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1. Coordination compound1. Coordination compound

2
Ligands

(Lewis base)

Coordinate covalent bond

Metal ions

(Lewis acid)

Coordination compound

 

1.  (central atom)

2.  (Ligand)  “ligare = to bind
           

 

  “electron donor atom”  “Lewis base”

  “electron acceptor atom  “Lewis acid”

 “coordinate covalent bond”

3

hemoglobin chlorophyllVitamin B-12

“organometallic 
compound”Cisplatin “chemotherapy”

 AgCl

( )

PtCl4 6NH3 4 5 [Pt(NH3)6]Cl4 [Pt(NH3)6]
4+, 4Cl-

PtCl4 5NH3 3 4 [Pt(NH3)5Cl]Cl3 [Pt(NH3)5Cl]3+, 3Cl-

PtCl4 4NH3 2 3 [Pt(NH3)4Cl2]Cl2 [Pt(NH3)4Cl2]
2+, 2Cl-

PtCl4 3NH3 1 2 [Pt(NH3)3Cl3]Cl [Pt(NH3)3Cl3]
2+, Cl-

PtCl4 2NH3 0 0 [Pt(NH3)2Cl4] -
4

 Werner Werner

 platinum(IV) 

Pt4+ + AgNO3 (excess) AgCl (s)

Alfred Werner
 Werner
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Mb+ + nL [MLn]
b+

                                      
 Lewis acid: electron acceptor     Lewis base: electron donor 

Coordination sphere ( ):

   

Counter ion:  coordination sphere 

Coordination number: 

[Pt(NH3)4Cl2]Cl2

“coordination sphere”

“counter ions”

coordination number 

(C.N.) = 6

6

Monodentate (Unidentate) ligands:

 (coordination site)  1  

( )      1

ammonia (:NH3) water (:OH2)

C.N. = 6 C.N. = 6

7

tetrahydrofuran (THF)pyridine (py)

dimethylsulfoxide (DMSO) 

“Ambidentate Ligand”

 

1 

F-, Cl-, Br-, I-

halide ions 

nitrite ion (NO2
-)

nitrito

nitrito- O ligand

nitro

(nitrito- N ligand)

monodentate

8

Didentate (bidentate) ligands

Ethylenediamine

(en)
Acetylacetonate ion 

(acac-)

Oxalate ion

(ox2-)

1,10-Phenanthroline 

(Phen)

2,2’-Bipyridine 

(bipy)

Polydentate (Multidentate) ligands

  1   

didentate (2 ) tridentate (3 )

tetradentate (4 ) pentadentate (  5 )

hexadentate (6 )

[Fe(acac)3]

4,4’-Bipyridine 

(bipy)
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[Fe(acac)3]

Chelating ligands (chelos (Greek) = claw of a crab)

 donor atom 2   1 
  “Chelate ( )”

Bridging ligands:  1 

10

Tridentate ligands

diethylenetriamine (dien) terpyridine (terpy)

triethylenetetraamine (trien)

porphyrin
“chlorophyll a”

Tetradentate ligands

11

Pentadentate ligands

tetraethylenepentamine ethylenediaminetriacetate

Hexadentate ligand

N,N,N’,N’-Ethylenediaminetetraacetate ion 

(EDTA4-) 12

monodentate nitrito- O nitrito

didentate bridging

didentate chelating

monodentate bridging

  nitrite ion (NO2
-)

monodentate nitrito- N nitro
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2. (Nomenclature)2. (Nomenclature)

1.    

[Ag(NH3)2]Cl diamminesilver(I) chloride

K3[Fe(CN)6] potassium hexacyanoferrate(lII)

2.  coordination sphere  (  

)  

3.   di, tri, tetra, …

 di, tri, tetra, …  

 bis, tris, tetrakis, …

14

No. of 
ligands 1st prefix 2nd prefix

2 di bis
3 tri tris
4 tetra tetrakis
5 penta pentakis
6 hexa hexakis
7 hepta heptakis
8 octa octakis
9 nona nonakis
10 deca decakis [Co(NH2CH2CH2NH2)2Cl2]

+

dichloridobis(ethylenediamine)cobalt(III)

[Fe(NH4C5-C5NH4)3]
2+

tris(bipyridine)iron(II)

[Cu(NH3)4]SO4

tetraamminecopper(II) sulfate

[Co(NH3)6]Cl3
hexaamminecobalt(III) chloride

[Co(Cl)2(NH3)4]
+

tetraamminedichloridocobalt(III)

15

4. 
4.1   –ide, -ite, -ate  “e”

 “o”  –ide  “o”

Free anion Coordinated anion Free anion Coordinated anion
Cl-, chloride chlorido / chloro H , hydride hydrido / hydro

O2-, oxide oxido / oxo HO , hydroxide hydroxido / hydroxo

SCN , thiocyanate thiocyanato CN , cyanide cyanido / cyano

NO3 , nitrate nitrato CO3
2 , carbonate carbonato

N3 , azide azido / azo NO2 , nitrite nitrito

ClO4 , perchlorate perchlorato NH2 , amide amido

C2O4
2-, oxalate oxalato SO4

2 , sulfate sulfato

CH3CO2
-, acetate acetato S2O3

2-, thiosulfate thiosulfato
CH3COCHCOCH3

-(acac-) acetylacetonato EDTA4-: ethylenediaminetetraacetato
16

4.2   

NH2CH2CH2NH2

Ethylenediamine (en)

C5H5N
pyridine (py)

C10H8N2

2,2’-bipyridine (pipy)

C12H8N2

1,10-phenanthroline (phen)

CH3NH2

methylamine

NH2NH3
+

hydrazinium

4.3

H2O NH3 CO NO PH3

aqua ammine carbonyl nitrosyl phosphine  
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4.4  “ambidentate ligand”

nitro N  donor atom (NO2
-)

nitrito O  donor atom (ONO-)

thiocyanato S  donor atom (SCN-)

isothiocyanato N  donor atom (NCS-)

 

 “ (kappa)”

nitrito- N  NO2
-  N  donor atom

nitrito- O  NO2
- (ONO-)  O  donor atom

thiocyanato- S  SCN-  S  donor atom

thiocyanato- N  SCN- (NCS-)  N  donor atom
18

5.  

( )

5.1  

 

5.2

 

 –ate  

  -ate

Al aluminium aluminate

Co cobalt cobaltate

Zn zinc zincate

Cr chromium chromate

Mn manganese manganate

Mo molybdenum molybdate

Ni nickel nickelate
W tungsten tungstate
Fe iron ferrate ( )
Pb lead plumbate ( )
Au gold aurate ( )
Cu copper cuprate ( )
Sn tin stannate ( )
Ag silver argentate ( )

19

 

1. [Cu(NH3)6]
3+

2. K2[Cu(NH3)2Cl4]

3. K4[Fe(CN)2(ox)2]

4. [Fe(OH2)5(NCS)]2+

5. [Co(en)2Br2]Cl

6. [Ni(CO)4]

7. [Co(NH3)4(OH2)Cl]Cl2

8. Na2[Sn(OH)6]

9. [Pt(NH3)4][PtCl6]
20

 

1. hexaaquairon(III) nitrate

2. potassium hexacyanidoferrate(II)

3. tris(ethylenediamine)cobalt(III) chloride

4. tetraamminechloridonitrocobalt(III) chloride

5. sodium amminebromidochloridonitritoplatinate(I)
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3. Structure3. Structure

C.N. Geometry Hybridization Examples

2

(linear)

sp [Ag(NH3)2]
+

[Cu(CN)2]
-

4

(tetrahedral)

sp3 [Zn(CN)4]
-

[Cd(NH3)4]
2+

4

(square planar)

dsp2  sp2d [Ni(CN)4]
2-

[Pt(NH3)2Cl2]

5

(trigonal bipyramidal)

dsp3 [Fe(CO)5]

[CuCl5]
3-

5

(square pyramidal)

d2sp2 [MnCl5]
3-

[NiCN5]
3-

6

(octahedral)

d2sp3  sp3d2 [Fe(CN)6]
4-

[Fe(OH2)6]
2+
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Isomers

“  

 ”

Isomers in coordination complexes

Structural (constitutional) isomers

(different in atomic connectivities) 

Stereoisomers

(different in spacial arrangement of atoms

Ionization isomers

Hydrate isomers

Coordination isomers

Linkage isomers

Polymerization isomers

Coordination position isomers

Geometrical isomers (Diastereomers)

(cis/trans-isomer)
Optical isomers (Enantiomers)

23 24

Structural (constitutional) isomersStructural (constitutional) isomers

Ionization (ion-ion exchange) isomers

 coordination sphere

[CoBr(NH3)5](SO4) [Co(NH3)5(SO4)]Br

[Co(NH3)5(SO4)](NO3) [Co(NH3)5(NO3)](SO4)

[CoCl(en)2(NO2)SCN [CoCl(en)2(SCN)](NO2)

[Co(NH3)4(NO2)Cl]Cl [Co(NH3)4Cl2](NO2)

Ligands Ligands
Counterion Counterion
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[CoBr(NH3)5](SO4) ( ) [Co(NH3)5(SO4)]Br ( )

[CoBr(NH3)5](SO4) (aq) + Ag+
(aq)

[CoBr(NH3)5](SO4) (aq) + Ba2+
(aq) BaSO4 (s) + [CoBr(NH3)5]

2+
(aq)

[Co(NH3)5(SO4)]Br (aq) + Ag+
(aq) AgBr (s) + [Co(NH3)5(SO4)]

+
(aq)

[Co(NH3)5(SO4)]Br (aq) + Ba2+
(aq)
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Hydrate (  Solvate) isomers

     ( )  coordination sphere

“ CrCl3·6H2O ”

[CrCl2(OH2)4]Cl·2H2O [CrCl(OH2)5]Cl2·H2O [Cr(OH2)6]Cl3

                      

27

Coordination isomers

 

coordination sphere

“ CoCr(CN)6·6NH3 ”

[Co(NH3)6][Cr(CN)6] [Cr(NH3)6][Co(CN)6]

[Co(en)3][Cr(CN)6]  [Co(CN)6][Cr(en)3]

[PtIV(NH3)4Cl2][PtIICl4] [PtII(NH3)4][PtIVCl6]

[Ni(phen)3][Co(SCN)4] [Co(phen)3][Ni(SCN)4] 28

Linkage isomers

  donor atom  

nitrito- O nitrito- N
(nitrito) (nitro)

[Co(NH3)5(NO2)]
2+ ( ) [Co(NH3)5(ONO)]2+ ( )

thiocyanato- S thiocyanato- N
(thiocyanato) (isothiocyanato)
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Polymerization isomers

   n  [MLm]n

[PtCl2(NH3)2] [Pt(NH3)4][PtCl4]

[Co(NH3)3(NO2)3]  [Co(NH3)6][Co(NO2)6]

[Co(NH3)3(NO2)3]  [Co(NH3)4(NO2)2] [Co(NH3)2(NO2)4]

Coordination position isomer

  1  

30

StereoisomersStereoisomers

Geometrical isomers

cis-  trans-isomers square planar & octahedral complexes

cis-diamminedichloridoplatinum(II) trans-diamminedichloridoplatinum(II)

Square planar complexes

31

cis-tetraamminedichloridocobalt(III)

trans-tetraamminedichloridocobalt(III)

Octahedral complexes

mer-triamminetrichloridocobalt(III)

fac-triamminetrichloridocobalt(III) 32

 Geometrical isomers [Cr(OH2)2(NH3)2Br2]
+
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Optical isomers

 

 (non-superimposable)

 optical isomer

 (+) Dextro isomer (D-isomer)

 (-) Levo isomer (L-isomer)
 racemic  2   

 “chiral molecule”  

 (inversion center, i)

 (plane of symmetry, )

34

4. Bonding Theories4. Bonding Theories

 (Valence Bond Theory: VBT)

 (Crystal Field Theory: CFT)

 (Ligand Field Theory: LFT)

 (Molecular Orbital Theory: MOT)

35

Valence Bond Theory: VBTValence Bond Theory: VBT

-

Ligands

(Lewis base)

Coordinate covalent bond

Metal ions

(Lewis acid)

Coordination compound

 

 (Paramagnetic)

 (Diamagnetic)

36

Hybridization schemes
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Coordination number = 2

 Ag+ : [Ag(CN)2]
- (Diamagnetic)

57Ag; [Kr] 5s1 4d10

4d 5s

sp hybridization

[Ag(CN)2]
+

[Ag(CN)2]
- (Diamagnetic) sp hybridization Linear

57Ag+; [Kr] 4d10

5p 5d

3d

sp
3d 5d

sp 5p 5d

5p

38

Coordination number = 4

 Ni2+ :

[NiCl4]
2- (  Paramagnetic  2 )

28Ni; [Ar] 4s2 3d8

3d 4s 4p

sp3 hybridization
3d sp3

[NiCl4]
2-

3d

[NiCl4]
2- (Paramagnetic)  sp3 hybridization Tetrahedral

sp3

28Ni2+; [Ar] 3d8

39

 Pt2+ : [PtCl4]
2- (  Diamagnetic)

78Pt; [Xe] 6s1 4f14 5d9

78Pt2+; [Xe] 4f14 5d8

5d 6s 6p

dsp2 hybridization
5d dsp2 6p

[PtCl4]
2-

5d dsp2 6p

[PtCl4]
2- (Diamagnetic)  dsp2 hybridization Square planar

40

Coordination number = 6

[CoF6]
3- (Paramagnetic)  4 

27Co; [Ar] 4s2 3d7

3d 4s

sp3d2 hybridization

[CoF6]
3-

[CoF6]
3- (Paramagnetic) sp3d2 hybridization Octahedral

27Co3+; [Xe] 3d6

4p 4d

3d sp3d2 4d

3d
sp3d2 4d

“ Outer orbital complex (High-spin complex) ”
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[Co(NH3)6]
3+ (Diamagnetic)

27Co; [Ar] 4s2 3d7

3d 4s

sp3d2 hybridization

[Co(NH3)6]
3+

[Co(NH3)6]
3+ (Diamagnetic) d2sp3 hybridization Octahedral

27Co3+; [Ar] 3d6

4p 4d

3d d2sp3 4d

d2sp3

“ Inner orbital complex (Low-spin complex) ”

3d 4d

42

[Co(en)2(NH3)Cl]2+ (Diamagnetic)

27Co; [Ar] 4s2 3d7

3d 4s

sp3d2 hybridization

[Co(en)2(NH3)Cl]2+

[Co(en)2(NH3)Cl]2+ (Diamagnetic) d2sp3 hybridization Octahedral

27Co3+; [Ar] 3d6

4p 4d

3d d2sp3 4d

d2sp3

“ Inner orbital complex (Low-spin complex) ”

3d 4d

43

Crystal Field Theory: CFTCrystal Field Theory: CFT

  (Hans Bethe)  . .   (J. H. van Vleck)

 (point charge)

 d-orbital

dxy,dxz,dyz,dz
2, dx

2
-y

2

 d-orbital 

“degenerate"

44



Octahedral complex (CN = 6)

o = Crystal Field Splitting Energy (CFSE)

Weak-field
(High-spin)

Strong-field
(Low-spin)

o  crystal field strength  

45

Spectrochemical series

46

  Co3+  6

Co3+ [Ar]3d6

[CoF6]
3-

eg

t2g

[Co(NH3)6]
3+

eg

t2g

Spectrochemical series  NH3 > F-

       o  [Co(NH3)6]
3+ >  [CoF6]

3-

[CoF6]
3-  paramagnetic; high spin complex

[Co(NH3)6]
3+  diamagnetic; low spin complex

47

d2 d3

d8 d9 d10

 high spin  low spin  octahedral

eg

t2g

eg

t2g

eg

t2g

eg

t2g

eg

t2g

d1

eg

t2g

(t2g
1eg

0) (t2g
2eg

0) (t2g
3eg

0)

(t2g
6eg

2) (t2g
6eg

3) (t2g
6eg

4)
48

d4 d6 d7

d6 d7

High-spin

eg

t2g

eg

t2g

eg

t2g

eg

t2g

eg

t2g

(t2g
3eg

1) 
d5

eg

t2g

(t2g
3eg

2) (t2g
4eg

2) (t2g
5eg

2) 

d4

Low-spin

eg

t2g

(t2g
4eg

0) 
d5

eg

t2g

(t2g
5eg

0) (t2g
6eg

0) (t2g
6eg

1) 
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Tetrahedral complex (CN = 4)

“Isotropic Field"

“Barycentre"

dz2 , dx2-y2

dxy, dxz, dyz

(e)

(t2)

t

t   high spin complex
 d3, d6, d8  Cr3+, Co3+, Ni2+  Tetrahedral complex 

 d0, d10  Tetrahedral complex  [CrO4]
2-, [MnO4]

2-, [ZnCl4]
2-,

 d5  Tetrahedral complex  t  
  [MnCl4]

2-, [FeCl4]
2-

50
Octahedral complex Elongation of two trans 

ligands along z axis

Square planar complex

Square planar complex (CN = 4)

 d8  Pt(II), Pd(II), Au(II),  Ni(II)  strong field ligand  [Ni(CN)4]
2-

 d9  [Cu(NH3)4]
2+

51

 CFT

 

“paramagnetic”         “diamagnetic”

  Ni2+ (d8)  [Ni(CN)4]
2-  [NiCl4]

2-  square planar 

tetrahedral  paramagnetic diamagnetic 

dz2 , dx2-y2 

dxy, dxz, dyz

dxz , dyz

dz2

dxy

dx2-y2 

 400 nm ( ) 700 nm ( ) 

 o  299 kJ/mol  172 kJ/mol 52

5. Color and spectrochemical series5. Color and spectrochemical series

  (visible 

light)

eg

t2g

 high spin complex  Co3+  octahedral

eg

t2g

Absorption 

of light E = h = o

Ground state Excited state Energy of light absorbed



 (nm)

400 - 450

450 – 480

480 – 490

490 – 500

500 – 560

560 – 580

580 – 600

600 -650

650 -700
53
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Cr3+

Mn2+

Fe2+

Fe3+

Co2+

Ni2+

Cu2+

55

 Cr3+

[Cr(H2O)4Br2]Br green [Cr(CON2H4)6][SiF6]3 green

[Cr(H2O)6]Br3 bluish gray [Cr(NH3)5Cl]Cl2 purple

[Cr(H2O)4Cl2]Cl green [Cr(NH3)4Cl2]Cl violet

[Cr(H2O)6]Cl3 violet [Cr(NH3)6]Cl3 yellow

 Spectrochemical series   

       [Cr(H2O)6]
3+  [Cr(NH3)6]

3+

 ( [Cr(H2O)6]
3+  [Cr(NH3)6]

3+ )

Weak-field
(High-spin)

Strong-field
(Low-spin)

Crystal Field Stabilization Energy (CSFE)Crystal Field Stabilization Energy (CSFE)

+(3/5) o  +0.6 o 

-(2/5) o  -0.4 o 

“ ”“ ”

dn High spin Low spin dn High spin Low spin

d1 -0.4 o -0.4 o d6 -0.4 o -2.4 o

d2 -0.8 o -0.8 o d7 -0.8 o -1.8 o

d3 -1.2 o -1.2 o d8 -1.2 o -1.2 o

d4 = -0.6 o -1.6 o d9 -0.6 o -0.6 o

d5 0 -2.0 o d10 0 0 56

d8

eg

t2g

(t2g
6eg

2)
CFSE = [6(-0.4) + 2(0.6)] o

        = -1.2 o


