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CHAPTER TWELVE: COORDINATE CHEMISTRY ISMAEEL R.0, SERIK]

A
CHAPTER TWELVE

COORDINATE CHEMISTRY

12.1. Definition of Terms

A. Ligands

Ligands are anions or neutral molecules that are bind to metal
atom/ion through coordinate covalent bonds to form

complexes. They are Lewis bases because they are electron-
pair donors.

Denticity of a ligand is the number of coordinate covalent

bond (s) or donor groups in a single ligand that bind to a
central metal atom/ion in a complex or ion.

F Ligands can be classify into three based on their coordination
-~ number (dentation).

Monodentate Ligands: These are ligands that have only one
donor atom and are coordinated to metal ion through single

covalent bond (through one pair of electrons) e.g CI°, NHa,
BN e.t.c.

Bidentate Ligands: These are ligands with two donor atoms
and are coordinated to metal ion through two covalent bonds

(through two electron pairs) e.g NH,CH,CH,;NH,, NH,NH,,
C,0. e t.c.

Polydentate/Chelating Ligands: These are ligands that are
bonded to metal ions through more than two atoms. They are

also known as chelating agent e.g ethylene diamine tetraacetic
acid (EDTA) is tetradentate,
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Number of ligands x dentatigy

=(4x1) + 2x1)=¢

Remember: Using valence bond theory
» a;

Coordination number of 6 is equivalent to Octahedral shape
: 302 .

With sp°d” hybridization and bond angle of 9¢°

X X

e

/M

X
X

Coordination number of 5 is equivalent to tn

bipyramidal and square bipyramidal shapes with sp’d
hybridization and bond angles of 90 and 120°.

P X

/

X
X
Coordination number of 4 is equivalent to square planer
with spzd hybridization (as in a strong field llgan(_lﬂlwnﬂ;
bond angle of 120° (e.g [Ni(CN)s]") or tetrahedral :’1“1 gas:d
hybridization and bond angle of 90° in a weak field h

(e.g [Ni(H,0)4]*).
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Coordination number of 3 is equivalent to trigonal planar

shape using sp” or sd? configuration with bond angle of
120°. The coordination number of 3 is rare.
X

|
x/M\_x

coordination number of 2 is equivalent to linear shape
mostly for Cu, Ag, Au and Hg complex ions with d'°
configuration as in [NH3-M-NH;]". The hybrization of the
central metal is sp and bone angle of 180°.

X— M X

The following are the factors that determine the
coordination number of a complex/ion:

Size of the central atom
Number of d-orbital electrons
Steric effect arising from the | igands

154
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E. Principal Oxidation Number
r (P.O.N,

This is the oxidation state of the central
complex ion. For instance, determine me

' 0 [Pt(N] 2+ € the nu
platinum in [Pt(NH3)4(Cl1,]*",

tal i :
al ion in 4 Complex or
mber Oxidation

Solution: The complex ion [Pt(NH 2+
ligands around the central atom: Four31214}(gl;31d ti]vas(jtlw0 i
0 CI. The charge

on the ammine ligands is zero (neutral |

- ral li

Cl is -1, and the overall charge is +2. [g)zﬁ?ji)r,lthehcharge on each

ion as X, we have: g the charge on Pt
Xx+40)+2(-1)=+2 ; X+0-2=42: x=+4

Thus, the oxidation number of platinum in the complex is +4

F. Effective Atomic Number (EAN)

Effective Atomic Number (EAN) is the total number of electrons
surrounding the nucleus of a metal atom in a metal complex or
complex ion. It is composed of the metal atom’s electrons and the
bonding electrons from the surrounding electron-donating atoms

and molecules. Thus:
EAN= Z - charge on the metal + total electrons

supplied by ligands

Note: Number of electrons from each ligand = 2 x dentation

umber of metal complexes, the
f with sufficient ligands that the

is numerically equal to .thC
d in the same pen

a complex is said 1

The EAN rule states that, in a n
metal atom tends to surround itsel

resulting effective atomic number
atomic number of the noble-gas element foun

in which the metal is situated. In other words,

155
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ISMAEEL R.O. SERIKI

CHAPTER TWELVE: COORDINATE CHEMISTRY

be stable if the total d-orbital electrons from the transition metal,
the total electrons supplied by the ligands and the overall charge of

the complex equals 18.

EXAMPLE 12.1 -
Determine the principal oxidation number, coordination number,
hybridization of central metal, bond angle, geometry, effective
atomic number and the stability of ecach of the following

complexes or 10ns:
(a) [Fe(H,0)e]” (e) Mn(CO)s .
(b) [Cr(NH3)]* () [Co(en)2(C204)]
(c) Nay[Auly)] (2) [Ni(H20)4](NO3)>

(d) Pt{(NH3),Br4]

SOLUTION

(a) [Fe(H;0)l™*
(i) Let the oxidation number of iron be F;
F +6(0) = +2 (H,O is a neutral ligand)

F= 42
Therefore, the principal oxidation number of Fe is +2

(ii) Coordination number, C.N = Number of ligand + dentation
=6x1=6

(iii) sp°d” hybridization

(iv)  Bond angle of 90°

(v)  The geometry is octahedral

3 1+
H
H,0 20
\F| W
~ ®
H0"" | “oH,
OH,

" -

OH,
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¢ HAPTER TWELVE: COORDINATE CHEMISTRY

(vi)

(vil)

(b) [Cr(NH3)e

ISMAEEL R.O. SERIK]

E.AN=26—2+(2x6) = 26 —2+12 =36

The electron configuration of Fe?' is [Ar] 3d°

e

Number of eletcrons from d — subshell = 6
Number of electrons from ligands = 2x 6 = 12
Total electrons = 6+ 12 = 18

L

(i) Let the oxidation number of chromium be C;
C + 6(0) = +3 (NH; is a neutral ligand)

= +3
Hence, the principal oxidation number of Cr is +3

(11) Coordination number = 6 X 1="6

(ii)
(iv)
(V)

(vi) E.A.N =24-3+(

(vii) The electron configuration of Cr’

sp3 d’ hybridization
Bond angle of 90°

The geometry 1s octahedral
ok

-

Ha

N
H3 \l /NH3

HaN

Cr
N | SNH;
NH3 J

2x6) = 24—3+12=33

*is [Ar] 3

The complex ion is stable according to E.AN. rule since
the total electrons is equal to 18

Number of eletcrons fromd — subshell =3
Number of electrons from ligands = 2x6 = 12
Total electrons = 3 + 12 = 15 _
ording to E.AN. rule smnce

The complex ion is unstable acc
the total electrons is less than 18

157

Scanne d with CamScanner



AOV ZmNT}:FH_
(1) Let the oxidation number of gold be G;
G+4(—1) + 2(+1) = 0(0.N of iodide ion is — 1)
G= +2
Hence, the principal oxidation number of Au is +2
(i1) Coordination number = 4 x 1 = 4
(iii) - sp’d hybridization
(iv)  Bond angle of 120°
(V) The geometry is square planer

-

_ _
/ \
Zm

i
(vi) EEAN=79—-2+ (2x4) = 79—-2+8 =85

(vii) The electron configuration of Au®" is [Xe] 4f'454°
Number of eletcrons from d — subshell = 9
Number of electrons from ligands = 2x 4 = 8
Total electrons =9+ 8 = 17
The complex ion is unstable according to E.AN. rule since
the total electrons is less than 18

(d) [Pt(NH3),Bry]
(1) Let the oxidation number of platinum be P:
P+2(0) +4(-1)=0
P+0-4=0
P= +4
Hence, the principal oxidation number of Cr is +3

158
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CHAPTER TWELVE: COORDINA TI.\E IS TRY
(ii) Coordination number = 7

: . X14+441—
Since both ammine and bromo qye mom); 1= ¢
entate llgana'
A

(iiii) sp’d” hybridization
(iv) ~ Bond angle of 90°
(v) The geometry is octahedral

(vi) E.AN =78 —4+ (2x6) = 78 — 4 + 12 = 86

(vii) The electron configuration of Pt** is [Xe] 4f'* 54°
Number of eletcrons from d — subshell = 6
Number of electrons fromligands = 2x 6 = 12
Total electrons = 6+ 12 =18
The complex ion is stable according to E.A.N. rule since

the total electrons is equal to 18

(e) [Mn(CO)s] .
(i) Letthe oxidation number of manganese be M;
M+50)=0
P+0=0
L8 idat fMnisO
Hence, the principal oxidation number ot Mn 15
(i) Coordination number = 5x0 =d0
Since carbonyl is a monodentate ligan

159
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fi

8uration of Mp i [Ar] 4% 345

Numper , f eletcrong fromd - Subshel] = 5
Numbper of electrons fromliganqs = 2x6=12
Total electrons = & 12 =17

€ complex is unstap]e acco

rding to E. AN rule since the
total electrons is less than 18

() [Co(en)y(C,04)]"
(1) Let the oxidation number of cobalt be ¥

¢+ 2(0) -2 = +1 (ethylene diamine is a neutral ligand while
oxalate has a charge of -2)

C+0-2 =+1 :
- 2=+ | o
Ig 1:ce+t}1:- principal oxidation number of Co is
ence,

2x2+1x2=06

. nati ¥ te ligand
(ii) Coordination numbe 4 oxalato are monodenta

Since both ethylene diamine an
(iii) sp°d” hybridizfagt:;n
leo
iv) Bond ang
= 160
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(v)The geometry 1s octahedral

[ H,CH,C
NH, o

/
H,N
2 \C| /O\CI://
0
>
H,N >
/ fLHz\o’ =
H2C\ /
C
1 H2 J

(vii) The electron configuration of Co is [Ar] 3d°

Number of eletcrons from d — subshell = 6
Number of electrons from ligands = 2x 6 = 12
Total electrons = 6+ 12 = 18
The complex ion is stable according to E.A.N. rule since

the total electrons 1s 18

() [Ni(H20)4]J(NO3)2

(i) Let the oxidation number of nickel be N;
N +4(0) + 2(-1)=0
P+0—-2=0

P - +2 . . . .
Hence, the principal oxidation number of Ni is +2

(ii) Coordination number = 4 x 1= 4
Since nitrato is a monodentate ligand

(111) szd hybridization
(iv)  Bond angle of 120°
(v) The geometry 1s square planar
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H.O OH
U Vs 2
/N! (NO»y),

HZO \OHZ

J

(vi) EEAN =28-2+ (2x4) = 28—-2+12 =36

oo =5 - ,> " e I A — 8
(vi1) The electron configuration of Ni“" is [Ne] 3d

12.2

Number of eletcrons from d — subshell = 8
Number of electrons fromligands = 2x 6 = 12
Total electrons = 6 + 12 = 20
The complex is unstable according to E.A.N. rule since the
total electrons is greater than 18

Rules for Naming Complexes

In case of salts, name the cation first and then the anion e.g

K3[Ni(CN)4]. i
2K" and [N1(CN)4]™
[cation] [anion]

In any complex ion or neutral molecule, name the ligand
first and then the metal e.g

[Ni(CN)4]* = tetracyano nickelate (II) ion;
[Fe(H,0)s]*" = hexaaqua iron (II) ion

If there is more than one type of ligand in the complex,
then, name them in alphabetical order and negative ligands

must be named first e.g [Pt(NH;), (CN),]*" the ligands are
named dicyano diaammine; [Cr(H,0)3(N H3)3]3+ the ligands
are named triammine triaquo
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4 End the name of negative ligands with letter “0”, but give

neutral ligands the name of the ligand. E.g ammine for NH;

and iodo for I.

Denote the number of a particular type with prefix di- for
two, tri- for three, tetra- for four e.t.c. For bidentate or

polydentate ligands, use bis- for two, tris- for three,

tetrakis- for four e.t.c.

If the complex is a cation, then use the ordinary name for
the metal e.g [Fe(CO)5]2+ is named penta carbony iron (II).
the name of the

If the complex ion is an anion, then end
metal with suffix —ate. When there is a Latin name for the
cury.

metal, it is used to name the metal except for mer
Table 12.4: Examples of elements with Latin names and

their complex anionic names
Complex Anionic Name

LEnglish Name | Latin Name

Copper Cuprum Cuprate
Gold Aurum Aurate
Iron Ferrum Ferrate
Silver Argentum Azggntate




12.3.2. Crystal Field Theory

Bethe and Van Vleck developed ¢
between the central metal and ligands in 4 compley i
purely electrostatic. The transition metal g dssumed tq

0 be

positively charged, equal to the oxidation State. This ig su

by negatively charged or neutra] ligands witp, electron pa:rrg)sl;";l:zd
AL r

his theory, The attraction

S Considered

- Ligands are treated as point charges

- There are no attraction between orbitals of metals and those
of the ligands

- The d-orbital on the meta] al] have the same energy (that is
degenerate) in the free atom. However, when a complex is
formed the ligands destroyed the degeneracy of these
orbitals, i.e. that is the orbitals now have different energies.

12.3.3 Molecular Orbital Theory

This theory fully allowed contributions from both covalent and
1onic bonds. However, the theory is the most important approlac'h
to chemical bonding; it has not displaced the other theo?i‘es. This is
because the quantitative calculations involved are difficult and
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<tensive computer time. Much of

e use of €
ption can be obtained by other approacheg

lengthy, involving th.
the qualitative descri
using symmetry and grou
Octahedral and Square Planar Complexes

[somerism is the existence of a molecule/ complex or ion in the
same molecular formula but different arrangement of ligands. Such
led ISOMERS. There are two types of

complexes are cal
isomerism, structural isomerism and stereoisomerism.

p theory.

12.4 Isomerism of

1. Structural Isomers
These isomers differ in how the atoms ar¢ joined together, that is

in the order in which they are linked together. Various structural

isomers are:

A. Hydration Isomers
These are isomers that differ in the number of water molecules in

and out of the coordination sphere. Many metal complexes are
prepared by reactions carried out in aqueous solutions
Consequently, solid complexes are frequently obtained 'aé
hyflrates. Water is also a potential ligand, so various possibilitie
exist for compounds to be prepared with water held in both wa sS
For instance, the compound CrCl;.6H,O [chromium (III) chlo 'yd.
hexahydrate], a normal salt, has 4 important hydrated isomers i

¥ JC |
[Cr(H;0)] Cl; - Hexaaqua chromium (IIl) chloride (violet colour)

Il. [Cr(H,0);Cl]Cl,.H,0
H;0 - Chloro pentaaqua chromiun
1 (I11) chlorid 3
(pale green) ) chloride monohydrate

1. [Cr(H,0),Cly]Cl.2H,0 - Di
.2H,0 - Dichloro tet : ,
gl raaqua chromium (I11) chloride dihydrate (dark

IV. [Cr (H ' ’
(H;0);Cl3].3H,0 - Trichloro triaqua chromium (11l) trihydrate
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Other examples are:

- [Ni(SCN)4J*" = Thiocyanato nickelate (11) jop,
sulphur} and

[Ni(NCS)4]* =
through nitrogen}

E. Coordination Isomers
/

These are isomers whereby the ligands are exchanged between two
metal atoms in a coordination sphere. It refers to cases where there
are different ways to m:_msmm several ligands around two metal
centers. Examples of coordination isomers are:

- [Co(NH3)e] [Cr(CN)4] = hexaammine cobalt (11l) hexacyano chromate (Ill) and
[Cr(NH3)s] [Co(CN)s] = hexaammine chromium (IIl) hexacyano cobaltate (I1I)

- [Cu(en),] [PtBr,] = bis-ethylenediamine copper (Il) tetrabromo platinate (Il) and
[Pt(en)] [CuBr,] = bis-ethylenediamine platinum (1) tetrabromo cuprate (1)

- [Pt(NH3) ] [P1Cl¢] = tetraammine platinum (1l) hexachloro platinate (1V) | and
[Pt(NH ) ,CL] [PICl,] = dichloro tetraammine platinum (IV) tetrachloro platinate (II)

2. Stereoisomer _ i
S e , : : geom
Stereoisomers are divided into two major types; g

optical isomers.

A. Geometric Isomers . 1 orientation of
These are isomers, which differ in the %oe.m_ ._oﬂ ligands are
ligands in the coordination sphere. If Eo. two _m_w: “smm cis- isomer
paralle] to each other in the complex, it is calle

nd 't 1 the
w it 18 called
a hen they are ﬁo%ms&o:_mn to each other,
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trans- i.somer. The two isomers generally have different physical
properties (such as boiling and melting points, density, colour
conductivity, solubility e.t.c) and at times different chemicai
properties. Examples of geometric isomers are:

(1). cis- and trans- isomers of dichloro diammine '
» platinum (II),
[Pt(NH;),Cl,] v

Cl . Cl NH;
\Pt/ \Pt/
o and v iy

HaN NH; H,

cis-Orange yellow trans-Pale yellow

(i1). cis- and trans-isomers of dichloro tetraamine cobalt (III) 1o0n,
[Co(NH3)4CL,]"

Cl ou
HaN Cl HsN NH;
ML N
d
HsN/\ TNH - H3N/\ TSNH;
NH; Cl
EXERCISE 12.1
1. Draw all the geometric isomers for the following:
a. [PtC14Br2]2', octahedral b. [Co(en)212]+, octahedral

c. [Pt(NH3)2(SCN)2], square planar d.
[Au(CN)z(OH)z]Z', square planar | !
2 Draw the structural formula for each of the following complexes

and 1ons |
a. Ptossium tran-dich

h Cis-tetraaqua manganes

loro diiodo aurate (III), (square planar)
e (IV) trioxonitrate (V), (square planar)
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