
1. Electronic Structure and Spectroscopy of d-block Metal Complexes 
 

Electronic Transitions 

 

-More d-d bands are observed for some metal complexes than expected 

-In order to understand transitions between states with more than one electron, we need to understand how these 

electrons interact with each other. 

 

 
 

•Spectroscopic Term Symbols (HIGH SPIN COMPLEXES ONLY) 

-Due to the effects of interelectron repulsion, the possible arrangements of the d-electrons are grouped together 

into terms called “term symbols” 

-The effects of interelectron repulsion in 2 limits: 

 

1) Strong-field approach 

-The effect of the ligand field is considered first and the interelectron repulsion is added as a perturbation 

 

-If the repulsion with the anions is the only energy consideration (this is an approximation), the ligand-field gives rise 

to one ground and two excited configurations 

 

-E.g. d
2
 metal ion in octahedral field 

 
 

-The 6 arrangements in the 1
st

 excited configuration can be grouped into 2 triply degenerate sets = low and high 

interelectron repulsion 

-d-d transitions can be energetically different depending on which specific d orbitals are involved and the spatial 

arrangements of the 2 electrons 

 

 



 

-Consider two arrangements: (dz2)
1
(dxz)

1
 and (dz2)

1
(dxy)

1
  

-They differ in energy due to the repulsion between the d electrons 

-There is more crowding of the electron density for (dz2)
1
(dxz)

1
 → More repulsion 

-Energy of (dz2)
1
(dxz)

1
 > (dz2)

1
(dxy)

1
 

 

-A group of configurations or ‘microstates’ which have the same interelectron repulsion energy is called a ‘term’ 

-A term represents a collection of electrons 

-The term symbols for d
n
 complexes are labelled using their symmetry and degeneracy 

-A = singly degenerate 

-E = doubly degenerate 

-T = triply degenerate 

-Subscripts are used to further distinguish them (e.g. “T1” and “T2”, “T1g” and “T2g”) 

 

-The energies of the transitions depend on both the ligand-field splitting parameter, Δo, and the interelectron 

repulsion 

-The size of the interelectron repulsion is measured with the Racah parameter, B 

-Thus, using the strong field approach, we predict 3 d-d transitions due to splitting of the 1st excited configuration 

into 2 sets 

 
∆/B = Ligand field strength 

 

▪The Racah Parameter and the Nephelauxetic Series (Cloud expanding) 

-Racah parameter B (cm
-1

) = Size of interelectron repulsion 

 

-Interelectron repulsions are lower in complexes than in free ions as covalent overlap with the ligand orbitals 

delocalises the d-electron density 

-Nephelauxetic parameter β = A decrease in B for a metal complex compared with its free ion value = Extent of 

electron delocalisation 

-β = B (complex)/ B (free ion)  

-β depends on the identity of metal ion and ligand 

 

-Softer ligand = Larger nephelauxetic parameter β = More delocalisation of electron density = Smaller B = More 

covalent the metal-ligand bond 

 

F
−
 < H2O < NH3 < Cl

−
 ≡ CN

−
 < Br

−
 < I

−
 < S2

−
 

E.g. [NiF6]
4-

 has B = 843 cm
-1

 vs [NiBr4]
2-

 has B = 600 cm
-1

 

 

2) Weak-field approach 

-The effect of interelectron repulsion is considered first and the ligand field is added as a perturbation 

 

-A configuration like p
2
 or d

2
 is characterised by mℓ and ms values of individual electrons 

-Term symbols for free ions are characterised by the quantum numbers of the set of electrons 

-Total orbital angular momentum L = Σ mℓ  L = 0(S), 1(P), 2(D), 3(F), 4(G), 5(H), 6(I) 

-Total spin angular momentum S = Σ ms  S = 0 and 1 



-L and S must be absolute values/ positive 

-Each term symbol represents possible electronic configuration 

 

 
 

-E.g. 2p
2
 

 
 

-Because of interelectron repulsion, the 15 electron arrangements do not all have the same energy: 

-Electrons with parallel spins repel one another less than electrons with opposite spins (less energy) 

-Electrons orbiting in the same direction repel one another less than electrons orbiting in opposite directions 

(less energy) 

 

 
 

-Because of Hund’s rule, L ≠ 2 and S ≠ 1 at any one moment → 
3
D is not allowed (as well as 

1
P and 

3
S) in comparison 

to 2p
1
3p

1
 

 

-E.g. 3d
2

 

 

 

•Ground term 

-To determine the lowest energy term, Hund’s rules are used: 

-1
st

 rule: The term with the maximum S is the lowest in energy 

 -Lower repulsion between electrons with parallel spins (electrons are further apart) 

-2
nd

 rule: For a given S, the term with the maximum L is the lowest in energy 

 -Lower Coulombic repulsion between electrons with like-rotation (electrons orbiting in the same direction 

meet less often) 

 

 
 



▪Method 

1. Draw out 2ℓ +1 boxes and label with mℓ values 

2. Place electrons in boxes to maximise S (1
st

 Rule) 

3. Occupy from left to right to maximise L (2
nd

 Rule) 

4. Add mℓ to get L and ms to get S 

 

 
*High spin 

 

•Orgel Diagrams 

-Correlating the terms = combine the terms for d
n
 complexes and terms for free ions from the strong and weak field 

approaches 

 

 
 

▪Weak field approach: d
1
 

-Generate terms for metal ion with no ligand field 

-Add ligand-field as a correction 

 
 

▪Weak vs. Strong field approach: d
2 



 
 

 

 

 
 

▪Extension to tetrahedral complexes 

-The d
n
 terms are independent of the geometry of the complex so can be derived once and then transferred 

between compounds 

-Effect of tetrahedral field is just the opposite of that of octahedral field (inversion) 

 

 
 

▪Extension to other d
n
 configurations 

-d
2
 has two electrons and d

8
 has two “positive holes” (two electrons short of a fully filled set of d-orbitals) 

-d
8
 (octahedral) behaves opposite to d

2
 (octahedral) 

 

-d
3
 is two holes short of symmetrical d

5
 (fully half-filled set of d-orbitals) 

-d
3
 (octahedral) behaves opposite to d

2
 (octahedral) 



 
 

 
 

 

Magnetism of Complexes 

 

▪Magnetism 

-When a magnetic field is applied to a substance, it interacts to produce a magnetisation of the substance → the 

substance becomes magnetic itself 

 
-The degree of magnetization (M) depends on the strength of the applied field (H0) and the susceptibility (χ) of the 

substance to the field 

 

-Magnetic materials are characterized by measuring magnetization as a function of applied magnetic field or 

susceptibility as a function of temperature 

-Magnetisation (M) increases with applied field (H) and saturates when all spins align with the field 

 
 

-Susceptibility (χ) depends inversely on temperature, because ΔE<<kT, where ΔE is the separation between the 

energy levels 

-χ obeys Curie’s Law - CCurie is the Curie Constant and is unique for each system 



 
 

•Zeeman electronic effect 

-An unpaired electron on an atom behaves like a small bar magnet 

-It can exist in two spin states corresponding to two orientations of this magnet. In the absence of a magnetic field 

these have the same energy 

-When a magnetic field is applied, the spins tend to line up against the field. With a surplus of one spin state, the 

substance has become magnetic 

-Paramagnets are attracted into the field and the susceptibility, χ, is positive. When the magnetic field is 

removed, the magnetisation is lost 

 -The spin states have different energies – the prevailing spin state has a lower energy 

 
g = Landé splitting factor (2.0023 for a free electron with ms = ±½) – analogous to “chemical shift” for the electron 

μB = Bohr Magneton = eħ/4πme = 9.274 x 10
-24

 JT
-1

 

 

•Magnetism in metal complexes 

-Magnetic measurements are used to determine the number of unpaired spins and the ground state electronic 

configuration 

-Paramagnetism arises due to the interaction between the applied magnetic field and the magnetic field of the 

unpaired electrons (associated with their spin and orbital angular momenta) 

-For spin-only paramagnetism:  

-S = Total spin of the system 

-n = Number of unpaired electrons 

 

 
 

▪Spin-only magnetic moments for an octahedral complex 

-Calculated by the spin-only formula: 

 
 

-For d
4
 – d

7
 complexes, they can be high spin and low spin (different n) 

-When high spin complex becomes a low spin complex due to cooling, all electrons become paired in t2g orbitals. The 

bond length shortens and the ligand field strength increases. Hence, the Δo increases and higher energy light is 

absorbed (more to blue end). The complimentary colour is observed (usually red). 



 

-Experimentally observed: 

 
 

-There is a significant discrepancy between μso and μobs for some d configurations 

→This is due to the orbital effects 

 

•Spin vs. Orbital contribution 

 
 

1) Spin contribution: Electrons are spinning, creating an electric current and hence a magnetic field 

2) Orbital contribution: Electrons move from one orbital to another creating a current and hence a magnetic field 

→ Spin-orbit coupling: Both contributions generate magnetism 

 

▪Orbital magnetism 

-Electrons generate orbital magnetism through their orbital motion (their orbital angular momentum) 

-An orbital can be rotated about an axis into an identical orbital: 

 
-Rotation of dxz orbital by 90° gives dyz orbital and vice versa: ML = ±1 

-Rotation of dxy orbital by 45° gives dx2-y2 orbital and vice versa: ML = ±2 

 

▪Requirements 

1) A configuration where the orbital is not full and singly occupied by an electron with a different spin as that in the 

first orbital (Pauli Exclusion Principle)  

2) Two orbitals must be electronically degenerate (same energy – no orbiting between t2g and eg orbitals) 

3) Two orbitals must have the same geometrical shape (no orbiting between the 2 eg orbitals) 

-If these conditions are not met, the orbital contribution is quenched 

 

-Octahedral: d
1
, d

2
, d

6
, d

7
 = orbital contribution/ d

3
, d

4
, d

5
, d

8
, d

9
, d

10
 = NO orbital contribution 

-d
5
/d

10
 = Requirement 1 violated; d

3
/d

8
 = Requirement 2 violated; d

4
/d

9
 = Requirement 3 violated  



Exam preparation 

 

•Chiral/ Enantiomeric catalysis 

Material POST-1 

Property 

Homochiral metal organic porous material that allows the enantioselective inclusion of 

metal complexes in its pores and catalyses a transesterification reaction in an 

enantioselective manner 

 
The reaction with racemates of chiral alcohols leads to enantioselective catalyses to produce 

products with ee ~ 8% 

Synthesis 

 
-Building block approach 

-Large, robust enantiopure, chiral organic cluster and zinc
II
 nitrate are reacted in MeOH 

Structure 

-Homochiral open-framework solid 

-Carboxylic group at one end and a pyridyl group at the other end can form oxo-bridged 

trinuclear metal carboxylate units and link these trimers into 3D dimensional framework 

-3 Zn ions are held together with 6 carboxylate groups of the deprotonated chiral ligands 

and a bridging oxo O to form a trinuclear unit 

-Pyridine group dangles off in the channels 

-The 3 zinc ions and the bridging ox oxygen are located on the same plane – this 2D layer 

interacts with another layer by efficient van der Waals interactions (self-complementary 

structure) 

-Stable structure – stable in normal organic solvents 

Structure 

� 

Property 

-Dangling pyridine groups in the channels allows the asymmetric heterogeneous catalysis – 

pyridine group serves as a base catalyst and can catalyse reactions like esterification or 

hydrolysis 

-The structure has large, chiral pores 

-The metal complexes bind to the chiral wall of the pores in an enantioselective fashion 

The role 

of metal 

Zn
2+

 = d
10

 

In aqueous solution, Zn
2+

 has a coordination number of 6 and forms an octahedral structure 

→ this allows the formabon of a stable trinuclear unit 

 

 

 

 



•Hydrogen storage 

Material Cu
II

3(BTC)2 

Property 

-Hydrogen storage  - storing H2 safely and efficiently without pressurizing it or 

compromising energy density 

-Hydrogen sorption data for this material at 77 K show values up to 2 wt % at 100 Pa 

Synthesis 

-Stirring reaction method: 1,3,5-benzenetricarboxylic acid (H3BTC) is reacted with 

[Cu2(Ac)4] in EtOH/H2O 

 

Structure 

 
-3D, cubic close-packed, neutral coordination framework composed of dinuclear cupric 

tetracarboxylate units bridged by 3-connecting BTC units to form a Pt3O4-type network 

Structure � 

Property 

-Channel system with large pores 

-6 H2 binding sites available 

-The most favourable site occupies the coordinatively unsaturated axial sites of the 

dinuclear Cu centre 

-Removal of bound water (Jahn-Teller axial sites) with heating – bare metal sites 

available 

The role of 

metal 

-Cu
2+

 = d
9
 

-Labile: Very fast kinetics of H2 sorption and desorption; highly reversible and thus can be 

used as H2 storage 

-Cu centre can have a strong metal dihydride interaction with H2 (high binding enthalpy) 

-Cu
2+

 with its d
9
 configuration leads to degeneracy of orbitals and experiences strong 

Jahn-Teller distortion. This elongates and weakens the Cu-OH2bond along the axial axis. 

With heating, the water molecule is moved out (z ligand out) to leave the coordination 

site available 

-Cu
2+

 can be coordinatively unsaturated in the fully dehydrated phase 

 

 

 

 

 

 

 

 

 



•Guest-dependent magnetism / Spin switching 

Material Fe2(azpy)4(NCS)4.(guest) 

Property 

-Guest-dependent magnetism 

-Spin switching – Spin crossover framework 

-Applications for molecular sensing 

 

-Reversible uptake and release of guest molecules and contains magnetic switching centres 

that are sensitive to the nature of the sorbed guests 

 

 

Synthesis 

Slow diffusion of stoichiometric amounts of Fe
II
(NCS)2 and azpy in ethanol 

 

Structure 

 
-Double interpenetration of 2D rhombic grids (4,4 networks) 

-2D rhombic grid constructed by  the linkage of Fe(II) centres by azpy units 

-The compressed octahedral coordination around the Fe centres is completed by 

2 axial thiocyanate (NCS) ligands bound through the N donor 

Structure � 

Property 

-The interpenetrated framework and strong molecular linkages generate robust pores and 

endow flexibility for guest uptake and release 

-Guest molecule enter the pores and H-bonds to the NCS  

-Ethanol OH group H-bonds to S atoms of NCS bound to Fe2 but not Fe1 

-This H-bonding changes the ligand field on the metal site (tune LFS) and also the local 

geometry of the Fe
II
 centres, leading to 2 crystallographically distinct Fe(II) centres 

-This thus changes the switching properties  

-The sorbed phases undergo “half-spin” crossovers and the desorbed phases show no 

switching property 

The role of 

metal 

-Fe
2+

 = d
6
  

-Octahedral coordination allows the formation of stable 2D rhombic grids 

-Due to their d
6
 electron configuration, octahedral Fe

II
 complexes can exist in a diamagnetic 

low-spin or a paramagnetic high-spin form 

-Provides spin crossover centres within the framework lattice that can produce switching of 

the material (distinctive change in magnetism) 

 

 

 



4. Metals in Medicine 
 

•Categories of metals 

 
-Dose of the complex (not metal) 

 

1. Essential for life 

 

-In a 75 kg body, there is approx. 1.45 kg metal  

->99% of this is group I and II metals (Na, K, Ca, Mg) 

 

 
 

 
 

▪Hard-Soft Acid-Base theory 

-Soft donors: large, polarisable – e.g. Cys, Met 

-Hard donors: smaller, less polarisable – e.g. Ser, Thr, Tyr, Asp, Glu (Asn, Gln) 

-Borderline soft/hard donor: e.g. His 



 -Other amino acids are non-bonding bases 

-Soft acids: generally singly-charged metal ions – e.g. Cu(I)  

-Hard acids: generally multiply-charged or small metal ions – e.g. Fe(III), Na(I)  

 

-Soft donor ligands coordinate with soft acid/metal with greater preference for softer metal 

-Cu → Met, His, Cys 

-Zn → Cys, His 

-Fe → His, Tyr, Asp 

-Hard donor ligands coordinate with hard acid/metal with greater preference for harder metal 

 

-Cu is softer than Zn. Therefore, Cu will bind to Cys better than Met as Cys is softer (without methyl pulling the 

electron density). Zn will bind to Met. 

 

 
 

 
 



▪Redox window for biological reactions 

-Redox reactions can only occur between the redox potentials for the reduction and the oxidation of water (due to 

the potential cell damage by H
+
, OH

-
) 

-2H2O (l) + 2e
-
 → H2 (g) + 2OH

-
    E°= -0.83 V       at pH 7, [OH

-
] = 10

-7
 M → E = -0.42 V   

-2H2O (l) + O2 (g) + 4H
+
 + 4e

-
     E°= +1.23 V       at pH 7, [H

+
] = 10

-7
 M → E = +0.82V   

-Only metal reduction or oxidation between -0.42 and +0.82 V can take place in a cell 

 -Potential outside this range will produce toxic byproducts 

-Therefore, metals can only access certain valencies/ oxidation states 

 

 
-Cu(II) exists only in an enzyme active site where enzyme has done the oxidation of Cu 

-Cu(II) in cellular environment will immediately be reduced to Cu(I) 

 

▪Form of metals 

-Metals are almost exclusively found in ionic form rather than metallic form 

-Ions can either be free in the cytoplasm/extracellular space or bound to proteins  

-Free ions:  

-Generally alkali and alkaline earth metals  

-Involved in signalling, charge carrying  

-Protein-bound metal:  

-Generally transition metals  

-Tightly bound  

-Cofactors in proteins - structural roles or activity at enzyme active site 

 

▪Importance of metals 

-Access unique geometries and bind to multiple ligands (go up to octahedral) e.g. Zn finger motif 

-Exhibit multiple oxidation states e.g. Cu in superoxide dismutase  

-Bind reversibly to small molecules (coordination bond instead of covalent bond) e.g. haemoglobin delivery 



-Charged and can influence overall charge in the cell 

 

▪Role of transition metals 

a) Structural: Zn 

-Zn is not redox active and can sit and hold things in place 

-Zinc finger protein motifs 

-Zinc fingers are sections of a protein that coordinate one or more Zn
2+

 to stabilise protein folding 

-Most common zinc finger domain is Cys2 His2 - Zn is holding two proteins in a specific conformation and tetrahedral 

geometry 

-This is suited to binding to the grooves of DNA/RNA (e.g. in transcription factors) 

 

 
 

b) Signalling: Ca, Zn, Cu?  

-Calmodulin is a calcium-binding messenger protein (CALcium-MODULated proteIN) 

-Each Ca binds to 4 hard amino acids (Asp x 3, Glu) in the 4 active sites of inactive calmodulin 

-Calmodulin adopts a specific conformation with Ca and is activated 

-Active calmodulin binds to an inactive enzyme to induce a conformational change 

 

 
 

c) Lewis acid-base buffering: Zn, Fe, Ni, Mn  

-Over 80 metalloenzymes in which Zn plays the role of Lewis acid because:  

-Zn is a good Lewis acid 

-Does not undergo redox chemistry 

-Can bind to a range of ligands (N, O, S) and with various coordination numbers and geometries 

-Zn in carbonic anhydrase 

 



 
-Carbonic anhydrase prevents the acidification of blood 

-Zn is coordinated to 3 histidines and 1 coordination site is occupied by water 

-Zn promotes the deprotonation of water and activates the OH
-
 (catalysis) 

-CO2 binds to OH
-
 to form carbonic acid 

 

d) Electron transport: Fe, Cu  

-Cytochromes = Haem proteins that carry oxygen in blood of mammals 

-Fe(II) and Fe(III) are bound in a porphyrin ring     

  
-Other 2 octahedral sites are occupied by Met and His residues from the protein  

-Little structural change on oxidation from Fe(II) to Fe(III) – ion is not lost from the ligand unlike Cu 

 

-Haemocyanin = Protein that carry oxygen in molluscs and arthropods (not bound to blood cells, but suspended in 

lymph) 

-Cu(I) is coordinated to 3 histidines and 1 coordination site is open for O 

-Colourless Cu(I) deoxygenated form is oxidised to blue Cu(II) oxygenated form (blue blood) upon binding O2 

-Protein has to change its geometry to match the structural change that accompanies oxidation 

-O is bridged by 2 Cu(II) ions and transported to low O regions 

 
 

e) Group transfer (e.g. CH3, O, S): V, Fe, Co, Ni, Cu, Mo, W  

-Arginase catalyses the final step in the urea cycle  



 
 

-Two Mn
2+

 ions coordinate with water to orient and stabilise it to hydrolyse L-arginine (in arginase) 

-Mn is coordinated to Ser, Asp and His (Mn being on the hard side of borderline) 

 
 

f) Redox catalysis and electron transport: V, Mn, Fe, Co, Ni, Cu, W  

-Cu/Zn superoxide dismutase  

-Electron leaks out electron transport chain and reacts with O2 to form superoxide ion 

-Superoxide dismutase (SOD) catalyses the dismutation of the harmful superoxide ion to water and hydrogen 

peroxide  

-Superoxide ion is oxidised and reduced at the same time 

-Various isoforms with different metal cofactors, including Cu/Zn – Zn stabilises structure; Cu is redox catalyst 

 

 
 

g) Biomineralisation: Ca, Fe, Sr, Cu 

-Biomineralisation is the process by which cells create minerals, usually for strengthening  

-Ca in teeth, bone and ear of humans 

-Most Fe is stored in the body as mineral iron (Fe2O3) inside the protein ferritin (also used in the shells of  molluscs) --

Magnetotactic bacteria – orient along the Earth’s magnetic fields by using deposits of magnetite (Fe3O4)   

 

▪Metal and its roles – Summary 

-Zn: redox inactive; Zn-finger structural motif proteins  

-Fe: electron transfer (iron-sulfur clusters), O2 binding (haemoglobin), catalysis (superoxide reductase)   

-Cu: electron transfer (cytochrome C oxidase), O2 binding (haemocyanin), catalysis (superoxide dismutase)   

-Mo: only 2nd row TM with known biological function; required by all life forms; oxidises SO3
2-

  

-Cr:  carbohydrate metabolism? Cr
VI

 carcinogenic, Cr
III

 essential  



-Mn: photosynthetic O2 - evolving complex in plants; superoxide dismutase in animals  

-V: sea squirts bioaccumulate V, store as V
3+

 in ~1M HCl  

-Co: vitamin B12  

-Ni: Lewis acid catalyst in urease and hydrogenase  

-W: hydrothermal life uses W in place of Mo 

 

▪Effects of metal deficiency 

-General effects: The body does not have the capacity to perform essential functions  

-Deficiency of alkali / alkaline earth metals:  leads to shut-down of almost every cell type; broad effects  

-Deficiency of transition metals: Proteins fail to function, lose structure and any cell which requires metalloprotein 

will be affected 

 

-Na, K: Death  

-Mg: Muscle cramps  

-Ca: Retarded skeletal growth  

-Cr: Diabetes symptoms  

-Mn: Infertility, impaired growth  

-Fe: Anaemia, disorders of the immune system  

-Co: Pernicious anaemia  

-Ni: Growth depression dermatitis  

-Cu: Artery weakness, liver disorders  

-Zn: Skin damage, stunted growth, retarded sexual maturation, impaired development  

-Mo: Retardation of cell growth    

 

2. Toxic metal 

 

 
 

-LD50 = Lethal dose = the dose required to kill half the members of a tested population after a specified test duration 

-Lower LD50 = More toxic 

 

•What makes a metal toxic? 

1) Abundance and bioavailability 

Less abundant metals tend to be more toxic (changing environment) 

 


