.34 A series of Mn12OAc derivatives have also been prepared11,35 via ligand 

exchange of the original preformed cluster. The introduction of bulkier carboxylate 

groups such as PhCO2H and tBuCH2CO2H has allowed larger separation of clusters 

minimising interactions between clusters. Also these modified clusters have 

eliminated the problem of disordered solvent and Jahn-Teller isomers, seen in 

Mn12OAc improving the quality of the magnetic data. This has resulted in greater 

understanding the properties of the Mn12OAc core and the subsequent effects of 

ligand substitution on the magnetic properties.28  

 

Rational design has provided valuable knowledge and understanding of current 

SMMs. It has produced a new SMM with the highest effective energy barrier and 

currently the best example of an SMM, making the approach of tailoring known 

complexes more appealing than serendipitous self assembly which is more widely 

used. 

 

Serendipitous self assembly is a more favoured synthetic route for chemists. It is 

more unpredictable, being influenced by the choice of the ligand employed.  

Generally, polydentate ligands are used due to their multiple coordination sites 

along with metal salts where the metal centres are capable of different 

coordination geometries. Reactions can also be in the presence of base to control 

the deprotonation of the ligand. One of the most common ligand types used are 

carboxylate ligands which through deprotonation can bind to either one metal 

centre or act as a bridge between more than one centre shown (figure 1.8).  
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Figure 1.8: Coordination and bridging modes of the carboxylate ligand36 

 

Carboxylates are widely used because their R groups can be easily varied to alter 

structural properties like solubility and steric hindrance amongst others. These 

ligands are generally found in structures as a 1,3 bridging ligand in the presence of 

another co-ligand, which is a successful technique in the synthesis of large poly-

metallic complexes. Carboxylates can also be incorporated into pre-formed building 

blocks or oxo-centred triangles and reacted with other polydentate ligands which 

usually results in disruption of the building block core to produce larger clusters of 

transition metal complexes. This technique has been used to great effect with some 

exceptionally large clusters being formed such as 

[Mn84O72(OAc)78(OMe)24(OH)6(MeOH)12(H2O)42].37 The use of these pre-formed 

building blocks will be discussed further in other chapters. 

 

1.9 Solvothermal Synthesis 

 

Most clusters are synthesised through the methods described above, at ambient 

temperature and under atmospheric pressure in low boiling point solvents. 

Solvothermal techniques involve heating a reaction mixture in a sealed vessel, 

allowing the reaction to proceed at high temperature and pressure. The advantages 

include the possibility of insoluble or unreactive reagents at room temperature to 

become more reactive, due to the different solubility properties of superheated 

solvents. Also this technique is thought to enhance crystal growth due to the 
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reduced viscosity of the solvent at high temperature.38 The products formed by the 

solvothermal approach tend to lead to the thermodynamic and not the kinetic 

products formed at room temperature.  

The solvothermal synthesis of polymetallic species stems from work by Zubieta and 

co-workers on the synthesis of high valent polyoxovanadates and molybdates.39 Laye 

and co-workers superheated solutions of the trimetallic complex 

[Cr3O(O2CMe)6(H2O)3]Cl in MeOH and EtOH solutions yielding [Cr10(OR)20(O2CMe)10] 

(where R is Me or Et) to overcome the kinetic inertness of Cr(III) ions. Also, this 

same process was employed in the synthesis of [Fe14(bta)6O6(OMe)18Cl6], (Fe14bta)40 

from a superheated reaction of  [Fe3O(O2CMe)6(H2O)3]Cl in MeOH with benzotriazole 

(btaH). At room temperature no clean product could be obtained however 

solvothermally the product was obtained in good yield. This was extended further 

when the analogous complex [Cr14O6(bta)6(OMe)18Cl6], (Cr14), was obtained 

solvothermally from CrCl3. Cr14 possesses an S = 0 ground state unlike the S = 25 

ground state seen for Fe14bta.41 The above examples illustrate some advantages of 

solvothermal over conventional synthesis of polymetallic clusters with interesting 

magnetic properties. 

 

1.10 Microwave Heating 

 

This technique has been employed in various chemical syntheses such as analytical 

chemistry and liquid-phase organic synthesis,42 however it is now being explored in 

the synthesis of SMMs. In 2006, the first new manganese complex 

[MnIII
6O2(sao)6(O2CH)2(CH3OH)4], synthesised by microwave heating, was reported by 

Brechin et al.43 The complex had been prepared both in a microwave reactor and at 

room temperature, however the microwave technique provided an increased yield 

of 80% for five minutes irradiation and one day crystallisation versus 30% for a one 

hour reaction and five days crystallisation at room temperature. Further examples 

of different metal centres include [Fe8O4(sao)8(py)4], which could be obtained 

through microwave synthesis and solvothermal synthesis in lower yields.44 There are 

also some examples of trimetallic cobalt and nickel complexes produced using this 

technique.45 The use of microwave irradiation is relatively new and has shown its 
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potential to synthesis new polymetallic complexes and should become a more 

recognised route to SMMs in the future. 

 

1.11 Applications of SMMs 

 

The magnetic properties displayed by SMMs has sparked research into possible 

applications such as high density data storage, quantum computing,46 magnetic 

resonance imaging,47 magnetic refrigeration48 and spintronics.49 The possible 

attachment of Mn12OAc onto surfaces Au(111) and Si(100) surfaces has been 

extensively investigated. This has been achieved by simple exchange of the acetate 

ligands in Mn12OAc for thiol containing acetates and attachment due to strong Au-S 

bond formation.50 Another technique involved anchoring the Mn12 clusters onto a 

functionalised silicon surface via long chain carboxylates.51 However both these 

techniques resulted in disordered layer of Mn12 molecules. A successful approach for 

producing an ordered layer of Mn12 was reported in 2005 involving Mn12 clusters and 

4-(methylthio)benzoate ligands.52 The substitution of thioether groups for acetate 

in Mn12OAc, and the immersion of Au(111) substrates in a THF solution of the Mn12 

complex, results in complete surface coverage after 24 hours. Other approaches 

include the substitution of betaine (+N(CH3)3CO2
-) into Mn12 molecules. This has 

resulted in Mn12 molecules being assembled onto a Au(111) surfaces using a self 

assembled mono layer of SO3
- groups.53  

 

Langmuir Blodgett films of Mn12OAc derivatives have been synthesised and their 

magnetic properties measured.54 Magnetic measurements of Mn12 films on Au(111) 

substrates have been performed.55 More investigation is needed into these 

techniques and if the blocking temperature of SMMs can be raised, the potential of 

high density data storage could be achieved. MRI contrast agents are another area 

where SMM application is being investigated, in particular for Fe8.56 Investigations 

are still on-going to determine if Fe8 is more efficient in MRI than magnevist.47 

Magnetic refrigeration using SMMs has also been explored. Both Mn12OAc and Fe8 

have been studied, however neither are suitable for low temperature refrigeration 

due to their anisotropy and quantum effects. An excellent candidate is the 

ferromagnetic Mn10 complex which, in the early stages, has shown great potential as 
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a possible refrigerant.48 Another lead candidate is the previously mentioned Fe14bta 

complex reported show a magnetocaloric response around liquid helium 

temperature.40 Finally the area of spintronics relatively new area,49 which aims at 

the manipulation of spins and charges in electronic devices containing one or more 

molecules. SMMs are particularly attractive due to their molecular size and bulk 

magnetic properties resulting in slow magnetisation relaxation at low temperatures. 

Mn12 is currently investigated due to its ligand exchange chemistry and its well 

understood magnetic properties. 

 

1.12 Ligands 

 

The use of flexible organic ligands has produced some of the best SMMs to date. The 

research presented in this thesis focuses on a series of structurally related ligands 

following the success of the ligand 2-[bis(2-hydroxyethyl)amino]-2-

(hydroxymethyl)propane-1,3-diol, (Bis-tris, C8H19NO5).57 A search of the Cambridge 

structural database highlighted a few potential candidates, N, N,N’,N’–Tetrakis(2-

hydroxethyl)ethylenediamine, (EDTE, C10H24N2O4), N,N-bis(2-hydoxyethyl)glycine, 

(Bicine, C6H13NO4) and N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine, (Tricine, 

C6H13NO5), (figure 1.9). 

 

N

OHHO

OH

O

Bicine, H3L2

N
H

OH

O

HO

HO

OH

Tricine, H4L3

N

OH

OH

HO

HO

HO

Bis-Tris, H5L4

N
N

OH

HO

OH

Edte, H4L1

OH

 

 
 
 

Figure 1.9: Ligands investigated 
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These ligands were chosen due to their flexibility and their multiple donor atoms 

providing many possible binding sites for transition metal ions leading to large 

polymetallic clusters. With the exception of bis-tris the coordination chemistry of 

the ligands listed above have been previously unexplored or only partially explored 

with first row transition metal ions. We planned to use these ligands to develop 

synthetic routes to new polymetallic clusters and SMMs.  

 

1.13 Previous use of ligands 

 

EDTE, (figure 1.9), has been used in the preparation of mononuclear Ba and Ca,58 

dinuclear Cu,59 and V complexes.60 Only the dinuclear V complex contains EDTE in 

the fully deprotonated form, where the two oxovanadium centers are coordinated 

to both the diethanolamine fragments of the edte ligand (figure 1.10). This multiple 

binding sites and flexibility of this ligand should produce larger clusters if the right 

conditions are found.  

 

 
Figure 1.10: Structure depicting the binding mode of EDTE in the dinuclear 

vanadium complex [{VO(acac)}2(edte)]. (Ball and stick representation with V(V), 

pink; C, brown; N, blue; O, red; H atoms are omitted for clarity). 
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Bicine, (figure 1.9), is a zwitterionic buffer commonly used in biochemistry and 

molecular biology. There has been only one polynuclear complex reported using 

bicine, an [Fe6Bic6] wheel61 in which each ligand is tri-deprotonated, mononuclear 

Cu and lanthanide complexes,62 and a one dimensional Mn(II) chain,63 (figure 1.11). 

 

 
 

Figure 1.11: Structure depicting binding modes seen for bicine in 1-D Manganese 

chain. (Ball and stick representation with Mn(II), black; C, brown; N, blue; O, red; H 

atoms are omitted for clarity) 

 

Tricine, (figure 1.9), is another zwitterionic buffer commonly used in 

electrophoresis. Only a few monomeric Cu, Ni and Zn complexes,64 and a dimeric Sn 

complex are known.65 It is interesting to note that only the COOH group and one 

CH2OH arm are deprotonated in these complexes. We thought if more than two 

protons could be removed, it would be interesting to see the ligand’s binding 

capabilities. 

 

1.14 Experimental Techniques Used 

 

1.14.1 Infrared spectroscopy 

 

Infrared spectroscopy (IR) is a quick and relatively cheap spectroscopic technique 

which is useful in identifying certain functional groups. The absorption peaks 

correspond to the frequencies of vibrations between the bonds of the atoms present 

in organic materials.66 These peaks form an IR spectrum which act as a fingerprint 
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specific to that compound. Therefore this technique is useful for our research. 

Although we cannot obtain a specific structure of any compound formed, we can 

learn valuable information about the functional groups present (if any) as well as 

use it for comparison purposes. This allows us to identify if any of our ligand is 

present in the sample or crystals, specific features being the C-N stretch at ~1050 

cm-1 and C-O stretch at ~ 1400 cm-1 in our ligands. The IR spectrometer used was a 

Jasco FT-IR 4100 spectrometer, the diagram shown (figure 1.12).66 

 

  

 
 

Figure 1.12: A simple diagram of in FT-IR spectrometer66 

 
 
The process involves an infrared beam being passed into the interferometer which 

uses a beamsplitter to divide the beam into two optical beams. One is reflected off 

a flat mirror which moves very short distances away from the splitter and the other 

is reflected off a fixed mirror. The two beams recombine at the beamsplitter and 

exit the interferometer as a signal, which is passed into the sample chamber via 

fixed and movable mirrors. The beam is passed through the sample and onto the 

detector where a final measurement is obtained before the signal is digitised and 

sent to the computer to produce an IR spectrum. 
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1.14.2 Single Crystal X-ray diffraction 

 
X-ray diffraction is a powerful technique, which allows you to determine the 

position of the atoms within a crystal and determines whether magnetic 

characterisation of the structure obtained is necessary.  The process of obtaining a 

final structure solution begins with the determination of a unit cell from initial 

matrix images. An X-ray source bombards the crystal producing scattered beams 

onto the detector, forming a diffraction pattern of reflections (figure 1.13).67 

 
Figure 1.13: Schematic diagram of diffraction process 

 

From this, the Bragg equation (equation 1.16) where λ is the wavelength of the 

incident x-rays used, d is the spacing of the planes between the atomic lattice and 

θ is the angle between the incident x-ray and the atomic lattice plane is used to 

determine the unit cell parameters. 

 

nλ = 2dsinθ  

 

The Bragg equation allows each reflection to be assigned a set of indices (hkl) 

which give the reflection a specific location in the diffraction pattern.68 Once the 

(1.16) 
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cell parameters have been found the correct bravais lattice can be assigned which 

allows the correct data collection strategy to be employed. Once the frames are 

collected, the individual reflections are processed to obtain accurate intensities for 

each reflection. This integration process includes the correction of absorption, 

polarization and Lorentz factors.69 A hkl file is produced from this process from 

which the structure can be solved by either Patterson or Direct methods. 

 
Direct methods solve by using electron densities and require some knowledge of 

chemical structures. This method is generally used for small light atom structures 

as the distribution of electron density needs to be evenly spread amongst atoms. In 

Patterson methods, peaks corresponding to vectors between pairs of atoms and 

vectors between pairs of heavy atoms give the largest peaks.70 This allows you to 

locate a proportion of the total electron density of the structure. For this reason 

Patterson methods are preferred when solving inorganic structures. All the atoms 

are not always found any missing have to be located using difference Fourier maps. 

After this, the positions of the atoms have to be refined using the method of least 

squares. The least squares method finds the best agreement between calculated 

and observed diffraction patterns, minimising the sum of the squares of differences 

between the two, similar to fitting a straight line graph.70 Each least squares 

refinement improves the structure and the process is repeated until the change of 

parameters are negligible. After this refinement the final difference map should 

have no more significant peaks and the residual factor, R-factor, which is a measure 

of agreement between observed and calculated reflections should be typically 

lower than 0.05. This process leads to a successful structural description of the 

crystal, however, synthesis of high quality crystals are needed for this technique 

which are not always possible to grow. 

 
1.14.3 Superconducting Quantum Interference Device (SQUID) magnetometer 

 

The magnetic properties of our new complexes formed are measured using the 

SQUID. It is a highly sensitive device, however it does not directly detect a 

magnetic field from the sample. When a measurement takes place, the sample is 

moved through super conducting detection coils and the magnetic moment of the 

sample induces an electric current (figure 1.14).71  
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Figure 1.14: Schematic diagram of a super-conducting detection coil.71 

 

A closed superconducting loop is formed between the detection coils, connecting 

wires and the SQUID input coil meaning that any change in current will cause a 

similar change in the SQUID output voltage which is proportional to the magnetic 

moment of the sample.71 As the sample is moved through the detection coils, the 

voltage is measured at certain positions and an output of the scan is produced 

(figure 1.15). 

 
Figure 1.15: Output scan of the sample passed through the detector coil71 
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Our SQUID can measure a temperature range of 300 k – 1.8 K depending upon the 

measurement. For magnetisation versus field studies it can measure up to 5 tesla 

and up to 1500Hz for AC susceptibility measurements.   
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2.0 Synthesis of Iron complexes: EDTE 
 
 
As mentioned previously, the discovery that the complex Fe8

1 displayed SMM 

behaviour sparked wide research into the synthesis of these complexes using this 

ion. Iron(III) seems a very logical choice of ion to investigate. The characteristic of 

a large spin ground state for a SMM could be easily achieved by ferromagnetic 

coupling of two iron(III) ions (spin 5/2) to give an S = 5 ground state. However one 

major drawback of using iron (III) as the metal centre is that antiferromagnetic 

interactions tend to dominate between the iron centres, which reduces the overall 

spin of the cluster.2,3 Nevertheless some complexes do display large spin ground 

states through spin frustration effects,4,5 An example of this is the isomerism of two 

complexes [Fe6O2(OH)2(O2CBut)10(hep)2] and [Fe6O2(OH)2(O2CPh)10(hep)2], both S = 5, 

to  [Fe6O2(OH)(O2CBut)9(hep)4] and [Fe6O2(OH)(O2CPh)9(hep)4], both S = 0 (where 

hepH is the ligand 2-(2-hydroxyethyl)pyridinate) reported in 2004 by Chistou et al.6 

Both sets of complexes are composed of two triangular units which lead to spin 

frustration within the system and results in different ground state spins. The subtle 

change in bridging ligands between the two sets of complexes alters the position of 

the most ‘frustrated’ bonds (figure 2.1, 2.2) and leads to a change in spin ground 

state from 5 to 0. 

 

 
Figure 2.1: exchange interaction of two S = 5 complexes, dashed lines represent 

the most frustrated bonds. Numbers in red are exchange constants, Red arrows 

indicate spin of the ion 
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Figure 2.2: exchange interactions of two S = 0 complexes; dashed lines 

representing most frustrated bonds. Numbers in red are exchange constants, Red 

arrows indicate spin of the ion6 

 

Non-frustrated systems also display non-zero ground states: one of the best being 

the aforementioned [Fe14(bta)6O6(OMe)18Cl6] (S = 25).7 Despite the problems 

associated with Fe(III) there have been many Fe SMMs synthesised ranging in 

nuclearity from four,8 eight,1 a family of Fe9 SMMs with mixed-valence Fe ions,9 

eleven,10 to [Fe19(metheidi)10(OH)4O6(H2O)12][NO3],11 which retains the highest spin 

ground state for any iron SMM to date. The synthetic routes employed in the 

synthesis of these structures range from the reaction of simple iron salts with a 

variety of ligands, to the use of preformed iron complexes with polydentate 

ligands.12,13,14 We have chosen to explore the reaction of preformed oxo-centred 

triangles with flexible polydentate ligands. Figure 2.3 shows both a mixed valence 

iron triangle and an all Fe(III) triangle using acetate as a bridging ligand. 
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Figure 2.3: A mixed-valence iron triangle [Fe2
IIIFeIIO(OAc)6(H2O)3] and an all Fe(III) 

triangle [Fe3O(OAc)6(H2O)3][NO3]. The Fe(III); Gold, Fe(II); Yellow; C; Brown, O; 

Red, N; Blue. 

 

The beauty of these building blocks is that they can be mixed valence allowing for 

possible substitution of the Fe2+ ion for other M2+ ions and the carboxylate bridging 

ligands can be easily substituted making it possible to produce a range of different 

clusters. The triangles we focused on involved using pivalate, acetate, 2-

phenoxybenzoate and benzoate as the carboxylate bridging ligands, which when 

combined in solution with our ligand of choice produced several new iron 

complexes. The synthesis, structure and magnetic characterisation of these 

complexes are reported below. 

 

2.1 Synthesis of oxo-centred triangle starting materials 

 

2.1.1. Synthesis of [Fe3O(piv)6(H2O)3][piv][Hpiv]·EtOH·2H2O 
 
Fe(NO3)3∙9H2O (10 g, 24.8 mmol) was added to a stirred solution of pivalic acid, 

Hpiv (30 g, 294 mmol). The resultant solution was heated slowly to 160°C over 

three hours until the elimination of NO2 was complete. The solution was then 

cooled to 70°C. EtOH (120 ml) then H2O (30 ml) was added to the reaction mixture 

slowly with stirring. The final solution was left to stand overnight resulting in red / 

brown crystals of the target compound that were collected by filtration. Selected IR 

data:  = 2959, 1585, 1483, 1380, 1362, 1227, 899, 787, 639 cm –1. Crystals analyse 

as (%) calc. (found): C, 44.82 (44.72); H, 8.07 (7.81). 

 

After ~1 week the product loses solvent to give [Fe3O(piv)6(H2O)3][piv][Hpiv]. 

Crystals analyse as (%) calc. (found): C, 45.13, (45.04); H, 7.57 (7.46). 

 
2.1.2. Synthesis of [Fe3O(OAc)6(H2O)3][Cl]·H2O 
 
FeCl3∙6H2O (20 g, 74 mmol) was dissolved in H2O (25 ml) and the resultant reaction 

mixture was stirred for 5 minutes. NaOAc (12 g, 146.3 mmol) was then added and 

the reaction mixture stirred for a further 5 minutes. The resultant solution was 
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filtered and the precipitate left to dry overnight, then was dissolved in MeCN (240 

ml) and the reaction mixture left to stir until a copious amount of brown 

precipitate was observed (overnight). The final reaction mixture was filtered and 

the solvent reduced in vacuo, to give a brown precipitate. Selected IR data:  = 

3448 (broad), 1577, 1409, 1346, 1028, 657 cm–1. Analyses (%) calc. (found):  C, 

22.34 (22.12); H, 4.06 (4.03). 

 
2.1.3 Synthesis of [Fe2

IIIFeIIO(OAc)6(H2O)3]  

 

FeCl2∙4H2O (20 g, 100 mmol) and NaOAc (20 g, 243.8 mmol) were stirred into a 

solution of H2O (100 ml) and acetic acid (60 ml). The resultant reaction mixture was 

refluxed for 2 hours between 70-80°C to give a brown precipitate. After this time, 

the reaction mixture was left to cool, stirring overnight. The final solution was 

filtered and the precipitate collected by filtration and washed with EtOH/ Et2O. 

Selected IR data:  = 3388 (broad), 1577, 1407, 1345, 1034, 657, 615 cm–1. Analyses 

(%) calc. (found): C, 23.63 (23.32); H, 4.30 (4.03).  

 

2.1.4 Synthesis of [Fe3O(OAc)6(H2O)3]NO3  

Fe(NO3)3∙9H20 (20 g, 49.5 mmol) was dissolved in a minimum volume of H2O. NaOAc 

(12 g, 146.3 mmol) was then added to this reaction mixture, slowly. The resultant 

solution was left to evaporate in a wide necked flask. After three days, the solution 

was filtered and the product obtained in the form of red / brown crystals. Selected 

IR data:  = 3377 (broad), 1581, 1519, 1412, 1348, 1030, 659 cm –1. Analysis (%) 

calc. (found): C, 22.04 (19.89); H, 3.70 (3.55). 

 

2.1.5 Synthesis of [Fe3O(phbenz)6(MeOH)3](NO3)∙3MeOH  

Phenoxybenzoic acid (1.284g, 5.99 mmol) was dissolved in MeOH (30ml). NaOMe 

(0.324g, 5.99 mmol) was then added to this reaction mixture. Fe(NO3)3∙9H2O 

(1.212g, 3 mmol) was dissolved in MeOH (30ml) and this solution was added 

dropwise to the first solution. The resultant reaction mixture was left to stir for 4 

days, with slow evaporation of solvent, after which an orange precipitate had 

formed. The precipitate was collected by filtration. Selected IR data:  = 3554, 
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1588, 1479, 1397, 1219, 881, 749, 619 cm–1. Precipitate analysis (%) calc. (found): 

C, 58.55 (58.45); H, 4.91 (4.54); N, 0.81 (1.08). 

 

2.1.6 Synthesis of [Fe2
IIIFeIIO(OBz)6(H2O)2(MeCN)] 

 

FeCl2∙4H2O (3 g, 15 mmol) was dissolved in H2O (50 ml). Sodium benzoate (7.5 g, 52 

mmol) was dissolved in H2O (100 ml) and slowly added to the FeCl2∙4H2O solution. 

MeCN (25 ml) was then added to the resultant solution and the reaction mixture 

left to stir overnight. The reaction mixture was then filtered and the precipitate 

dried on a sinter to give the final product. Selected IR data:  = 3376 (broad), 1596, 

1542, 1446, 1372, 1175, 1071, 1025, 839, 817, 717, 670 cm–1. Precipitate analysis 

(%) calc. (found): C, 51.36 (51.01); H, 3.90 (3.50). 

 

2.2 Synthesis of complexes containing edte H4L1 

 

2.2.1 Synthesis of [Fe12O4(OH)2(L1)4(OAc)8][Cl] 2·2H2O (1·2H2O) 
 
To a stirred solution of [Fe3O(OAc)6(H2O)3]Cl (0.5 g, 0.9 mmol) in MeCN (20 ml), H4L1 

(0.11 g, 0.45 mmol) was added, followed by Et2NH (0.1 g, 1.3 mmol). The solution 

was stirred overnight then filtered to give a dark red solution and a small amount of 

precipitate. Small portions of the solution were taken and layered with Et2O by 

vapour diffusion. After 4 days well-defined dark orange blocks were observed in 

vapour diffusion experiments in approximately 12 % yield. Selected IR data:  = 

3364, 2873, 1626, 1560, 1443, 1335, 1286, 1089, 1059, 903, 763 cm-1. Air-dried 

crystals analyse as 1·4H2O, analysis (%) calc. (found): C, 29.08 (28.80); H, 4.97 

(5.40); N, 4.85 (4.93). 

 

2.2.2 Synthesis of [Fe6O2(HL1)2(phbenz)8]·MeCN (2·MeCN) 
 
To a stirred solution of [Fe3O(phbenz)6(MeOH)3](NO3).3MeOH (0.5 g, 0.3 mmol) in 

MeCN (20 ml), H4L1 (0.07 g, 0.3 mmol) was added. The solution was stirred 

overnight then filtered to give a dark red solution with no precipitate collected. 

Small portions of the solution were taken and layered with Et2O by vapour diffusion. 

The remaining solution was stored in a sealed vial. After 1 month small brown 
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crystals were observed in the sealed vial in approximately 15 % yield. Selected IR 

data:  = 1584, 1478, 1445, 1394, 1332, 1228, 1159, 1088, 878, 748, 691, 665 cm-1. Air-

dried crystals analyse as 2·MeCN·2H2O, analysis (%) calc. (found): C, 57.89 (57.84); 

H, 4.59 (4.45); N, 2.68 (2.95). 

 

2.2.3 Synthesis of [Fe6O2(HL1)2(piv)8]·MeCN (3·MeCN) 
 
To a stirred solution of [Fe3O(piv)6(H2O)3][piv][Hpiv]·EtOH·2H2O (0.5 g, 0.44 mmol) 

in MeCN (20 ml), H4L1 (0.1 g, 0.44 mmol) was added. The solution was stirred 

overnight then filtered to give a dark red solution with a small amount of 

precipitate collected. Small portions of the solution were taken and layered with 

Et2O by vapour diffusion. The remaining solution was stored in a sealed vial. After 3 

weeks, small brown crystals were observed in the sealed vial in approximately 13% 

yield. Selected IR data:  = 1578, 1480, 1420, 1342, 1224, 1072, 907, 785, 691, 603 cm-1. 

Air-dried crystals analyse as 3·MeCN·3H2O, analysis (%) calc. (found): C, 43.26 

(43.01); H, 7.03 (6.73); N, 4.73 (4.59). 

 

2.2.4 Synthesis of [FeIIIFeII
2(OBz)2(H2L1)2][OBz]·MeCN (4·MeCN) 

 
To a stirred solution of [Fe2

IIIFeIIO(OBz)6(H2O)2(MeCN)] 0.5 g, 0.5 mmol) in MeCN (20 

ml), H4L1 (0.07 g, 1.5 mmol) was added followed by Et2NH (0.11 g, 1.5 mmol). The 

solution was stirred overnight then filtered to give a dark red solution with no 

precipitate collected. Small portions of the solution were taken and layered with 

Et2O by vapour diffusion. The remaining solution was stored in a sealed vial. After 1 

month, small brown crystals were observed in the sealed vial in approximately 11% 

yield. Selected IR data:  = 3124, 2848, 1654, 1445, 1377, 1339, 1301, 1069, 898, 

718, 632 cm –1. Air-dried crystals analyse as 4·MeCN, analysis (%) calc. (found): C, 

50.07 (50.21); H, 5.58 (5.95); N, 7.78 (7.42). 

 

2.2.5 Synthesis of [Fe2(H2L1)2] (5) 
 
To a stirred solution of [Fe2

IIIFeIIO(OAc)6(H2O)3] 0.5 g, 0.8 mmol) in MeCN (20 ml), 

H4L1 (0.06 g, 2.4 mmol) was added followed by Et2NH (0.31 g, 4.2 mmol). The 

solution was stirred overnight then filtered to give a dark red solution with a small 

amount of precipitate collected. Small portions of the solution were taken and 
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layered with Et2O by vapour diffusion. The remaining solution was stored in a sealed 

vial. After 6 weeks, small yellow crystals were observed in the sealed vial in 

approximately 9% yield. Selected IR data:  = 2851, 1654, 1446, 1378, 1339, 1301, 

1277, 1070, 899, 866, 715, 633 cm –1. Air-dried crystals analyse as 5, analysis (%) 

calc. (found): C, 43.87 (43.83); H, 7.03 (6.95); N, 9.30 (9.50). 

 

2.3 Complexes Containing EDTE (H4L1) 

 

2.3.1 Discussion of crystal structure of [Fe12O4(OH)2(L1)4(OAc)8][Cl]2·2H2O 
(1·2H2O) 
 

Complex 1.2H2O contains a dodecanulear Fe(III) complex and crystallises in the 

cubic space group F ―43c with the asymmetric unit containing one-quarter of the 

unit formula (figure 2.4 where the atom suffix a, b and c signify symmetry 

equivalents, s.e). The [Fe12O4(OH)2(L1)4(OAc)8]2+ core consists of two almost planar 

layers of six Fe(III) centres, between three almost planar layers of oxygen centres 

(figure 2.5). 

 



Kristoffer Graham Chapter 2: EDTE 2009 

 37 

 
Figure 2.4: Structure of the cation of 1. (ball and stick representation with Fe(III) 

gold; O, red; N, blue; C, brown; H atoms are omitted for clarity)[atom suffix a 

signifies the symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z, b signifies the 

symmetry equivalent atom: b = 1 _ x, 1 _ y, 1 _ z, c signifies the symmetry 

equivalent atom: c = 1 _ x, 1 _ y, 1 _ z]. 

 

 
Figure 2.5: Side representations of the cation of 1 indicating the layering of Fe and 

O atoms. 
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All Fe centres are six-coordinate except for Fe1 (and s.e) which are seven-

coordinate displaying a mono-capped trigonal prismatic geometry which is directed 

by the polydentate ligand geometry. This coordination number has been seen 

previously for similar Fe(III) complexes with the ligand EDTA.15,16 All twelve Fe 

centres are connected by four µ4-O2- ions (O5 and symmetry equivalents), with two 

µ2-OH- (O7 and O7a) bridging Fe3 to Fe3b and Fe3a to Fe3c respectively. Each 

ligand is hexadentate (figure 2.6) and tetra-deprotonated, capping four corners of 

the structure at Fe1 (and s.e). Three CH2CH2O- arms are µ2-bridging Fe1-Fe2, Fe1-

Fe2c and Fe1-Fe3a (through O3, O1 and O2 respectively) with the remaining arm is 

µ3-bridging Fe1, Fe2c and Fe3 through O4 (figure 2.6). The acetate ligands are 

present in two binding modes, four acetate ligands bind in the typical 1, 3 mode 

bridging the Fe2-Fe3 vectors. The other four acetate ligands are mono-dentate and 

complete the coordination sphere of Fe2 centres. 

 

 
 

Figure 2.6: Ligand binding mode present in complex 1 

 

Complex 1, is one of only a few dodecanuclear Fe(III) clusters known in the 

literature, which are mainly Fe(III) wheels or loop complexes.17 However other 

examples include a cluster composed of face-sharing defect cuboidal units18 or 

consisting of four edge sharing [Fe3O]7+ units.19 At the time of synthesis, complex 1 

was unique in Fe(III) chemistry, however Hendrickson et al20 reported the synthesis 

of a related mixed valence manganese complex [MnIII
8MnII

4O4(OH)2(L1)4Cl6(H2O)2] in 

which the charge balance comes from an extra four Cl ions instead of the acetate 
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ligands present in our cluster. Recently Bagai et al21 published a similar Fe12 

complex, [Fe12O4(OH)2(O2CMe)6(L1)4(H2O)2](ClO4)4 and other Fe(III) complexes using 

(H4L1) which will be discussed later. Interestingly Bagai’s complex crystallises in the 

monoclinic space group C2/c and not the cubic space group F—43c as seen for our 

complex, resulting in different crystal packing (figure 2.7). The only differences 

being the anion employed (ClO4 used instead of Cl) and starting from simple 

Fe(ClO4)3∙6H2O salt instead of our pre-formed triangle.   

 

 
Figure 2.7: Crystal packing diagram of complex 1(ball and stick representation with 

Fe(III) gold; O, red; N, blue; C, brown; H, Grey; Cl, Green. Double arrow indicates 

the size of the channels 

 

The smaller Cl‾ ions may allow a much closer packing between the clusters than the 

“bulky” perclorate ion, which results in the formation of channels, approximately 

6Å in diameter within the crystal structure. If possible it would be interesting to 

   6Å 
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investigate the possibility of using complex 1 in gas absorption studies, examining 

whether these channels have the ability to uptake gas and hold it in the channels.  

 

Table 2.1 Data for the crystal structure determination of 1·2H2O 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C60H122N10O41Fe12 

2346.31 

F—43c 

39.1798(6)  

60143.2(16) 

4 

100(2)  

0.71073 

1.499 

1.827 

5.75 

15.91 

0.933 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 2.2 Selected ligand bond distance for 1·2H2O 

     Bond                       Distance (Å)†        Bond                       Distance (Å)† 

Fe1—N1                          2.297(7) 

Fe1—N2                          2.282(6) 

Fe1—O1                          1.968(5) 

Fe1—O2                          2.231(5) 

Fe1—O3                          1.986(5) 

Fe1—O4                          2.231(5) 

Fe2—O3                           1.991(5) 

Fe2—O4                           2.108(5) 

Fe2c—O1                         1.991(5)                

Fe3—O2                           1.983(5) 

Fe3—O4                           2.110(5) 

† Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 2.3 Selected bond angles for 1·2H2O 

     Atoms                      Angle (°)†       Atoms                      Angle (°)† 

Fe1—O1—Fe2c               112.73(2) 

Fe1—O4—Fe2c               98.82(19) 

Fe1—O2—Fe3a               106.00(2) 

Fe1—O3—Fe2                 105.30(2) 

Fe1—O5—Fe3a              100.59(19) 

 

Fe1—O5—Fe2                  98.00(2)                

Fe3—O7—Fe3b               135.00(3) 

Fe3—O5—Fe3a               125.66(2) 

Fe1—O4—Fe3                 97.12(19)               

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

 Table 2.4 Bond valence sums for the inorganic oxygen atoms in 1·2H2O 

            Atom              BVS            Assignment* 

               O5 

               O7 

 

           1.81 

           1.15 

                O2- 

                OH- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.22 
 
2.3.1.1 Magnetic Susceptibility Measurements for 1·2H2O 

 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. The 

χT value at 300K is 19.06 cm3 mol−1 K, which is significantly lower than the 

expected value for twelve uncoupled Fe(III) ions of 52.5 cm3 mol−1 K, indicating 

strong antiferromagnetic interactions within the cluster. The value of χT decreases 

sharply to a value of 0.35 cm3 mol−1 K at 1.8 K, suggesting that the complex has a 

spin ground state of zero (figure 2.8). This is consistent with antiferromagnetic 

coupling, which is common in Fe(III) clusters. 
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Figure 2.8: Temperature dependence of χT for 1 from 300-1.8 K measured in a 

field of 1 kOe 

 
 
Bagai was able to synthesis a further two analogues of this complex, 

[Fe12O4(OH)8(L1)4(H2O)2](ClO4)4 and [Fe12O4(OH)8(L1)4(H2O)2](NO3)4 again using simple 

metal salts and altering the anion used resulting in the substitution of actetate 

groups or hydroxide ones. Although they were able to identify the core of the 

structure, both these complexes displayed disorder amongst the edte ligands 

resulting in poor refinement of the clusters. The magnetic data of all three 

complexes is consistent with our findings.  

 
 
 
2.3.2 Discussion of crystal structure of [Fe6O2(HL1)2(Piv)8]·MeCN (2·MeCN) 
 
Complex 2 is a hexanulear Fe(III) complex and crystallises in the  space group P21/n 

(figure 2.9 where the atom suffix a signifies symmetry equivalents).  
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Figure 2.9: Structure of 2 (ball and stick representation with Fe(III) gold; O, red; N, 

blue; C, brown; H atoms are omitted for clarity)[atom suffix a signifies the 

symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z].   

 

The structure core consists of two triangular [Fe3O]7+ units joined together by four 

O atoms  from the CH2CH2O- arms of HL1, O1, O3 and s.e (figure 2.10).  

 

 
 

Figure 2.10: Core of complex 2 with carboxylate ligands removed 
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All Fe centres are six coordinate. Fe3 displays an octahedral geometry and is bound 

by three oxygen donor atoms from the ligand CH2CH2O- arms (O1a, O3a, O1), two 

oxygen donor atoms from pivalate ligands and a µ3-oxide (O5). Fe1 is bound by four 

oxygen donor atoms from pivalate ligands, one oxygen from a deprotonated ligand 

arm (O2) and also by µ3-oxide (O5). Fe2 displays a distorted octahedral geometry, 

bound by two oxygen atoms from CH2CH2O- arms (O3 and O2), one oxygen from a 

pivalate ligand and µ3-oxide (O5) completing the coordination sphere of Fe2. Six 

pivalate ligands display typical 1,3 bridging of Fe centres with the remaining two 

pivalate are monodentate. The ligand is present in one binding mode, µ4 (figure 

2.11). The final ligand alkoxide arm remains protonated and unbound, hydrogen 

bonding to a pivalate ligand (O9) on an adjacent Fe6 molecule. 

 

 
Figure 2.11: Binding mode of HL1 present in 2  

 

There are many examples of Fe6 clusters in literature showing a wide range of 

structural types. Some have planar arrays of Fe atoms,23 twisted boat,24 

octahedral,25 fused26 or laddered butterfly units,27 cyclic,28 chain-like29 and linked 

triangular units.30 Of these, some clusters contain the same [Fe3O]7+ core found in 

our structure, however the bridging of the two triangular units comes from 

hydroxide and alkoxide ions, which makes complex 2 different from the previous 

examples. However during the course of this research this complex was published 
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by Bagai et al21 using a variation of our pre-formed pivalate triangle and using CHCl3 

as a solvent. 

 

Table 2.5 Data for the crystal structure determination of 2·MeCN 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

β(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C64H126N6O29Fe6 

1778.82 

P21/n 

16.008(2)  

17.492(2)  

30.083(4)  

92.784(6)  

8413.4(19) 

2 

100(2)  

0.71073 

1.354 

1.081 

12.80 

32.19 

1.239 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 
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Table 2.6 Selected ligand bond distance for 2·MeCN 

  Bond                          Distance (Å)†    Bond                          Distance (Å)† 

Fe2—N1                          2.220(3) 

Fe2—N2                          2.271(4) 

Fe2—O2                          2.049(3) 

Fe3—O5                          1.847(3) 

Fe2—O5                          1.951(3) 

Fe1—O5                          1.943(3) 

Fe3—O1                           2.039(3) 

Fe2—O3                           1.996(3)                

Fe1—O2                           2.091(3)    

Fe3a—O1                         2.043(3) 

Fe3a—O3                         2.042(3) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 2.7 Selected bond angles for 2·MeCN 

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O5—Fe2               100.6(13) 

Fe1—O5—Fe3               126.9(15) 

Fe2—O5—Fe3               124.8(16) 

Fe3—O2—Fe3a                100.7(12) 

Fe2—O2—Fe1                  92.78(11) 

Fe2—O3—Fe3a                121.4(14) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 2.8 Bond valence sums for the inorganic oxygen atoms in 2·MeCN 

            Atom              BVS            Assignment* 

              O5 

 

           1.89                 O2- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.22 

 

 
 
 
 
 
 
 
 



Kristoffer Graham Chapter 2: EDTE 2009 

 47 

2.3.2.1 Magnetic Susceptibility Measurements for 2·MeCN 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. For 

2 the value of χT at 300K is 10.80 cm3 mol-1 K, significantly lower than for six 

uncoupled Fe(III) ions (26.25 cm3 mol-1 K for g=2), indicating strong 

antiferromagnetic interactions between the Fe(III) centres (figure 2.12). 

 

 
Figure 2.12: Temperature dependence of χT for 2 from 300-1.8 K measured in a 

field of 1 kOe 

 

The value of χT increases steadily to a maximum of 15.35 cm3 mol-1 K at 9.0 K, then 

drops sharply to 13.12 cm3 mol-1 K at 1.8 K. This drop can be attributed to either 

zero-field splitting or intermolecular antiferromagnetic interactions. The 

magnetisation was measured as a function of applied field at 2 K, rising to a 

maximum value of M/Nβ=10.24 at 5 T (figure 2.13). 
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Figure 2.13: Magnetisation versus field at 2K for 2. 

 

 Both the low temperature maximum in χT and the magnetization data are 

consistent with a spin ground state of S = 5 for 2. However, further measurements 

including EPR are required to determine the magnitude and size of any anisotropy. 

 

 

2.3.3 Discussion of crystal structure of [Fe6O2(HL1)2(Phbenz)8]·MeCN (3·MeCN) 
 

 A change of carboxylate in the triangle starting material results in the synthesis of 

complex 3, a hexanuclear Fe(III) complex and crystallises in the  space group P—1 

(figure 2.14, where the atom suffix a signifies symmetry equivalent atoms).  
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Figure 2.14: Structure of 3 (ball and stick representation with Fe(III) gold; O, red; 

N, blue; C, brown; H atoms are omitted for clarity)[atom suffix a signifies the 

symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. Ligand bonds are highlighted in 

black. 

 

Although complex 3·MeCN crystallises in a different space group, the bulkier 

carboxylate group appears to have no effect on the final complex isolated from 

solution as it is homeo-structural with 2, where the pivalate ligands have been 

replaced by 2-phenoxybenzoate ligands maintaining the core observed for 2. The 

ligand also displays the same µ4 binding mode as seen previously for 2. There are 

small differences in the internal structure such as the Fe−O−Fe bridging angles 

given in table 2.11. 

 

Varying the synthesis of both complex 2 and 3 by altering the ratios of starting materials 

and the addition of different bases had no overall effect on the reaction and continued to 

form complexes with this stable core in different reactions. 

 

 

Table 2.9 Data for the crystal structure determination of 3·MeCN 
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Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

(deg) 

β(deg) 

(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C64H126N6O29Fe6 

1778.82 

P−1 

14.7691(9)  

15.4530(9)  

15.4736(9)  

74.161(3) 

75.397(3)  

64.336(3) 

3025.5(3) 

1 

100(2)  

0.71073 

1.439 

0.784 

5.27 

10.95 

0.9594 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 2.10 Selected ligand bond distance for 3·MeCN 

     Bond                      Distance (Å)†       Bonds                      Distance (Å)† 

Fe2—N1                          2.225(4) 

Fe2—N2                          2.258(4) 

Fe2—O9                          2.044(3) 

Fe2—O10                        1.920(3) 

Fe2—O12                        1.964(3)                

Fe1—O9                          2.001(4)    

Fe1—O10                          1.912(3) 

Fe3—O10                          1.865(3) 

Fe3—O11                          2.013(4) 

Fe3a—O11                        2.015(3) 

Fe3—O12                          2.002(3) 

 
† Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 2.11 Selected bond angles for 3·MeCN 

     Atoms                     Angle (°)†       Atoms                    Angle (°)† 

Fe1—O10—Fe2               101.5(15) 

Fe1—O10—Fe3               126.3(17) 

Fe2—O10—Fe3               121.8(18) 

Fe3—O11—Fe3a             101.7(15) 

Fe2—O9—Fe1                  94.5(14) 

Fe2—O12—Fe3a             118.1(15) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 2.12 Bond valence sums for the inorganic oxygen atoms in 3·MeCN 

            Atom              BVS            Assignment 

             O10 

 

           1.94                 O2- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.22 

 

 

2.3.3.1 Magnetic Susceptibility Measurements for 3·MeCN 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. For 

3 the value of χT at 300K is 9.46 cm3 mol-1 K, significantly lower than for six 

uncoupled Fe(III) ions (26.25 cm3 mol-1 K for g=2), indicating strong 

antiferromagnetic interactions between the Fe(III) centres (figure 2.15).  
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Figure 2.15: Temperature dependence of χT for 3 from 300-1.8 K measured in a 

field of 1 kOe 

 

The value of χT increases steadily to a maximum of 15.0 cm3 mol-1 K at 10.0 K, then 

drops sharply to 12.7 cm3 mol-1 K at 1.8 K. This drop can be attributed to either 

zero-field splitting or intermolecular antiferromagnetic interactions. The 

magnetisation was measured as a function of applied field at 2 K, the curve does 

not reach saturation, rising to a maximum value of M/Nβ=9.56 at 5 T (figure 2.16). 
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Figure 2.16: magnetisation versus field at 2K for 3 

 

Both the low temperature maximum in χT and the magnetization data are 

consistent with a spin ground state of S = 5 for 3. Again, further measurements 

including EPR are required to determine the magnitude and size of any anisotropy. 

 

We have attempted to rationalise the S = 5 ground state for both 2 and 3. In both 2 

and 3 the five different exchange pathways between Fe1/Fe2, Fe2/Fe3, Fe1/Fe3, 

Fe2/Fe3a and Fe3/Fe3a. Assuming the shortest Fe―O bond distances and largest 

Fe―O―Fe angles lead to the strongest exchange values,31,32 the exchange between 

Fe1/Fe3 and Fe2/Fe3 (through O5 and O10 for 2 and 3) would lead to the strongest 

interactions in the cluster. The exchange between Fe2/Fe3a (through O3 or O12 for 

2 and 3) would be slightly weaker due to the slightly longer Fe―O pathway. Finally 

the exchange between Fe1/Fe2 and Fe3/Fe3a (via O2/O5, O1/O1a for 2 and 

O9/O10, O11/O11a for 3) are similar to the previous exchanges with respect to 

bond length, however the Fe―O―Fe angles are much smaller (94.5-101.5) which 

would result in the weakest exchange within the cluster. Therefore the S = 5 ground 

state results from the two weakest exchange interactions being overcome by the 

stronger interactions and forced to align parallel to each other (figure 2.17). 
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Figure 2.17: Possible spin alignment of six Fe(III) centres of 2 and 3 to rationalise 

the S = 5 ground state using simple magneto-structural correlations.   

 

Fe1/Fe3 and Fe2/Fe3 are the stronger pairings and are aligned anti-parallel to each 

other. Although the weaker exchanges should align the spin of the pairings Fe1/Fe2 

and Fe3/Fe3a anti-parallel, they are overcome by the stronger interactions and are 

forced to align parallel with each other.   

 

2.3.4 Discussion of crystal structure of [Fe2
IIFeIII(H2L1)2(OBz)2][OBz]·MeCN 

(4·MeCN) 
 
The use of a mixed valence triangle led to the synthesis of complex 4, which 

crystallises in the monoclinic space group P21/n (figure 2.18) 
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Figure 2.18: Structure of the cation of compound 4, (ball and stick representation 

with Fe(III) gold; Fe(II) yellow; O, red; N, blue; C, brown; H atoms are omitted for 

clarity)[atom suffix a signifies the symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ 

z]. 

 

Complex 4 can be described as a linear arrangement of three Fe centres, the outer 

two being Fe(II) and the inner centre being Fe(III). The central Fe(III) is six 

coordinate and displays an octahedral geometry. It is bound by four oxygen donors 

from the ligand CH2CH2O— arms (O1, O4, O1a, O4a) and a further two from acetate 

ligands (O5, O5a). The outer Fe(II) atoms are seven coordinate and display a 

monocapped trigonal-prismatic geometry: the trigonal prism is formed from a 

{N2O4} ligand donor set, with the cap from a binding benzoate oxygen atom (O6). 

The ligand is present in one binding mode, the two CH2CH2O— arms (O4, O1) µ2-

bridging between Fe1 and Fe2. The two ligand alkoxide arms that remain 

protonated are bound to Fe1 (O2, O3). Both arms are hydrogen bonded to benzoate 

anions (O2 · · · O8 and O3 · · · O7) in the lattice (figure 2.19). 
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Figure 2.19: ligand binding mode of H2L1 present in 4, showing protonated ligand 

arms and hydrogen bonding to a lattice benzoate anion. 

 

Two complexes of iron are known in literature to have the same trimeric core as 4, 

[Fe3(acac)(N-PhO-sal)4]33 and [Fe3(Salpn)2(O2CCH3)2]∙2DMF34 (were N-PhO-sal 

denotes N-2-hydroxyphenyl-salicylideneamine and salpn denotes N,N'-bis(salicy1-

idene)propylenediamine). The former has all Fe(III) centres displaying six-

coordinate octahedral geometry, with the core of the complex being non linear due 

to the environment of the central Fe(III) ion.33 The latter displays the same linear 

configuration as 4, however all centres are Fe(II) and display the same six-

coordinate octahedral geometry. There are other examples of similar trimeric 

species35 including a mixed valent trimeric cobalt complex.36 Therefore, complex 4 

is the first example of a trimeric mixed valence Fe(II)/Fe(III) complex which 

displays two seven coordinate Fe centres. 

 

Table 2.13 Data for the crystal structure determination of 4·MeCN 
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Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

β(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C45H63N6O14Fe3 

1079.58 

P21/n 

7.9638(3)  

14.4288(6)  

23.4610(9)  

94.545(2)  

2687.38(18) 

1 

100(2)  

0.71073 

1.486 

0.874 

4.12 

9.69 

0.9655 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

 

 Table 2.14 Selected ligand bond distance for 4·MeCN 

  Bond                          Distance (Å)†   Bond                           Distance (Å)† 

Fe1—O1                          2.054(17) 

Fe1—O2                          2.142(18) 

Fe1—O3                          2.163(19) 

Fe1—O4                          2.077(18) 

Fe1—N1                          2.312(2)                

Fe1—N2                          2.419(2)    

Fe1—O6                            2.121(18) 

Fe2—O4                            1.988(17) 

Fe2—O5                            2.054(17) 

Fe3a—O11                         2.015(3) 

Fe3—O12                           2.002(3) 

 

† Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 2.15 Selected bond angles for 4·MeCN 

 

     Atoms                     Angle (°)† 

Fe1—Fe2—Fe1a             180.0(0) 

Fe1—O10—Fe2               98.50(7) 

Fe2—O10—Fe3               97.39(18) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 2.16 Bond valence sums for the iron atoms in 4·MeCN 

 

            Atom              BVS            Assignment 

              Fe1 

              Fe2  

           1.99 

           3.08 

                Fe2+ 

                Fe3+ 

 

 
2.3.4.1 Magnetic Susceptibility Measurements for 4·MeCN 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. The 

value of χT at 300K is 8.80 cm3 mol-1 K, slightly lower than expected for two 

uncoupled Fe(II) ions and one uncoupled Fe(III) (10.37 cm3 mol-1 K for g=2), 

indicating the presence of  antiferromagnetic interactions between the Fe centres 

(figure 2.20). 
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Figure 2.20: Temperature dependence of χT for 4 from 300-1.8 K measured in a 

field of 1 kOe 

 

The value of χT decreases steadily to a 7.48 cm3 mol-1 K at 90.0 K, then drops 

sharply to 2.37 cm3 mol-1 K at 1.7 K. This drop can be attributed to intramolecular 

antiferromagnetic interactions. The magnetisation was measured as a function of 

applied field at 2 K, rising to a maximum value of M/Nβ=3.05 at 5 T (figure 2.21). 
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Figure 2.21: magnetisation versus field at 2K. 

 

Both the low temperature minimum in χT and the magnetization data are consistent 

with a spin ground state of S = 3/2 for 4 which is consistent with the 

antiferromagnetic alignment of two spin up Fe(II) ions with one spin down Fe(III) 

ion. However, the magnetisation curve still appears to be rising. In order to try to 

determine the spin ground state and g value for 4, magnetization data were 

collected in the ranges 5-50 kG and 2-7 K. However, no fit of the data was possible 

using the program MAGMOFIT,37 suggesting that the complex does not have a well 

isolated spin ground state. Further measurements including EPR are required to 

determine the magnitude and size of any anisotropy. 

 

2.3.5 Discussion of crystal structure of [Fe2(H2L1a)2]·MeCN (5·MeCN) 
 
The use of a mixed valance triangle led to the synthesis of complex 5 which 

crystallises in the monoclinic space group P21/n (figure 2.22, where the atom suffix 

a signifies symmetry equivalents). 
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Figure 2.22: Structure of 5 (ball and stick representation with Fe(III) gold; O, red; 

N, blue; C, brown; H atoms are omitted for clarity)[atom suffix a signifies the 

symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. 

 

The dimer is composed of two {Fe(HL1a)} units about an inversion centre between 

(Fe1, O1, Fe1a, O1a). The two Fe(III) centres are six coordinate displaying a 

distorted octahedral geometry and are bridged by a deprotonated CH2CH2O— arm of 

each ligand (O1, O1a). Each ligand binds five of the six coordination sites of the 

Fe(III) centre (O1, O2, O3, N1, N2) and the final site is bound by O1a from the 

second ligand present in the dimer. Fe dimers are not uncommon,38,39 the closest 

example to ours being [Fe(heidi)(H2O)]2 (were heidi is N(CH2COOH)2(CH2CH2OH))  by 

Powell et al.40 There are two observations for this complex, the first being the 

complete breakdown of the oxo-centered starting material. The second and more 

interesting is the oxidation of one of the ligand arms (O5, O5a) to give a 

carboxylate group (figure 2.23). 
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Figure 2.23: The ligands H4L1 to H4L1a 

 

To check that the ligand had not oxidised after exposure to air 1HNMR (figure 2.24), 

was used to analyse and distinguish between any changes in functional groups i.e if 

the ligand had oxidised the carboxylate group would appear around 14ppm. 

  

 
Figure 2.24 1Hnmr spectra of H4L1 

 

The analysed data for the 1H NMR spectrum of H4L1 is as follows: 

H (400 MHz, CDCl3) 2.54 ppm (8H, t, J 4.6 Hz, 4 x CH2OH), 2.57 ppm (4H, s, 

N(CH2)2N), 3.57 ppm (8H, t, J 4.6 Hz, 4 x CH2CH2OH) and 4.94 ppm (4H, br s, 4 x 

OH).  

 

The 1HNMR confirmed no oxidation of the ligand occurs on the bench meaning it 

occurs in the reaction. There are no known examples of this occurring with this 

edte and the cause remains unclear. Reactions such as Swern and Jones are used in 

organic synthesis when oxidising a primary alcohol to a carboxylic acid.41,42 Iron(III) 

is also used in catalytic processes to oxidise alcohol to aldehydes and ketones.43,44 

In this process iron(III) is reduced to iron(II) during the oxidation process of the 
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alcohol. From the literature, it is possible to assume the iron(III) could oxidise our 

ligand to an aldehyde although it does not explain the formation of the carboxylate. 

The mechanism for this oxidation is unknown, therefore we can only assume that 

iron(III) together with a strong base can oxidise the ligand which is common in Mn 

chemistry. 

 

 Table 2.17 Data for the crystal structure determination of 5·MeCN 

 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

β(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C22H42N4O8Fe2 

602.30 

P21/n 

11.2267(4)  

7.9879(3)  

13.9169(5)  

103.0490(10)  

1215.81(8) 

1 

100(2)  

0.71073 

1.656 

1.256 

4.21 

11.52 

0.8279 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 
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Table 2.18 Selected ligand bond distance for 5·MeCN 

  Bond                           Distance (Å)†   Bond                           Distance (Å)† 

Fe1—N1                          2.208(17) 

Fe1—N2                          2.235(16) 

Fe1—O1                          2.050(14) 

Fe1—O2                           1.957(15) 

Fe1—O3                           1.918(14) 

Fe1a—O1                         1.957(14)    
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 2.19 Selected bond angles for 5·MeCN 

     Atoms                     Angle (°)† 

Fe1—O1—Fe1a             107.7(6) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 2.20 Bond valence sums for the iron atoms in 5·MeCN 

            Atom              BVS            Assignment 

          Fe1 , Fe1a 

 

           2.939486                 Fe3+ 

 

 
2.3.5.1 Magnetic Susceptibility Measurements for 5∙MeCN 
 

Magnetic susceptibility measurements were carried out on an air-dried sample. The 

χT value at 300K is 4.90 cm3 mol−1 K smaller than expected for two uncoupled Fe(III) 

ions (8.75 cm3 mol-1 K for g=2) indicating the presence of strong antiferromagnetic 

interactions within the cluster. χT decreases steadily to a value of 0.07 cm3 mol−1 K 

at 1.8K (figure 2.24). The χT data was fitted using MAGMUN down to 1.8 K using a 

1J model (figure 2.25).45 The best fit gave a spin ground state of S = 0, with g = 2, 

J1 = -16 cm−1, which is in agreement with the calculated values from the high 

temperature T data. 
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Figure 2.24: Temperature dependence of χT for 5 from 300-1.8 K measured in a 

field of 1 kOe. Red line indicates model of T data vs T 

 

  
Ĥ = -2J(Ŝ1Ŝ2) 

Figure 2.25: Representation of 1J model for 5 

 
 

 2.4 Conclusions  

 

A total of five new polynuclear iron complexes have been synthesised using H4L1 

which contain six and seven coordinate iron centres. These clusters have illustrated 

the excellent bonding potential of H4L1 and its functionality as a bridging ligand as 

seen for complexes 2, 3, 4, and 5 and or a capping ligand as seen for complex 1 

depending on the level of deprotonation. The clusters synthesised along with the 

work of Bagai21 have added to an already growing family of Fe2, Fe3, Fe6 and Fe12 

  

1   2   
J   



Kristoffer Graham Chapter 2: EDTE 2009 

 66 

clusters. Of these the core of Fe6 and Fe12 complexes have never been observed in 

iron(III) chemistry. Complex 4 represents only the third example of a trimeric iron 

complex and the first trimeric mixed valance iron complex to be observed with this 

ligand. We have also illustrated the effect of the counter ion in the synthesis of 

complex 1 resulting in altering the crystal packing from C2/c to F—43c. A total of 

three of the five complexes synthesised have non-zero ground states ranging from 

3/2 to 5, which we have attempted to rationalise.  

 

2.5 Future work 

 

H4L1 has been investigated extensively in both iron and manganese chemistry 

resulting in the synthesis of many clusters.20,21 Further investigation is needed into 

complex 1 and its potential use in gas absorption. EPR is needed to determine any 

anisotropy of complexes 2, 3 and 4. We have seen that a change of metal ion from 

manganese to iron can produce clusters with the same structural motif therefore it 

may be possible to use this synthetic approach to produce analogues of 1 using 

other metal ions such as Cr(III) or perhaps using mixed valence mixed metal 

triangles to synthesis new clusters. The use of Cr(III) as the metal ion would be 

more difficult due it being generally unreactive at room temperature. Therefore we 

would need to employ solvothermal techniques,46 which would change the reaction 

conditions entirely. 
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3. Synthesis of Iron complexes: Bicine  

 

Following on from the success of edte with Fe(III), we turned our attention to bicine 

(H3L2). By maintaining the ligand backbone of edte, (the {N(CH2CH2OH)2} group) and 

altering the functional groups, we hoped this would produce new large polynuclear 

clusters with unique topologies. The only polynuclear Fe(III) complex known for this 

ligand is the star shaped Fe6Bic6 wheel1 reported in 2003 (figure 3.1).  

 
Figure 3.1: structure of Fe6Bic6 (ball and stick representation with Fe(III) gold; O, 

red; N, blue; C, brown; H atoms are omitted for clarity) 

 

The cluster contains no carboxylate ligands in the final product although it was 

present in the reaction. Also it featured as a product in many of our reactions 

regardless of carboxylate, base and ratios, although it was only when other clusters 

were synthesised that this cluster remained in the final solution. We reacted this 

ligand in the same way to edte by using the pre-formed oxo-centred triangles, again 

altering the base and varying the ratios of reactants. We continued to focus on the 

same six triangles used for edte, as they were highly successful in producing some 

unique and interesting clusters. This approach has resulted in six new iron 

complexes being produced. The synthesis, structure and magnetic characterisation 

of these are reported below for bicine (H3L2). 
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3.1 Synthesis of complexes containing bicine H3L2 

 

3.1.1 Synthesis of [Et2NH2]2[Fe6O2(OH)2(L2)2(piv)8]∙2MeCN (6∙2MeCN) 
 

To a stirred solution of [Fe3O(piv)6(H2O)3][piv][Hpiv]·EtOH·2H2O (0.5 g, 0.44 mmol) 

in MeCN (20 ml), H3L2 (0.07 g, 0.44 mmol) was added, followed by Et2NH (0.3 g, 

0.44 mmol). The solution was stirred overnight then filtered to give a dark red 

solution and a small amount of precipitate. The filtrate was stored in a sealed vial. 

After 4 weeks small orange/brown crystals formed in the sealed solution and were 

collected in approximately 16 % yield. Selected IR data:  = 2961, 1667, 1556, 1482, 

1421, 1347, 1220, 1069, 905, 881, 787, 651 cm–1. Air-dried crystals analyse as 

6·2MeCN·4H2O, analysis (%) calc. (found): C, 42.59 (42.38); H, 7.37 (7.04); N, 3.10 

(3.36). 

 

3.1.2 Synthesis of [Fe6O2(OMe)2(L2)2(phbenz)4(MeOH)6][NO3]2∙MeOH (7∙MeOH) 
 

To a stirred solution of [Fe3O(phbenz)6(MeOH)3][NO3].3MeOH (0.5 g, 0.3 mmol) in 

MeCN (20 ml), H3L2 (0.05 g, 0.3 mmol) was added. The solution was stirred 

overnight then filtered to give an orange solution and a yellow precipitate. The 

filtrate was stored in a sealed vial and after 3 weeks brown crystals formed and 

were collected in 14 %. Selected IR data:  = 1580, 1538, 1479, 1394, 1230, 1014, 

881, 750, 695, 647 cm–1. Air-dried crystals analyse as 7·MeOH·3H2O, analysis (%) 

calc. (found): C, 44.45 (44.10); H, 4.91 (4.65); N, 2.84 (2.98). 

 

3.1.3 Synthesis of [Et2NH2]2[Fe6O2(OH)2(L2)2(OAc)8] (8) 
 

To a stirred solution of [Fe2
IIIFeIIO(OAc)6(H2O)3] (0.5 g, 0.845 mmol) in MeCN (20 ml), 

H3L2 (0.14 g, 0.845 mmol) was added followed by Et2NH (0.12 g, 1.69 mmol). The 

solution was stirred overnight then filtered to give a dark brown solution. The 

filtrate was stored in a sealed vial. Small portions of solution were taken and 

layered with Et2O by vapour diffusion. After 4 weeks brown crystals were observed 

in vapour diffusion experiments and were collected in approximately 4 % yield. 
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Selected IR data:  = 2868, 1551, 1417, 1048, 907, 642 cm–1. Air-dried crystals 

analyse was not obtained for (8) due to a lack of sample. 

 

3.1.4 Synthesis of [Fe12O4(L2)4(H1L2)4(piv)8]·5MeCN (9·5MeCN) 
 

To a stirred solution of [Fe3O(piv)6(H2O)3][piv][Hpiv]·EtOH·2H2O (0.5 g, 0.44 mmol) 

in MeCN (20 ml), H3L2 (0.07 g, 0.44 mmol) was added, followed by NaOMe (0.02 g, 

0.44 mmol). The solution was stirred overnight then filtered to give a dark orange 

solution. The solution was filtered and stored in a sealed vial. After 4 weeks small 

brown crystals formed in the sealed solution and were collected in approximately 

12 % yield. Selected IR data:  = 3397 (broad); 2962, 1624, 1533, 1484, 1422, 1358, 

1227, 1080, 1040, 889, 795, 690 cm–1. Air-dried crystals analyse as 9·2MeCN·4H2O, 

analysis (%) calc. (found): C, 37.05 (36.77); H, 5.75 (5.67); N, 4.70 (4.95). 

 
3.1.5 Synthesis of [Fe2

IIIFe4
IIO2(benz)10(MeCN)4] (10) 

 

To a stirred solution of [Fe2
IIIFeIIO(benz)6(H2O)2(MeCN)] (0.5 g, 0.18 mmol) in MeCN 

(20 ml), H4L1 (0.03 g, 0.18 mmol) was added, followed by Et2NH (0.01 g, 0.18 

mmol). The solution was stirred overnight then filtered to give a dark orange 

solution. The solution was stored in a sealed vial with small portions of solution 

taken and layered with Et2O by vapour diffusion. After 3 weeks small brown crystals 

formed in both the sealed solution and from vapour diffusion. Crystals from the 

sealed solution were collected in approximately 18 % yield.  Selected IR data:  = 

1594, 1524, 1395, 1175, 1024, 712, 652 cm–1. Air-dried crystals analyse as 10, 

analysis (%) calc. (found): C, 53.77 (53.65); H, 3.59 (3.60); N, 3.22 (3.17). 

 

3.1.6 Synthesis of [Et2NH2][Et2NH][Fe6O2(OAc)15(HOAc)2]∙2MeCN (11·2MeCN) 
 

To a stirred solution of [Fe2
IIIFeIIO(OAc)6(H2O)3] (0.5 g, 0.845 mmol) in MeCN (20 ml), 

H3L2 (0.03 g, 0.28 mmol) was added, followed by Et2NH (0.08 g, 1.12 mmol). The 

solution was stirred overnight then filtered to give a dark brown solution. The 

solution was filtered and stored in a sealed vial. After 6 weeks small brown crystals 

formed in the sealed solution that were collected. Selected IR data:  = 3371, 2876, 
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1536, 1438, 1043, 889, 680 cm–1. Air-dried crystal analysis was not obtained for 11 

again due to a lack of sample. 

 

3.2 Complexes containing Bicine (H3L2) 

 

3.2.1 Discussion of crystal structure of [Et2NH2]2[Fe6O2(OH)2(L2)2(piv)8]∙2MeCN 

(6∙2MeCN) 

 
Complex 6·2MeCN contains two crystallographically independent dianionic 

hexanuclear Fe(III) complexes which crystallise in the triclinic space group P-1 

(figure 3.2 where the atom suffix a signifies symmetry equivalents). 

 

 
Figure 3.2: Structure of the anion of 6 (ball and stick representation with Fe(III), 

gold; O, red; N, blue; C, brown; H atoms are omitted for clarity)[atom suffix a 

signifies the symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. 

 

The Fe6 complex consists of an {Fe4O2} butterfly unit (Fe2, Fe3, Fe2a, Fe3a), which 

is capped by two {Fe(Bic)} units that sit above and below the central {Fe4O2} core 

(figure 3.3). The two bicine ligands are triply deprotonated binding to Fe1 (and 
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symmetry equivalent) through N1 and N1a. The carboxylate arm (O2) binds 

monodentate to Fe1, the two remaining CH2CH2O— arms bridge bidentate between 

Fe1 and the outer Fe2 ion at O4 and between Fe1―Fe3a at O2 (and symmetry 

equivalents). The coordination sphere of Fe1 is completed by O1, that is µ2-bridging 

between Fe1 and Fe3 and the terminal pivalate ligand (O3). The complex contains 

eight pivalate ligands, four of which bridge the central {Fe4O2} ‘butterfly’ core in a 

1,3 binding mode. Of the remaining pivalate ligands, two cap the outer Fe2 and 

Fe2a ions in a 1,1 mode and the final two bind monodentate to Fe1 and Fe1a and 

are hydrogen-bonded to the hydroxide ligands (O1 and O1a). The Et2NH2 cations are 

positioned above and below the Fe6 cluster and are hydrogen bonded to the 

carboxylate of the bicine ligand at O2, O2a and to the capping pivalate ligands, O6 

and O6a. 

 
Figure 3.3: {Fe4O2} butterfly core of the anion highlighted in purple with pivalate 

ligands removed. Bicine ligand binding mode is shown. 

 

The {Fe4O2} core of this cluster is not unusual in Fe(III) chemistry usually resulting in 

S = 0 ground states attributed to strong antiferromagnetic interactions between the 

wing tip Fe and the body Fe ions.2 However there are two additional Fe centres in 

the anion of 6, each coupled to the {Fe4O2} core by three µ2-O atoms. 

 

Table 3.1 Data for the crystal structure determination of 6·2MeCN 
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Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

(deg) 

β(deg) 

(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C64H132N4O32Fe6 

1804.86 

P-1 

11.9471(15)  

14.6166(19)  

26.363(3)  

89.775(4) 

88.835(4)  

66.725(4) 

4228.0(9) 

2 

100(2)  

0.71073 

1.367 

1.077 

9.7 

9.54 

1.0708 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 3.2 Selected ligand bond distance for 6∙2MeCN  

  Bond                          Distance (Å)†     Bond                         Distance (Å)† 

Fe1—N1                          2.213(3) 

Fe1—O4                          2.006(2) 

Fe1—O12                        2.004(2) 

Fe1—O2                          2.031(2) 

Fe1—O1                          1.903(2) 

Fe1—O4                          1.950(2) 

Fe2—O9                           1.834(2) 

Fe3—O1                           1.998(13)                

Fe3—O9                           1.965(19) 

Fe3a—O9                          1.962(2) 

Fe3a—O2                          2.010(2) 

 
† Estimated standard deviations in the least significant figure are given in parentheses. 
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Bonds in red are for comparison with tables, 3.6 and 3.10. 

 

Table 3.3 Selected bond angles for 6·2MeCN  

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O4—Fe2                  116.1(3) 

Fe1—O12—Fe3a               123.9(4) 

Fe1—O1—Fe3                  128.4(3) 

Fe2—O9—Fe3a                128.6(3) 

Fe2—O9—Fe3                  127.4(4) 

Fe3—O9—Fe3a                 95.0(3) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

Bond angle in red is for comparison with tables, 3.7 and 3.11. 

 

Table 3.4 Bond valence sums for the inorganic oxygen atoms in 6·2MeCN  

            Atom              BVS            Assignment 

             O1  

             O9 

           1.86 

           0.94            

                O2- 

                OH- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.3 
 

3.2.1.1 Magnetic Susceptibility Measurements for 6∙2MeCN 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. For 

6 the value of χT at 300K is 9.87 cm3 mol-1 K, significantly lower than for six 

uncoupled Fe(III) ions (26.25 cm3 mol-1 K for g=2), indicating strong 

antiferromagnetic interactions between the Fe(III) centres (figure 3.4).  
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Figure 3.4: Temperature dependence of χT for 6 from 300-1.8 K measured in a field 

of 1 kOe 

 

The value of χT increases steadily to a maximum of 15.0 cm3 mol-1 K at 14.0 K, then 

drops sharply to 13.6 cm3 mol-1 K at 1.8 K. This drop can be attributed to either 

zero-field splitting or intermolecular antiferromagnetic interactions. The 

magnetisation was measured as a function of applied field at 2 K, rising to a 

maximum value of M/Nβ=10.0 at 7 T (figure 3.5). 
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Figure 3.5: magnetisation versus field at 2K for 6 

 

Both the low temperature maximum in χT and the magnetization data are 

consistent with a spin ground state of S = 5 for 6. However, EPR measurements are 

required to determine the magnitude and size of any anisotropy. The most logical 

explanation of an S = 5 ground state for this type of complex would be an 

antiferromagnetically coupled {Fe4(µ3—O)2} core (S = 0) with two coupled Fe centres 

(Fe2 and Fe2a) indicated in figure 3.6. 
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Figure 3.6: Representation of the spin alignment of complexes 6 

 

Complex 6 appears to follow this rationale. 

 

3.2.2 Discussion of crystal structure of [Fe6O2(OMe)2(L2)2(phbenz)4(MeOH)6] 
[NO3]2∙MeOH (7∙MeOH) 
 
Complex 7·MeOH contains a hexanuclear Fe(III) complexes which crystallise in the 

monoclinic space group P21/n (figure 3.7 where the atom suffix a signifies symmetry 

equivalents). 

 

 
Figure 3.7: Structure of the cation of 7 (ball and stick representation with Fe(III) 

Gold; O, red; N, blue; C, brown; H atoms are omitted for clarity)[atom suffix a 

signifies the symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. 

 

Complex 7 crystallises in a different space group to 6 although only minor changes 

are observed in the cluster. The Fe6 complex displays the same {Fe4O2} butterfly 

unit core (Fe2, Fe3, Fe2a, Fe3a) as 6, which is capped by two {Fe(Bic)} units that sit 

above and below the central {Fe4O2} core (figure 3.8). The two bicine ligands 

display the same binding mode present in 6. The main difference is the presence of 
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carboxylate in the final structure. The complex now contains four phenoxybenzoate 

ligands, which bridge the central {Fe4O2} ‘butterfly’ core in a 1,3 binding mode. The 

OH groups found in 6 have now been replaced by two methoxide groups (O6 and 

O6a). Finally the four pivalate ligands at Fe2 and Fe2a are replaced by four MeOH 

ligands (O5 and O13) resulting in a change in geometry at the Fe centres to 

octahedral. The NO3
- anions are not found positioned above and below the Fe6 

cluster as in complex 6, instead they are located at the edge of the cluster 

hydrogen bonded to the terminal methanol ligands (O5) at Fe1 and a methanol 

solvent molecule in the lattice. 

 
Figure 3.8: {Fe4O2} butterfly core of the cation highlighted in purple with 

phenoxybenzoate ligands removed. Bicine ligand binding mode is shown. 

 

There are many examples of Fe6 clusters given in previous chapters, however there 

are only two relevant examples, [Fe6(µ4—O)2(µ2—OMe)2(OMe)4(tren)2]2+ which shows 

structural similarities4 (for both complex 6 and 7) and [Fe6(µ3—O)2(µ2—OPri)2(µ—

OPri)4(O2CPh)4(µ—O2CPh)4]5 which displays the same 1,3 bridging and 1,1 capping 

modes present for complex 6.  
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Table 3.5 Data for the crystal structure determination of 7·MeOH 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

β(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C73H92N4O39Fe6 

1984.63 

P21/n 

17.841(3)  

14.263(2)  

18.258(2)  

114.857(7)  

4215.7(11) 

2 

100(2)  

0.71073 

1.599 

1.099 

5.13 

8.47 

0.955 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 3.6 Selected ligand bond distance for 7∙MeOH  

  Bond                          Distance (Å)†   Bond                          Distance (Å)† 

Fe1—N1                          2.214(6) 

Fe1—O1                          1.972(5) 

Fe1—O2                          1.988(5) 

Fe1—O3                          1.974(5) 

Fe1—O6                          1.995(5) 

Fe2—O1                          2.010(6) 

Fe2—O9                          1.839(5) 

Fe3—O6                          2.050(5)  

Fe3—O9                          1.957(4)     

Fe3a—O9                        1.943(5) 

Fe3a—O2                        2.022(5) 

† Estimated standard deviations in the least significant figure are given in parentheses. 
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Bonds in red are for comparison with tables, 3.2 and 3.10. 

 

Table 3.7 Selected bond angles for 7·MeOH  

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O1—Fe2               116.8(3) 

Fe1—O2—Fe3a             121.5(2) 

Fe1—O6—Fe3               121.5(2) 

Fe2—O9—Fe3a                133.1(3) 

Fe2—O9—Fe3                  129.1(3) 

Fe3—O9—Fe3a                 96.8(3) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

Bond angle in red is for comparison with tables, 3.3 and 3.11. 

 

Table 3.8 Bond valence sums for the inorganic oxygen atoms in 7·MeOH  

            Atom              BVS            Assignment 

              O9 

              O6 

           1.86 

           0.94            

                O2- 

                OH- 

*The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.3 
 

3.2.2.1 Magnetic Susceptibility Measurements for 7∙MeOH 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. For 

7, χT at 300K has a value of 10.10 cm3 mol-1 K, again significantly lower than 

expected for six non-interacting Fe(III) ions (26.25 cm3 mol-1 K for g=2), suggesting 

strong antiferromagnetic interactions between the Fe(III) centres (figure 3.9).  
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Figure 3.9: Temperature dependence of χT for 7 from 300-1.8 K measured in a field 

of 1 kOe 

 

The value of χT goes through a local minimum of 10.20 cm3 mol-1 K at 170.0 K and 

slowly begins to rise to a maximum of 12.51 cm3 mol-1 K at 34.0 K, then drops 

sharply to 7.57 cm3 mol-1 K at 1.8 K. The magnetisation was measured as a function 

of applied field at 2 K, the curve does not reach saturation, rising to a value of 

M/Nβ=8.6 at 5 T (figure 3.10). 
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Figure 3.10: magnetisation versus field at 2K for 7 

 

Both the low temperature maximum in χT and the magnetization data are 

consistent with a spin ground state of between S = 4 and 5 for 7.  

 

The major difference between complexes 6 and 7 concerns the bridging hydroxide 

found in 6, (O1) vs. the methoxide, (O6) found in 7. The hydroxide could provide a 

stronger exchange pathway compared to the methoxide which would account for 

the difference in the magnetic data, associated with the differences in the Fe—O—

Fe bridging angles (tables 2.7 and 2.11). The shorter Fe―O bond distance and the 

larger Fe―O―Fe angles would lead to the strongest exchange. 

 

 This type of temperature dependence behaviour was seen for Fe6(µ3—O)2(µ2—

OPri)2(µ—OPri)4(O2CPh)4(µ—O2CPh)4] by Ammalla et al,4 who reported their complex 

to possess an S = 3 ground state. 
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3.2.3 Discussion of crystal structure of [Et2NH2]2[Fe6O2(OH)2(L2)2(OAc)8] (8) 

 

A change of carboxylate in the triangle starting material resulted in complex 8, a 

hexanuclear Fe(III) complex which crystallise in the orthorhombic space group Pbca 

(figure 3.11). 

 

 
Figure 3.11: Structure of the anion of 8 (ball and stick representation with Fe(III) 

Gold; O, red; N, blue; C, brown; H atoms are omitted for clarity)[atom suffix a 

signifies the symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. 

 

We have another complex that crystallises in a different space group however, no 

overall difference in structure is observed in the final complex as 8 is homeo-

structural to 6, with pivalate ligands replaced by acetate. The bicine ligand displays 

the same µ3 binding mode seen in both 6 and 7. The change of ligand has resulted 

in small changes in the structure such as Fe—O—Fe bond angles. Magnetic 

characterisation of complex 8, was not completed due to poor crystal yield 

obtained from the synthesis. However from the previous complexes we can 

speculate that 8 will also possess a ground state of S = 5. A comparison of the bond 
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angles and distances of 8 with both 6 and 7 indicates that complex 8 should show 

similar magnetic behaviour to complex 6 although magnetic characterisation is still 

needed to confirm this. Although 8 was not completely characterised, these 

complexes formed highlight the stability of the product formed in solution, which 

add to the growing family of Fe6 complexes. 

 

Table 3.9 Data for the crystal structure determination of 8 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C28H70N2O28Fe6 

1314.04 

Pbca 

12.556(19)  

19.948(3)  

22.503(3)  

5636.4(15) 

1 

100(2)  

0.71073 

1.579 

1.589 

13.69 

23.59 

1.158 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 
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Table 3.10 Selected ligand bond distance for 8  

   Bond                          Distance (Å)†   Bond                             Distance (Å)† 

Fe1—N1                          2.224(13) 

Fe1—O4                          2.054(11) 

Fe1—O3                          1.998(10) 

Fe1—O1                          2.036.(12) 

Fe1—O7                          1.925(9) 

Fe2—O4                          1.953(12) 

Fe2—O10                          1.829(9) 

Fe3a—O7                          1.983(10) 

Fe3—O10                          1.968(9) 

Fe3a—O10                        1.968(9) 

Fe3—O3                            2.032(9) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

Bonds in red are for comparison with tables, 3.2 and 3.6. 

 

Table 3.11 Selected bond angles for 8 

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O3—Fe3               125.3(4) 

Fe1—O4—Fe2               115.5(5) 

Fe1—O7—Fe3               127.9(2) 

Fe2—O10—Fe3                129.7(3) 

Fe2—O10—Fe3a               125.1(5) 

Fe3—O10—Fe3a                96.0(4) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

Bond angle in red is for comparison with tables, 3.3 and 3.7. 

 

Table 3.12 Bond valence sums for the inorganic oxygen atoms in 8  

            Atom              BVS            Assignment 

             O10  

             O7 

           1.86 

           0.94 

            

                O2- 

                OH- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.3 
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3.2.4 Discussion of crystal structure of [Fe12O4(L2)4(HL2)4(piv)8] (9·5MeCN) 
 
The change of base from Et2NH to NaOMe resulted in a dodecanuclear complex 9, 

which crystallises in the monoclinic space group C2/c (figure 3.12). 

 

 
Figure 3.12: Structure of 9 (ball and stick representation with Fe(III) Gold; O, Red; 

N, Blue; C, Brown; H atoms are omitted for clarity)[atom suffix a signifies the 

symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. Ligand bonds are highlighted in 

black. 

 

Complex 9 is best described as a dimer of Fe6 units, both of which display a 

different cluster topology to the previous Fe6 clusters. The two units are linked 

through the carboxylate arms of the bicine ligand (O14a and O15a) at a distance of 

6 Å between Fe2 and Fe5a (and symmetry equivalents figure 3.13). 
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Figure 3.13: Core structure of 9 

 

Surprisingly, the stable butterfly core seen for complexes 6 — 8 is absent from the 

final structure of 9 most likely due to more bicine being incorporated into the 

structure. The structure of each Fe6 unit is formed from two corner sharing Fe3O 

triangles (Fe3, Fe6, Fe4 and Fe1, Fe2, Fe4). Three CH2CH2O— arms (O18, O19 and 

O12) bridge Fe5 to Fe2 and Fe4 to form an incomplete cubane. The bicine ligand is 

present in three different binding modes. The triply deprotonated bicine ligands, 

which binds to Fe3 through N1 and Fe5 through N4 displays the same µ3 binding 

mode to that found in 6 — 8. One doubly deprotonated ligand caps Fe6, with one of 

the CH2CH2O— arms bridging bidentate (Fe6 to Fe4). The CH2COO— arm (O8) binds 

monodentate as well as the remaining CH2CH2OH arm which is protonated and binds 

monodentate to Fe6. The final bicine ligand (bound at Fe5 through N3) displays a 

new binding mode, bridging the two dimer units through the CH2COO— arms (O14 

and O15a). One CH2CH2O— arm (O12), displays µ3 bridging (between Fe5, Fe2, Fe4), 

the final CH2CH2OH arm (O13) remains protonated and unbound (figure 3.14).  
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Figure 3.14: binding modes of HL2 and L2 found in complex 9  

 

The pivalate ligands are present in two forms, six of which display the 1,3-bridging 

mode and the remaining two, 1,1 capping at Fe1 and Fe1a as found in complexes 6 

— 8. All Fe centres are six-coordinate except Fe5 (and Fe5a) which displays 7-

coordinate pentagonal bipyramid geometry. Again this geometry has been 

previously seen with these ligand types.6 The core of this cluster is completely 

novel, the closest relevant example being an Fe12 complex in which the core is 

comprised of face-sharing defect {Fe3O4}+ cuboidal units.7 These findings highlight 

not only the versatility of the bicine ligand, which can exist in different binding 

modes, but the importance of the nature of the base used and its effect on the 

cluster produced from the reaction.  
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Table 3.13 Data for the crystal structure determination of 9 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

β(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C92H170N10O56Fe12 

2982.58 

C2/c 

29.795(5)  

20.638(4)  

27.218(8)  

120.749(7) 

14384(6) 

8 

100(2)  

0.71073 

1.304 

1.247 

5.75 

6.04 

1.0927 

 
† Estimated standard deviations in the least significant figure are given in parentheses. 
 

aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 3.14 Selected ligand bond distance for 9  

  Bond                          Distance (Å)†    Bond                          Distance (Å)† 

Fe5—N3                          2.274(4) 

Fe5—O2CCH2R                 2.037(3) 

Fe5—OCH2CH2R’              2.214(3) 

Fe2—O2CCH2R                 2.047(3) 

Fe6—N2                          2.211(4) 

Fe6—O2CCH2R                 1.998(4)  

Fe6—OCH2CH2R’         1.996-2.112(5)        

Fe5—N4                          2.276(4) 

Fe5—O2CCH2R                 2.070(3)  

Fe5—OCH2CH2R’         1.992-2.053(3)     

Fe3—N1                           2.206(4) 

Fe3—O2CCH2R                  2.042(4) 

Fe3—OCH2CH2R’          2.012-2.045(4)       
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Where R = N(CH2CH2OH)2 and R’ = (O2CCH2)N(CH2CH2OH) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 3.15 Selected bond angles for 9 

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O2—Fe3               116.5(15) 

Fe2—O1—Fe3               125.4(17) 

Fe2—O12—Fe5             100.7(15) 

Fe4—012—Fe2              92.7(13)   

Fe4—O12—Fe5               98.6(14) 

Fe5—O18—Fe2              110.2(17) 

Fe5—O19—Fe4              110.0(17) 

Fe6—O10—Fe4               96.87(15) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 3.16 Bond valence sums for the inorganic oxygen atoms in 9  

            Atom              BVS            Assignment 

             O11 

             O21 

           1.85 

           1.77    

                O2- 

                O2- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.3 

 

 

3.2.4.1 Magnetic Susceptibility Measurements for 9∙5MeCN 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. The 

χT value at 300K is 16.7 cm3 mol−1 K, significantly lower than the expected value for 

twelve uncoupled Fe(III) ions of 52.5 cm3 mol−1 K, indicating strong 

antiferromagnetic interactions within the cluster. The value of χT decreases sharply 

to a value of 0.09 cm3 mol−1 K at 1.8 K, consistent with a spin ground state of zero 

(figure 3.15).  
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Figure 3.15: Temperature dependence of χT for 9 from 300-1.8 K measured in a 

field of 1 kOe 

 

3.2.5 Synthesis of [Fe2
IIIFe4

IIO2(OBz)10(MeCN)4] (10) 

 

The synthesis of complexes 6 to 9 highlight the importance of not only the triangle 

employed in the reaction but also the significance of base used. The synthesis of 10 

highlights the importance of controlling the ratio of reactants. Complex 10 is a 

mixed valence hexanuclear iron cluster composed of two Fe(III) and four Fe(II) ions, 

which crystallises in the orthorhombic space group P212121 (figure 3.16). 
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Figure 3.16: Structure of 10 (ball and stick representation with Fe(III) gold; Fe(II) 

yellow; O, red; N, blue; C, brown; H atoms are omitted for clarity) 

 

The structural core consists of an edge-sharing bi-tetrahedral core. At the centre of 

each tetrahedra lie two µ4 O2- ions (figure 3.17). Of the ten benzoate ligands, six 

are 1,3 bridging and a further four are 1,1,3-bridging between one Fe(III) ion and 

two Fe(II) ions (figure 3.18). Finally four MeCN groups are located at the four Fe(II) 

ions completing their coordination sphere. Each Fe centre is six coordinate and 

displays slightly distorted octahedral geometry. The Fe6O2 core can also be 

described as two smaller [Fe3O]5+ units joined together by each of the two µ3−O2- 

atoms which become µ4 due to ligation of the Fe(III) centre from the adjacent Fe3O 

unit, Fe(1, 6 and 2) O(10) and Fe(4, 3 and 5) O(9) or Fe(1, 6 and 5) O(10) and Fe(4, 

3 and 2) O(9). 
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Figure 3.17: Bi–tetrahedral core of 10 

 

 
Figure 3.18: Bidentate and tridentate binding mode of benzoate ligands in 10 

 

Interestingly no bicine is present in the final structure. If we compare the synthesis 

of 10 with the previous bicine complexes, we can identify two main differences: a 

change of carboxylate and an increase of three equivalents of the oxo-centred 

carboxylate triangle has resulted in the absence of bicine from the structure. 

Complex 10 is analogous to [MnII
2MnIII

4O2(O2CPh)10(MeCN)4].8 In-fact there are only 

seven clusters with the same {Mn4
IIMn2

IIIO2}10+ core. The synthetic approach to these 

varies from simple Mn2(O2CPh)2·2H2O salts to [Mn3O(O2CPh)6(py)2(H2O)]9 triangles 

similar to ours. Theses Mn6 structures vary in ligation of nitrogen donors at the M(II) 

centres from four MeCN molecules7 to a mixture of pyridine, 4-

(hydroxymethyl)pyridine and pyrimidine.8 In all of these the ligand employed in the 

reactions are incorporated into the final structure which is not the case for our 
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complex.  Although the structure of 10 is known in manganese chemistry, to the 

best of our knowledge it is unique in iron chemistry. 

  

Table 3.17 Data for the crystal structure determination of 10 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C78H62N4O22Fe6 

1742.46 

P212121 

17.55(7)  

25.26(4)  

38.67(15)  

17150(100) 

8 

100(2)  

0.71073 

1.349 

1.057 

6.78 

9.31 

0.739 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 
aR1 = Σ||Fo| - |Fc||/Σ|Fo| 
bwR2 = [Σ[w(Fo

2 – Fc2)2]/Σ[w(Fo
2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 
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Table 3.18 Selected bond distance for 10 

 † Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 3.19 Selected bond angles for 10 

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O2—Fe3               116.5(15) 

Fe2—O1—Fe3               125.4(17) 

Fe2—O12—Fe5             100.7(15) 

Fe4—012—Fe2              92.7(13)   

Fe4—O12—Fe5               98.6(14) 

Fe5—O18—Fe2              110.2(17) 

Fe5—O19—Fe4              110.0(17) 

Fe6—O10—Fe4               96.87(15) 

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

 

  Bond                          Distance (Å)†   Bond                         Distance (Å)† 

Fe1—N1                          2.351(18) 

Fe1—O1                          2.229(13) 

Fe1—O3                          2.408(16) 

Fe1—O10                        2.249(13) 

Fe1—O18                        2.199(14) 

Fe1—O19                        2.163(16)  

Fe2—O2                          2.030(15)  

Fe2—O3                          2.277(14) 

Fe2—O5                          2.032(14) 

Fe2—O7                          2.299(14) 

Fe2—O9                          1.973(14)  

Fe2—O10                        1.968(13)      

Fe3—N3                          2.320(17) 

Fe3—O6                         2.260(13) 

Fe3—O7                         2.380(16) 

Fe3—O9                         2.264(13)  

Fe3—O12                       2.217(14) 

Fe3—O13                       2.179(15)                         

Fe4—N2                          2.322(16) 

Fe4—O4                          2.219(9)  

Fe4—O9                          2.239(13)     

Fe4—O14                        2.193(15) 

Fe4—O15                        2.233(14) 

Fe4—O17                        2.312(15)  

Fe5—O9                          1.980(13) 

Fe5—O10                        1.969(12) 

Fe5—O11                        2.315(14) 

Fe5—O16                        2.028(14)  

Fe5—O17                        2.305(14)    

Fe5—O22                        2.034(14) 

Fe6—N4                         2.329(16) 

Fe6—O8                         2.208(15) 

Fe6—O10                       2.263(13)  

Fe6—O11                       2.310(17) 

Fe6—O20                       2.171(15) 

Fe6—O21                       2.255(15) 
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Table 3.20 Bond valence sums for the inorganic oxygen atoms in 10  

            Atom              BVS            Assignment 

             O9 

             O10 

             1.64 

             1.61    

                O2- 

                O2- 

The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if the 
BVS is ~0.3 

 
 
Table 3.21 Bond valence sums for the iron centres in 10  

            Atom              BVS            Assignment 

             Fe1 

             Fe2 

             Fe3 

             Fe4 

             Fe5 

             Fe6 

             1.56 

             2.64 

             1.53 

             1.59 

             2.53 

             1.58 

                Fe2+ 

                Fe3+ 

                Fe2+ 

                        Fe2+ 

                        Fe3+ 

                Fe2+ 

 
 
3.2.5.1 Magnetic Susceptibility Measurements for 10 
 
Magnetic susceptibility measurements were carried out on an air-dried sample, 

which analysed as 10. For 10, χT at 300 K has a value of 7.00 cm3 mol-1 K, 

significantly lower than expected for four non-interacting Fe(II) ions and two non-

interacting Fe(III) ions (20.75 cm3 mol-1 K for g=2), suggesting very strong 

antiferromagnetic interactions between the Fe(II)/Fe(III) centres (figure 3.20).  
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Figure 3.20: Temperature dependence of χT for 10 from 300-1.8 K measured in a 

field of 1 kOe 

 

The value of χT slowly decreases to a minimum of 5.76 cm3 mol-1 K at 120.0 K, then 

begins to rise slightly to a maximum of 6.13 cm3 mol-1 K at 26.0 K then drops to 5.31 

cm3 mol-1 K at 1.8 K. The low temperature maximum in T suggests an S = 3 ground 

state consistent with the antiferromagnetic exchange between four Fe(II) centres 

and two Fe(III) centres.  The magnetisation was measured as a function of applied 

field at 2 K, the curve does not reach saturation, rising to a value of M/Nβ=4.51 at 5 

T (figure 3.21). 
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Figure 3.21: magnetisation versus field at 2K for 10 

 

Both the low temperature maximum in χT and the magnetisation data are 

consistent with a spin ground state of S = 3 for 10. This is consistent with the 

antiferromagnetic exchange between four Fe(II) centres and two Fe(III) centres. 

The slightly lower value observed in the magnetisation vs. field could be attributed 

to anisotropy of the cluster.  

 

By examination of the bridging angles in the cluster we can separate them into two 

categories. Angles between the terminal Fe centres (Fe1−Fe6 and Fe3−Fe4) are 

between 119.01−120.40 and the remaining Fe centres (Fe5−Fe2) are 96.70−97.40. If 

we assume the largest angle will contribute the strongest antiferromagnetic 

interaction i.e the spins of Fe1−Fe6 and Fe4−Fe3 will be antiferromagnetically 

coupled to the central Fe atoms (Fe2 and Fe5). The remaining spins of Fe2 and Fe5 

we would assume to be ferromagnetically coupled due to the shorter bridging 

angles close to 90°.10 This would give a total of four “spin up” S = 2 centres and two 

“spin down” S = 5/2 centres and an S = 3 ground state (figure 3.22). 
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Figure 3.22: Representation of the spin alignment present in 10 with carboxylate 

removed 

 

In order to determine the zero-field splitting parameter D and confirm the spin 

ground-state, and g value for 10, magnetisation data were collected in the ranges 

5-30 kG and 3-7 K (figure 3.23). The data were fit by a matrix digitalization method 

using the program MAGMOFIT to a model that assumes only the ground state is 

populated, includes axial zero-field splitting (DŜz
2) and the Zeeman interaction, and 

carries out a full powder average.11 The corresponding Hamiltonian is given by 

Equation 3.1. 

 

Ĥ=DŜz
2 + g µB µ0 Ŝz H  

Equation 3.1 

 

 Where D is the axial anisotropy, µB is the Bohr magneton, µ0 is the vacuum 

permeability, Ŝz is the easy-axis spin operator, and Hz is the applied field. The best 

fit gave a spin ground state of S = 3 with g = 2.088 and D = −2.40 cm-1.  
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Figure 3.23: magnetisation data collected in the ranges 5-30 kG and 3-7 K 

 
Ac susceptibility measurements were also carried out for 10, however there was no 

increase in the χ” signal down to 1.8K for any of the frequencies measured. This 

suggests that the compound shows no slow relaxation of magnetization down to 1.8 

K. This is surprising as the energy barrier to the reorientation of magnetisation 

would be 21.6 cm-1 if the value of D is accurate from the fit of the reduced 

magnetization. Further magnetic measurements to lower temperature and EPR are 

needed to confirm whether or not 10 is an SMM and to determine the correct value 

of D. 

 

3.2.6 Synthesis of [Et2NH][Et2NH2][Fe6O2(OAc)15(HOAc)2] (11·2MeCN) 

 

Continuing to alter the reaction conditions resulted in the synthesis of complex 11, 

a hexanuclear complex that crystallises in the orthorhombic space group Pnnm 

(figure 3.24 where the atom suffix a signifies symmetry equivalents).  
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Figure 3.24: Structure of the anion of 11 (ball and stick representation with Fe(III) 

Gold; O, Red; C, Brown; H atoms are omitted for clarity)[atom suffix a signifies the 

symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. 

 

 

Notably the bicine ligand again has failed to be incorporated into the final 

structure. This was achieved by not only an increase in the amount of metal 

triangle but also the amount of base was increased four fold. The complex is best 

described as two oxo-centred carboxylate triangles linked through a central acetate 

group. The acetate ligands are present in three binding modes; twelve bind in a 1,3 

bridging mode, four act as terminal ligands; two of which remain protonated (O32) 

and hydrogen bonded to Et2NH in the lattice. The other two ligands are 

deprotonated (O33) and hydrogen bonded to Et2NH2 in the lattice. All four bind 

mono-dentate to the outer Fe centres (Fe1, Fe1a, Fe2 and Fe2a). The final acetate 

ligand displays a 1,3 mode and bridges the two units binding Fe3 to Fe3a. All Fe 

centres display an octahedral geometry that is slightly distorted due to the 

carboxylate groups. It is not unusual to observe these triangles as a final product, 

(see the Cambridge structural database, CSD)12 however triangles that are linked 

together are less common. Only one example with manganese involves linking one 

carboxylate triangle to another manganese centre via dichloroacetate creating a 1-
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D manganese chain.13 The only examples of linked carboxylate triangle are reported 

by Bino and Gibson.14 These use hydrogen oxide (H3O2
-) to bridge tungsten and 

molybdenum oxo-triangles through hydrogen bonding. Therefore complex 11 

presents the first example of linked carboxylate triangles involving Iron(III).  

 

Table 3.22 Data for the crystal structure determination of 11 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C44H82N3O37Fe6 

1552.21 

Pnnm 

20.67(5)  

12.92(3)  

13.16(15)  

3513 (100) 

2 

100(2)  

0.71073 

1.510 

1.296 

6.31 

16.78 

1.187 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 
aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 
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Table 3.23 Selected ligand bond distance for 11  

     Bonds                      Distance (Å)†       Bonds                      Distance (Å)† 

Fe1—O1                          1.947(11) 

Fe1—O3                          1.982(15) 

Fe1—O5                                       2.017(12) 

Fe1—O7                          2.075(12) 

Fe1—O9                          2.008(12) 

Fe1—O16                        1.996(13)  

Fe2—O1                          1.926(12) 

Fe2―O8                          2.070(16) 

Fe2―O10                        1.961(16)  

Fe2—O12                          2.050(19) 

Fe2—O14                          1.965(18)  

Fe2—O15                          1.987(14)     

Fe3—O1                            1.903(13) 

Fe3—O2                            1.953(17) 

Fe3—O4                            2.072(14) 

Fe3―O6                            2.085(18) 

Fe3―O11                          2.043(18)    

Fe3―O13                          2.018(13) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 3.24 Selected bond angles for 11 

     Atoms                      Angle (°)† 

Fe1—O2—Fe3               116.5(15) 

Fe2—O1—Fe3               125.4(17) 

Fe2—O12—Fe5             100.7(15) 

Fe4—012—Fe2              92.7(13)   

† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 3.25 Bond valence sums for the inorganic oxygen atoms in 11 

            Atom              BVS            Assignment 

              O1             1.80                 O2- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~0.3 
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3.3 Conclusions 

 

A total of six new iron complexes have been synthesised using bicine. These clusters 

consist of either six or seven coordinate iron centres. The flexibility of the ligand 

and its ability to exist in different binding modes showing three different 

coordination geometries has been illustrated. One of which previously unseen for 

this ligand. The effects of base have also been illustrated in the isolation of 

different clusters of higher nuclearity and the effect of base on the ligand. We have 

highlighted the stability of the products formed from the synthesis of clusters 6-8 

and the previously reported Fe6Bic6 wheel1, which was also seen in several 

reactions. Also we have highlighted the effect of base on the ligand and the 

importance of the choice of base leading to higher nuclearity species from six iron 

centres to twelve. The absence of bicine from the final structure arises from an 

increase in metal:ligand:base ratio 3:1:1 for complex 10 and 3:1:4 for 11 again 

illustrating further the effects of base. Three of these clusters 6, 7 and 10 all 

possess non zero ground states of S = 3 or S = 5 with 9 having a ground state S = 0. 

 

3.4 Future work 

 

Bicine is still a relatively novel ligand to investigate, our work has concentrated on 

the use of iron oxo-centred triangles, therefore it is still a viable route to explore 

using other metal centres such as manganese, and nickel. Due to the lack of 

complexes reported apart from the monomers and 1-D chains mentioned previously, 

it would be interesting to explore the use of manganese oxo-centred triangles 

which have been used to produce some interesting clusters using other ligands. Also 

this work could be extended to nickel. Previous work15 has used diethanolamine 

which is structurally similar to bicine to synthesise nickel(II) cubanes. These 

cubanes have shown SMM behaviour, however hysteresis loops and EPR indicate the 

presence of interaction between neighbouring cubanes. The presence of an extra 

arm/binding site could result in new clusters or result in the synthesis of different 

clusters due to the extra binding site. 
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Also we focused on reacting mixed metal oxo-centred triangles such as 

[Fe2CuO(O2CR)6(H2O)3] (where R = OAc or O2CPh) with our ligand. Due to 

antiferromagnetic interactions within polynuclear iron complexes being common, 

we tried to incorporate a second d-block metal to provide additional exchange 

interactions such as Fe―Cu―Fe instead to Fe―Fe. We had hoped this would lead to 

an overall increase in the spin ground state of clusters synthesised. However this 

approach led to complexes 6-8 being produced with no copper(II) present in the 

structure, again highlighting the stability of these complexes.  

 

It may be of interest to synthesise a mixed metal analogue of complex 10 

substituting Fe(II) for other M(II) ions such as Mn(II), Ni(II) or Cu(II) using mixed 

metal triangles, to compare the magnetic properties of the clusters once formed.  
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4.0 Synthesis of Iron Complexes: Tricine (H4L3) 

 

We continued our investigation into the synthesis of polynuclear iron complexes 

using Tricine. Tricine is a mix of two ligands; Bicine which was successfully used in 

the synthesis of iron complexes in chapter 3 and Bis-Tris which has been successful 

in linking small iron fragments into larger clusters with unique topologies.1 In fact,  

tripodal alcohol ligands have been thoroughly  investigated in the synthesis of 

iron(III) complexes and manganese chemistry resulting in a series of beautiful 

clusters some of which display SMM behaviour.2,3 The tripodal ligand tris, 

(H2NC(CH2COH)3) has previously been studied in both manganese and iron 

chemistry.4 Depending on the metal centre the tris ligand can either cap clusters as 

seen for manganese4 or act as a bridging ligand in which one of the CH2OH arms 

remain protonated (figure 4.1).4  

 

 
Figure 4.1: Different binding modes for tris depicted for iron and manganese (Ball 

and stick representation with Fe(III), Gold; Mn(II), Pink; Mn(III), Green; O, Red; N, 

Blue; C, Brown; Na, Purple. 

 

A small number of complexes are known for tricine ranging from monomeric species 

of Co, Cd, Zn, Cu and Ni (figure 4.2),5 a one dimensional Cu(II) chain6 and the dimer 

[Sn2(CH3)4(H2L3)2].7 
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Figure 4.2: Structure of the [Cu(H3L3)2] showing the ligand binding. (ball and stick 

representation with Cu(II) light blue; O, red; N, blue; C, brown; H atoms white). 

 

The tricine ligand displays the same binding mode for all known monomeric and 

chain complexes, however the deprotonation of the CH2OH arm at O3 and O3a 

results in the formation of the Sn2 dimer (figure 4.3).  

 
Figure 4.3: Structure of the [Sn2(CH3)4(H2L3)2] showing the ligand binding. (ball and 

stick representation with Sn(III) white; O, red; N, blue; C, brown; H atoms and 

methyl groups are omitted for clarity)[atom suffix a signifies the symmetry 

equivalent atom: a = 1 _ x, 1 _ y, 1 _ z]. 

 

Therefore, if full deprotonation of the ligand can be achieved it should be possible 

to synthesise large polynuclear complexes of iron. We reacted this ligand in the 

same way to both edte and bicine by using the pre-formed oxo-centred triangles, 

again altering the base and varying the ratios of reactants. We continued to focus 

on the same six triangles used for edte, as they were successful in producing unique 
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and interesting clusters. This approach has resulted in three new iron complexes 

being produced. The syntheses, structures and magnetic characterisation of these 

are reported below. 

 

4.1 Synthesis of complexes containing tricine, H4L3 

 

4.1.1 Synthesis of Et2NH2[Fe9O4(OH)2(HL3)2(phbenz)12]·5MeCN·H2O 

(12·5MeCN·H2O) 

 

To a stirred solution of [Fe3O(phbenz)6(MeOH)3][NO3].3MeOH (0.5 g, 0.3 mmol) in 

MeCN (20 ml), H4L3 (0.02 g, 0.1 mmol) was added, followed by Et2NH (0.02 g, 0.3 

mmol). The solution was stirred overnight and filtered yielding a dark red filtrate. 

Small aliquots of solution were used in vapour diffusion of Et2O. After 3 months 

small single brown crystals were observed in vapour diffusion experiments in 

approximately 11% yield.  Selected IR data:  = 1581, 1541, 1479, 1396, 1226, 1159, 

1097, 881, 746 cm-1. Crystals analyse as 12.6H2O (%) calc. (found) C, 56.93, (56.30); 

H, 4.20 (3.79); N, 1.14, (1.14). 

 

4.1.2 Synthesis of [Na3Fe7O4(OH)(H3L3)2(phbenz)11(H2O)2]·4H2O (13·4H2O) 

 

To a stirred solution of [Fe3O(phbenz)6(MeOH)3][NO3].3MeOH (0.5 g, 0.3 mmol) in 

MeCN (20 ml), H4L3 (0.05 g, 0.3 mmol) was added, followed by NaOMe (0.05 g, 0.9 

mmol). The solution was stirred overnight and filtered yielding a dark brown 

filtrate. Small aliquots of solution were used in vapour diffusion of Et2O. After 1 

month, small brown single crystals were observed in vapour diffusion experiments 

in approximately 4%.  Selected IR data:  = 1580, 1536, 1479, 1396, 1223, 1159, 

1095, 1021, 880, 748, 648 cm-1. Elemental analysis was not obtained for this 

complex due to lack of sample.  
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4.1.3 Synthesis of [NaFe11O6(OH)6(phbenz)15][OMe] (14) 

 

To a stirred solution of [Fe3O(phbenz)6(MeOH)3][NO3].3MeOH (0.5 g, 0.3 mmol) in 

MeCN (20 ml), H4L3 (0.05 g, 0.3 mmol) was added, followed by NaOMe (0.05 g, 0.9 

mmol). The solution was stirred for 30 minutes and placed in a sealed Teflon 

container. The container was placed in an oven and heated to 150°C over 5 

minutes. The oven temperature was held at 150°C for 12h. After 12h, the solution 

was allowed to cool to room temp inside the oven. X-ray quality crystals appeared 

on opening the MeCN solution, in approximately 15% yield.  Selected IR data:  = 

1582, 1480, 1396, 1226, 1159, 1096, 1022, 881, 779, 689, 648 cm-1. Crystals analyse 

as 14. (%) calc. (found) C, 57.92, (57.59); H, 3.57 (3.33). 

 

4.2 Complexes containing Tricine, H4L3 

 

4.2.1 Discussion of crystal structure of 

[Et2NH2][Fe9O4(OH)2(HL3)2(phbenz)12]·5MeCN·H2O (12·5MeCN·H2O) 

 
Complex 12 is a nonanuclear Fe(III) complex which crystallises in the monoclinic 

space group P21/c (figure 4.4). 
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Figure 4.4: Structure of the anion of 12 (ball and stick representation with Fe(III) 

Gold; O, Red; N, Blue; C, Brown; H atoms are omitted for clarity) 

 

The boat like structure of 12, can be described two fused distorted butterfly 

[Fe4O(OH)]9+ units capped by an [Fe1(HL3)] unit on either side (figure 4.5 where the 

atom suffix a signifies symmetry equivalents). 
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Figure 4.5 top: displaying the boat like core of 12; [atom suffix a signifies the 

symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z].  
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The two distorted butterflies in the central core ([Fe2a, Fe4, Fe3] and symmetry 

equivalents), share a body Fe ion (Fe5)  through four oxygen atoms: two O2- atoms 

(O26/O26a) and two OH- ions (O8/O8a), forming a distrorted central [Fe7O2(OH)2]15+ 

unit. Another two O2- atoms (O36/O36a) binds Fe1 to Fe2 and Fe3 of the fused 

distorted butterfly core. The complex contains one independent tricine ligand which 

displays a new binding mode (figure 4.6). The ligand is tri-deprotonated binding to 

Fe1 at N1. The carboxylate group binds monodentate at O2, whereas two of the tris 

unit CH2O- arms are bidentate, bridging Fe1 to Fe2 via O3 and Fe2 to Fe4a via O4. 

The remaining ligand arm is protonated and unbound, hydrogen bonded to the 

carboxylate of the tricine ligand (O1) on an adjacent cluster.  

 

 
Figure 4.6: binding mode of HL3 found in 12 

 

The twelve phbenz ligands bind in a typical 1, 3 bridging mode completing the 

octahedral geometry of all the iron centres. Finally the cation Et2NH2, is located 

between adjacent clusters, hydrogen bonded to O2 and O1a of the adjacent 

molecules.  

 

A small number of nonanuclear iron clusters exsist that display SMM behaviour8 

however the closest example to 12 is [Fe9O4(O2CCMe3)13(thme)2]2 which incorporates 

the tripodal ligand thme (MeC(CH2OH)3). The rhomb-like cluster displays the same 

fused butterfly core with the thme ligands located above and below the core 

resulting in a planar cluster (figure 4.7). 
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Figure 4.7: Structure of [Fe9O4(O2CCMe3)13(thme)2],2 (ball and stick representation 

with Fe(III) gold; O, red; N, blue; C, brown; H atoms and methyl groups are omitted 

for clarity) 

 

The boat-shaped core of 12 appears to be directed by the ligand geometry due to the 

flexibility of the carboxylate arm, which once coordinated restricts the binding of the 

tris unit of the tricine ligand. As a result only two arms coordinate and ‘pull’ the Fe2 

and Fe2a centre away from the plane resulting in the boat shaped core of 12.  
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Table 4.1 Data for the crystal structure determination of 12 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

β(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C172H154N3O58 Fe9 

3693.75 

P21/c 

24.5836(5)  

23.4043(4)  

32.2296(5)  

108.2720(10) 

17608.7 

6 

100(2)  

0.71073 

1.466 

1.232 

5.22 

12.57 

0.784 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 
aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 4.2 Selected ligand bond distances for 12 

     Bonds                      Distance (Å)       Bonds                      Distance (Å) 

Fe1—N1                          2.224(8) 

Fe1—O2                          2.048(7) 

Fe1—O3                          2.006(6) 

Fe2—O3                          2.004(6) 

Fe2—O8                          2.101(6)  

Fe8—O8                          2.111(6)      
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Table 4.3 Selected bond angles for 12 

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O3—Fe2               94.99(3) 

Fe2—O4—Fe4a             102.29(3) 

Fe4a—O8—Fe5             89.88(2) 

Fe4a—O26a—Fe5           100.70(3) 

Fe5—O26—Fe4              101.25(3) 

Fe5—O8a—Fe4              90.73(2) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 4.4 Bond valence sums for the inorganic oxygen atoms in 12  

            Atom              BVS            Assignment 

          O8 

          O26 

          O36 

           1.06 

           1.78 

           1.94 

                OH- 

                O2- 

                O2- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~09 
 

4.2.1.1 Magnetic Susceptibility Measurements for 12 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. For 

12 the value of χT at 300K is 20.6 cm3 mol-1 K, again significantly lower than for 

nine uncoupled Fe(III) ions (39.4 cm3 mol-1 K for g=2), indicating the presence of 

strong antiferromagnetic interactions between the Fe(III) centres (figure 4.8).  
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Figure 4.8: Temperature dependence of χT for 12 from 300-1.8 K measured in a 

field of 1 kOe 

 

The value of χT increases steadily to a maximum of 30.2 cm3 mol-1 K at 75 K, then 

drops steadily to 17.1 cm3 mol-1 K at 1.8 K. This gives an indication of competing 

ferromagnetic and antiferromagnetic interactions within the cluster. The 

magnetisation was measured as a function of applied field at 2 K, the curve does 

not reach saturation, rising to a value of M/Nβ=11.9 at 5 T (figure 4.9). 
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Figure 4.9: magnetisation versus field at 2 K for 12 

 

Both the low temperature maximum in χT and the magnetization data are 

consistent with a spin ground state of S = 11/2 for 12.  

 

In order to determine the zero-field splitting parameter D and confirm the spin 

ground-state for 12, magnetisation data were collected in the ranges 5-20 kG and 

5-7 K (figure 4.10). The data were fit by a matrix diagonalization method using the 

program MAGMOFIT to a model that assumes only the ground state is populated, 

includes axial zero-field splitting (DŜz
2) and the Zeeman interaction, and carries out 

a full powder average.10 The corresponding Hamiltonian is given by Equation 4.1. 

 

Ĥ=DŜz
2 +g µB µ0 ŜH  

Equation 4.1 

 

 Where D is the axial anisotropy, µB is the Bohr magneton, µ0 is the vacuum 

permeability, Ŝz is the easy-axis spin operator, and Hz is the applied field. S = 11/2 

with g = 2.10 and D = 0.41 cm-1.  
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Figure 4.10: magnetisation data collected in the ranges 5-20 kG and 5-7 K 

 
Ac susceptibility measurements were also carried out for 12, however there was no 

increase in the χ” signal down to 1.8 K for any of the frequencies measured. This 

suggests that the Fe9 cluster shows no slow relaxation of magnetization down to 1.8 

K. If the value of D is correct then 12 is not an SMM. Further magnetic 

measurements to lower temperature and EPR are needed to confirm the correct 

value and sign of D. 

 

4.2.2 Discussion of crystal structure of 

[Na3Fe7O4(OH)(H2L3)2(phbenz)11(H2O)2]·4H2O (13·4H2O) 

 

Complex 13·4H2O is a heptanuclear Fe(III) complex which crystallises in the triclinic 

space group P-1 (figure 4.11). 
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Figure 4.11: Structure of 13 (ball and stick representation with Fe(III) gold; O, red; 

N, blue; C, brown; Na, white; H atoms are omitted for clarity) 

 

A change of base from Et2NH to NaOMe has resulted in the substitution of three Na+ 

ions into the final structure. As for complex 12, 13 also is composed of the similar 

fused butterfly, the major difference being the core is less strained due to the 

absence of two Fe atoms bound at O2 and O37 as seen for the previous cluster (Fe1 

bound at O2, figure 4.12). 
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Figure 4.12 Top: The planar fused core of 13 

Bottom: The distorted fused core of 12 for comparison   
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The tricine ligands (figure 4.13), are doubly deprotonated binding to Fe1 through N1 

and Fe6 through N2. The carboxylate arm exists in two binding modes, the 

deprotonated arm O5 and O31 binds between Fe1/Na2 and Fe6/Na2 respectively. 

O32 is hydrogen bonded to O36 on a neighbouring cluster whereas O6 binds 

monodentate to Na3. One of the three CH2OH arms of each ligand (O1 and O38) is 

deprotonated and bridges bidentate between Fe1/Fe2, (O1) and Fe6/Fe7 (O38). 

The remaining two arms of each ligand are protonated; O3 is hydrogen bonded to 

the carboxylate O6 of a neighbouring cluster and O2 to water molecule O42 of a 

neighbouring cluster. O36 is hydrogen bonded to O32 of a neighbouring cluster and 

O37 remains protonated and unbound. The two butterfly units in the core ([Fe2, 

Fe3, Fe2a] and [Fe1, Fe5, Fe1a]) share a body iron(III) centre Fe4, through four 

oxide atoms forming a almost planar central [Fe7O4]13+. Three of the oxides are µ3 

(O12, O12a and O19) and the final is µ4 due to coordination of the Na1 atom. The 

only hydroxide ligand, (O7), is bound bidentate between Na1 and Na2.11,12 

 

          
Figure 4.13: The different ligand binding modes observed in 13. 

 

Five of the eleven phbenz ligands bind 1, 1, 2, another ligand 1, 1, 1 binding 

only to Fe centres. The final five ligands bind both Fe and Na atoms; two of these 

ligands bind 1,2,1, 3 with extra coordination of the Na atom being provided by 

the phenoxy group of the phbenz ligand. The final three ligands are present in 2, 

2, 3; 2, 2, 3 and 1,2, 2 binding modes (figure 4.14). 
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Figure 4.14: the different binding modes of phbenz found in 13 

 

All iron centres are six-coordinate, displaying distorted octahedral geometries. 

 

The fused butterfly core has been observed in complexes of nuclearity nine, eleven 

and sixteen,2 however for Fe7 complexes this core is rare. Some do exist but not 

strictly fused as for 13; three iso-structural complexes of the general formula  

[FeIII
7(µ3―O)3(L)3(µ―O2CCMe3)6(η1―O2CCMe3)3(H2O)3],13 (where L is defined as di-or 

triethanolamine), two clusters which display a millennium dome topology,14 and a 

further two disc-like heptanuclear wheels (figure 4.15).15  

  
  
η 1 ,   η 2 , η 1 , µ3                                         

  η 1 ,   η 1 , µ 2                          

η 2 ,   η 1 ,   µ 2     
  

  
    
                               

  η 1 ,   η 2 , µ 3                          

  η 2 ,   η 2 , µ 3                          

  η 1 ,   η 1 , µ 1                          
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Figure 4.15: structures of different Fe7 topologies ( ball and stick representation 

with Fe(III) gold; Fe(II), yellow; O, red; N, blue; C, brown; H atoms and Cl atoms 

are omitted for clarity. Pivalate groups of [Fe7O3(O2CCMe3)9(teaH)3(H2O)3] have 

been omitted for clarity). 

 

The difference in the topologies of our cluster and the known FeIII
7 clusters can be 

attributed to the distorted octahedral geometry of the central Fe atom of the FeIII
7 

clusters compared with the octahedral coordination of Fe4 for 13. Magnetic 

characterisation and further analysis of 13 was not obtained due to poor yield of 

sample. The synthesis was not reproducible, therefore, improving the synthesis of 

  

[FeIII
7(3―O)3(L)3(―O2CCMe3)6(

1―O2CCMe3)3(H2O)3]
11

 [Fe7O3(O2CCMe3)9(teaH)3(H2O)3]12 
 

[FeIIIFeII
6(OMe)6(HL)6]Cl313 
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this complex is the first step to determining the magnetic properties of 13. The Fe7 

clusters mentioned display either S = 5/2 or S = 0 ground states however this cannot 

predict what S will be for our cluster.  

 

Table 4.5 Data for the crystal structure determination of 13 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

(deg) 

β(deg) 

(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C155H134N2O55 Fe7Na3 

3364.68 

P-1 

19.267(8)  

19.675(9)  

25.767(12)  

80.687(2) 

75.269(2) 

76.414(2) 

9128.49 

4 

100(2)  

0.71073 

1.289 

0.628 

15.47 

19.73 

1.105 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 
aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 4.6 Selected ligand bond distances for 13  

 Bonds            Distance (Å) † Bonds            Distance (Å) † 
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Fe1—N1               2.210(11) 

Fe1—O1               1.990(9) 

Fe1—O5                2.049(9) 

Fe6−N2              2.236(12) 

Fe6−O31            2.045(9) 

Fe6−O38            1.999(11) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 4.7 Selected bond angles for 13 

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O1—Fe2               120.2(4) 

Fe1—O5—Na2               118.86(4) 

Fe4—O19—Fe3              96.21(4)  

Fe4—O29—Fe3              95.3(4) 

Fe5—O12—Fe4              95.54(4) 

Fe5—O30—Fe4              93.91(4) 

Fe6—O31—Na2              95.54(4) 

Fe6—O38—Fe7              120.41(5) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 4.8 Bond valence sums for the inorganic oxygen atoms in 13  

            Atom              BVS            Assignment 

          O12 

          O19 

          O29 

          O30 

           1.89 

           1.91 

           2.06  

           1.85 

                O2- 

                O2- 

                        O2- 

                O2- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~09 
 

 

 4.2.3 Discussion of crystal structure of [NaFe11O6(OH)6(phbenz)15][OMe] (14) 

 

Following from the synthesis of 13, we explored different routes to improve both 

the quality of the crystals and the yield of product. Solvothermal synthesis has been 

shown to improve the yield of [Fe14O6(bta)6(OMe)18Cl6],16 (bta is benzotriazole). 

Therefore we tried to employ this strategy in order to improve the yield and quality 

of 13, which resulted in the synthesis of 14, an undecanuclear complex that 

crystallises in the trigonal space group P31c (figure 4.16). 
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Figure 4.16: Structure of  the cation of 14 (ball and stick representation with 

Fe(III) gold; O, red; N, blue; C, brown; Na, white; H atoms are omitted for clarity) 

 

The core can be described as a twisted trigonal prism (Fe2/Fe4, Fe2a/Fe4a, Fe2b 

and Fe4b) with two iron atoms capping the triangular faces (Fe1 and Fe5) and a 

further three iron atoms (Fe3, Fe3a and Fe3b) capping the rectangular faces (figure 

4.17 where the atom suffix a, b and c signify symmetry equivalents).  
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Figure 4.17: The distorted trigonal prism core of 14.  

 

The iron centres are bound by six 3-oxide ions (O2, O10 and s.e) located within the 

polyhedron, and a further six 3-hydroxide ions (O7, O8 and s.e) forming the 

rectangular faces of the cluster. All iron centres display six-coordinate octahedral 

geometry. The fifteen phbenz ligands complete the coordination sphere of each of 

Fe(III) centres. Thirteen of the phbenz ligands bind in typical 1,3 bridging, the 

remaining three ligands are coordinated to Na1 and display the η1,η2,η1 µ3 binding 

mode previously seen for 13 (figure 4.14). The remaining charge is balanced by 

deprotonated methanol solvent in the lattice. This type of charge balance has been 

observed for Na5[Co(PhC(O)=N(O)),]Br·CH3O·3CH3OH·10.5H2O, where the CH3O- ion 

is hydrogen bonded to three water molecules.17 The tricine ligand has failed to 

incorporate into the final structure of 14 indicating solvothermal synthesis is not 

the correct way to proceed with improving the yield and quality of 13. Complex 14 

is not unusual in iron chemistry, the Fe−O core has been observed for many 

different carboxylates18 however none of these contain phbenz as the ligand. These 
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complexes have been prepared from either high temperature synthesis such as 

refluxing, or simple bench top reaction of metal salts and carboxylates followed by 

vapour diffusion. These complexes have been characterised as having small non-

zero ground states. None of the known clusters have been synthesised using 

solvothermal synthesis, phbenz or NaOMe in their reaction. The extra coordination 

sites provided by the phenoxy groups of the phbenz ligands result in the 

coordination of the Na ion at O11.  

 

Table 4.9 Data for the crystal structure determination of 14 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

c(Å) 

(deg) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C144H108O46Fe11Na 

3211.75 

P31c 

19.114(7)  

31.188(3)  

120 

9868(9) 

2 

100(2)  

0.71073 

1.365 

0.866 

6.55 

17.91 

0.916  

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 
aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 
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Table 4.10 Selected bond distance for 14 

     Bonds                      Distance (Å)       Bonds                      Distance (Å) 

Fe1—O2                         1.934(13)  

Fe2—O2                         1.905(13) 

Fe3—O2                         1.914(12) 

Fe2—O7                         2.110(14) 

Fe3—O7                         2.043(15) 

Fe4—O7                         1.916(14) 

Fe2—O8                          2.165(12) 

Fe3—O8                          2.036(14)  

Fe4—O8                          2.109(14) 

Fe3b—O10                       1.964(12)                        

Fe4—O10                         1.890(14) 

Fe5—O10                         1.912(12) 

 

Table 4.11 Selected bond angles for 14 

     Atoms                      Angle (°)†       Atoms                    Angle (°)† 

Fe1—O2—Fe2               123.52(6) 

Fe1—O2—Fe3               130.51(7) 

Fe2—O2—Fe3               105.78(6) 

Fe2—O7—Fe3b             98.49(6) 

Fe2—O7—Fe4               127.77(7) 

Fe3b—O7—Fe4             91.92(6) 

Fe2—O8—Fe3               92.40(5) 

Fe2—O8—Fe4               92.87(5) 

Fe3—O8—Fe4               126.48(6) 

Fe3b—O10—Fe4            101.54(6) 

Fe3b—O10—Fe5            130.86(7) 

Fe4—O10—Fe5              126.29(6) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

Table 4.12 Bond valence sums for the inorganic oxygen atoms in 14  

            Atom              BVS            Assignment 

          O2 

          O7 

          O8 

          O10 

           1.84 

           1.32 

           1.11  

           1.79 

                O2- 

                OH- 

                         OH- 

                O2- 

* The oxygen atom is an O2− if the BVS is ~2, an OH− if the BVS is ~1, and an H2O if 
the BVS is ~09 
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4.3 Conclusions 

 

The use of tricine ligand has been successful in the synthesis of two new 

polymetallic species. One of these has been characterised as having an S = 11/2 

ground state. Both clusters show unique Fe−O topologies with the ligand displaying 

a new binding mode in 12 not seen for any transition metal. From our work we have 

found that tricine only forms complexes in the presence of the phbenz carboxylate. 

The fact only two complexes were synthesised by using the same experimental 

techniques for the previous iron clusters, indicates this ligand is not a good 

candidate for the synthesis of large polymetallic species. Although the ligand 

possesses four flexible arms, a maximum of three are found to coordinate to Fe(III). 

If we compare the tricine ligand to bicine, where all three arms are capable of 

coordination we can see tricine is more restricted due to the central carbon atom 

of the tris unit. The binding potential of tricine is restricted further once the 

carboxylate arm is coordinated to the metal centre. 

 

The ligand was also reacted with manganese salts. Only one reaction crystallised (in 

2% yield). Although X-ray diffraction data was poor, we were able to observe the 

core of the cluster and the ligand binding. This core is similar to a 

[Mn4
IIIMn2

IINa4O(L)4(OAc)6(MeOH)2]n (where L is H2N(CH2OH)3) which uses tris as the 

co-ligand (figure 4.18).4 
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Figure 4.18: structure of [Mn4

IIIMn2
IINa4O(L)4(OAc)6(MeOH)2]n.4 Ball and stick 

representation with Mn(II), Pink; Mn(III), Green; O, Red; N, blue; Na, Purple. H 

atoms are omitted for clarity.  

 

The tricine ligand binds in the same capping fashion as tris with the carboxylate 

ligand remaining unbound. 

 

4.4 Future work 

 

The main priority would be to focus on improving the current synthesis of 13. 

Solvothermal techniques were used but gave compound 14 however it may be 

possible to try microwave synthesis19 which has been used successfully when 

solvothermal techniques have failed.  

 

We could extend our work with tricine to other metal(III) centres such as 

Chromium(III) and continue with the solvothermal methods.  

More investigation into manganese is warranted. Perhaps manganese, tricine and 

phbenz could be reacted together in the hope of synthesising new and exciting 

species. 
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5. Synthesis of Chromium complexes: Bis-Tris 

 

The kinetic inertness of Chromium(III) ions has resulted in only a small number of 

polymetallic complexes when compared to iron and manganese.1 All known 

complexes result from solvothermal reactions of simple triangular clusters 

[Cr3O(O2CR)6(L)3]n+ (where R is a carboxylate and L is a solvent) in superheated 

alcohol. This approach usually results in the formation of cyclic chromium 

complexes, ranging in nuclearity from eight to twelve chromium centres,2 in which 

both the carboxylate and solvent (RO-) are present as bridging ligands. Another 

technique is the thermal rearrangement of these triangular units under a stream of 

N2 at high temperatures which can produce these cyclic clusters3 as well as cage 

clusters.4 These clusters usually result in an S = 0 ground state, the exceptions 

being a Cr12 centred-pentacapped trigonal prism with S = 6,5 a ferromagnetic Cr10 

wheel with S = 15,6 and a tetrametallic cluster with S = 6.7 Simple chromium salts 

have been investigated in particular with tripodal ligands by Talbot-Eeckelaers et 

al.8 This approach involves the use of Cr(II) salts, reacted under reflux conditions 

and solvothermally, producing three novel clusters which incorporate the ligand 

into the final complex. Talbot-Eeckelaers et al have reacted 1, 1, 1, 

tris(hydroxymethyl)propane, (H3tmp) together with CrCl2 and NaOMe under reflux 

conditions in MeOH to produce [Cr2(H2tmp)2Cl4]. Solvothermally, they have 

synthesised two analogous clusters [Cr8O2(thme)2(Hthme)4Cl6] and 

[Cr8O2(Hpeol)2(H2peol)2Cl6] using the ligands 1, 1, 1, tris(hydroxymethyl)ethane, 

(H3thme) and pentaerythritol (H4peol). All ions present in these complexes are 

Cr(III) due to oxidation during the reaction process. It is worth noting that 

analogous reactions using Cr(III) salts did not produce any complexes.7  Our work 

with Cr(III) originally attempted to synthesise an analogous cluster of 

[Fe12O4(OH)2(L1)4(OAc)6][Cl]2 (section 2.4.1) using edte (H4L1, section 1.12), however 

the use of Cr(III) triangle starting materials resulted in the synthesis of the wheel 

complex [Cr10(OAc)10(OMe)20] previously synthesised.5 Also we investigated the use 

of Cr(III) salts together with acetate and the edte ligand in an attempt to stop the 

synthesis of the Cr10 wheel complex. This approach resulted in no complexes being 

synthesised. We also focussed on the tripodal ligand Bis-Tris (H5L4), (figure 5.1) and 

its reaction with simple Cr(III) salts.  
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OH

OHHO

N

HO OH  
 

Figure 5.1: bis(2-hydroxyethyl)iminotris(hydroxymethy)methane, Bis-Tris, H5L4.  

 

Bis-Tris has been well established as not only an excellent bridging ligand, but has 

been successfully used to synthesise large polymetallic clusters.9,10,11 We attempted 

to react this ligand with Cr(III) ions, in the same way as the other tripodal ligands 

trying to overcome the inertness of Cr(III) solvothermally in the hope of synthesising 

new polymetallic species. This approach resulted in the synthesis of two new 

complexes whose structures and magnetic data are reported below. 

 

5.1 Synthesis of chromium complexes containing Bis-Tris, H5L4  

 

5.1.1 Synthesis of [Cr(H3L4)Cl] (15) 

 

To a stirred solution of CrCl3·6H2O (0.6 g, 2.4 mmol) in MeOH (10 ml), H5L4 (0.5 g, 

2.4 mmol) was added, followed by NaOMe (0.13 g, 2.4 mmol). The solution was 

stirred for 30 minutes and placed in a sealed Teflon container. The container was 

placed in an oven and heated to 150°C over 5 minutes. The oven temperature was 

held at 150°C for 12 h. After 12 h the solution was allowed to cool to room 

temperature inside the oven. X-ray quality crystals appeared on opening the MeOH 

solution, in approximately 33% yield. Selected IR data:  = 3269, 2886, 1463, 1306, 

1055, 887, 770 cm-1. Crystals analyse as 15 (%) calc. (found) C, 32.72, (32.33); H, 

5.49 (5.83); N, 4.77 (4.68). 
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5.1.2 Synthesis of [Cr4(H2L4)4]·MeOH (16·MeOH) 

 

To a stirred solution of CrCl3·6H2O (0.3 g, 1.2 mmol) in MeOH (10 ml), H5L4 (0.75 g, 

3.6 mmol) was added, followed by NaOMe (0.19 g, 3.6 mmol). The solution was 

stirred for 30 minutes and placed in a sealed Teflon container. The container was 

placed in an oven and heated to 150°C over 5 minutes. The oven temperature was 

held at 150°C for 12 h. After 12h the solution was allowed to cool to room 

temperature inside the oven. The solution was filtered and stored in a sealed 

sample vial. X-ray quality crystals appeared in the sealed solution after two months 

in approximately 11% yield.  Selected IR data:  = 3279, 2852, 1064, 1004, 749, 678, 

627 cm-1. Crystals analyse as 16 (%) calc. (found) C, 37.36, (37.69); H, 6.08 (6.40); 

N, 5.28 (4.89). 

 

5.2 Complexes containing Bis-Tris 

 

5.2.1 Discussion of crystal structure of [Cr(H3L4)Cl] (15) 
 
Complex 15 is a monomeric Cr(III) complex which crystallises in the orthorhombic 

space group Pnma (figure 5.2 where the atom suffix, a, signifies symmetry 

equivalent atoms). 
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Figure 5.2: Left, structure of 15. Right, the crystal packing of 15 displaying the 

hydrogen bonding in the cell between adjacent molecules(O3···O4a, 2.440Å). 

 

The ligand binds in an {NO4} donor set previously seen for monomeric species of 

Co(II), Cu(II) and Ni(II),12 however Bis-Tris is present as a neutral ligand (H5L4) for 

these monomers and not (H3L4) found in 15. This binding mode is similar, but 

different to that seen for the complex [NaFe10O3(OH)4(HL4)2(piv)13] (Fe10).9 For this 

complex the level of deprotonation is different and the ligand acts as a linker for 

smaller clusters maintaining the {NO4} donor set. The two CH2CH2O- arms, (O3 and 

O3a) are deprotonated and bind monodentate to the Cr(III) centre. Two of the 

tripodal CH2OH arms bind monodentate to the Cr(III) centre. The final arm, (O2) is 

protonated, unbound and lies on a symmetry plane resulting in the arm (O2) being 

located over two sites in the crystal structure. Although this monomeric species is 

not of interest magnetically, it is the first example of a Cr(III) complex with this 

ligand. 

 

Table 5.1 Data for the crystal structure determination of 15 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

b(Å) 

c(Å) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C8H17N1O5Cr1 

1060.88 

Pnma 

14.672(6)  

9.751(4)  

7.592(3)  

1086.37(8) 

1 

100(2)  

0.71073 

1.802 

1.304 

3.04 

9.49 

0.735 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
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aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 5.2 Selected bond distance for 15 

  Bonds                         Distance (Å) † 

Cr1—N1                          2.041(3) 

Cr1—O3                          1.968(17) 

Cr1—O4                          1.990(17) 

Cr1—Cl1                         2.316(11) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

5.2.2 Discussion of crystal structure of [Cr4(H3L4)4]·MeOH (16MeOH) 
 
Complex 16 is a Cr(III) tetramer complex which crystallises in the tetragonal space 

group I41/a (figure 5.3). 

 

 



Kristoffer Graham Chapter 5: Bis-Tris 2009 

 141 

 
Figure 5.3: Structure of 16(ball and stick representation with Cr(III) purple; O, red; 

N, blue; C, brown; H atoms are omitted for clarity)[atom suffix a signifies the 

symmetry equivalent atom: a = 1 _ x, 1 _ y, 1 _ z, b signifies the symmetry 

equivalent atom: b = 1 _ x, 1 _ y, 1 _ z, c signifies the symmetry equivalent atom: c 

= 1 _ x, 1 _ y, 1 _ z]. 

 

There are two main differences associated with the ligand for complexes 15 and 

16. The first difference is the deprotonation of the ligand for 16. The increase of 

NaOMe has resulted in two of the tripodal arms being deprotonated along with one 

CH2CH2O- arm (figure 5.4). This de-protonation is entirely different to that seen for 

the monomeric complexes8 and Fe10.9 The de-protonation of Bis-Tris in 16 has been 

seen for one other cluster [Co4Na2(HL)2(H2L)2(MeOH)4], (Co4), however the ligand 

displays different binding, the CH2CH2OH arms remains protonated and unbound.11 

The second difference is that Bis-Tris displays a different binding mode to that seen 

for the previous monomer, O3 and O4 are monodentate bonding to Cr1 with the 

remaining arm O5 being protonated, unbound hydrogen bonded to lattice solvent. 

O2 remains protonated and binds monodentate however the final arm, O1, is 
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bidentate, bridging neighbouring Cr(III) centres forming the square like core. The 

bidentate binding of O1, results in a non-planar Cr4 core (figure 5.4). 

 

                   
Figure 5.4: left, ligand binding found in 16 showing de-protonated arms 

Right, alternate view showing the non-planar core of 16 

 

This type of core is unprecedented in chromium chemistry. Only a family of three 

tetranuclear manganese complexes are known with this type of core. They display 

ferromagnetic intramolecular exchange coupling and crystallise in the tetragonal 

space group I-4.13 
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Table 5.3 Data for the crystal structure determination of 16 

Empirical formula  

fw(gmol-1)  

Spacegroup  

a(Å) 

c(Å) 

V(Å3) 

Z 

T(K)  

λ(Å)  

ρcalcd(Mg/m3) 

µ(mm-1) 

R1(%) 

wR2(%) 

Goodness of fit indicator 

C33H64N4O21Cr4 

3693.75 

I41/a 

24.902(11)  

8.479(10)  

5258(7) 

1 

100(2)  

0.71073 

1.467 

0.880 

6.63 

12.36 

0.952 

 
†Estimated standard deviations in the least significant figure are given in parentheses. 
 
aR1 = Σ||Fo| - |Fc||/Σ|Fo| 

 bwR2 = [Σ[w(Fo
2 – Fc2)2]/Σ[w(Fo

2)2]]1/2  

where w = 1/[σ2(Fo
2) + (0.2Р)2]and Р = [Fo

2 + 2Fc2]/3 

 

Table 5.4 Selected bond distance for 16 

  Bonds†                        Distance (Å)† 

Cr1—N1                          2.045(8) 

Cr1—O1                          1.980(7) 

Cr1—O2                          2.033(7) 

Cr1—O3                          1.942(7) 

Cr1—O4                          1.970(7) 

Cr1a—O1                         1.949(6) 
† Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 5.5 Selected bond angles for 16 

     Atoms                      Angle (°)† 

Cr1—O1—Cr1a               129.56(3) 
† Estimated standard deviations in the least significant figure are given in parentheses. 

 

5.2.2.1 Magnetic Susceptibility Measurements for 16 
 
Magnetic susceptibility measurements were carried out on an air-dried sample. For 

16 the value of χT at 300K is 5.87 cm3 mol-1 K, lower than expected for four 

uncoupled Cr(III) ions (7.5 cm3 mol-1 K for g=2), indicating strong antiferromagnetic 

interactions between the Cr(III) centres (figure 5.5).  

 

 
 

Figure 5.5: Temperature dependence of χT for 16 from 300-1.8 K measured in a 

field of 1 kOe. Red line indicates model of T data vs T 
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χT decreases steadily to a value of 0.004 cm3 mol−1 K at 1.8K. The χT data was 

modelled using MAGPACK down to 1.8 K using a 1J model (figure 5.6).14 S = 0, with g 

= 2, J = -10 cm−1. 

 

 
1 

4 3 

2 

J 

J 

J 

J 

 

Ĥ = -2J(Ŝ1Ŝ2 + Ŝ2Ŝ3 + Ŝ3Ŝ4 + Ŝ1Ŝ4) 

 
Figure 5.6: Representation of 1J model for 16 

 

The temperature dependence of χ is shown in Figure 5.7. The fact that the 

susceptibility goes through a broad maximum at ca. 70 K is a clear indication of 

antiferromagnetic exchange interactions within the cluster.15 The rapid increase of 

χ below 4 K can be accounted for by the presence of a small amount of a 

monomeric impurity. 
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Figure 5.7: Temperature dependence of χ vs T Red line indicates the model.  

 

 

5.3 Conclusions 

 

Bis-Tris has already been established as an excellent bridging ligand in the synthesis 

of polynuclear iron complexes. However here we have reported the synthesis of the 

first two Cr(III) Bis-Tris complexes, both from solvothermal synthesis. An increase in 

the ratio metal ion:ligand:base from 1:1:1 to 1:3:3 results in the synthesis of the 

tetramer complex 16, however antiferromagnetic interactions dominate resulting in 

an S = 0 ground state for the cluster. The Bis-Tris ligand displays a new binding in 

16 compared to any previous known clusters.9,10  

 

5.4 Future work 

 

We have seen some success in the use of solvothermal techniques into the synthesis 

of Cr(III) complexes using Bis-Tris. Therefore there is still the potential to 

synthesise new polynuclear complexes using Bis-Tris. Alternative synthesis could be 

the use of Cr(II) starting materials which oxidise to Cr(III): this could provide 
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alternative products to the two discovered using Bis-Tris and Cr(III). Another 

process could be the aforementioned microwave synthesis, which should overcome 

the inertness of Cr(III) as well as providing another synthetic route to new clusters.  
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6.0 Conclusions 
 
6.1 edte (H4L1) 
 
The use of the ligand edte, has allowed us to isolate five new complexes. The 

ligand displays different binding modes and is present in the tetra-deprotonated, 

tri-dreprotonated and doubly-deprotonated forms. These different levels of 

deprotonation have resulted in new clusters with nuclearity range from two metal 

centres (complex 5), to the largest cluster containing twelve metal centres 

(complex 1). The ligand binding modes are shown below (figure 6.1). 

 
 

3, 2, 2, 2, 1, 1, 5 2, 2, 2,1,1, 4 
 

2, 2, 1, 1, 1, 1, 2 
 

2, 1, 1, 1, 1, 2 
 

(L1)4- (HL1)3- 

(H2L1)2- (H3L1)3- 
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Figure 6.1: different binding modes observed for edte (ball and stick 

representation with Fe(III), Gold; Fe(II), Yellow; O, Red; N, Blue; C, Brown; H atoms 

are omitted) 

  

The range of bridging modes observed and the different structures highlights the 

versatility of the ligand. This ligand has already been investigated in manganese 

chemistry by Christou et al, resulting in other interesting clusters. Therefore the 

use of different metal centres could lead to new clusters and potentially SMMs.   

 

6.2 bicine (H3L2) 

 

Six complexes have been synthesised using bicine, however of these only four 

incorporate the ligand into the final structure. The ligand is present in three 

different binding modes in triply and doubly deprotonated forms. One cluster 

(complex 9) incorporates all three ligand binding modes (figure 6.2). 



Kristoffer Graham Chapter 6: Conclusions 2009 

 151 

 
Figure 6.2: different binding modes observed for bicine (ball and stick 

representation with Fe(III), Gold; O, Red; N, Blue; C, Brown; H atoms are omitted) 

 

Although only four complexes were synthesised, a further two complexes with 

carboxylate ligands were synthesised from reactions containing bicine. This ligand 

has illustrated its flexability with full deprotonation and coordination in the 

synthesis of Fe(III) complexes. This ligand is still relatively unexplored with other 

metal centres, therefore further research into this ligand with different metal 

centres should lead to new clusters. 

 

 

 

 

2, 2, 1, 1, 3 

 
1, 1, 2, 1, 2 
 

3,1, 1, 1, 4 
 

(L2)3- (HL2)2- 

(HL2)2- 
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 6.3 Tricine (H4L3) 

 

Tricine has not been as successful as edte or bicine in the synthesis of new 

polymetallic iron complexes resulting in only three new clusters. Only two of these 

contain the ligand. The ligand is present in the doubly and triply deprotonated 

forms and displays three different binding modes (figure 6.3). 

 

 

 
 

Figure 6.3: different binding modes observed for tricine (ball and stick 

representation with Fe(III), Gold; O, Red; N, Blue; C, Brown; Na, White; H atoms 

are omitted) 

 

The ligand has demonstrated its ability to bridge more than one metal centre 

forming large clusters, however only two iron clusters were synthesised containing 

this ligand. Further research into reactions with this ligand and other transition 

2, 2,  1, 1, 4 2, 2, 1, 3 

2, 1, 1, 1, 2 

(H2L3)2- (H2L3)2- 

(HL3)3- 
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metal centres should lead to more examples of paramagnetic clusters and greater 

understanding of the ligand. 

 

6.4 Bis-Tris (H5L4) 

 

Research into the ligand Bis-Tris with Cr(III) has produced two new complexes. The 

ligand is present in two different binding modes in doubly and triply deprotonated 

forms (figure 6.4). 

 

                      
 
 
 

Figure 6.4: different binding modes observed for Tricine (ball and stick 

representation with Cr(III), Purple; O, Red; N, Blue; C, Brown; H atoms are omitted) 

 

The work with Cr(III) and Bis-Tris is relatively new. We have seen how altering the 

reaction conditions can have an effect on the complex produced, the binding and 

deprotonation of the ligand. Therefore further investigation into reactions should 

allow for more new clusters to be produced not only for Cr(III) but other metal ions 

with the exception of Fe(III) which has been previously studied by Ferguson et al.  

1, 1, 1, 1, 1, 1 2, 1, 1, 1, 1, 2 

(H3L4)2- (H2L4)3- 


