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Course Outline  (21.34%)

I) Nomenclature of coordination compounds
II) Coordinate bond
II)Structure and isomer of coordination compounds 

III)Preparation and reaction of coordination compounds 

IV)Introduction of supramolecular chemistry and applications
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Coordination concept

G.A. Lawrance, Introduction to Coordination Chemistry, John Wiley & Sons Ltd, 2010.
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Metal-Organic Materials (MOMs)
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Metal-Organic Materials (MOMs)
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Metal-Organic Materials (MOMs)

2-D
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Metals
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Organic ligands
Carboxylased-based 

“Displaying multiple coordination modes”
Rigid ligand 
“provide more rigid structures and

better structural prediction”

Flexibility

Flexible ligand 
“offer a great variety of interesting structures and properties”

Flexibility
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Applications of MOMs

The outgrowth in numbers of MOMs reported in

Cambridge Structure Database during 1990 to 2011

(B. Yotnoi, D.Phil Thesis, 2012.)

Chem. Soc. Rev., 38 (2009) 1213 ,Coord. Chem. Rev. 253 (2009) 3042., Micropor. Mesopor. Mate. 164 (2012) 38.

• gas storage 

• selective gas adsorption

• catalysis

• luminescent materials
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Nomenclature of coordination compounds

Terms of a structural drawing (a written name or a formula)

• Coordination compounds
• Coordination entity
• Coordination number
• Counter ion

• Central atom
• Oxidation state
• Ligands

• Coordination mode
• Chelation
• Bridging ligands
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Chelation

“Denticity” 
The number of donor atoms from a given ligand attached to the same central atom.
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Bridging ligands

If a potentially bidentate ligand, such as ethane-1,2-diamine, coordinates to two metal 

ions, it does not chelate but coordinates in a monodentate fashion to each metal ion, 

forming a connecting link or bridge. e.g. [(H3N)5Co(μ-NH2CH2CH2NH2)Co(NH3)5]
6+

These ligands are identified by the Greek letter mu (μ) to indicate the ligand is bridging 

together with a superscript n to indicate the number of metal atoms to which the ligand 

is attached.  “Polynuclear complexes”
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Bridging ligands

-chlorido--fluorido di--chlorido -chloridodichlorido--fluorido

Examples

[Fe2(CN)10(μ-CN)]5− μ-cyano-bis(pentacyanidoferrate(III))

[Fe2(CO)6(μ-CO)3] tri-μ-carbonyl-bis(tricarbonyliron(0))

[{Co(NH3)4}2(μ-Cl)(μ-OH)]4+ μ-chlorido-μ-hydroxido-bis(tetraamminecobalt(III))
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Nomenclature of coordination compounds
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Nomenclature of coordination compounds

Simple Ligands
 Neutral ligands  usually unchanged

e.g. NH2CH2CH2NH2 = Ethylenediamine (en)

C10H8N2 = 2,2’-bipyridine (pipy)

 Common ligands
H2O NH3 CO NO

aqua ammine carconyl nitrosyl

 Anionic ligands  changed to always end in –o
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Nomenclature of coordination compounds

Complexes
 Neutral complexes  have only a single ‘word’ name

“no spaces are left between parts of the name that refer to the same

coordination entity”

 Ionic complexes  are written as two ‘words’, with one word name for the
cation and one word name for the anion.

For all ionic complexes, invariably, the cation is named first, and the anion last.

 Ligands are arranged first, in alphabetical order, followed by the name of the 

metal ion. The oxidation number of the central metal atom is included at the end of 

the name, as a Roman numeral in parentheses. 

 In anionic complexes the name of the metal is modified to an -ate ending 

(e.g. molybdenum to molybdate, or zinc to zincate)
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Nomenclature of coordination compounds
In writing the formula representation of a complex, 

 The metal is written first at left after the opening square bracket.

 Ligands are listed in alphabetical order of the first letter of the formula or standard 

abbreviation that is used for each ligand 

(For example Cl before NH3 before H2O

(en) before NH3)

 Any bridging ligands in polynuclear complexes are listed after terminal ligands, and 

if more than one in increasing order of bridging multiplicity (i.e. number of bonds to 

metals). 

 The formula is completed with a closing square bracket. 

 If there are any counter-ions, their standard formulae are written before (cations) 

or after (anions) the complex formula.
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-Notation

A Greek letter μ (mu) indicates the bridging bonding mode of ligands. The number of

metal atoms connected by a bridging ligand is indicated by a right subscript, μn, where

n ≥ 2 (Fig. a). . The μ is placed before the ligand name and separated by a hyphen

(Fig. b). . In the case of multiple bridging modes, μn is listed in descending order of

complexity.
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-Notation

A Greek letter  (eta) is used to specify the hapticity of a ligand, which is the number
of contiguous ligating atoms that are involved in bonding to one or more metals (Fig. a).

The number of contiguous atoms in the ligand coordinated to the metal is indicated by

a right superscript numeral.
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-Notation

 A Greek letter  (kappa) is used to indicate the attachment of the coordinating
atoms of a polydentate ligand bonding to a metal center in the polynuclear

complexes.

 A right superscript numeral is added to the symbol  in order to indicate the
number of identically bound ligating atoms in the flexidentate ligand.

 When a polydentate ligand contains several nonequivalent ligating atoms, each is

indicated by its italicized element symbol preceded by .
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Comparison of the eta and kappa conventions

 The eta convention is applied in cases where contiguous donor atoms within a

given ligand are involved in bonding to a central atom

(It is used only when there is more than one ligating atom)

 The kappa convention is used to specify bonding from isolated donor atoms to one

or more central atoms.

 In cases where two or more identical ligands (or parts of a polydentate ligand) are

bound to a central atom, a superscript is used on k to indicate the number of donor

atom-to-central atom bonds.
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Locators

 Structural features of molecules associated with stereochemistry and isomerism

are indicated by prefixes attached to the name, and italicized, and separated from

the rest of the name by a hyphen.

 Typical of this type are the geometry indicators cis-, trans-, and fac-, mer-.

 Examples

cis-[PtCl2(py)2] cis-dichloridobis(pyridine)platinum(II)

mer-[IrH3{P(C6H5)3}3] mer-trihydridotris(triphenylphosphane)iridium(III)
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Metal–metal bonding

 Metal–metal bonding may be indicated in names by placing italicized atomic

symbols of the appropriate central atoms, separated by an ‘em’ dash and

enclosed in parentheses, after the list of central atom names and before the ionic

charge.

[Br4ReReBr4]
2- bis(tetrabromidorhenate)(Re—Re)(2-)

[Mn2(CO)10] bis(pentacarbonylmanganese)(Mn—Mn)

 The central atom element symbols are placed in the same order as the central

atoms appear in the name

[CoCu2Sn(CH3)(μ-C2H3O2)2(C5H5)]

bis-(μ-acetato)cyclopentadienylmethylcobaltdicoppertin
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Examples

(benzenecarbothioamide-S)chloridobis(triphenyl-
phosphane-P)silver(I)

chloridopentakis(dimethyl

sulfoxide-O)chromium(III)

poly[[trans-diaquabis[μ-trans-4,4'-(diazenediyl)dipyridine]nickel(II)]

bis(acetato-O)diaqua-
(2,2'-bipyridine-2N,N')
manganese(II)
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Examples: Symmetrical dinuclear entities

[Re2Br8]
2- bis(tetrabromidorhenate)(Re — Re)(2-)

[Mn2(CO)10] bis(pentacarbonylmanganese)(Mn — Mn)

[{Cr(NH3)5}2(μ-OH)]5+ μ-hydroxido-bis(pentaamminechromium)(5+)

[{PtCl(PPh3)}2(μ-Cl)2] di-μ-chlorido-bis[chlorido(triphenylphosphane)platinum]

[{Fe(NO)2}2(μ-PPh2)2] bis(μ-diphenylphosphanido)bis(dinitrosyliron)

[{Cu(py)}2(μ-O2CMe)4] tetrakis(μ-acetato-O: O’)bis[(pyridine)copper(II)]
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Examples: Unsymmetrical dinuclear entities
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Examples: Polynuclear complexes
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Examples: Polynuclear complexes
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The foundation of coordination chemistry

CoCl3·6NH3  Tassaert complex
(regdish-brown malogany)

Molecule Conductivity
Amount of silver halide precipitated 

upon addition of silver ion

CoCl3·6NH3 High 3

CoCl3·5NH3 Medium 2

CoCl3·4NH3 Low 1

IrCl3·3NH3 No 0
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The foundation of coordination chemistry

Identifying ionic composition from molar conductivity experiments for a
series of platinum(IV) complexes of ammonia and chloride ion.
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Jørgensen's chain theory

Werner's theory

“Birth of modern coordination chemistry”
• Primary valence (corresponds to oxidation state)

• Secondary valence (coordination number)

The foundation of coordination chemistry
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The foundation of coordination chemistry
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The foundation of coordination chemistry

Various ways in which metal complexes can be represented, 
illustrated for the simple octahedral complex ion [IrCl6]

2−
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The Nature of Bonding in Metal Complexes

 The metals of the d block characteristically exist in stable oxidation 
states for which the nd subshell has only partial occupancy by electrons.

 The chemical and physical properties characteristic of the transition 
elements are determined by the partly filled nd subshells

 In the simple atomic model of the first-row d-block elements, the set of 
closely-spaced levels involving 4s, 4p and 3d orbitals can be considered 
as the valence orbitals. 

 This provides the luxury of nine orbitals (1 s, 3 p and 5 d), giving rise to 
what is called the nine-orbital (or 18-electron) rule that attempts to 
explain metal–donor coordination numbers of up to nine.
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Effective atomic number rule (EAV rule)
 Number represents the total number of electrons surrounding the 

nucleus of a metal atom in a metal complex. 

 For the EAN rule, the metal atom tends to surround itself with sufficient 
ligands that the resulting effective atomic number is numerically equal 
to the atomic number of the noble-gas element found in the same 
period in which the metal is situated. 

[18 (Argon, Ar), 36 (Krypton, Kr), 54 (Xenon, Xe) and 86 (Radon, Rn)]

 The EAN rule is often referred to as the “18-electron rule” since, if one 
counts only valence electrons.

Cr(CO)6 18-electron rule EAN rule
Cr     =   6  e- Cr     =   24  e-

6 CO  =   12  e- 6 CO  =   12  e-

Cr(CO)6 =   18  e- Cr(CO)6 =   36  e-
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Complexes e- of Mn+ e- from ligand EAN

[Co(NH3)6]
3+ 27 – 3 = 24 6  2 = 12 36 (Kr)

[Pt(NH3)6]
4+ 78 - 4 = 74 6  2 = 12 86 (Rn)

[Fe(CN)6]
4- 26 – 2 = 24 6  2 = 12 36

[Fe(CO)5] 26 5  2 = 10 36

[Cr(CO)6] 24 6  2 = 12 36

[Ni(CO)4] 28 4  2 = 8 36

[Ni(NH3)6]
2+ 26 6  2 = 12 38

[Ni(CN)4]
2- 26 4  2 = 8 34

[Cr(NH3)6]
3+ 21 6  2 = 12 33

Effective atomic number rule (EAN rule)
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Valence Bond Theory (VBT)

“Describes bonding in terms of hybrid orbitals and electron pairs”
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3d-4s-4p 
“inner orbital complexes”

“low-spin complexes”

4s-4p-4d 
“outer orbital complexes”
“high-spin complexes”

Magnetic properties

Valence Bond Theory (VBT)
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Valence Bond Theory (VBT)

Inner and Outer Orbital Complexes. In each case, ligand electrons fill the d2sp3 bonding 
orbitals. The remaining orbitals contain the electrons from the metal.
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Hybridization schemes for the -bonding frameworks of different geometrical
configurations of ligand donor atoms

Valence Bond Theory (VBT)



42

Valence Bond Theory (VBT)

[Cu(NH3)4]
2+ (Paramagnetic)  ???

“Can not explain electronic spectrum and magnetic properties of complexes”
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Crystal Field Theory (CFT)
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Crystal Field Theory (CFT)
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o = Crystal Field Stabilization Energy (CFSE) = 10Dq
(o: octahedral; Dq: quantize difference = Ze2r4/6d5) 

Crystal Field Theory (CFT)
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Crystal Field Theory (CFT)
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Crystal Field Theory (CFT)
Crystal field effects for weak and strong octahedral fields  
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Crystal Field Theory (CFT)
Pairing energies (kJ/mol) for some 3d metal

Pairing Energy

Pcoulombic (Coulombic repulsion energy)
(decrease on increasing M size: 3d>4d>5d)
Pexchange (Exchange energy)
(increase with number of aligned electron; maximum at d5)
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“High spin”

Tetrahedral Field

Crystal Field Theory (CFT)
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Crystal Field & Ligand Field Theories (CFT & LFT)

“Different shape 
arrangement of 
point charges will 
lead to a different 
characteristic 
outcome”

Crystal field splitting diagrams for some common fields
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Color of transition metal complexes

 Light is absorbed by the complex

 Electron is excited into a higher level

 Δo is the energy gap between eg and 
t2g orbitals
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Spectrochemical Series

 The ligand field splitting ΔO is strongly dependent on the nature of the 
ligand.

 ΔO is the larger, the more π-electrons the ligand has.

 ΔO is small in the presence of many lone-pairs.

 ΔO is relatively constant within a row of transition metals
e.g. for M2+ (3d series), ΔO ≈ 7800 - 12000 cm-1

(Mn2+)    (Cr2+)
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Spectrochemical Series

 ΔO increases down a group 3d - 4d - 5d each by ca. 30%
[Fe(CN)6]

4- yellow
[Ru(CN)6]

4- pale color
[Os(CN)6]

4- colorless, (UV)

 ΔO increases with increasing oxidation number
e.g. 3d series M2+ ΔO ≈ 10,000 cm-1 [Fe(CN)6]

4- yellow
M3+ ΔO ≈ 20,000 cm-1 [Co(CN)6]

4- colorless (UV)

 Spectrochemical series of metal ions.

ΔO
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Magnetic momentum

 Compounds that tend to move out of a magnetic field are called 
“diamagnetic”

 Compounds that tend to move into a magnetic field are called 
“paramagnetic”

 Spin-only paramagnetism of d-metal complexes.
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Magnetic momentum of octahedral complexes

“Magnetic measurements can be used to determine the number of unpaired 
spins in a complex and thus to identify ground state configuration”
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Tetragonal Distortion

“Jahn-Teller Effect”
If the ground state of a nonlinear complex is orbitally degenerate, the 

complex will distort in order to lower energy by removing the degeneracy
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Tetragonal Distortion

 Square planar complexes can be seen as the extreme case of a Jahn-
Teller effect

 Typical examples are 4d8 and 5d8 complexes e.g. RhI, IrI, PtII, PdII, AuIII

 In 3d8 with halide (X-) are tetrahedral (small splitting) [NiX4]
2-

but : [Ni(CN)4]
2- is square planar
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Square planar ligand field
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Molecular Orbital Theory (MOT)

 CFT is not good enough!!! The bonding is not purely ionic.

Observation: Less d electron repulsion in complex than in free ion
Explanation: More space for d electron to delocalize when forming bond,

More distance between d electron in orbitals 
(molecular orbital)

NEPHELAUXETIC EFFECT 

 Ligand Filed Theory (LFT): Application of MO theory with focus on metal 

orbitals, better understanding of Δ0.
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Molecular Orbital Theory (MOT)

“The bonding originates from sharing of electron pair on the ligand 
between the ligand and the metal; the bond is predominantly covalent.
(coordinate covalent bond)”

9 AOs for M + m AOs for L  (9+m) Mos
[ns + np + (n-1)d] (bonding & antibonding)

The building-up principle is used in conjunction with a MO energy 
diagram constructed by noting the symmetries of the d orbitals and linear 
combinations of ligand orbitals.
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Molecular Orbital Theory (MOT)

MO formation in octahedral complex (Oh)
Two steps process:

1. Linear combinations of ligand orbital to form Ligand Group Orbitals (LGOs)

2. Formation of complex MO by the overlapping of LGOs with metal d orbitals  

along the Cartesian axis

Symmetry and Positive Sign compatibility
s orbital – a1g

p orbital – t1u
d orbital – eg

– t2g
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Molecular Orbital Theory (MOT)

Six linear combinations of ligand σ-orbitals
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Molecular Orbital Theory (MOT)

 No combination of ligand σ-orbitals has the symmetry of the metal    
t2g-orbitals  Metal t2g-orbitals do not participate in σ-bonding
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Molecular Orbital Theory (MOT)

Comparison of CFT (ionic) and LFT (molecular orbital) development of the d-orbital 
splitting diagram for octahedral systems. Both reduce to the equivalent consideration 
of insertion and location of metal d electrons in two degenerate sets of orbitals 

separated by a relatively small energy gap (Δo).

- bonding

-antibonding

non-bonding



65

MOT : Octahedral complex (Oh)

HOMO

LUMO

CFSE = 3(-0.4)o  = -1.2o

- bonding

-antibonding

non-bonding

d3 (octahedral)
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MOT : Tetrahedral complex (Td) 

MO formation in tetrahedral complex (Td)

Symmetry
s orbital   – a1

p orbital   – t2
d orbital   – e

– t2

LGOs: a1, t2
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d2 (tetrahedral)

a1 , t2

bonding

antibonding

non-bonding

slightly antibonding

MOT : Tetrahedral complex (Td) 
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Symmetry
s orbital   – a1g

p orbital   – a2u (pz),  eu (px , py) 
d orbital   – eg (dxz, dyz)

– a1g (dZ^2)   ,   B2g (dxy)
– b1g (dx^2-y^2)   ,   B2g (dxy)

LGOs: a1g , b1g , eu

MOT : Square planar  complex (D4h) 
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d8 (square planar)

MOT : Square planar  complex (D4h) 
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LGOs orbital possible for  bonding : t1u, t2u, t1g, t2g

Metal d and p orbital possible for  bonding : t1u (px, py, pz), t2g (dxy, dyz, dxz)

MOT : Formation of  bonding

Four types of  bonding formation

Bond type Ligand
d-d RO-, RS-, O2-, F-, Cl-, Br-, I-, R2N-

d-p R3P, R3As, R2S
d-* CO, RNC, pyridine, CN-, N2, NO2-, en
d-* H2, R3P, alkane

Two types of  ligand
1.  donor or  base
2.  acceptor  acid
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Filled p orbitals e.g. F-, Cl- (weak filed ligand)

MOT :  donor ligands ( base)

 donor decrease o
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MOT :  donor ligands ( base)
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Unoccupied p orbitals e.g. CO, PR3 (strong filed ligand)

MOT :  acceptor ligands ( acid)

 acceptor increase o
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MOT :  acceptor ligands ( acid)
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MOT :  acceptor ligands ( acid)



76

MOT :  acceptor ligands ( acid)

Electroneutrality principle and Synergic bonding

Electroneutrality principle: The central metal ion in a complex should be more or less
neutral in charge – ligand are more electronegative, p back donation from metal to
ligand compensating, yet enforcing, s donation from the ligand to the metal (Synergic
bonding) and hence weakening intra-ligand bonding.






