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Any species (ion or molecule) that have atfeast one lone pair of electrons and that can donate its lone
pair of electrons to a metal cation or atom is called a ligand. Since a ligand is an electron rich specles
therefore, it is also called a Lewis base ora nucleophile. A metal cation is an electron deficient species
and it can accept a pair of electrons, therefore, a metal cation behaves as a Lewis acid or an electrophile.
When a group of ligands donates its pairs of electrons (one pair by one donor atom of a ligand) to the
metal cation or atom coordinate bonds are formed and the product so formed is called a coordination
compound. Thus, a compound in which a metal cation or atom is attached to a group of ligands by
coordinate bonds is called a coordination compound or complex compound. The coordination

ompounds may either be neutral molecules or jonic compounds. The compounds l:ke[Pt (NH3 )2ClL 1],

[Co(NH3 )3 Cl3 Jare neutral coordlnatxon compouads. In ienic coordination compounds either the cation
or anion or both may be complex ions. For example, [Co(NH;3 )¢ ]Cl3 contains [Co (NH;)(,]3+ -as
complex cation, K4 [Fe(CN)g] contains [Fe(CN)g]* as complex anion and [Pt (NH3 )4 J[PICl4]

contains [Pt(NH3)4]2+ and [PtCl4]2— as complex ions iLe., complex cation and complex -anion

respectively. The coqrdination compourids retain their identity, more or less even in solution, though

partial dissociation may occur. These compounds do not give the tests of all. their ¢ormstituerif ions in

aqueous %lm_lormﬁ—'_sgm_egg@itu_gm ions lost their individual identities in aqueous solutionf For

example, [Co(INH3 )¢ JCl; is a complex compound and it does not give the test of all the constituent ions,
" and Cl” instead it gives the Co** as [Co(NH3 )¢ ]3+ complex ion and Cl™ ions.

A complex ion is an ion in which a metal cation is aftached to ligands by coordinate bonds.

Coordination chemistry is the branch of & mongamc chemlstry which concerns the study of
coordination compounds. '

In the structural formula of a coordination compound, the central metal cation or atom and the
ligands attached to it are written in a square bracket, [ ] which is called a coordination sphere. The cation
or anion out side the coordination sphere is called me,b_nm;m_ew(Mter jon. -

The atomina lmﬁached to the metal cation or atom is called the donor atom and
the number of donor atoms attached to metal cation or atom is called the coordination number. For

example, coordination number of Ag™ in [Ag (NH3 ), 1** is 2, that of Cu?" in [Ca(NH3 Jal** is4and
that of Co>* in [Co(NH;3 )6 is 6. '




The terms discussed above are shown below:

[Go(NHy)eJiCly:

Central metal cation
Ligands

Tonization sphere
Coordination number
Coordination sphere

In 1893 Wemer produced a theory of coordination compounds to explain the structures and
mation of compounds. Werner was the first inorganic chemist to be awarded the Noble prize for
qmistry in 1913. Werner postulated that metals exhibit two types of valencies : (1) Primary valency
| (2) secondary valency. In modern terminology, primary valency corresponds to the oxidation
nber and secondary valency to coordination number of metal.

The primary valency is ionizable and non- directional. The primary valency must be satisfied only
negative ions as in simple salts such as CoCl5.

Primary valency of cobalt in [Co(NH3)4]Cl3,[Co(NH;)5ClJCly, [Co(NH;3)4Cl;]Cl and
(NH3 )3 Cl3] complexes is + 3 and is satisfied by three Cl™ ions. The anions which satisfy only

nary valency are written out side the coordination sphere. The dnions may satisfy primary as well as
ondary valencies of metal. The anions which satisfy both primary and secondary valencies are placed
de the coordination sphere. The anions satisfying the primary valency do not give any geometry to
aplex compound. When the compound undergoes ionization in aqueous solution, the anions which
sfy only primary valency are obtained. For example, when CoCl3 -6NH3 undergoes ionization in
eous solution, three C1™ ions which satisfy primary valency are obtained.

The secondary or auxiliary valencies of metal are satisfied either by hegative ions or neutral
lecules or both. In the structure of coordination compounds the metal cation and the species satisfying
secondary valencies are placed inside the coordination sphere. The species satisfying secondary
:ncies are not obtained in aqueous solution in free state instead a complex ion is obtained. The
ondary valencies are directed in space to give a definite geomatry to the complex. The geometries of
aplexes corresponding to 2, 3, 4 and 6 secondary valencies are linear, trigonal planar, tetrahedral or
are planar and octahedral respectively.

Wemer studied the structure and properties of the following four complexes of Co(IIT) chloride with
nonia which have different colours.
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CoCl; -6NH; | [Co(NH3)41Cl3 Yellow | Luteo +3 1 3 4
' complex o
CoCl3 -5NH3 | [Co(NH3)5CIICl, Purple | Purpureo | +2 1 2 3
complex .
CoCl3 -4NH3 | Trans- Green | Praseo +1 1 i 2
[Co(NH3)4Cl; ICI complex
CoCl3 -4NH; | cis-[CO(NH;3)4CI; [Cl | Violet | Violeo | +1 l 1 2
' complex
COC13 '3NH3 [CO(NH3)3C13] Blue — | — — —
R green

Wermer treated the first four complexes of Co(Ill) given in Table 1.1 with an excess of AgNO3. The
white precipitate of AgCl were obtained in different amount .

ExcessAg+

COC13 -6NH3 _— 3AgCl

ExcessAg,Jr

CoCls -5NH; ——— > 2AgCl

ExcessAgJr
CoCl3 -4NH; ———> AgCl
Wermner reported that in CoCl3 -6NH3 all the three chlorides satisfy only primary valency and the six
ammonia molecules satisfy only the secondary valency. The primary valencies represented by dotted

lines (...) and secondary valencies are represented by solid line (—). The structure of CoCly -6NH3 i§ .- ’

shown in Figure 1.1(a). This compound in aqueous solution gives total number of four ions i.e., three Cl ™.
and one{Co(NH3 )4 ]3+ ions. Thus, in modern term this compound is written as[Co(NH3 }4 ]Cl3. When

this compound is treated with an excess of AgNO 3 solution, all threeCl™ ions are precipitated as AgCl.
'[Co(NH3)61Cly ——— [Co(NH3 )6 ** +CI”

3Ag" +3C7 —— 3AgCl(s)
In CoClj3 - 5NH3, the primary and the secondary valencies of cobalt are three and six respectively.

All the three primary valencies are satisfied by three chloride ions. Out of six secondary valencies, five
are satisfied by amonia molecules and the sixth by one of the chloride ions. Therefore, one chloride ion

exhibits double duty as it satisfy a primary as well as a secondary valency and it is represt;nted as===
line. {Figure 1.1{b)]. When this compound is treated with an excess of AgNO3 solution, only two
chloride ions are precipitated as AgClL

B



[Co (NH3 )5 CIICl; —— {Co(NH3 )5 CIJ* +2C1™
2Ag" 2017 —— 2AgC1(s)

This indicates that the C1~ ions which satisfy only the primary valencies are jonizable. In aqueous
solution total number of three ions are obtained i.e., one {Co (NH3 )5 Cl]2+ and two Cl™ ions. In modern
term this compound is written as [Co(NH3 )5 €1]Cl;. The structure of [Co(NH3 )5 CI|Cl, is shown in
Figure 1.1(b) :

In CoCl; - 4NH3, the primary and secondary valencies of cobalt are 3 and 6 respectively. All the
three primary valencies are satisfied by three chloride fons. Out of six secondary valencies, four are
satisfied by ammonia molecules and fifth and sixth by two of the three chloride ions. Thus, two chloride
ions exhibit double duty of satisfying primary as well as secondary valencies. When this compound is
treated with an excess of AgNO; solution, only one chloride ion is precipitated as AgCl. In aqueous
solution this compound gives total number of two ions /.., one [Co(NH; }4Cl5 1* andene€Cl™ ion. This
compound is written as {Co (NH3 )4 Cl, JCL The structure of this compound is shown in Figure 1.1(c).

[CO (NH3 )4 C12 ]Cl—) [CO(NH3 )4 Clg]+ +CI”

Agt +ClIm—— AgCl(s)

o ¢l
HsN\ i /NHs HsN\ P NH,
: A /
N —Co— NH, H3N S a
o gl / ; \
HaN NH; : H3N : NH
cl
(a) - (b}
cl cl
HaN NH; HaN NH;
Co--—=—=~==~- Cl Co
HyN NH, HaN ~a
ol cl
(c) (d)
Figuig Ll ‘
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In CoCl; - 3NHj, primary and the secondary valencies of cobalt are three and six respectively. All
the three primary valencies are satisfied by three chloride ions. Out of six secondary valencies, three are
satisfied by three ammonia molecules and three by chloride ions. In this compound three chloride ions
satisfy primary as well as secondary valencies. This compound does not give any precipitate with
AgNOj solution. This compound is a neutral molecule and does not give any ion in aqueous solution. In
modem term this compound is written as {Co (NH3 )3Cl 3 ]. The structure of this compound is shown in
Figure 1.1(d).

Werner also attempted to find the geometries of isomers of the complexes of Co(IIL), Cr(III), Cu(Il),
Pt(]) etc. The various geometries for complexes of coordination rio. 6 are hexagonal planar, trigonal .
prismatic and octahedral (Figure 1.2).
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Figure 1:2 (a) Hexagonal(b) Trigonal.prismaticy(c) Octahedrals

The possible isomers for the ammine complexes of Co(III) for all the three geometries are given in
the table 1.2 : :

Table 1.2 : Possible Isomers of Co(lil) Complexes

PR ' ‘Hexag'onél'l"lanﬁrp

[Co(NH3 ) ]** I l 1 i
“fCo(NH3 )sCIF** 1 1 1 1
[CoNH3)4Cl ' 3 3 2 2
{Co(NH3)3Cl51 3 3 2 ' 2

Consider the coordination compound [Co(NH3 }4Cl; JCL Wermner suggested that this compound
may exist in three possible geometries i.e., hexagonal planar, trigonal prismatic and octahedral. Tlllf:
possible isomers corresponding to these geometries are three, three and two respectively as shown n

Figure 1.3.



(1.2) (1.4) - {1.6)

c:possible:isomigrsifortrigonal prismaticgeometry:;

(1.2) (-

Figure:1:3 (c)Two possible foractahedrak geometry:

Only two isomers of compound [Co(NH3)4Cl,]Cl has been isolated which correspond to the
ctahedral geometry. Thus, in these isomers the arrangement of ligands round the metal cation is
ctahedral. Wemer concluded that the complexes of coordination number 6 are octahedral,

Wemer also suggested that the coordination compounds with coordination number 4 exhibit two
ossible geometries i.e., square planar and tetrahedral.

In coordination compound [Pt (NH; ), Cl,], coordination number is 4 and this compound exhibits

quare planalj geometry. Two isomers cis- and frans- [Pt (NH3 ), Cl, ] has been isolated for this
ompound (Figure 1.4).

Wemer also suggested that in tetrahedral complexes only one arrangement is possible round the
metal cation.

Evidencé in Favour of Werner’s Theory

(1) Electrical Conductance Measurement : Molar conductance of a substance depends upon the
number of charges on the particles furnished by the substance in aqueous solution. As the number of
particles (i.e., ions) and charges on them increases, the molar conductance of the compound increases.
The observed molar conductance for aqueous solutions of cobalt(IIT) chloride complexes with ammonia
decreases in the order. o

[Co(NH3 )6 Cl3 > [Co (NH; )sCIICL; > [Co(NH3)4Cl 1CI> [Co(NH; )3Cl3 ]

This indicates that the number of ions and the number of charges decrease in the same order as
shown in the table 1.3 The molar conductance measurement of Co(Ill) chloride complexes with
ammonia suggest the structures similar to structures suggested by Wemer.

Table 1.3 : Elucidation of Structure of Co(lll) and Pt(IV) Complexes on the Basis of
Conductance and Cryoscopic Measurements.

Compound: | Detern

CoCl; -6NH} 4 6(+3,-1) [Co(NH; )¢ P+ 3017
CoCls -5NH;3 3 4(+2,-1) [Co(NH; )sCII**a2CI™
CoCls - 4NH; 2 26,1 [Co(NH; )4Cl, ]* CI”
CoCl; -3NH; 0 0 [Co(NH3); Cls]
PtCl, -6NH; 5 8(+4,-1) [Pt (NH;)e]* 4CI™
PCl, - SNH; 4 6(+3,-1) [P{(NH; )5 CIJ>*3C1
PICl, - 4NH; 3 4(+2,-1) [Pt(NH)3 Cl, J** 2C1”
PiCl, -3NH; _ 2 2(+1,-1) [P{(NH3)Cl3 I CI7
P(Cl, - 2NH; 0 0 [Pt(NH3 ), Clq)1°




(2) Cryoscopic Measurement : The depression in freezing point is a colligative property and
depends upon the number of particles in the solution. Greater the number of particles, more will be the

depression in freezing point. If 2 species dissaciates into two, three, four, ... ions, then depressioh in
freeﬁ’g—ﬁoint will be twice, three times, four times, ... respectively as compared to the expected
depression for single species.%hus, cryoscopic measurement (i.e., measurement of depression in
freezing point) gives the number of ions furnished by the dissociation of an ionic compound. The
cryoscopic measurement hldiM%(%};LWLSNH3 and CoCl; - 4NH3 dissociate to
give 4, 3 and 2 ions respectively whereas 3 -3NH3 remains undissociated (see table 1.3).

(3) Precipitation Reactions : The number of ions funished by-a coordination compound can also
be determined by precipitation reactions. When the complexes CoClz -6NH3,CoCl3-5NH; and
CoCl; - 4NHj are treated with an excess of AgNO3 solution, the number of chloride ions precipitated as
AgClis 3, 2 and 1 respectively. This indicates that the number of chloride ions in ionization sphere are
3,2 and 1 respectively. The structures provided by precipitation reactions are similar to those given by
Werner. The complex CoCly -3NHj3 gives no precipitate with AgNO+ solution. This indicaltes that all
the three CI™ ions are present in the coordination sphere in this compound.

Electronic spectra (UV- visible) and X-rays spectroscopy are the recent methods to determine the
structure of compléxes. Electronic spectra give the information about the energies of orbitals, shapes of
complexes (i.e, either the complex is octshedral or distorted octahedral or tetrahedral). X-rays
spectroscopy gives the information about the structure of complex, bond lengths and bond angles.
Magnetic moment measurement gives the information aboit the complexes viz. either the complex is
tetrahedral or square planar or octahedral. *

Sidgwick Concept of Coordinate Bond

According to Sidgwick’s concept the ligands donate electron pairs to the metal cation or atom
resulting in the formation of the coordinate bonds between metal and the ligands which is represented as
M « L. Therefore, the complex ion, {Co(NH3 )6]3+ can be written as :

NH, 3

The donation of an electron pair by N atem of NH3 has been represented by an arrow. The
coordinate bond is very similar to covalent bond.

Limitations of Sidgwick’s Concept : The donation of one electron pair by each ligand to the
central metal cation atom to form M ¢ L coordinate bonds cause the accumulation of negative charge on
the central metal cation or atom. Due to accumulation of a negative charge on the metal cation or atorn, a
partial ionic character is created in the complex making it less stable.

According to Pauling’s electroneutrality principle, the metal ligand bonds have some ionic
character. To prevent the accumulation of negative charge on metal cation or atom, either the bond pair
of electrons must be attracted more strongly to the donor atoms of the ligands or in addition to the o-
bond there should be metal to ligand n-bonding.

Effective Atomic Number (EAN) Rule : The effective atomic number of metal cation or atomina
complex is the sum of electrons on metal and the electrons donated by the ligands. According to
Sidgwick’s effective atomic number{EAN) rule, the EAN of metal is equal to the atomic number of next

i
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inert gas ie., equal to 36 (Kr), 54 (Xe) or 86 (Rn). For example, EAN of {Co(NH;3)¢]** can be
calculated as follows :

Number of electrens on Co atom = 27 L

Number of electrons on Co®* jon =27~ 3 = 24
Number of electrons donated by six NH3 ligands =2 x 6 = |2

EAN of Co®* in [Co(NH3 )1 =24 + 12 =36

An altemate and more general rule is the 18 electron rule. According to this rule, in a complex the
sum of valence electrons and the electrons donated by the ligands is 18. It provides a closed and stable

configuration, ns® (n~- 1)d 10 an.
For example : For [Co(NH;) 1+
Valence shell electronic conﬁgmationtof 27Co =3d 7 45?
Valence shell electronic configuration of Co * =345 450
"Number of électrons in valence shell of Co** = 6
Number of electron donated by six NH3 molecules =2 x 6 = 12
Number of valence electrons in [Co(NHj3 ) ]3+ =6+12=18¢"

The complexes which follow the EAN or 18 electron rule are considered to be stable. EAN and 18
electron rules are similar but the 18 electron rule is more advantageous because there is no need to
remember the atomic numbers of each noble gas. However, there are some exceptions which obey
neither EAN nor 18 electron rule. The complexes m which the metal cations or atoms have odd number
of electrons never obey the EAN rule or 18 electron rule because the sum of total electrons or valence
shell electrons and the electrons donated by the ligands is also an odd number. For example, consider the

complex {Fe (CN)gI*~.
For EAN Rule :
' Number of electrons on Fe atom = 26
Number of electron oa Fe>* ion = 23
Number of ¢lectrons donated by sixCN™ 'Iigands =2x6=12
- - . BANGHFe(€N)6]’T =23+12=35
Thus, [Fe(ENYe >~ does not obey EAN rule.

For 18 Electron Rule :
Valence shell electronic configuration of Fe atom =3d% 457
Valence shell electronic configuration of Fe3* ion=3d°
Number of valence electron i Fe>* jon = 5
Number of electron donated by six CN™ ligands =2 x 6 = 12
Number of valence electrons m [Fe{CN)¢ ]3“ =5+12=17
Thus, [Fe(CN) g 1>~ does not obey the I8 electron rule.



The complexes of d 8 metals having coordination number 4 also obey neither EAN rule nor 18
electron rule. For example, the complexes [NiC14]2_, [Ni (CN)4]2_,[PdCl4]2', [PtCly ]2‘ obey

neither the EAN rule nor 18 electron rule.
The illustration of EAN and 18 electron rule is given in Table 1.4.

Table 1.4 : lUlustration of EAN and 18 Electron Rule for Various Complexes

[Co(NH )6 1** 21 |43 |24 |2x6=12 |24+12=36(Kr) {6 6+12=18
[Fe(CN)¢]* 26 [+2 124 [2x6=12 [24+12=36(K0) |6 6+12=18
(PeClg 1> 78 |+ |74 [2x6=12 |74+12=86(Rn). |6 6+12=18
[Ca(CN)4 29 |+1 (28 [2x4=8 28+8=36(Kr)_ 10 |10+8=18
Fe(CO)s 26 [0 {26 [2x5=10 |26410=36(K) |8  [|s+10=18
Cr(CO)s 24 [0 |24 [2x6=12 [24+12=36(K0) |6 6+12=18
Ni(CO)4 28 |0 128 [2x4=8 |[28+8=36(Kr) [10 |10+8=18
H[Cr(CN)g I 24 |43 [21 |2x6=12 [21+12=33 3 3+12=15
H[FeCl, 1 26 [+2 |24 |2x4=8 ([24+48=32 6 6+8=14
*[NiCl4 1 28 +2 26 [2x4=8 |26+8=34 8 8+8=16
INI(CN)4 1> 28 [+2 |26 |2x4=8 |26+8=34 8 8+8=16
HPdCl, 1> 46 +2 |44 |2x4=8 |4448=52 8 8+8=16
*{PtCl4 1> 78 +2 |76 |2x4=8 |76+8=84 8 8+8=16
[AgNH; )1t |47 ¥ 46 [2x2=4 [46+4=50 10 {10+4=14

* These complexes obey neither EAN rule nor 18 electron rule.
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Ligmds can be classified as monodentate or polydentate ligands (viz., bidentate, tridentate, ... ),
depending on the number of ligand donor atoms that attach to the metal ion or atom.

(1) Monodentate Ligands : A ligand which shares electron pair of 2 single donor atom with a metal
atom or ion is called a monodentate ligand. The word monodentate comes from the Greek : monos and
the Latin : dentis, monos means one and dentis means tooth, literally means one tooth. Therefore, it
means that a monodentate ligand bites a metal cation or atom with one lone pair of electrons. In general,
the denticity of a ligand is the number of pairs of electrons shared with the metal atom or ion. Some
common monodentate ligands are shown below :

Negative ligands _
F~ fluoro | ~ CI” chloro : Br™ bromo
I” iodo OH™ hydroxo 0% oxo

O%" peroxo ' 03 superoxo H hydrido

— —

CH3COO™ acetato CO%‘ carbonato SO;‘ ‘su!phito
SO2™ sulphato 3% sulphido NH; amido
NH jmido N=2_nitrido. N3 azido
SZO§' thiosulphato . CN™ cyauo NOj nitrato

—NO3 nitro (or nitrito — N} —ONO nitrito (or nitrito — O)
—SCN™ thiocyanat9 (or thiocyanato - S)
~-NCS™ isoﬂliocy'a?ato (or thiocyanato — N)

. —=CNO™ Cyanato ,

~ClO3 chlorato

Neutral ligands which are named as suchi : .

(C¢Hs)3 P tiphenyl phosphine . - - (CyHs)3 B triethyl phosphine

CoHy ethylene © " CsHsN pyridine (py)

NH, —-NH, hydrazine ' CH3NH,  methylamine

(CH3); NH  dimethylamine {(CH3)3N trimethylamine

(C¢Hs); As  triphenylarsine CH43CN methyl cyanide or acetonitrile
CH;NC methylisocyanide CH30CH; dimethyl ether

C,Hs0C,Hs  diethyl ether N N$ azine
2115ULa s y N\ / pyr

NH,O0H hydroxylamine 0, dioxygen
N, dinitrogen



Neutral ligands which are given special name :

co - carbonyl H,0 aqua / P
NH3 ammine NO nitrosyl \.//
CS ' thiocarbonyl NS thionitrosyl

(2) Polydentate Ligands or Multidentate Ligands : The ligands that bond to metal cation or atom
through electron pairs present on more than one donor atoms are called multidentate or polydentate
ligands (many toothed ligands). Polydentate ligands form one or more rings with a metal cation or atom.
Polydentate ligands are called chelating ligands (the word derived from chele meaning claw) because
interaction of two or more electron pairs to a metal ion resulting in the formation of one or more rings
including metal ion resembles the grasping of an object by the claw of a crab. The polydentate ligands in
general, form five or six membered rings including metal ion, which are called chelate rings and the
complexes containing chelate rings are called chelates.

The extra stability of chelates as compared to similar non-chelates is called chelate effect.

‘CLASSIFICATION OF POLYDENTATE LIGANDS

(1) Bidentate Ligands

These ligands have two donor atoms which can attach to a single metal cation or atom. A bidentate
ligand form one 5- or6- membered ring with a metal jon or atom. Some examples of bidentate ligands are
given below : :

C0O0~ oxalato (ox)

l

Co0~ .
NH,CH;CO0™ glycinato (gly)

CH; —C—= N—0"
|
. -CHy ~=C=N—OH

dimethylglyoximato (dmg)

CH; —C—CHy; —C—CH; == CH; —C=CH— C—CH;
I} [l I Il
0 0 OH 0

(keto form) (enol form)
Acetylacetone

~gt

CH; — C = CH—C—CHj
l I
O 0

-acetylacetonato (acac)

N/

Hen
8-hydroxylquinoline 8-hydroxylquinolinato (or oxine}

¢}
o Troplonato
CH, —CH;
| | ethylenediamine (en)
NH, NH;
. CH3 —CH—CH;, -propylenediamine (pn)
" |
I:I_HZ I:I.HZ or 1,2-diaminopropane

trimethylenediamine (¢n)

CH, —CH; —CH,
! or 1,3-diaminopropane

NH, NH,
CH; — CH — CH —CHj; butylenediamine (hr)
I I '
NH; NH; or 2,3-diaminopropane
CH;
|
-CHj —(lj — (13H2 isobutylenediamine (i~ bn)
NHZ NH.?.
] I I _ bipyridine or bipyridyl (bpy or bipy)
NS 2



7 N\ 7 N\ 1,10 - phenanthroline
or o- phenanthroline (o- phen or phen)

o- phenylene bisdimethylarsine (diars)
Ass
/\
CHy CHy
Note : The ligands like CO2™, CH3C00™,N03,NO3, 057,505, NH, — NHj, 05,N; etc

have two donor atoms but in general, they act as monodentate ligands. They form either four or three
membered rings including metal cation or atom and there will be repulsion between donor atoms and
their electron pairs which causes the ring to be strained and hence unstable.

Strain

o=c<1-o}(

M
o Vel

Strai Four membered rings o oy
rain N
£9<
CH,—C M

Strain

HZNS)/

| I M Three membered fing
HN2 7~ :

“These’ ligaﬁds -rriay behave ‘as bidentate ligands when the size of metal cation is large like
lanthanoids. For example, NO3 behaves as bidentate ligand in [Ce(NO3 )¢ ]2_ in which coordination
number of Ce** is 12, —

(2) Tridentate Ligands

Some important examples of tridentate ligands are shown below :

CH,;—CH,;—NH,
@) HH / diethylenetriamine (dien)

CH, —CH, —NH, /

2,2',2"-terpyridine or terpyridyl (terpy)

(3) Tetradentate Ligands

-~ Some important examples of tetradentate ligands are given below :

i
NH NH
i P < : triethylenetetraamine (trien
® H,C cH, y (trien)
| !
HyC e ee CH
SNH, HNT?

(ii) H,N — CH, —CH, —N —CH,—CH, —NH, triaminotriethylamine (tren)

CH,C00~
(ii) N<CH2COO" , Nitrilotriacetato (NTA}
CH,C00~ '

(4) Pentadentate Ligands
Important examples of pentadentate ligands are given below :
.. CHy—CHy — NH—CH; —CH; — NH;
(i) HN < . . tetraethylenepentaamine (tetraen)
CH, —CH; —NH—CH; —CH; —NH,;

“0O0CCH; . .. CH,C00™
(ii) > N, —ct— ethylenediaminetriacetato
H CH,C00"



(5) Hexadentate Ligands
The most important example of hexadentate ligands is :

—OOCCH; . CH,COO~
N N, —c,— N ¢
_OOCCHZ CH,CO o

ethylenediaminetetraacetato (edta or EDTA)

Since EDTA* bonds to a metal ion through six donor atoms, therefore, it forms highly stable
e e Moo

complexes and in general, is used to hold metal ions in solution.
EDTA* ligand is used to trap metal-ions such as Mg* and Ca 2* jons in hard water.

EDTA* is also used to treat metal, specially fead Boisoning Six donor atoms of EDTA* bond to
Pb?* ion to form very stable complex ion (Figure 1.5) which is removed from the blo@ and tissues and
excerted from the body with the help of kidneys as soluble chelate, [Pb (EDTA)}*".

W
W, B\

The monodentate ligands which have two or more different donor atoms can coordinate to a metal
cation through either of the two different atoms. These ligands are called ambidentate ligands. When an
ambidentate ligand coordinates to the metal cation through either of the two donor atom, two different
compounds are obtained which are called linkage isomers. Examples of ambidentate ligands are :

-SCN~,-NO3,- SZO§_,CO,CN—, SO§_,(NH2 }2CO, (NH; ), CS and (CHj3 )2SO.. But except
~NO3,-SCN™ andS 20%‘ none of these has yet produced linkage isomers. NO3 ligand, for example,

can coordinate to a metal cation through either N or O atom as shown in Figure 1.6.

gt afom:coordinated:fo metals

Similarly, SCN™ can coordinate with a metal cation either through S or N atom as shown below :
M «SCN™ M« NCS™

S —atom of SCN~ N - atom of SCN ™~
coordinated to metal ion coordinated to metal ion

The ligands in which one or two different donor atoms have atleast two pairs of electrons and share
these electron pairs with two metal ions or atoms (one pair with one atom or ion) simultaneously are
called bndgmg ligands. The interaction of bridging llgands with metal ions or atoms can be represented

asMe« o LIoM
The monodentate ligands having two lone pair of electrons on one donor atom which act as bndgmg

ligands are Hy O. R 0 H™, :NH;,F OB I™ 0 ~ etc. The monodentate ligands havmg two lone

pairs on two different atoms (one pair on one atom) are SSCN™2, :CO?, :CN T ) N Hy — NHZ,
o 5 B ) —\

NO3,027,037,802 soﬁ , ClO3, pyrazine, SN N3 etc.
The bridging ligands in which each of the two different donor atoms has atleast two pairs of

electrons like SCN ™, either one or both doner atoms of the ligands.can coordinate to two different metal
atoms or ions.
A bridging ligands forms twoc- bonds with two metal ions or atowms (one o- bond with one metal ion

- oratomyand these complexes are called bridging complexes or multinuclear or polynuclear complexes.

If a bridging ligand contain two different donor atoms with one lone pair of electron on each, then
one donor atom is coordinated to one metal and the other donor atom to the other metal. .

For example : _ ——

M ENQ /‘N:—>M, and [(H3N)sCo— O —O— Co(NH;)s]%

|
( ‘ [ \'\0‘2» a rﬂ
AN Caa™
: GANDS »¢
There are several ligands which have two or more donor atoms. These ligands can coordinate with

metal atom or ion either through one donor atoms forming non-chelated complex or two donor atoms
forming a chelate. These ligands are called flexidentate ligands. Examples of such type of ligands are :

CO%‘,SO%‘,SO:~ NO3,N;,0,,NH; —NH, etc. When these ligands behave as monodentate

———



ands, the complexes so formed are really stable. But when these ligands behave as bidentate ligands,

g.gey form chelates containing three or four membered rings including metal ion or atom as shown below:
Strain O° .
H N2 >/ RPN
L o™ 29NG
; HoNe 0 03
Three membered ring Four membered ring

In general, the chelates having three or four membered rings are unstable because of the steric strain.
However, exceptionally there are some stable chelates having four membered rings like [Ce(NO; )¢ >,
[Co(CO3)3 ]3‘ etc. EDTA* is a hexadentate ligand, but some times it acts as pentadentat:(;gtradenate

, ligand depending upon the size and steriochemistry of the chelate formed. For example, in eomplexes
[Cr(SOE)_(_’HED"IA)]Z_ and [CoBr(HEDTA)]*>~, EDTA acts as pentadentate ligand and in complex

: [P&(HZEDTA)]O, it acts as tetradenitate ligand and in complexes [Ca(EDTA)]Z_ or [Mg(EDTA)]Z‘ it
acts as hexadentare tigand. : .

- G [

SYMMETRICAL AND UNSYMMETRICAL BIDENTATE. LIGANDS

The bidentate ligands in which both the donor atoms are same, are called symmetrical bidentate
ligands and the ligands in which both the donor atoms are different are called unsymmetrical bidentate
ligands. The symmetrical and unsymmetrical bidentate ligands are represented as (AA) and (AB)
respectively where A and B are donor atoms. Examples of symmetrical and unsymmetrical ligands are
given below :

HyN—CH,; —COO~
glycinato, gly
ethylenediamine, en AN
CH; —CH—CH—CH;, N/
I - (1)
NH; NH, Heon
butylenediamine, bn .
0— (1:_ o- 8-hydroxyquinolinato
0=C—0"
-oxolato, ox o
N=0
a.- nitroso- - napthol jon

NS e
bipyridine, bpy
7NN\
o-phenanthroline, phen
CH; — C=CH—C —CH;
| i
o 0]

acetylacetonato, acac ™

The attachment of symmetrical bidentate ligands to a metal cation can be represented by a curve
‘2) L, where L is the abbreviation of symsmetrical bidentate ligand and two A’s are two similar donor

atoms. The attachment of  symmefrical  bidentate  ligand, ethylenediamine,
NH, — CH, —CH,; — NH,. for example, to Co>" ion in [Co(cn)3 ]°** ion is shown in Figure 1.7.

en
3+
N N
(D]
N N
N-—en

Similarly, the attachment of oxalato, CZOf;' ligand to Fe 3* jon is shown in Figure 1.8.
o]
[ /C/ //o 1>
0 \,o ‘
0=c—0 ¢ o
/ ! Fe ; ‘OR ox( Fe ;
0=C— (¢}
Q 0>°\\
c o]
N,
Eaparel 8 Attachment of G307 ligand to Fe ion:




The attachment of an unsymmetrical bidentate ligand, AB to the metal cation can be shown by a
curve g) L, where L is the abbreviation of the ligand and A and B are two differnt donor atoms.

The attachment of unsymmetrical bidentate ligand, for example, glycinato, NH,CH,CQO™ toCo 3+
jon is shown in Figure 1.9
[ CH, 70

/X gly
N, C=0 N

ol %
. 0c—O0
/ Coi / OR -gly(
_ N

[CHy—HN

O\
[=]

A9 Attachnient o NG00 ligand

BrOA LY ot

These are the special class of chelating ligands. These ligands
contain large size rings without a metal cation or atom present.
These ligands contain several donor atom inside their ring to donate
lone pair of electrons to the metal cation. For example, chlorophyll,
hemoglobin and vitamin By all contain tetradentate macrocyclic
ligands.

A macrocyclic ligand form more stable macrocyclic complex as
-compared to complex formed by the non-cyclic chelating ligands
having same number and type of donor atoms as that of macrocyclic
ligand. This effect is called macrocyclic effect. It has been observed ¢y,
that the chelate ligands form more stable complexes than analogous
monodentite ligands and the chelates of higher denticity (i.e., CN.)
are more stable than the chelates of lower denticity. Also,
macrocyclic ligands of appropriate size form more stable
complexes than the chelating ligands. This structure of chlorophyll
is shown in Figure 1.10.

CHs

_ Complexes in which a metal is bound to only one kind of donor group, e.g., [Co(NH3 )¢ ]3 * are
known as homoleptic complexes and the complexes in which a metal is bound to more than one kind of
. donor groups, e.g., [Co(NH3 )4Cl, ]* are known as heteroleptic complexes.

. In the complex [Co(en); Pt enis...k ;

. Hemoglobin is a type of
. Pyrazine is a.....%
. EDTA4_ isal.bal: Iigand

. The complex {Co(en) 3 ] isa type of

[Ams. 1.
3.

5.

7.

9.

Il

13.

I5.

17.

.................. bt
- Diethylenetriamine is @ ........ccceeee. ligand.

. Coordination number.of Mo in [Mo(CN); °~ is Re
. The oxidation number of Fe in [Fe(H,0)s NOW* i oot (| 14 - &5

‘ : -

.. EAN rule.
ambidentate 2
8 4,
bidentate 6
ambidenltate, ainbidentate 3.
monodentate, bridging 10
greater ' 12
unsymmetric, bidentate 14
greateq 16
does not obey 18

v

YA M

4

&

. The magmtude of depression in freezmg point-of Im aqueous solution of [Co(NH3) 5CI]C12
...\.... than that of 1m aqueous of solution of [Co(NH3 }4Cl, JCL

. The primary and seuondary valencte% in [(,o(NH3)5Cl]C12 are ... 1.

respectively.

. The complex [Fe(CN)4* .......

. The complex [Co(NH3 )¢ 1"

.) .

18 electron rule. - 4,

. tridentate or chelating

+1

. bidentate

macrocyclic

0. hexadentate (chelating)
. symmetric, bidentate

. chelate

16. 3,6

. obey ]



1. Which of the following ligands does not behave as ambidentate ligand? i
(a) NO3 (b)-SCN™ ey

(€) 5207 _{9NO3_

Which of the following ligands behaves as an ambidentate ligand?

(a) NO3 “5)502"
)
(©) SO, @ Cio7 W b~
3. The oxidation state of Rh in (NHz )3 (RhCl¢) is: e . 3
(@) +1 (b)+2
© e @ +6
Which of the following ligands beahves as a flexidentate ligand?
(@) NO3" ®)SCN~ Gt
(c) CNO™ (d)OH™ L
5. Oxidation number of W in MgWO, is:- _ q
(@) +2 O >
(c) +4 ) d)+6 \/ , @
6. A ligand in metal complexes behaves as :
(i) electron pair donor (ii) Lewis base~ N
.. (iii) nucleophile . (iv) electrophile
(a) (i) and (ii) only
(b) (i) and (iii) only
() (i), (ii) and (iii) only
(d) All of the above )
The ligand that exhibits linkage isomerism in its transition metal complexes is :
(@[50 (B)[8041 i
(c) [NO3 T (dICI04]

G}Wich of the following is not a chelating ligand ?
\.__/(a) Thiosulphato (b) Oxalato

8 .
. (c) Glycinato . Ad) Ethylenediamine/
9. A compound.contains 1.08 mol of Na, 0.539 mol of Cu and 2.16 mol of F. Its aqueous solution
shows osmotic pressure which is three times that of urea having same molar concentration. The
formula of the compound is :

(a) Nay[CuFg] (b) Na[CuF, ]
(¢) Nas[CuFy ] (&) Nag[CuF3] $
/ p W
vy U’ N

1.

%) 2. (b) 3. (9 4 () 5. (d) 6. () 7. (@)

8 9. (o)

L

How many chelate rings are bresent in the following complexes?
(a) [Ca(EDTA)]*

(®) [Co(en)3 **

() [Co(dien), |**

(d) [Cd(trien)]**

(e) [K(18-crown-6]"

. What is the expected freezing point depression of 0.01 m [Co(NH3 )¢ JCl3 complex ?

(K = ~186°C/m)-

. Arrange the following complexes in the increasing order of :

(a) conductivity in aqueous solution.
(b) depression in freezing point considering 0.1 m concentration of each complex.
[Co(NH3)4Cl JCL [Co(NH3)5CI]Cly, [Co(NH3 )6 ICl3

. A (2+, 1-) electrolyte complex is expected to have higher molar conductivity than (14, 1-)

electrolyte complex. Explain.

. A solution is made by dissolving 0.875 g of Co(NH3)4Cl3 in 25.0 g of water which freezes at

—0.56°C. Suggest the structure of this cormpound. Calculate number of moles of ions produced
when one mole of Co(NH3 ) 4Cl5 is dissolved in water.

. Define the following terms :

(a) Coordination compounds
(b) Ligands

(c) Ambidentate ligands
(d) Chelating ligands
(e) Flexidentate ligands
(f) Bridging ligands

(g) Donor atom

(h) Macrocyclic ligands
(i) Coordination number
(3) Counter ion

(k) Complex ion.



7. What is the coordination number of the metal in each of the followin
(2) [Co(en)3 J** 4
(b) [Co(gly)3 ]
(c) {ZrFg 1™
() [Ce(NO3 )6 1>
(¢) Na[Fe(CN)s MNO)]
) [Ca(edta)]”
(8) (Ni(Hdmg), ] ,

g compounds ?

5 4

2.

Coordination number of a metal ion in its complexes is the numiber of donor atoms attached to it.
Coordination number and geometry of the complexes are related to one another. For example,
complexes with coordination number 4 are either tetrahedral or'square planar and the complexes with
coordination number 6 are octahedral. The coordination number and geometry of the complexes depend
upon the following factors:

1. The size of metal ion or atom.

2. Size of the ligands and the steric interaction between the ligands.

3. Electronic inferactions and the number of d- electrons in metal ion or atom. .
4. Whether the ligands form 7 bonds with metal ion or not.

aaa

In general the metal atoms or ions of larger size ( say 4d- and 5d- series transition metals and
lanthanoids) favour the formation of complexes of hlg_er coordination numbers because steric repulsion

decrease wi e.in size of central metal cation. For similar reasons, bulky ligands ofien form

complexes of low coordination numbers and the smaller size li gands form complexes of higher
coordination number. Cotaplexes of higher coordination nurbers are formed for the central metal cation
or atom of 44- and 54- transition elements which lie on the left of the period and has a few number of 4-
electrons. The metal cation or atom having a small number of d- electrons can accept more electron pairs
from the ligands, one exaraple is [Mo(CN)g }4'. Ou the other hand, the metal cations which lies on the
right of the period and are rich in d- electrans form complexes of low coordination numbers. A few
examples are [PtCl4]2",{PdCl4 }2',[AgC12 T etc. These atoms or ions can accept less number of
electrons from the ligands. Complexes of low coordination numbers are also formed when the ligands
formed multiple bonds with metal cation, such as MnOy,CrO i—, [Ni(C0)4] etc. The formation of
multiple bonds between metal cation and ligands oppose the addition of more number of ligands.

The coordination nuraber of metal ions ranges from 1, as in ion pairs such as Na“Cl™ in the gaseous

state to 12 as in {Ce(NO3)6]2" ion. In general, the coordination number of metals in complexes are
found to be 2 t0 9, out of which coordination number 2, 4 and 6 are most common.



Coordination Number 2 A ‘

A few number of complexes are known with coordination number 2. The complexes with
coordination number 2 are given by Cu * Ag * Autand Hg 2*jons (ie,d 0 species). These complexes
have linear geometry. Some example are :

[Cu(NH3)2 1%, [CuCly T, [Cu(CN), I, [Ag(NH3 ), 1, [Ag(CN), 1. [AgCl T, [AUC, T,
[Au(CN)2 T, [He(CN), I, [He(CH3)2 ] , [Au(PR3),]* etc. These complexes are typically unstable
towards the further addition of ligands to form complexes of higher coordination number 3 or 4 suchas :

fCu(CN)2I” +2CN™ —— [Cu(CN), >~
[AgNH3 ), ]* +2NH; —— [Ag(NH; ), T+
[Hg(CN)2 1+ 2CN™— [Hg(CN)4 >
The cyano complexes Ag™* and Au™ with coordination number 2 are less stable as they exist as

discrete bis (cyano) complexes. The solid K[Cu(CN); ] contains a chain like structure (Figure 2.1) in

which coordination number of Cu +,i.$.3.

/ Qe axsop s

(J’( (¥ P

N

. The complexes of coordination number 2 may also formed by the stericaliy hindered. (i.eA.— bulky)
'llgazliis SI;CP as 2[N(SlPh3) 217, [N(SiMe3 ), 1™, [N(SiMePh 2)21 etc. with the metal ions such as
+ . .
Mn*",Fe*",Co** and Ni%*. One tmportant example is Fe[N(SiPh3 ), .

Co_ordination Number 3

This coordination number is rare in compl¢ i i
_ ; plexes and the geomeiries corresponding to coordination
;flmber 3 are trlgonal.planar and trigonal pyramidal. Some famous examples are Ig[Cu(CN)zu]la(ézg
tgure 2.1), CsCuCls, infinite single chain, Hegl3 and the pyramidal SnCl3 (Figure 2.2).

SnCl, +CI"—s SuCl;
Ve
T

\

Coordination Number 4

This is the second most important coordination number in coordination chemistry after coordination
number 6 which is to be discussed later. The geometry corresponding to the coordination number 4 is
tetrahedral or square planar. :

Tetrahedral complexes are favoured when the ligands are larger like C1™, Br~,I” and the central
metal cation or afom is smaller with : (i) ° and 2'%-configurations and (ii) d"-configurations where
square planar or octahedral is not favoured by number of d- electrons, such as Fe2* (4° ) Co?* (d’ ),
Ni%*(d 8 ),Cu2+(d9 )ions which form tetrahedral complexes withCl™,Br™ ions.

The oxoanions of tramsition metals in high oxidation states are, generally, tetrahedral such as
VO}",Cr0}, Mn0j etc. o T

Squ;r_e planar cchplexes are less favoured sterically than tetrahedral complexes. Therefore, these
are prohibitively crowded by large ligands. Co?* 3d 7 ), NiZ (3d 8 )and Cu x (3d9) form square planar
complexes with w acceptor ligands such as CN™. The metal ions belonging to 4d- and 5d- series
transition elements such as Rh*,In*,Pd?* Pt?*, Au 3* form invariably square planar complexes
regardless of the &donor or m-acceptor character of the ligands. Examples of square planar complexes
are : [Ni(CN)a ], [Co(CN)4 17, [Cu(CN)4 I, [CulNH;3)4 T**, [PACL 1™, [PICL 7, [AUCL T,

[Ri(Me 3 P); Cl, [I{CO)(Me 3 P) 2 Cl] etc. —
—_— v
L
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Coordination Number 5

The complexes of coordination number 5 are less common than that of coordination 4 and 6 fo'r d-
block elements. The complexes corresponding to coordination number 5 are either square pyramidal



{SP)or trigonal bipyramidal (TBP). However, both these geometries undergo some distortion from their 3
ideal geometries. These two geometries can be interconverted by small change in bond angles because :
these two geometries often differ little in energy from one another. Muetterties and .Guggenberger has
produced a series of coordination compounds of coordination number 5 to show a sharp transition of an

l
ideal trigonal bipyramidal to square pyramidal. ‘l
i

[CACIs T, [P(CoHs)s 1,[Co(CsH7NO)s 12*  [INI(CN)s -, [NBNCHyg ) ], [Sb(CeHs )s
'tl;:-g’ggﬁl dal . Square pyramidal
Intermediates (distorted)

In some cases it has been observed that the polydentate ligahds or macrocyclic ligands favour the
square pyramidal geometry. For example, the iron atom in deoxyhemoglobini and myoglobin has 5:1?

pyramidal coordination (Figure 2.4). R

__.,.#‘ . .
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The [Ni(CN)s ]"" ion can exist as both square pyramidal [Figure 2.5(a)] and trigonal bipyramidal
Figure 2.5(b)] in the same crystal.

N
CN 3- CN i
NC | ,CN | ,cN
>Ni/ NC—Ni 7
NC CN | \en
CN

; : : : SR, LA L7 5 <k e
' In gengral, tngoqal bipyramidal with monodentate ligands are highly fluxional in solution, i.e., a
,l}gand that is equatorial at one moment becomes axial at the next moment. This chanee in position ,of
ligands may occur by Befry pseudorotation (Figure 2.6) 7
1

1

/——The Fe(CO) s complex, for example, is trigonal bipyramidal in the crystal, howe.ver, _in solution the
C axial and equatorial ligands exchange at a rate such that these ligands can not be distinguished by NMR

* which has a time scale ~ 1073 s, and the Be NMR spectrum of Fe(CO) 5 shows only one resonance. This

It is also observed that the exchange of these ligands is slow on IR time scale.
/

Coordination Number &

This is the most common and enormously important coordination aumber for transition metal
complexes. The possible geometries corresponding to coordination number 6 may be hexagonal planar,
trigonal prismatic, octahedral or tetragonally distorted octahedral. In a regular octahedral complex all the
M—L bond distances are equal and the complexes have plane as well as centre of symmetries. In other
words, we can say that the regular octahedra] complexes are highly symmetric and have Oh symmetry.

like

Examples of some regular cctahedral complexes are Complexes of Cr(ll)

[Cr(H0)6 ¥ ,[CH(CN) 6 P~ complexes of Co(iil) like [Co(Ha0)6 I+, [CoNH3 )6 1°* ,{Co(CN)6 I*~,
complexes of Fe * Jike [Fe(CN)g1*™, complexes of Ni%" like [Ni(NH3 )6]2+ etc. The structure of
regular octahedral complex, say ML is shown in Figure 2.7. ’ '
L
L: i'?ﬁj‘;}}j'—
¥ ]
WA l\\I

When different kind of ligands are present in an octahedral complex, the symmetry of the true
octahedron can not be retained. ) -

There are some complexes of coordination number 6-which have all the six ligands same but
undergo some sort of distortion due to the electronic effect. The first is the. tetragonal distortion, either
elongation or compression along one of the fourfold rotational axes of the octahedral (Figure 2.8). This
type of distortion has been discussed in Jahn-Teller distortion or Jahn-Teller effect.




An another type of distortion is the elongation or compression, called tri istorti
. , gonal distortion along one
of the four threefold rotational axes of the octahedron which pass through the cent i
2.9) resulting in a trigonal antiprism. & entres ofthe faces (Figure

_ Ifthe ligands of a regular octahedral complex like [Co(NH3)6]3* replaced by chelating ligands like
- .ethylenediamine, NH — CH; —CH, —NH; to form [Co(en); **
octahedron is reduced from Oh to D5 but it is not a real distortioi:”
The complexes having trigonal prismati v (Fi i
. crystal latticgs of sulphiges %)f hegé}; Hrigtzgf.}l:: t;})l(a(ll;;)gl(ge I\Z/I(:g l a;i;al'\i;sb;f [%?geotr)]?lm i’sri(:tig
c<.)mplexes of 4% configuration such as [Zr(CH, )6]2" and [W(CH3 )4 ] have also been isol:ted The
trigonal prismatic structure of [Re(S3CyPhy )3 ]is shown in Figure 2.10. -

e

, the symmetry of the regular *

Higher Coordination Numbers |

Coordination number 7 is not common. However, it is encountered for a few 3d- and some 44- and
5d- metal complexes, where the larger central metal ion can accommodate more than six ligands. The
geometries corresponding to the coordination number 7 are pentagonal bipyramidal, a capped
octahedron and a capped trigonal prism (These three geometries are shown in Figure 2.11). In capped
octahedron and capped trigonal prism, one figand (the seventh ligand) occupy one of the eight faces.

F L Fom
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Some examples of complexes of coordination number 7 are [ZrF; ]3 ~, [Mo(CNR); ]2+_ ,[ReOClg [
and [U0; (H,0)51%*. : N

Coordination Number §

Coordination number 8 also can not be regarded as common. The possible geometries for complexes
of coordination number 8 are square_antiprismatic [Figure 2.12(a)] and the trigonal dodecahedral
[Figure 2.12(b)]. The two famous examples with their geometries are shown in Figure 2.12.
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Coordination Number 9

Coordination number 9 is shown by some f- block elements because of their larger size. Some

. important examples are [Ln(H;0)9 T+, INA(H,0)4 1** . The examples of coordination number 9 of the
d- block elements are [TcHg ]2~ and[ReHo ]2_ . The structure of [ReHy ]2' is shown in Figure 2.13.

Coordination Number 10

Coordination number 10 is encountered in complexes of f- block M>* jons. For example,'ih.

[T(OX)4(H;0)2 ]4' , Thhas coordination number of 10. The higher coordination numbers are rare with

d- block M3 jons because their smaller size may be responsible for the ligand-ligand repulsion when
they approach the metal ion.

Coordination Number 12

Coordination number 12 is also encountered in complexes of the f-block M>** ions. An important
example is [Ce(NO3 )¢ ]2_' in which each NO3 ligand behaves as bidentate ligand. If the size of a metal
cation is small then NO3 behaves as monodentate ligand. If, for instance, it acts as bidentate ligand with
smaller cation, thére will be straiin bgtiveer'l'two donor O-atoms of a NO3 and the complex becorﬁeé
unstable. .

If the size of metal cation becomes larger than there will be a small or negligible strain between the
two donor O-atom of NOj3 when it coordinated to metal ion and thus NO3 behaves as bidentate ligand.

Isomers are compounds with the same chemical composition but different arrangement of thei
constituent atoms and the phenomenon of existence of isomers is called isomerism. Since their atoms ar
arranged differently, therefore, isomers are different compounds with different reactivity and/or o
different physical properties (such as colour, melting and boiling points, and solubility). Isomers ar
mainly classified into two types. Structural (or constitutional) and sterioisomerism , each of these i
further sub classified as:

Isomerism
b !
Structural isomerism Sterioisomerism
L) Tonization isomerism Geometrical isomerism”
" > Hygrate isomerism Optical isomerism
L » Linkage isomerism
1> Coordination isomerism
+» Coordination position isomerism
Ligand isomerism

Polymerization isomerism

Structural Isomerism

Isomers that have different atom-to-atom bonding are called structural isomers. In coordination
compounds, structural isomerism arises due to different connections (or bonding) between metal and
ligands.

(1) Yonization Ysomerism : In these isomers there is exchange of ligands between coordination
sphere and ionization sphere (called as counter ion). These isomers give different ions when dissolved ir
water. For example, [Co(NH3)sBr]SO4 and {Co(NH3)5(S8O4)] Br are ionization isomers. These
isomers give different ions in aqueous solution and show different properties.

(2) [Co(NH3 ) s BrJSO4 is red-violet and [Co(NH 3 ) 5 (SO4 )] Br is red.

(b) In aqueous solution, [Co(NH3 }s BrjSO4 gives white precipitate of BaSO4 on reaction with
BaCl, whereas it does not give any precipitate with AgNO 3. This indicates that SOi’ ion is present in
lonization sphere.

N 4
Wik {Co(NH;3)5Br]SO4 Ez** [Co(NH3 )5 Br}** + BaSO4
(5 a7y . —— White ppt
+
[Co(NH3 )5 BrJSOa—2 > No precipitate
On the other hand, {Co(NH3 )5 (Sé} )} Br gives cream coloured precipitate of AgBr with AgNO;
and it does not give any precipitate with BaCl,. This indicates that Br™ ion is present outside the
coordination sphere.



[Co(NH3 )5(S04)1Br 2 [CoNH3)5(S04)]* +  AgBr

Cream coloured
W precipitate

No Precipitate
Some other examples of ionization isomerism are :
(i) [Co(NH3 )sCIISO4 and [Co(NH3 )5 (S04)]CI
(i)} {Co(NH3 )5 (NO3)]SO4 and [Co(NH3 )5 (SO4 )]NO3
(fii) [Pt (NH3 }4Cl ] Bry and [Pt (NH3 }4 Br; ICl,
(iv)[Co(en),CI(NO }ISCN, [Co(en), CI(SCN)INO; and [Co(en), (NO, ) (SCN)ICI
(2) Hydrate Isomerism : When water molecules are exchanged between coordination sphere and
»nization sphere, the resulting isomers are called hydrate isomers. For example, hydrate isomers given
y CiCly6H;0 are : [Cr(H0)6]Cl3 (violet), [Cr(H;0)s5CIICly.H0 (pale green) and
21(H,0)4Cl JCL2H0 (dark green). These isomers give different properties :
(i) These isomers have different colours. ) .
(ii) When these isomers react with AgNO3 solution, 3, 2 and 1 chioride ions get precipitated
:spectively. . :

[Cr (H20)6 Cl3 ]Lg: [Cr (H20)6 I** +3AgCl(s)
[Cr (H,0)5 CIICI, - H,0 248 (or (H,0)5CIP* -H,0+2A¢Cl(s)

+
[CI‘ (H20)4 C12 ]Cl 2H20 i) [Cl' (H20)4 C12 ]+ '2H20 + AgCl(S)
(iii) [Cr(H,0)¢ ]Cl3 does not loss water over conc. H,SOy4.

[Cr(H20)61C13 222%, [Cr(H0)4]Cls (No change)

[Cr (H;0)5 CI]Cl; -H0 loses one water molecule over cong. - H;SO4.

) . H,SO,
[Cr (H;0) 5 CIICl, - Hy0—— [Cr(H,0)5.CIICl; + Hy0

[Cr (H20)4 Cl; ]CL. 2H,0 loses two water molecules over conc. H;SO4.

[Cr (H,0)4 Cl, 1C1-2H;0 222%, [¢r (H,0) 4 C1, IC1+2H,0

(3) Linkage Isomerism : Linkage isomers arise when an ambidentate ligand can coordinate to a
ietal cation through either of the two different donor atoms.

Forexample, in complexes containing NO7 ion as ligand, it may coordinate to metal cation through
ither N-atom or O-atom. The linkage isomers containing NO7 ion as ligand are
Jo(NH;3 )5 (NO,)I**, N-atom is coordinated to Co>* and [Co(NHs3)s(ONO)**, O-atom is
»ordinated to Co>*. Some other examples of linkage isomers are :

()} {Co(NH3 )5 (SCN)ICl; and [Co(NH3 )5 (NCS)]CI,

(i) [Co(en); (NO; ), 1" and [Co(en); (ONO),]*

(iii) [Pd (PPh 3 )2 (SCN) ] and [Pd (PPh 3 ), (NCS), ] /
In most discrete complexes cyanide, LN does not behaves as an ambidentate ligand. It always
bonds through the carbon atom because of the stronger -bonding in this mode. However, CN ™ behaves

as ambidentate ligand in linkage isomers such as cis- [Coftrien)(CN), T* and cis{Co(trien)(NC), ]* . In

1arge.number of polymeric complexes, CN™ acts as ambidentate bridging ligand. For example, in
prussian blue and turnbull blue, both have same structure, intensely blue colour, same isocyanide

framework as shown below :

I 1

I I
...Fe—CN—Fe I

I
NC-—~Fe—CN—Fe—NC—Fe...

. r_’— -
In both prussian blue and turnbull blue, hexacoordinated low spin Fe(Il) is bonded through the
carbon atoms and hexacoordinated high spin Fe(I1I) is bonded through the nitrogen atoms of the cyanide.

Prussian blue is formed by addition of K4[F e(CN) ]solution to Fe>* jons solution. '3 Y-
. > 2 i i
Fe" +[Fe(CN)g J*~ — Fe4[Fe(CN)g 3 ~ e 3-
Prussian blue ) ! *

Turilbull blue is formed by addition of K3 [F e(CN) ] solution to Fe" ions solution.

Fe’" +[Fe(CN)g " —> Fe4_[Fé%CN)613

. = . ) Tobafl bl
' Shriver and efal reported an interesting example of linkage isomerism. When K;3[Cr(CN)¢ ]selution
is added to Fe(II) ions solution, a brick red precipitate is obtained which turns dark green on heating at
100°C.

T 3 I I
Fe”" +K" +[Cr(CN)¢ ]~ — KFe[Cr(CN)¢]

Brick red
100°C
m I
KCr[Fe(CN)4].
Dark green
These isomers have the following structures :
It 14 11 ¢ 11
... e—NC—Cr—CN—Fe—NC—Cr—CN—Fe... —

Brick Red

i i IH
... Fe—CN—Cr—NC—Fe—CN—Cr ...
Dark green '




@ Coordination Isomerism : In complexes when the cation and anion both are.complex ions, there
may be exchange of ligands between these two complex ions resulting in coordination. isomers. In the
pairs of these isomers, the central metal cation in the two coordination sphere may be the same or
different. '

Some examples of coordination isomers are given below :

(i) [Co(NH3 )6 J{Cr (CN) ] and [Cr (NH3 )¢ ][Co (CN)¢]

(ii) [Cu (NH3 ) 4 J[Pt Clg Jand {Pt (NH3 )4 J[Cu Cl4]

(iii) [Co (en) 3 }{Cr (CN)¢ ] and [Cr (en) 3 J{Co (CN)4 ]

i (IV) avy {m
(iv) [Pt(NH3 )4 ][ Pt Clg] and [ Pt (NH;)4Cl, J[Pt Cls]

(V)TCr(NH3 ) ][Cr (CN) ] and {Cr (NH;3 )4 (CN), ]{Cr (NH3 ), (CN)4]
(5) Coordination Position Isomerism : In bridging complexes an exchange of non-bridging
ligands between two metal cations give rise to coordination position isomerism.
For example : ,
: am ,NH; @
DIENg Co{ > Co(NHy); Cly >
N 0, / .

NH, A

and [CI(H3N);3 Co< o, >C0(NH3')3CI]2+
OH

(ii) {(H3N)4 Co < >C0(NH3 )2Cly 1%

Ol

OH
and [CI(H3N)3Co ¢ Co(NH; )3 CIZ*

6. Ligand Isomerism : Ifa ligand itself exists in two or more isomeric forms, then the complexes
containing such ligands also exist in isomeric forms. Examples of isomeric ligands are :

(i) CH3 —CH —CHZ and CHz—CHz —CH2

| |

NH; NH; NH, NH;

1,2-diaminopropane 1,3-diaminopropane
(propylene diamine, pn) (trimethylenediamine, ¢n)
{ii) 0- , m- and p-toluidine.
NH, NH, NH,

CH,

CH,
CH,
o-toluidine -m-oluidine ploluidine

The two isomers containing ligands pn and n are [Co(pn),Cl, T+ and [Co(tn),Cl,

(Figure 2.14).
CH
\ /-CH2
{ ‘i” \NH2

OR

OR

1" respectively

7. Polymerization Isomerism : Polymers are riot real isomess. These isomers have same emperical
formula instead of molecular formula. All these isomers have the same ratio of metal atoms and the

Hlustrated by the coordination polymers of Pt 2" andCo>" ions.
2+,

{Pt(NH3),Cl;]

[PtNH3 )4 ][P(Cl4 ] ,
[PUNH;3 )4 JIPt(NH3)Cl3 ], |
[Pt(NH3 )3Cl],{PtCl, ]

[O% S DX N .

(= - A

(= N )

12:2




ofCo** ion :

i R

[Co(NH3)3(NO2)31]
[Co(NH3 ) ][Co(NO2 )¢]
[Co(NH;3 )4 (NO3 )2 [Co(NH3 )2 (NO2)4]

The isomers in which the same types and number of ligands are coordinated to the metal atom or
cation but with different spatial arrangements are called sterioisomers. In other words, sterioisomers are
isomers that differ only in the spatial arrangement of ligands coordinated to metal cation or atom.

Sterioisomerism is classified into two types : :

(1) Geometrical isomerism

(2) Optical isomerism

(1) Geometrical Isomerism

Sterioisomers in which the relative positions or orientations of the ligands or more specifically
donor atoms round the metal cation is different are called geometrical isomers and this phenomenon is
called geometrical isomerism. Geometrical isomers can not be inter-conveted without breaking of M-L
bonds. Geometrical isomers exists only in pairs, in one isomers the two particular ligands are adjacent to
each other and in the other the two are in opposite sides in the structural formula. Thus, the isomer in
which two particular ligands (either identical or non-identical) occupy the adjacent positions of each
other is called cis-isomer and the isomer in which two particular ligands occupy opposite positions to
each other is called trans-isomer (The latin word cis means next to, trans means across). cis- and trans-
isomers are different compounds with different properties like melting points, dipole moments,
solubility, colours and chemical properties. For example, cis - [Pt(NH )5 Cl, ] is polar molecule and is
more soluble in water than trans-{Pt (NH; ), Cl, Jmolecule which have zero dipole moment. Also cis -
[Pt (NH3),Cl,] called cis-platin is an effective anti-cancer drug where as the frans isomer is
physiologically inactive. Geometrical isomerism is most common in complexes having coordination
number of 4 and 6. The complexes which exhibit coordination numbers 2 and 3 do not exhibit
geomgtrical isomerism.

eometrical isomerism in complexes which exhibit coordination number 4.
_/ (A) Tetrhedral Complexes : Tetrahedral complexes do not exhibit geometrical isomerism whether
all the ligands are same or different because all the ligands in this geometry are at adjacent positions
relative to each other, i.e., each ligand is present at 109°28' from each of the other three ligands.

(B) Square Planar Complexes : .

() [Mag]™,[Masb]™ [M(AA), ], [M(AA)ab]"* and [M(AA)a,]"* type square planar

c_omplexes do not exhibit geometrical isomerism because all the possible spatial arrangement of the
ligands round the metal cation is the same. '

(i) [Ma 3 b;]"* type Complexes :

Example§ of th.is type of complex%_are 1 [Pt(NH3),Cl, ], [Pt(py),Cla] etc. which exhibit
1g:eomet;cal isomerism. cis- and trans- isomers of [Pt(NH;),Cl, ], for example, are shown in
igure 2.15. o ’

HN x-=-----=Cl 0 HaN g~ — - = cl °
'/\Pt/’l ? ,’l\ 7 -’
/ Pt_ /) l
HgN Z_ —X‘/CI cl IZ.. _X’I Jl

cis-isomer . trans-isomer

(iii) [Ma 2 bc] ™ type Complexes :

Examples of this type of complexes are : [Pt(NH3), pyCll", [Pt(py)s (NH;3 )CIft,
[Pt(NH3), (NO, )(+Il] etc. which exhibit geomefrical isomerism. cis- and frans- isomers of
[Pt (py)2 (NH; )CI]", for example, are shown in Figure 2.16.

+
AN AN
/,/ Pt | p Pt /
Pyl x 'cl , C'Z‘ _xlpy

+

(iv) [Mabed] ™ type Complexés :
Square planar complexes of this type exist in three isomeric forms :
H3N’,§——-—/Py ]0 HN ko=-====5Cl ° HgN x=-=--~= Py °
/Pt ,'I /I\Pt/,’l 1 ,I Pt/’l
N N Br ’Z—4¥ny J ol -x'lsr

The three isomers of [Pt (py_) (NH;3 )CIBr], for example, can be obtained by fixing one ligand, say
NH3, at one comer and then placing the other three ligands , one by one trans- to NH; Figure 2.17. Some




other examples of such type of square planar complexes which can exist in three isomeric forms are :
{Pt(CyH4) (NH3 ) CLBt], [Pt (py) (NH3 } (NH,0H) (NO3 )] *

(v) [M(AB)3] ** type Complexes :

Here M is the central metal cationand AB is an unsymmetrical bidentate ligand in which A and B are
two different donor atoms. Examples of such type of complexes are : {Pt {gly), ],[Cu (gly), Jetc. The cis-
and trans - isomers of [Pt (gly), j are shown in Figure 2.18.

HZNK-“/NHZ THZ-O OR 1aly K_y
:co 0‘4——x0——coj - o‘/---_xo gl)]

Cis-isomer

OR

trans-isorier

(vi) Bridged Binuclear Square Planar Cemplexes of My a4 by type :

The bridged binuclear square planar complex of Mya, by type can exist in three isomeric forms
(cis-, trans- and unsymmetric). The three isoreric forms of [Pt (PEt3 )Cl; 1,, for example, are shown in
Figure 2.19. But only cis- and {rans- isomers of most of the complexes of this type have been found.

\Pt/ \Pt/ ) \Pt/ \Pt/
Bsp 7 N NpEg c1/ Na” N pegy
- cis- ) trans—
Up O Np
Cl 7N Cl 7N PEt;
Unsymmetric

(vi) Square planar complexes with symmetric bidentate ligands carrying one-or more substituents
can form geometrical isomers. For example, [Pt.(pn), ]°* exists in cis - and frans - isomeric forms

(Figure 2.20) in which the methyl groups are cis- and trans- respectively with respect to the median plane
of the ring atoms.

2+

CHz—HzNY“'/ i NH—
. CHa\/c—H N‘/“--\"\ NH, _C\/CHs

H H

cis-isomer

72+

— HN 'K— 7 7 NH, -—/CH2

CHs\/c—uZwA - -\—\ NH, —c\/ Ho

H CH,
 trans-isomer

An apother example of complex is that havmg bidentate ligands with two methyl substltuents as
shown in Figure 2.21.

CH3\ CHg 1 2+

H/C_HZNIK_“/’NHZ—C S~H

‘
_ /
CHs\/C HzNé - ‘\‘\""INHZ —C\/ CH,

H H
cis-somer

r H\ /cH3W2+

H3C/C_H2N§_7NH2_C\H .

H\c—uzu%----’ z_c\/CHs'

HC . H

L J
trans-isomer

Geometrical Isomerism in Qctahedral Complexes _
In an octahedral complex a metal cation will present in the-centre of an octahedron and the six
ligands occupy the six-comers numbered from 1 to 6 as shown in Figure 2.22.



By KA, TR B e e

In cis - isomers the two similar ligands or some times two different ligands of interest occupy the
corners of octahedral adjacent to one another. In cis- isomers the same ligands occupy either of the
positions (1,2) , (1,3), (1,4), (1,5), (2,3), (3:4), (4:5), (5.2), (6,2), (6,3), (6,4) or (6,5). In trans- isomers
these ligands are lying opposite to one another on a straight line which passes through the centre of the
octahedron. [n #rans - isomers the two ligands under consideration will occupy either of the positions
(1,6), (2,4) and (3,5).

Since all the comers of a regular octahedron are equivalent, there are no geometrical isomers of
complexes of the type[Ma | %+ [Masb]"* and[M (AA); lwhere AAisa symmemc bidentate ligand.

The following types of octahedral complexes exhlblt geometrical isomerism :

() [Ma 4 b3]"* type Complexes :

The complexes of this type exist in cis - and trans - isomeric forms Examples of this type of

complexes are : [Co(NH3)4Cl2 1", [Co(NH3)4(NO;3),]" etc. The cis- and trans- isomers of
[Co(NH3 )4 Cly]" are shown in Figure 2.23.
NH, c
HN m-—o~--= cl HaN ~o—1---= NH,
'\ / ~ /,’
/! Co, p
: {
N |-|3N‘4~}~>v Ct HgN<= === |-—- NH,
e }
cis-isomer trans-isomer

.Incis - isomers the two CI™ ligands occupy the adjacent positions (i.e., |, 2)and in trans- isomer the

two C1” ligands occupy positions opposite to each other (i.e., 1,6). The cis - isomer has blue-violet
colour whereas trans- isomer has green colour.

(ii) [Ma 4 be]** .
The complexes of this type also exist in cis- and trans - isomers. Examples of this type of complexes
. [Co(NH3)4 (HZO)Cl]2+ [Co(NH3)4(py)CI]*" etc. The- cis- and trans- isomers of

[CO(NH3 )4 H0)C1*

type Complexes :

are shown in Figure 2.24.

In cis- isomer HyOand C1™ ligands are at adjacent positions whereas in trans- isomers these ligands
are on opposite positions.
(iii) Facial and Meridional Isomers :

Infacial isomers three identical donor atoms lie on the comersof a triangular face and in meridional
isomers three identical donor atoms lie on the comers of a plane bisecting the complex. There are four
types of complexes which exist in fac- and mer-isomeric forms

(a) [Ma3b3]™* type Complexes : _
Some examples of this type of complexes are : [Co(NH3 }3Cl3 LiCo(NH3 )3 (NO3 )3,

[Cr (NH3 }3Cl; Jetc. Facial (or cis-) and meridional (or trans-) isomers of[Co(NH3 )3 Cl3 Jare shown in
Figure 2.25.

{
I [
1 7 I ]
[} ! 7
HaN K_I_ -G HSN A_l_k. NHs
NH, c
facial-isomer meridionatisomer
SN

ng-,w,n;fw

In fac-isomer, the three Cl—Co—Cl bond angles are 90° while in the mer-isomer, two Cl—Co—Cl
bond angles are 90° and ane is 180°. Also we can say that in mer-isomer threeCl™ ligands lie in one plane
and three NH3 ligands lie in a perpendicular plane. This complex is called meridional because each set
of ligands can be regarded as lying on a meridian of a sphere (the largest circle that can be drawn on the
surface of the sphere).

®) M (AB);]™

In this type of complexes AB is an unsymmetric bidentate ligand. Well known example of this type
of complexes are : [Co(gly) 3 Jand {Cr (gly)3 ], where gly =NH, CH, COO". The facial and meridional
isomers of [Co {(gly)3 Jare shown in Figure 2.26.

type Complexes :



: /= | ‘ ' : —
,- NH, /Co ) N\gy 0 ' (d) The complex {Co(dien), I°* also exists as facial- and meridional- isomers as shown in Figure
co— 0 0 s 9 228,
/ Co ; | OR e Co - ot 13+ - Oty 13+
CH,—H,N ~NH, N N nd, Ot N, e
N\ NH ] NH
O JoH, gy i CH, — HN ~cH CH,—HN NcH
> | . 3
i co ‘ CHa_ @ | SN 0 ‘
HN CH, HN
faciakisomer : NH,— ~'72 \ NH, CH,
_ - ' { CH, NH, { NH,
CH, 0 NeH J CH,__ ]
NG 00 N\gly o 2 CH,
1° 0/ N faciakisomer meridionakisomer
CHy— HoN e : — u :
f / Coi / OR M ] Co , Higyre qel sisGmels ob Caidien) :
c0—0 NH, ' 0 In facial isomers the three N-donor atoms of a dien ligand lie on the-corners of a trigonal face i.e., the
(o] \CH O—gly three possible N—Co—N bond angles for a dien ligand are 90°. In a meridional isomer two N—Co—N
\_ \ Cg 2 : bond angles and one N—Co—N bond angle for a dlen llgand are 90° and 180° respectively.
' (iv) [Mabyca] ** type Complexes :
idionali .
meTidlonarisomer The complex ion, [Pt (NH3 )2 (Py)2Cly }2+ is an example of [Mab,c 1"F type complexes. The
possible geometrical isomers are shown in Figure 2.29.
In facial isomer three N-donor atoms occupy the comers of a frigonal face and the three O-donor Py _ Py
atoms occupy the corners of anpther trigonal face and in other words, we can say that in the facial isomer, . 2+ 1 2+
the three possible N—Co—N bond angles are 90°. In meridional isomer two N—Co—N bond angles are Py ,’R’ ] m//c' H3N,’§ '"/lf c
90° and one is 180°. ! pl ’ Fooel )
(c) The complex [Co (dien) (NO, )3 ] (Where dien=NH, — CH, — CH, —NH —CH, —CH, NN NN
—NH;) also exists in facial and meridional isomeric forms as shown in Figure 2.27. . - s l ' ’ l
r CH, 10 r CH, 10 - ) ' ) : NH, ] Py




(v) [M abedef]™* type Complexes : [Pt (py)(NH3 (NO2 }(C)(Br)(D)]
There is only one coordination compound, of this type. This compound can exist in fifteen possible
isomeric forms but only three isomers have been isolated.

(vi) [M (AA); a 21" % type Complexes :
Here AA is a symmetric bidentate ligand, and* 4’ is a monodentate ligand. Some example of this type

of complexes are : [Co(en)2Cla 17, [Co(en) 2 (NO32 )21 F,[Co(en) 2 (NO3)2 T, [Rh(C204)2 Cly ]3'
etc. The possible geometrical isomers {Co(en); Cly 1" are shown in Figure 2.30.

+

Bl o

trans-isomer

cisisomer

(vii) [M (AA) 2ab] ** type Complexes :
Some examples of this type of complexes are : [Co(en)z(NH3)Cl]2+, [Co(en)2(py)Cl]2+,

[Cr(0X ), (NO, )Cl]3' etc. The geometrical isomers of [Co(en), (NH 4 )Cl]2+ are shown in Figure 2.31.

e"/N 24 : NH; 24
N NH, N N
P (LD
N cl N N
eh\N (o]
trans-isomer

cis-isomer

In cis- isomer the ligands NH3 andCl™ are at adjacent positions whereas in frans- isomer the ligand
NH3 and CI™ are opposite to one another.

(viii) [M(AA)a3 by]™* type Complexes :

Some examples of this type of complexes are : fCo (en) (NH3 )2 Cl, 1*,[Co (en) (py) 2 Cl» ] etc. The
possible geomerical isomers of [Co(en) (NH3 ),Cl, " are shown in Figure 2.32.

NH, ; NH; +
N NH, [ N cl N NH,
en(ﬁ SC{ ; en ! Co en ﬁ Co
N cl N cl N NH;
cl NH, al
M ap am

-0 l!\_',i

In isomer (I) both the NH ligands and both the C1™ ligands are on adjacent positions. In isomer (I1),
the NH3 ligands are opposite and the Cl™ ligands are oa the adjacent positions whereas in isomer (III) the
Cl™ ligads are opposite and the NH3 ligands are on adjacent positions.

(IX) [M(AB), 2,]™* type Complexes :

An example of this type of complexes is {Co{gly)2Cl, 1™ ion. The geometrical isomers of this

complex are shown in Figure 2.33.

gl
T

Ny é?

Ty o

N

ul
Co /
'ko gly

gly _
) am

Cl

(X) [M(AB), ab]"* type Complexes :
An example of this type of complexes is [Co(gly)2 (NH3 Y(py)]" ion. The geometrical isomers of

this complex ion are shown in Figure 2. 34.
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(XI) Octahedral Complexes Containing Optically Active Bidentate Ligand like, pn :
An important example of this type of complex is {Co (en) (pn) (NO3 )51 ion.
where - .en—> CH,— CH,

| | (ethylenediamine)
NH, NH,

and pn-»CH3—CH—CH,; (propylenediamine)
|

|
o N

~ The possible geometrical isomers of [Co (en)(pn) (NO; ), ]* ion are shown in Figure 2.35.

NO,

trans-isomer

There are two cis- isomers and only one frans- isomer i.e., there are-only three geometrical isome
for [Co(en)(pn)(NO3), 1" ion. Since pn is an unsymmetric optically active bidentate ligand, its don
N-atoms are differentiated by marking one and two asterisks.

- (XII) Polynuclear Complexes :

The geometrical isomers of dinuclear bridged octahedral complex of Fe (II) i
[Fe2 (OH)4 (H,0)¢]** are shown in Figure 2.36.
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To Distinguish cis- and trans-lsomers

The cis- and frans- isomers can be distinguished by the following methods :

(i) Dipole Moment Measurements : The trans- isomers has dipole moments equal to zero because
the dipole moment of one M-L bond is cancelled by the dipole moment of other M-L bond lying on the
opposite side. In cis-isomers the dipole moments of two M-L bonds (which are cis- to one another)
contribute in the same direction resulting in a some value of dipole moment.

(i) Infrared Spectroscopy : In order for a molecule to absorb infrared radiations to cause
vibrations, there must be a change in the dipole moment of the molecule as it vibrates. In case of trans
complexes such as[Pt (NH3 )5 Cly Jand [Co(NH3 ) 4 Cl, T", the Cl-metal-Cl symmetric stretching causes
no change in the dipole moment of the molecule (see Figure 2.37). Therefore, these two compounds are
[R inactive and no band corresponding to symmetric streching vibrations is observed in the infrared
spectrum. In case of the cis - isomers of these complexes both the symmetric and asymmertric stretching
vibrations of Cl-metal-Cl bonds cause appreciable changes in dipole moment. Thus, these mode of
vibrations for.cis- complexes are IR active and there are a number of bands in the infrared spectrum.

'
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' C N ! Co_ [/
HSN‘Z —l—x'NHs HSN‘I-/— —l—x cl
cl NH
L 1 J 3

(iii) Chemical Method : Grinberg’s Method :
When a chelating ligand such as NH,CH,COOH, COOH,NH; — CH, — CH, — NH, etc. reacts
|

cooH
with.cis- and trans - isomers separately, the cis -isomer forms a chelated complex or chelate and the trans
isomer form a non-chelated complex. The reactions of, for example, cis- and trans - [Pt (NH3 ), Cl, ]
with C203— and NH,CH,COO™ are shown in Figure 2.38.

(I:OOH HaN c=0
3 ——————— — —_—
COOH \ /
— . + 2HCI
H N ‘4 - _X — C —_— O
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|NH,CH,CO0H { s K“—/_NHZ

Cl + HCl
{HaN‘é---—— 0—C=0
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(IJOOH
o +2 HN g===—=== 00C - COOH
L COOH \ /

> + 2HCI

HOOC - COO ‘4—~XINH3

[T N P —— cl Non-chelated complex

4 :'I\Pt /Il' |
! i
i
C“/" ..._X.INH3
] : HN g=—=~~--~ NH,CH,COOH
2 NH,CH,COOH 3 R 4
awmonoon | T
q
[HOOC - CHHN L --xINH3
Non-chelated complex
- Figure2.38,

Quantitatively itis observed that for one mole of cis - isomer, one mole of NH,CH,COOH or COOH

i
COOH

is used whereas for one mole of trans- isomer two moles of either NHyCH,COOH or COOH is used.

COOH

cis-isomer forms chelate with chelating ligands because the two donor atoms coordinate-on adjacent
positions resulting in less strain. But in case of frans- isomer, the donor atoms of chelating ligands can
not coordinate at the trans- positions bacause of large strain. This large strain causes the unstability of
the chelated complex.



Optical isomers or enantiomers are pairs of molecules or ions which are non-superimposabie mirror
images of each other. The term superimposable means that if one structure is laid over the other of the
same molecule, the positions of all the atoms will match and the term non-superimposable means that if
one structure is laid over the other of the same molecule, the positions of all the atoms will not match. For
example, if a pipette is placed in front of a mirror, the image reflected is identical to the pipette itself. The
pipette and its miror image both are superimposable. If the lefi hand is placed in fronF of a mirror, the
image reflected will look like the right hand. Thus, we can say that the left hand and right hand are mirror
image of each other, However, they are non-superimposable because when left hand isplaced over right
hand keeping both palms down, they do not match. The non-superimposable property of left and right
hands is called handedness. The optical isomers have handedness and are said to chiral (pronounced
ky-ral, from the greek word, cheir, meaning hand) because like left and right hands, chiral molecules are
non-superimposable. Isomers that are superimposable (i.e., that [ack handedness) with their mirror
images are said to be non-chiral or achiral. Chiral molecules are optically active because they rotate the
plane of plane polarized light as it passes through the solutions of them. Unlike ordinary light, which
vibrates in all directions, plane polarized light vibrates only in single plane. Plane polarized light is
obtained by passing ordinary lfght through polarizing filter (i.e., nicol prism) which is made up of quartz,
CaF,. When plane polarized light is passed through the solution of a chiral compound the plane of
polarization is rotated either to the right or to the left. If the plane of polarization is rotated to right, the
isomer is sajd to be dextrorotatory (d or +), if the plane of polarization is rotated to left, the isomer is said
to be levorotatory ({ or — ). The d- and { - isomers of a chiral substance are called enantiomers. The d- and /
- isomers rotate the plane of polarized light by the equal amount but in opposite directions. An equimolar
mixture of 4 - and / - isomers, called a racemic mixture produces no net optical rotation because the
rotations produced by the individual enantiomers is exactly cancelled.

The essential condition for a substance to be chiral (or optically active) is t@he substance has no
plm_wmew, then it will be achira] (or optically mactlve)

The substances having no plane of symmetry (0r miirror- plane symmetiy) ‘are always
non-superimposable on their mirror images.

[SOMERISM.IN SQUARE .PLANAR COMPLEXES.

Square planar complexes rarely show optical isomerism whether al the four ligands are different or
same because they have all the four ligands and the metal cation in the same plane and hence have a plane
of symmetry. However, there are exceptionally some complexes which exhibit optical isomerism. For
example, (isobutylenediamine) {meso-diphenylethylenediamine) palladinm (II) or -platinum {iI)
complexes (also called as isobutylenediamine meso-stilbenediamine palladium (H) or platinum (i)
complexes) are square planar structures and are optically active. The optical isomers-of Pt {II) or Pd {II)
square planar complex are shown in Figure 2.39
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Where M = Pd(II) or Pt(II)

Ethylenediaminetetraacetate, EDTA* forms a square planar complex ion with palladium ) in

which EDTA*" acts as a tetradentate ligand. This complex ion exists as optical isomers as shown i
Figure 2.40.

~ CH,COO0- CH,C00™ | 2 “O0CCH, “00CCH, &
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Tetrahedral Complexes :

Tetrahedral complexes of [Ma4]"*, [Mayby 1" and [Ma3b]" type do not show optical
isomerism because all the possible arrangements of the ligands round the metal cation are the same.
However, {Mabcd]” * type tetrahedral complexes show optical isomerism. For -example,
[As3+ (CH; )(C,Hs )S)(CgH 5C00)]2+ ion show optical isomers as shown in Figure 2.41.
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Tetrahedral complexes of Be (II), B (IIT) and Zn (I} with unsymmetric chelating ligand also exist as
optical isomers. For example, optical isomers of bis (benzoylacetonato) beryllium are shown in
Figure 2.42. '

Cgtg E CeHls
c=o0 CH i CH 0o=c¢c
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CH Be CH ! CH Be CH
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c—o CH,4 E CH, o—c¢
/ '.
CH, ' : CH,

Optical Isomerism in Qctahedral Complexes :

Octahedral complexes of the type of [Mag]"*, [Masb]™* are optically inactive and do not show
optical isomerism because of the presence of plane of symmetry (Figure 2.43). For example,
[Co(NH3 )6]3+ and {Co(NH; )5Cl]2+ ions both have plane of symmetry and hence are optically
inactive.

NH, cl
HaN ‘, NH > H <l NI 2
CEANG I~ AA] 3N KT >~ yNHg
/ ’\Co/,’ :’I I\Co//
1
HaN‘/" "l’ N HN ‘4 ""\'INHs
NH, NH,

Optically inactive Optically inactive

() [Magby]™ type Complexes : An important example” of this type “of” complexes is
{Co(NH3)4Cl; 1" ion which exists in ¢is- and trans- isomeric forms (Figure 2.44). Both these forms

have plane of symmetry and therefore, are optically inactive. Thus, this type of complexes do not show
optical isomerism.
NH, cl

+ +

. HaN/f§+--ﬂc& _ H3N/§~l———/—’,NH3

1 Co ,I 1 Co ’I
HE\N‘Z —l’x‘l(;{ H3NZ-|-X‘INH3
NH, R

cis-optically inactive trans-optically inactive

(i) [May bc]"i type Complexes : An important example of this type of complexes is
[Co(NH3 )4 (HZO)Cl]2+ ion. This complex ion exists in cis- and trans - forms (Figure 2.45). Both these

forms are achiral. Therefore, these forms do not show optical isomerism.

NH3 OH,
‘, 2+ . 2+
HN m-—+4---= 7OH, HN x-~--~= 7 NH
. ';\Co/’l I/\C /,’ ?
! 1 . : [ 0, ’
i 1 . { i
H3N’4 _|_x al , H3N LK_ _|_x NHS
NH,4 Cl
cis-optically inactive trans-optically inactive

(iii) [Majbs} nt ._t}:pe -complexes : An important example of this type of complexes is
[Co(NH3)3Cl3]. This complex exists in facial (i.e., cis-) and meridional (i.e., trans-) forms (Figure
2.46). Both these forms are achiral and optically inactive. Therefore, these forms do not show optical
isomerism.

Cl Cl
HyN "‘,“'—/CI ] HyN '”"""‘lcl
I,'\C // - I,’\C //
/ 0 ' i 0 !
1 ¥ 1
H3N‘4"‘ -~ H3N A/__.__l_x NH3
[
NH, Ct
fac-optically inactive mer-optically inactive
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(iv) [Maybycy]"™ type complexes : An important example of this type of complexes is

[Pt(NH3 ), (py)2C12]2+ ion. This complex ion exist in five geometrical isomers, out of these only one

isomer exists as two optical isomers which are mirror image of each other and are non-superimposable
on each other, as shown in Figure 2.47.
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Isomers{(a) and (b) are the mirror images (i.e., enantiomers) of each other and are optically active.

?somers {c), (d), {e) and (£) are achiral and optically inactive and thus these isomers do notexist as optical
isomers.

(V) [Mabcdef]"* type Complexes :

v ‘ .
[Pt{py) (NH;3 }(NO2 }(CD){Br) (B} is the only complex of this type. The possible number of
geometrical isomers of this complex is I5. Each of these {5 geometrical isomers is chiral and heace is

optically active. Therefore, there are IS5 pairs of enantiomers {i.e., total number of optical isomers is 30).
The optical isomers of one of the 15 geometrical isomers are shown in Fi igure 2.48.
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(vi) [M{AA)3]™* type Complexes :
Here (AA) is a symmetric bidentate ligand which may be either a neutral or negative ion. The
examples of this type of complexes are : {Co(en); ]3+ , {Cr(ox)3 ]3_ etc. each of whick is chiral. Such

complexes can exist in either of two enantiomeric forms (i.e., d- and /- isomers) or a racemic mixture of
the two. It is to be noted that an octahedral complex containing three chelate rings are always chiral and
optically active. Therefore, these complexes are always exist as pairs of enantiomers. Optical isomers of

[Co(en); 1** and[Cr{ox)3]>" ions are shown in Figure 2.49.
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(vii) (M (AA);22]"F type complexes : An important example of this type of complexes is

]
1
{
[Co(en)2Cly 1" ion. This complex ion exists as cis- and frans- isomers, cis- isomers is chiral and f
1
optically active. Thus, it exists as d- and [- isomers as shown in Figure 2.50. On the other hand, the i
trans-isomer is achiral and optically inactive, therefore, this trans- isomer does not show optical \‘ :
. . en~N I N—en
isometism. ! o
en/ N + ! N \en . cis-d-isomer Mirror cis-Lisomer
: .
N al H ct
7 ! i .
Co !
! . NH, 2+
: N Ci 1 Ci N s
\_ ! . N N
N ! .
en : N—%n en(ﬁ Co ;)en
cis-d-isomer Mirror cis-lHsomer N N
' at
Ci - trans-isomer
+
: Achiral and optically inactive
N N
en(zco 7)en
N N !
Cl +
fran: -omer i
Achiral and o, zally inactive i
Flgure 2:50;SiEribisoniers
Other examples of [M(AA);25]"* type complexes are : [Co(en); (NO2)>1 , ' cis-t-isomer Mitror cis-l-isomer
- 3~
[Cr(C204)2(H20)5 17, {Ir (C204 )2 Cla I ete. _ . -
! Chiral and optically active o . R
(viii) [M(AA),ab}"* type Complexes : An important example of this type of complexes is l N ‘ Ta T
. - 3 + : +
[Co(en), (NH; )Cl]2+ ion. This complex ion exists in ¢is and frans- forms. cis- isomer is chiral and N ol N NH
: 3
optically active. Therefore, it can be resolved into d-and / - isomers. The d- and / - isomers are shown in i en ( / SCoi / e“( Co ;
Figure 2.51. On the other hand, the trans- isomer is achiral and optically inactive. Therefore, the trans - '1 N al N NH;,
isomer can not be resolved into d- and { - isomers. NH G
. + - 8
(ix) [M(AA)a;b;]"" type Complexes : Some examples of this type of complexes are : : frans-isomer trans-isomer
{Co (en) (NH3)2Cl2 1, [Co(C,04 )(NH;3 )2 (NO3 )2 1*, {Co(en)(py)2 (Cly 1" etc. These complex ions : N~
show geometrical isomerism. The cis- isomers are chiral and optically active. Therefore, these cis- : Achiral and optically inactive

isomers can be resolved into d-and J-isomers. The frans- isomers are achiral and optically inactive and

hence do not show optical isomerism. The optical isomers of {Co (en)(NH3 ), Clp T' ion are shown in 2 SEeHOiSOmErSObIC &5
Figure 2.52. o |




nt

* type Complexes : An important example of this type of complexes isfCo{gly)3 }
This complex show geometrical isomerism and exist in fac- and mer- isomeric forms. Both these isomers
are chiral and optically active, Therefore, both these isomers {fac- and mer-) can be resolved into d- and
I- isomers. The optical isomers of [Co(gly) 3 ] are shown in Figure 2.53.
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(xi) M(AA),(BB) type Complexes : An ‘mportant example of this type of complexes is

{Co(en), (0x)] " ion. This complex is neither cis- nor frans- but it has one optical isomer as shown in
Figure 2.54. ‘
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(xii) [M(AA)1(AB)]™* type Complexes : This type of complexes do not show geometrical

isomerism but these are chiral and optically active. Therefore, these complexes can exist in d- and &
isomeric forms as shown in Figure 2.55.
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(xiii) [M(AA)(AB),]"*

type Complexes : This type of complexes show geometrical isomerism

and all geometrical -isomers are chiral and optically active. Therefore, all the geometncal isomers can
exist in d- and [ - forms as shown in Figure 2.56.
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{xiv) Octahedral Complexes Containing Opticaily Active Ligands :

An important example of this type of complexes is [Co(en){pn){NO, ), 1" ion. This complex ion
exists as two cis- and one {rans- isomers, each of the cis- isomers is chiral and optically active. Therefore,
the cis-isomers exist in d- and /- isomeric forms (Figure 2.57). On the other hand, the frans-isomer has

plane of symmetry and therefore, should be achiral and optically inactive but this isomer has optlcally
active ligand (pn). Thus, it would be optically active.
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(xv) Octahedral Complexes Containing Polydentate Ligands such as EDTA* : The important
’ examples of this type of complexes are : [Ca(EDTA)]Z", [Mg (EDTA)]Z_, Cuo(EDTA)]™ etc. These
complexes are neither cis- nor trans- but these are chiral and optically active. Therefore, they exist as d-
and /-isomers. The d- and l-isomers of [Co(EDTA)]™ are shown in Figure 2.38.

t
1
1
1
[l
}
I
|
1
]
1
1
1
t
I
[}
1
1
1
]
]
]
1
1
]
.

Mirror

[ AN
CcO— CH
\o | c
--4-=-=5N—CH
l/\ // 2

L CH,

Q CH,
N\ CO/

cis-d-isomer

oH, |

(xvi) Bridged Binuclear Octahedral Complexes (i.e., Polynuclear Complexes) :

Optical

isomerism is not limited to mononuclear complexes. Polynuclear complexes containing bridging ligands

can also exist as d - and / - isomers. For example, the binuclear Co?

™ complex ion shown in Figure 2.59.

exist as cis- and trans- isomers. The cis-isomers is chiral and optically active and thus exists as d-and / -

isomers as shown in Figure 2.60. The trans- isomer is achiral and inactive and thus this isomer is an

internally optically compensated i.e,, it is meso form.
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OGjective Quostions
7 L. , .
r¢ 1./ Number of sterioisomers of the compound {Co(NH5 )3ClyBrlare : A, L
Y . M
=7 (@)1 (b2 e >
o ©3 @4 e
', 2. The complexes [Co(1,2-diaminopropane), Clz ]* and[Co (1,3-diaminopropane), Cl, |* represent
Y © anexampleof; . .. '
I "{a) ligand isomerism " «b) linkage isomerism
b . . N—— . . . . . N
v ’ (c) 10nization isomerism {d) coordination isomerism
‘\-;_’ 3. The number of possible isomers for the octahedral complex ion [Co(en)Cl,Br, ™ is:
. po 2
A ! 2) 2 {b)4 & W m
e ()6 d)8 '
AN 4. Foracomplex, MX ;Y5 possessing tﬁw geometry, the number of possible isomers is:
\ (a) 2 (b) 4 -
| SRCED @6 _
The number of possible geometrical isomers for octahedral Co(ox) {PMe ), NH3Clis :
(@) 2 ®)3

4 ()5




The existence of two different coloured complexes of Co(NH3 )4C12 isdueto:
(a) optical isomerism / (b) linkage isomerism

(c) geometrical isomerism {d) coordination isomerism
@The isomerisms that are possible in the Co(Ill) complexes [Co(NH;)3(NOj)3] and
[Co(NH3 )5 NO; ICl, respectively, are : W
(a) coordination and position (b) optical and linkage &D ¥
(c) geometrical and llnkage\/ {d) optical and optical
8. The complexes [Co(NH3 )4 (H0)Cl]Br; and {Co(NH3')4 Bry JCL.H70 are examples of :
(a) ionization isomerism (b) linkage isomerism
(c) geometric isomerism (d) optical isomerism
\_/1‘ he pair of ions that most commonly forms complexes with coordination number 2is: / /
(a) Cd (II) and Hg(I) (b) Cu (1) and Hg (I)
A(c) Cd (11) and Hg (I) (d) Cu_aw/
10 The octahedral complex/complex ion which shows both facial and meridional isomers is :
\/Zﬁ) triglycinatocobalt(III) (b) tris (ethylenediamine cobalt(IIT))

0-.4‘4
(c) dichlorodigylcinatocobalt(III) () tﬁoxalatocobaltate(m) o 77
11. Which one of the followmg compounds has optical isomers ?
(a) trans-[Co(en),Cl 2] (en = ethylenediamine)
(b) [PtCl; (NH3),] N
(c) [Cofen)3 ** - o
@Fe(n® ~CsHs)>] o
12. The complex [PtCI(NCS)(NH3 ), ]is capable of exhibiting : y

(a) ionization isomerism (b) linkage isomerism
1) coordination isomerism (d) optical isomerism
13. The complexes [Cu(NH3 )41, [PtCl4 Jand [Pt(NH3 )4 J[CuCl, ] are an example of :
(a) ionization isomerism (b) linkage isomerism
(c) coordination isomerism (d) geometric isomeric
14.] A complex of Ni(Il), [NiCl, (PPh3);] is paramagnetic. The analogous Pd(Il) complex is
diamagnetic. The number of isomers that will exist for the nickel and the palladium complexes are :

(a) one, one {b) one, two £ o
{c) two, one (d) two, two /
The number of isomers that exists for [Mo(C5I;I-5)§); CO)3lis: Q i\
(a) one (b) two
{c) three (d) four ‘o
@’[‘he complex [Co(NH3 )5 (NO5 )]>" is capable of exhibiting : 9/
{(a) optical isomerism (b) geometrical isomerism
(c) ionization isomerism (d) linkage isomerism "\_
AJ\(

17. The complex that exists as a pair of enantiomers is :
(a) trans- [Co(HNCH,CH;NH3 ), Cly 1
(b) cis- [Co(NH3 )4 Cl2)*
(¢) [P«(PPh3 YCI(Br)(CH3)]"
(@ [Co(H, NCH;CH, NH, )3 I°*
18. 1The number of possible isomers for [Ru(bpy),Cl, ] is (bpy = 2 2'-bipyridine) :
—
OF ®3% o
(c)4 (d)s
19. The number of possible isomers for the square planar mononuclear complex [(NH 3 ), M(CN); }of
ametal Mis :
@2~ ()4
©é . @3
20. Green coloured Ni(PPh,Et), Br;, has a magnetic moment of 3.20 B.M. The geometry and the
number of isomers possible for the complex respectively, are :

(a) square planar and one {(b) tatrahedral and one
(c) square planar and two (d) tetrahedral and two / .
T The total number of sterioisomers of [C0C13 (NO, )3 ] ion ar¢: ™~
@2 (b)3 /
©4. (d)e 5
. . 0
22. Among the following complexes : \ s
(i) [Ru(bipyridyl)3 1" : (O ~v
(i) [CEDTA)]” . )N
(ii}) trans{CICl, (oxalate)p 1™~ . ' L
(iv) cis{CrCl4 (oxalatate) j3' .
the chiral complexeés gre:- .~ .~ = 7 S \ :_-"
) @), (), av) o) (), i), @v) . {’\‘U .
(c) (@), (i), (i) ' @) (i), i), (iv)

L © 2. () 3. () 4 © 5 (0 6 () 7. ()
8. (2) 9. (d) 10. {a) . ( 2. () 13. (c) 14 )
15. (b) 16. (d) 17. {d) 8. () 19. (a) 0. (b) 1. ()
2. (3



. [NiBry(PEtPh ), Jhas been isolated in green and brown species. Identify the two species.

. Give one example of each of the following :

(a) Ionization isomerism (b) Hydrate isomerism
(c) Linkage isomerism (d) Coordination isomerism
(e) Coordination position isomerism (f) Ligand isomerism

. Sketch all possible isomers of [Co(NH3 ), (NH; )2(C204 )] ion. Lable the isomers according to

the type of isomersm.

. A compound {Co(en)z (NO3 ), ICl exists in three isomeric forms (A), (B) and (C). {A) reacts

neither with AgNO; nor with en and is optically inactive. (B) reacts with AgNO3 and forms white

precipitate but not reacts with en and is optically inactive. (C) is optically active and reacts with

both AgNO3 and en. Identify each isomer, draw their structures and give su1table reasons for your
answers.

Symmetrical di-p-hydroxotetrakis(ethylenediamine)dicoblat(IIf) chloride {A) reacts with aq. HCI

to give a productCo(en), Cl;3 (B) which is resolvable with optical isomers, When it is kept in acidic
solution, the compound changes colopr and gives an isomer (C) which is not rcsolvablc Give
strueture of A, B and C and also write the optical isomers of B.

. Is it possible to separate the optical isomers of a neutral complex by forming diasteriomers?
. Describe the type of isomers associated with carbonatoaquatetraamminecobalt(Ill) chloride

monohydrate.

. A4 coordinated complex [MA 5 B, Jexists in two isomeric forms I and II. T has a dipole moment of

. Indicate the type of isomerism exhibited by the following pairs of isomers and suggest one test for
ach set to distinguish them. )

10,
1.

(@) {Co(NH; )3Cl;3]

6.0D units and II 20.1 D. Draw the structures of I and II.

(@) [Cr(NH3)6 1 [Co(NO2 )¢ Jand [Co(NH; )6 JICt(NO; )¢

{b) {Co(H0) 5 CI]Cl; - H70 and [Co(H;0)4Cl, JCI-2H,0

What type of isomers are shown by [Co(NH3 )5 (NO, )JCl and draw their structures 7 -
Draw all the possible geometrical and opfical isomers for the following complexes :
(b) [Co(NH3 )3 (Py),Cl2 1"

(&) [Co(dien); I**

(0 {Co(en)3 1**

(¢} [Co(dien)(NO7 )31
(¢) [Pt(en),CIBr]**
For the {Co(en) 2 (NO5 JSCN)]" ion

{(a) Draw all the possible structural isomers. -
(b) Draw all the possible sterioisomers.

{c) Estimate the total number of isomers (structural + sterioisomers).

Qaa

IUPAC Nomenclu »-
of Coordination Com

The rules recommended by the International Union of Pure and Applied Chemistry (IUPAC) for

naming of coordination compouiids areas follows : -

L

If a coordination compound is ionic (i.e., the coordination-compound contains either a complex
cation or complex anion or both), the cation is named first followed by the avion and the cation is
separated by a space from the anion, just as in other simple salts. No space is used within the name

of the complex ion. For example, in K4[Fe(CN)¢] and [Co(NH3)51Cl; the cations XK' and
[Co(NH3)6]3+ are named first followed by the names of anions [Fe(CN)6.]4_ and -Cl™
respectively.

. Ifacoordination compound is neutral, the name of compound is wriiten as one word (i.e., fhe name

of neutral complex compound is given without space).

. In the name of a complex ion or non-ionic complex, the ligands are named first but in alphabetical

order before the name of the metal ion or atom. The numeral prefixes such as di, tri, tetra etc. which
indicate the number of ligands of a particular type are ignored in determining the order.

. Oxidation number of metal cation or atom is written in Roman numeral in parentheses immediately

following the name of the metal. There is no space between the name of metal and parentheses.

. If the complex ion or neutral complex contains more than one ligand of a particular kind, the Greek

prefixes di, tri, tetra, penta, hexa- and so forth are used for 2, 3, 4, 5, 6 and so forth respectively.

. If the name of the ligand itself contains a Greek prefix, its name is put in parentheses and the

prefixes bis, tris, tetrakis, pentakis, hexakis, heptakis are used for 2, 3, 4, 5, 6 and 7 respectively to
specify the number of ligands. For example, the ligand ethylenediamine already contains di,
therefore, if two or three such ligands are present in a complex, the name is bis (ethylenediamine) or
tris (ethylenediamine). i

. The prefixes bis, tris, tetrakis and so forth are also used for complex ligands. For example, if two

CH;NH, ligands are present in a complex, the prefix bis- is used. Thus the name of the ligand is bis
(methylamine). If we name it as dimethylamine, we are referring to the following compound
CH3 —N—CH;
!
H
Dimethrylamine



8. The names of anionic ligands end with the letter 0. They are usually obtained by changing anion
endings -ide to -o, ite to - ito and -ate to-ato. But according to latest JIUPAC convension, all the
anionic ligands names are obtained by replacing the last letter e by o.

- - .
4de —> -ido
+0

. - .
-te — -ito
+0
e
-ate —> -ato
+0

The names of anionic ligands are given ia Table 1.1.

In case of ambidentate ligands, the atom which is bonded to the metal cation is specified by placing
the symbol of the bonded atom after the name of the ligand separated by hyphen. These ligands are also
given specific names for each mode of attachment. Some examples are given below :

Name and Mode of Attachment of Ambidentate Ligands

NO3; ~NO3, nitrifo ~ N or nitro
~ONO™, nitrito - O or nitrito
SCN™ - 4 .
~SCNT, thicyanato — S or thicyanato

—NCS™, thicyanato — N or isothiocyanato

Neutral ligands are given the same name as the parent molecule, though there are exceptionally
some ligands which are given special names.

Neutral ligands having usual names :

Names sigan L el
dinitrogen
_ ) . dioxygen
' C5H5N pyridin-e
bpy bipyridyl
CH;NH, methylamine
(CH4),NH dimethylamine
NH, —NH, hydrazine
NH,OH hydroxylamine

iehon Comtpand

SRR IR AT

NH,CONH, urea

NH,CSNH, thiourea

(CH3),S0,DMSO dimethylsulphoxide
CH3CN acetonitrile or methylcyanide
PPh; triphenylphosphine

PCl3 ’ trichlorophosphine

Ligands having special names : -

NH;3 ammine

Co carbonyl _
Cs ) thiocarbonyl
H,0 aqua

NO nitrosyl

9. The vowel ending the numeral prefix of the ligands will not be ignored while writing the name. For
example, if there are four NH3, and two oxide ligands, then these are named as tetraammine and
trioxide respectively. Mono is an exception, mono + oxide — monoxide. ’

10. For a complex cation or neutral complex, the usual name of the metal is used. If the complex is an
anion, the ending -ate either adds to the name of metal or replaces -ium, -en or - ese ending.

Name of metals obtained by replacing ending - {um by - ate.

aluminium aluminate
scandium scandate
titanium titanate
vanadium vanadate
chromium chromate
zirconium ) zirconate
palladium palladate
rhodium rhodate
rhenium rhenate




Name of metals in complex anion obtained by addition of ending- ate.

manganese
cobalt

nickel

zine
platinum
tungsten
molybdenum

manganate
cobaltate
nickelate

zincate
platinate
tungstate
molybdate

Name of metals originated from Latin name :

iron

copper
silver
lead
gold
tin

ferrate
cuprate
argentate
plumbate
aurate
stannate

The rules given above are illustrated by the following examples :

{(a) Non- ionic or Neutral Complexes :
[Co(NH3 )3Cl3]
{Co(NH3)3(NO3)3]

{Rh (NH3 )3 (NCS)3]

[Ni{CO)4]

Fe(CsHs )z

[Cu(CH3NH; ), Cly ]
[Cr(CsHg )2 ]

[CuCly {0 = C(NH;),},]

triamminetrichlorocobalt(IIl)
triamminetrinitrocobalt(IIl)

OR

triamminetrinitrito - N cobalt(IlI)
triamminetriisothiocyanatorhodium({lf) -
OR .
triamminetrithicyanato - N thodium({ll) . -
tetracarbonylnickel (0)

bis (cyclopentadienyl) iron(Il)

dichloro bis (methylamine) copper(Il)

bis (benzene) chromium(0)

dichloro bis {urea) copper(l)

{b) Complexes Containing Complex Cations

fCo(NH3 )4 ]Cl3
{Co(NH3 )5 Cl]Cl,
{Co(NH3)4{H0),1Cl3
{Fe(CNCH3)g1Cl,
{Co{en)31Cl3

hexaamminecobalt(Ii) chloride -
pentaamminechlorocobalt(lll) chloride
tetraamminediaquacobalt(III) chloride
hexakis {methylisocyanide) iron(H) chloride
tris (ethylenediamine)cobalt(II) chloride

{Co(NH3 )4 (NO, )CIICL

tetraamminechloronitrocobalt (II1) chloride

OR

tetraamuninechloridonitrito-N cobalt (11T} chloride
[P#(NH; ), (NH,CH> )CI]CI diamminechloromethylamine platinum () chloride
[Ru(NH3 )5 (N2)]Clp pentaamminedinitrogenruthenium (II) chloride
TCo(NH3 )5(SO4)]CL pentaamminesulphatocobalt (III) chloride
[Co(NH3)s Cl]SO4 pentaamminechlorocobalt (IIT) sulphate
{Co(NH; )5 (ONO)]SO4 pentaamminenitrito- O cobalt (fII) sulphate
{Fe(H,0) 5 (NO)ISO4 pentaaquanitrosyliron (I) sulphate

Magnetic moment measurements show that in complexes of iron, NO is present in + | oxidation
state. Therefore oxidation state of Fe in {Fe(H,0)5 (NO)]2+ is+1.

Coordination Compounds Containing Complex Anion

Na, [Fe(CN)s{NO)] sodiumpentacyanonitrosylferrate (II). As discussed earlier that in complexes
of iron, NO exists in + 1 oxidation state. Oxidation state of iron in Na, [Fe(CN)s(NQ)]is + 2 as
calculated below. Let the oxidation number of Fe is x. Then

+1x2+x+(-1xS5)+1=0
Lax=+2
sodiumaquadibromo ethylene
diamine sulphatonickelate(It)

Na{Ni(en)(SO4) Br, H,0}

K7 [Co(N3)4] potassium tetraazidocobaltate(II}
Ca[PClg ], calcium hexachlorophosphate(V)
Fes[Fe(CN)sls iron hexacyanoferrate(Il)
[(CH3)4 N1, [V(O)Cl4 ] tetramethylammonium

tetrachlorooxovanadate(l1V})

Na[PtBrCI(NO, }(NH3 )} sodium amminebromochloroniteito-N
platinate(ll)

K{Co(EDTA)] : potassium ethylenediaminetetraacetato

' cobaltate(i11)

K3{Cr(CN), (0)2(07)(NH3)] potassium amminedicyanodixoperoxo
chromate(V)

KO NCls] ’ potassium pentachloronitridoosmate(VI)

[Ph 4 As][PtCl, (H)(CH3 )] tetraphenylarsonium

dichlorohydridomethylplatinate(Il)

Naming of Bridged Polynuclear Complexes

A ligand that bridges two metal cations or atoms is denoted by prefix p- added to the name of the
bridging ligands. For example :
[(H3N)5 Cr — O Cr(NH; )51 o

u- oxo bis {pentaamunine chromium(H)]  *
-OR pentaammine chromium (HI) -1 - oxopentaammine chromium (I1I)
‘OR . ut - oxodecaammine dicobait (111} ion



|

Ifa complex has, two, three or four bridging ligands of same kind then the prefer di - j -, tri - 1 tetra - : - HC CHj,
1 are used respectivly. For example :

AN
[(H3N), Pt Pt(NH;3), JCl, 0 O CH o
Na”/ | \ /7 s
. \ C o ~ C— o /
di - p chloro bis [diammine platinum (II)] Chloride : A SN “=Be
OR diammine platinum (II) - di- 1 - chloro diammine platinum (I) chloride / o \
0 '
| \ \ /
If a complex has two or more different kind of ligands, then prefix p - is used for each kind of ! HsC / TBe \CH
bridging ligand. The name of bridging ligands are written in'the alphabetical order. For example : | ) o
NH, f . bt T ) .
0 [(H3N)gCo  Co(NH3 )4 ™ : igure 3.1 Structicc b basicherylilm acetate [Be O(CH
AN /
OH .
M- amido - - hydrox‘o bis [ tetraamminecobalt (TT)] ] Some other examples of bridged polynuclear complexes are shown below :
OR tetraammine ?obalt (1) - u - amido - i - hydroxotetraammine cobalt (I11)] ‘ @) [(H3N)5Co— NH; — Co(NHj )4 (H,0)]Cl5
OR 1 - amido - p- hydroxooctaamminedicobalt (). . pentaammine cobalt(IIT) - p- amido tetraammine aquacobalt(IIl) chloride
@ [EN)4 Co ™ ColNHy )4 * (i) [(NH3)Col N CoNHy)g ™
0 ! \vo. 7
) ; NO,
- amlldo -'W - superoxo bhis | tetfaamminecobalt () r - amido - w - nitro bis{tetraammine cobalt(IIT)]
OR u - amido - {1~ superoxooctaamminedicobalt am. OR p- amido - p- nitro octaamminedicobal¢(11I)

OR tetraammine cobalt (III) - u - amido - 1 - superoxotetraammine cobalt 11y

OR tetraammine cobalt (III) - t-amido- p-nitro tetraammine cobalt(I1[)

For this complex jon, magnetic moment measurements show that the bridging —0,— ligand acts as NH;
superoxide (O3 ) ion. ’ (iii) [CI{H;3N)3 Co ( N Co(NH3 )3 Cl]2+

. . . \ /
_ If the bridging and the terminal (non-bridging) ligands both are of same kind, then the bridging 02 .
ligands are named first. For example : : ; p-amido - p - superoxo bis [triamminechlorocobalt(IlI)]

/CO\ - s = e .. .
CO3FeTCO7Fe(CO)3 L S NH, o
o | ) [(3N)4 Co > ColH )20l
tri - - carbonyl bis [tricarbonyliron(0)] ; 0y
or tri - - carbonyl hexagarbonyldiiron(O) ' tetraammine cobalt(I11)- i - amido - - supercxo diamminedichloro cobalt{III)

Ifa bridging ligand bridges more than two metal centres, prefixy ., - etc is used to indicate the

. ' X Note : A symmetric bridged dinuclear complex, can be named by any three methods as shown
number of metal centres bridged with a given ligand. For example, in basic berylium acitate,

s | earlies in examples (i), (ii) and (iii) but an unsymmetric complex can be named by only one method as
[Be4O(CH3C00)4],0"" ligand bridges four Be atoms. Therefore, the name of this compound is: given in example (iv). '
o H4- 0xo0 hexa - p-acetato tetraberylium (II) C '
e structure of basic berylium acetate is st inFi l
Iy is shown in Figure 3.1. ) [(SnCl3), Rh O Rh(SnCl3 ), ]4_

et
di- u-chlorobis {trichlorostanylrhodate(f)]



/NN
(vi) [(en3)Co  J Co(en); ] (NO3 )3
0,
p- imido - 4 - superoxo tetrakis(ethylenediamine) dicobalt(IIl) nitrate

OH
(vii) [(HaNnCr{gg}c«NHg)u“

tri - - hydroxo bis{triammine chromium(III)]
or tri - u- hydroxohexaammine dicobalt (III}

Naming of Coordination Compounds having Cation and Anion both as Complex
lons

If an ionic complex compound contains both the cation and anion as complex ions, the metal cation
in complex cation has its usual name but in complex anion, the metal name ends in -ate. Though, it is
difficult to calculate the oxidation states of two metals into two complex ions yet, for-calculation of
oxidation number of metals, the hit and trial method is used. For this it is to be known the common
oxidation states of the two relevant metals.

The hit and trial method of calculation of oxidation states is illustrated by considering some
examples as given below :

Example 1 : [Pt(NH;3 )4][PtCl4]

In complex of platinum, the common (or stable) oxidation states are +2 and +4. Thus the positive
and negative charges on complex cation and complex anion should satisfy one of these two oxidation
states or both.

To decide whether Pt in both the complex ion has +2 or +4 or +2 in one complex ion and +4 in the
other, we calculate the oxidation states of Pt in both complex ions by considering the following points :

(i) If we consider—1 charge on anion, then charge on the cation will be +1. Thus, oxidation state of
Pt in complex cation and complex anion can be calculated as :

Complex cation Complex anion
[P(NH;3 )4 ]* [PCly T
x+0=+1 x—4=-1
x=+1 x=+3
Thus, oxidation states of Pt are +1 and +3 which are not shown by platinum. Therefore, it is

wrong.

(ii) If we consider—2 charge on complex anion, then charge on complex cation will be +2. Thus
oxidation states of Pt in the two ions can be calculated as :

Complex cation Complex anion
[PH(NH;) 412 [PCly ]
x+0=+42 x-4=-2

x =42 x=42

Thus, oxidation state of Pt in both the complex ions is +2 which is a stable oxidation state.
(iii) If we consider —3 charge on anion, then charge on-complex cation will be +3.

Complex cation Complex anion
{PU(NH; )4 1™ [PtCly I
x+0=+3 x—4=-3
x=43 x =+l

Therefore, oxidation state of Pt are +1 and +3.
(iv) Now in the last, if we consider, -4 charge on complex anion, then charge on cation will be +4.
Therefore oxidation states of Pt in complex cation and complex anion will be +4 and 0

respectively.
Complex cation Complex anion
[PUNH;)4 1" [PeCle1*
x+0=+4 . ox—4=-4
x=+4 x=0

The oxidation states calculated in points number (i), (iii} and (iv) are not the common oxidation
states of Pt. The oxidaion state calculated in point number (ii) is +2 in both the complex ions which is the
one of the two common oxidation states and it satisfies the charges on the complex cation and anion.
Therefore, the name of the complex is :

tetraammineplatinum(Il) tetrachloroplatinate(1l)

Example 2 : [Pt(NH;3)4Cl, 1{PtCl4]

Oxidation states of Pt in both the complex ions can be calculated as discussed earlier :

‘ Complex cation Complex anion : .
Q) [Pt(NH3 )4Cl»]" [PtClg]” R
x+0-2=+1 x-4=-1 -
x=+3 x=43
i) [PE(NH3 ) C 1P {PeCly 1
x+0-2=+2 x—4=-2
x=+4 X = +2
(iii) {Pt(NH3)4Cl, 1 [PtCl4 1~
x+0-2=43 x-4=-3
x =45 x=+1



A e

(iv) [Pt(NH;3 )4Clp T [PCLy 1+
x+0-2=44 x—4=-4
x=+6 x= 0

The oxidation states calculated in point number (i), (iii) and (iv) are not the common oxidation states
of Pt.
The oxidation states of Pt calculated in point number (ii) are +4 and +2 in complx cation and anion
respectively which are the common oxidation states of Pt. Therefore the name of the complex is :
tetraamminedichloroplatinum(IV) tetrachloroplatinate(Il)

An another method to decide the oxidation states of Pt in complex ions :
Pt in oxidation state of +2 always form complexes or complex ions of coordination number 4 and Pt
in oxidation state of +4 always forms complexes of coordination number of 6. For example :

(i) [Pt(NH3 )4 ] [PtCl4 ]
In this complex compound, coordination number of Pt in both the complex cation and complex
anion is 4. Therefore oxidation state of Pt in both the complex ions is +2. Thus name of the complex is :
. tetraammineplatinum(Il) tetrachloroplatinate(II) e

(i) [PtNH; )4Clo [ [PtCl4 ]
In this complex, coordination number of Pt in complex cation is 6 and in complex anion is 4.
Therefore the oxidation states of Pt in complex cation and complex anion are +4 and +2 respectively.
Therefore the name of the complex is :
tetraamminedichloroplatinum(IV) tetrachlorplatinate(ll)

Example 3 : {Cr(NH3 )¢ 1{CoFs]

LY

(iii) [Cr(NH3)6 1" [CoFg ]
x-6=-3
x=+3 x=+3
Shown by Cr Shown by Co
(Correct)
(iv) [Cr(NH3 )6 ]** [CoF]*
x—-6=—4
x=+4 x=+2
Not shown by Cr Shown by Co
(Incorrect)
) [Cr(NH3 )61 [CoFs 1>~
x-6=-5
x=45 x =+l
Not shown by Cr Not shown by Co
(Incorrect)
(vi) [Cr(NH3 ) 1% |CoFei®
x—-6=-6
x =46 x=0
Not shown by Cr Not shown by Co
(Incorrect)

In such type of complexes the common oxidation states of both Cr and Co are +2 and +3
respectively. Thus either of these oxidation states of both would satisfy the charges on complex cation
and complex anion. Oxidation states of Cr and Co can be calculated as :

. Complex cation Complex anion
0 [Cr(NH;)6 T [CoF¢]
x+0=+1 x-6=-1
x=+1 x=45
Not shown by Cr Not shown by Co
(Incorrect)
(i) [Cr(NH3)6 1 [CoFs I~
. x+0=+2 x-6=-2
X=42 x=+4
Shown by Cr Not shown by Co

(Incorrect)

The calculations given above for oxidation states of Cr and Co show that oxidation states of Cr and
Co in complx cation and complex anion is +3 which satisifies the charges ou compl@; cation and
complex anion and is the common oxidation state for both. Therefore, the name of the complex
compounds is : e -
hexaammine chromium(Ill) hexafluorocobaltate(ITl) -

Some Examples of Such Type of Complexes are Given Below

tris(ethylenediamine)cobalt(IIl) hekacyanochromate(lll)

(@) [Co(en)3] [Cr(CN)g]

(ii) [Pt(py) 4 ][PtCl4] tetrapyridineplatinum(i!) tetrachloroplatinate(ll)



(iif) [Co(NH3 ) 6] (Cr(NH3 )2 Cl4 |3
In this complex, it is seen clearly that the charge on complex cation and complex.anion will be +3
and —1 respectively. Therefore, oxidation states of Co and Cr can be calculated as :

Complex cation Complex anion
[Co(NH3 )6 ™" [Cr(NH; )2CLa]™
x+0=43 x+0-4=-1
x=43 x=43

The oxidation states of both Co and Cr is +3. Therefore, name of the complex is :
‘hexaammine cobalt(III) tetraamminedichlorochromate(IIT)

@iv) [Cr(NH;)5(NCS)][ZnCl 4]

In complexes Zn shows only +2 oxidaion state, therefore, charge on complex anion is —2 and,
therefore, the charge on complex cation will be +2,

Complex cation Complex anion
[Cr(NH3 ) s (NCS)]** (ZnCl, P
x+0-1=+2 x-4=-2
x=+3 x=+2

Oxidation states of Cr = +3
Thus, the name of the complex is :

pentaamminethiocyanato-N chromium(IIT) tetrachlorozincate(II)

(v){Fe(en)3][FeCl4]; L
In this complex, it is seen that the charge on complex cation is +3 and charge on complex anion is 1.
Therefore, oxidation state of Fe in complex cation and complex anion can be calculated as :

Complex cation Complex anion
[Fe(en)3]** [FeCl4 "
x+0=43 x-4=-1
x=+3 x=+3

The oxidation state of Fe in both the complex ions is +3. Therefore, the name of the complex
compound is :

tris(ethylenediamine)iron(I1l) tetrachioroferrate(11l)

(vi) [Co(NH3 )4 Bry)]2{ZnCl 4]

In this complex, charges on complex cation and complex anion are +1 and —2 respectively.
Therefore, the oxidation states of cobalt and zinc can be calculated as :

Complex cation Complex anion
[Co(NH3)4Bry I* [2nCl4
x+0-2=+1 x—4==2
x=+43 x=42

Therefore, oxdiation states of cobalt and zinc are +3 and +2 respectively.
Therefore, the name of the complex is :

tetraamminedibromocobalt(III) tetrachlorozincate(Il)

(vii) [Ag(NH;3 )] [Ag(CN), ]

It has been observed experimentally that the elements of group 11 (i.e., Cu, Ag, Au)in +1 oxidation- ‘
state and Hg in +2 oxidation state form complexes of coordination number 2. Therefore, in this complex
oxidation state of Agis +1 in both the complex ions. Therefore, the name of the complex compound is:

. diammine silver(I) dicyanoargentate(I)

(viii) [Ru(NH3 )5 Nz )] [PECl 4]

In this complex, coordination number of Pt is 4, therefore, oxidation state of Pt is +2. This indicates
that charge on complex anion is —2 and on the complex cation is +2.

Complex cation Complex anion
[Ru(NH; )sN, J** {PiClaJ*"
x+0+0=+2 x—4=-2
x=+2 x=42

The oxidation number calculations show that the oxidation state of both Ru and Pt is +2. Therefore,
the name of the complex compound is :

pentaamminedinitrogenruthenium(Il) tetrachloroplatinate(Il)



aming of Complexes Containing Hydrated Water Molecules

In the coordination compounds which have hydrated water molecules, the number of water
olecules are designated in the last of the name of a. complex compound separated by a space as shown

slow :

H,0 monohydrate

1 % H,0 sesquihydrate

2H,0 dihydrate

3H,0 trihydrate and so forth

An important example is given below :

K, [Fe(CN) 5 (NO)]-2H,0
potassium pentacyanonitrosylferrate(Il) dihydrate

laming of Geometrical Isomers

Geometrical isomers are named either by using the prefixes cis- and trans- or fac- (i.e, facial) and
ter- (i.e., meridional) or by numbering system. If a complex shows only two geometrical isomers, the
refixes cis- or trans- and fac- or mer- are used before the name of the compound separating by hyphen.
“more than two geometrical isomers are possible for a complex, then only numbering system can be
sed. For example :

NH,
- +

HSNIIIY“ 7"[, Ci
’ Co. /
! HaN‘Z N )

cis-tetraamminedichlorocobalt{IIT)

trans-tetraamminedichlorocobalt(I11)

Cl
H0 mo=4~--= cl
2 l’\ %
/] . .
/ Cr F Jfac-triaquatrichlorochromium(IIT)
H,0 -—~—|——— cl
OH,
Ci
{ 0
H,0 R==q~=-= OH
2 ,'\ % 2
, ; . . .
l'/ cr . mer-triaquatrichlorochromium(Il)
)
H0% " - |—\—\'C|
Cl

o}
oi / JSac-triglycinatocobalt(ITI)

mer-triglycinatocobalt(III)

. Oy

Naming of Optical Isomers

Optical isomers are designated either by d {or +) or / (or -) where d- and /- are standing for
dextrorotatary and levorotatory respectively. For example :
re

N en
NS N 3+
; c% Sven 1
1 N

ST
N A/ i N
| AN

N

-Njen

Mirror

" d-tris(ethylenediamine)cobalt(II) I-tris(ethylenediamine)cobalt({11)




If a complex has optically active molecules. The configuration of the whole molecule or ion is

represented by d- of [- and that of the ligand molecules by D- or L-.

For.example :

cis-d{Co(en) (D- P)(NO2)2]"  and cis--[Co(en) (L-pn)(NO32),]*

IUPAC Nomenclature on the Basis of Charge Number

The net charge on the complex ion is called the charge number. A charge number can be used as
alternative to the oxidation number. The charge on the complex ion is indicated by an Arabic numeral.
The number along With the sign of the charge is enclosed in parentheses. No space is left between the
number and the rest of the name.

For example :

[Co(NH;3 )6 > hexaamminecobalt(3-+)

[Fe(CN) 1>~ * hexacyanoferrate (3-) or hexagyanidoferrate(3-)
[Co(NH3 )3 (NO2)31] triammineftrinitrito-N-cobalt(0)

[Co(NO, )6 1> ~ hexanitrito-N-cobaltate (3-)

FiCl.in the Blanks

1. Oxidation state of Pt in complex cation and complex anion in[Pt(NHj ) 4Cly J[PtCL4 1is ccvvrvrren.

and ................ respectively. T
4+

NH;,
2. Oxidation state -of cobalt in (H3N)4Co/ N Co(NH3 )4 | IS coververeeeeeees and it is a

.,:J,

................ complex.

3. In [Co(gly) 2ANH3 )CI], v isabidentate ligand and gly is the abbreviation for ............... .
4+

’ NH,
4. In the complex (H3N)4C0< > Co(NH3)4 | , the prefix p-is used for the ligands are
0, :

5. The JUPAC name of the complex Sfac{Co(CH3NH} )3Cl3 ]is ... .
6. The IUPAC name of the complex [Be 4O(CH3COO)6 TS e .

7. N '2+'(aq ) reacts with alcoholic solution of dimethylglyoxime in alkaline medium, a red colous
complex is formed. The TUPAC name of this product is .................

8. The complex [Co(NH;3)3(NO;);] show two geometrical isomers namely ... and
[Ans. 1. +4 +2 2. +3, bridged
3. gly, glycinato 4. NH;,0;

5. fac-trichlorotris(methylamine)cobalt(EHI)
6. {1 4-oxohexa-i-acetatotetraberylium(II)
7. bis(dimethylglyoximato)nickel(IT) 8. fa(_:ial,'»meridional ]

OGjective Questions B - Sl =%

_ Be i, A
1. The FUPAC name of cis{Co(en),Cl, 1t is: /\ N 5 - PR ¢
{a) bis(ethylenediamine)dichlorocobalt(III) 75&\ Z /p LAY . R
{b) dichlorobis(ethylenediamine)cobalt(IIT) g § - (
(¢) cis-dichlorobis(ethylenediamine)cobalt(TII) Yy 26
+d) cis-dichlorodi(ethylenediamine)cobalt(LIT) U B -0
2. The IUPAC name of trans{Ct(NCS) 4 (NH; )2] is : . ‘ W
{a) trans—diammetetralsothlcycanatochromate(H) W ,\[J

{(b) trans-diamminetetraisothiocyanatochromate(ti)
{(c) trans-tetraisothiocyanatodiamminechromium(IIT)
«(d) trans-diamminetetraisothiocyanatochromium(IIT)



e
C@idation. numbe of Os in [NOs(PPh 3 JCl3 (NEt )] is: P /3/\7 i
@+ ®»+3 2 i
(©) +5 @+6_ _— x\
4. The [UPAC name of mer—[Co(NOz )3 (dlen)] is:
(a) mer-ethylenediaminetrinitrocobalt({IT)

(b) mer-d1ethylenetrlammetrmltrocobalt(lll) sn bW R
(c) mer—dlethylenedlammetrmltrocobalt(III) PR .

/(d mer-trinitrodiethylenetriaminecobalt(IIT) L v V-

¢ IUPAC name of Na3[Fe(CN)s NOJis : /;‘V 4 !
- A7
(a) sodium pentacyanonitrosyl iron(II) T © -’/
(b) sod%um pentacyenonitroso_nium ferrate([)w & T “© .,9) f/;
(c) sodium nitrosoniumpentacyano ferrate(l) b=
d) sodium nitrosylpentacyano ferrate{It) -
6. Which one of the following is a correct teptesentatlon of tetraammine mckel(II) hexacyano ferrate
(I ? N
(a) [Ni(NH3)4 J[Fe(CN)¢ ] (b) [Ni(NH3 )4] [FC(CN)6] R
(© NQNH3)(F(CN)6ly (@ INI(NH3 )4 s FelCN)gly > (67
O The IUPAC nomenclature 6f Na[PClg ]is : . T " —(az

(a) sodium hexachlorophosphine(V) (b) sodium hexachlorophos;ﬂlate(V) —

(c) sodium hexachlorophosphine (d) sodium hexachlorophosphite(V)

1. (¢ 2. KA () 4. (b 5. (b 6. (d)
Subjoctive Guestions W f/

1. Write the JIUPAC name of the following complexes :

(2) [Pt(py)4][PtCl4] (b) [Cr(NH 3 ) ] [CoFs ] .
() [Cr(en)3 ] [NI(CN)s ] (d) [Co(NH3)5ONO]
(¢) [Ce(NH;3 )5 CO;3 1Ct () INi(NH3 )2 (H20)(NO2 )} Br

2. Write the formula of following complexes :
(a) Pentaammine chromium(III)-u-hydroxopentaammine chromium(III) chloride
(b) Diammine diaqua dicyano cobalt(III) chloride _ !
(c) Pentaammine isothiocyanato chromium(IIf) tetrachlorozincate(Il)
(d) Sodium dithiosulphatoargentate(t)
(e) Tetraammine carbonato cobalt(IIf) chloride
(f) Potassium tetrafluoroargentate(l)

-aaa

Theories for Met
Bondiny in Co

4

* There are three theories to explain the nature of bonding in transition metal complexes.
(1) Valence Bond Theory (VBT) - <<
(2) Crystal Field Theory (CFT) - d«(!

(3) Ligand Field Theory (LFT) or Molecular Orbital Theory (MOT) or Adjusted Crystal Field
Theory (ACFT). Ol

(1) Valence Bond Theory

This theory developed mainly by Pauling. This theory is based on the following assumptions :

(1) The central metal cation or atom (as the case may be) makes available a number of vacant s, p
and or d-orbitals equal to its coordination number to form coordmate covalent bonds w1th
arbitals on the ligands.

(2) Since the maximum angular overlap of two orbitals forms the strongest bond, therefore, these
vacant atomic orbitals of metal are hybridized to form a new set of equivalent bonding orbitals,
called hybrid orbitals. These orbitals have same geometry and same energy. These orbitals also
have : definite directional properties i.e., these orbitals point in the direetions of ligands. The
geometry and hybridization are related to oné another. Once you know the geometry of a
complex compound, you automatically know wlueh orhitals of the metal cation or atom uses.
The relationship between the geometry of the complex and hybrldlzatlon isgivenin Table4.1.

(3) The bonding in metal-complexes arises when a filled ligand orbital containing a lone pair of
electrons overlaps a vacant hybrid orbital on the metal cation or atom fo form a coordinate
covalent bond (Figure 4.1).

oul) C‘DLO —— on(DLo

Vacant metal - Ligand orbital Coordinate covalent
hybrid orbital containing a pair bond
of electron
Figure4.1:

(4) The magnetic moment (i.e., the number of unpaired electrons) and the coordination number of
the metal cation or atom decide the hybridization and geometry of the complex. Therefore,
magnetic moment, coordination number, hybridization and geometry are related to one
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another. The knowledge of magnetic moment can be of great help in ascertaining the nature of
ligands and type of complex. -

(5) Each ligand has atleast one orbital containing a lone pair of electrons. Paulinig classified the
ligadds into two categories : (i) sirong electron donating ligands or simply strong ligands like
CN™,CO ete. (ii) weak ligands or highly electronegative ligands, like F~,CI7, oxygen
containing ligands etc. —

(6) Strong ligands have the tendency to pair up the d-electrons of metal cation or atom to provide
the necessary orbitals for hybridization. But the pairing of electrons does not violate the Hund’s
rule of maximum multiplicity. On the other hand, weak ligands do not have the tendency to pair
up the d-electrons ie., in presence of weak ligands electronic configuration of the d--electrons
is same as in free metal cation or atom.

(7) The bond formed between metal and strong ligand such as CN™, CO is considered to be

“:. covalent. On the other hand, the bond formed between nylv and weak or highly
electronegative ligand like F~ is not covalent but it is jonic. '

(8) The bond formed between metal and strong ligand like CN~, CO etc. is eonsidered o be

covalent. This would require in many cases the pairing of d-electrons to provide the necessary
orbital for hybridization.

{9) In octahedral complexes, the central metal cation is either d2sp3 or .sp3d_2-hybridized, . The
d-orbitals involved in d Zsp3 -hybridization belong to the inner shell i:ef,'(n ~1) d-orbitals and
these complex are called as inner orbital compléxes. In cage of sp3d2-hybn'dization, the d-
orbitals belong to outer most shell i.e., i d- orbitals and the complexes are called outer orbital
complexes. The octahedral complexes involving dzsp3-hybridization are more stable than
those of sp3 % The d- orbitals involved in hybridization in octahedral complexes are da_ 2

and dz2 .

In tetrahedral complexes, the metal cation or atom is either sp3 or sds-hybridized. The

d-orbitals involved in sd> -hybridization are d,,, d yz and d,.

In square planar. complexes, the metal cation is dspz-hybridized. The p- and d- orbitals

involved in dsp2 -hybridization are px, py and dxz_yz leaving p, and dzz orbitals projecting

* - . abové and-below the plane-of the complex. :
" (10) In case of second and third series transition metal complexes, the d-orbitals involved in

hybridization are inner orbitals i.e., (1 - 1) d- orbitals, because the outer d- orbitals i.c., nd
orbitals become too diffuse to bond well.

(11) The complexes having one or more unpaired electrons are paramagnetic and the complexes
having only paired electrons are diamagnetic.

Table 4.1 : Hybrid Orbitais for Common Coordination Geometries

ived |Bond Angle (s)] - Geometry " Example
180° Linear [Ag(NH3), J*
| sp? | 5 py and Py 1 120° Triangular [Hgl; T
planar

4 sp3 5, Py, Py and p, ] 109°28° | Tetrahedral [CoCl4]2_,
' [NiClL 1>~
4 | Sy dyy, d g, diy 109°28° Tetrahedral Mn03,Cr 027,
oot
o ) . 2—
2 8§ Pr Pysd2_ 2 |90 | Square planar | [Ni(CN)4 ]
dsp T o (@
e ' (CuNH;3) 41>
° S pl $ 4
| spzd S, Pxs Dys dxz_yz 90 ‘ quare planar (57,23,1)
5 dsp™" S, Pry Pyr Py dz° | 90° 120° Trigonal Fe(CO)5
ooy J | pyramidal v
5|y S Pry Py, Pz and {90°,90°  {Squae . |[N(CN)sT
' ramidal
da_ A py
6 |a%p’ 4s,4py, 4py, 4p;, | 90°,90° Inner- -~ orbital | [Cr(H,0)61*",
3dxz_y2 and 3d » octahedral [Fe(CN) I+
6 sp3d2 4s,4py, 4p, 4p;, _‘ 90°, 90° 1 Outer  orbital [Co(H20)6]2+,
4d 22 and 4dzz | { octahedral [CoFg ]4_

Now let us discuss the valence bond theory for octahedral, tetrahedral and square planar complexes

taking some examples :

‘Octahedral Complexes’

-(A) Inner Orbital Complexes : Let us-discuss inner orbital complexing taking some examples :
1. [Co(CN)G]J‘ ion : Inthis complex, oxidation state of cobalt is + 3. The valence shell electronic

configuration of Co *is348. Magnetic measurements indicate that[Co(CN)¢ ]3_ is diamagnetic. All six

. .'-3(1 ~electrons are, therefore, paired and occupy three of the five 3d- orbitals. The CN™ ligands are strong

and, therefore, cause pairing of 3d -electrons. The vacanttwo 3d-orbitals combine with the vacant 4s and
4p-orbitals toform six d 2sp3 -hybrid orbitals. These six hybrid orbitals-overlap with six filled orbitals.of

ligands, one on each of the ligands and thus six coordinate covalent bonds are formed.
3d 4s dp

oy ERIAM@O
Ca** ion DERAn{EERE

. ittt eiecter d2 3 “hybridizati
[Co(CN) ion [EIITREIIEMETIE] “7 pega

_________________ geometry inner
dgsp:‘ -hybridization  orbital complex




2. [Co (NO, )6]4— fon : In this complex ion, oxidation state of cobalt is + 2 and its valence shell
electronic configuration is 3d 7. Magnetic moment measurements indicate that this complex ion is
paramagnetic corresponding to presence of one unpaired electron. The NO3 ligands are strong, they,
therefore, cause pairing of metal 3d- electrons. Pauling suggested that two vacant 3d- orbitals are made

available by promotion of an unpaired electron from a 3d-orbital to Ss-orbital so that Co* ion gets
d? sp3-hybridized.

The presence of an unpaired electron in Ss-orbital is supported by the fact that, 5s- orbital has very

high energy and the electron present in it is loosely bound and can be removed easily. Experimentally it
is also observed that [Co(NO, )6 1" is oxidized by air or H,0; easily to give [Co(NO, )¢ ]~ This
indicates that the complex [Co(NO; )¢ ]"'~ is unstable in air. Thus, this complex should be prepared in
inert atmosphere.

3d 4s  dp Ss

Co-at ;
Codom EETTT@IT O
- Co® ion D[_—_Dj D

(CoNOe]* fon (ITHL 11 [ATE] i (ET[] (1] 7 Avbridizaton

_________________ octahedral
geometry inner
orbital complex

dzsp3-hybridization

3- . . . Sy '
3.[Mn (CN)g]™" ion : In this complex ion, oxidation states of Mn is + 3 and its valence shell

electronic gonﬁguration is:3d4. Magnetic meas.->ments show that this complex ion is paramagnetic
:oxrgspondmg to two unpaired electrons. All the four electrons occupy just three of the five 3d - orbitals
eaving two 3d- orblztals vacant. These two vacant 3d- orbitals combine with the vacant 4s and 4p-
bitals to give six d sp3 - hybrid orbitals. These hybrid orbitals form bonds with ligands by accepting
iX pair of eleqtrons, one pair from each of the six ligands. Since CN~ is a strong ligand and has a
endency to pair up the d- electrons on metal but it causes pairing of two electrons only leaving two
:lectFons as unpaired. If all the electrons become paired, then it will violate the Hund’s rule of maximum
aultiplicity. ’ .

R VIR PR

Mn-atom PR )
(Z=az<5>;n W I]

Mn®* ion . D ED:]

& sp*-hybridization
octahedral

. geometry inner

dzspS-hybrldlzanon orbital complex

3- . . . L :
4. [Cr(CN)¢]”~ ion : In this complex ion, oxidation state of Cr is + 3 and its valence shell

. . .. 3 .
sctronic gonﬂgu:atlon 153d°. Mag_netlc measurements show that this complex ion is paramagnetic
rresponding to the presence of three unpaired electrons. All the three 34 - electrons occupy just three

of the five 3d - orbitals leaving two 34 - orbitals as vacant. These two vacant orbitals combine with the
vacant 4s and 4p-orbitals to give six d 2sp3 -hybrid orbitals. These six hybrid orbitals form bonds with
ligands by accepting six lone pair of ligands, one pair from each of the six ligands. The three orbitals of
the metal cation have three unpaired electrons and are degenerate. Thus, even in the presence of strong
ligands pairing of electrons will not occur. If pairing of electrons occur, then it will violate Hund’s rule of
maximum multiplicity.

Cr-atom > L
Z=14) AT

C* ion HRNER|ERER
__________________ 3. L e
reend™ ion T ERIEIGEEE 7 ™
3 — geomeiry inner
a'zsp -hybridization  orbital complex

S.[V(NH;3)g) 3 jon: Inthis complex ion, oxidation state of vanadium is + 3 and its valence shell

electronic configuration is 3d 2, Magnetic measurements indicate that this complex ion is paramagnetic
corresponding to two unpaired electrons. All the two 3d - electrons occupy just two of the five 3d -
orbitals leaving three 34 - orbitals vacant two of which combine with vacant 4s and 4p- orbitals to give
sixd’sp> - hybrid orbitals. The d%sp> - hybrid orbitals form bonds with the ligands accepting six pairs
of electrons, one pair from each of the six ligands. Qut of three 3d - unhybridized orbitals, two orbitals
have two unpaired electrons one unpaired electron in each and one orbital remains vacant. These three
unhybridized 3d - orbitals are degenerate. Thus, even in the presence of strong ligands pairing of
electrons will not occur. If pairing of electrons occur, then it will violate Hund’s rule of maximum
multiplicity. '

3d 4s  4p
¢vp  OCOmOT
V¥*ion i l IO |

31 . - ] d*sp>-hybridization
[VNH;)g™ ion nn. octahedral
geometry inner
dzsp3-hybridization orbital complex
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Various inner orbital octahedral complexes are illustrated in Table 4.2.

Table 4.2

[Ti (H,0)61°"

[V(H,0)6 **

[Cr (H,0)61%

{Cr (NH3)61**

[Cr (CN)g 1%

[Ma (CN)4 1+

{Fe (CN)§1>

[Fe(CN)61*

[Fe (CN)5 (NO)J?

—_—

A [Ptolg >

o

-

+3

+3

+3

+3

+2

+2

+3

+2

+2

+4

3d!

342

343

343

344

3d’

34°

34°

34°

weak

| weak

weak

strong
strong
strong
strong
strpng

CN™ - strong

NO* strong

—_—

weak

__________________

__________________

dzsp3—hybridizati0n ;

%

{B) Outer Orbital Octahedral Complexes : In outer orbital complexes the central metal cation is
sp 34* -hybridized. In sp3 d 2-hybridization, d -orbitals of outer shell (i.e., nd - orbitals) are involved. Let
us discuss complexes by taking some examples :

(1) [CoFg] 3= jon : In this complex ion, oxidation state of cobalt is + 3 and its valence shell
electronic configuration is 3d 6. Magpetic moment measurements show that this complex is
paramagnetic -corresponding to four unpaired electrons. Also, ¥~ is a weak ligand, there will be no
pairing of 3d - electrons of the metal cation. Thus, there is no vacant 34- erbital and none-of 34- orbitals is
available to accept electron pairs from the ligands. Consequently the vacant 4s, 4p and two of the five 4d
-orbitals combine to give six sp3d2-‘hybn'dization. These hybrid orbitals form bonds by accepting six
pairs of electrons, -one pair from each of the six ligands:

3d 4 4

Gy ERTmIT O l M
co*ion AT (TTTT]

sp3d2-hybridization o
octahedral . .
geometry outer
orbital complex

5p3n‘2~hybridization

(2)[Fe (H,0) 5(N(),)]2+ ion : In this complex ion, oxidation state of'Fe is +1because NO exists in

+ | oxidation state in complexes-of Fe and its valence shell electronic configuration is 3d S4sl. Magnetic
moment measurements of this complex ion indicate that its experimental magnetic moment is 3.89 B.M.
which corresponds to three unpaired electrons in the complex ion. The single NQ™ strong ligand has
little tendency to pair up the electrons it pairs up only two unpaired electrons. Since H,O is a weak
ligand, therefore, it has no tendency to pair up the electrons and none of the five 34- orbitals is vacant.
Therefore, the 4s, 4p-and two of the five 4d-orbitals (i.e., 4d 2_ 2 and 4d ; ) combine to give six

R sp3d -hybrid orbitals. These hybrid orbitals form bonds w;tla six ligands by accepting six pairs of
- electrons, one pair from each of the six ligands.

3d 4 4p 4d
Fe-at ;
s AT E ] (1
Fe' jon REERHNNENRERERE
__________________ 32 P
2+ sp>d"-hybridization
(FeNO)H O fon [EITTTRIELETE BRITT e
geometry outer
sp°d-hybridization -otbital complex



Some outer-orbital octahedral complexes are illustrated in Table 4.3.

Table 4.3

[Cr(H0)6)* | +2 | 3d* |weak

5 R | 42|t | stone | AT GEiT0) | ¢
——

sp°d-hybridization

38 |weak |GG BRI 111 | 5

[Mn(Hy0)6 12" | 42

[FeFg 1>

or +3 3d5 Weak 5
(Fe(H0)61**

[CoFg 1> +3 346 | weak 4

sp°d-hybridization

P e ——
I

[CoNH3)g1** | +2 3d7 | swong | IO ERR GAL T | 3

NIQNH; )6 | +2 34% | strong | RIRINIT [T} GETATE] (T[T 11 2

sp>d-hybridization

From the for going discussion it is concluded that the octahedral complexes of a’l, d%,d*- metal
cations are alwasys ignner orlbital complexes whether the ligands are weak or strong. The octahedral
complexes of d®,d° and d'® metal cations are always outer orbital complexes either the ligands are

strong or weak. The complexes of d4,d3, 4% and d7 metal cations are outer orbital complex if the
2T ed or e A Ao el

ligands are weak.
bt

A%

]
3

Tetrahedral Complexes

In tetrahedral complexes the metal cation is either sp> or sd*-hybridized. Let us consider the some
example to illustrate the hybridization and geometry :

(1) [NiCly ]2— ion : In this complex ion, oxidation state of Ni is + 2 and its valence shell electronic
configuration is 3d 8, Magpetic moment measurements indicate that it is paramagnetic corresponding to
two unpaired electrons. Since CI™ is 2 weak ligand, therefore, no pairing of electrons will occur in 3d-
orbitals. None of the five 3d- orbitals is vacant. Vacant 4s and 4p-orbitals combine to give four sp3 -
hybrid orbitals because {NiCl, ]2_ is a tetrahedral complex ion. These four hybrid orbitals form bonds
with four ligand by sharing four pair of electrons, one pair from each of the four ligands.

Niato 3d 45 4p
Z228) [

Ni* fon RO T 1]

[NiCl,P>" ion sp°-hybridization
tetrahedral

geometry o S

sp3 -hybridization

@QNi@COy: In fhis compound oxidation state of nickel is zero and its valence shell electronic »

configuration is 3d 8452 Magnetic moment measurements indicate that Ni(CO)4 is diamagnetic i.e., it
has no unpaired electrons. CO is a strong ligand and has the tendency to pair up the 3d- electrons. During
the pairing of electrons, the two electrons of 4s-orbitals shift into one of the five 3d- orbitals. Thus, there
is no vacant 3d - orbital. Thus, the vacant orbitals available for hybridization are 4s and 4p to give four
sp>-hybrid orbitals.

3d

) 4 4p
G%e OB«

Nico)® ion - [TRTRTRTRE (el

sp>-hybridization

K - . tetrahedral
geometry

sp-hybridization

/3) MnOj ion : In this corilplex ion, oxidation state of Mn is +7. The valence shell electronic
configuration of Mn is 3d° 45> . In Mn " ion all the five 3d, 4s-orbitals are vacant. The vacant 4s and

three 3d- orbitals combine to give four sd 3-hybrid orbitals. Thus, Mn ™ jon is sd* - hybridized in this
complex ion as shown below :

3d 4
e K1 1R 3]
Mn" ion D D:IID

 MuOJ ion  [B][M[R[R[ ] sé*-hybridization
S A tetrahedral
sd-hybridization - geometry
o



In Mr”" ion energy of vacant 4s-orbital becomes lower than that of vacant 3d- orbitals (aufbaeu
principle).
Insd’- hybridization vacant d,,,, d,, .and d,, orbitals mlved.

3)Cr0 ?f ion : In this complex ion, oxidation state of Cr is + 6 and its valence shell electronic

configuration of Cr is 3d 345", Cr®" ion has no electron in 3d- orbitals. The 4s - and three 3d - vacant
orbitals of eachCr ¥ ion combine to give four sd 3. hybrid orbitals. Thus, eachCr * jonin Cr202' jonis
R 7

sd>- hybridized. One of the seven oxide ions, shares both the Cr * jons

-3
2 e
{Cr 07 FUSENTINS N
sd>-hybridization e ¥ yb &
tetrahedral I
geometry

sdP-hybridization
~—"

It has no unpaired electron, therefore it is diamagnetic. Some tetrahedral complexes are illustrated
in Table 4.4. -

Table 4.4

| Oxidation | ¥ 2lence

" Shell .
L
2_
Mn X 4] +2 3’
(X:-Cl_ 3 _Br_ )
[FeCly)® 2

spa—hybridization

N P S SN, oL oe 3
{CoCl4] +2 3d7 | AT @-

X PR lllll |
{X=Cl",Br”,CNS™) ‘

sp341ybndlzatlon

[CaCNI” +1

[Zn X 41>
X=CI",Br 1"}

+2

sp3 -hybndrzztlon

Square Planar Complexes

In square planar complexes, the central metal cation is dspz- hybridized. The dspz- hybrid orbitals
point towards the four comers of a square. '

Let us consider some examples to discuss the hybridization in square planar complexes :

) [Ni (CN)4]2-' ion : In this complex ion, oxidation state of Ni is + 2 and its valence shell
electronic configuration is 3d 8, Magnetic moment measurement indicate that this complex ion is
diamagnetic i.e., it has no unpaired electrons. Since CN™ is a strong ligands, therefore, these ligands
cause to pair up the two inpaired electrons in one d- orbital resulting in a vacant 3d-orbital. Thls vacant
3d - orbital gets hybridized with the vacant 4s and two of the 4p-orbitals to give four dsp hybrid
orbitals. These hybrid orbitals form bonds to the ligands by accepting four pair of ligand electrons, one

. pair from each of the four ligands.

3d 4s  4p

?}iﬁ%‘ KR KR
Ni?* jon MD[—L‘L“

NICN)P fon  [RIETRTR T[] dsp*-hybridization
""""""""" square planar
geometry

dsp*-hybridization

(2)[Cu (NH3) 41} 2+ jon: Inthis ion, oxidation state of copper is +2 and its valence shell electronic
configuration is 3d S, Magnetic moment measurements indicate that this complex ion is paramagnetic
corresponding to presence of onie unpaired electron. There is no possibility of pairing of electrons by the
ligands even the ligand is strong because there is only one unpaired electron in 34 - orbitals.i Since
coordmatlon number of Cu®* ion in [Cu(NH3 )4 ]2+ is 4, therefore accordmg to VBT, Cu " ion should

be sp - hybridized and the structure is tetrahedral

3d 4  4p . Q/\/

s RN
Cu? ion BOBNEERERN

[Cu(NH;)4* ion mﬂmn sp*-hybridization

____________ tetrahedral
geometry

sp’-hybridization



s determination, the structure of [Cu (NH3 )4 12" is found .
But according to ESR and X-rays struc 2+ ion dsp®-hybridized, it is considered that the unpaired

y be square planar. Thus, to make the Cu otf 410 25 orbital as shown below :
lectron in the 3d 2P orbital is to be pror® 4

dsp?-hybridization
| square planar
_[iz_l ...... geometry

dsp-hybridizatio”
unpaired electron is present in the higher energy 4p,

In the above electronic configuration, ™. , " [Cu (NH3)41** ion may be easily oxidized to

thital and is expected to be lost easily

Su(NH3 )4 —

idation 3 _
g [Cu(NH;3)4F" +e
(NH3)4]3+ ion does not exist ie, oxidation of

ible.

3+ 0ss! i
~u(NH;3 )4 ]*" to[Cu(NH3)4)"" is notp wnaf[Cq(NH3)4]2+ ion, Cu®* ion is sp2d-hybridized as =z

2
[Cu (NH;3)2]
But, experiments have shown that -

Finally Huggin suggested that in squaré P

hown below : . _ .
llll sphd-hybridization
{Cu(NH;) 1" ion [WINTHITITE ,34 square planar

e

geometry

. _qtion
sPd-hybrid?" ) . e
0fbltals, 4 p,-orbital remains unhybridized i.e., does not

In this configuration one of the three 4 ;5 Jies above and below the plane of the ion. [Cu{py); I,

C e 3 )
articipate 2m hybrldlzatlonzliecause lpz-(.)rblS 0 square planar and Cu?* ion is sp2 d—hybridizera. The
Zu(en)21*, [Cu(CN)4]™ complex 1on

(e planar complexes is given in Table 4.5.
alence bond electron description of some sqv?

fable 45

[Ni(Hdmg), ] +2 3a°

=

ENEEEN E T

] ( N 2— + 2 i 3d9 | . LEC T
[Cu(CN)4] sp’d-bybridization /

—

[PACl4 1> +2 448

[PtCly 1> +2 54%

[Pt (NH3)4 )% +2 b | T e o

dsp?-hybridization

Limitations of VBT

1. It could not explain the nature of ligands i.e., which ligand is strong and which one is weak.

2. It could not explain why the pairing of electrons occurs in the presence of strong ligands.

3. From this theory magnetic moment cé_n be calculated by knowing the number of unpaired electrons

* butitcould not explain the effect of témperature on magnetic moment. It could also not explain why

the experimental value of magnetic moment is greater than the calculated in some complexes.

4. It could not explain the distortion in some octahedral complexes like [Cr (H,0)¢]** and
(Cu®120)61*. -

5. It could not explain the colour and electronic spectra of complexes.

. It could not explain reaction rates and mechanism of reactions of complexes.
7. Tt could not explain the structure of {Cu (NH3 )4 1** ion.

(2) Crystal Field Theory (CFT)

Valence bond theory is useful to visualize the bonding in complexes but it fails to explain the nature
of ligands, colour and electronic spectra, effect of temperature on magnetic moment and megnetic
susceptibilities, why some complexes are high spin and others are low spin, stability of complexes. o
explain these properties Bethe and van Vieck proposed the crystal 'field theory. This theory was
originally applied to ionic crystals and is, therefore, called crystal field theory.

This theory is based on the following assumptions: =~~~

(1) Ionic ligands such as CI”,OH™,CN ™ are regarded as negative point-charges (or simply point
charges) and the neutral ligands such as H,0, NH3, py are regarded as point dipole (or simply

dipoles) because these ligands are dipolar. If the ligand is neutral molecule like H,0, NH3 the
negative end of the dipole is directed towards the metal ion.

§ W _ §
SN ' . . 9
\ HS' \ HB+
{Ammonia-molecule) (Water mofecule)



(2) Metal- ligand bond is not cavalent i.e., there is no overlaping of orbitals. Instead ?he bonding in
complexes is purely electrostatic in nature. In complexes two types of-clcctrpstatxc forces come
into account. One is the aftraction between the metal cation and the negatively charge ligand or
the negative end of the polar ligand (i.e., dipole). The second type of electrostatic interaction is
the electrostatic repulsion between the lone pairs of electrons on the ligands and the electrons in
the d- orbitals of the metal cation and the repulsion between nuclei of metal cation and the
ligands but to a small extent. An another repulsion also comes into account that occurs among
the ligands.

(3) The five d-orbitals in a free metal ion are degenerate (i.e., have same energy). When a complex

" is formed, the electrostatic field of the ligands destroy the degeneracy of these d- orbitals i.e.,

these orbitals now have different energies. The orbitals lying in the direction of the ligands are

raised in energy more than those lying away from the ligands because of the repulsion between
the d- electrons and the ligands.

In order to understand the CFT, it is necessary to know the geometry and orientations of the five

d- orbitals.

Shape of d-orbitals

In fact there are six d-orbitals each of them have four lobes. These orbitals are
dy,dys,dz, dxz_yz , dzz_xz andd »_ 2 The three orbitals dxy, d 7 and d lie in between the axes and
the three orbitals dxz—y2 ydp_2andd ) 2 lie on axes.

In so far as there are only five independent d - orbitals, one of them ( the a’zz ) is regarded as the
linear combination of the dzz_xz and dzz_ 7 orbitals (Figure 4.2) because of the fact that these two
orbitals have no independent existence.

Zz Z

The orbital d 2_ > has the probability of finding electron along the z- and x-axes whereas the orbital
da_ 2 has the probability of finding electron along zand y-axes.Therefore, when these two-orbitals are
combined, the resulting d  {or d,2 2 y2) orbitat has probability of finding electron along z-axis
t-w_ice that of along the x- and y- axes. The dzz orbital also has some fraction of probability along the x-
and y-axes. This xy-component has a doughnut shape (i.e., a ring shape). Therefore, the five d- orbitals
shown in Figure 4.3 are d,y, 4, dz"’dxz—}? andd 5.

Rigured.3: Shapes-and.orientation of. ¢ orbitals.
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The three orbitals dyy,d yz and dz, lie in between the axes. These three orbitals lie in xy, yz and zv
planes respectively, The dxz-_ ‘yorbital on x and y-axes and the d, orbital on z-axis.The shape of d)is
different from the other four. .

All the five d-orbitals are gerade because the opposite lobes have inversion <centre (i.e., centre of

symmetry) with respect to phase of wave functions. The plus (+) and minus (- ) signs indicate the
different phase of thelobes of orbitals.

Crystal Field Splitting in Octahedral Complexes

In a free (or isolated) metal cation all the five d-orbitals are degenerate {i.e., these have same
energy). In an octahedral complex, say [ML¢]™ the metal cation is placed at the centre of the

octahedron and the six ligands are at the six corners. These six corners are directed along the cartistan
coordinates i.e., alongx, y and z-axes (Figure 4.4).

z

Figure 4.4 Octahedral structure of IML]"? ion,

When al the six ligands are at infinite distance from the metal cation, the five. d-orbitals of the free
metal cation will not be affected by the ligand electrostatic field and will remain-degenerate. When the
ligand -move towords the metal cation, there are two electrostatic forces. One is the attraction between



metal cation and the ligands and second is electrostatic repulsion between d- electrons of metal cation

and lone pairs of electrons on ligands. Greater the force of attraction between the metal ca.tion and the
ligands, ligands will be more closer to the metal cation, and hence more will be the repulsion bf:tween
metal d-electrons and the lone pair of electrons. When the ligands are closer to the metal cation, an
electrostatic repulsion also exists among the ligands. These two repulsions cause to adopt the octahedral
geometry that locates the ligands at the internuclear distance from the metal cation and as far apart from
one another .as possible. The force of repulsion between metal d-electrons and the ligands electrons
causes to increase in potential energy of the metal d-electrons. Remember that greater the force of
repulsion, higher will be the potential energy. 1f all the six ligands approaching the metal cation surround
it spherically symmetric i.e., all the ligands are at equal distance from each of the d-orbitals. The energy
»f each of the five d-orbitals will raise by the same amount and all the five d-orbitals will still remain
fegenerate. This is a hypothetical situation and has the average energy of a set of d-orbitals. In an actual
yctahedral complex, spherically symmetrical field is never obtained. Therefore, all the five d-orbitals are
10t affected to same extent. Since the two orbitals (dxz_y2 and dzz) point directly towards the ligands
ind three orbitals (dy,, d ), and d,,) point in between the path of the approaching lig".mds. Therefore, the
!J.cz_; 2 and dzz orbitals will be more strongly repelled than the dyy, d am'i dy orleIT&:. Therefore, the
mnergy of dxz_ 2 and dzz orbitals will be raised and that of other three otbitals which lie far flway fn_)m
he ligands will be decreased relative to hypothetical energy state (Figure 4.5). The five d-orbitals which
sere degenerate in free metal cation are now split into two sets of orbitals of different energies, a higher
nergy level with two orbitals (dxz_ » and dZZ) having the same energy and a Jower level with thfee
qual energy orbitals (dy, dy, and d). The set ofd ) 2 andd » orbitals is referred to as e, Sf?twl?xcl_x
s doubly degenerate and the set of dyy,dy, and dy orbital is referred to as £, set which is triply
egenerate.
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Since the distance between the metal cation and the ligands has remained the same, the net potential
energy {or average energy) of the system must remain the same as that of the spherical field before
splitting. This state of average energy is called the barycenter.

The separation of five d-orbitals of metal cation into two set of different energies is called crystal
field splitting. The enrgy difference between two sets of orbitals which arise from an octahedral field is
measured in terms of the parameter A , or 10 D, where o in A, stands for octahedral,

Since the energy of barycentre remains constant, the total energy decrease of £, set must be equal to
the total energy increase of ¢, set. Therefore, since there are two ¢, orbitals, they must increase by 0.6
A, or 6 D, and the three £, orbitals must decrease by 0.4 A, or 4 D, per electron. The decrease in

energy of &, orbitals stabilizes the complex by 0.4 A, and the increase in energy of e, orbitals
destabilizes the complex by 0.6 A .

Crystal Field Splitting in Tetrahedral Complexes

A regular tetrahedral geometry is obtained when a metal cation or atom is placed at the centre of a
cube and four ligands occupy the alternate corners of the cube as shown in Figure 4.6
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Figure 4.6 Tetrahedral amangement of four ligands around.the.metal cation.in-a.cube,,
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The x, y and z- axes are passed through the centres of the faces of the cube. None of the ligands

approach directly any of the metal d-orbitals. Instead they all approach to some degree in between the
metal 4- orbitals.

Itcan be seen from the Figure 4.7 that the three orbitals (d,y, d,, and d ;) are far apart byil (=051

from each of the ligands whereas the two orbitals (da 2 and dzz) are relatively little far apart by W2

(=0.71 1), where [ is the length of the side of the cube. In other words, we can say that the d,,d , and d 5
orbitals are half (é] the side of cube away froin the ligands whereas the drz_ 2 and dzz orbitals are half

the diagonal (% ]of the face of cube away.

This indicates that the ligands come cioser to the orbitals directed to edges of the cube (ie.dy,dy,
and d,,) than to those directed to the centers of the cube (i.e., da_ 2 and d 2 ). Each of the five d- orbitals
in tetrahedral field is represented in Figure 4.7.




Figured.7.
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because there are two third §j gands of octahedra] complexes and none of the ligands approach the lﬁetal d
~orbitals. For the same metal, ligand and metal- ligand distance, it is observed that A, = gA o because ;

(i) The number of ligands are 2/3 of the octahedral complex, therefore, the splitting of the d-orbitals is
also two third. :

(i) None of the ligands point directly towards any of the five d-orbitals, Therefore, the splitting is
reduced by roughly two third. In tetrahedral and octahedral complexes the dy,d ), and d,, orbitals
are at 45° j ¢, at equal distance from the ligands, Therefore, in both the complexes, each ligand
repels these orbitals in equal amount. In octahedra complexes, the ligands approach directly to
dxz—) 2 and dzz orbitals and repel them strongly. But in tctrahédral—complexes these orbitals are at

?21 =0.711 it approximately equal to the 2/3) as compared to that of octahedral complexes.

Therefore, in tetrahedral comple;(-es, the ligands repel these orbitals 2/3 times than that of
octahedral complexes, Thus, due to this fact, splitting decreases by 2/3rd in tetrahedral complexes
as compare to octahedral complexes.

Therefore, A, =§x§xA0 or Ay =g A,

Tetrahedral complexes are always high spin because @A, = g AL e.,- A, is much smaller than

octahedral spliting A o and (iii) A, is always less than the pairing energy. Due to these two reasons no
pairing of electrons oceurs in d° ,d 4, d 5, d° and o’ tetrahedral complexes. Therefore, the tetrahedral
complexes of these configurations are always high spin whether the ligands are strong or weak.

Factors Affecting the Magnitude of A

There are several factors that affect the magnitude of splitting (A) of 4- Qrb‘iials by the swrounding
ligands. oo

{1) Oxidation State of the Metal Cation ; The higher the oxidation state of the metal <cation, the
greater will be the magnitude of A

The higher oxidation state of the metal <auses the ligands to approach more closely to it and,
‘therefore, the ligands cause more splitting of metal d- orbitals. For example,

/
4, for {Co(H,0)4 1% = 9200 emy! Do ¥ U5 ‘“\g
and 4, for[Co(H,0)4 I** = 20760 cm™ _
{2) Same Oxidation State of Metal Cation but the Number of d-electrons is Different : In
general, for a given series of transition elements {(say 34- series), in complexes having the metal cation
with the same oxidation states but with different aumber of electrons in 4- orbitals, the magnitude of A o

decrease with increase in the number of d- electrons. It is dye t0.the fact that the higher number of 4.
electrons prevents the ligands to come closer the metal cation. For example,

For[Co(H,0)61**, 4, = 9200 o™ G3d7)
For[NitH,0)6 1*, A , = 8500.cm"" 34%)

. i



(3) Principal Quantum Number (#) of the d-orbitals of the Metal Cation : In case of cpmplexes
having the metal cations with same oxidation states and same number of d- electrons, the magnitude of A
for analogous complexes within a given group increases about 30% to 50% from 34 to 4d and by abou;
the same amount from 4d to 5d. It is because : .

(i) On moving 3d to 4d and 4d to 5d, the size of the d- orbitals increases and electron dens_lty
decreases in them. Therefore, the ligands can approach the metal cation with larger d- orbital
more closely.

(ii) There is less steric hindrance round a larger metal cation :

For example : For [Co(NH3 )¢ ]3+ , B, =23000cm™
For[Rh (NH3)61**, A, =34100cm™
For[Ir (NH3 )¢ 1**, A, =41200 coi™*

(4) Nature of Ligands : The ligands are classified as weak and strong ligands. The ligands which
cause a small degree of splitting of d- orbitals are called weak ligands and the ligands which cause a la{ge
spiltting are called strong ligands. The common ligands have been amranged in order of their increasing
orystal field splitting power to cause splitting of d- orbitals from a stady of their effects on the spectra of
‘ransition metal ions.

"< Br-< $* < SCN™<CI"<N3<F <urea<OH™ <C2H50H<C203" <

0%"< H,0 <NCS" < gly <NHj, py<en, SO2” < NH,0H < bpy, phen<

< NO3; <CH3, C¢H5< R3P<CN™ <CO

This order is usually called as spectrochem =al series. .

The order of the field strength of the common 1. 2ands is independent of the nature of the metal cation

wnnd the geometry of the complex. o
(5) Number of Ligands : The magnitude of crystal field splitting (A ) increases with increase of the

wmber of ligands. For example, A, >A,.
Though number of ligands in square planar complexes is smaller than that of octahedral complexes,
he magnitude of A g, is greater than A ;. It is because of the fact that square planar complexes are formed

iy much strong ligands with d° - metal cation of 3d- series transition metals cation and 4d or 54 -series

'8 transition metal cation with either weak or strong ligands. The very strong ligands and 4d or 5d- series
-ansition metal cations. are responsible for higher crystal field splitting. Also, in square planar

omplexes of d 8. metal cations, the dzl arbital with two electrons is stabilized and the vacant dxz_ 2

rbital is destabilized.

rtystal Field Splitting in Lanthanoid Complexes

The seven f- orbitals of lanthanoids in their octahedral complexes are also split like d- orbitals of
ansition metal complexes. The crystal field splitting of /- orbitals is smaller than that of d- orbitals in
stahedral complexes. The 4f- orbitals are burried in deep, therefore, the ligands can not approach close
10ugh to the 4/~ orbital to cause much crystal field splitting. ‘/

a7 Pg

Distribution of d-electrons in Octahedral Complex

The distribution of d- electrons in te and e, orbitals depends upon the magnitude of A ,. When the
magnitude of A , is relatively small, then it is assumed that all the five d- orbitals (i.e., £, and e, sets)are
degenerate (i.e., have same energy). The distribution of 4- electrons in #; 2 and e, sets takes place
according to Hund’s rule of maximum multiplicity i.., pairing of electrons will take place only when
each of five d- orbitals is singly filied. Thus, in complexes havinamall value of A, the first three
electrons occupy the #,, orbitals, 4t and Sthelectrons occupy the e, orbitals, 6, 7t and 814 electrons

occupy the t5, orbitals and the last two electrons (i.e., 9t and 10¢h) occupy the e orbitals. This can be
shown as :

1st, 2nd,3rd 4eh,5th 61h, Tth, 30k 97h,301h
by > e >y > ¢y

In these complexes no pairing of electrons will takes place i.e., arrangement of d- electrons remain
same as in free metal cation.

The complexes in which the magnitude of A , is large, the energies of 15, and e, orbitals differ
significantly and the distribution of d- electrons in frg and e, orbitals does not obey the Hund’s rule of
maximum multiplicity. In these complexes the first six electrons accupy the ty, orbitals and the
remaining four electrons occupy the e, orbitals. This can be shown as : !

tlsl,an,31‘d,4th,5!h,6th e7th,8th,9th,lOth
2g 4

In these complexes the pairing of electrons takes place in 13, wrbitals for d*,d%,d% and d”
configuration. Whether the value of A, is small or large, there is no difference in the d- electron
configuration for d ! ,d 2 , a3 ,d 8 ,d 9 and 4! systems ie., for these system there is no pairing of electron
in octahedral complexes.-

Weak Field (or Ligand) or High Spin or Spin Free Complexes
—_—

In weak field octahedral complexes of 3d- series transition metals with oxidation number < +3, the
value of A , is small and there will be no pairing of d- electrons. Therefore, in the weak field complexes
ofd*,a? ,d 6 and d7- configuration, there is no pairing of electrons. These complexes have maximum
number of unpaired electrons. These complexes having maximum number of unpaired. electrons are

called high spin or spin free complexes. The term high spitt or spin free is used because tliese complexes

have same number of spin as in d- orbitals of free metal cations.

Strong Field (or Ligand) or Low Spin or Spin Paired Compiexes

In strong ficld octahedral complexes of 34- series transition metals with oxidation number, in
general > +2, the value of A , is large. In the strong field complexes of 4%, 4° ,d 6 andd’- configurations
pairing of d- electrons will take place in t2¢ otbitals according to Hund’s rule. These complexes having

maximum number of paired electrons are called low spin or spin paired complexes. The term low spinor .

spin paired is used because these complexes have more number of paired electrons (or spin) than thatof
free metal cations.

Itis to be noted that weak field octahedral complexes always are not the high spin complexes. The
metal cation of 3d- transition series with oxidation number of > +4 and the 4d- and 5d-series trar<ition

metal cations always form low spin complexes with weak ligands. For example, [Ni Fg ]2_ ion{(oxidation



state of Ni is + 4) is low spin and diamagnetic, though F~ is a weak ligand. .[Rh.('[{20)6]3+ is low spin
and diamagnetic, though HyOis a weak ligand. An-exception is observed for 3d- series fransition metals
in whichCo?* forms low spin complexes with H,O and0% , though H,0 and Q% are the weak ligands.

Pairing Energy

The energy required to force the two unpaired electrons in one orbital is called the pairing energy.

When more than one electrons are paired, P becomes the mean pairing energy. It may be obtained
from the analysis of electronic spectra.

If A, >P, it favours the low spin complexes,

If A, < P, it favours the high spin complexes,

if A, =P, high spin and low spin complexes equally exist.

In general, for 4d- and 5d- series transition metal complexes, magnitude of A , is greater than that of P.

Distribution of d- electrons in Tefrahedral Complexes

The magnitude of A, in tetrahedral complexes is very small. Therefore, it is considered that energy
of e and ¢, orbitals is nearly same i.e., both the eand £, sets are degenerate. Distribution of d- electrons in
e and t7 orbitals will take place according to Hund’s rule i.e., pairing of electrons will take place only
when each of the five d- orbitals is singly oceupied. The first two electrons occupy the e orbitals, 3rd, 4th
and 5th electrons occupy the ¢, orbitals, 6¢h and 7k electrons occupy the e-orbitals and the last three
electrons will occupy the ¢, orbitals. It can be shown as ;

Ist,2nd 3rd 4th,5th 6th,7th
e 2 —_— 7

—

t281h,9tlz, 10tk

For tetrahedral complexes, A; < P.
‘Crystal Field Stabilization Energy in Octahedral Complexes

In an octahedral complex, the d- orbitals of the metal cation are split into two sets of different
energies, #; ¢ of lower energy and e, of higher energy. The separation between these two sets is equal to
A ,(=10Dg). The £, set has an energy of-04A, (=-4Dg)and the ¢, sethasanenergy of +0.6A,

{=+6Dq) relative to the batycentre. Minus (-} and plus ( + ) signs indicate decrease and increase in

energy relative to the barycentre respectively. The complex ion with one electron in one of the g
orbitals has an energy of — 0.4 A , relative to the barycenter . This indicates that in a complex ion of & L

configuration 0.4 A, energy is released. This released energy is called the crystal field stabilization
energy (CFSE) of the complex ion.

For d complex, electronic configuration is t} e

2 %"
CFSE=-04x1A,=-04A,

For d? complex, electronic configuration is tzzg eg .

CFSE=-04%24,=-08A,

For d° complex, electronic configuration is t23g eg .

CFSE=-04x3A5=—124,

T

For d* high spin complex, electronic configuration is ¢g3 ezg.
CFSE=-04x3+06x| A,=-0.64A,
Thus, for ad" high spin complex with elecironic configuration tfg el
CFSE=[-04p+064]A,

Since ne pairing of d-electrons occurs in high spin complexes therefore, no pairi i
involved in CFSE. g s P o » 10 palting cretey lsﬁ

. 4,5 . .. .
Forlow spincomplexesofd*,d”,d® andd” metal ion, pairing of electrons occurs in £54 -orbital. To

pair-up the two electrons in an orbital, an extra energy is required which is-called as pairing energy (P).

4 . .
Therefore, for d* low spin complex, electronic configuration is t;g eg .

CFSE=[-04x4+0.6 x ] Ay +P
=-16A,+P
5 . . . .5
Ford” low spin complex, electronic configuration is t2°g eg . In this case four electrons are forced to
pair up in two different orbitals of tyg set.

Therefore, CFSE=[-04x5+0.6 x 01A, +2P. .
=-20A,+2P
For d" Aow spin octahedral complexes with electronic confi yuration tf’g ef

CFSE=[-04p+0.641A, +mp
Where p and g are the number of electrons in trg and e, orbitals respectively.
m = Number-of pairs of ¢lectrons caused by the ligands.
P is the mean pairing energy. The required pairing energy is compensated from CFSE.
Let us illustrate the difference in calculation of CFSE of some ki gh spin and low spin complexes.

(i) For d 6 high spin electronic configuration is tgg egz, .

CFSE=[-04p+064]a,
={-04x4+0.6x2]A,
=-04A,
In this case, no pairing energy is included because no paiting of electrous is caused by the ligand.

Though it has one pair of electrons but it is not caused by the ligand. This nair was already present in d-
orbitals as shown below :

d.d”d_d_" 2d~ _
One pair oflectron. 7 07 2% XYz
For d® low spin octzhedral complex, the electronic configuration is 5 &0

2 .eg.
£
CFSE=[-04x6+06X0]A, + 2P

=-24A,+2P
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In this case there are- three pairs of electrons but only two are caused by the ligands and one was
already present in d- orbitals.

'C o3+
(Low spin)

One pair from Two pairs caused
free metal cation by the strong ligands

The CFSE's of 4 to d'° high spin and low spin complexes are given in Table 4.6.

Table 4.6 : CFSE Values for Octahedral Complexes of d' to d'° Metal Cations
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Crystal Field Stabilization Energy in Tetrahedral Complexes

Ir} a tetrahedral complex, the d- orbitals of the metal cation are split into two sets of different
energies, e of lower energy and ¢, of higher energy. The seperation between these two sets is equal to A ,.
The e set has an energy of - 0.6 A , and the t2 sethas an energy of + 0.4 A , relative to the barycentre. For
ad" tetrahedral complex with e? t7 configuration,

CFSE=[-06p+04qj4, _
=[-06p+04q]x34, (- 4,=28,)

. ‘ =[-027p+0.18¢]4,
Since tetrahedral complexes are high spin and no pairing of d- electrons vceurs (A , < P). Therefore,

n<l)0pairing energy is included in the above equation. The CFSE values of tetrahedral complexes of d' to
d"" metal ions is given in Table 4.7

Table 4.7 : CFSE Values for Tetrahedral Complexes '

£y orbitals
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FE ezté
P e2t22
& =% 0
5 & -0274,
47 et -0.544,
28 64,; .—0.36 A,
4 64,25 -0.184,
410 34,26 0

Tetragonal Distortion or Jahn-Teller Distortion

The six coordinated complexes in which all the six distances between metal cation and the ligands
are same and said to be regular octahedral complexes. A complex will be regular octahedral when the
electronic arrangement in by and e, orbitals is symmetric (i.e., both #ygand g, orbitals are electronically
n.on-degenerate). It is because of the fact that symmetrically arranged electrons will repell alf the six
ligands equally.



When' either 7, Or € orbitals are asymmetrically filled ie., either tyy OF &g orbitals are
 electronically degenerate the regular octahedral geometry is not the stable but it transforms into a
distorted octahedral geometry.

The ¢ orbitals point directly towards the ligands, therefore, when € orbitals are electronically
degenerate (i.e., unsymmetrrcally filled), some ligands are repelled more than the others. Therefore,
thereisa srgmﬁcant distortion in octahedral complexes. On the other hand, the #5, orbitals lie in between
the ligands, therefore, the electronically degenerate #5, orbitals cause a very small distortion.

In general, the distortion that occurs in octahedral complexys_the_tetram@t_or_tpn A
tetragonal distortion occurs when the two trans ligands on the z-axis in an octahedral complex, say MLy,
are moved either towards the metal ion or away from the metal ion or atom. Motion of the trans- ligands
along the z-axis towards the metal cation produces a tetragonal compression and motion of these ligands
away from the metal cation produces a tetragonal elongation. The shape of regular octahedral,
tetragonally compressed and tetragonally elongated complexes are shown in Figure 4.9.

JFigure 4.9 (2) Regular octahodral (b) Tetragonal.compression (¢) Tetragonal clongation, .

The term tetragonal distorted is derived from the fact that when viewed along the z-axis, an
octahedral complex looks like a tetragon. The condition which cause such type of distortion was

described by the Jahn-Teller theorem. This theorem states that any non-linear molecule in an

electronically degenerate state is unstable and the molecule becomes distorted in such a way as to
remove degeneracy, lower its symmetry and lower the energy.

The term electronically degenerate state refers to the situation in which an electrons can be arranged
in more than one orbitals of equivalent energy. This situation arises when the degenerate orbitals are
unsymmetrically filled. For example, in octahedrally coordinated Qﬁ ion, eg3 ‘configuration is

electronically degenerate because it has two possible arrangements of electrons ie., d 22 , 4 lz or
xt—y z

d. 4.
Py 2

d2,1dy 42,2 dya

Electronically degenerate states for eg configuration.

if there is only one possrble arrangement of an electron, then this situation is called electronically
non-degenerate. The 43, for example, configuration in octahedral symmetry is non-degenerate and

symmetnc Only one arrangement is possible for three electrons because it is not possible to put two
electrons in ene orbital which violates the Hund’s rule of maximum multiplicity.

]

dy, dy dyy

Single arrangement for d° -configuration

In aregular octahedral field, the e, orbitals{i.e, d 2 2 and a’zz )are degenerate. However, if the ¢,
orbitals are asymmetrically filled i.e., either 22 ord 2 orbital contains one electron more than the
other, then the e, orbitals are split. If the d 2 orbrtals contams one electron more than the d 22 orbital
then the ligands approaching along z-axis w111 be repelled more than the ligands approachmg along x-
and y-axes. It is because of the fact that electron density 17( d ; prbitat is greater than that of d ; _ 2
orbital. Therefore, the ligands along the z-axis are moved away fr0m the metal cation relative to those on
xand y- axes which move towards the metal cation. The reason for distance between metal cation and the
ligands to be shorter on x- and y-axes is that the ligand-ligand repulsion is decreased as the ligands move
away from the metal cation on z-axis. Therefore, distance between the metal cation and the ligands on
z-axis becomes larger and the distances between metal cation and ligands on x and y-axes become
shorter. Thus, the complex undergoes a tetragonal elongation (i.e., z-out distortion).

Since the ligands on z-axis are at larger distance from metal cation than that of the ligands on x and y-
axes. Therefore, the d 2 orbital will experience a decrease in repulsion from the ligands and, therefore,
energy of the d 2 orbrtal will decrease and hence the d 2 orbrtwtabﬂrzed The d 22 orbital will
experience an increase in repulsion from the ligands resultmg in an increase in energy and hence the
a’xz_ will, therefore, be destabilized, with the barycentre remaining constant. In a similar way the

'energies of orbitals having z-component(i.e., d,, and d ) will decrease and that of d,, will increase and

apart of the degeneracy in the #74- orbitals is 1emoved Therefore the overall result is that the e, orbitals -
split into two levels; an upper d 2 and a lower d 2> and the byg orbitals is split into two levels, an .
upper, dyy, and a lower doubly degenerate (d yzandd 4) The tetragonal elongation is generally called the
tetragonal distortion and is observed in most of'the tetragonal distorted complexes. Crystal field splitting
in tetragonal elongation (z-out) is shown in Figure 4.10.

Ifthed 2 2 orbital contains one electron more than the a’zz orbital then the ligands approaching
along x and y-axes will be repelled more than the ligands approaching along the z-axis. It is because of
the fact that the electron density in a’xz_ 2 orbital is greater than that of a’zz orbital. Therefore, the

. ligands along the x- and y-axes are moved away from the metal cation relative to those on z-axis which

move towards the metal cation. The reason for the distance between metal cation and the ligands to be
shorter on z-axis is that the ligand-ligand repulsion is-decreased as ligands move away from the metal
cation on x-and y-axes. Therefore, the distance between the metal cation and the ligands-on x-~ and y-axes
becomes larger and become shorter on z- axis. Therefore the complex undergoes a tetragonal
compression (i.e. z- in distortion).
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Since the ligands on x- and y-axes are at longer distance from metal cation than that of tne ligands on
z- axis, therefore, the d 22 orbital will experience a decrease in repulsion from the ligands and,
therefore, energy of d 22 orbital will decrease. The d 2 ombital will experience an increase in repulsion
from the llgands resultmg in an increase in energy, thh the barycentre remaining constant. In a similar
way the energies of the orbitals having x- and y- component (d,y orbital) will decrease and that of having
z-component (i.e., d ; and d) will increase. The crystal field splitting in tetragonal compression (or z-

in) complexes is shown in Figure 4.11.
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Since in tetragonal compression, four ligands on x- and y -axes repel the high density of electrons in
dxz_ » orbital whereas in tetragonal elongation only two ligands on z- axis repel the high density of
electrons in d22 orbital. Therefore, there is more repulsion in tetragonal compression than that of
tetragonal elongation. Therefore, tetragonal elongation is more stable than tetragonal compression.
Thus, tetragonal elongation is known to be a tetragonal distortion.

. - e . 4.3 1 .

The significant Jahn-Teller distortions are generally observed in hlgh spin d (t2 , € ), low spin

d’ (t26 eg)andd ? (t o % ) configurations in the octahedral geometry because in these configurations

eg orbitals are electronlcally degenerate and point towards the ligands directly. Some examples of

compounds which undergo strong Jahn-Teller distortion in octahedral tield are CrFy and MnF;
(d4 3 eg ), NaNIOZ (Lowspin, d7 ;), some copper ([I) compounds such as CuFy,CuCl,,

CuBr,, CuC12 4H,0, (dg, 2 ,eg ). In all these compounds the metal cations are octahedrally

surrounded by the ligands and e, orbitals are unsymmetrically filled, therefore, there are two longer
bonds on z- axis and four shorter bonds on x- and y-axes.

The Jahn-Teller theorem does not predict which type of distortion will take place.

A Ni (1) complex surrounded by four strong and two weak ligands undergoes tetragonal dlstortlon
but not due to Jahn-Teller distortion because e, orbitals (d2_ 2 and d ) are not electronically
degenerate. The varying electron repulswns mnon-equlwlont li gandq and the d- electrons of
the metal cation split the e, orbitals to a great extent and 12¢ to a small extent as shown in Figure 4.12.

In this case the magnitude of A exceeds the pairing energy (P). Ifall the six ligands are weak, then Ni
(IT) form a regular octahedral complex. On the other hand, ifall the ligands are strong then Ni (IT) form a
square planar complex.

The octahedral complexes in which ¢y, orbitals are electroncally degenerate (i.c., asymmetrically

filled) also undetgo Jahn-Teller distortions but the distortions are very weak to be observed because the
12, orbitalsdo not point directly at the ligands and relatively less affected by the ligands. The d Ld?, low



spin d* and d° , high spin d® and d” octahedral complexes -undergo slight or weak Jahn-Teller
distortions. The octahedral complex of dt configuration shows z-in distortion. In this case z-out

distortion does not remove the degeneracy, since even after distortion there are still two d vz and d
* orbitals which are available for the electron to occupy. ’

The octahedral complex of 42 configuration shows z-out distortion. The two orbitals d,, and d i

having one electron each remove the degeneracy since both these two orbitals have z-component and
repel the ligands more strongly on z-axis than the ligands on x- and y-axes.

For the same reason, relatively weak distortions are expected in tetrahedral complexes with
d3 a4 8 andd’® configurations. In the d> and d® tetrahedral complexes one of the ¢, orbitals has one

electron more than the others which causes an elongatibu in the tetrahedron. On the other hand, ind* and
d’ tetrahedral complexes, one of the three £, orhitals has one electron less than the others. This situation
causes a flattening of the tetrahedral complex.

Static and Dynamic Jahn-Teller Distortions

Some complexes show tetragonal distortion under all conditions i.e.,;in'solid as well as in solution
-either at lower or relatively higher temperatures. This distortion is called the static Jahn-Teller distortion.
In these complexes the spiltting of ¢, and lore, orbrtals is quite high so that the thermal energy available
will not be sufficient to affect the population of orbitals in a distorted géometry. This type of Jahn-Teller

/:isyioﬁ occurs when e, orbitals are ,Megenerate. Hence, this distortion is strong and

fmanant, -

~There are some exceptions to the Jahn-Teller distortion in which certain physical properties
correspond to symmetric structure when distortions are expected. In these complexes no distortion can
be detected at room temperature because the direction of distortion (say an elongation of one axis of-an
octahedron) randomly moves among the available symmetry axes of the complexes more rapidly than-
- the physical measurement . In these complexes the thermal energy available at room temperature causes
to equalize the population of the complex ion in the tetragonal elongated and tetragonal compressed

 geometries. This is called as dynamic Jahn-Teller distortion. Thus, the physical measurement detects an
average structure with no or weak distortion. The distortion can be detected at freezing temperature
because cooling of the compound will show the oscillations enough resulting in a single distorted
structure. Dynamic Jahn-Teller distortion occurs in complexes in which splitting of t5, and/ or e
.orbitals is small. \{1 o 5

For example : > .

The complex [Ti (H 20)6]3+ and [Fe(H20)6]2+.show dynamic Jahn-Teller distortion and appear
octahedral. In these complexes both the types of geometries (i.e., tetragonal elongation ‘and tetrzigonal

f:ompressi.on) exist in equilibrium. In these complexes the distortion is small since the-degeneracy occurs
inty, orbitals,

%T{LJT(B ﬁ ‘/r < _/ﬂ_\
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Square Planar Complexes

In an octahedral complex of Ni (If) with weak ligands, the electronic configuration of Ni (If} is

tgg eg i.e, tyy and e, orbitals are symmetricaily filled, the electron density in -dzz orbital along z-axis

is greater than that of d 22 orbital along the x- and y- axes because dzz orbital is the linear combination
ofda andd, ,-orbitals. The electron density in ¢ ,2 orbital will repel the ligands on z-axis more
strongly whereas the eleclron density in da_ 7 orbital will repel the figands on x-and y-axes to a lesser
extent. Therefore, the distance between metal cation and ligand on z-axis is larger than that on x-and
y-axes. Thus, energy of d22 orbital becomes lower relative to the dxz__ 2 Le, there is splitting to e,

 orbitals. But in case of weak field complexes like [Ni(H20)41** and {{.Ni(NH3 )6]** the splitting is

small because charge on metal cation is not high and the ligands are also not too strong, Therefore, these
complexes are considered to be regular octahedral and the energy of dzz andd 22 willbe same i.e., &g
orbitals are degenerate. But if the ligands are sufficiently strong, the differerce in energy between these
two orbitals becomes larger and the unpaired electron in the d 2 orbital candrop down and pair with
the electron already inthed  orbital. Now the d 22 orbital becomes empty. Therefore, strong ligands
can -approac—h the metal cation along x- and y-axes withouf any difficulty as the da 2 orbital is empty.
The ligands approaching the metal cation along z-axis experience very strong repulsions from the filled
d, orbital. Thus, only four ligands can form bonds with the metal cation.

The amount of tetragonal elongation and the splitting of d-orbitals depends upon the nature of metal
cation and the ligands. The metal cations with A configuration form square planar complex with strong
ligands such as CN™ . Ni(II) form square planar complex {Ni (CN) 4 ]2— with strong CN ™ ligands. Since
(i) crystal field splitting for 4d- and 5d- series transition metals and for highly charged metals is very
large, (i) ligands repulsions are minimized due to large size of'the metals. Therefore, all the complexes
of Pd (11}, Pt (i), Au (IIi) are square planar irrespective of the nature of the ligands i.e., whether the

ligands are weak or strong. The crystal field splitting in square planar complexes is shown in Figure 4.10
In square planar complexes of Co (11}, Ni (If) and Cu (II) the energy of dzz orbital is nearly same as
dy; and dy, orbitals whereas in square planar complex of Pd (1), Pt (i) and Au(II), energy of d ,
. . - . . z
orbital is lower than that of d ,, and 4 orbitals.
Asp =Aj+A) + Ay

The spectroscopic results have shown th
Agp =134} (e, by >A,) o

Consequences of Jahn-Teller Distortion

(1) Stability ofCu " Complexes : _
For a given ligand, the relative stability of complexes with dipositive metal ions.of first transition
series follow the order Ba?* < Sr?* < Ca? < Mg?* < Mn%'<Fe?* <Co®* < Ni¥* < Cu?*

>Zn?*. This series is called the Irving -William series. The extra stability of Cu {11) complexes is



wu

due to Ja.hn-Teller distortion. During the distortion two electrons are lowered in energy while only
one is raised an equal amount of energy. '

() The complex [Cu(en); J** is unstable because Jahn-Teller distortion causes strain into
ethylenediamine molecule attached along z-axis (Figure 4.13).

N en -] 2+

N

N
N\ _
en < Cu
/
N ‘ \ N Larger bond causes
N—"e

] strain in the complex
n
Figure4:13;

In the siruilar manner trans- [Cu (en), (H,0), J2* is more stable than the cis - [Cu (e} (H20)2 ]
bf:cause Jahn-Teller distortion causes strain in ethylenediamine molecule along z-axis in
cis-[Cu (en)y (H,0), 1** (Figure 4.14), -
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(3)" In the ciystalline K:CuF3, the two Cu—F ldistances on z-axis are 1.96 A and the r&nain»ing four
Co—F distances in g~ plane are at 2.07 A. It is due to Jahn-Teller compression.

(4) Complexes of Au (I1) ion are unstable and undergo dispm to Au () and Au (III)
whe;eas the complex of Cu (ID) and Ag (I1) are comparatively more stable. It can be expected to be
the same stability of Au (IT),Cu(T]) and Ag (I1) complexes since all have d° configuration and
undergo Jahn-Teller distortion, Since A value increases on moving down the group, therefore, A
value for Au (I) complexes is maximum among the three, The high value of ‘A causes a high
destabilization of the last electron in the dxz_ » orbital. Therefore, Au (H) becomes extremely
reactive and can undergo either oxidation to A};x (D), ad 8 system or reduction to Au (D,ad 10

Fsr};lstem.’ T.he Au ({I) fo‘rms a squflre planar complex whereas Ay (I) forms a linear fomplex. °
e splitting of absorption bands in the electronic specira of complex duetoJ ahn-Teller distortion.

)

Applications of CFSE

(1) Enthalpy of Hydration of Transition Metal Ions : In an aqueous solution, the metal cations
are surrounded by polar water molecules. This process is called as hydration. There are six water
molecules in the primary hydration sphere around the metal cation to form an octahedral aqua complex.
Hydration energy is the energy released when gaseous metal cations get hydrated.

Mz* +6H,0——> [M (H30)6]"* + hydration energy

Hydration epergy of a metal cation increases with increase in effective nuclear charge and decrease
in ionic radii because these two Tactors brings the water molecules closer to the metal cation, M”**
resulting in the increased electrostatic attraction between the metal cation and the water molecules. For
dipositive transition metal cation of 3d- series, the effective nuclear charge increases and ionic radii
decrease across a period. We expect the electrostatic atiraction between metal cation and the water
molecules increases regularty along the transition meta) series. Therefore, the hydration esergy should
increase regularly from Ca®* t0Zn*" anda straight line should be obtained as shown by dotted line in
Figure 4.15. In fact there are some deviations from a linear relationship. When a dipositive or tripositive
metal cation of 34- series transition metal gets hydrated, a high spin octahedral aqua complex is formed.
Therefore, not only the hydration energy but CFSE is also evolved. Thus, the experimental hydration
energy is the sum of theoretical hydration-energy and CFSE. B

Experimental hydration energy = Theoretical or expected hydration energy + CFSE
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If the experimental hydration energies for dipositive metal ions of the 34- transition elements are
plotted as a function of atomic number, a double humped curve is obtained (Figure 4.15). The two humps
in such a curve are due to addition or contribution of CFSE to the expected hydration energy.

Since the CFSE of Ca (II), Mn (II) and Zn (II) ions in high spin octahedral complex is zero.
Therefore, the hydration energies of these ions lie on the straight line and does not deviate from the
experimental value. For a particular metal cation it is possible to calculate the net contribution of CFSE
to the hydration enthalpy.

(2) Lattice Energy : Lattice energy is the change in energy when one mole of an ionic crystal is
formed from its constituent gaseous ions.

M*(g)+ X (g)—> MX (s) + Lattice energy

From the Born Lande’s equation :

Lattice energy (U)=—-——— (1~ l)

+ -

i.e., Lattice oc z
. ]t)

Where N = Avogadro number, A = Madelung constant which depends upon the geometry of the
crystal, Z* and Z" are the charges on cation and anion respectively, ry = interionic distance, n = Born
exponent. .

According to Born Lande’s equation, the lattice energy of an ionic crystal increases with increase in
product of Z* and Z~ and decreases in interionic distance (r). The lattice en¢wis of

dipositive metal ions of the 3d- transition elements should increase fromCa®* toZn?* ionanda straight
line shouldm'BWotted line in Figure 4.16. In fact there are some deviations from a
linear relationship. Some transition metal compounds have higher measured lattice energy (obtained by
calculations using Born Haber cycle) than that of expected (calculated by Born Lande’s equation). In
contrast the experimental and theoretical lattice energies for main group are in close agreement because
these compounds do not have CFSE.

" Inthe ionic crystal of halides of dipositive or tripositive metal ions of 3d- series transition elements, L.
the metal cations occupy octahedral voids. Therefore, the coordination number of the metal cation is six. - ; '

The arrangement of halides around the metal cation is analogous to the high spin octahedral complexes.
Therefore, the CFSE contributes to the experimental lattice energy. Thus, the contribution of CFSE
causes the higher experimental lattice energy than the expected. Since CFSE values for different metal
cations are different, therefore, experimental lattice energy increases irregularly from CaX , to ZnX,. If
the experimental Jattice energies for CaCl, to ZnCl, are plotted as a function of atomic number, a double
hurmped curve is obtain (Figure 4.16). ) '

Since CFSE for Ca%* (4°), high spin Mn2*(4°) and Zn?* octahedral field is zero. Thus, ions
Ca®*, Mn2*and Zn 2* Jie on the straight line.

For a weak field octahedral field, V2*(4*) and Ni**(d®) have the greatest CFSE (- 1.2 A,).
Therefore, these two ions show two maxima on the curve above the straight line.

3200 -
3000

2800

Lattice energy (in kJ mol™})

2600

T T L { {
1 — 1 1

Ca?t s TE v o Mn¥ Fe¥t 0¥t Nit* Cu?t Zn®t
S0 1 -2 3 4 5 6 1 8% 9 10

2400 -1

€
-
L

Higure4.16,
The correct value of lattice energy can be calculated by substracting the CFSE from experimental
lattice energy.
Similar plots are obtained for the lattice energies of other MX 5 and MX 5 crystal.
(3) Ionic Radii of Divalent Metal Jons of 3d-Series Transition Elements :
The ionic radii of dipositive and tripositive metal cations of 3d- series transition metals in the low

-spin of high spin octahedral field might be expected to decrease regularly from Ca 2+ 10 Zn?* because

the increasing effective nuclear charge and poor shielding effect of 4- electrons cause the increase of
force of attraction between metal cation and the ligands and the ligands may approach the metal cation
more closely. But some ions show discrepancies from this regular trend of decreasing ionic radii.

The ionic radii of Ca2+, Mn?* and Zn®" ions in a weak octahedral field decrease smoothly with
increasing nuclear charge because these ions are screened by a spherical charge distribution. The d La?
and > ions have smaller radii either in weak or strong field than expected because electron occupy ¢,
orbitals which lie in the region between the ligands. The nuclei of these ions are less shielded than if they
had a spherical distribution of-electron. However, their ionic radii in octahedral field decreases from.d !

to d* ions as the nuclear charger increases. In weak field octahedral complexes of d 4 and d® ions
electrons are added successively to the e, orbitals. The first ¢, electron causes an increase of the relative

radius of 4* ion compared to thatof 4 3 jon:because ¢, orbitals are pointed directly at the ligands. This



causes to a repulsion of ligands and an increase in the {onic radius of metal ion in octahedral field. In a
weak field octahedral complex of d 5 ion, the last electron enters into the e, orbitals which causes more
repulsion of the ligands and further increase in ionic radius of metal ion in octahedral field. The electron
density round the metal cation is spherically symmetric, therefore, this ion lies on the smooth line. Tts
ionic radius is'smaller than that of 4° system but farger than that of 4* weak field system. The addition

5.
of electrons beyond the d in a weak field octahedral complexes leads to a repetition of the same
sequence, except tha.t the d- orbxta_ls now become doubly filled. The variation of ionic radii of dipositive
metal ions of transition elements in weak field complexes as a function of atomic number is shown in
Figure 4.17.
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11:‘01' both dipositive and tripositive6ions of 3d- series transition elements, the tonic radii in strong
octahedral fie inti ion i i ie i i
1d decreases untill the t2g configuration is reached. The tag orbitals lie in the region

between th'e llgands providing little or no screening of the nuclear charge. The increased nuclear chérge
CE:\(.)IS(‘,S the increase in force of attraction between metal cation and the ligands. In casé of d”, 4%, 4% and
d"" metal ions in str i i o

. . 1n sty on-g field, the electrons are successively added to e, orbitals. The first electron added
t0 e, orbitals cause an increase in relative ionic radius of d? jon compared to that of d® jon in strong field

because e, orbitals pointing directly at the ligands causes a repulsion of ligands. In the similar way ionic

.. 7 10 L
radii increase from ¢’ to d'” metal fons in strong field. The variation of ionic radii of tripositive metal

ions of 3d-series transiton elements is shown ;
. : _ wn 1n weak and strong field complexes a i i
number is shown in Figure 4.18. & plexes a3 uction of tomic
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(4) Structures of Spinels : Spinels are the mixed metal oxide having the formula A B; O4 or
() ain ‘
AQ.Bj O3. Where A can be a group 2 metal or a transition metal in + 2 oxidation state and B can be a
group 13 metal or a transition metal in + 3 oxidation state. The oxide anions form a cubic close packed
(cep) or face centred cubic (fcc) lattice with four octahedral voids and eight tetrahedral voids per AB;O4
unit. One third of the metal ions occupy tetrahedral voids and two third occupy the octahedral voids.

- Tetrahedral voids are the double of the octahedral voids and octahedral voids are equal to the lattice
pqints__Thc_:refore, -

" Number of tetrahedral voids =2 x Number of octahedral voids.
Number of octahedral voids = Number of lattice points.
Therefore, Number of tetrahedral voids = 2 x Number of octahedral voids.
=2 x Number of lattice points.
Spinels are classified into two categories :
(a) Normal spinels (b) Inverse spinels
(a) Normal Spinels : In 2 normal spinel, A% jons occupy one eight of the tetrall}edrﬁl voids and B>
f
ions occupy half of the octahedral voids. Thus, normal spinels can be written as [(A)][(Bz)]04.
Examples of normal spinels are MgAl,04, MgCrQ4, NiCryO4, Mn 304, Co304 etc.
{b) Inverse Spinels : In an inverse spinel, half of the B** ions have exchanged places with all the

A% ions. In other words, the A% ions occupy i th of the octahedral voids along with half of the B** ions



whereas the other half of the B3* ions occupy é th of the tetrahedral voids. Inverse spinels can be

Iy (I (Im
representedas[ B JJA B ]0y4.

Examples of inverse spinels are : CrFe ;0 4, Fe 304, NiFe,04, MgFe 104, Ni AlyO4 efc.
In general, the spinels having Fe>* jons are inverse spinels.

Predicting the Structure of Spinels

An important factor in determining whether a spinel is normal or inverse is the CFSE of the cations
occupying the tetrahedral and octahedral voids. The metal cations in tetrahedral and octahedral voids are
surrounded by four and six oxide ions respectively. Thus, the metal cations occupying the tetrahedral
and octahedral voids are considered to form tetrahedral and octahedral complexes respectively. The
oxide ion behaves as a weak ligand. To determine whether a spinel is normal or inverse, we have to
compare the CFSE in octahedral and tetrahedral environment for both A2 and B** ions. If CFSE for

B** ion in octahedral voids is greater than that of B** in tetrahedral and A2" in both the tetrahedral and
octahedral voids, the spinel will be normal.

If CFSE for A%* ion in octahedral void is greater than A?" in tetrahedral and B** in both th
tetrahedral and octahedral voids, then the spinel will be inverse. o

Examples: - .-~
{n @y
(1) Mn304——> MnMn, O4
02" behaves as a weak ligand.
. (S)ctalaledral' Tetrahedral
2+
Mn="(d”) tZg eé e t;
CFSE=[-04x3+0.6x2]A, CFSE=[~0.27x2+0.18x3]4A,
=) = 0 .
3404y 3
Ma** (@) £, ¢ e 2
CFSE=[-04x3+06x1]A, CFSE={-027x2+0.18x2]A,
=-0.64, =—0.18A

From these calculations it is observed that CESE for Mn** in octahedral field is highest, therefore, it

w%ll be stabilized in octahedral voids. Thus, Mn>* will occupy the octahedral voids and the Mn2* ion
will occpuy the tetrahedral voids, and hence Mn 30y4 is a normal spinel.
(I (1

(2)‘C0304 - COCOZ 04
Co*" is low spin in the field produced by oxide ions.
N Oczahedral Tetrahedral
Co™"(d") tZg € & t;

CFSE=[-0.6 x4 +06 x 0] A,

CFSE=[-0.27x3+0.18 x 3] A,
=-244,

=[~081+0.54] A,
=-0274A,

2+, 47 5 2 4 .3
Co™ (@) 4, ¢ i
CFSE={-04x5+06x2]A, CFSE=[—-027x4+0.18x3]4,
=-084, =054 A,

Since CFSE forCo* is highest in octahedral field.
Therefore, Co>" will occupy octahedral and Co%* wil occupy tetrahedral voids. Hence Co304 is a

normal spinel,
a0 -

(3)Fe30,— FeFe; 04
Octahedral Tetrahedral
'F63+(d 5) t23g eg% e? -tg
CFSE={-04x3+06x2}A, CFSE=1-0.27x2+0.18 x 31 A,
=( =q
2+, 565 L4 2 . 3.3
Fe“'{d™) t2g e et
CFSE={-04x4+06x2]A, CFSE={-0.27 x3+0.18 x 3] A,
=-044, =—0.274A,

Since CFSE for Fe2* in octahedral field is highest.

Therefore, FeZ* ion will occupy octahedral voids and Fe** ions occupy tetrahedral voids and
octahedral voids. Thus, Fe30y is an inverse spinel.

{4) NiFe 04
QOctahedral Tetrahedral
Fe3+(d5)-t23g .e§ et
CFSE=0 CFSE =9
- 8 4 4
Ni 2+(a’ )t26g eg e t?_g , : _
CFSE={-04x6+06x%x2]A, CFSE={-027x4+0.18 x4]A, .- -
=-124, =-0364,

Since CFSE for Ni2* ion is highest in octahedral field. Therefore, NiZ* jon wilt occupy octahedral
voidsand Fe* will occupy both tetrahedral and octahedra! voids. Thus, NiFe y04 isaninverse-spinel.

Most of the spinels'having.Fe3+ ions are inverse spinel. Fe 3* jon with d° configuration has CFSE
equal to zero inboth the octahedral and tetrahedral voids. A dipositive ion in the spinel will have greater
‘CFSE in octahedral field than that in tetrahedral geometry because the crystal field splitting in
tetrahedral geometry is 0.45 that of the equivalent octahedral envirenment. Thus, the dipositive ion witl
prefer to-eccupy the octahedral voids.

Note : If we calculate CFSE for A2* and B** ons in only octahedral field, then it is concluded that
if CFSE of B> ‘is higher than that of A", the spinel will be normal spinel. If CFSE of A" is higher
than that of B**, then the spinel will be inverse spinel.



Limitations of Crystal Field Theory

Crystal field theory explain successfully the structures of complexes, magnetic properties, colour
and electronic spectra, thermodynamic and kinetic aspects of the complexes. However, this theory has
some serious limitations.

(1) CFT considers only the metal d- orbitals and s- and p- orbitals are ignored.

(2) This theory has not considered the covalent character in transition metal complexes.

(3) CFT has also not considered the r-bonding (either the M — L or L -M) in complexes.

(4) CFT can not explain the relative strength of ligands as given in spectrochemical series.

(5) The compounds like Cr (CO)¢, Ni(CO)4in which metal is in zero oxidation state and the ligand is
neutral have no electrostatic attraction between the metal and the ligands.

Evidence for Metal Ligand Covalent Bonding in Complexes

(1) Cr(CO)s is a volatile compound and Ni(CO)4 is a liquid. This indicates that there is covalent
bonding between metal and the ligands instead of the ionic. If there would be ionic.bond , then
Cr(CO)¢ should be non-volatile and Ni(CQO)4 solid.

(2) The Electron Spin Resonance (ESR).: The ESR spectrum of [[rCl6]2_ suggests that the single

unpaired electron is only 70% localized on the metal atom, and about 30% is localized on the
chloride ion. This indicates that there is sharing of electron and hence some covalency between
metal and ligands. '

(3) The Nuclear Magnetic Resonance (NMR) : The fluorine NMR has detected the delocalization of

electron in the fluoro complexes, of paramagnetic metal ion. It is possible only when an unpaired
electron spends more than negligible time on YF qucleus. —

(4y The Nephelauxetic Effect: The electronic repulsion in d- orbitals of transition metal cations give
rise to a number of energy levels depending upon the arrangement of the electrons in d- orbitals.
The energy difference between two energy states can be expressed in terms of interelectronic
repulsion parameters, called the Racah parameters B and C. The difference in energy between two
levels having same spin multiplicity.can be expressed in terms of only B, and the difference in

- energy between two energy levels having different spin multiplicities can be expressed in terms of
- B and C. It is observed experimentally (i.e, from electronic spectra of complexes) that the
magnitude of B and C decreases when the complex is formed. The reduced value of B and C
indicates that electron density is reduced on metal cation i.e, electron cloud 1s delocalized over
both the metal cation and the ligands. This suggests that there is some covalency between metal
cation and the ligands. The more the value of B and C is reduced, the greater the delocatization of
electron cloud and the greater the covalency. The delocalization of electron cloud over metal cation
.and the ligands is called the nephelauxetic effect. '

(5) Nuclear Quadrupole Resonance (NQR) : The NQR spectrum of some complexes containing

halide ions as ligands like [Pt Cl4 ]2‘ ,[PdCly ]2' suggests that the metal- ligand bond is partly ionic

and partly covalent. ——

S ¥ ¢

Ligand Field Theory

Crystal field theory has treated ligands as point charged or dipoles and does not take into account the
covalent bonding in complexes. Instead, it regards the bonding purely ionic. The physical measurements
such as electron spin resonance (ESR) or electron paramagnetic resonance (EPR), nuclear magnetic
resonance (NMR), nuclear quadrupole resonance (NQR) and Racah parameters calculations from
electronic spectra give evidence in favour of covaleut bonding in coordination compounds.

The covalent bonding in complexes has been explained by ligand field theory (LFT). According to
ligand field theory , covalent bonds between metal and ligands are formed by the linear combinations of
the metal atomic orbitals and ligand group orbitals (LGOs). The symmetsies of ligand group orbitals
must match the symmetries of the metal atomic orbitals such that there is pasitive overlapping of LGOs
with metal orbitals along the bonding axes.

Sigma Bonding in Octahedral Complexes

In octahedral complexes, the ligands are approaching the metal cation om x-, y- and z- axes.
Therefore, LGOs will overlap with metal orbital along the octahedral bonding axes to form o-bonds. The

Vr_ngtal cation has, in its valence shell, one ns, three np and five (n — 1) d- orbitals. The octahedral

symimetry has transformed _s—drbital into ajg, p-orbitals into #1,, dy,,d,; and d,, orbitals into 755 and
dxz_yz and d » orbitals into ¢, sets. :

Metal orbital Symmetry
s - alg

Pxs Py Pz Hy

d).y, dyz: dx t2g

dxz_yz,dzz ) & -

Since aj, orbital is spherical in shape, therefore, it can overlap with LGOs on all axes. The #;,, and
eg orbitals are pointing along the axes. Therefore, these orbitals can form o-bonds on octahedral axes by
overlapping with LGOs. The 1, orbitals lic in between the axes, therefore, these orbitals are not capable
to overlap with LGOs to forma-bonds. Therefore, out of the nine metal orbitals, only six (one @y , three
11, and two eg) orbitals participate in 6- bond formation. The ¢, orbitals are considered to be non-
bonding molecular orbitals in octahedral complexes where there is no possibility of wbonding. If the
ligands have orbitals of same symmetry as that of metal ¢, orbitals, then tog metal orbitals will be
involved in 7 bonds.

Now the question arises that what are the LGOs and how can these be constructed? Each of the six
equivalent ligand atoms contributes an atomic orbital or hybrid atomic orbital to form o-bonds. In an
octahedral complex, the six atomic or hybrid orbitals of the six ligands are pointing along +x, —x, + ¥, -y,
+ z and —z- axes which have been represented as ¢,0_;,6,,0_,,6, and o_, respectively
(Figure 4.19).



,Flgg;gA 9.Six ligand.orbitals.in ari/actahedralisys
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The 54,6 -£,G 3,0 _,C; and o _, orbitals of ligands are combined together linearly to form a set
of ligand group orbitals of the required symmetries to overlap with the ay, 4, and e, orbitals of metal.

Since the wave function of a)g orbital has same sign, which is taken to be positive every where. The
six ligands, therefore, can overlap equally with this orbital and each ligand orbital must also have
positive sign. Thus, a1, ligand group orbital can be constructed by an addifive linear combination of the
six ligand orbitals :

z =1 (Ox+0_y+0,+0_y+06,+0_,)] ay

aj g ‘\/6
Where \/LE is a normalization constant and ¥ and ¢ are the wavefunctions of LGO and contributing

ligand orbitals.

Since wave function of one lobe of each of the p,, p, and p, orbltalshasposmve 51gn and the other
has negative sign. Therefore,

1
Z,=—{0,-0_
X -\/i X X )
!
POy
|
and =—{(0,-0_
-\/i z Z )
The two opposite lobes of d ; _ 2 orbitals have positive sign and the other two opposite lobes have
negative sign. Therefore,

L2 2=

i
-y E:(O'x"'o'—x‘cy‘o'—y)

u



Thed 2 orbital is obtained by the combination of two dependent orbitals viz. d 22 and d 2 y2

drptdy p=dys o o
Thed 2 is actuallythed, » o 2 Therefore, the LGO that match the d > orbital corresponds to the

X

dy2 2 2

[
Zzz =—2,+26_,-6,-0_, —0y-0_y)

23

The LGOs with their symmetry matched with metal orbitals are shown in Figure 4.20,
These six combinations account for all ligand orbitals to be of o- symmetry. None of these LGOs
have the symmetry of metal ¢, orbitals, therefore, the later do not participate in ¢-bonding.

From the symmetry properties of octahedral complexes it is observed that metal and ligand a),
orbitals will overlap to give two molecular orbitals (one bonding a1y and one antibonding a;g ), the triply
degenerate metal and ligand ¢;,, orbitals will everlap to give six molecular orbitals (three degenerate
bonding, ¢1,, and three degenerate antibonding, t;‘,,) the doubly degernerate metal and ligand e, orbitals
will overlap to give four molecular orbitals (two degenerate bonding, e; and two degenerate
antibonding, e, ) Therefore, there are six bonding and six antibonding molecular orbitals. In the system
without n-bonding, the three triply degenerate metal f7¢ orbitals are non-bonding and have same energy
as in free metal cation. The overlap of metal ayg and ty, orbitals with LGOs is more extensive than that of
e, orbitals, therefore, there are large differences in energy between the resulting a1, and e lg and 1), and

tlu bonding and antibonding molecular orbitals. Therefore, the aig and ¢}, bonding molecular orbitals

are lowest in energy.and alg and tl,, antibonding molecular orbitals are of highest energy. The ¢, and eg

molecular orbitals have less energy difference because of poorer overlap between the metal and ligand
¢g orbitals. Therefore, we can say that more is the overlap, larger will be the separation and more will be
covalent character. ]

The energy difference between ty and eg molecular orbitals is equal to A, as gwen by the crystal

- - -

field theory. .

It is assumed that a given molecular orbital has the character associated with. the atomic orbital
which is nearest in energy. For most of the ligands, the ligands o- orbitals are derived from the atomic
orbitals which have lower energies than the metal d-orbitals. Therefore, the six bonding molecular
orbitals (one ay , three ¢}, and two eg orbitals) of the octahedral complex have primarily the character of
ligand orbitals but also have some character of metal orbital from which they are derived. In fact, the
ligand do leak on to the metal cation or atom. On the other hand, the antibonding molecular orbitals (eg,

alg and tlu) have mainly the character of corresponding metat orbitals, but are somewhat delocalized on

to the ligands. Since the t2g orbitals are not involved in ¢ bonding, therefore, these are non-bonding and
their energy is same as in free metal cation. These orbitals have pure metal d- orbitals character. In
sctahedral complexes, the six ligands provide six pairs of electrons which all are accommodated in the

bonding molecular orbitals. These electrons are mainly retained onto the ligands in the complex, just as
describe by the CFT. In addition fo the six pairs of electron provided by the ligands, there will always be

d" electrons available on metal atom or cation which occupy the non-bonding. t2¢ and the antibonding
e; orbitals. The n electrons provided by the metal ion retain mainly onto the metal ion. The distribution

of the metal d- electrons in ¢, and e; orbitals are similar as described by the CFT but the basic

difference is that in the LFT ,the £, and e;: orbitals are not confined completely to the metal ion whereas

in the CFT the d- electrons are completely confined to the metal ion.

In an octahedral complex, there are tofal 12+ d” electrons to be placed in molecular orbitals, where
d" respresents the number of metal d- electrons. The distribution of 12 + d” electrons in molecular
orbitals will be :
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The LFT also give the interpretation of high spin and low spin complexes depending on the
magnitude of A, and the pairing energy which is similar to that given by the CFT.

For low spin complexes, A, > P

For high spin complexes, A, < P



Order of Energies of Molecular Orbitals and Distribution of Electron in them :

(a) Forlow spin complexes, the magnitude of A, is large enough. Therefore, the energies of molecular
orbitals follow the order :

* * *
agg < By < e < t2g < e < ajg < ty

For example, the complex [Co(NH3)6}3+ which is a low spin complex have total 18 valence
electrons : 12 from the six NH3 ligands and the six are metal d-electrons. The electronic
configuration is :

' 2 6 4 .6

1g hu %€ g

(b) For highspin complexes, the magnitude of A , is small, therefore, the energies of tyg and e; orbitals

are assumed to be similar. Therefore, energies of molecular orbitals of high spin complexes follow
the order -

a

* * *
ag < t|,,<eg < t2g <ég< ajg < ty

For example, for[CoFg ]3_ complex ion, which is a high spin complex, there are total 18 elecirons in

valence shell. For this complex electronic distribution is : .
P R
Ig "lu 8 “2¢g g .
Figure 4.21 indicates that all octahedral complexes should have, in addition to the d-d transitions,
atleast one ligand to metal charge transfer band i.e., transition of an electron from predominantly ligand

orbitals to predominantly metal orbitals. The intense charge transfer bands are observed in UV or some
times in visible region in many complexes corresponding to transitions of o -electrons to vacant £ g OF e;
or both to higher energy orbitals.

n- Bonding in Octahedral Complexes

In addition to metal ligand ¢ interactions, many ligands which have orbitals with w=symmetry with
respect to octahedral axes, are capable for mbonding interaction with the metal atom or cation. The
n-bonding will be significiant if the metal and ligand orbital have proper wsymmetry, comparable size
and energy. The metal and ligands orbitals involving in n-bonding are perpendicular to the M—L axis. In
an octahedral complex, there are 12 ligand group orbitals capable of m-interactions. These LGOs belong
to four symmetry classes : lgstag, ty 2nd £y On the other hand, the transition metal cation in an
octahedral complex has two types of orbitals (11, and ¢, ) which are of correct symmetry for r-bonding.
The 15, and ty, ligand group orbitals are non-bonding because there are no metal orbitals of these
symmetries. The metal orbitals of #;, symmetry are directed at the {igands and, therefore, involve in -
‘bonding, therefore, these orbitals are unavailable for - bonding. The ty ligand group orbitals and the
metal orbitals of the same symmetry (i.e., t2¢) can form metal-ligand wmolecular orbitals (i.e., three
‘bonding molecular orbitals ¢,; and three antibonding molecular orbitals t;g )- The bonding molecular

orbitals (¢, ) are-of lower energy and the antibonding molecular orbitals (—t; o ) are of higher energy than
the atomic orbitals. Both bonding and antiboading molecular orbitals are triply degenerate. -

In octahedral complexes the ligand group orbitals corresponding to £, symmeiry may be rr dm,
7 org Therefore there may be four types of 7 intractions : (i) d n— pr (ii)  n - dn(ii) dn— n and

{iv)dn- o

(i) d n— pr Bonding : In this type of m-bonding, the ligand group orbitals are formed by
combinations of p-orbitals perpendicular to & bond axes of donor atoms of ligands [Figure 4.22(a)]. The
d n— prbonds are formed by donation of electrons from pr-orbitals of ligands to empfy d 7 orbitals of
the-metal. The p = orbitals are always filled and are found in F~,Cl ", Br‘,I‘,OZ',RO—,RS" etc.

{ii) d n~ d nBonding : Ind n- & nbonding the filled d--orbitals of metal overlap with the empty d-
orbitals of the ligands [Figure 4.22(b})]. The ligands such as.R3P, st K3 Ashave the empty d- orbitals
of = symmetry

{iil) d n— n Bondmg The dn~n bonds are formed when filled d- orbitals of metal cation or
atom overlap with empty T (7 antibonding) of the ligands. The ligands having the empty = *_orbitals
are CO,CN ", py, o-phenanthroline, ethylene, N, NO; etc.

{iv)ydn-o : Bonding: Thedn—o * bonds are formed when the filled d- orbitals of the metal cation
overlap with the empty ¢- antibonding (o * yofthe ligands. The ligands having the empty o ¥ orbitals are
Hj,R3P, alkanes etc. In R4P, the s * ombitals are of P—C bonds.

If the ligand £5,, orbitals are filled and are of 'lower energy than partly filled metal £, orbitals, then

the ligand #,, orbitals overlaps with metal 1,4 orbitals to give bonding 75, molecular orbitals (i.e., 154 )
of lower energy than LGOs and antibonding molecular orbitals (i.e., t; ¢ ) of higher energy relative to the
non-bonding 5, orbitals of 5-bonding complex. The ligands having filled £, LGOs of lower energy
than the metal d- orbital are F~,C1™, Br™,17, H,0, S% ‘ete. These ligands having filled 1, L.GOs are
called 7 donor ligands. Since the LGOs are of lower energy than that metal £, orbitals, therefore
bonding molecular orbitals have the character of LGOs and-the antibonding molecular orbitals have the

character of metal £, orbitals. Therefore, the electrons supplied by theligands £, orbitals will fill the =
bonding molecular orbitals and the electrons from the metal 5, orbitals will fill the « -antibonding



=)
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orbitals. The eg' orbitals are not affected by wbonding and ¢,, metal orbitals becomes antibonding and
hence are raised closer in energy fo the metal e; antibonding orbitals. Thus, the energy difference, A ,
between t;g and e; decreases relative to the difference where metal ligand n-bonding does not exist. The

lower A , is smaller for OH™ ligands compared to H,O becuase OH™ is a befter n-donor.
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Ifthe 15, ligand orbitals are empty and of higher energy than the metal partly filled 15, orbitals, then
sand ¢y orbitals overlap with metal t,, orbital to give bonding and antibonding molecular orbitals.
1e ligands having empty t, orbitals of little higher energy than that of free metal cation are
\P, R3 As, R,S (with vacant d- orbitals) and CO, CN~,NO*, phen, N (with vacaat T orbitals) etc.

"course these ligands with vacant " orbitals also have filled t-orbitals and can finction as 7- donor
t because of very low energy these orbitals can not overlap with metal d- orbitals. These ligands with
Ipty £ orbitals ace called 7 acceptor ligands. Since the LGOs have higher energy than that of metal
orbitals, therefore, bonding molecular orbitals have the character of metal d- orbitals and the
ibonding molecular orbitals have the character of LGOs. The resulting bonding orbitals are
ocalized over both metal and ligands which were the non-bonding and localized on metal in the
ience of - bonding. Since the bonding molecular which have the character of metal d- orbitals are
reased in energy as compare to the ¢, orbitals in the absence of = bonding. Therefore, energy

. * .. - . . . . - .
ference A, between f;, bonding and ¢, antibonding orbitals is increased relative to the difference

where M—L -bonding does not exist. The energy of t;g orbitals is also higher than that of e; orbitals.

. . * .
Therefore, electron from metal d- orbitals are filled first in t2g and then in e, orbitals.

tfg {m*)

M MLy LGOs

Figure4,24;

The ligand field theory explain the order of ligand in spectrochemical series from weakgr to
stronger. When = - bonding is significant, it has been observed that the ligands such as halides,
s* ,SCN~ which are strong - donor decrease A , and the & acceptor ligands like CO,CN™, R3P,NO3
etc. which are strong f acceptors increase A , refative to the A, where there isno - bonding. Th.erefore,
the strong 7 donor ligands are at the weak end and the ligands which are strong 7- acceptor l.1e at the
strong end of the spectrochemical series. The ligands having little or no « - bonding ability have
intermediate value of A , and lie in the middle of the spectrochemical series. Thus, it has been concluded ..
that the value of A , increases in the order of : 7 - donor < weak - donor <-neither 7 - donor nor
r-acceptor < weak m- acceptor < strong 7 - acceptors. ’ )

- - - -

["<Br~ <CI < F~ < OH™ < 0¥ < HyO< py,NH3 <en <

Strong n-donor Weak m-donor No nt-effect

bpy, phen < NO3 < PPh3 < CH3, H™ <CN™,CO
Weak n-acceptor  Strong n-acceptor except CH3 and H-

In the spectrochemical series the ligands CH3 and H™ ligands are neither - donor nor strong 7 -
acceptros, et they are very high in spectrochemical series. The reason is that these are strong 6- donors.

Sigma Bonding in Tetrahedral Complexes

The procedure for the constitution of molecular orbital diagrams for tetrahedral and square planar
complexes is same as that applied for octahedral complexes. The metal atom or ion in each case uses its




same nine valence orbitals available for bonding but their symmetry properties are different for each
geometry. For a tetrabedral ML4 complex, the metal s and p-orbitals have a; and ¢; symmetries
respectively. The dyy, dy; and dx orbitals have £ andd ; _ ; andd ; orbitals have e symmetry. It is
seen that the symmetries of p-orbitals and that of d,y,, d , andd . orbltals are identical i.e., ¢, symmetry.
It is due to the fact that the p-orbitals hybridized with s-orbital (sp°-hybridization) and dyy, dyy andd,

orbitals hybridized with s-orbital (sd 3-hybridiza-tion) form tetrahedral geomtery. Of the four ligand

group orbitals (LGOs) constructed from ligand lone pair ombitals one have a; and three have ¢,
symmetries. The a; orbital LGO interacts with a; orbital of metal to give one bonding and one
antibonding MO and ¢, LGOs can interact with both sets of ¢, orbitals of metal (pand dy,, 4, dz)to
give one bonding and twe antibonding molecular orbitals (Fig. 4.25). In contrast to the octahedral
complexes, the metal e orbitals are non-bonding. The separation between the e and the next higher £,

molecular orbitals is equal to A4, as in CFT. For a complex such as [C0C14]2", there are total fifteen
valence electrons of which eight electrons are produced by four ligands (two electrons per ligand) and
theCo?*(d" ) ion furnishes seven electrons. Eight electrons are filled in the bonding MOs (2, and 1),
four electrons in non-bonding e orbitals and three in the slightly antibonding ¢, orbitals.
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Sigma Bonding in Square Pianar Complexes

In square planar complexes, the d-orbitals have a1g{d 1), €5(d )z, d ), byg (dy) and By @2_2)
symumetries. ¢

The p-orbitals have ay,(p;)and e,(py, p,)symmetries. The four ligands lying along the x and y -
axes give rise o ligand group orbitals of a4, by and e, symmetries. These LGOs interact with metal
orbitals of same symmetry sigma molecular orbitals as shown in Fig. 4.26. The a;, LGO interacts with
both a, metal orbitals to fonm one bonding ), and one slightly antibonding and -one antibonding
molecular orbital. The metal orbitals by, , ¢, and a;, remain non-bonding because they have no
symmetry similar to LGOs.

In general, the square planar complexes are formed by a® metal ions like Ni>* (with strong ligands
likeCN ™), Pd 2* and Pt>* ijons. There are sixteen valence electrons, eight from the fourligands and eight
from the metal ion. Eight electrons fromligands occupy the bonding molecular orbitals (a Ig> big ande,)
and eight electrons from the metal ion-occupy by, , €, anday, (slightly antibonding) molecular orbitals
and the complexes are diamagnetic. The square planar complexes are highly stable, though they contain
16 valence electrons. This is-due to the reason that all the ‘bonding MOs are filled and the antibonding
MOs are empty. Adding additional electrons would destabilized the complex because the additional
electrons would enter into the antibonding molecular orbitals and lower the bond order. The complexes
containing electrons less than 16 are also less stable because they have lesser number of electrons in
bonding molecular orbitals and lower the bond order.
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Fig.-4:26 Molecular diagram-for.g:zbonding in square:planar complexes.:



Crystal Field Splitting Diagrams for Trigonal bipyramidal, Square pyramidal and
Pentagonal bipyramidal Complexes '

Energy
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itting: Dxagmms for :(a)Tngonal Dbipyramidal,{b) Square. pyramidal
g c) Pt iy ;

Fill in the Blanks

1. InCrF,, Cr(1l) is octahedrally surrounded by six F~ ligands with two longer Cr—TF bonds and four

shorter ones because of .................

he [FeX 6] , where X~ isa monodentate ligand, has one unpaired electron. The X~ ligand
produccs ;RO field. o o 0
. CN” isaoc-donoraswell as ................. ligand. ,(\ - e
S £ C IR I— donor ligand. N\v\"« g 2

3

4

S. The d1pos1tlve3d -transition metals which lie on the line of hydration encrgy curve are
6. [Fe(NH3 )5] is unstable because NH3 does not form ................. with Fe2*.

7. The algebraic sumof all energy shifis of all orbitals should be ................. .

8
9

. The d-orbitals which participate in d 2sp3-hybridization are

. The d-orbitals which participate in sd 3 -hybridization are .

~10. The orbitals with highest energy in z-out and z-in dlstortcd octahedral complexes are ...

Coand e respectively.
11. The highest energy orbital in trigonal bipyramidal complex is ......cecvveene .
12. The hybridization in [Cu(NH3 ) 2" i§ o S5

13. According to CFT, the bond between metal cation and the ligands is .................
14. Among the [Co(NH3 )¢ >, [Ir(NH; )6 I°*, [Fe(bpy) 31 the A , is highest for .....o..... .

15. CN~ ligand causes strong splitting of d-orbitals in complexes because it is a good ................. .

16. CI” ligand causes weak splitting of d-orbitals in complexes because it is a good ................. .
17. The geometry of-[NiCI4]2_ and [PtCl4]2_ 1 (CINRVUVOVURRIURY: | 1Tt SSOTUROIOUROIOT respectively.

[Ans. 1. Jahn-Teller distortion 2. strong
3. macceptor 4.0
5. Mn%* and Zn** / 6. m-bond
——
7. zero 8.dy o2,d>
. x“—y z
9. dyy,dy;, dy 10. dxz_yz, d 2
1. d 12. sp*d
13. ionic 14. [Ir(NH3)1**
15. m-acceptor 16. mdonor

17. tetrahedral, square planar |




 Coordination Chismistry :

- — - st e ﬂdBondmngomplexes . § s - :7;4,-‘55
Objective Questions. : ' o _ .
e 11. In the trigonal bipyramidal crystal field, the d-orbital with the highest energy is :
22
1. The crystal field stabilization energy (CFSE), in units of A for [CoF3 (H,0)4 ]is ] (@) dyy (b)dsy
@0 | ()04 () dy (da?-
() 0-.8 N ‘ . (d)y1.8 12. The magnetic moment of the complex K 5 [CoF Jis 5.0 . The total stabilization energy will be :
2. ForTl(Hzo) 6 the absorption maximum due to d-d transition is found at 20,000 ca 1 Therefore, {a)-044, (b)—04A, +P
the crystal field stabilization energy is: (c) 244, +3P (d)-1.8A, +3P
(a) - 20,000 em™! (b) g % 20,000cm -1 13. For-the complex ion [Cu{NH3 )¢ ]2+ , the coordination geometric will be :
1 4 {(a) octahedral (b) tetragonally distorted vctahedral
© 2.3,000 om _ (d)-8,000cm {c) trigonal prismatic (d) trigonal antiprismatic
X hich one of thze;followmg octahedral complexes wx_-llﬁr)e dlst(;rted ? 14. The complex ioni[Ni(CN)4}2' has square planar configuartion with magnetic moment of zero.
1 ' (a) {Cr(H20)6 ] ) ‘ d . (B)Cr(H,0)6] J What would be the magnetic moment if it were tetrahedral?
(©) [Mn(H,0)61°" 3 (d) [Fe(H,0) o N {a)4.84 BM. {b) 1.73B.M.
4. Thecrystal field splitting energy (A) for CoCl¢™ is 18000cm ™. The A forCoCI3™ would be : ' ) 287BM. (@) 39 BM.
180000 . - 4 15. Arrange the following metal complex in order of their increasing hydration energy :
(e) 15000em (B)16000cm M0 V0N INi(H20)61™  (TiH )™
(c) 8000cm . (d)2000cm ™! {P) Q (R) S)
he crystal field stabilization energy (CFSE) will be the highest for : (a) S<P<Q<R. . ' - ()P <Q<R<S
(a) C0F63_ (b) Co(CNS);~ {©)Q<P<R<S (d)S<R<Q<?P 4
© Mu(H,0) ? (@) Co(NH; )3 + \J . 16. The structure of the complexes [Cu(NH 3)4 HCl04); and [Cu(NH; )4](C104) in solution
: 6 respectively are :
6. Among (CH3)3P,NO*,CN™ and I3 ligands, the one which is not a w-acceptor ligand is: ' {a) Squa?mmmmml— ~
@1 Ve (b)CN™ (b)-octahedral and square pyljamidal ‘Z ] W
() NO* q ! {c) octahedral and trigona bipyramidal (N
_ _ _ . (d) (CH3)5P (d) tetrahedral and square planar.” - .
\ The(c:orgf)le;(—wuh maximum CFSE is : . 17. The correct statement about the Cu- N bond distance in [Cu(NH3)g]*
(\ /(@ [CoCly) () [Co(H20)6] (a) all.the bond dlstance aéequal - -t
(c) [CoF;3 (H30)3 (d) [CoFg >~ ' {b) the axial bonds are longer than the equatorial ones
8. The compound whicl exhibits Jahn-Teller distortion is : ; {c) the equatorial bonds are longer than the axial encs
(a) [Mn(H,0)4 >+ (b) [Mn(H,0) P (d) all the bond distance are unequal
o) [Cr(H,0) PF oy 14 @The symmetry required for the ligand group orbitals {(LGO) for the wbase ligands to have
(¢) [Cr(H0)6] o (d) {Fe(CN)¢] minteractions with the metal d- orbltals in an octahedral geometry is :
9. The number of maganese ions in tetrahedral and octahedral sites, respectively in Mn ;04 are : A Yy(a) ayq (b} by
(a) one Mn?" and two Mn>* (b) one Mn>" and two Mn?" {c) & (d) g o
(c) two Mn>" and one Mn?* (d) two Mn>" and one Mn** WHybrldlzatmn of Ni(H) in Kp{NiBrg4] s
18. The spinels:CoFe,04 and FeFe,Qy, respectively are : ‘ +a) dSP : (b) P ’ /
(a) inverse aqd inverse {b) inverse and normal © spz.d @ d 3 k
{c) normal and normal (d) normal and inverse

20. The CFSE for the following &> metal ions V. Cr 3* Mo>*)decreases in the following ordes :



e

() Cr3* > v > Mo
@Cr* > Mo** > v2t

@ V¥ > cr3t > Mo**
(c) Mo’ >cr¥t s v

21. Which one of the following complexes is Jahn-Teller distorted ?

(a) Co(NH3 ) *
(¢) Cu(H,0) 2"

(b) Cr(H,0)*
(d) [Fe(CN)¢]*

22. Which of the following shows NORMAL spinel structure ?

(a) Fe304 (b) Mn ;304

(@) LayCuOy

(c) NiAl;04
@m molecular orbital treatment of [Mn(CO)G] e symmetry of the LGO that is NOT
gma-bonding, is : / R

@ g ®) Ty, 1l
©T. - @ E,
24. CFSE of transition metal complexes can be determined by:’
Mxﬂﬁmmopy {b) IR spectroscopy
(c) Microwave spectroscopy (d) NMR spectroscopy

25,

26.

Cw’

29.

Which one of the following pairs of electronic conﬁguratlon of hxgh -spin transition metal ions (3d)
in an octahedral field undergo a substantial Jahn-Teller distortion ?

(@) d*,d° ®)d*,d°
©d>,d° (d)db,d°
Jahn-Teller distortion of CuSQ4 5H,0 acts to :
(a) raise symmetry

(b) remove an electronic degeneracy
(c) cause loss of HyO ligand
(d) promote a d-electron to an antibonding molecular orbital

. According to crystal field theory, Ni%* can have two unpaired electron in :

(2) octahedral geometry only
(c) tetrahedral geometry only

(b) square-planar geometry only”
(d) both octahedral and tetrahedral geometry

. For the complexes :

(4) INiEH0061*  (B) [Mn(H,0)6 1% (C) [Cr(,0)6** (D) [Ti(H,0) I**, the ideal

octahedral geometry will not be observed in : _—
(@) (A) and (D) (b) (C) and (D)
(c) (B) only () (D) only._/ P
The enthalpies of hydration of Ca®*, Mn2* and Zn?* follow the order: - -* P
(@ Mn?* > Ca?* > 7o 2 . - \i ’ v
() Zn?* > Ca?* > M2t - M LY [l GYn]
© Mn?* > Zn?* > ca?* - “a’ - .,0&

2+ 2+ 24 o7 4 (g @ -
d)Zn“" >Mn“" >Ca . > N v e, s

N / “N 7
v

30.

31

33.

34.

35

36.

37.

The correct order of acidity among the following species is :

(2) [Na(H,0)6T* > [Ni(H,0)¢ 1** > [Mn(H;0)]** > [Se(H0)¢ **

® [Se(;0)6** > [Ni(H,0)61>* > [Mn(H0)6** > [Na(H0)5]*

(©) Ma(H;0) 1** > [Ni(H20)61%* > [Se(H20)61** > [Na(H,0)4T*

(d) {Se(H;0)6** > [Na(H,0)6]" > [Ni(H0)61** > [Mn(H,0)6]**

The correct order of d-orbital splitting in a trigonal bipyramidal geometry is :
@dz>dg>ds_2.dy, (b)digdyp >dz_ 2,y > d?

©dz_p.dy>d2>dedy, () d*> da_p dy>dgdy
. Asaligand CI" is : . '
(a) only a c-donor (b) only a r-donor

(c) both a c-donor and a w-donor (d) a o-donor and a G-acceptor

Which of the following complexes has the highest number of unpaired electrons?
(@) [FeCly " (b) [VO(H,0)s1**

() Hg[Co(NCS) ] (d) [Co(NH; )™

Which is the correct statement about the Ni-N bond in [Ni(NH3 )¢ ]2+ ?

(a) All are of equal bond lengths
(b) The two axial bonds are longer than the four equatorial bonds
(c) The four equatorial bonds are longer than the two axial bonds

_(d) None of the bond length are equal

The observation of equal Cu~O distances in the hexa-coordinated Cu(H) complex,

K;Pb{Cu(NO; )4 ]is best understood in terms of :
(a) Failure of the Jahn-Teller theorem to predict the structure of this complex

(b) Error in the crystallographic -estimate of Cu-O distances
(c) Dynamic J ahn—Tel}er distortion of the Cu-O bonds .
d Symmetncal distributjon of the nihe Fafence eléctrons.of Cu(Il) .
It is known that pK, of water is 15.7. Based on this water pK, benchmark, arrange the following
solvated metals-aqua ions in order of their increasing acidity :

MnZ* (H,0)4, Fe>¥ (H,0)4, Cu?* (H,0)¢, Ca®* (H,0)s.
(2) All have same acidities
®) Fe¥* < Cu?* < Mn?* < Ca?*
() Ca%* < Cu®* < Mn?* < Fe**
@ Ca%* < MnZ* < Cu? < Fe3* .
The pair of simple and inverse spinels respectively is :
(a) Fe304 and Mn 304 (b) Fe304 and Co304
(C) MIl304 and NiFe 204 (d) NiFe 204 and C0304




38. Stabilisation of highest oxidation states of transition metals by strong electronegative ligands due 4. Crystal field splitting energy A , for [Ct(NH3 )6 ]2+ is 10,200 cm ™ while for {Cr(NH;3 )4 ]2+ i
to: ) ' 5,900 cm ™. Explain.
{(a) dn(L) — dn{M ) bonding (b) pn(L) — dn() bonding 7 aw th ¢ JIRTTI 2-
(© d(M) —> pr(L) bonding (d) dufM) - dr(E) bonding 5. Draw the crystal field splltt16ng diagram for [CoCl4]™™ and calculat(: CFSE.

39, Which pair has zero CFSE? 6. De't(?nnine the )CFSE of a d°-complex having 10 Dq = 25,000 cm ™! and P = 15,000 cm ™ {meai

+2 +2 +2 +3 B3 o 43 pairing energy

(@Ca™, Mn 7, Zn+2 ®) Ca+2, Mn+3 > Zrirz 7. Which complex in each of the following pairs will have greater crystal field splitting and why?
()Ca*?, Cu*?, Zn @Ca™, Fe™, Zn (a) [Co(en)3)** or [Rh(en)3]**

40/ The increasing order of crystal field splitting (A, ) is: // (b) [Cr(CN) ]3_ or [Cr(NH3) ]3 N

(a) CsHsN <en <NOj7 < Phen (b)en <CsHsN < Phen < NO7 :
(c) en <NO73 <CsHsN < Phen (d)CsHsN <NQ; <en< Phen
41. In the solid state, the CuClg” ion has two types of bonds. These are :

(oW (©){Fe(CN)6 1"~ or [Ru(CN)sT*"
(d) [Fe(H20)41** or {Fe(CN)1>
(€) [Co(NO3)61*~ or [Co(ONO)4 1>

(a) three long and two short " (b) two long and three short 8. Tetrahedral complexes are high spin. Explain.
(c) one long and four short (d) four long and ene short l ’ 9. Explain the variation of lattice energies of the divalent 3d-series transition metal halides.-
d2/ Identify the order representing increasing - acidity of the following ligands . * * 10. K,{NiF¢] is diamagnetic while.K3[CoF¢] is paramagnetic. Both have same d-configuration.
C,Fy, NEt3, CO a“‘1(32}{4_ S ™ Explain on the basis of CFT. - ) i .
(a) CO<CyFy < CoHy < NEt3 (b)CFy <CyHy < NEt3 <CO / Yo 1. Fora complex ion{MnL¢ ]2+, where L is a neutral mono-dentate ligand, the mean pairing energy
(c) CaHy < NE‘3I ﬁot: ijF &0 (:is) NBt; <CyHg <Cofy <CO 7 P (P) is found to be 28,000cm ™. If the magnitude of A, is 21,000 cm ", calculate CFSE.
43. The corzrect 5P me}i ¢ rﬁ/ e ” 3 34 1 ‘ , 12. K4{Cr(NCS)¢ ] has a magnetic moment of 5.0 B.M while K 4[Cr(CN)¢ ] has a value of only 3.2
(@) Co*"); (2C0™"),04 (b) Co™), (2007 Co™" )04 B.M. Give the geometry of each complex on the basis of VBT.
{c) (C02+C03+) ‘ (Co3 Y504 (d) (2003+)1 (C02+)004 13. Define Jahn-Teller theorem. Giving reason, explain in which case this effect would be observed ?
- = s 316 2
1 ) 2 @ 3 @ 4 @ 5. (@ 6 @) 7. (b) 2g% 2%
< 8. (b) 9. (a) 10. (2) 1L (). 2. (2 - 13. (b) 4. (0
;g {(3 ;g Ez)) ;Z _.23 ;g Eg; ;2 83 ;2 8 ;; 8 14, On the basis of VBT, account for the magnetic propeme; of: ,
2.(d) 30 (b) 3. () @ 3B (@ 34. (a) 35. @ E (i) [Ni(NH3 )6 12* (i) {CO(NH3)6]2+ (i) [Fe(CN)6 ]*~ (iv) [CH{CN) 6 1~ (v) [Co(NH;3 )¢ ]3+
36. (d) 37. () 38. (b 39. (a) 4. (b) 41. (a) 4. (d)
43. (a) ’ 15. Inthe crystal of CuF?_,'Cu * ion is surrounded by six F~ with four F~ at a distance-of 193 pm while

two F~ at 227 pm. Explain.

. 16. For tetrahedral complexes, A, = 24 o- Explain.
Subjective Questions : : 9

I7. The magnetic moment o-f[MnBr4]2_ and [Mn(CN)6]3_ are 5.9 and 2.9 B.M. respectively. Using

1." Pt*" ion forms octahedral whereas Pt forms square planar complexes. Explain. VBT, assign the geametries of these complexes. -
2. PH{II) makes square planar complexes-almost exclusively. Explain with the help of crystal field . 18. Cobalt(I) iseasily oxidized to cobalt(ll) in the presence of strong field liands but the isoelectronic
theory. nickel(IlI) complexes are oxidizing agent. Explain on the basis of CFT.

3. What is the effect of n-donor and m-acceptor ligands on A ,? Explain on the basis of ligand field
theory. :



19.

20.

21.
22,

23.

24.

25.
26.

27,

Solid CrF; cotains a Cr(III) ion surrounded by six F~ ions in an octahedral geometry, al'l the C—F
distances are 190 pm. However, MnF; is ina tetragonal distorted geometry with Mn—F distanes of
179, 191 and 209 pm {two of each). Explain.

F~ is a weak ligand whereas CN ™ is a strong. Explain on the basis of LFT.

4d and 5d-series trastion elements form low spin complexes. Explain.

The enthalpy of hydmtion of Cr?" is -460 keal mol ™. In the presence of CFSE, the value of AH
would be —435 kcal mol~!. Estimate the value of A ,, for [Cr(H;0)4]**.

The magnetic moment of [Fe(H,0)¢ I** was found to be 5.9 B.M. and of [Fe(CN)¢ 1>~ is 1.9 B.M.
Account for the above observation on the basis of VBT. .

The [Ni(CN)4]*" ion is square planar and diamagnetic whereas [NiCly ]2_" is tetrahedral and
paramagnetic. Explain.

Which is more stable and which one is more labile in aqueous solution, Cr>* or Mn>*? Explain.

Weak ligands form high spin complexes whereas strong ligands form low spin complexes wi;h
3d-transion metal ions. Explain. .

Square planar geometry is especially common for d 8-conﬁguration. E_x_plain.

aaa

Electromagnetic radiations of white light (such as sun light) consist of a continuous spectrum of
wavelengths or wave numbers corresponding to different colours. If a compound absorbs light(photon)
of one colqur, (say orange), then it reflects {or transmitts) light of blue colour. The transmitted (or
reflected) light of blue colour attacks on the retina of our eyes and the compound is seen to be blue
coloured. The.colour of transmitted light is called complementary colour of absorbed light. A compound
appears blue !f it absorbs radiations of all colours but reflects blue colour Le., it absorbs radiations of
white light minus blue colour. A compound also looks blue if it reflects all colours except orange, the
cqrpplemer}tary colour of blue. A compound appears black if it absorbs all the radiations of white lightin
v1snb!e region. If a compound absorbs no visible light, it appears white or colourless, Most of the
transition metal complexes show variety of colours that depend on the nafure of metal and the ligands.
For example, [Ti(H;0)6]** is purple, [Co(H,0) | is pink, [Cu (H20)6 1** is blue, [Cr (H,0)6 I**
is violet, [Cr(H;0)¢1** is blue, [CoCl, ]~ is blue, [Ni(H,0)]%* is green, {Ni (NH )¢ ]** is blue,
[Ni(en), ]2+ is violet. When ammonia is added to [Ni (H,0)¢ ]2+ » the green colour is changed to blue
due to the formation of [Ni(NH3)¢?*. When ethylenediamine is added to [Ni(H20)6]** or
[Ni(NH;3)g ]2+ green and blue colours change to violet due to the formation of [Ni(en)s ]2+.

Using an artist’s colour wheel Figure 5.1, it can be determined the observed colour of 2 compound
from the colour of absorbed light. Complementary colours are shown on opposite sides of the colour
wheel. The colours of absorbed and reflected light are complimentary to each other.

g W)l).@\‘ o1~

If a substance —_,
absorbs here

Violet Green

It appears as
this colour
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The colour of a compound arises due to the electronic t-rapsition from ground state (lowest energy
state) to the excited state (higher energy state) as shown m'F1gure 5.2. .When a photor_l_havmg ener%y
equal to the-difference between the ground state and the qxclted state strikes the' compound. (o'r ion), the
d'state gets promoted to the excited state. The promotion (or excitation) of an
electron from ground state to the excited state is called falectronic transition. In complexes the electronic
transitions take place from £, to e 0re to ) orbitals in octahedral or tetrahedral complexes and such

type of transitions are called d-d transitions.

electron present in groun

E Excited state
2 N

hv {light absorption)

E; Ground state

If the electromagnetic radiations absorbed by a compound ie in UV or IR region, then the
transmitted (or reflected) light will lie in UV or IR region and the compound appears colourless.
" Theenergy of absorbed light depends on the spacing between ground and excited states. The energy

" of separation between two states is given by :

he - pev ¢
»

~

<
1]

AE=E; - Ey=hv=

>

where,

AFE = energy
i = Planck constant =6.63 x 107 s
¢ = velocity of light = 1079 ¢ms™!
2 = wavelength of light absorbed {cm)
v= frequency of light absorbed (s" )

V= wave number (cm™') =)l

Tn some complexes the A value is very small and these absorb light radiations in infrared region and
thus appear colourless because infrared radiations are colourless.

In the same way, some complexes have large A value (large energy difference between ground state
and excited state) and absorb light radiations in UV region and thus appears colourless. .

The magnitude of crystal field splitting (A) can be measured with the help of wavelength of light
absorbed. The measure of the amount of light absorbed by a compound is called the absorbance (log €)
and a plot of absorbance versus wavelength or wave number, v is called an absorption spectrum. The best

. . . ! -3
example for the measurement of magnitude of A is [Ti (HZ'O).6}3+ ‘because Ti" " !
electron in 3d-orbital and itgives only one peak in its-€lectronic spectrum. The colourof [Ti (H20)61°*

ion is purple. In this complex ion, the electron occupies the orbital of the lowest energy i.e., any one of
. — I W L g

the degenerate 155 Orbitals. The purple colour of {Ti(H30)¢]"" ion isdueto absolrptlon ﬂu_e’_ grejen

light and transition of electron of the £, orbitals to one of the degenerate ¢, orbitals. The absorption

\—e’/

e 5-3:

and Eledtronic Spectra

ion has only one

spectrum of {Ti(H,0)g ]3+ reveals that the d-d transition -occurs with a single broad peak with a
maximum absorption at 20300 cm™ (wavelength of 498 nm) which cotresponds to 243 kJ mol™" energy

(Figure 5.3).

Since 1 kImol?' =837 cm™

Thus, A, for [Ti (H,0)6 " = 280%3 =24253 kJ mol™.

The d' case is one of the simplest case because-energy of absorbed light is equal to the magnitude of
A 4, for other @" electronic configuration, the electron-electron interactions must be taken into account

and more calculations are involved for determination of A , value.
Wavelength-(nm)
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Most of the complexes of transition elements give broad absorption bands extending over several
thousand wave numbers. In transition imetal complexes the M-L bonds are not rigid. When light is
absorbed by a transition metal corplex electronic transitions and vibrations occur simultaneously which
are called vibronic transitions. Due to vibrations ofligands energy of d-electronschanges. Whenaa ligand
moves towards the transition metal the value of A , increases and when a ligand moves away from the
transition metal energy of d-eféctrons increases. According to Frank Condon principle*, during one
vibration, a large numbers of electronic transitions over several thousand wave numbers occur. The two
additional factors which are responsible for broad bands are spin-orbit coupling and Jahn-Teller
distortion. : -

Sharp peaks are observed in complexes where A , ‘does not change or energy of ground state and

excited state changes equally. Sharp peaks are observed for high spin Mn # -complexes.
<

* Fraiik Codori-principle states that efectronic trasitions are much faster than atomic vibrations.

ST S
e




of the lanthanoid complexes sharp bands are observed in absorption spectra. The f~orbitals
In most ep and there is no interaction of ligands with f-orbitals. Any vibration of llgapds or change
wirried I8 f‘;’igands does not change the energy of f-electrons and magritude of A will remaif unaffected.

nnature 0

Table 5.1 Colours of Absorbed Light and Complementary Colours

g

= > 25000 Colourless (UV) Colourless
<4000 2200025000 | Violet Yellow
4000'4500 2000022000 | Blue Orange
4500'4900 18000-20000 | Green Red
4900-5 500 17000-18000 | Yellow Violet
5500'5800 15000-17000 | Orange Blue
5800650 100015000 | Red Green
6500_7500 < 14000 | LColourless (Infrared) | Colourless
: Ziof 104 .

r- .

light o intensity /,, of a given wave number (v) or wavelength passes through a solution, the
a

When jtts with intensity [ which is lower than the intensity of the incident light (/).
s

ght tran [(;ling to Beer-Lambert law, absorbance of the solution is given by :

lee

o
Ace A=log1—°=elc
I
=absorbance 4
wheres ¢ = molar absorptivity or molar absorption coefficient (L mol™ cm™)
1= path length (cm)

. . o
¢ = concentration of solution (mol L™)
ance is a dimensionless quantity.

r

Abso bo £ absorbance versus wavelength or wave number is called absorption spectruni.

JH

o
A

ot angular Momentum _

-Orbital = on moving in its orbital round the nucleus possesses an angular momentum which is called
Anele 1 momentum. A measure of orbital angular momentum (f) is given by / values

; orbital ?sg to the orbital.

| .
)ITespo Orbital angular momentum (f) = .JI(/ + D'i%r

= orbital angular momentum quantum number.
wher® | constant = 6.63 x 107 J.s

= Plal’lc . " i
/ |ar mOmentun is a vector quantity.
Angu —
o

Angular momentum is a vector quantity.
Lis always zero or positive value and hence so /.

The angular momentum vector (/) provides
direction (generally vertical z-

are integral multiples of /1 / 2rcas shown in Figure 5.4 for /=2. The component of / in reference direction

isrepresented as /. Since [, are integral multiples of Zﬁ , the components can be represented in terms of
T

(21 +1) orientations in space about any given reference
axis) in such a manner that its components along the reference direction

an integral number /;. I, is the magnetic quantum number, m;.

1 =12-2£1r
Forl=1, my = +1,0,-1
Forl=2, my = +2,+1,0,-1,-2
In general, ‘ mp =101 0,..... -(-1),~1!

The orbitals corresponding to 2/ + | values are degenerate because energy of an electron depends
only on the magnitude but not on the direction of angular momentum.

+2 jp\\ N

-
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- 2. Electron Spin Angular Momentum

.Anelectyon in atom is not only moving about the nucleus but also is spinning about its own axis. The

- “spinning motion of an electron generates an angular momentum, called as spin angular momentum ()

which is also a vector quantity.
Spin angular momentum (s) = /s(s +1)- zﬁ
T

where

§ =spin quantum number.

The spin angular momentym (s) provides (2s+1) i.e. two orientations about the
reference direction ( i.e. z-axis) in such a manner that its components along the
reference direction are half integral multiples of 1/ 2n(Figure 5.5). The component of s

along the reference direction can be represented in terms of 5 or my. The values of Sy

are +1 or-} only.
2 2




3. Spin-Orbit Coupling
The interaction of orbital angular momentum with spin angular momentum is called spin-orbit

coupling. The strength of coupling and its effect on energy levels of the atomdepend on the orientations
of orbital and spin angular momenta.

4. Total Angular Momentum

It is the vector sum of orbital angular momentum and spin angular momentum. When the orbital
angular momentum and spin angular momentum are parallel, the total angular momentum is high and
when the two angular momenta are opposite to one another, the total angular momentum is low.

-, Total angular momentum (j)=1{ +s :

j=1 +% (when two angular momenta are parallel)
j=1 —% {when two angular momenta are in opposite directions)

In other words, we can say that j is half integral, since s is half integral for one electron atom.
j can also be expressed in terms of total angular momentum quantum number (/).

j =i
.. THE TOTAL ANGULAR MOMENTUM OF MANY

__ELECTRONSATOMS.. . .. ...

1. The Total Orbital Angular Momentum

When two or more electrons are present in a subshell of an atom, their individual orbital angular
momenta may add together or oppose each other. The total orbital angular momentum (L) is given by:

L=JIL+D. 1
27

where
L = total orbital angular momentum quantum number (a non-negative integer)
If there are two electrons in a subshell with orbital angular momentum quantum numbers /4 and 4,

respectively. The value of L is obtained by coupling the individual orbital angular momentum quantum .

qumbers by using the Clebsch-Gordan series.
: L=11+12,[l+12—'1, ...... ,Il[—lzl

Since L is non-negative, so modulus sign is used. If two orbital angular momenta are parallel, then
(=1 + L) is maximum. If two orbital angular momenta are opposed, then L (=] L; — L,})is minimum.
The intermediate values represent possible intermediate relative orientations of the two momenta. For
4% electrons {y = =2

L=2422+2-,.....,0-2|
=4,3,2,1,0

For the quantum numbers L=0,1,2,3, ...... theterms S, P, D, F, ...... are used which are parallel to
the'l values for s, p,d,f ...... orbitals.
forl = 0 1 2 3 4 5 7

Terms S P D F G H { K

Orbitals angular, momentum bas 2L +{ orientations distinguished by the quantum number M.
Mp=L L-1, L-2 ... 0,...... ,—L

A closed shell has zero orbital angular momentum because the sum-of individual orbital angular
momenta is zero.

2. The Total Spin Angular Momentum

When two ar more electrons afé present in a subshell of an atom. The total spin angular momentum
(§$)is given by : )
§ =S5 +1) 2i
n

where
§ = total spin angular momentum quantum number.

§ is either non-negative integer or zero only if number of electrons is even or half integer if number
of electrons is odd.

The values of § can be obtained by using the Clebsch-Gordan series. If there are two electrons with
spin quantum numbers s; and s then

S=s+8,85+s5-L...... ,| 81— 821

Modulus sign is used because § is a non-negative integer or half integer.

For each electron s = %

~ § =1, 0(For two electrons)

§= % §~ T %{Ifno.ofelectrons (N)is odd]
S = 1;[, % -1 ... , 0 {If no. of electrons.(N) is even)

The spin multiplicity of term is 25 +1. ST

3. Spin-Orbit Coupling

If there are two or more electrons in a subshell, there is coupling of ali the spins and all the orbital
angular momenta. There are two different ways in which the coupling of spin and orbital angular
momenta take place. ’

(@@ L-S Coupling or Russel-Saunders Coupling

L-S coupling occurs in atoms of low atomic numbers because in these atoms spin-orbit coupling is
weak. First sum the orbital angular momentum te give atotal L and then spin angular momenta to givea
total § separately and finally add these two momenta to give the total angular momentum {(J).

L=21, §=Z5
J=L+8§



and J=J70+D. i’i :

where ;
J = total angular momentum quantum number (Non-negative integer or half integer)
The permitted values of J can be obtained by using Clebsch — Gordan series.

J=L+S8,L+S—1L .....,| L~ S|

If there is a single electron outside a closed shell then J=j and j is either [ + Yorio % .

(ii) j -j Coupling
j-jcoupling occurs in heavy atoms where spin-orbit coupling is large. If the spin and orbital angular

momenta of each electron are coupled together strongly, then it may be considered that each electron
pehaves as a particle.

First sum the orbital and spin momenta of each electron separately and then sum the individual
moments to given grand total.
o Ji=livs;
and J=ZXj;
The Russel-Saunders ooupli'gg is more important for transition metals than j-j coupling.

Microstates

The electronic configuration of an atom, ion or molecule is not a complete description of
arrangement of electrons in a subshell of an atom. For a given electronic configuration, there are several

ways of arrangement of electrons in a subshell. For example, for p2 -electronic configuration, there are
15 ways in which electrons can be arranged. Similarly for 4 2-conﬁguration, there are 45 ways of

arrangement of electrons. The different ways in which the electrons can be arranged in the orbitals of a
subshell are called microstates of the configuration. Microstates are also called as atomic;states.

Number of microstates = L--
xt (N =-x)f
where . '
N =2Q2{+1)=twice the number of orbitals.
x = number of electrons.
{
21(6-2)!
~6x5x4x3x2x]
2xIx4x3x2xl
=15

For example microstates for pz-conﬁguration =

The fifteen microstates for p?-configuration are shown in the following table :

m 0 -1 M M,
1 1[ 0 +2
2 1 0 0
3 1 0 -2
4 1 | 0 +1
51} 1 0 +1
6 | 1 | 0 0
7 l 1 ] e
8 1 ) 0 -1
9 1 1 0 -1

0] 1 1 +1 +1

1 1 1 +1 0

12 1 1 +1 -1

13 | | - +1

T | -1 0

15 l l ] -1 -1

Spectroscopic Terms : If the inter electronic repulsions are very small i.e. negligible, then the
microstates of a given electronic configuration have the same energy. But atoms and molecules are
compact, therefore, the inter-electronic repulsions are really strong and can not be ignored. As a
result, microstates which correspond to different relative spatial arrangement of eclectrons have
different energies. If the microstates that have the same energy are grouped together when
inter-electronic repulsions are taken into account, the spectroscopically different energy levels are
obtained and these energy levels are called terms or atomic states. These terms are characterized by
symbols S and L. Thus,

Atomic state = 5+ L

The values of L correspond to atomic states described as S, P, D, F, ... which are paralle] to the
valuesof I fors, p, 4, f ...... otbitals.

The atomic states or terms are very important in the interpretation of spectra of coordination
compounds.
Term Symbols : The term symbol for a particular atomic state or term is written as :
25+1
L
J

Ground State Term : Hund’s Rule

The terms derived for an electronic configuration have different energies. For example, the pz-
electronic configuration gives rise to three terms that are 3 p, 1) and g . These three terms have different



energies. These terms represent three states with different amount of inter-electronic repulsions. The
ground state term (lowest energy) can be determined by using the Hund’s rules.

1. For a given configuration, the ground state term (term of lowest energy) is that which has highest
spin multiplicity. The ground state, therefore, have the highest number of unpaired electrons and
this gives rise to minimum repulsion and high exchange energy. For example, the ground state term
for pz-conﬁguration is3p.

2. Hthe two states have the same spin multiplicity, the state with highest value of L will be the ground
state. For example, for dz—conﬁguration the terms are 3z, 3p, 1g, 1p andl.3F and 3p both
have same spin multiplicity but 35 has hlgher value of L. Thus, 3¢ has lower energy than 3p.
Hence 3 is the ground state.

3. Fora given electronic configuration, if spin multiplicities are same and the values of L are also same
for two atomic states, then the state having lowest J value will be of lowest energy if the subshell is
less than half filled, and the state having highest vatue of J will be of lowest energy if the subshell is
more than half filled.

If the subshell is exactly half filled, it has only one value of J. This law is applicable when spm -orbit
coupling is taken into account.

To ldentify the Ground State Term and Ground State Term Symbol for Atoms

Following steps are used to identify the ground state:

(1) Identify the microstate that has the highest value of S.

(2) Find out the spin multiplicity (25 + 1).

(3) Determine the maximum possible value of My (= Zm;)or L.

(4) Select maximum value of J for more than half filled subshell and minimum value of J for less
than half filled subshell.

Examples :
@ pz-Conﬁguration : .
mo +10 -1 . L=Mp=+1+0%=+1,Pstate
s=lylog
22

Spin multiplicity=2 S+ 1=2x1+1=3
-. Ground state term =3 p
J=L+S§,...... LL-S]|

=1+1,... 1-1

=2,1,0
Since p-subshell is less than half filled.
~.Ground state term symbol = 3 Py

(i) p- Configuration :
my +# 0 -1

g

S:l.:,.!.}.l
2727
28+1=2x%+1=4

=Mp=+1+0-1=0, S§state

[SS JRVS]

.. Ground state term = * §
For L1=0,and s=%

j:

=31
. Ground state term symbol = * Sam
(iii) For d>-Configuration (Ti*" or ¥3* ion):
m #2240 ~1-2 My =2+1=3 Fstate

-Illll
=1 1
2 2 =1
28+1=2x1+1=3
Ground state term =3¢

J=|L+S| .. |L-S]
=341, {311
=4,3,2

Since d-orbital is less than half filled, lowest value of J will give the ground state term. Therefore,
ground state term symbol = 3 F,. The.d" and d'%" configurations give identical terms (Table 5.2).
: Table 5. 2 Terms for d" Conflguratnons

ad 2p _

dz’ds X 3F 3P:IG:'].-D:1S

d3,.d7 4F \ 4P’2‘P72012F52612H'

44,48 5p 3p,30,37,3¢,34,

lg,dpdr,g s

ds '65 4P’4D’4F’4012'S;2P,
B 2D12F ,26,25[,21

4" - lg _




Terms in ground state and excited state with same multiplicity are important for discussion of
electronic spectra.

To Identify the Ground State Term in Octahedral Complexes

(1) Sketch the energy levels (¢, and e, } showing the d-electrons with maximum value of M.
(2) Identify spin multiplicity.
(3) Determine the maximum possible value of M or L.

Examples :
(i) High spin d 5 :
s=lyl 1 1, 1.5
2 2 2 2 2 2
5 )
28+1=2 x = =6
27

My =2+1+0-1-2=0, . Sstate
. Ground state term = 6§ '
(ii) Low spin 4>

Mp=2+2+1+1

S:l_l.q.l_l.q.
2 222
25+ 1=2x Ly1=2 SR
2

.. Ground state term = 21
(iiii) High spin 45 ST :

s.
Mp=2+1+0-1-2+0=0, o Sstate
§=9=
2

28+1=2x%x3+1=7
Ground state term = ' §

+1+0=3, .. Fstate

. Ground state term = 4 F

Intensities of Absorption Bands of Complexes : The electronic transitions between d-orbitals i.e.
t2gt0 ¢, inoctahedral complexes or ¢ to ¢, in tetrahedral complexes are called d-d transitions. When d-d

transitions occur in complexes with centres of symmetry such as regular octahedral complexes, the
intensities of absorption bands are Jow. But when ¢-d transitions occur in complexes which lack centres

of symmetry such as tetrahedral complexes and octahedral cis-complexes of the type MA 4 B,, relatively
strong absorption bands are observed. For example, when conc. HCl is added to an aqueous solution of
Co (11, the colour changes from pink of [CO(H20)6 ]2+ to intense blue colour of [CoCly ]2_

The variation in the relative intensities of absorption bands can be explained by a series of selection
rules.

(1) Laporte’s Selection Rule Sz

The transitions that occur between states of opposite pairity i.e., g <> u are allowed. It means that
s© p, po>dandd & f transitions are allowed.

The transitions that occur between states of same pairity i.e., g <> g or u <> uare forbidden.

For example, d-d transitions are forbidden becauge d-orbltals are gerade i.e. these have centre of
symmetry with respect to wave function.

Laporte’s selection rule may also be given as follows. The transitions in which change in azimuthal
quantum numbers is 1 i.e, AL =21, are Laporte allowed and absorbance may be high. If AL =0, the

" transitions are Laporte forbidden and, therefore, absorbance is low.

Relaxation in Laporte’s Selection Rule

The d-d transmons are Laporte forbidden and however, have much lower absorbance in the range of
10-50 L mol™ cm™ because there is slight relaxation in the Laporte’s selection rule. The metal-ligands
bonds in transition metal complexes are not rigid. When UV-visible light is incident on a complex,
electronic transitions as well as vibrations occur simultaneously. In octahedral complexes the ligand
vibrate in such a way that centre of symmetry is temporarily destroyed and there is a very small mixing of
p-d orbitals and thus d-d transitions are not purely Laporte forbidden but there is slight relaxation in
Laporte’s rule. Therefore, the octahedral complexes show colour of low intensity.



In tetrahedral complexes there is no centre of symmetry and p-d mixing is more pronounced in
tetrahedral complexes because ¢, molecular orbitals are formed from atomic 4 (gerade) and p (ungerade)
orbitals. Tetrahedral complexes, therefore, absorb more strongly than octahedral complexes. Therefore,
the tetrahedral complexes give more intense colour than octahedral complexes.

(2) Spin Selection Rule

Transitions between states of same multiplicity are allowed.

ie. AS =0, spin allowed.

In other words, during electronic transition if spin of the electron is not changed then the transition
is spin allowed.

Transitions between states of different multiplicities are spin forbidden.

ie. AS #0, spin forbidden.

For example : For d2-conﬁguration in an octahedral field, there are four states with same
spin multiplicity of 3 {(S = 1) one of which is 2 ground stats 3T}, Jand the other three are excited
states. [3T5¢, 345 and 3T;, (P)]. Thus there are three transitions which aré spin allowed.These
are: :

3T; 2g « 30 Ig .
34y <3N -
3Ny (P) « 375 :

The transitions from 373, to any other excited states are spin forbidden.

Relaxation in Spin Selection Rule

Spin-orbit coupling can relax the spin selection rule with the result that transitions may be observed
from ground state of one spin multiplicity to excited state of different spin multiplicity. These
spin-forbidden transitions are generally much weaker than spin allowed transitions. The strength of
spin-orbit coupling in lighter atom is lower than for heavier atoms. The intensity of such bands increases
with increase in atomic number. In first series transition metal complexes, spin-orbit coupling is weak
and, therefore, the absorption bands are weak with a molar absorptivity about 1 L mol™'cm™. Spin-orbit
coupling in 44 and 5d-transition metal complexes is strong, absorption bandswnger ie.,
intensities of these complexes are greater than for 3d-metal complexes. -

A Laporte forbidden d-d transition is more intense than a spin forbidden transition.

Table5.3 : Molar Absorbance for Various Electronic Transitions

pecira.|.-€ om) ). e
Allowed | Allowed Charge |[103.104 MnOj, CrO;

transfer Cr,07,{TiClg 1>

Partly allowed Allowed d-d 102103 [CoClg ) {CoBrs 1
{some p-d mixing) .
Forbidden Allowed | d4d 8-10 {Ti(H,0)¢ P [TiNH3 )6 1+

[Ni(NH; )1%*

Partly allowed Forbidden dd 23 [MnCl43*, [MnBry 1>
some p-d mixing

Forbidden Forbidden d-d 0.1-0.2 [Mn(H,0)1**

Splitting of Terms in Octahedral and Tetrahedral Complexes

The wave function for S, P, D, F ...... states have same symmetry as the wave functions for the
corresponding sets of s, p, d, f ...... orbitals.

An s-orbital is spherically symmetrical and p-orbitals lie on axes. There is no effect of octahedral or
tetrahedral field on s-orbitals i.e., neither energy of s-orbital is increased nor splitting of an s-orbital
occurs. Since § state has same symmetry as that of s-orbital, so there is also no effect of octahedral and
tetrahedral fields on S state.

Since all the p-orbitals lie on axes, so there is no sphitting of p-orbitals in octahedral and tetrahedral
fields but energy of p-orbital is raised equally. P state has same symmeiry as that of p-orbitals. There is
no splitting of P state but its energy is raised as that of p-orbitals.

A set of d-orbitals is split in to ), and ¢, (in octahedral field) or e and ¢; (in tetrahedral field).
Therefore, a D term is split into T, and E, (in octahedral field) or E and T, (in tetrahedral field).

Similarly, £ term is split into three terms T, , T5, and A, (in octahedral field) or T3, I and 4,
(in tetrahedral field).

In an octahedral field, splitting of D and F states are shown in Figure 5.6 and 5. 7
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INTERPRETATION OF ELECTRONIC SPECTRA OF HIGH SPIN OCTAHEDRAL AND
TETRAHEDRAL COMPLEXES (ORGEL DIAGRAMS)

Orgel diagrams are particularly useful in the interpretation of spin allowed electronic transitions of
tetrahedral and high spin octahedral complexes but not for low spin octahedral complexes. The spin
allowed electronic transitions occur between the two energy states {i.e,, terms) that have same spin

multiplicity. The energy difference between ground state and any of the excited state is greater thdn kT

(k= Boltzmann constant and T'= absolute temperature), almost all the molecules of a complex compound
are present in their ground states. Therefore, the electronic transitions occur from ground state to excited

states. In some complexes (like high spin Mn #* gctahedral complexes) spin forbidden transitions also
secur but the intensity of bands is weaker {relaxation in spin selection rule due to spin-orbit coupling)
‘han the spin allowed transitions. An orgef diagram for a given metal ion shows the change in energy of
ndividual terms with change in ligand field strength. As the magnitude of ligand field strength increases
he excited states with different symmetry and same spin multiplicity may cross one another.

Orgel diagrams can also be used for all octahedral complexes of d L a%d 3,d Yand d@° metal

ons irrespective of strength of ligands (i.e,, either the ligand is weak or strong) because weak or strong
igand field for these metal ions gives rise to identical energy states.

spectra of d' Metal lons in Octahedral Field

In a free metal ion of dl—conﬁguration, there is no inter-electronic interaction and all the five

-orbitals are degenerate and, therefore, it has only one term ie., 2D. Under the influence of an
ctahedral field, either the ligand is weak or strong the d—drbité!é’ii'e splitinto £, and ég sets of orbitals.

he magnitude of splitting, A , depends upon the nature of ligands. Since wave function of 2D term is
milar to that of d-orbital, therefore, 2D term is split into 2T, g and g o terms in octahedral complex.

he ground state term is 2T2g which is similar to 13 Orbitals having one electron and 2E g term is
milar to ¢, orbitals having no electron which is the excited state. The energy gap between g and
E, states varies with the nature of ligands. Weaker the ligand lower will be the energy gap between

I»g and ’E ¢ States and stronget the ligand, higher will be energy gap between 2 T, and g ¢ States.
1 electron always occupies the ground state term. When light is incident on the octahedral complex of

d 1-conﬁguration , the electron gets excited from 2 Tpg to 2g ¢ State as shown in Figure 5.8. There is only
one electronic transition represented as 2 Eg 2 Tyg- As the strength of ligand increases, energy of
transition increases. For example, transitions occur at 13000 cm™, 18900 cm™, 20300 cm™ and 22300
e in[TiClg PP, (TiFe 7, [Ti(H20)¢ ** and [Ti(CN) 1>~ respectively because strength of ligands
increases according to spectro chemical series as Cl” < F~ < H,0 <CI\£.
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The absorption band in the spectra of {Ti(H,0) ¢ ]3 * is broad because of Jahn-Teller distortion. This
Jahn-Teller distortion splits the 2Eg state into 2A1g and zBlg. This distortion also causes small

splitting of ground state-(2 g }into 2 £, and lp 2g {Figure 5.9(a)}.
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In complex ion[Ti(H,0)¢ P absorption maximum observed at 20300 cm™ and also the absorption

maximum has a shoulder at 17400 cm™ because of Jahn-Teller distortion. This shoulder is responsible
for broad band in the spectrum as shown in Figure 5.3. -

1t has also been suggested that the electronic excited state of {Ti(H,Q0)¢ ]3+ has the configuration
t% &l and so in the excited state of the complex e, orbitals are electronically degenerate. Therefore, the
28 8 - Sy

single electronic transition is really the superposition of two transitions, one from an octahedral (Oh)
ground state ion to an octahedral excited state ion and a lower energy transition from an octahedral
ground state ion to a lower energy tetragonally distorted excited state ion {Dgy ). Since these two



transitions have slightly different energies, therefore, the bands overlap one another and can not be
resotved.
Thus, the unresolved superimposed band results in an asymmetric and broad bond. The splitting of
eg state is shown in Figure 5.9(b) :
=

Energy
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Ligand field strength ————

spectra of d' Metal ion in Tetrahedral Complexes

The tetrahedral complexes are always high spin complexes. The Orgel diagram, thei‘efore, can be
used to interpret their spectra. The tetrahedral complexes show more intense absorbance than those of
octahedral complexes because of some p-d mixing. Due to some p-d mixing the electronic trangitions
will not be pure d-d transitions. In tetrahedral complexes the digenerate d-orbitals split into ¢ and 7, sets
of orbitals. The e orbitals are of lower in energy and £ orbitals are of hlgher in energy. The single
electron will occupy the any of the two e orbitals. On absorptlon of light electron gets excited from e
.orbital to one of the ¢ orbitals. Transition of electron is spin allowed. The term for metal ion of d f
configuration is 2D and it splits into 2F and 2 T, states. 2E is of lower energy and ’r 2 s of higher
energy.- Therefore, electron transition occurs from 2Eto0 2 T, as shown in Figure 5.10. The energy level

diagram for d ! tetrahedral complex is the inverse of d' octahedral complex.

2T2
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There s only one electronic transition from *E to Z.Tz represented as ZTZ <PE
Since there isonly one transition therefore, only one absorption band is observed in electronic

spectra. . /_/

Spectra of d°-Octahedral Complexes

in octahedral complexes of d % _metal ions, d-orbitals split info £, and ¢, orbitals. On absorption of
light an electron gets excited from a £, to.a eg orbital. The ground state term of free d 9 metal ionis 2D
which splits into 2 Ty, and g g states in octahedral complex.In an octahedral complex the electronic

configuration is t26

6 1 2 s 2
arrangements, ¢ ort d d*, and has the designation “E,, ..
& e ;2 yz g2 2% g

Inad® octahedral complex a hole may be considered in ¢, orbitals. When transition occurs, the

5
2g

1y, orbitals may be placed in any of the three ways d,a,, d2 dl
dyy, d%, d% €,

configuration is 2 T, - Thus, the energy of 2E ¢ is'lower and that of ng is higher. In other words, E;

. The eg orbitals are doubly degenerate comesponding to electronic

e; and now there will be ahole ina tzg orbital. This hole in the
or a'2 d1 d2 eg or

therefore, the conﬁgurat1011 is triply degenerate and the term comresponding to this

electronic configuration becomes ¢

state is ground state and 2 Ty is excited state. Since there isa hole in g ¢ state, therefore, there is a hole
transition from ZEg to 2T2g which is similar fo electron transition and ean be represented as

’r 2% (——ZEg. This is opposite of the order of energies of the orbitals (tzg lower than ¢;) as shown

Figure 5.11.
Hole
11/ 11

—— e ¢

The single electronic transition in d' octahedral complex is Eg « T, and that for the d°
octahedral complex is 2T2g « 2Eg. These two-cases-of d! and ¢! = %are inversely related . In
general, for high spin of 4" and d 10-7 high complexes are inversely related.



The Orgel diagram for a d’ octahedral complex is analogous to the d' tetrahedral complex. In
general, the Orgel diagram fora @”" high spin octahedral complexes is analogous to d 10-2 " tetrahedral
complex and vice-versa.

The absorption band of [Cu(H;0)¢ ]2+ complex in electronic spectra is observed as broad band
because of the Jahn-Teller distortion .

Explanation of Broad Band in Electronic Spectra of d%-Octahedral Complexes

The [Cu(H,0)¢ T?* complex absorbs in the visible region at 12000 cm™ and this complex is blue
coloured.

For ad” -octahedral complex, the ground state is 2 g and the excited state is 2 ng. We expect that
excitation of a hole occurs from 2Eg to 2T 2gand a single absorption band is observed. But due to
Jahn-Teller distortion, 2Eg state splits into By (lower energy) and 4j, (higher energy) and 2T2g

state splits into By, (lower energy) and E, (higher energy) of as shown in Figure 5.13. Now electron
transition may occur from By, (now ground state) to the 4y, , the B, 2gor the E,, states. Thus, three band

may be observed. But since due to Jahn-Teller distortion splitting of “ £, and | “Tyg states is poor, so the
three absorption bands overlap together showing a broad band as shown in 'the Figure 5.14.
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Electronic spectra of CuSO4 -5H50

CuSOy -5H,0 is blue coloured compound and shows an absorntien band at ~12000 cm™.
The structure of CuSOy4 - SH,O is shown in the Figure 5.15.

The crystal structure of CuSOy4 -5H70 shows that N
each Cu atom is coordinated to four H,0 and two SOy 08~ ;S0
groups in frans positions and the fifth H,0 molecule is | N /
not bound to Cu directly but it forms hydrogen bonds with H "H ,’ 0

two SO4 groups on neighbouring Cu atoms and two | \ _H I
hydrogen bonds with cis-H,0 molecules bound to one of "0 \ S/ OH-- O \ /©

the Cu atoms. y i . i

e Cu atoms .Thelefore, in CuSQy SI£I+ZO. there is HO/ \0/ J ' \O
octahedral _enviranment round the Cu”” ion. The "2

absorption band in electronic spectrum is assigned to 0S0, \H 0804
2Tyg « 2B, and it is similar to [Cu(H;0)6]"" - & "5

complex ion.

Now it is observed that one of the H,O molecules is bound more strongly than the other four. These
four water molecules can be removed by warming or over P4Oyg. The fifth HoO molecule can be
removed by heating the compound above 350°C.

CuSOy . SH,0 —¥am , CyS043H,0 —¥my (4SO ,4. H,0

-2H,0 . —2H;O
>3;°°C 230, 4804 199°C, Cu0 +S0;
~H0

Electronic Spectra of d 9 Tetrahedral Complexes

In tetrahedral complexes of d % metal ions,d -orbitals split into £, of higher and e of lower energy
orbitals (Figure 5.16). But the splitting is reverse of d 9 _actahedral complexes. The ground state term of
free metal cation is 2D . In tetrahedral complexes 2D state splits into 2T and % E states as shown in
Figure 5.17. But energy of these states is also reverse of the d 9. octahedral complexes. Thus, in a
tetrahedral complex energy of ’r, 5 is lower and that of 2Eis higher. Hole transition occurs from ’r 2 to

2E state resulting in one absorption band. 2
Hole
R A R
- 2

/

!
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\‘il e Ligand field strength ——

It is to be noted that if there is one or more holesinad” - octahedral complex, then there will also be
same number of holes in a tetrahedral complex. The number of holes in any state of a complex will
never be more than the number of electrons to be excited.



Eiectronic Spectra of High Spin d5-Octahedral Complexes

In a high spin octahedral complex of d 8 metal ion, the d-orbitals splitinto ¢5, (lower energy) and e;
orbitals (higher energy) as shown in the Figure 5.18.

dS-High spin —( ———————

Trapsitions of unpaired electron from g orbitals to e, orbitals are restricted because there
will be change in spin multiplicity i.e., these transitions are spin forbidden. Transition of that-electron in
tygorbital which is paired and has the opposite spin to all the other electrons can occur because this
transition is spin allowed Since there is transitien of only one electron, therefore, this transition is

similar to transition in @ L_octahedral complexes.
The ground state term of free d 6-metal ionis > D. In high spin octahedral complexes 3 D term splits
into 3 Tyg (ground state) and E -(excited state) as shown in the Figure 5.19. There is only one

electronic transition from ng to E represented as 3 E, P T3g- Only single absorption band is .

observed corresponding to E 2 &3 T, transition. The absorption band broadened or split because of

spin-orbit coupling and Jahn-Teller distortion in excited state configuration as shown in Figure 5.20.
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The absorption band in the efectronic spectra of d 6—llig_h spin complexes is usually found between
10000 and 11000 cm™ as shown in Figure 5.21. [Fe(H,0) ]2+ complex ion is pale green and it shows
absorption band at 11000 cm™.

Molar Absorbance
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Electronic Spectra of d®-tetrahedral complex
Most Fe (II) complexes are octahedral but halides (X =CI7,Br~,I") and NCS~ form tetrahedral

complexes with Fe (1l). In a tetrahedral complexes of Fe’ * jon, the d-orbitals split mto e (lower energy)
and ¢ (higher energy) orbitals as shown in the Figure 5.22. .
1171

— 1
/ 2

db-tetrahedral —( _______

Transition of paired electron having spin opposite to all other electrons in e orbitals can occur
because tlns transmon is spin allowed. The ground state term for free Fe * jon(d 6 )is5p . In tetrahedral

complexes of FeZ* ion 3 D term splits into SE (ground state) and Ty (excxted state) as shown in
Figure 5.23. In :[FeCl4] only single absorption band appears at 4000 cm” ! (near infra red region)
because of > T A SE transion. For{l*‘eCl‘;]—2 A, is 4000 coy'. [FeCl4]21“ is colourless because it

aosorbs in IR region. : | o, ‘ 7,{ .

Energy

e
Ligand field strength ———




. *-Hi - . i lexes 1s typically a broad band in the region of
lectronic Spectra of d”-High Spin Octahedral Complexes The absmptlon band for Cr2* high spin comp
j : . ’ 16000 cm™ with an another band at around 10,000 cm™ because of Jahn-Teller distortion. Due to

In a high spin octahedral complexes of Cr 2 (d4 )ion split the d-orbitals into ta¢ (lower energy) and ahn-Teller distortion spliting of fiee-fon 5 1 term ocours as shown in Figure 5.26,

e, (higher energy) orbitals as shown in Figure 5.24.

~—— °E,
/ Hole 4 o
— eg Ii'1_ e . ”—5T_<\\
d 2g N
5 ”’I SN— 5829
go—
\\\\ /// 5A1g
& AN :’
5 e
g RN 5819
i Splitting in
On absorptlon of light, an electron from a tzg orbital gets excited to a e, orbital . The ground state Freeion octahe")diral Somp,ex Spliting due to
term for free d* metal ion is 5D which splits into E (ground state) and ° Ty (exc1ted state) in a high _ Jahn-Teller distortion

spin complex. In a high spin octahedral complex, the electronic configuration is t2 g The e, orbitals

are electronically degenerate, corresponding to electronic arrangements t3 d! do or . . -
e P * ’ -y Due to Jahn-Teller distortion following three transitions are possible :
. .. 5 -
t2g d° 22 2 and is represented as > E,. Ina d -lugh spin octahedral complex a hole may be @) SAlg « SBlg (i) SBZg « "By
-

(ill) B « “Byg

considered in e orbitals. When transition occurs, the electronic configuration becomes t2 eg and now . ] . . . .
: The two bands due to 5 By SBlg and "E, < "B, are assigned to superimposed. Thus, the

there will be a hole in I7¢ orbitals as shown in Figure 5.24. This hole in the tzg orbitals may be placed in

ic d as a result a broad band appears as shown in Figure 5.27.
either of the three ways, d\y dy, L d0 2 e ord, ! d?,z dl e O dy 0 dy, ! d ! eg, therefore, the configuration two bands appear which are very closer an .

( 2 % ) 1 excited state is triply degenerate and the term corresponding to this configuration in excited
o
state is ng. Therefore, the energy of > Egis lower (ground state) and that of Sng is higher (excited §
0
state) as shown in Figure 5.25. Since there is a hole in ° E, state, so there is a hole transition from > E;to ) §
S . <
Sng which is represented as 5 D « E This is opposite of the order of energies of orbitals (f2g S8
. - [}
lower than e, ) as shown in Fi igure 5.25. | =

Tog : 20,000 15,000 10,000 5,000

| Wave number (cm™') —

s Electronic Spectra of d*-Tetrahedral Complexes

In tetrahedral complexes of d*-metal ion, d-orbitals split into e (lower energy) and , (higher

energy) orbitals as shown in Figure 528, but the splitting is reverse of the d4-high spin octahedral
complexes.
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In a tetrahedral complex of d*-metal ion the electronic configuration is &l t22. The ¢, orbitals
. . . ' 1
are triply degenerate corresponding to electronic arrangement e’ dlly a’},z 42, & d}y dﬁz dzx and
243 d', dl and th di i i is 57y, mad* -
e” dy dy. dj; and the term corresponding to this configuration (ground state} is ° 77-

tetrahedral complex a hole may be considered in £, orbitals. When transition occurs, the electronic

configuration becomes ¢! t3 and now there will be a hole in e-orbitals. This hole in e-orbitals can be

, 45 Therefore the configuration in excited
-y z

placed in any of the two ways d ! d° t or d° d

state is doubly degenerate and the term corresponding to this state is S .
Thus, the energy of > T is lower and that of * £ is higher as shown in Figure 5.29. This is opposite of

the order of energy of orbitals (e lower than ¢5) of 4 4—high spin octahedral complex.
e

5T,

Ligand field strength——»

There is one absorption band in electronic spectra due to the ° E 5T, transition.

‘
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Electronic Spectra of d?-Octahedral Complexes

In octahedral complexes (whether the ligand is weak or strong) of d 2_metal ion like [V(H;0)¢ ]3 *,
the d-orbitals split into tég (lower energy) and ¢, (higher energy) orbitals. The ground state of 4 2 metal

ion in octahedral complex have two electrons with parallel spin in any two of the three lower energy
orbitals : dyy,d); and d .. The ground state, based.on the t2 configuration is triply degenerate (> T g

state) because there are three ways of arrangement of the electrons with parallel spins in {25 orbitals:
af1 a’1 or aVl dy L or dl dl If one electron is excited to a ¢, orbital, the electronic configuration

1

becomes tZg eg, Then the most stable (lowest energy) arrangement of electrons for this configuration

will be when the two electron are present in-orbitals as far apart as possible i.e, at right angle to cach
other. For example, if one-€lectron is present in d, orbital, the other electron will be in the dz* orbital

rather than in the d 2 otbital. There are three ways-of arranging these two electrons in orbitals

_y2

Thus, this state is triply degenerate and is represented as 3 Tg. This state have lowest energy
because two electrons occupy more space in all the three directions and causes less electron-electron
repulsion.

There is an another triply degenerate arrangements of the two electrons in which two electrons
occupy the orbitals which are relatively closer together ie., the orbitals are at 45° to each other

di d 12 2 d;x d;z’ d’},z d:z . This arrangement is represented by 3 Ty state.This state will be higher in

energy because both electrons occupy space only in-one plane.



If botl} the electrons are excited to eg orbitals, there is only one arrangement of two electrons with
parallel spins.

xz—y 2

This state is electronically non-degenerate and can be represented as > Azg -

Thus, there are three transitions from ground. state to excited states of the same multiplicity. The
hree electronic transitions for d 2-octahedral complex are shown in Figure 5.31.
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The terms arising for d 2-conﬁguration are 3F . 3 P, lS, IDand G out of which 3 F is the ground
ate term. The gxcited state of maximum multiplicity (=3 } is only 3 PIn octahedral complexes 3F
. e s 3
m splits into Ng (F), "Tpg (F)and 3A2g (F).The term * P does not split in octahedral complexes

. . 3 .

1t it transforms into Tig (P) term and energy of the terms varies as the ligand field strength is
1anged as shown in Figure 5.32. The two - T; ig States are distinguished by adding the symbol () or (P)
) 3 3

ter “Iig term as ° T, (F) and 3T1g (P). The ground state term of d2-in octahedral complex is

. 3 .
T (F)and excited states are Togs 3 Aygand 3 1g (P). Three spin allowed transitions are possible as
iown below:

3
ng « _3Tlg ()

|
|
i
|
|
!
!
!

3 Ayg 3Tlg (v2)
and Tig(P) Ty () |
Transitions from in 1g ground state to any of the singlet states are spin forbidden. Therefore, only
three ;bsori)tion bands may appear in the spectrum of [V(H,0)¢ ]3+ .
The separation between the ground state 3 Tig (F)and the excited states it 2> 3 Apg and i 1g (P)

increases with increase in ligand field strength . Thus, as the ligand field stfength increases, the transitions
 require higher energies and the absorption bands shift towards the UV-region.

For[V(H,0)4 ]3+ which shows blue colour, two absorption bands corresponding to 3 e « 3 I
and 3 T (P) «3n 1g are observed in visible region at 17200 cm "and 25700 crm™ respectively.

The absorptions are weak in intensities and have molar absorbance (L mol™ cm™) 3.5 and 6.6
respecively.

The third transition > Ayg 37, 1g corresponds to excitation of both electrons and requires high

energy. Thus, the band corresponding to this transtion is of low intensity and does not experimentally
observed. Also , this-band is hidden by a high intensity charge transfer band in the UV-region. All the

three bands are observed when V>* is incorporated into oc -Al,03 corundum lattice in which a small
portion of AI** have been replaced by V3* jons.

0.2y E=+406x24
3A29 {t3ge5) Xeb,

=124,
TiglP) (Bel)

3 g 3 1 a1
P Tog (0g8) E=[-0.4x1+06x1]a,
5)\ 3F _———— ____j-(_)'_z_A_O__ =0'2Ao
2
l“ -0.84,
5T,y (529 E=-04x24,
=-0.84,

Ttcan be seen from the Figure 5.32 that the lowest energy transition it 2 ’n ¢ givesthe value of
A, ie., difference between the energy of 3 Ty and 3T2g isf02-(-0.8)14A, =A,.
However , the 3n g (F)state can mix with 3’ \g (P)state causing a slight curvature . Therefore, the

energy of 3 Dy « 3T1g will not give the exact value of A ,.

Alternatively ,the difference between the energy of first tramsition (3 Ty « 3T1g) and that of

second transition (34, « 3T1g ) gives the value of A ,. Usually the separation between first and third
bands gives the value of A .




Energy of 3 Aye 3T1g transition — Energy of 3 Ty « 3T1g transition =2A, - A, = A,.

Unfortunately , the third band can not always be observed , in such case a more coniplicated analysis
is required which will be discussed in Tanabe — Sugano diagram on page 5.48.

As the ligand field strength increases the 3 4yg and 3 Tiy (P) states cross each other and energy
of 3 Aag becomes higher than that of 3 Tig (P). For stronger ligand the energy of 3 4y 3T1g )

* becomes higher than that of > Tig (P) ¢ *Ti, (F).

At or near the cross over point two bands viz. 3 Ayg « 3 Tigand 3 Ty (P) « 3 Tig (F)canoverlap
each other and thus only two band are observed (Figure 5.33).

For an extremely weak ligand octahedral
complex,  three  absorption  bands
corresponding to three transitions as
discussed earlier are obtained and the
separation between first and third bands
gives the value of A ,,.

Absorbance

Electronic Spectra of
d?-Tetrahedral Complexes . , , , ,
1 1 ]

| ——
In tetrahedral complexes of d°-metals 10,000 15,000 20,000 25000 30,000

ions like [VCLy ]~ and[VBr4]” the d-orbitals Wave number (om ) —__»
split into e (lower energy) and ¢, (higher :
energy) orbitals giving rise to electronic
configuration & tg . In ground state there is only one arrangement of two electrons with parallel spins

d 12 ) d! ,- Thus, this stats is electronically non-degenerate and is represented as 3 Ay . If one of the two
X“=y z :

electrons is excited to a ¢, orbital, the electronic configuration becomes el zfé. Catresponding to this

electronic configuration, the lower energy state will be that when the two electronsare present in ofbitals

as far apart as possible. The two electrons can be arranged in either of the thr'_ee ways : afl2 dxly,

K 'a’iz d,y L and afl d},z. Therefore, this state is triply degenerate and is represented as 3 T,. Thereis
- Jf - y

another triplet state cotresponding to e Il configuration in which the two electrons occupy the orbitals

which are relatively closer together x2 2 d}y, a’ ! d}z andd! ,d }Vz. This state is of higherenergy and
z .

is represented as 3 7. If both the electrons are excxted to ¢, orbitals, the electronic configuration
becomes eotz. Corresponding to this electronic configuration, there are three ways of arrangement of

two electrons in any of the three orbitals of ¢, orbitals: d a'l ordy, L dl, Lot dyy L d.,. Therefore, this

state is once again is triply-degenerate and is represented as T1 (P). This state is of highest energy.

it has been seen that the order of energies of these states 3 A, 3 T, 3 Ty is reverse of the energies of

3 Azg, 3 T3, and 3 Ty, for d*-octahedral complexes.

The terms having same spin multiplicity arising for 4 2-conﬁguration are >F and *P. 3 F is the
ground state term. The P state does not split in a complex but 3F state splits into 3 43, 37, and 3 T
states in tetrahedral complex as shown in Figure 5.34.

TP
T,(F)

Three possible transitions are :

37:'2.(— 3A2
3SMF)« 24,
e <3

Electronic Spectfa of d®-Octahedral Complekes

In d%-octahedral complexes, the d-orbitals split into #,, (lower energy) and e, (higher energy)

orbitals. Thus, in ground state the electronic configuration is t26g egz. There is only one electronic
arrangement for this electronic configuration ie., t26g a’ ! ) d ‘2, and the ground state term
2 -y z

corresponding to this configuration is represented as 3 Az -

In a 4% -octahedral complex two holes may be considered in'eg orbitals as shown in Figure 5.35.

1 /7Two Hole

When an electron from any of the ¢4, orbitals is excited to any one of the ¢, orbitals, the electronic

configuration ‘becomes £ eé. Now there will be two holes one in f,; and one in g orbitals.

2
Corresponding to this electronic configuration, there are two triply degenerate states. The lower energy



state will arise when two holes occupy the orbitals as far apart as possible. This state is represented as
3 Tyg- The holes may be present either ind,, or d,, d 2,2 0o dy d 22 orbitals giving rise to lesser
repulsions between two holes because two holes occupy more space in x,  and z-directions. Holes are
effected in the opposite way as compared to electrons. There is an another triply degenerate arrangement
of two holes in which the two holes occupy the orbitals which are closer together. The holes may be
present ineitherdy, d 5 2 or dy, dordy d  orbitals. This is of higher energy and is represeqted
as Tig.

When both the electrons are excited, the electronic configuration becomes t;g eg . Now two holes
are present in any of the two £, orbitals either 3in dyy dy; 0rd ), dyordy, dy orbitals. T?xerefore, this
state is triply degenerate and is represented as ~ T3, (P). Since double excitation requires higher energy,
therefore, > Tj; stateis of highest energy state. There are four energy states including ground state. Thus,
there are threé transitions. The transitions of holes is similar to electronic transitions.

The terms having same multiplicity arising for d 8-conﬁguration are >F,3P.The *F state is the

S e o . 3 3 -
groun@ state. In octahedral complex 3F term splits into 3 A g T and *Tj, as shown in Figure 5.36.
The term > P does not split but it transforms into 3 Tig (P) state.

3T1oP) (t3580) E=[04x4+06x4]4,
=+40.84,

3
*Tyg(F) (t5eg)

E={-0.4x5+0.6x3]4,
=024,

(t55e3) E=[-04x6+06x2)4,

Energy

3
(t35e3)

Ligand field strength ——

When ligand field strength increases, there will be bending of 3 Tig(F)and 3 Tig (P) lines because

rth'ese states are of same symmetry and there is inter-electronif: repulsion (or mixing of two Ty, states).
This electronic repulsion lowers the energy of lower state and increases energy of the higher state. Thus,
due o inter-electronic repulsion the two Tj, states do not cross. This is called non-crossing rule.

Electronic spectra of octahedral Ni(IT), d 8 complexes usually consist of three bands according to the
following transitions :
. g < Yoy =i
g (F) <34 = vy
Mg (P) 24y =3

=-124, L

The lowest energy transition L.e,, 3 Dy « 3 Ayg gives the value of A ,.

Absorbance
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For'[Ni(H20)6]2+ complex three absorption bands are observed at 8700 cm™, 14500 cm™ and
25300 cm™. Lowest transition ie, 3ng 3 Azg gives t_he value of A, because 3 Ty « 3A2g
transition=-02A, - (-12A,)=A,.

Therefore, A , for [Ni(H,0)¢ F** is 8700 cm™. _

Because of Jahn-Teller distortion in excited state thé middle peak is broad (overlapping of two
splitting-peak).

Electronic Spectra for d®-Tetrahedral Complexes

For 4%-metal ion in tetrahedral fields, the splitting of the free ion ground state term is the inverse of
its splitting in octahedral fields as shown in the Figure 5.38.

3A2 (eztg)
TP) (%))

7T (%) E=[-06x3+04x5]4
=+0.2 &

E=[0.6x2+04x6]4
=+1.2 4

°
F T e

Energy

E=[-06x4+04x4]4

T, (e't}) =084,

Ligand field strength ———

The following three transition are possible for d ®-tetrahedral complexes :
3 3
T2 « T 1
3 Ay 37 1
‘) « 1y
Corresponding to these transitions, three relatively intense bands are expected. For [NiCly ]2_ two
bands are observed at 7549 em™, 14250-15240 cr™ as shown in Figure 5.39.



Since 2.0 A, = 7549 cm™ C4 1)
A, 72549 3774 om
The band appears at 14250-15240 cm™ !is due to Jahn-Teller distortion.

The 3Ty « 37, transition shows an absorption band at 3400 cm™ but it is tiot observed in visible
region because it lies in infra red region.
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Electronic Spectraof d 7-High Spin Octahedral Complexes

The free ion ground state term forCo2* d 7 )is 4 F and its other term with same spin multiplicity of

higher energy is 4P In high spm octahedral complexes the sphtmg of *F state is same as for
d*-octahedral complexes. The 4F term splits into ‘T Igs ng and Azgstates as shown in the

A40.
Figure 5 4 @ ) E=[-04x3+06x4]4,
2g 99 =+1.24,
“TigP) (t5e5)

4
Tog (t3,¢3) £= [-g.;: 4+06x314,
=+U.2 4,

Energy

Ty, (e E:_.[:ggzs:fo.exz],su
=084,

Ligand field strength ——»

For crystal of KCoF3 in which Co?" ion is surrounded octahedrally by six F~ ligands.

There are-three absorption bands at 7150 cm™, 15200-cm™ and 19200 con™ corresponding to three
transitions.
‘T «* Ty, v =T150em™

Yy < Tig,  vp=15200cm™

Tlg(P)<— Tig, v3=19200 cm™,

Lower l:ransmon( Ty « Tlg) may give the value of A, because ng <3 1 transition (v;)

is=02A,-(-08A,)=A,

But this does not allow for the configuration interaction (binding of lines) between 4 Tig(F) and
4 Tig (P)states. In this case separation between first (v| ) and the second band{v, ) gives the value of A ,
because this is not effected by -configuration interaction.

v~V = Ay
Therefore,
A, =15200- 7200

=8000cm ™!
Absorption spectra of K3CoF3 isshown in Figure 5.41.
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Absorption Spectrum of [Co(H,0)¢ ]2+ Complex fon
In[Co(H20)¢ ]2+ complex ion, the spectrum usually consists ofa weak band in near infrared region
at 8000 cm™. This band is assigned as v; = 4ng,(l"" )-(—4T1g (F). An another band appears at

approximately 20000 cm™. This band is considered to be comprising three overlapping peaks. This band
has three pcak‘s at 16000 cm"l 19400 om”™ and 21600 cm‘l Two peaks observed at 16000 cm™ and

19400 cm™ correspond to Azg “— Tig and Tlg(P)(— Tlg transitions. Since these two transitions

are near the cross over point of 4 Ayg and Tlg (P) states, therefore, two peaks overlap one another

forming a shoulder in the spectrum.



The extra band which appears at 21600 cm™ is due to spin orbit coupling or transition to another

state of lower spin multiplicity.
In some cases v; is not observed but the fine peaks arise from sphttmg of term due to spin orbit
coupling or Jahn-Teller distortion in excited state.

The spectrum of [Co(H20)6] is shown in Figure 5.42.
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Electronic Specfra of d”-tetrahedral Complexes

In a tetrahedral complex ion, say [CoCl, ]2_ the splitting of free ion ground term is the reverse of that
in octahedral complexes so that for d 7_ion in tetrahedral complex 4 A3 is of lowest energy. There are
three possible transitions :

4 T « 4A2 , =3300 cm™ (IR region)
4 N(F) « 4A2 , vy =5500 cm™ (IR region)
and APy« t4y , v3=14700 cm™ (Visible region)

Only one band corresponding to 4 T (P) <—4A2 appears in visible region at 14700 cm! (v3).

Two bands corresponding to 4T2 <—4A2 and 4Tl (F) « 4A2 appear at 3300 cm™ (v;) and 5500
em™ (v2) respecfively. These two bands are in infrared region. The electronic transition are shown in

Figure 5.43. E=[-06x2+04x5]4

TP) (%) _ 084

T(F) (%)

3p
T e S

E=[0.6x3+0.4x 4] A
T, 6% _o2a l

4 3y E=[-0.6x4+04x3]4A
Ao (e%) =-124 - t

Energy

Ligand field strength —

Absorption spectrum of [CoCl 4 ]2. complex ion is shown in Figure 5.44.

For[CoCl4 1> ion, A, is the energy difference between * 4, and *T; states.
Ay =[-02-(-12)]A; =3300cm ™.
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Tetrahedral complex [CoCl4]2_
complexes of Co?* ion are of faint colour.
" The intense colour of [CoCl4 ]2_ tetrahedral complex ion is due to:

is more intensely blue in colour whereas the high spin

(i) d-d transition is Laporte partly allowed i.e., there is some p-d mixing.
(ii) d-d transitions are spin allowed.

The faint colour of high spin complexes of Co®*ioniis due to :

(i) d-d transition is Laporte forbidden

(ii) d-d transitions is spin allowed.

Electronic Spectra of d3- Octahedral Complexes
In d*-octahedral complexes the d-orbitals split into 15, (lower energy) and ey (higher energy)

orbital. Therefore, in ground state the electronic configuration is tgg eg and there are two holes in e,

orbitals (Figure 5.45). _ S s

/7Tw0 Hole

There is only one electronic arrangement corresponding to this electronic configuration i.e., tgg eg

(d}y d},z d i, eg ). Therefore, this arrangement is electronically non-degenerate and can be represented as

3
Az




This case is similar to d 8 _octahedral complex. When an electron is excited to any one of the e
orbitals, the electronic configuration becomes t22g eé - Now therg are two holes, one in ¢, .and one in e

orbitals. There are two triply degenerate arrangements of holes corresponding to this electronic
configuration. The lower energy state will arise when two holes occupy the orbitals as far apart as
possible. Therefore, the two holes may be present elthcr indy, d 2 0f dy, d 2_ 2 ord, d 22 Thus,

this state is triply degenerate and is represented as ng.

There is another triply degenerate arrangement of two holes in which two holes occupy-the orbitals
which are closer together. The holes may be present eltbenn dy d 22 ordy, d 2 ordy, d 2 orbitals.
This state is of higher energy and is represented as Tlg-

When two electrons are excited to € orbitals the electronic configuration becomes t;g ez. Now

two holes are present in two #5, orbitals eitherind,y, d,, ordy, d,, or dx}, d, orbitals. Thus, this state
is triply degenerate and have highest energy. '}Zhls state is represented as Tlg (P).

Therefore, there are three transitions of holes from ground states to three other excited states.
Transition of holes is similar to electronic tramsition.

The terms for d>-metal cation having same spin multiplicity (= 4) are 4F and *P. For
d*-configuration 4 F term is the ground state and 4P term is of higher energy. In octahedral complex
4F term splits into 4 Tig, 4 T5; and 4 4y states as show in Figure 5.46. The 4 P term does not split but
transforms into * Tig (P) state.

When ligand field strength increases, there will be bending of 4 Tig (F) and 4T1g (P)lines because
these have same symmetry and there is electron-electron repulsion (mixing of two 4 Ty states). This
mixing lower the energy of lower state, 4 Tig (F) and increase the energy of higher state ,4 Tig (P)in

equal amount. Therefore, due to mixing the two Ty states do not cross each other.
There are three possible spin allowed d-d transitions.

4T2g P A2g. , . v=14900 cm™
4T'g ) Ay,  va2=22700cm™ | For [CrFg 1>
T (P) ety , wE34400em” |
lﬁ,g(p) (el E={04x1+06x24,

=+0.8 4,
TP Geg)

P
3 4F
O P
pa ; E={-04x2+06x1]4
W Tyg el =024, ’
4/\29 (tggeg) E= [—(1).;;( 3+0]4,

0

Ligand field strength——»

f
i

These transitions are responsible for three absorbance bands in electronic spectmm-ofd 3 octahedral
complexes. For{CrFg ]3 three absorption bands occur at 14900 cm™, 22700 cm™ and 34400 cm™.

‘One d-d transition with lowest epergy ( Iy « Azg) is a direct measure of the crystal field
splitting A, or10D,,.

Ay ==024,~(-12A,)=14900 cm ™. (v})

Two bands are observed in visible region but third band correspond.ing‘to v3 is weak and is-observed
in UV-region. Electronic specturm for [CrF6]3_ is shown in Figure 5.47.

Absorbance '

L | i | |
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The splitting of 4 F and * P terms including mixing of two states | 4 Tig(¥) and 4 11g{P)] is shown

in Figure 5.48.
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In[Cr(H,0)¢ 1> complex ion three bands appear at 17400 cm™, 24700 cm™ and 37800 cm™". The
high energy band 37800 cm” is weak and is assigned due to promotion of two holes and is hidden by
charge transfer band.

Cr3* ion does not form tetrahedral complexes, therefore, spectra of Cr 3* jon in tetrahedral complex
can not be interpreted here.

Combined Orgel diagram for d 2, d? ,d 7 and d%-octahedral and tetrahedral cdmplcx is shown in

Figure 5.49.
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Electronic Spectra of ds-High Spin Octahedral Complexés

In high spin octahedral complexes of d ~metal ions-ike, [Mn(H30)6 1", [FeFg)*~ d-orbitals split
3 2

2 %
In these complexes there are five unpaired electrons with parallel spins. Any d-d transition involves
reversal of spins. Thus, d-d transitions are spin forbidden. Also d-d transitions are Laporte forbidden
because of presence of centre of symmetry. Therefore, these complexes are very faint coloured or

colourless. [Mn(¥H;0)¢ ]2+ is pale pink and [FeFg ]3'" is pale violet coloured. The ground state term for

into {5, (lowerenergy) and e, (higher energyj orbitals and the electronic configuration becomes ¢

d°-free metal ion is ® S which does not split in octahedral field but transforms into 6 Ajg - There are no

excited states of the same spin multiplicity (= 6) and, therefore, there will be no spin allowed transitions.
Thereare 11 excited states for 4°-free metal ion but none of them have spin multiplicity equal to six.

Among these 11 excited states four states have spin multiplicity of 4 and these states are *P, *D, F

and *G.In high spin octahedral field these states splits to give total number of 10 excited states which are

‘T, (P), *Tog (D), *Eg (D), *Tig (F), *Typ (F), *435(F), * 415(G), *Ey(G), *Tig(G) and

‘r. 2 (G). The d-d transition to these states involve the reversal of only one spin. The other states are

doublets and d-d transition to these states is doubly spin forbidden and are not observed. There may be
ten d-d transitions to the ten quartets but these are very weak. The absorption spectmmm for

[Mn(H,0)4 ]2+ is shown in Figure 5.50. The 4 Ay and 4 Eg peaksare unresolved in the spectrum. The
molar absorbance is 0.02 —0.03 L mol™ cm™.

In Orgel diagram of [Mn(H,0)g ]2+ , the °© 4y, line is horizontal. Also the
*Eg (G), “E; (D), * Ay (F)and 4 g (G) lines are also parallel to ® 4y lines i.e., there is no change in
energy due to change in ligands and vibrations. Thus, transitions to these states give rise to sharp peaks
but peaks are extremely weak. The 4T 1g (G) and 4r. 2¢ (G) lines are not parallel to 6A1g line because
their energy is changed with change is ligands and thus transitions to these states provide broad peaks.
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Flectronic Spectra of d®-Tetrahedral Complexes -

In tetrahedral complexes of Mn 2* jons, for examples, [Mn Cly ]2‘, [MnBry4 ]2_ the d-orbitals split
into e (lower energy) and £ (higher energy) orbitals giving rise toe? tg -configuration. Since tetrahedral

complexes lack centre of symmetry, therefore, d-d transitions are Laporte partly allowed but these
transitions are spin forbidden. Therefore, these transitions in tetrahedral complexes are weaker.However
d-d transitions in tetrahedral complexes are still stronger than in high spin octahedral complexes because
(i) d-d transitions are spin forbidden in both tetrahedral and high spin octahedral complex {(ii) d-d
transitions are Laporte partly allowed in tetrahedral complexes but Laporte forbidden in high spin
octahedral complexes.

Racah Parameters and Nephelauxetic Series )

Different terms of a configuration have different energies due to inter-electronic repulsion. The
inter-electronic repulsion (or mixing) which causes the bending of the lines is expressed in terms of the
Racah parameters B and C which can be calculated from linear combinations of coulamb and exchange
integrals. These parameters are empirical quantities and are obtained from the spectra of free ions in gas
phase. For the terms of same spin multiplicity, the difference in energy is only the function of B. For
example, the difference in energy between free ion ground state term F and an excited state term P of

same multiplicity for d 2.d%,d" and d8-metal ions is 15 B. However, both parameters B and C are
necessary for terms with different multiplicities, for example, in the Cr* (a’)3ion the difference
between energy between 4F and 2G is 4B + 3C. For most transition metal ions value of B lie in the
range of 700 — 1100 cm™. C is equal to ~ 4B.

The value of B, labeled as B' for a complex is always less than that of the free ion because of
delocalization of metal electrons in molecular orbitals that encompass both the metal and ligands. Due to
delocalization of electrons inter-electronic repulsion is decreased. The delocalization increases the
average separation of d- electrons and hence reduces their mutual repulsion. The reduction of B from its
free ion value is called nephelauxetic effect or cloud expanding effect. The mephelauxetic effect is
represented in terms of nephelauxetic parameter () which is given by :

_ Bomplex _ B’
BFrecion B

The value of B is always less than 1 and it decreases with increasing delocalization. In general B’ =
~0.8B.

For a given metal ion, value of 3 decreases as follows :
F~ > Hy;0>NH;3 >en>NCS™ >ClI” ~CN™ > Br~

This series is called nephelauxetic series.

Lower the value of 3, more will be the delocalization of d-electrons and there will be a significant
-covalent character in the complex. -

If all the three transitions are observed then the value of B’ can be calculated from the following
equation : )

15B' = vy + vy —3V{
Where wave number.(in cm ™) increases in the-order vi < v, < v3. v

543"

.CHARGE TRASEER.SPE

Charge transfer transition is the transfer of an electron between orbitals that ate centred on different

atoms. Unlike d-d transitions, charge transfer transitions are Laporte and spin allowed i.e.,
Al=+1 and AS=0

Thus, charge transfer transitions give rise to more intense (strong) absorptions. When these
transitions occur in visible region, the compound show intense colour. A charge transfer transition may
be regarded as an internal redox process. Charge transfer transitions may be classified in four ways :

(1) Ligand to Metal Charge Transfer (LMCT)

(2) Metal to Ligand Charge Transfer (MLCT)

(3) Inter Valence Charge Transfer

(4) Intra Ligand Charge Transfer

(1) Ligand to Metal Charge Transfer (LMCT)

If the transfer of an electron takes place from the ligand tometal, then charge transfer is called ligand
to metal charge transfer.
Conditions for LMCT :
{i) Metal should be in high oxidation state so that it has high ionization energy, smaller size and
vacant orbitals at low energies.
(ii) Ligands should have lone pair of electrons of relatively high energy and low electron affinity.
For example, In KMnO4, Mn is in +7 oxidation state and have all the 3d-orbitals vacant. Mn * jon s
surrounded tetrahedrally by four oxide ions. All oxide ions have filled 2p-orbitals. There is transferof an
electron from filled 2p-orbitals of oxide ion to vacant d-orbitals of Mn ™ jon. Since p-orbitals are
ungerade and d-orbitals are gerade, therefore, electron transition from p-orbitaks of 0% to d-orbitals of
Mn’" ion is Laporte allowed i.., AL = +1 and also there is no change in spin multiplicity during
electronic transition. Therefore, transfer of an electron is Laporte and spin allowed. Therefore, KMnO4
is intensely purple. .
Colour and orbitals involved in ligand to metal charge transfer of some compound are givenin Table 5.5.
Energy required to transferred an electron from ligand to metal depends upon the lowest unoccupied
molecular orbital (LUMO) of the inétal catior™and the higliést occupied molecular orbital (HOMO) of
the ligand. '

. 'Qf/\/-—/:,
Table 5.5 Colour and Orbitals Involved intMCT of Compounds

‘Compound =~ | Colour o OrbitaisInvolyed
CdS Yellow Cd¥ (45) 8% (mp)
HeS | Red Hg ™" (65) -5 (1p)
MnOi_ ‘ Green Mn6+(3d) 0% (mp)
-Cr@i_ , Yellow ¥ 3d) 0% (np)
Hel Red Bg? () 1 ()
V,05 Red v3*(3d) 0% (mp)




Tetra oxo-anions of 4d and 5d-series transition metals are colourless because energy difference

CrpOF Orange Cré*(3d) «0% (mp)
Sl Orange St ~  between2p- of oxide ion and 4d- and 5d-orbitals of transition metals is very large and electron transfer
. n (6s) <1 (wp) from p —orbitals of oxide to d-orbitals of metal requires a high energy which lies in UV-region.
CrO3 Bright Orange cré (3d) 0% (mp) In[Ce(NH3 )6 ]3 * complex ion two d — d bands of lower energy and one bond due to charge transfer
PbCrO4 Yellow Crb* Gd) « o () appears as a shoulder on the high energy side of one of the d-d bands in UV-region, when one NHj
PbO _ Pb2* (s o ligand is replaced by X~ (X =Cl, Br, 1), the energy of two d-d bands and one charge transfer band
FeBs Red Bro (5) 0% (wp) decreases because symmetry is reduced from Oh to C4,,. These bands appear at progressively lower
Cz 8 R:d rown — energy (wave number) on goirig from Clto Brto [. Similar spectra canbe obtained for[Co(NH;3 )5 X ]2+ .
2 J—
Cul Brown — ; RN
! \,_.—-
Ochres Red and Yellow Fe(3d) 0% ! '
{Oxides of iron) G4 ) "‘ :'u:
t
Fe(SCN)3 Red Fe¥ (3d) < SON™ (mp) e ;
. N =g 1
For examples, (i) energy required for electron transfer from np -orbital of oxide ion to metal ion in ,'( / \ ,‘,,"
soelectronic species like VOi‘, CrOﬁ_ and MnQ3 decreases in the order : (" / |
) N I, Q) H !
. 'VOZ" > CrOZ— > MnOjy ' . ":": tog = f“t,"
. . S ! 7
On moving from VOi' to CrOi_ to MnOy4 size of metal cation decreases in the order d J"I’/ \‘3‘.
!’ h
73 + >Cr® > Mo”7 because in this direction effective nuclear charge increases and energy of acceptor 1y i ".\
rbitals (d-orbitals) decreases. Therefore, energy of charge transfer decreases. Hence energy of charge “\‘\ § gl T
ransfer decreases in the following order : \ \ 3 i o0y
. i 1y
vo¥ >cror > M0z 4 R v
\
Therefore, VOi— is colourless, Croi- is yellow and MnOj is purple. : l\ “|
1
Another consequence of the energy difference between LUMO centred on metal ion and HOMO l‘\ ’)_G__
\ e
Metal Octanhedral Ligand
Complex

entred on ligand is that the metal oxygen bond distance decreases in the order :
3~ 2- -
. VO4 >CI'O4 > MHO4
On moving from 34 to 4d to 5d - series of transition metals in a group, for a given oxidation state

ze of metal cation increases and energy of LUMO (i.e., vacant d-orbitals) centred on metal cation
\creases and, therefore, energy required to transfer of an electron from HOMO of oxide ion to LUMO of

ietal cation in tetra oxo-anions increases on moving down the group.

(2) Metal to Ligand Charge Transfer (MLCT)
In MLCT, an electron migrates from metal to lignad. MLCT are favoured in complexes in which :

(i) Metal have low oxidation state.

+5 . +6 ) +7
vo, GOy n .
M 1:171104 . (if) Metal d-orbitals are filled.
MO MoOZ TeOF f,’}Cglef"‘ Ogef (iii) Metal d-orbitals are of relatively high in energy.
! 4 LMCTgy (iv) Ligand have empty wantibonding orbitals.
MLCT mainly occurs with the ligands having 7* orbitals such as CO, CN™, SCN~, pyridine,

+5 +7

. 3 «
Ta0) WOX  ReO;
bipyridine, o-phenanthroline, pyrazine, dithioline, NO etc.

Decreasing order of energy of LMCT



Inan ocfahedral complex when ¢, and e; orbitals (both belong to metal) are occupied, two MLCT

bands 7* < tpg and 7* ¢ eg are observed. (n* is the vacant orbital of the ligand). If either ¢,, or e;

orbitals are occupied, then only one charge transfer bond ¢ ¥ < 1pg OT ¥ eg is observed.

The spectra of Fe (II) with ligands containing the a-diimine /> \< unit have intense charge
: NN -
transfer bands caused by the transfer of electron from metal ta orbitals to m*-orbitals of the «-diimine
group.
Fe(IT) complexes (C.N = 6) containing tetramine macrocyclic ligand (TIM) have intense colours due
to MLCT.
' HyC CH,

A
N N
o
e
Hy CH,

™
The compounds and their colours arising from MLCT are shown in Table 5.6.

Table 5.6
K4 [f e(CN)g1 | Yell;)w
K3[Fe(CN)s ] Red
- [Fe(Phen)3** Blue
-~ [Fefacic)s} Red

{3) Intervalance Transitions (or Metal to Metal Charge Transfer Transition_sL/

- In'these transitions an electron gets excited from the valence shell of one atom to valence shell of the
other atom. Electron transfer takes place from an atom of lower oxidation state to an another atom of

higher oxidation state.
For example :

{1) Prussian blue KFe[Fe(CN)¢ ]shows intense blue colour because of transfer of an electron from

2 o Fe3*, In Prussian blue, Fe?t

ion is octahedrally coordinated with C atom of the CN™

ligands and Fe3tis octahedrally coordinated with N atom of CN ~ ligands. Thus, an electron
transfer takes place through bridging cyaide ligands.

f&
NN
[

‘\ \

(i) Another example of intervalence charge transfer is Creutz-Taube ion,
[(NH3)s Ru - Pyz - Ru(NH3 ) I**

where pyz is bridging pyrazine ligand. .

[ NH, 15+

HaN N !‘R((I;[)/ NH,

HN/ Y NH; _

In this compound electron transfer occurs from Ru(lI) to Ru(IIl) through pyrazine bridging
ligand and give intense colour.

(iii) Red lead (Pb304 ) contains Pb(Il) and PH(IV). Due to eleci:on transfer from Pb(H) to Pb(IV), it
gives intense red colour.

(4) Intra Ligand Charge Transfer

Some ligands (organic ligands) behave as chromophore and the chromophore nature is responsible
for colour. There are four electronic transitions ¢ —o*, 1— 7¥, n—n* or n — ¢ * within a chormophore.
When such a ligand is coordinated with metal ion/atom, energy of absorption changes.

Spectra of Compounds with Metal-Metal Bonds

The compounds which contains metal-metal bonds give intense colour. The colour is -due to
o >0 *n— n*andd — § *transitions. For example, Re2Cl§‘ is royal blue, Mo 2Clg‘ is red. Colour
of compounds having quadruple bonds (like Re,Cl 2‘, MozCl;") is due to & — & * transition. The metal

carbonyls containing single M — M bonds are often inten;gly coloured due to metal 6—o * transitions.
For example, Mn  (CO) g is bright yellow, Fe, (C0)9 is gold and CO, (CO)g is purple bIack.

- —_ Y- 857

S84
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" Orgel diagrams are useful in the interpretation of spectra of spin allo
octahedral and tetrahedral complexes. But on the other hand Tanabe-Sugano diagram are useful imrthe
interpretation of spectra of both high spin and low spin complexes of d 2 _ 4% metal ions. In Orgel
diagrams the ground and excited havesame and maximum multiplicity but in Tanabe-Sugano diagrams
the states of spin multiplicity lower than the ground state are also included. In Tanabe-Sugano diagrams,
the energies of excited states (expressed as £/B) are plotted against ligand field strength (expressed as
Ag/B), where B is Racah parameter, a measure of the repulsion between the terms of same spin
multiplicity. For example, for d 2. the energy difference between * F and 3 P is 15 B. Because C=~48,
terms with energies that-depend on both B and C can be plotted on the same diagram. The ground state

(fowest energy state) is always plotted along the horizontal axis (abscissa) and the energies of excited

states are plotted relative to the ground state.



For different iso-electronic ions (same electronic conl:lguration) like .Ti2+ and V** with d*
configuration, the values of B are different. Also the value of B depequ upon ligand field stren%dtl.l ﬁ(CA 0 );
therefore, by plotting £/ B against A /8. One Tanabe-.Suga.no dlagram may be used for differen
iso-electronic metal ions. When the ligand field strength increases, th(? lines of same syrgmetlxlydnever
cross each other but bent far apart from each other due to mixing (repulsion) of terms. This is called non-

crossing rule.

Calculation of A, and B using Tanabe-Sugano diagrams

(i) A T-S diagram for d 2_octahedral complexes is shown in Figure 5.54. Note that there is no

: 2 .3 8
fundamental difference between weak and strong field. The T-S dlagrams ofd ,.d and.d " are
simplified by showing only the energy levels of the states of maximum spin multiplicity
because these are involved in observable spectral bands.

3 Az(eZ)

o7, G9)
37, (1€)

Electronic spectra of [V(H0)¢]>* ion show two bands corresponding to the transitions.
Ty (F) ¢ *Tg(F) ;v =17200cm™
M)« *e(F) 5 vy =25700em™

The third band is of high energy and weak intensity because of two electrons transition.

The ratio of these energies is given by :
Ey _Ey 1B 25700 _

=22/0_ 5

Ey Ej /B 17200
By sliding a ruler along the abscissa in Figure 5.54.

. . E,/B", . '
The ratio of energy gaps i.e., E2/ 5 isobtainedatA , / B' =28, At this point, the values of £ / B
1

and E; / B’ are 26 and 39 respectively. Thus,

Ei_17200 _
BB

Therefore, B’ = 172%) =661cm™!

Value of B' can also be calculated from
£y _25700
B’ B’

Therefore B' = 2%79@ =659 cm!

: For calculation of third transition to 3A2g, the value of Ey / B’ corresponding to %’ =28 is

(i)

‘obtained equal to 55.

Therefore, % =355
Therefore, ) E3 =55xB"'=55%x659

=36245 cm ™!
The value of A, =28x 659 = 18452 cm ™!

T-S diagrams for 43and 4% octahedral complexes : :
The T-S diagrams for d° and d%-octahedral complexes are same but these differ in the spin

multiplicity of the term symbol used, for example, [Cr(H,0)6** and [Ni(H,0)¢1**. In these

cases A, can also obtained by measuring lowest energy transition, v;.
The T-S diagram for d* and d%-octahedral complexes are shown in Figure 5.55(a) and 5.55(b).
The electronic spectrum of [Cr(HZO)(;]3 * shows three transitions :

“Te « “Ayg, Ei=v =17400 cm™!
“Tig (F) « *“Ayg, Ey =vy =24500 cm™
“Tig (P) « “dpg, E3 =vy =37800 cm™!

The third band arise as a shoulder due to presence of charge transfer transition. The ratio of v, and v

is given by :

2=2-20 20,4
Vi E[ EI/B’ 17400



o1, (:;e"’)' %1, (G}
4T1 I . 3T1 .
TG L 31, (56)
h|
“, ) 3, ()
I ! | —— 3¢ —— { } —+—
e 0 w0 4 0 2 30 4
A8 4/8
@ (b)

Now from Figure 5.55(a), by sliding a ruler along the abscissa the ratio of energy gaps

. .A E_
obtained at % =25. At this point 7‘: =259, i 24
17400 _
Therefore, B'= 25 =700 cm”™
A
Since -B—‘f =25
A, =25% 700
=17500 cm ™!
A
For calculation of third transition to Tlg (P), the value of E3/B' corresponding to ?"
obtained equal to 54.
B,
B
Thus, Ey =54xB' =54x700

=37800cm ™
If all the three transitions are possible then value of B” can also be calculated by :
158" = v3 +vp~3v =37800 +24500 -3 x 17400

B' =675cm !

’

is

E; /B’

25 is

The electronic spectrum of [NI(H 20)¢ ]2+ complex ion shows three electronic transmons :
Sy « 35 Ey=v) =8500cm™
Tig(F) « dag; By = vy =14500 cm”
g (P) « *dyy; By =v3 =25300cm™
The ratio of v; and v, is given by

vi _E3 _E3/B' 25300 _
vy E; E,/B' 14500

By sliding a suler along the abscissa in Figure 5.55 (b).

The ratio Es /B, is obtained at% =10

2
At this point E3 / B" =28
or g B3 _25300 o040
28 28
Since AOT =10
B -
Therefore, A

o =10x904=9040 cm ™!

Tanabe-Suganc Diagram for d®-Octahedral Complexes

The T-S diagram of d 6. octahedral complexes (high spin and low spin) is shown in Figure 5.56.

The free ion ground state forCo>* d 6) is >D and there are various high energy states out of which
lris important. In octahedral field ’p splits into ng (ground state) and - Eg (excited state) and 'J
splits into five different states out of which the L Ajg is important. It is to be noted that ground state of
high spin («t;g eg2 )is electfonically trply degenerate with spin multiplicd of 5 i.e., St 2¢ and the ground
state for low spm (t;g eg') is: sin.gi}. degér;erate with spin multiplicity of i.e., IAlg.

As the ligand field strength (A , }increases ! Ayg excited stéte of high spin complex falls rapidly and

a position is reached at which lAlg becomes ground state. At this position the pairing of electrons takes

place i.e., at this position the HS complex just starts to change in LS complex resulting in a discontinuity
in the T-S diagram. Therefore, this point is called high spin- low spin cross over point. This cross over

point is observed at 2—‘7 =20and is represented by a verticalline. To the left of this line we have high spin

complex and to the right we have low spin complex.



For low spin complexes, the ground state L4 ¢ 1 taken as the abscissa, therefore, the right hand part

f the T-S diagram is redrawn.
The electronic spectrum of high spin d 6_octahedral complex shows only one electronic transition
Eg « 5T2g and it gives the direct measure of A,. For example, [CoFg]*~ complex ion is blue

yloured and only one electronic transition * £ e « ST: 2 occurs at 13100 cm™}. Therefore, A ,, for the

ymplex ion is 13100 cm .

The electronic spectra of low spin Co* complexes show two spin allowed transitions I P lAlg
%l szg' « ‘Alg (shown on right of T-S diagram). There are some other spin allowed transitions but

ese are of higher energies. These are masked by charge transfer trasitions and, therefore, are not
bserved.
For example, an electronic spectrum of low spin complex, [Co{en) ]3 * shows two bands at 21500

1! and 29500 cm ™! corresponding to the transitions :

'Tie « 'ig; Ei =v; =21500 e
Ty « ig; Ey =vy =29500 cm™

Now '
Ey _EafB" 29500, 57

E, EJ/B' 21500

60 T
50 +

40 + T
SpF<--~o 19

E/B’

30 N T~ ™4

Now from Figure 5.56, by sliding a ruler along horizontal axis, this ratio is obtained at % =40.Ifa

vertical line is drawn at this point, then % = Q—BS,O—O =38.
Thus, B’ =21500 _ 565 cm ™!
38
. A,
Also, since —2 =40
B
Thus, A, =40x565
=22600 cm !

Tanabe-Sugano Diagram for d*-octahedral Complexes

T-S diagram for 4*-octahedral complexes is shown in Figure 5.57.
The free ion ground state term for d* -configuration is 3 D and there are various excited states out of
which 3H is important. In octahedral complexes 3D term splits into E ¢ (lower energy) and 3 Tg

(higher energy) and 3 H state splits into two 3 Tig, 3 Eg and 3 Ty, states out of which 37]g state of lower
energy is important. It is once again to be noted that ground state of high spin complex (tggeé ) is doubly

degenerate with spin multiplicity of 5 i.e., > E ¢ and the ground state for low spin complelx (t.jg eg) is

triply degenerate with spin multiplicity of 3, i.e., 3 Tig -
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As the ligand field strength increases, the 3 Tjg (derived from H state) excited state of high spin
complex falls rapidly and a position is obtained where pairing of electrons takes place and now the

ground state becomes 3 Tig - This point observed a % =27isindicated by a vertical line. To the left of

this point we have high spin complex and to the right we have low spin complex. The singlet states and
higher triplet states are omitted from the simplified diagram. They bave no relevance to the observed

spectra of complexes. In low spin complexes 3 Ty « 3 Tig and 3 hy « 3 Ty transitions are observed.

T-S Diagram for d’-Octahedral Complexes

T-S diagram for d 7_octahedral complexes is shown in Figure 5.58.
The free ion ground state for d 7-conﬂguration is * F and one excited state of same multiplicity is
and one of the other excited states is 2 G which is important. In octahedral field * £ term splitsinto *77,,

4 Thg and 4 Ay, terms. 4 P term does not split but transforms into 4Tlg (P) term. 4 Tig is the ground
state. 2G term splits into four different states out of which 2Eg is important. For high spin complexes
the ground state term is 4 Ny (tzsg eé ) and for low spin complex the ground state term is 2g o (t26g eé ).

Inthe d"-T-S diagram the 2E ¢ State derived from 2G decreases in energy rapidly as ligand field

strength increases and a position is reached where pairing of electrons occurs. This position is obtained
atA, /B’ =22. At this point HS and LS complexes remain in equilibrium.

3
70 T “a,(5€)
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To the right side of the vertical line of the Figure 5.58 the complex becomes a low spin and the
ground state becomes 2E ¢ - Now the g ¢ state is taken on horizontal line. After spin cross over point,

with increase in ligand field strength, the energy of 4T1g increases as an excited state.
The spin allowed transitions for d '-low spin corplexes are :
2 T « 2
) lg & 4 nearly the same energy
ng « “Eg
and 2A1g “— 2Eg (at much higher energy to be observéd)
The electronic spectrum of {CoFg ]4‘ shows three electronic trasitions.
g « Ty 3 Er=v =T150cm™
‘e « Ty 3 Ey=vy =15200cm”

he(P) « *Tig(#) ; E3=v; =19200cm™

The ratio =S —=2="=212
Ey EJB" Ti50

This ratio 1s obtained at 2—‘,’ =94

If we draw a vertical line at % =94, then% =
Therefore, _ B' =150 _ 79501
Ao _94
B
A, =B'x94
=795x94
= 7475 cm ™!

For low spin complexes of Co3* ion like [Co(NH3)6]3+, {Co(en)s ]3+ , [Co(0x)3 ]3' the ground
state corresponding to the t26g eg configuration is represented as = -

2 32 2
dyy dy, dz
when one of the electrons from t26g is excited to-¢, orbital the electronic configuration becomes
51 . 1 1 . 5 1 .
1els- There are two singlet states 7} and "y, corresponding to tzgeg configuration.

lTlg state can be represented by any of the three ways :
1 42 ;2 51
dyy dy; dzd

2y

2 41 52 4
dy dy did,

2 2 514
dy dj dlrdzz



-

1T2g state can be represented by ény of the three wayé : As the ligand field strength increases, the energy of 2 Ty¢ (derived from 2y ) falls rapldly and a

d}y d}»z didl ' position is reached where 2 ng state becoms ground state, At this point A, / B —28 and pairing of
d2 dl d2 4 ) electrons occurs and to right side of the diagram complex becomes low spin.
R _
2 22 1
dyy dy, dxd :
2 y2 ) i 70 T+
The energy of lTlg state is lower because in this state the 15, hole is as close as possible to eg
electron. In general, the following spin allowed transitions are possible : L 80 T \
lT « 1 A . ; LN . ,A1 P
lg 1g 50 + ~0 T
Iy 1 ; 2 fesse A
e « Ay : T e. , . ' N TSI . ,,/,Z:E
" 40 N PP
Transitions to higher singlet states 1E ‘and ! Ayg comesponding tot eg and t2 eg conﬁguratlons ! a ( ‘\\ ‘:&\\V;//’ s
. 34 ' \\ ‘\\\ /’,/ 6A1 (tzee)
are of extremely high energy and are usually not observed. H 30 T N Y
The colours of cis and trans-isomers of complexes [CoL 4.X 5 ] or [Co(L L), X ] frequently differ. : N\ '
Because (like a tetrahedral complex) a cis isomer lacks a centre of symmetry, its bands in spectrum are 20 T N
more intense than those of cenfrosymmetric frans-isomer. For example the cis-isomer of Y
[Co(en), Cly 1 is violet whereas the trans-isomer is bright green.
InfCoL4X,]" or[Co(L-L), X 51" complex the symmetry is lowered and the ! Tig and 1ng states

are split. The trans isomer will split the excited states more than the cis-isomer. Splitting of lowest
excited state (1 Tyg ) is more appreciable than the other excited states. If the two different ligands (e.g.,
L-L =en and X =F) differ appreciably in field strength, the v bands split completely giving rise to three
separate bands for the trans-isomer whereas the cis-isomer commonly show no distinct splitting and
show slight asymmetry in the lower energy band.

When the two weak ligands are trans to one another on z-axis, they interact with only d 2 -orbital

After spin cross over pomt with increase in ligand field strength the energy of 8 Ajg increases asan

and the effective field strength along z-axis is the average of the field strengths of the two llgands Inthe excited state.

cis-isomer the weak ligands are cis to one another i mxy plane and two of the four strong ligands are trans

10 one another- along the z-axis. The spllttmg of ! Tyg state depends on the differences between the - Calculation of A from Spectra

‘strength of llgands on z-axis and in xy -plane and thus the splitting of trans complex is twice of the cis I. Ford', d*, d%andd® octahedral and tetrahedral complexes, there is only one electronic transition
complex.

and it has energy equal to A, or A,.
2. For d2, d 3, d” and 4% high spin octahedral and tetrahedral complexes three transitions are

T-S Diagram for d° -octahedral Complexes . ) .
possible. The magnitude of A is equal to the energy of the lowest transition of the three which are

. 5 - -
T-8 diagram for d” -octahedral complsexes is shown in F;gure 5.59. observable for 4> and d®-configuration. A for 4% and d” configuration is the difference in energy
The free ion ground state term for d”-configuration is ° S and there are various excited states of between the first and third transitions. In other words, A is the energy difference between adjacent
different spin multiplicities out of which only 2/ is important. In octahedral field 6 5 term does not split 7 Apg and Ty, terms.

but transforms into 4yg but 2] term splits into five excited states out of which only 2 T, is important.

Ground state term for high spin complex is 6 A (ti"geg )and ground state term of low spin complex is

2T2g (t eg)



FiC0 in the Blangs

[

A compound absorbs the radiation of red colour. The colour of the compound is ................. .
The broad and unsymmetrical band in the absorption spectrum of {Ti(H;0)¢ ]3 * is mainly due to

3. The intensity of colour of [CoCl4] ................. than that of [Co(H,0)¢ ]2+.

4. The intense red colour of dW“ ,,,,,,,,,,,, M e =}

5. The electron transfer in LMCT is Laporte ................. and spin ..ocoveeeennne

6. Cu(Il) forms a faint pink coloured complex with o-phenanthroline. When thls complex 1s reduced,
the colour of this compound disappears. The colour of this compound is dug to ................. -

7. The complex [Co(H20) 612" i$ werorrrrrr. and ... and ..o .

8. Number of microstates for V* (42 -configuration) is ................ .

9. Lowest energy state for [VANH3 )6 I°* iS woocverrvereen. .

10.
11.

12.
13.
14.
15.

16.
17,

18.
19.

20.

Lowest energy state for [Cr(CN)¢ ]3_ i
The blig colour of [CoCly ]2~ isdueto ............... transitions.
The complex [TiClg ]3" absorbs at 13000 cm . The value of Ay S s .
The intense colour of KFe[Cr(CN)(, Jis due to ....oveeeennnen. .

The complimentary colour of orange is ................. .

Ground state for [Cr(CN)g ]3— is electronically ................ .

The lowest energy electronic transition for [Ni(NH3 )¢ ]2+ 15 e .
The intense blue colour of [Re,Clg ]2' isdueto ... .

Ground state term for NiZ¥ i0n i§ cvoooe....... . ) *
2 ~ J)o{:
The complex [FeClg]“ is colourless because it ................ . &y
The complex [Co(NH3 )6 ]** hasA gy valte ................. than [Co(CN)g ]°~. ’
[Ams. 1. green 2. Jahn-Teller distortion
3. greater 4. MLCT
5. allowed, allowed 6. d-d transition
7. high spin, paramagnetic, coloured 8. 45
9 3 4
9. 31y, 10. “ Ay,

11. some p-d mixing, spin allowed

12. 13000 cm ™
13. inter valence charge transfer, i.e., Fe o crdt
14. blue - 15. non-degenerate

17. & > & *transition

16. 3A2g - 3T2g

18. 3F ' 19. absorbs in IR region
20. higher ]

Objective Questions |

1. For which one of the following ions, the colour is NOT due to a d-d transition ?

@ Crog” (b) Cu(NH3 )}
©TiEH0" - (d) CoF

2. Which one of the following complex ions shows the minimum intensity of absorption in the

UV-visible region?
(@) [Cr{H,0)6 P+
(© [Mn(H,0)6 ¥ _—

() [V(H,0)61*
@) [Co(H,0)61**

3. The groundsyfvy ion is:
(@ F, ¢ () > Do

© *Fy @ *Dsp

he complex which exhibits lowest energy electronic absorption band is :
(2) {NiCl 1 () [Ni(H20)6 1"
(©) INI(CN)4 1> (@ N(CO)4

5. The orange colour ofCrZO?" is dueto:

(a) metal to ligand charge transfer transition
{b) ligand to metal charge transfer transition
(c) crystal-field transition

(d) charge-transfer complex formation

6. The dark purple colour of KMnOy is due to :

" (a) d-d transition {b) hgand field tranqmon
{(c) charge transfer transition,_—~ (d)c — " transition

(@The absorption of Co(NH3 )? is:

(a) stronger than that of [Co(NH; ) sCIJ** —
(b) stronger than that of{MnCl4 = (
(c) weaker than that of [MnCl4 1%~ but stronger than that of {CO(NH ) sC1]**
(d) weaker than those of both [MnCL;]z_ and [Co(NH; )5-Cl]2-+



rpsp

8. The ground state term symbols for high spin d Sstandd 5-conﬁguration, respectively, are :

() >Sand S (b) P and *s
() "Sand b5, _~ (d) "Pand 5
The number of absorption bands observed for [FeFG] and {CoFg >~ respectwely, are :

(@) 1and3 (b)Oand 1 °
{c)0and 3 (d)3and1

10. The number of possible d-d transitions in [Cu(NHz )¢ ** will be :
{a) one (b) two

c) three . (d) four

. /The compound which shows L <~ M charge transfer is :
)/ (a) Ni(CO)q ~" (b) K2Cry09
S (©H (d) [Ni(H;0)6 **

12, The spectroscopic ground state symbol and the total number of electronic transitions of

[Ti(H0)¢ I** are :
(2) *Tig and 2
©) *Tig and 3/

(b) * 4 and3
(d) * 434 and 2

/13§ Which of the following ostahedral complexes shows ng P Azg transition as the lowest

energy visible band in its electronic spectrum ?
Q -
Y @ICNHy)e T (b) [FeFs )’
(c) [Co(NH3 )6 ]** (d) Ni(H0)6 .~

14. Ruby has a low concentration of a trivalent 3d- metal ion substituted for A13 in alumina giving
initial excitations of the spin-allowed processes 4T2g « Azg and Tlg « Azg The 3d-metal

fonis: Ny
@~ (b) Fe(I) ¢ o
(c) Co(IlT) (d) Ni(IIm) ' o /}_ \‘:)"s
@he compound that absorbs light of longest wavelength is : 7l
(@) [CrNO, )61 (b) [Cr(NH; )6 J**
© [CrH,0)6 1 () CrE L.
16. Which of the following compound, shows inter valence charge transfer transition ?
(a) Pb304 (b) KzCl‘207

(c) KFe[Fe(CN)g] ~— (d) M3 (CO);g

17. The groum\i)a’te term symbol of Ni%* ion 1s
@°F (b) > 4
(© P _ @°E

18.

19.

20,

21

)

The bright yellow colour of [Cu(phen), ]* (phen = 1,10 — phenanthroline) is due to :
(a) d-d transitions

(b) metal to ligand chrage transfer.—"

(c) ligand to metal charge transfer

(@ ntor transition in the phenanthroline ligand

The pale colour of Mn(H 20) ¢ isducto:

(a) spin forbidden d-d transmon/ (b) metal to ligand charge transfer

(c) ligand to metal charge transfer _(d) intra ligand excitation

The number of 4-d electronic bands in spectra for the hxgh-spm Fe(HI) octahedral system is:
(a) zero ¢ (b) two
(c) three (d) one 9
The ground state term for t5 ¢2 in octahedral field is : \ '

28 N o
@y R -

) .

© *Tig (d) 2 4y -

Which one of the following electronic configuration of an octahedral metal complex will show
three spin allowed electronic transitions? L

A i ®) 1,
ROPR @ .

723 The ongm of the yellow colour of an aqueous solution of K7CrQy is due to :

(a) d-d trassition .(b) H,0to Cré * charge transfer
© 0¥ k' charge transfer ,Qda'O toCr* charge transfer
The molar absorptivity at A 5, is minimum for :

(2) Mn(H,0) ]~ (b) [Cr(Ha0) **

C @ [Co(E0)1 (d) [Fe(H;0)6 1"

25, Only one absorption band i$ observed in visible region of spectrum of::

(@ NiH0)6 2 s i1 0 4

(©) [Fe(CN)6 1+ Jb (d) VO, 3-

26[./??0)&6“ energy d-d n‘ansmon in the Cr(1ID) complexes varies in the order :

4 CrCl2™ < Cr(H,0)2" < Cr(en)} " < CrH{CN)y
(b)CrCL™ < Cr(en)3* < Cr(H20)} " < CH(CN)
© Cr(CN)3~ <CrCl™ < Cr{H0);" < Cr(en)*
(d) Cr(H20)3" < Crfen)3* < CrC1Y™ < Cr(CN);”



27. The term symbol for the ground state of rhodium (Rh, atomic number 45) is *F. The electronic
configuration for this term symbol is :

(a) [Kr] 4d7 55 (b) [Kr] 4a°%5s!
() [Kr] 44°55° (d) [Kr] 4d 7555 p!
28. The red colour of oxyhemoglobm is mainly due to the :

(a) d-d transition n/

(b) metal to ligand charge transfer transitio
(c) ligand to metal charge transfer transition

(d) intra ligand 7 " transition
29, The crystal field stabilization energy (CFSE) value for [’I‘i(HZO)6]3+ that has an absorption

f

\7 /maximum at 492-nm is :

" () 20325cm™! () 12,195 cm ™!
(c) 10,162 cm™ (d)8,130cm™ _~

@ In the iso-electronic series VOi',CrOi_ and MnOyj, all members have intense charge transfer

(CT) transitions. The incorrect statement is :
/\ y  (a) CT transitions are attributed to excitations of electrons from ligand () to metal (e)

(b) MnOy exhibits charge transfer at shortest wavelength among the three N
(c) The wavelengths of transitions increase in the order VO:‘ < CI‘OZ_ < MnOy

(d) The charge on metal nucleus increases in the order VO:‘ <CrO 42' < MnO3

31. The increasing order of wavelength of absorption for the complex ions :
() [Cr(NH3)61** (i) [CrCle]* (i) [Cr(OH, )61 W) ICHCN)6]*", is
(a) iv<ii <i<iii (b) iv<iii <ii<i
(c)iiz<i<iii<ii\/ (d)ii <iii <i<iv

32. The correct order of LMCT energies is : ' _
(a) MnO3 < Cr0%™ < VO;~ (6) MnO3 >Cr02™ > VO,

(6) MnO3 >Cr0%™ < VO~ (d) MnOZ < Cr02™ > V0¥

.33 \The ground states of high-spin octahedral and tetrahedral Co(iI) complexes are respectlvely
@) *Typ and * 4 Ok ng and * 45

(c) Ty, and 4 Ay (d) Tg and 4y

34. The complex that absorbs light of shortest wavelength is:
(a) [CoFs 1>
() [Co(H20)6 S
@ CoH3)6 " . %Y “7%
(@ [Co(0X)3 1~ (0X = C,07") T A

{35. JThe electronic spectrum of [CrF6]3‘ shows three bands at 14,900 cm ™, 22,400 cm™ and 34,800
cm™. The value of A ,, in this case is :
(a) 5,500 cm™ ®) 14 900 em’! —
(c) 22,400 cm™ (d) 34,800 cm™
The number of spin allowed ligand field transitions for octahedral Ni(II) complexes with 3 Ay

ground state is:

‘Z (a) two (b) three ~—
N (c) one (d) four
37. The number of microstates for d°-electron configuration is :
(a)21x6> (b)14x6°
(¢) Tx62 % (d)28x6°
The first excited state configuration for low spin octahedral a* system is:
Y@E ®°n oy T
™ e E @ 1 a2

MO} ion absorbs at 22000 cm™ ! and 35000 cm ™! in its, UV-visible absorption spectrum. The
i value of Asi 1s _ '
AV (3)22000cm™ : {b) 35000 cm“
(c) 13000 cm"L/v (d) 6500cm ™

44 40 Addition of an aqueous solution of Fe(Il) to potassium hexacyanochromate(ll[) produces a
— brick-red colored complex, which turns dark green at 100°C. The dark green complex is :

(@) Fe4[Cr(CN)¢ |3 (b) KFe[Cr(CN)s ]
(©) RCiFe(CN)6 ], (d) Fe[Cr(CN)¢ ]
41. The ground state term [NI(H20)6 P is
(a) Tig (b) Tyg o
© 4 - @ “Ty, -
742} An ion M?* forms the complexes [M(H,0)¢1%*, [M (en); 1** and [MBrgl*, match ther
(4 complex with appropriate lcolonr PR _TL'
(a) green, blue and red (b) blue, red and green ) TY
1 (c) green, red and blug_— {(d) red, blue and green (;,l ("\’5/
' atense blue colour of Prussian blue is a result of :
(a) electron transfer between Fe(Il) and Fe(T) -
(b) electron transfer between Fe(ll) and Fe(tl)~ . @ G ,

{c) d-d transition

(d) paramagnetic nature of Fe(II) and Fe(IIl)
, T e O @W@ .
@ \] \ )/ . Jlf ¥ T> o sz, 3
&

/\/C(/‘( - ’J._(,"__'E\L’ r’\!{ [.(( 2

Al K’ )\ L«t‘b .



44.

48.

Three bands in the electronic spectrum of [Cr{NH} )¢ ]3 * are due to the following transitions :

(A)'Tig « Yoy (B) *Tog « ‘U3 (©) By « “ay, )
Identify the correct statement about them.

(a) Intensity of (A) is lowest

(b) Intensity of (C) is lowest~" A Y
(c) Intensities of (A), (B) and (C) are similar

(d) Intensities of (B and (C) are similar

One of the excited states of Ti has the electronic configuration [Ar] 4s23d 4 p The number of
microstates with zero total spin (S) for this configuration is :

() 9 ®) 15w o)
(c) 27 (d) 60 .

. The electronic transition responsible for the colour of the transition metal ionsis: " )
(a) dr— dr M) du— do* " '
(c) dn— dn* (d) dre— do *

. Intense band at 15000 cm™ in the UV-visible spectrum of [Bu4N];[Re,Clg] is due to the

transition : :
(@) n—-n* - (b)8 -5 % -

)8 —-n* (@=-3* '

Silica gel contains [CoCl4 ]2' as an indicator when activatéd, silica gel becomes dark blue while
upon absorption of moisture, its colour changes to pale pink. This is because : ‘
(a) Co(II) changes its coordination number from tetrahedral to octahedral N4

- (b) Co(II) changes its oxidation state to Co(IIL)

49,

(c) Tetrahedral crystal field splitting is not equal to octahedral crystal field splitting
(d),Co(I1) forms kinetically labile while Co(UII) forms kinetically inert complexes

The light pink colour of [Co(H20)¢ ]2+ and the deep blue colour of [CoCly ]2_ aredueto:
(a) MLCT transition in the first and d-d transitions in the second

" (b) LMCT transition in both-#

(c) d-d transitions in both \/
(d) d-d transition in first and MLCT in the second

. @ 2. @© 3 @ 4 @ 5 (b 6. @© 7. ®

. © 9. (b) 10. (a) i () 12. (o) 13. (d) 4. (@
. (d) 16. © 1. () 8. () 19. (a) 20. () A (@)
. () B @ U @ 5. () 2. (a) 7. () 8. ()
- () 30. @) 3. © 2. @ 33. () M. (© 35, (b)
®) 3. © 8. © 3. (© 0. (o) at (o) Q2. ©
. (b) 4. () 45. () %. () 41. () 48. (a) 9. {0

N \

FK\‘ o

. The three absorption bands for [CrF6]3‘ are observed in an electronic spectrum at 14900 cm ™

. The colour of trans [Co(en), F; I is less intense than that of cis [Co(en), Fy J*.

. Colour of trans [Co(en), Fo T is less intense than that of trans [Co(en), Clo 1"

>

22700 cm ™! and 34400 cm ™. Determine the values of B’ and A ,.

4. The complex [Co(NH3 )5]3+ is yellow-orange whereas [Co(HIZO) 3 F3 ]is blue. Explain,

12.

13.

14.
15.

16.

17.
18.

19.
20.

. A aqueous solution of Ni(NG1 ), is green. Addition of aqueous NH 5 causes the colour change to

blue. If ethylenediamine is added to the green solution, the colour changes to violet. Explain.

. What are forbidden and allowed transitions? Explain giving examples.
. In general, UV-visible absorption bands of transition metal complexes are unsymmetric and broad

whereas those of lanthanoid ions (Ln(3+) complexes are sharp.

. CN~ is a strong ligand. Do you expect K4 [Fe(CN)¢ ] to be intensely coloured? \
. CdCO3 is colourless whereas CdS is yellow.

10.
11.

Cu?" ions are cqlq'lirégl dnd paramagnetic while Zn 2* jon are colourless and diamagnetic.
Characterize the origin of clectronic trasitions in the following and indicate the intesity of the
complexes : [CoCly >, [MnBrs 2, [Fe(bipy)3 **, MnOj, [Mn(H,0)41**, KFe[Fe(CN)g1
Fe 4[Fe(CN)g 13, Cr202", CdS, Ni(CO)4.

Dimethy] sulphoxide (DMSO) reacts with Co(ClO4 }; in ethanol to form pink coloured compound

(A) which has a-magetic moment 0f4.9 B.M. However when DMSO reacts with CoCl; a dark blue
coloured compound (B} is formed which has 2 magnetic moment of 4.6 B.M.

(i) Suggest a formula and structure of compound (4) and (B)
(ii) Rationalize the colour of these complexes.

Iron forms K4[Fe(CN)¢] K;[Fe(CN)g]l Fe[Fe(CN)g] Fey[Fe(CN)g] and KFe[Fe(CN)¢]
complexes. KFe[Fe(CN)¢ ] is more intensely coloured than the other complexes. Explain. )

The absorption spectrum of [Ti(H,0)¢4 ]3 * shows one band as broad and unsymmetrical. Explain.

Solutions of the complexes [CoLg ]3+ and [CcJL'g]3 * where L and L' are two different neutral

monodentate ligands, are pink and yellow respectively. Which would be expected to have the
higher value of A, ?

Aqueous solution of Cr(II) is violet in colour whereas aqueous solution of Y(III) and La(II}
which belong to same group are colourfess. Explain.

Oxyhemoglobin is bright red whereas deoxyhemoglobin is purple. Explain.

A concentrated aqueous solution of CuCl is bright green whereas, when this solution is diluted,
the solution becomes light blue. Explain.

High spin octahedral complexes of Mn?* ion are colourless. Explain.

Aqueous solution of Ni(II) is green coloured whereas that of Zn({I) is colourless. Explain.



21. The [Cr(H20)6 ]3 * jon is violet in colour whereas [Cx(CN)¢ ]3 ~ is yellow. Explain.

22. The single absorption bands for [Ti(H,0)¢ ]3+ and [Ti(NCS)¢ Joccur in their absorption spectra at
470 nm and 544 nm respectively. (i) Calculate the crystal field splitting energies for these complex
ions in kJ mol -1, (i) Predict the colours of these complex ions.

23. The complex [Co(H,0)¢ ]2+ is light pink whereas {CoCl, ]2_ is blue. Explain.
24. Colour of CuSQy -5H,0 is blue. Explain.
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Y o C ;o } When a substance is placed in an external (or apphed) magnetic field, there is an induced eirculation
LA Lyl of the electrons in the substance. This induced circulation of electrons gives rise to a magnetic moment or
magnetic field that usually opposes the applied magnetic field. As a result the substance is repelled by the

magnetic field and this effect is said to be a diamagnetic effect. This effect is caused by the presenee of
paired electrons: The diamagnetic effect exists only when a substances is placed in a magnetic field. This
_ P ) . effect arises in substances in which there are only paired electrons or paired electrons along with
9’\{\ nD o~ A Ay s B : unpaired electrons. If a substances has only paired electrons, the diamagnetic effect is dominated.-On the
R other hand, ifa substance has paired as well as unpaired efectrons, the paramagnetic effect is dominated.

The substances having oply paired electrons exhibit a ‘weak magnetic moment known as
] diamagnetism and such substances are called diamagnetic substances. In these substances, the induced
N circulation of electrons occurs with im the orbitals of the substances that are occupied in the ground state.
) ) : : In some cases the molecules are paramagnetic despite having only paired electrons, the induced
Rpfe et B B ' magnetic moment is aligned in the direction of applied magnetic field because they use LUMO that is
= i . close to HOMO in energy. This orbital paramagnetismcan be distinguished froimn spin paramagnetism by
. ' . ' the fact that it is temperature independent and it is called temperature independent paramagnetism

6 e g LT e e .- ' because the electrons present in HOMO can be excited to LUMO by thermal iotion.

-

T T e ' o Any substance that has one or more unpaired electrons exhibits stronger and permanent magnetic
' e ’ _ property is known as paramagnetism. Paramagnetism arises from the spin and orbital motion of the

! e unpaired electrons in the absence of an external magnetic field. Such substances are said to be para-
AR magnetic. When a paramagnetic substance is placed in an external magnetic field, the permanent
T magnetic moments tend to align themselves is the direction of the external magpetic field and as a result
( J : : are attracted into the external magnetic field. Since the paramagnetic effect is much latger than the
' : diamagpetic effect and opposite to the diamagnetic effect, the paramagnetic effect, therefore, cancels the
diamagnetic effect. Hence paramagnetic effect is dominant in all substances containing either one or

more unpaired electrons. Thus, due to net paramagnetic effect the substances is atiracted into the

external magpetic field. - T

In_the absence of external magnetic field, the magnetic moments of individual molecules are
randamized by thermal motion and the substances, as a result, hag no magnetic moment because the
randamization of individual magnetic moments causes cancellation of one another as shown in Figure
6.1.




In the presence of external magnetic field, there is competition between randamization of individual
ignetic moments due to thermal motion and field strength for alignment. Consequently, paramagnetic
ect decreases in magnitude as the temperature increases. It is due to the fact that an increases in
nperature increases randamization and decreases the paramagnetic effect. The paramagnetic character
reases with increases in the number of unpaired electrons.

The measurement of magnetic properties experimentally does not involve the measurement of
gnetic moment but instead magnetic moment is calculated from the measurement of magnetic
ceptibility. When a substance is placed in an external field of strength (/), the induced magnetic field

.produced in the substance will either be greater than or less than the applied field depending whether

substance is paramagnetic or diamagnetic. The difference between induced magnetic ﬁeld (B) inthe

stance and applied magnetic field (H) is given by, . .
AH=B-H .1

”fhe difference between the applied magnetic field and the induced magnetic field in substance is

iressed in terms of intensity of maguetization (/) as shown below :
dnl =B-H " ..(ii)
The intensity of magnetization is the magnetic moment per unit volume.
The induced magnetic field (B) and intensity of magnetization both are proportional to the applied
metic field (H). Now divide the equation (ii) by H, we get,
' 4d _B
H H

The term% is called the magnetic permeability and it is the ratio of Miw of lines of magnetic

.. (i)

‘¢ in the sample to the density of lines of magnetic force in vacuum.

The tetm—;} is the maguetic susceptibility per unit volume of the substance and is called volume

metic susceptibility (k). The quantity x is measure of the extent to which a substance tends to be

metized. _
amc =8 (i)

H ,' .

The quantity x is positive for paramagnetic substanees and negative fordiamagnetic substances. It is

mensionless quantity. The volume susceptibility is concentration dependent. Often, the magnetic

eptibility obtained experimentally is the specific ( or mass-) susceptlbllltyx (chi) and it is obtained

lividing « by the density of the sample.

X = -..(v)

1R

Finally a molar susceptibility (x 4s ) is obtained by multiplyingy by the molecular mass (M) of the
sample.

L =X'M=§'M _ .- (vi)

Molar magrietic susceptibility is a measure of the degree to which one mole of a substance interacts
with the applied magnetic field.

The magnetic susceptibility measured for a substance consists of contributions from paramagnetic
and diamagnetic susceptibilities. The paramagnetic susceptibility is much greater than that of
diamagnetic substance. For a diamagnetic substance, the diamagnetic susceptibility will be the sum of
contributions from its constituent atoms. For substances containing very small diamagnetism as
compared to paramagnetism, then it can be neglected. If a-substance contains large number of
diamagnetic atoms per paramagnetic atom (as in a metal ion complex), the diamagnetic contribution will
be significant and can not be neglected. It is observed that diamagnetism is an additive quantity and the
diamagnetic susceptibility of a substance can be obtained as a sum of contributions from each constituent
atoms. 'If a substance contains paired as well as unpaired electrons, the applied field induces a
diamagnetism in opposition to the paramagnetism of the unpaired electrons. Thus, it reduces the
susceptibility of the sample below that which is due to paramagnetism alone. The measured magnetic
susceptibility should be corrected by substracting diamagnetic susceptibility from it.

Corrected or paramagnetic susceptibility

= measured susceptibility — diamagnetic susceptlblllty

XM-'XM xM ‘ +-(vii)

Since the diamagnetic susceptibility is a negative quantity, the above relationship can be written as :
P _ D

g =AM H Xl ....(viii)

From classical theory, the corrected molar susceptibility (xl;{) is related to the effective magnetic

moment (1 ) of the substance according to the following equation :
N 2,2
P _ Weft

L SRT : ...(>ix)

Where N is Avogadro number (= 6.023 x 10% ), T is the absolute temperature, R is the ideal gas
constant. peg is expressed in Bohr magnetons (B.M.).

P 1/2
3RT %y
p,eﬁ'_ = ——T— B.M. ...(x)
N
or tor =284(x 5 T)"2BM. ¢ 1B.M.=4_en"7n) ...(xi)

Pierre Curie has shown that paramagnetic susceptibility is inversely proportional to the absolute
temperature.

x5 =% (xii)

2,2

N Hefr

Where C is Curie constant and is equal to



This expression is known as Curie’s Law. This law is restatement of equation (xi).

The Curie’s law is valid only for paramagnetic substances that are magnetically dilute. The para-
magnetic susceptibility {corrected for -diamagnetism) plotted versus the reciprocal of the absolute
temperature (or reciprocal of paramagnetic susceptibility versus absolute temperature) produf:es a
straight line with zero intercept (Figure 6.2) and slope C. In some substances that are not magnetically
dilute, the magnetic moments of unpaired electrons on neighbouring atoms may couple with each other.
These substances may behave as either ferromagnetic or ferrimagnetic or anti-ferromagnetic. These
compounds obey the Curie-Weiss law.

Po L (i
Yo =7 oy | (xii)
where 6, an empirical constant, is the temperature at which the line intercepts the T axis in a plot of

1/ x’:{ versus T. In this plot the intercept for these substances is not zero (Figure 6.2). For these

compounds, the magnetic moment at a given temperature can be calculated from the equation,
to =284 b (T -0)" . Axiv)

If the value of @ is positive, the substance is said to be ferromagnetic and if the value of @ is negative
the substance is said to be anti-ferromagnetic.

If there is interaction between the magnetic moment on neighbouring atoms of a paramagnetic
substance, spontaneous ordering (Figure 6.3) of the magnetic moment occur below a particular
temperature, called as critical temperature. If alignment of all the magnetic moment of neighbouring
atoms is in the same direction and produce a permanent magnetic moment, the substance is said to be
ferromagnetic and the critical temperature is-called the Curie temperature, Tc. Above this temperature
the substance behaves as a normal paramagnetic substance. Below Curie temperature y, for a
ferromagnetic substancé is much highef @iany ", “for a normal paramagnetic substance. Below I the

|
|

ferromagnetic substance obey Curie-Weiss law. Fe, Co, Ni andCrQ, exhibit ferromagnetic below Curie
temperatures 1043 K, 1404 K, 631 K and 386 K respectively.

If some of the magnetic moments are systematically aligned opposite to the athers to give a resultant
magnetic moment, the substance is said to be ferrimaguetic and the critical temperature once again is
called the Curie temperature, Tc. An important example of ferrimagnetic substance is magnetite,
Fe30;. In this substance, the magnetic moments of Fe(II) and Fe(IIl) are aligned in opposite directions

‘and the resultant magnetic moment is only from Fe(II) moments.
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If half of the magnetic moments are aligned in opposite direction to the other half resulting in a net
zero magnetic moment, the substance is said be anti-ferromagnetic and the critical temperature is called
the Neel temperature. MnO is an anti-ferromagnetic substance with Neel temperature of 116 K.

In MnO, there is a ¢ interaction between the half-filled e, orbitals of Mn 2" ions and the filled po
orbitals of oxide ion as shown below :

" The spins of all the five d-electrons in one Mn* are oppasite to that of other Mn >* ion. The oxide
electron which interacts with Mn | must have.its spin opposite to that of Mn  electron leaving anelectron
of opposite spin to interact with Mn ;. Therefore, the manganese electrons are anti-ferromagnetically
coupled. An another example of anti-ferromagnetic substance is NiO. :

Variation of magnetic susceptibility with temperature for diamagnetic, paramagnetic, ferromagnetic
(or ferrimagnetic) and anti-ferromagnetic substances is shown is Figure 6.4. -

N
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Magnetic Moment

When a charged particle is subjected to be in motion, a magnetic moment is produced. There are two
types of electron motion (electron treating the charged particle) that give rise to magnetic moments. The
first is the electron spin which is the rotation of electron about its axis. The magnetic moment resulting
from this electron spin is called the spin magnetic moment (pt ) which is characterised by the spin
angular momentum quantum number, . The second is the electron orbiting about the nucleus. The
magne'tic ‘moment resulting from this electron orbiting is called the orbital magnetic moment, u ; which
is charatteriséd by total orbital angular momentum L. Thus the magnetic moment of paramagnetlc
substance is due to the contribution from spins and orbital motions of unpaired electrons.

The magnetic moment of a paramagnetic substance depends upon the energy difference between

adjacent states of J values J' and (J' +1).In general, J' and (J' + 1) states are the ground and first excited
states respectively. The energy difference between two adjacent states is given by the expression

(J' +1)A where is called the spin orbit coupling constant. Let us consider, for example, 3 F state of 42
configuration for which2S +1=30rS =1and L = 3 for F term and J =4, 3, 2. Thus, 3 F state splits into
’F R 3R 3 and 3 F states. Each-of these states have their definite amount of energies.

According to Hund’s rule the 3 Fy state is the ground state and energies of these states increase in the

order * F RS 3F3 < 3F4. The energy difference between successive pairs of these states is 34 and 44
respectively. In magnetic field these states are further split into 2./ +1) different states each of which is
separated from adjacent state by an energy g g H, where g is a constant called as Lande splitting factor
for the substance, # is the magnetic field and p g is the Bohr magneton. The splitting pattern for 3 F state
is shown in Figure 6.5. '
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The value of A is very small for light atoms and larger for the heavier atoms. The extent to which the
states corresponding to different J values are populated at ordinary temperature depends upon how large
the energy difference between ground and excited states as compare with the thermal energy available,
kT.

At 300K,

KT = ~ 200cm ™

If the separation between ground state and first excited state is sufﬁciently large i.e.,> kT thén spin
orbit coupling (LS coupling) will be appreciable. Such a situation arises in | heavner elements partlcular
for lanthanoids. For such substances the magnetic moment is given by, .

u=gJJ(J +1) . (Y
where J is the total angular momentum quantum number and g is the Lande splitting factor for the
electron.

JU+D+SES +D-LL+1)

-1
g=l+ 2T +1)
3 S +)~LL+)

or AT

J = L+ § for more than half-filled subshell
and J =L~ S for less than half-filled subshell.



For example, Pr 3* has the configuration 4 f 2 C 4

4342410 -1 23
S=l+l=
22
L=3+2=35
Since /- subshell is less than half-filled. Therefore,
J=L-§ =5-1=4
§ SES+D)-LL+D
2 2J(J +1)
3, 2-30
2 2x4(4+1)
=328
2 40
=08
13 =0.&/4(4 +1) BM.
=0.8420 BM. :
=3.58B.M. e
This calculated value is very close to the experimental value 347 B.M.
The calculated magnetic moments by the above formula for lanthanoides have good agreement with
observed values. For most lanthancides the value of A is about 1000cm ™ . However A value for Eu3*

“and ‘Sm>* is about 300cm ™! which is 4 small value. Therefore, the agreement for Eu>* and Sm>" is
not very good.

For complexes in which A value is small and separatlon between ground state and the first excited is
small (< kT'), spin-orbit coupling is negligible but spin and orbital contributions both are significant. In
these complexes spin and orbital magnetlc moments of electrons function independently. For electron
spin only, L= 0 J=S :

ad |- g 3 S(S+1) -0

: --2 25(S+1)

=§+l:

For orbital motion only,
=0, J =7
3
g=5" 2L(L 1)
3 _LL+])

2 2L(L+1)

g=l
Thus, p1 can be calculated by the expression :

p=y4S(S +D+L({L +)BM. - ..(if)

N

In case of complexes of transition metals of 3d-series, the ligands dimnish the orbital motion of
" #électron round the nucleus and hence the ma gnetic moment due to orbital motion of electron is said to be
quenched and the orbital contribution can be neglected i.e., L =0, L(L+1) s also equals to zero.
Therefore, the magnetic moment may be considered to be arise only due to spins of unpaired
electrons. The equation s reduced to

p=,J4S(S +1)B.M.

This equation is known as spin only fornwla for magpetic moment,
Bspinonly =+/4S(S +1) BM. o

If number of unpaired electrons is , then
s=1
2

and ng =fn(n+2) BM.ofpp ' ..(ii}
IB.M. =4"—" =9.27x1072* jouleftesta (IT") ' "
un

where eis the electronic charge, # is Plank’s constant and m is the mass of electron. The calculated
values of spin only magnetic moments for 1,2, 3, 4 and 5 unpaired electrons are 1. 73 2 83 3.87,4.90
and 5.92 respectively.

The calculated and experimental magnetic moments for complexes of lIansmon elements of
3d-series are given in table 6.1.

The table 6.1 indicates that the experimental magnetic moments for complexes of first row transition
metal ions do not agree with those calculated by equations (i)-and (ii). Though there is good agreement
between experimental magnetic moment and calculated by spin only formula (iii), however, in some
cases, the experimental magnetic moment is higher than that of calculated by spin only formuta_ This is
due to some-orbital contribution.

The orbital contribution is possible only when an orbital will transform into an equivalent orbital by
rotation. The t5, orbitals (dyy,d ), and d,,) can be transformed into each other by rotating about an axis
by 90°. The e, orbitals (d 2_ » and d 2 ) can not be. transfomxed into one another because these have
different shapes TTherefore, tHese orbitals have no orbital contribution. If all the 13 orbital are singly
occupied, then it is not possible to transform an orbital, say the a’xy orbitalinto d , or d orbital because
they already contain an electron with same spin as the incoming electron. Slmllarly, it is impossible to

transform an 5, orbital into others if all the 15, orbitals are doubly occupied. Thus, 13¢ orbitals with t;’g

and 126g configuration have no orbital contributions. The configurations other than t;g and t26g make

orbital contributions to the magnetic moments of octahedral complexes. Therefore, in octahedral
complexes the following configurations make orbital contributions :

1 (] 6 4 2 7 5 2 4 4 0 S
d (t;geg),-d2(t22geg), d°HS(ty,¢), d'HS(; ), d'LS(ty ), d LS(r2g eg)
The following configuratien in octahedral complexes of first series transition metal ions have no
orbital contributions :

, 2 49 /6 6 0 7 6 1
d3,(r23ge§), d“HS(t,jge;), dSHS(tggeg ) as(fggeg ), d (;zgeg), d“-Ls-(rzgeg), d"LS(t) e5)



In the similar way, the tetrahedral complexes with the following configurations have orbital
contributions : .

(), d*(€*e)), dB(e*t)) and 4P (')

Table 6.1 : Experimental and Calculated Values of Magnetic Moments for
Some High Spin and Low Spin Octahedral Complexes

Ti3* | 1 1.73 1.73 — _ _
V3 2 2 2.75-2.85 | 2.83 — — -
ot 3| 3 |3m0s0|ss . |— - —
Cr?t 4 4 4.75-4.90 4.90 2 3.20-3.30 | 2.83
Mn?Z* 5 5 5.65-6.10 | 5.92 l |1.802.10 | 1.73
Fet 5 5 5.70-6.0 | 592 1 2025 |1.73
Fe2* 6 4 5.10-570 {490 .. |0 — _
Co?* 7 :3 - X 430-520-1388 - |1 |18 1.73
Ni%* 8 2 (280350 2.83 — — —
Cu?* 9 L 170220 173 — — _

e

In general, orbital contribution is possible in complexes in which the ground state of metal ion is
electronically triply degenerate (e.g., T24 ). On the other hand, the orbital contribution is not possible in
complexes in which the ground state of metal ion is electronically non-degenerate or doubly degenerate
(eg., Azg o1 Eg).

A high spin octahedral complex of d (t25g eg2 ) metal ion have calculated and experimental magnetic

moments of 3.87 and 5.2 B.M. respectively. The higher value of experimental magnetic moment is
expected because of the orbital contribution. For tetrahedral compléx, [CoCly ]2_ (e4 t23 ), the calculated
and experimental magnetic moments are 3.87 and 4.5 B.M. respectively. In this case the higher value of
experimental magnetic moment is not due to orbital contribution. Although in most of the complexes
with 4 or E ground state the quenching of the orbital contribution is expected to be complete and the
experimental magnetic moment is very close to spin only magnetic moment and is temperature
independent. However in some complexes there is the deviation of the experimental magnetic moment, p
from the spin only magnetic moment, ix . This is due to the temperature independent paramagnetism,
TIP. In such cases, the first excited state, T (of same spin multiplicity as the ground state) mixes up with 4
or E ground state due to spin orbit coupling. For those complex in which spin-orbit coupling is
significant, the following equation is used to calculate pt o :

Heff =Hgp, [l —%)

Wherea isa constant which depends upon the ground state and the number of d-electrons (o = 2, for
2Dand °D, 4for 3F and *F and zero for ¢§ terms). A is the separation between ground and the
excited state and can be obtained from electronic spectra, A is the spin—orbit coupling constant and it is
positive for d 1a? d? and d 4 jons and negative for d%,d7 4% and ¢° ions. Since ) is positive for
d',d?,d* andd* ions and negative ford 6 d7 4% andd’ ions, therefore, the spin—orbit coupling gives
low values of magnetic moments for first set of complexes and higher value of magnetic moments for the
later. ‘
The high spin octahedral complex of Mn®* (d°), say, [Mn(H70)s 12+ for which ground state is © 4y, ,
has no excited state of same spin multiplicity as that of the ground state. Therefore, mixing of ground state
with any of the excited states due to spin—orbit coupling is not possible. Thus, there is no orbital contribution
to e due to spin orbit coupling. Therefore, |1 ¢ is same as p g g . Alternatively, since the ground state

Ajg arises from 6§ term for which o =0, therefore, jt o iS Same asjtg g -

The ground state for low spin complex of d 8_metal ion is also A4ig but all electrons are paired and

hence the complex is diamagnetic.

High Spin-Low Spin Equilibria

Octahedral complexes of 4 4, 4’ ,d 6 and d” of first series transition metal ions can either be high
spin or low spin depending on the magnitude of ligand field splitting A , and pairing energy, P. When the

. magnitude of A , has an'intermediate value in such a way that the two complexes (LS and HS) have same

energy, the two complexes can exist in equilibrium. The low spin and high spin complexes of a metal
cation can be distinguished by measurement of either magnetic susceptibility or magnetic moments. For
high spin complexes A , < P and for low spin complexes A , > P. Ifthe difference in energy between A,
and P is small or negligible, the low spin and high spin can coexist in equilibrium. Consider the low spin,



[Fe(CN)6 ]4' (with ground state, I A4y ) and high spin complex, [FeF4 ]4" (with ground state term 5 Tye)
of Fe2* ion. The Tanabe-Sugano diagram of low spin high, spin complexes shows that energies of ! Ag

and 3 Tyg ground states becomes comparable (Figure 6.6) at or near the cross over point . At or near the
cross over point these two states coexist in equilibrium.

5T2g
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The most important example illustrating these effects is [Fe(phen), (NCS); ] At high temperature
this complex exists as high spin with four unpaired electrons. When the temperature is decreased, there is
sharp decrease in magnetic moment at 174 K (Figure 6.7) and the complex becomes low spin. This
indicates that at 174 K [Fe(phen), (NCS); ]exist as both high spin and low spin.
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Fidl in the Blanks

1. The magnetic behaviour of complexes [Co(H,0)¢1** and [Co(NH;_)6]2+ ALE cerrerrreerens and
................. respectively. '

2. The magnetic moments of [Co(HgO)5]3+ and [Co(NH3)5]2+ are
respectively.

3. A paramagnetic substance shows anti-ferromagnetism below ................. .

4, The magnetic moment for [OoF6]3" is 5.63 B.M. This high value of magnetic moment than
expected is due to .................

5. The complex [Fe(Phen) Z(NCS)] exist in high spin-low spin equilibrium at the temperature of

................. . Qu
6. The compounds CrO4 and MnO, are and respectively.
7. pef 0r [COFg > o than [CoCl4 >~
8. Paramagnetic susceptibility is ................ to the absolute temperature. ) L
9. Magnetic susceptibility of felromagnetlc and anti-ferromagnetic substances can be caiculated by
................. law.
10. The paramagnetic substances are ................. in the magnetic field.
11. The magnetic susceptibility is a measure of the extent to which a substance tendsto be ................. .
[Ans. 1. diamagnetic, paramagnetic 2. zero, 3.87 B.M.
3. Neel’s temperature 4. orbital contribution
5. 174K 6. ferromagnetic, anti-ferromagnetic
7. less 8. inversely proportional
9. Curie-Weiss - 10. attvacted
11.. magnetized ]
Objective Guestions §

1. The magnetic moment of an octahedral Co (II) complex is 4.0 . The electronic configuration of
the complex is :

2 6 1
Lg% ®) 1y e
© t2g eg d t2g eg

2. A transition metal complex shows a magnetic moment of 5.20 B.M. at room temperature. The
number of unpaired electrons on the metal is:
@3 oyt
(©)S d)2



3. The expected spin-only magnetic moments for [Fe(CN)4 ]4— and [FeFg ] respectwely are:

(b) 1.73 2nd 5.92 B.M.

(a)173and173BM
(d)OOandS92BM~/

(c)OOand173BM

4) The metal ion which is most likely to show the low spin-high spin equilibria in its complexes has

the electronic configuration :
¥ @d - ®)a*

() d° e @ d®

5, The effective magnetic moment is maximum for :
(2) K4Mn(CN)6 ®KMnOg  ,°
(c) K2MnCly (d)KMnO; 7

6. The complex with spin-only magnetic moment of ~4.9 B.M. is :
(@) [Fe(1,0)6)* (b) [Fe(CN)4 1>~

o) [Fe(CN) ]+ (d) [Fe(H0)6]**

S

7. The compound trans-[Fe(o-Phen), (NCS),] has a magnetic moment of 0.65 B.M. at 80 K,

increasing with temperature to 5.2 B.M. at 300 K. The correct statement is :
(i) These exists equilibrium between high spin and low spin-complexes.
(i1) There is significant change in UV-visible spectrum with femperature.
(1ii) Number of unpaired electrons at 80 K and 300 K are 1 and 4 respectively.
(iv) Number of unpaired electrons at 80 K and 300 K are zero and 4 respectively.
(2) Only (1) (b) Only (ii) and (iv)
(c) Only (i), (ii) and (iv) e Only (1), (i1) and (iii)
[ 8 The zero magnetic moment of octahedrat K, NiFg is due to :

" (a) low spind 6 Ni(IV) complex «
(b) low spin A Ni(Il) complex
(c) high spin d® Ni(l complex . /\="
(d) high spin d° Ni(IV) complex

In tetrahedral geometry, which one of the following sets of electronic configurations will have

orbital contribution to the magnetic moment? )
(2 d3,d*d® and d° /

Q ® d,d®,d" and d°
() d*,d* d" and &°
(dd',d*,d* and d° :

10. The experimental magnetic moment of K3[Fe(CN) ]is 2.3 g and is attributable to the :
(2) spin-only value of a low-spin Fe
(b) spin-only value of a high-spin Fe
{cytow-spin Fe with orbital contribution

(d) high-spin Fe with orbital contribution

11. The magnetic moment of [Ru(H20)6]2+ corresponds to the presence of :
(a) four unpaired electrons

¢) two unpaired electrons
’ hich of the following is diamagnetic in nature ?
~ A

A

(b) three unpaired electrons
{dYZero unpaired electrons

a) Hg[Co(NCS)4]
YRy PiCly

(b) K3[Fe(CN)g ]
(d) [Cu2(OAc)4 (H 20)2]

13. The complexes that would show paramagnetic behaviour is

(a) (MnO4T”  ADTECL T
(c){Cu(1, 10- phenanthroline), (d) [Fe(CNY¢ 1+
. The spin-only magnetic moment (in B.M.) value of [FeFg]*~ and [Co(CN)s(H20)]3_

respectively are :
(67592 and 1.73

(@) 0and 1.73
(c) 447 and 1.73 (d) 5.92 and 3.87

45) Which two among [Fe(CN)6]3- [FeFs 1>, [Cu(bpy);1** and [Mn(acac); ] (acac = acetyl

acetonate anion) show the same spin-only magnetic moment?
(a) [Fe(CN) I*~ and [FeFg ]

{b) [Fe(CN)1*~ and [Culbpy)s 12 T2 WN/
(GXTFeFs '~ and [Mn(acac)s ]

(d) [Cufbpy)]** and [Mn(acac)s ]

16. Consider the two complexes (4) [Ni(H,0) ¢ |2* and (B) [Ni(NH; )¢ ]2*, the right statement s -

(a) Complex (4) is diamagnetic and complex (B) is paramagnetic.
{b) Complex (4) is paramagnetic and complex (B) is diamagnetic.
{c) Both are paramagnetic—"

(d) Both are diamagpetic. -
17. The actual magnetic moment.showsa large deviation from the spm only formula in the case of :
@T N O
(c) Gd>* ' CLdySm*t
: 18/ Of the following metal ions, which has the largest magnetic moment in its low spin octahedral
\
Y | ? /
>~ compl gies S e " .
.\Z‘S\ (a) Fe - (b) Co AcY N R
; g )C02+ . :"—” U; €r2+ — T 1-._.7—

19. p (calculated) for Cr?in high-spin and low-spin complexes should be :

(a) 4.90 B.M. and 2.83 BM., respectively «~—"
(b) 4.90 B.M. for bothi

(¢) 1.73 B.M. and 2.83 B.M,, respectively

(d) 4.90 B.M. and 1,73 B.M. respectively



/20, The correct\d—ykctron configuration showing spin-orbit coupling is :

a) tzgeg 2g eg
(c) tzgeg () ‘2geg
21. The plot of xT vs. T data of an ideal paramagnetic sample will :
{a) pass through origin
{b) be parallel to T- “axis—"
(c) be parallel to yT-axis
{d) parabolic nature
22. Magnetic moment of [RhFg ]3" in BM. is:
(@) 1.13 (b) 4.98
(c) zero v (d) 2.98
3,/ The species with highest magnetic moment (spin only value) is :
(a) VCIE & ) (n° -Cs Hs )2Cr"% ‘ﬂ/
(9) [Co(NO, )6~ > (d)~[Nl(I§DTA)]2"
24, The magnetic mpment of Co in square planar'cbfnplex is:
\ (2) L.73B.M ,\/ (b) 3.87 B.M.
(c) 487B.M. (d) 5.87B.M.

25. Red B -ketoenlate complex of Ni(II} is diamagnetic. The red complex turns bluish-green in the

presence of water or amines and becomes paramagnetic. Which of the following structure is
formed during the reaction ? '

(a) Tetrahedral {(b) Square planar
() Octahedral v {d) Dodecahedral

26, The plot of yT versus T (wherey, is molar magnetic susceptibility and T is the temperature) for a
paramagnetic complex which strictly follows Curie equation is :

' ' 0
@ 7]\ ®) a7 2
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' Subjective Quogtions

L @ 2. () 3. 4. (©) 5 (0 6. (a) 7. ()

@ 9 @ 16 () 1. @ 2 © 3@ 4 )
15. () 16. (© 17. (d) 18. () 9. (@) 2. @) 21. (b)
2. © B ) 4. (a) 4. () 2. () 2%6. (©)

1. Explain the following :
(i) The magnetic moments for octahedral and tetrahedral complexes of Ni%* jon are 2.9-3.9 BV
- and 4.1 B.M. respectively whereas square planar complexes are diamagnetic.
(n) {N1C14] is paramagnetic whereas [PdCl4 ]2‘ and{PtCl4 ] are diamagnetic.
(m) The octahedral complexes of d, I d*,d 6 {HS) and d’ {HS) conﬁguratlon bave orbite
contribution to magnetlc mornent.
{iv) Cry04 is highly pammagnetic yet it is not ferromagnetic.
(v) K3[CoFg }is paramagnetic whereas K, [NiFg ] is diamagnetic.
(vi) Cu* ions are coloured and paramagnetic whereas Zn 2* ions are colourless and diamagnetic.
(vii) The compound [NiCl,(PPh3),] is red crystalline and -diamagnetic. On heating, thi
compound is converted to green form of magnetic moment 3.20 B.M.
{viii) The magnetic moment of [NH,4 ] V(SO4 ), -12HO is 2.8 B.M and it gives three absorptio:

bands in its electronic spectrum at 17200 cm ™', 25700 em™ and 36000 cm™! in aqueou
solution.

{ix) The spin only magnetic moments of K3{Fe(0X )3 Jand K3 [Ru(OX )5 }are 5.91 BM. and 1.7:
BM respectively. (At. no. of Fe and Ru are 26 and 44 respectively).
2. What change in magnetic properties (if any) can be expectéd when NO7 ligands in [Co(NO7 )5 I
are replaced by C1™ ligands ?



umegm - -

d theorys calculate the magnetic moments in terms of B.M. of the following

3. Using the crystal fie
complexes :
(@ [CoFgT, ®) [

(RaH ), (9 FROF T
theory, explain the structure and magnetic properties of [NiCl4]2—,

Mnsru + (©) [CotNH )5 ", (@ [CoH0)6 ", (¢) Ni(CO)a] , ()

l. Using crystal field
INICN) P and Ni(COM-

i, Calculate spin-orbit coupling parameter () for an octahedral Ni(H} complex exhlbltmg spin
Yo =

allowed d — dband at 10750cm ™ !, 17500cm ™ and 28200cm™ respectlvely. The experimentally
determined magnetic moment is 3.2 B.M.

The magnetlc moment of 3d -transition elements corresponds to spin only value. Explain.

~ {§ MOTe paramagnetic than [Fe(CN)(,] . Explain on the basis of CFT.

. The complex [FeFs ]
ment of [Fe(phen), (NCS), ] varies with temperature. | The magnetic moments at

4.9B- M. and 0 B.M., respectively. Write the d-electron configurations of Fe at
reason for the observed change in the magnetlc moment.

. The magnetic mo

200K and 50K are
both temperatures and give

(phen=1, lO-pheanthrolme)

aaa

** Stability of a complex compound is assigned to be its existence in aqueous solution with respect to
its bond dissociation energy, Gibbs free energy, standard electrode poteatial or pH of the solution and
rate constant or activation energy for substitution reactions. On account of these parameters stability of
complexes is of two types.

_ Thermodynamic stability and
Kinetic stability

THERMODYNAMI(

Thermodynamic stability of a complex refers to the tendency to exist under equilibrium ¢ condltxons
In other words, we-can say that the thermodynamic stability of a complex is the measure of tendency of a
metal ion to form a particular complex ion. Thermodynamic stability is directly related to metal-ligand
bond energies. The thermodynamic stability of a complex is given by fofmation constant (also called the
stability constant which is the equilibrium constant for the complex ion formation).

In general complexes are not prepared from their components in gaseous phase but these are
prepared in aqueous solution. In aqueous solution a metal cation gets hydrated to give, [M(H,0) M

complex ion. When a ligand replaces water molecule from aqua complex ion, a new complex ion is
formed and an equilibrium is estabﬁMwn below:

L~ K f ’
[M(H,0), 1" +L = [MH0),,L1"" +H,0 (D)
Where x is the number of water molecules, # is the oxidation number of the metal cation and L is the
neutral and monodentate ligand. For simplicity, the above reaction can be written in generalized form as
given below :

Ky
M+L =— ML ..(ii)
The equilibrium constant of the reaction is given by
_ ML)
...(iii)
ML) -

- Concentration of H,O is constant in dilute solution of the metal complex and it is incorporated
into K ;. The water molecule which enters the bulk solution does not affect the equilibrium constant.



Higher the value of Ky more will be the stability of the complex formed. A high value of
equilibrium constant (K s > 10) indicates that-at equilibrium, activity of complex ML is larger than the
product of activities of M and L. Thus, large value of K/ indicates that ligand L binds to the metal ion
more strongly than HO and hence L is a stronger ligand than H0, If K £ is less than 1.0, then ligand L is
weaker than HO. Thus, stability constant is used as 2 measure of thermodynamic stability of complex.

‘ The formation constant (X f) is related to the standard Gibbs fiee -energy change and standard
electrode potential according to following relation : :

AG°=-RTInKy .. {iv)
and ‘AG®= —nFE® - V)
and RTInK; = nFE® ..(vi)

b?}nce AG* is a thermodynamic property thus formation constant is the measuré of thermodynamic
stability. : .
The eguations (iv), (v) and (vi) indicate that the thermodynamic stability of a complex can be
mezisured in .terms of formation constant, AG®and standard electrode potential. A high negative value of
AG* (or a high positive value of £°) indicates that the position of equilibrium favours the product
(COH‘}PICX) Le, high negative value of AG® indicates that the complex formed will be more stable.

Stepwise Formation of Complex and Stepwise Formation Constants

.- The extent Fo which a metal cation combines with ligands to form a complex ion is expressed in
- termts of formation constant. A complex is formed by substitution of water molecules by other strong
ligands from aquated metal jon in an aqueous solution. When more than one water molecule of hydrated

metal cation, [M(H,0), 1™ are replaced by another neutral and monodentate ligand L, then it is

assumed that this may occur in several steps and each step is characterized by its individual equilibrium
constant called as stepwise formation constants (or stepwise stability constants). For a general case of the

formation of complex ME; from an aquated metal cation [M(H,0),,1"* and monodentate ligand L,
there will be conse<;ﬁtives\zeps and n stepwise formation constants.

Mo+ LML ;g =M
| (MI[L]
ML+ LML, ;K= Mbal
{MLILL) .
K3
ML, +Le=ML Ky =MLsl
A 2 T IML L] -0
i 1Ky :
ML, L, g ML)
ML I[C]
M AL M, By = MLs}
g ML

Where K1, K5, K3, v K} are the stepwise formation constants or stepwise stability constants
where B, is overall formation constant or overall stability constant.

The formation of complexes ML, ML, ML3,...... ML, may also be expressed by the following

steps and equilibrium constants $;,8,,81, ...... {3, respectively.

M+LB:‘lm , =ML
{MI{L]

M+2Lxﬁ'—‘LML2 9 = [MLzl
{M][L]

B

M +3L== ML, B3 = {ML3]3

P : o ML)

b, P

M+nL =ML, _ ML) o)
ML)

Where 31,872,813, ...... B, are the equilibrium constants called as overall (or cumulative) formation
constants or overall stability constants. ‘ )

Relationship between Ky,K»,......K; and B,
Consider the expression for i3
ML
= [—3—]3 . .(3)
MILY - -

On multiplying both numerator and denominator by [ML}YML ; ] and then rearrange
\= [ML3] [MLy}(ML]
(ML (ML JIML]

_IML] [ML,] [ML;]

or ' B3 = . .
; ' {MI[L} [MLKL] [ML> L]
; Bs=Ki.K2.K3 ' - (4)
i Therefore, B =K. K3 .K;........... K, . .45
and logP, =logK; +logK; +log K3 +...... +logX,
e - Equation(5) indicates that the overall formation constant (B) is equal to the product of the stepwise

formation constants Ky, K,K3,...... ,K . Also equation (5) indicates that the formation of a complex

takes place in various stepwise equilibria.
The inverse of the formation constant (K r) is called the dissociation-constant (K ) or instability

constant of the complex.
Kq
ML, =— M+nL
n
K, <ML
[ML,] |

3 The dissociation constant gives a measure of the extent to which the equilibrium representing the
‘l formation of a complex ties to the right.




Trends in Stepwise {or Successive) Formation Constants

With a few exception, it is commonly observed that the magnitude of stepwise formation constant
decreases steadily from K to K,
K1>K2>K3> ...... >Kn_1>K,,

This trend is illustrated by : (i) Cd2+ — NH;.complex and (i) Cd X _ N complexes.

1

@ Cd** + NH3 ==[Cd (NH; )** . Ky 10265
[CANH)P* +NH; ==(CANH;), % K, =10%10
[CANH;), ™" +NHy ==[Cd(NH3)3 )% ; K3 =101
[CA(NH; )3 17" + NH3==[Cd (NH; )4 1** ;K =109

Ba =K1 Ky K3 -Kg =10%65.10210 10144 1093

=10712 .
(ii) Cd* +CN- ==[Cd(CN)]* DKy =1054
[CACN)]" +CN"==[Cd(CN); ] ; Ky =10%12
[CA(CN), ]+ CN"=={Cd(CN)3 I~ ;K3 =10%%
- [CICN)3T +CN "= [Cd(CN) 4>~ ;o Ky =103
34 - 105.48 .105.12 _104.65 _103.55
=1018.8

The stgady decreasel in the value of stepwise formation constants from Ky to K, is due to :
(i) increase in number of ligands in coordination sphere causes to decrease the number of HyO molecules
to be replaced and thus the probability of replacement of water molecules decreases. (i) electrostatic

factors (when charged ligands are involved) (iii) steric hindrance increases with increase in number of .f
ligands (iv) statistical factors. : |

. However, in some cases it is found that K n+1 > K, because of unusual structuré change and
change in electronic structure (Le., change in spin state) of the metal ion. :
Change in electronic configuration causes the change in CFSE and the complex with more value of -
CESE will be more stable and the equilibrium constant for that complex formation will be high. T
" ﬁ( Consider, for example, the formation of [CdBr, ]2" complex ion in aqﬁéoiisF solution. The formation

2- . g - o Co
of [CdBr4] complex with Br™ exhibit four stepwise equilibrium or stepwise formation constants

. K,K2,K3 and Ky4. The order of stepwise formation constants is observed as follows :
/_]Kl > Ky > K3 hich is contrary to K} > K5 > K3 > K.

Aqua cgmplex of most of the M2* ions are octahedral whereas the halo complexes of Cd%* ion

generally tetrahedral. The reactions for the formation of [CdBr, ]2_ are : T

®g L .

\ CHH0)6 12 +Br™ = [Cd(F1,0)5 B +H,0
. w (Cd (H20) 5 Br" + Br™ :Ké [Cd(H,0)4Bry ]+ Hy0 : !
\\ﬁy | | |
;Jcbw\ |

= .7 ~(3) The Chelate Effect -

K3 :
[Cd(H,0)4Br; ]+ Br~ =——[Cd (H;0)3Br3;]™ +H,0

[Cd(H,0)3Br3 ]+ Br™ = [CdBry 1~ +3H,0 —
The last step is favoured by the release of three H,O molecules and simultaneously there is unusual
structural and electronic configuration change and thus K4 > K.~ - <~ P @
Further consider another example of formation of [Fe(bpy)3 ]2+ from aqueous solution of Fe®* jon.
The formation of [Fe{bpy)3 ]2+ complex ion with bipyridyl takes blace in three steps and order of
stepwise formation constants is Ky > K,-< K3 which is contrary to Kj > K, > K3. The reactions for the
formation of {Fe(bpy)3 |** are : -

K : _’

[Fe(H0)61** +bpy == [Fe(H,0)4(bpy)l’* +26,0

- o .
[Fe(E120)4 (py)I** + bpy f; [Fe(H20)2 (bpy)2 I** +2H,0 U

[Fe(H,0), (bpy)2 )+ bpy == [Fe(bpy);)** _+2H20

The two complexes [Fe(H,0)4 (bpy)]2+ and [Fe(H,0), (bpy)z ]2+ are high spin due to the
presence of weak Hy O ligands having t;g eg electronic configuration with CESE of - 04 A .

The complex [Fe(bpy)3]2-+fonned in last step is low spin due to- the presence of ouly strong
bipyridyl ligfmdg This complex have e’lectronic configuration tfg eg with CFSE of-2.4 A ,. Therefore,

there is change in electronic configuration and increase_in_(‘;F;E'n?._H_qxg,_K 3> K 2.
FACTORS AFFECTING STABILITY OF COMPLEXES

The factors which determine the stability of complexes are :
~ (1) Nature of the Central Metal Jon (2) Nature of the Ligands
h B (4) Macrocyelic Effect
(5) Resonance Effect (6) Steric Effect or Steric Hindrance

(1) Nature of the Central Metal lon

Variations in the stabilities (Le., stability constants) for a series of complexes of metals ions

" with a common set of ligands.

{a) Charge on Metal Cation : In general, 2 metal cation in higher oxidation state form more stable
complexes than that of in lower oxidation states with a given ligand like X ~ or NH3 or H0. However

- there are a few exceptions with ligands such as CO, PMe 3, o-phenanthroline, bipyridyl, CN~ which

form more stable complexes with metals in lower oxidation states. These ligands- have vacant n*
molecular orbitals for accommodation of lone pair ‘of electrons donated by metal atom or cation and
hence for ©back bonding. The efectron richCN ™ is not only a poor n-acceptor but is also a good -donor
and, therefore, forms complexes with metal atoms in higher oxidation state.



(b) Size of Central Metal Cation : For a given ligand and metals of same oxidation states, stability

of the complexes.increases with decrease in size of metal cations. For M2" ions, the general trend in
stability for comfiplexes is :

Ba?" < 812 < Ca?* < Mg?" < Mn?" < Fe?* < Co?* < Ni%* < Cu* > Zn2*
This trend in stability is known-as Irving-Williams series.
Thrs order of stablllty is consistent with charge to radius ratio-concept because the radii decrease

from Ba®" to Cu * and then increases to Zn2*. The order of size of depositive ions is :
Ba? > Sr2+ >Ca¥ > Mg? > Mn2+ >Fe?* > Co™ > Ni*! > Cu® < Za?*

Since size of Zn2* is larger than that of Cu?* ion, therefore, stability of Zn> complex is lower than
that of Cu?" ion. : - o

A plot of log X of complexes of M2 ions with oxalate fons is shown in Figure 7.1. The log K ¢
values of Ba2+, Sr 2+, Ca 2+, Mg 2+, Mn?* (HS comiplex) and Zn 2+ complexes lies ona line because their
N is no additional CFSE (i.e., CFSE = 0).
9/{ Though Cu(Il) complexes have an additional e, antibonding electron, they are more stable than

Ni(IT) complexes. This is due to the’ Jahn-Teller distortion. During the distortion two electrons are

lowered i in energy (a’ 2 ) while only one electron d 22 orbital is raised by an equal amount in energy as

compared o octahedral field. It results in strong bondingof four ligands in the xy-plane of tetragonally
distorted Cu(Il) complex and increases the value of formation constant. The axial positions are weakly
bound which is responsible for higher lability of complex.

10 +

NH,CH,CH,S"

log K¢
(=]
.
1]

The value of stability constant for octahedral complexes of Mn2* to'Cu®" ions increases more
rapidly because these ions are additionally stabilized by CFSEs'in octahedral field (Figure 7.1). The

stability of octahedral complexes of Zn 2* s lowerthan that of Cu®” ion because its CFSE i zero and it

{ies on the line representing the stabilities of Ba%*,Sr?* Ca?*, Mg2+ and Mn*" ions where CFSE is

also zero.
{(¢) Class ‘a’ and Class ‘b’ Metals : Ahrland-etal in 1958 have classified the metals into three

categories on the basis of their electron acceptor properties

(i) Class ‘a’ metat

(ii) Class ‘b’ metals

(ii) Borderline metals

(i) Class ‘a’ metals : Class a metal ions are characterized by high electropositive character (i.e, low
electronegativites), small size, high oxidation states (+3 or higher) and no easily distorted outer
electrons. These metal ions form their most stable complexes with ligands favouring electrostatic
bonding. Class a metals form their most stable complexes with the first elements of group 15, 16 and 17

{e.g.,N,O and F)

Class a metal ions include smaller ions-from alkali metals, alkaline earth metals, lighter transition

metals in high oxidation states (+3 or higher). Class a metalsare also called as hard acids or hard metals.

" Class ametals (orhardmetals)are H', Li*, Na* K ¥, Be?* Mg?* ,Ca%" ,Sc2*  A** ,Ga™*  In>",
se** I o Mo Fet Co™t, Lad* jCe3t .Gd*, zr* mf ™ ™ U™, Putt, etc
The order of stabilities of complexes of class ‘a’ metals with the ligands having the following donor

atoms is as follows : '
F">Cl” >Br” >1"
0>>8>8e>Te
N>>P>As>Sb

(i) Class ‘6’ metals : Class *b’ metals are less electropositive, have relatively full d-orbitals and
form their most stable complexes with ligands which, in addition to possess lone pairs of electrons, have

empty Torbitals available to accommodate electron pair from the d-orbitals of the metal. Class *5* metals . .
form stable complexes with ligands which have donor atoms from period 3 or subsequent periods. The

metal ligand bond in these complexes is covalent. The order-of stability is the reverse of class ‘a’ metals.
The increase in availability of empty d-orbitals in heavier elements favours an increase in stability of the
complexes. Class & metals are also called as soft acids or softmetals.

Theorder of stabilities of complexes with ligands having the following donor atoms is as follows :

F  <Clm <Br™ <17
0<<S<Se<Te

N<<P<As<Sb
Furthermore, class ‘b’ metals form stable.complexes with Co, o-phenanthrolme olefins because
these have vacant m-orbitals of fow lying energy.




Class ‘b’ metals are : .
cut,Ag Aut TIY,CA% He ' H ™ P Pt?" P 0% e,

(iii) Borderline IVZIetals : Borderline metals include dipositive metal ions of 3d-series which are
+ . - .
Mﬂ2+, Fe2+,C°2 , Nl * Cu 2+, Zn**.Fora given ligand order of stability of complexes is :
T Mn 2 <Fe? < Co?* < Ni¥* < Cu? > 72t (Teving-Williams series)

According to Pearson hard metals or acids prefer to bind to hard bases or hard ligand and soft acids
or metals prefer to bind to soft bases or ligand. _ — :

S
o

(2) Nature of Ligands

) Basic Charactfer of Ligands : In general, more is the basic character of ligands, more easily it
san donate its lone pair of electrons to the central metal ion and hence greater is the stability of the
somplex formed. For example, for a given dipositive (M**)3d-series transition metal ion, order of
stability of complex with NH3, HyOand F™ is :

NHj3 > H,0>F~

ij) Covalent Character_: H_ig_her the covalent character, higher will be the stabili?y of the complex.
%or example, order of stability dnd covalent chiaracter of complexes of Ag *with halogen is :

- Agly > AgBry > AgCl; > AgF;
— Decreasing order of covalent character —»
~— Decreasing order of stability of complex —»

(iji) = - Bonding Capacity of Ligands : The ligands like CO, CN™, alkenes, phenanthroline,
ipytidyl, R 3P, R2S, etc have vacant %- or d-orbital to form % bond and hence form stable complexes
7ith metals.

) Dipole Momgx.lt of Ligands : For neutral ligands, higtier the magnitude of dipole moment,
igher will be the stabllle of the complex. For example, the order of stability of complexes of ligandjj
aving N as donor atom is : /

ammonia > ethylamine > diethylamine > triethylamine _.
: - A 40 R
3) The Chelate Effect R G

The polydentate ligands (with more than one donor atoms) have geometries such that they can form
ore than one coordinate bond to the same metal cation, such ligands are called chelating li gands. These
gands, generally are non-linear. The complex formed by the coordination of a polydentate ligand to a
etal cation is called a chelate complex or a chelate.

Chelating ligands form more stable complexes than the analogous monodentate i gands (containing

¢ same donor atqm). It means that chelated complexes are more stable than their non-chelated
1alogs. This effect is called as chelate effect.

—_—

Let us consider the formation of complexes from hydrated cadmium ion, [CA(H,0)4]** with:
ethylamine (CH3NH, ), ethylenediamine (en) and triethylenetetraamine. (trien) ligands. Where
ethylamine (CH3NH3 ), ethylenediamine (H;N — CH, — CH; — NH; ) and triethylenetetraamine

(HoN —CHp— CHy— NH — CH;— CH,—NH—CH,—CH,—NH;)  are  monodentate,
bidentate and tetradentate ligands respectively. -

[CA (H;0)¢12* + 4CH,NH, = [C(CH;NHy )4 1% +4H;0 O
[CA(H20)4 1% +2en == [Cd(en), ]** +4H,0 (i)
[CA(H;0) 41" + trien == [C(tien)*" +4H;0 .. (iii)

Structures of [Cd(CH3 NH; )4 1%*, [Cd(en), 1** and [Cd(trien)]** are shown in Figure 7.2.

2
CH3H,N NH,CH; | CH, —H,N NH, —CH, |
Ncdl | Nedl
- AN AN |
CH3H;N NH,CH; CH; —HoN NH, —CH,
@) (b)
T
2 e

who‘v\ "

CH; — HyN NH, —CH, .
| \Cd / | ‘\ nl x
CH, — NH 7 \NH—CH, /ﬁ"
I | e &
CH, CH, }
©

Figure 72 Stuctires of :(a) [CA(CHNHN) I H G enp ]2 () [Cd:(mien) X
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[Cd(CH3NH;)4]%* is a non-chelated complex ion whereas [Cd(en), ]** and [Cd (trien)]* are
chelated complex ions. Thus, [Cd (CH3NH; )4 ]2+ is less stable than [Cd (en), ]2+ and{Cd (trien)]2+. It

is also observed that [Cd (trien)]2+ is more stable than [Cd (en)2]2+ chelate ion. Therefore, order of
stability of these complex ions is : o :
[Cd (CH3NHy )4 1** <[Cd (en)y I** <[Cd (trien)]**

The above order of stability of complexes can be explained in two ways ;

1. In reaction : (i) a non-chelated complex ion [Cd (CH3NH; )4]2+ is formed and there is no net
change in the number of molecules and entropy of reaction. On the other hand, in reaction (ii) and (iii)
there is an increase in number of molecules and hence there is an increase in entropy of reaction. Since-
increase in number of molecules in reaction (iif) is greater than that of reaction (ii}y Therefore, the
increase in entropy is greater in reaction (iii) than reaction (ii). Since bonding in all the above three
reactions is same, (i.e., Cd*—N bond) thus, AH° in all the three reactions is same and negative in sign.

Thermodynamically, the stability of a complex is expressed in terms of AG®. For a stable complex
AG® is negative and large.

AG°= AH°—TAS®

Since AH® in all the above three reactions is same and entropy increases from reaction (i) to (ii) to

(iii) and thus, free energy change will be negative in the three reactions and increases from reaction (i) to

(i) to (ii).



A large negative value of AG" indicates the large value of stablhty constant (K)

because AG°=-RTIhhK -

Thus, order of stability of the three complexes is :

[CA(CH3NH, )4)** < [Cd(en) I** < [Ca(trien)]**

2.CH3NH,;, en and trien ligands are competing for the formation of complexes with Cd 2 jon in
aqueous solution, the probability of either of them coordinating to the first site may be taken as equal.
Once one end of en or trien is attached to Cd2* ion, it is seenthat the'second amine group of er{and trien
is now greater in vicinity of Cd * jon than the secondCH3NH2 ]1gand which is free to moye randomly in

the solution. Thus, probability of second amine group of en or men to attach to Cd 2" ion is greater than
that of monodentate ligand CH3NHS . This indicates that formation constant is  larger for the formation of
chelates. T T T T T

"~ Further, the third and fourth donor atoms (amine groups) of frien are now greater in vicinity whereas
the second en and the monodentate ligand CH3NH; are moved freely and randomly in the solution.
Thus, probability of third and fourth amine groups of trien to attach to Cd >* ion is greater than that of en
and CH3NH,, ligands. This indicates that stability of complex increases with the denticity of the ligand
(denticity of a ligand is the number of donor atoms). In other words, we can say that the chelates in which
one ligand form twq or more rings are more stable than the complex in which one ligand form only one
ring or no ring. The depéridénce of stability of chelates on the size of chelate ring is shown in Figure 7.3.

logK

helatering:

In general, the chelates having five membered rings (including the metal) are more stable than six
membered rings which are in tum more stable than the seven membered rings. Thus, the chelate effect
weakens as the ring . size increases. The chelate effect is usually most pronounced for 5 - and 6 -
membered rings. Smaller rings generally involve excessive strain and become less stable. When the

~———— .

chains and rings become much larger, the enhancement of local concentration {i.e., vicinity of secol
donor atom of bidentate ligand) decreases and the resulting complex becomes less stable.

Furthermore, for the chelates formed by different bidentate ligands of same size with the same met:
- the stability will be in the order, for example, oxalate < glycinate < ethylenediamine.

(4) Macrocyclic Effect

Macrocyclic ligands are large ring size compounds even without a metal atom present and the
ligands have several donor atoms-inside their rings to form’ coordinate bonds with a metal ic
Chlorophyll, heme and vitamin B, all contain tetradentate macrocyclic ligands. As stated earlier t
chelating ligands form more stable complexes than analogous monodentate ligands and the macrocyc
ligands of appropriate size form more stable complexes than chelating ligands. There is a competiti
between a non-cyclic ligand and a macrocyclic ligand (a cyclic multi dentate ligand) having the sar
type of donor atoms and the complex formed by macrocyclic ligand will be more stable: This effect
called as macrocyclic effect. Chlorophyll, heme and vitamini B all contain tetradentate {four N-dor
atoms) macrocyclic ligands. o Q\Tﬂ‘o!@ B -

(5) Resonance Effect
Resonance enhances the stability of complexes. For example, acetylacetonate anion ligand sho

resonance and form stable chelated complex.
P DR
I : [
CH; —C—CH=C —CH3; «——> CH; — C=CH—C—CH;4

As a result of resonance the M—O bonds are equal in length and strength.

(6) Steric Effect or Steric Hindrance

If a bulky group is either attached to donor atom or to the atom adjacent to donor atom, 1
metal-ligand bond becomes weak and the stability of the complex decreases. This effect is called ste
effect. For examples :

(i) Ethylene diamine {H,N— CH2 —CH; —NH,) and N— tetramethyl ethylenedlaml
(CH3 )2 N—CH,—CH;—N (CH;), both are bidentate ligands and form chelates with Ni%* ion as sho

in Flgure 74.

i . _ H,C .
CH, 2+ 3 o
7 NcH, : HaCC:/ 7 XcH,
2 .
Né_,_ HC /7  N/CH,
CHy,— H,N CH,— N
/E , CH,
/ N/ CH,
CH,— H,N CH,~ N
2 2 NH, 2 N\ N CH,
\ HC CH, \
NHy  on et CH
G O HCT\\ At
L CH2 E - Hac CHZ -
o an

The complex {I1) is less stable than (I) because in complex (II) the methyl groups attached to dot
atoms create steric hindrance and decrease the stability of complex.



(ii) 8 — hydroxy quinoline and 2 —methyl-8 — hydroxy quinoline both are bidentate ligands and form
chelated complexes with Ni** ion as shown in F igure 7.5.

Fign

The complex (II) is less stable than complex (1) because in complex (II) a bulky group is attached to
an atom adjacent to donor atom which causes a steric hindrance and lowers the stability of the complex.

The chelates containing chelating ligands with delocalized electronic structures are also stabilized
by electronic effect in addition t entropy effect. The examples of such type of ligands are diimine
ligands such as bipyridine and o-phenanthroline. These ligands stabilize the complexes because of their
ability to act as 6-donors as well as w-acceptors. These ligands form r-bonds by overlapping their empty
ring n* orbitals with filled metal d-orbitals. An important example of such type of complexes is

{Ru(bpy)s 1** (Figure 7.6). _ ,
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Kinetic stability refers to the rate of reaction which is governed by its activation energy, E,, or rate
constant. Kinetic stability relates to how fast a compound reacts rather than to how stable it is.On the
basis of rate of reaction, the term kinefic stability is classified into lability and inertness.

The complexes in which substitution of one or more ligands by another occurs readily are called
Iabile complexes. The ability of a complex tm reactions fastly is calléd the lability of
that complex. Half-life (), ) of labile complexes for substitution reactions is less than one minute. Th
complexes for which substitution reactions occur slowly {or not at all) are called inert complexes. Halﬁfi?
life of inert complexes towards substitution reactions is greater than one minute.

The inability or less ability of a complex to give Substitution feactions with other ligands is called
inertness of the complex. .

The. thermodypamic terms (stable and unstable) refers to the tendency of a complex to exist under
equilibrium conditions and the thermodynamic stability is related to the change in free energy, enthalpy

/?Q'

and entropy of reaction. The compound may be unstable with respect to a particular condition or reagent
such as heat, light, acid or base. . . o

The kinetic stability (lability and inertness) refers to the rate of reaction and mechanisms of reactions
such as substitution and electron transfer reactions. , _

To illustrate the différence between thermodynamic and kinetic stability, consider the complexes :
[Ni(CN)4 ]2‘ ,[M_n(CN)6 ]; ~ and [Cr(CN)¢ ]3_ . All these complexes are thermodynamically stable but
kinetic stability is different. The rate 6f exchange can be measure when carbon-14 labeled cyanide ions
are placed in solutiori with the complex. It is observed that [Ni(CN)4 %" is labile, [Mn(CN) ] is less

labile and»[c'r(CN)6]3— is inert. ’ 7 3 e/3 |
L N(ON), T +4MON" %&{Ni(“‘cmuz‘ +4CN- i . d
» tyo =305ec‘ (o
“MaCN) T~ +6MCN™ 5 [Mn(*CN) >~ +6CN”
typ =1hr

{CHCN)g P~ +6 MeN~ —22% 5 qer(MCN)g)> +6CN™
) L ty2 =24 days
, -
In contrast, for example [C_o(NH 1) ]’,3+ complex ion is inert to substitution but it is
thennddyﬁaihicaljy unstable i&d solution ;/: -
[Co(NH; ) )+ +6H30" " [Co(H,0) I** +6NH;

The formati(;i'f constant for this reaction is very iarge (~ 103 ). This indicates that the complex
[Co(NH;)6]>* is unstable in acidic solution. On the other hand, it takes several days at room
temperature to form'[Co(HZO)d3 * complex i.e., the rate of this reaction is slow and hence the complex
[Co(NH3)¢1** is kinetically inert. ’

v The above discussion indicates that thermodynamic terms (stable and unstable) are not related to
kinetic terms (lability and inertners).

* SUBSTITUTION.REACTION:IN OCTAHEDRAL COMPLEXES

Substitution reactions involve the replacement of one ligand in coordination sphere by another
without any change in coordination number and oxidation state of metal cation. For example, octahedral

* complex comtaining a metal cation or atom bound to five inert ligands (say L) and one labile ligand (say

X) which is to be replaced by an incoming ligand (Y) . The overall reaction is shown below:

_ MLsXj+Y —MLsY+X
Since ligands behave as nucleophile, therefore, these reactions are called nucleophilic substitution
reactions or ligand substitution reactions.



Mechanism in Octahedral Complexes |

The mechanism of a reaction is the sequence of elementary reactions involved in a reaction.
Substitution reactions in octahedral complexes take place through ither of the followmg three
mechanisms :

1. Dissociative (D) Mechanism Sn!

2. Associative (A) Mechanism 3~

3. Interchange (I) Mechanism

1. Dissociative (D) Mechanism : In the dissociative mechanism, there is a step in which an
intermediate of reduced coordination number is formed i.e., the M—X bond is fully broken before the
M-Y bond begins to form.

[LsMX] =2, (1ML 1 ovy)

Intexmedlate
CN.=5

L L
Y M \ O /M L
L L L7 |
Square pyramidal L
S Trigonal bipyramidal

where L is an inert ligand, X is labile (leaving ligand) and Y is the enten'ng_liiand.
The rate determining step is the slowest elementary reaction. The rate of overall substitution reaction

depends only on the concentration of the original complex, [MLsX] and is independent of the
concentration of the incoming ligand Y.

Rate = k[ML;X]

This reaction is of first order in[ML 5 X] and [ML 5 X] gets dissociated is rate determining step. Thus
this reaction is also called dissociative SN mechanism {substitution, nucleophilic first order).

Most substitution reactions in octahedral complexes takes place by dissociative mechanism in
which an intermediate of coordination number = 5 (imost probable square pyramid) is formed.

2. Associative (A) Mechanism :  An associative mechanism involves a step in which an
intermediate is formed with a higher coordination number than the original complex i.e., the incoming
ligand Y directly attacks the original complex to form an intermediate with a coordination number = 7 in
the rate determining step. The rate determining step is slow.

[LSMX]+Yﬂ>[L5M\ Y} —=X, [LsMY]

Intermediate
CN.=7

_ . X .
XY L
\/
> < OR L )

L I L

Monocapped vy L
L oct:ﬁlfdron Pentagonal bipyramid |

This intermediate might be expected a monocapped octahedral structure in which the X and Y
ligands share one of the octahedral sites or a pentagonal bipramidal structure. The second step is the
dissociation of ligand X to give the product. The rate of reaction depends on the concentration of both
ML;sX and Y. Therefore,

Rate = k{ML s X}{Y]

This reaction is of second order and this associative mechanism is also calied SN2 {Substitution,
nucleophilic, second order) mechanism.

3. Interchange (I) Mechanism : This mechanism takes place in one step without forming a fairly
stable intermediate, instead the leaving and entering ligands exchange in a single step forming an
activated complex. The interchange mechanism is common for many reactions of octahedral complexes.
The activated complex (also calied as transition state) has very little or no stabilization energy and
immediately passes on to products or reverts to the reactants.

wacf LsMX +Y —> {Y.......LsM.... X}— [LsMY]+ X

Activated complex

In this mechanism the M~X bond begins to break and starts-to move away from the metal and the
M-Y bonds begins to form simultaneously and Y moves into the coordination sphere and no stable
intermediate is formed. S~—

Interchange mechanism is subdevided into two categories :

(i) Interchange Dissociative (17 )

{(ii) Interchange Associative (1)

(i) Interchange Dissociative Mechamsm tLg).: The MY bond begms to form before the M—X
bond is fully broken but the M—X bond -breaks preferentlally and the interchange is closer to a
dissociative than to an associative mechanist, and no detectable intermediate appears.

(ii) Interchange Asseciative Mechanism(I,,): The M—X bond begins to break before the M—Y
bond is fully formed but the M—Y bond forms preferentially and the interchange is eloser to associative
and no detectable intermediate appears.

-REACTION PROFILES FOR DISSOCIATIVE ASSOCIATIVE

A plot of free enexgy versus reaction pathway is catled reaction profile or energy profile.

1In an interchange mechanism a reactant absorbs energy and combines with the incoming ligand and
form an activated complex or transition state before the formation .of product. The energy difference
‘between the reactants and transition state is called energy of activation, £,. The transition state lies on-



the top of the reaction profile (like on top of the hill) and at this point reactant converts into produc
without no hesitation [Figure 7.7(a) and (b)]. .

If the activation energy is high, then the rate determining step is slow and if the energy of activation
is low, rate determining step is fast.

In dissosiative (D) or associative (A) mechanism an intermediate of lower coordination number
(= 5) or higher coordination number (= 7) is formed before the formation of product. Because an
intermediate is more stable than a transition state, therefore, it will lie in 2 valley (or bit) in energy profile
[Figure 7.7(c) and (d)]. The stability or existing time of an intermediate in a valley depends on how high
the energy walls around the intermediate are : .

Y---MLg—--X Y—Mig—-X
AG AG
[MLX)+Y ML XY
MLsY]+X - IMLY]+X
Reaction coordinates — Reaction coordinates — -
(=) (0)
ML)+ X+Y -
5. b Mig} ; X+Y
AG AG
MLX)+Y IMLXJ+Y
[MLLY]+X MLgYEeX
Reaction coordinates — Reaction coordinates —
(c} @

ME!

1. On the Basis of Valence Bond Theory : According to VBT, transition metals form, two types of
octahedral complexes : (i) outer orbital complexes and (ii) inner orbital complexes, In outer orbital
complexes, the outer nd-orbitals are involved in sp> d°-hybridization and in inner orbital complexes the
inner (n—1) d- orbitals are involved in dzsp3-hybridizaﬂon. Thus, the M-I, bonds in outer orbital
complexes is larger, weaker and higher in energy whereas in-inngr orbital complexes the M—L bond is
shorter, stroriger and lower in energy. Thus, the transition metal octahedral complexes undergoing
substitution reactions through dissociative mechanism would be labile if the M—L bond is weak and
would be inert if M-L bond is comparatively strong . Thus, according to'VBT, if the transition metal
complexes undergoing substitution reactions through dissociative mechanism then all outer orbital
complexes are labile and all inner orbital complexes are inert. . -

Tl
DLl
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Further it is observed that the complexes either inner orbital or outer orbital are labile if they have
vacant, loyw unhybridized metal d-orbitals (below hybrid orbitals). These vacant-orbitals act as a
point of attack for an incoming ligand. Such complexes undergo substitution through associative
mechanism in- which an intermediate of higher coordination number (= 7) is formed. On the other hand,
the inert complexes have electron density in the unhybridized metal (n — 1) d-orbitals. Some example of
labile and inert complexes are shown in Table 7.1 -

Table 7.1

[V(NH;3 )6 P Labile 2
[Cr (CN)6 Inert 3
- fe [ e (e 1T
[MnClg ] Labile 4 | TR
sp3d2-hybridization
; nnnpAEapa|
[Co(CN)¢ Inert 0 (21 ] 3T
dsp*-hybridization

Though, there are some exceptions which can be explained on the basis of CFT.For example,
according to VBT 4 _6_(HS) A’ (HS)andd ? octahedral complexes have no low lying vacant d-orbital and,
therefore, these complexes should be inert. But experimentally-itis vbserved that thesé complexes are
labile. S

2. On the Basis of Crystal Field Theory : Octahedral complexes undergo substitution reactions
through either dissociative (SNI) or associative (SN2) mechanisms. The SN reactions take place

through the lower enerfgwmiate instead of higher energy trigonal bipyramidal
intermediates. On the other hand, the SN? reactions occurs through pentagonal bipyramidal
intermediate (CN = 7). There is a change in CFSE on going from octahedral to square pyramidal (C.N. =
5) or pentagonal bipyramidal (C.N. = 7) intermediate. If there is loss in CFSE (represented by negative
sign), then the complex will.be inert. Higher the loss in CFSE, more will be inertness of the complex. If
there is no loss in CFSE (i.e., change in CFSE is zero or positive), the complex will be labile. The change
in CFSE is called as crystal field activation energy (CFAE). But it is difficult to assign the CFSE of the
intermediate or complex without exact knowledge of its structure. Basolo and Pearson have calculated
the values of CFSE for low spin and high spin square pyramidal and pentagonal bipyramidal
intermediates. These values are given the table 7.2.



0
+0.57 +1.28 +0.57 +1.28
+1.14 +2.56 +1.14 | +256
~2.00 -426 ~2.00 ~4.26
+3.14 ~1.07 ~1.43 ~2.98
0 0 ~0.86 ~1.70
+0.57 +128 ~4.00 -8.52
+114 +2.56 14 ~5.34
-2.00 -4.26 | —-2.00 -4.26
+3.14 -1.07 +3.14 -7
0 0 . 0 Ty

2 duiring the process.and 44

'

Ssignindicates;
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Sipce the substitution reactions in most of the octahedral complexes proceed through square
pyramidal intermediate (C.N. = 5) i.e., dissociative mechanism, comparision of inertners or lability is
made on the basis of change in CESE from octahedral complex to square pyramidal intermediate.

The order of lability of complexes of tripositive metal cations of 3d-series is : -

Co () < Cr(l) <Ma @) < Fe () <Ti(Il) <V ()

EC. . . d i d* 43 dt d?
Loss in CFSE 400 -200 -143 ~086 +057 +114
for SN! mechagism- T . —

. F'o"_r isoelectronic metal cations, the lability of complex decreases with increase in éharge on metal
cation because high charge strengthen the M-I bond and reduces the labitity. For example, Cr 3 d 3)
complexes are more inert than V2+(d 3 )complexes. Similarly Fe 3 d 3 ycomplexes are more inert than
analogous complexes of Mn2+(d 5).

It is observed that inertness of analogous complexes of isoelectronic metal cation increases on

descenc_iing within the group bec.:ause :{i) 4d- and 5d-series metal cations are larger than the 3d-series
metals in the same group, there is less 'S@@Mmg the ligands round the metal cations and,

therefore,‘ less tendency for a given ligand to move from the coordination sphere. (ii) 44-and 5d-series
metal cations are larger a{ld-use 4«{- 5d-orbitals in the formation of sigma bonds with ligands. Since
4d- and 5d-orbitals are diffused {i.e., larger), so these orbitals extend towards ligands and overlap with

ligands -orbi_ta.ls more effec'tive'ly and thus a stropg M-I, bond is formed and it is difficult to break in‘the
rate-determining step of dissociative reaction. :

o = — L iy

o O

. 7 .
For-example, order of inertness of analogous complexes of group 9 and 10 is :
Co (IID < Rh (11T <Ir (1II) (Group9)
Nidl)< E’d_.(II) <Pt(ID. {Group 10)
t is to be noted that Cu?* (d9) and Cr2* (d4) hydrated complexes have +2 charges and there is
significant gain {n CFSE oh going from octahedral to intermediate. These complexes have fastest water

exchange because two water molecules above and below the square plane are far apart from theCu # jon
as compared to other four water molecules. Therefore, these two water molecules above and below the

square plane react rapidly.

W

Other Factors Affecting the Lability of a Complex

(1) Geometry of the Complex : The complexes of C.N. 4 undergo substitution reactions more
rapidly than analogous compounds of C.N.6. For example, [Ni(CN)4 ]2' give exchange reaction with
YN~ more rapidly than [Mn (CN)g ]3‘ and [Co(CN)6]3" complexes. The greater lability of square
pladar complex, [Ni{CN)4 ]2" is due to the reason that there is enough room roind the metal cation for
the entry of incoming ligand into the coordination sphere to form activated complex. This fifth ligand
enhances the rate of removal of one of the four ligands already present in the (;oqrdination sphere.

(2) Oxidation State of Central Metal Cation : Higher the oxidation state of central metal cation,
lower will the lability of the complex. '

For example : i

L

+3 +4 +5 +9 i :
([AIFg] >[SiFg]* > [PFe] >[S Fe] e A lawd 7 fkcp
+1 +2 +3 S
(if) [Na(H0)]* > (Mg(H,0)6]"" > [AIEH,0)6 T
{3) lonic Radius : Lability of complex increases with increase in ionic radius. For example :
[Se(H,0) 12 > [Calp0)6 T > Me(H20)6 1

Order of lability

EVIDENCE FOR DISSOCIATIVE (S

The most preferred mechanism for substitution reactions in octahedral complexes is dissociative
mechanism. However associative reactions are also possible in octahedral substitution but are much less
common. Some evidence which support the dissociative mechanism are :

(1) the rate of exchange of water molecules.

(2) anation reactions. ¢

(3) aquation or hydrolysis reactions.

s

(1) Water Exchange
When water molecules in the coordination sphere are exchanged with isotopically labeled bulk
water (H 2018 ), the process is called water exchange.

[MH;0)6 1" +H;0' —55[M(H,0)5 H,0'% )™ +H,0



The rate of water exchange depends on the ratio of charge on metal cation to its ionic radius. This
ratio charge/ionic radius is called charge density. The charge density of metal cations increases with
increasing charge and decreasing ionic radius. As the charge density increases, M-OH; bond strength
increases because high charge density (i.e., high charge and small size) causes greater electrostatic
attraction betwee.n metal cation and the watermolecules. Within a given group, all the cations have same
charge but the size increases on descending the group. Thus, on moving down the group, the size
increases. and charge density decreases and the M—OH, bond becomes larger and weaker ar,ld breaks
more easily. The breaking of M—OH, bond is the rate-determining step in dissociative mechanism i.e.
SN mechanism. Thus, these reactions are of first order. ,

Metal ions are classified into four categories based on the rate of exchange of coordinated water :

Class 1 : The rate of exchange of water is very fast. Rate constants for water exchange are of the
order of 10857, These reactions are diffusion controlled reactions. Ions that include in this class are
alkali metals, alkaline earth metals (except Be2* and Mg2+), group 12 elements (except Zn2+) crt
and Cu?* from first transition series. ’

Class II : The rate of exchange of water is fast but slower than that of class I metals. The rate
constants for water exchange are in the range of 104 to [0 s™!. The metal jons that include in this class
are dipositive transition metals from first transition series (except V2* which is slower and Cr2* and
Cu?" which are in class I ), Mg 2 and Ti** and the trivalent lanthanoids.

Class III : Rate of water exchange is comparatively smaller than that of class I and I metal jons. .

The rate constants for water exchange are 1 to 10* s\, This class includes most of the trivalent transition
metal ions of first transition series, BeZ+, V2+, AI** and Ga>* ions.

Class IV : The rate of exchange of watér is very small and these are inert hydrated complexes, The
rate  constants for water exchange are 107% (¢ [02sL This class includes

3+ 3+ : ‘
Cr”",Co”",Rh 3+, Ru 3+, Ru 2+, Ir** and Pe** ions.

The rate of water exchange in hexaaqua ions follow the order : @1‘\' ”
VP <Ni** < Fe? < Mn?* < Zn?* < Cr?* < oy 2t Y‘“\\’CU
and ¥ v e pett et - W

. . \l ‘\:'{ ) A
» - . . . /i N 6}’
In these reactions an anion replaces an aqua (H,0) ligand fr inati y
comple. aqua (H,O0) lig om coordination sphere of a hydrated

(2) Anation Reactions ~

MH;0)6]™" +X™— [M(H0)5 X" D* +H,0

‘dSuch ;ype of Jleacé;ons may proceeds by either dissociative or associative mechanisms but most
evidence favour the dissociative mechanism. The classic e i issociati

. xamples in the support of d
mechanism are ; ' P P soctaive

[Ni(H20)61* +X™— [Ni (H,0)5 X]* + H,0
Where X~ = F~,SCN~ and €H3000". :
The rate constant of these reactions ( 8 x 10° 5™ 6 x 10% 5™ and 30 x | 0’ s™) suggest, that the ratle
determining step is Ni** — OH, bond breaking, '

An another example of digsociative mechanism is :
[Ni(H0)6 ] +NH3—> [Ni(H,0)5 (NH; )]** +H,0
For this reaction, the rate determining step is Ni%* — OH; bond breaking and the rate constant for

rate determining step is 4 x 10° s

(3) Aquation or Hydrolysis Reactions

The substitution reactions in which a ligand is replaced by water molecule are called aquation
reactions or hydrolysis reactions. The aquation reactions may be carried out either in acidic or neutral or
basic medium.

If the hydrolysis is carried out in acidic medium, then it is called acid hydrolysis and in this reaction a
ligand is replaced by H,O molecule. If the hydrolysis is carried out in basic medium (pH > 8) then it is
called base hydrolysis and in this reaction a ligand is replaced by OH™ group. : -

At intermediate value of pH the reaction is simply called as hydrolysis and both path will be
available. .

For example, aquation of the ligand X~ in ammine complexes of Co (II) in acidic (pH < 3) and
basic (pH > 8) medium is shown below : :

AtpH<3: : o . :
[Co (NH;3 )sﬁ” +H,0—> [Co(NH3)5 (H,0)]" + X~ (Acid hydrolysis)

where X~ = F—\’Cl',.Br',l_,NCS_,NOE L(@ 6} (961 Ut

At pH > 8: .
[Co(NH; )sCIJ?* + OH™ — [Co(NH3)s(OH))?* +CI™ (Base hydrolysis)

. - ) . ) e G Co LOH) —2=D
(1) Acid Hydrolysis of Cobalt (If) Ammine Complexes >

Ammine complexes of cobalt (I} have been most widely studied. In acid hydrolysis, water
molecule replaces a ligand (say X ™) from the coordination sphere. Since entering ligand (H,O) is
present in constant concentration, the rate law, therefore, does not contain (H,0). Thus, it implies that,
the hydrolysis reactions are of first order. ' lysis

- 2+ o 1 ’*Y.Jw ¥ dlj‘,
Rate = k,[Co(NH3)5X] ({.,'-A)' o

where k, is the rate constant for acid hydrolysis. ‘

This rate law does not indicate whether these reactions proceed by SN! or SN? mechanisms.
However, it has been observed that most acid hydrolysis reactions of octahedral complexes proceed by

dissociative process.
There are some evidence which support the dissociative mechanism for acid hydrolysis of Co(III)

ammine complexes.

(i) Effect of Leaving Group : The bond strength of a metal-ligand bond plays a major role in
determining the dissociation rate of the leaving ligand. As the metal-ligand bond strength increases, it is
difficult to remove the ligand and hence the rate of substitution reaction decreases. The rate of reaction is
related to the rate constant (k, ) and the smallest value of k, have the slowest rate of eaction and the
M-L bond strength is related to equilibrium constant (K). Large value of equilibrium constant (K)




1

implies that the ligand is tightly bound to metal and corresponding to large value of equilibrium constant
M-L bond dissociation is difficult and the value of k, is small i.e., rate of reaction is slow. Thus, it is seen
that the rate constant k, is linearly related to the equilibrium-constant ().

Mathematically,
E . AH® ASOI
Ink, =InA-—4 InK=-22 4
nka =Ind-pr RT * R
(Kinetic equation) (Thermodynamic equation)

If pre-exponential factor 4 and entropy AS° are constant and the energy of activation, £, depends on
the enthalpy of reaction, AH® then In k, and In K are related linearly.

If a graph is plotted between Ink, and InX for various [Co(NH3)5X]2+ cations {where
X =NO3,I",Br™,Cl™,F~ etc), a straight line is obtained (Figure 7.8).

~10 4
-9 T NCS™
-8 4. .

-7 +

Log k,

LlogKk —

gure 7.8 A plot.of log K versus log k, for a va(iety_ of pqnta_amirie (ligand)cobalt(III) complex cations

T

From the Figure 7.8 it has been observed that the reactivity of X groups decreases in the order :
' NOj3 >1” > Br™ >Cl” >F~ >NCS™
‘The Figure 7.8 shows that the stronger the M—L bond, slower is the rate of aquation.
1t is experimentally observed that most of the acid hydrolysis vreactions_meeeds by dissociative
_ N! ) mechanism.

/ (i) Charge Effect : The higher positive charge on complex cation makes bond breaking between
/ metal and ligand more difficult and, therefore, rate-of dissociation will be- sl_@v_vgr. Fo}E;(ample, aquation
of [Co(NH» )5Cl]2+ is slower than that of trans [CoNH; )4Cl,]".

_ gke los Lo 1)w) oL Cabiuy
0 dess  Couolin nsl

[Co(NH;3 )sCII™* + Hp0 —>[Co(NH; )s(H O/ +CI7 5 kg =6.7x 10°°5™
trans ~[CoNH3 )4Cl, I* +Hp0— [Co(NH3 ) (H;0)CH2 +CI 3 ko =1.8 x 107 5™
An increase in rate constant as charge decreases on complex cation often has been accepted as
evidence of dissociative mechanism. T
(iiif) Effect of Chelation : Let us conmsider the aquation of the non-chelated complex,
{Co(NH3) 5Cl]2Jr and a chelated complex, [Co(en) - (NH3 )Cl]2+rby_ dissociative mechanism.

S :
[Co(NH3 ) sCI* — [Co(NH;)s]** +CI”
".CN.=5
Fast

[Co(NH;3 )51+ + Hz0 —=25[Co(NH3)s (Ho0)'*

[Coen) (NH )CI2* ﬂvi>-fCo(en)C 204 P sCr
N=5

Fast
[Co(en)(NH )]** + HyO———> [Colen) 2 (NH3 )(H20)1**

It is seen that the intermediate obtained from tne -chelated complex is larger in size than that of the
intermediate obtained from non-chelated complex. There is less attraction between larger intermediate
and water molecules than between smaller intermediate and water molecules. Thus, a chelated complex
undergoes aquation at slower rate than a non-chelated complex. In a similar way a larger chelated
complex undergoes aquation at a slower rate than that of smaller chelated complex,

(iv) Steric Hindrance : If H — atom(s)-either of carbon or nitrogen atoms of ‘en’ group of frans
[Co(en),Cl, ]* are replaced by the alkyl groups like CH3,CoHs etc, the ligand becomes more bulky. It
is observed that more is the steric hindrence {i.e., crowding), the faster is the rate of aquation. Now the
question is that the aquation is consitent with either a-dissociative or associative mechanism.

If the aquation takes place by associative mechanism, due to steric hindrance it is difficult to reach
the water molecule to the metal cation to form seven coordinate intermediate and, therefore, the
associative mechanism is not possible. )

‘On the other hand, if the strained complex undergoes aquation reaction by dissociative mechanism,
the steric hindrence round the metal cation forces the chloride ligand out of the coordination sphere and
#n inférmediate of five covrdinate is formed. Since five coordinate intermediate is less strained than the
original complex, therefore, the aquation proceeds by dissociative mechanism. Thus, an increase in
steric hindrence favours 2 dissociative mechanism.

Base Hydrolysis

Replacerfient of a ligand from coordination sphere by OH™ is called base hydrolysis. The most
suitable mechanism has been given by Garrick which is called as SN ICB(substitution, nucleophitic, first
order, conjugate base) mechanism.

The mechanism of Co(IIT) complexes-containing amine ligands is shown below :

'[Co(NH3)5Cl]2+ +0ir iﬁé{co(NHS)‘t(NHz)cﬂ* +H,0 D)
 [Co(NH; ) 4(NH )CH* m%s'fCO(NHs)s(NHz)]er +CI” i)
A - Ch



R

F:
[Co(NH )5 (NH2)** +Hy0 — [Co(NH3) 5 (OH)J2* (i)
The first step involves the removal of proton from NH3 group by OH™ in a rapid acid-base
equilibrium forming amide complex ion of lower charge (a conjugate base of original amine complex).

Then this cox}jugate bas_e dis.soc'iates tolossCl™ inslow step [reaction (ii)] and finally it form the hydroxo
complex rapidly [reaction (iii)]. Thus, the second step is the rate determining step.

In Cp(LII) complexes containing amine ligands, the rate of base hydrolysis is million times faster
than acid hydrolysis because: '

D) kp >k,

where k;, is base hydrolysis rate constant and %, is acid hydrolysis rate constant.

(ii) The@ml:é' 'cbmplgxlgi.e., conjugate base) has lower charge than its original complex. Thus
this charge efféc es the removal of labile ligand (e, CI7). ' ’

(iii) In amido complex (i.e., conjugate base) the NH; Ligand has the tendency to form mbond by
donating its lone pair of electrons to the metal cation, Co (I} as shown in the Figure 7.9.

Hie) /N [ Aﬁw
NS ComCl— N =Co +al” o,
u’ /| TN W’

The .fonna_t‘ioﬁ of Co—=N n-bond increases the electron density on cabalt which inturn repells
the labile ligand, CI™ and the mbond also stabilizes the five coordinaté intermediate. The donor
wbonding is a strong evidence of an SN! mechanism. Since the dissociation step which is the rate

determiping step uses the conjuéate base of the original complex, therefore, it is called as SN!CB
‘mechanism. ’ - o ,

It he_ls been suggested that, the hydroxide ion abstract proton from the NH3 group which is trans to
the leaving group; i.e., the halo group. '

I NH,4 1% r NH, 1+
HaN o cl HoN Ci
K
Co S Co Siow, ky -
-cr
HyN NHj H,N NH,
L NH, J L NH, J
NHa 24+ [ NH3 ._ 2
HaN\ f HaN — OH
Co——nNH, R0
HoN e i , Fast
W, HN NH,
L NH3 K

Now from acid base equilibrium (i),
= [CBIH0]

[CoNH;3 )sCIF* [OHT }
where K is the equilibrium constant for acid-base equilibrium (i),
K[Co(NH;3)5CIJ[OH ]
- [H,0]

[CB]=

Now for rate determining step (ii),

Rate =% [CB]

Tharr-
Rate — KKICO(NH3 )5 CI*JOH ]
[H,0]

Rate = k; [Co(NH3 )5 C12* OH ]

where k; is the rate constant for dissociation of conjugate base in rate determining step and
194
[H20]

The rate determining step is dissociation of conjugate base [reaction (ii)] but since its concentration

Kk

depends on the OH™ ion concentration through equilibrium and the reaction rate is proportional to OH- -

ion concentration. .

Base hydrolysis proceeds by SN mechanism but it is consistent with second order : First order with
respect to the complex and first order with respect to the base. _ .

Only OH™ ions affect the rate of hydrolysis and the other bases are uneffective as such. The
acid-base equilibrium [reaction (i)] is established more rapidly than the over all reaction.

In base hydrolysis of Co (III) complexes containing amine figands, the five coordinate intermediate
may be either square pyramidal or trigonal bipyramidal. If a square planar intermediate is formed, then
there is no movement of ligands after removal of CI™ from the conjugate base. Therefore, under normal
conditions (i.e., in the absence of n-donar ligand), the square pyramidal intermediate is more stable than
TBP intermediate. C }

On the other hand, in trigonal bipyramidal intermediate there is movement of some ligands which
requires some amount of energy. Thus, under normal condition (i.e., in the absence of m-bonding) TBP
intermediate is less stable. But in the amido complex of Co (IIf) (¢.e., in conjugate base) the ligands such
as—NH3 or RNH™ are coordinated to Co (III) and these ligands are w-donor. These n-donor ligands form
wbonds with Co (III} ion and the TBP intermediate becomes more stable than the square pyramidal
intermediate because some energy is released in =bonding which is greater than the energy required to
form TBP intermediate. Thus, base hydrolysis of Co (Il) complexes containing amine ligands is
expected to proceed by SN 1CB mechanism through TBP intermediate.

For base hydrolysis it is essential that there should be at least one ligand in a complex which have
acidic protons. The reaction proceeds by SN 'CBmechanism involving a TBP intermediate. Water, rather

than OH™, is the entering group.



Chelation and the steric hindrance increase the rate of base hydrolysis. The rate of base hydrolysis is
high for diamines. It suggests that reaction proceeds by dissociative mechanism.

Now let us consider rates of base hydrolysis of [Co(en), LCI]* complex ions where L = I,
OH™,NO3,CNetc. e
\g ‘/14@ rate of base hydrolysi§ o@o(en)zplz]ff is faster whereas the rate of base hydrolysis of
TCo(en), (NO2)CIT™ aid [Co(en), (CN)CI' is slower than expected. The low reactivity of
[Co(enjz (NOz)Cl]+ and [Co(en)z(CN)Cl]+ complexes to base hydrolysis inspite of relatively larger
value of K, can be explained on the basis of n-bonding effect which is shown below :

o

H2N=Co=.N<".
AN

The electronic charge that the amido group provides to the cobalt atom is removed by nitro group
due to M — N m-bonding. Thus, it reduces the tendency of labile gréup to dissociate. The ligand CN~
behaves similar to NO3 but to a lesser extent. The halide ions do not undergo such r-bonding and thus
are easily activated. ) '

(Q The rate of hydrolysis of [Co(py)4Cla]* or [Co(CN) s Cl]3_ is independent of OH™ concentration
because there is not protonic hydrogen in the two complexes. ' ,
@ Let us consider the base hydrolysis of the [Co(tren)(NH3 )C'l]2+ complex ion. The rate of base

. hydrolysis depends upon deprotonation of the W@@ to.the leaving group. In other words,
we can say that the protorn of the amino group trdns to the leaving group play an important role in the rate

of base hydrolysis. The [Co(tren)(NH3 )Cl]2+ ion exists in two isomeric forms having the red and the
pﬁrple colours. In the red isomer, the leaving group Cl ™~ is zrans to the —NH; group {Fig. 7.10(a)] and in
the purple isomer the leaving group (i.e., the halo group) is trans to the amino group which have no
proton {Fig. 7.10(b)]. _ '

. 2+ 2+

@) : ()

sty Pumledsomer,

The red isomer of {Co(tren)(NH3 )CI]2+ ion is hydrolyzed much more faster than the putple isomer.
The red isomer has a removable proton on the nitrogen atom trans to the leaving group. The

deprotonation of amino group by OH™ ion leads to the formation of a trigonal bipyramidal intermediate
in the dissociative (D) or interchange dissociative (7,;) mechanism. The ligand tren stabilizes the TBP

intermediate by ligand’s amido group to metal m-interaction between the NH ™ group lone pair and an
appropriate metal orbital. .

Therefore, rate of base catalyzed hydrolysis of red isomer of [Cb(fren)(N H 3)Qﬂ2+ is much faster.
The base catalysed hydrolysis of red isomer of [Co(tren)(NH 3 )CI?* {Figure 7.11(a)] leads to attack of
hydroxide ion along any of three equatorial edges of TBP intermediate and forms only one product
[Figure 7.11(b)]. Thus hydrolysis of the red isomer-of [Co(tren)(NH 3 )Cl]2+ leads to complete retention
of configuration. . :
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] 2!
HZN/ | \NHZ ’
NH,
(a
H;0
2+
H N T OH
2
\Co .
| \NHZ
NH,
N
NH > 98%
o [N M o
B AN
H,N | NH,
cl
()
-or | T/\
NH,
"o Co< 15%
N/\ o ef HzN/ | Non
‘ | NH, NH,
o’ @
(d) H}g ] /NH2
K /Co\ 85%
H,N CI)H NH,
{f)




On the other hand, the purple isomer of [Co(tren)(NH; )CI]2+ [Figure 7.11(c)] ion gives two

products, the major product (85%) is same as that obtained by the hydrolysis of the red isomer, the other
product is only 15%. This reaction occurs through squarepyramidal (SP) intermediate [Figure 7.11(d)]
which is unstable. Some of this is trapped and givens only 15% [Figure 7.11(e)] yield and the majority
rearranges to give the major product 85% [Figure 7.11(f)] which is given by the red isomer. The major
product is obtained, when the hydroxide ion attacks from the site of the leaving group and the minor
product is obtained, when the hydroxide ion attacks in the plane.

Substitution Reactions without Breaking of Metal-ligand Bond

There are some reactions where ligand exchange takes place without cleavage of the metal-ligand
bond instead bonds within the ligands themselves are broken and reformed. For example, in acid

solution, amminecarbonate complex of Co(IIl) like [Co(NH;)s(CO 3)]" are converted to the
corresponding aqua complex [Co (NH;3 )} (HZ_O’)]_3 * with release of CO,. When the reaction is carried out

in the presence of '®O-labeled water in acidic medium (Hs ! 8O) ¥, itis observed that no labeled '30 goes
into the resulting aqua complex. Hence the Co—O bond must be retained during the course of reaction.

[(H3N)sCo—0CO, T +2H;'*0* — [(H3N) s CoH,0)1** +2H,"%0 +C0,
Mechanism :

The most suitable mechanism for this reaction involves proton attack on the oxygen atom bonded to
cobalt atom and CO;, is then removed by the cleavage of O—C bond.

2+

. o ¥ Fast 0
[(H3N)5C0—O—C< } +H" = |(H3N)sCo—0—C¢
0 Non

H 2+

. 0
=] (H3N)5C0—O—--C<
. \\.O

Slow

=25 [(H3N)5sCo(OH)]** +CO,

+H+l Fast

[(H3N)s Co(OH, )I**
Thus, this reaction is a decarboxylation tather than an acid hydrolysis reaction.
Similar mechanism have been made for [Co(NH3)4CO3 1" complex. In acidic medium
[Co(NH3)4C03]" havingCO} as bidentate ligand is converted to cis- [Co(NH3 ) (H;0), 1** . In '80

labeled water (H2180), half the oxygens in the product are derived from the solvent.

The first step involves the cleavage of chelate ring (i.e., Co—O bond) and one H,0 molecule from
solvent enters into the coordination sphere. The second step like that of [Co(NH3 )5 (CO3 )] involves the
removal of CO, with cleavage of the O—C bond but without cleavage of the Co—O bond. :

Now consider an another reaction of formation of a nitrito complex {(H;N) 5C0(QN0)'.]2+ from its
corresponding aqua complex, [(H3N)s CO@P]M- which takes place without the breaking of
metal-ligand bond.

[Co(NH3 )5 (OH,)]** +NO3 — [Co(NH3 )5 (ONO)** +H,0

This reaction is very rapid which in itself suggests that the Co—O bond is not broken and can be
confirmed by using labeled B0in aqua complex.

[(H3N)sCo— O, I** +NO7 — [(H3N)sCo— "*ONOJ** +H;0

Mechanism :
In weakly acidic solution, the nitrosating agent is N 03 which attacks the unshared pair of electrons

on the amine nitrogen by splitting into NO™ and NO7 - N0 is obtained by dissociation of HNO,.

2HNO; —=N;03 +H;0

Fast
[(H3N)sCo— 0H, P** + HyO=—[(H3N)5Co—"8 OH]*" +H;0"

: Sl
[(H3N)sCO—"80H} + N,03 —3|(H3N)s —Co— B0 ————H %

0= N----0ONO

B2 [(H3N) sCo( 'BONO)] + HNO,

In the transition state, it is the O—H bond which is broken but not 2 Co—O bond. Thus, oxygen of
the H,Oligand is retained in the nitrito ligand.

STERIOCHEMISTRY OF ACID CATALYZED SUBSTITUTION REACTIONS

1t has already been discussed that most substitution reactions in octahedral complexes proceed by
dissociative (D) or interchange dissociative (I ; ) mechanism through 5-coordinated species either square
pyramidal (SP) or trigonal bipyramidal (TBP) intermediate (Figure 7.12).
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Let us consider the substitution reactions of cis- and trans-isomers of [Co(en)ZClY]2+ with H»O.
The substitution reaction in cis—[Co(en)ZClY]2+ with HyO proceeds through 5-coordinate
squarepyramidal intermediate [Co(en)zY]3+ to give cis-[Co(en)2Y(I-IZO)]2+ because the

squarepyramidal intermediate has a single site for attack by H,O. [Figure 7.13] Thus, hydrolysis of cis-
[Co(en)ZClY]2+ type complex ion leads to complete retention of configuration.

N‘{‘ 24 en 3+ N1 3
. | _ N
N N N —\ ] N | N
‘en( \Co/ 1 —or |, \‘ ‘ 0 e"( \Co/
N/ \Y' — /Co{ N/ \Y
_ N l Y : .
cl L, -
cisdsomer Site for attack 100% cis-isomer
by H,0 )
FigureT:13;

The substituiog reaction of Cl™ in lral1s-[Co(en)2ClY]2+ by H,0 proceeds through 5-coordinate
trigonal bipyramidal intermediate-to give mixture of cis- and trans-isomers of [Co(en)zY(HZO)]3+
{Figure 7.14] because H,O molecule can attack the trigonal bipyramidal intermediate at all of the three

sites in the euqatorial plane. If Y is a good mdonor, then i form m-bond with metal cation and stabilizes
the TBP intermediate. In this case the substituion-occurs definitely through TBP intermediate.
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In general, frans-complexes of the type [Co(en)ZClY]2+ undergo steriochemical change upon
hydrolysis whereas cis-complexes of the type [Co(en)ZCiY]2+ unde_rgo hydrolysis with retention of the

configuration. ‘ .
. In general, cis-isomers react more faster than the frans-isomers. The ligand Y ({rans to the leaving
group) that leads to steriochemical change in trans-isomers are that with lone pairs of pr-electrons,

‘These pr -electrons interact through ligand to metal n -bonding with an empty metal orbital and

stabilizes the TBP intermediate (Fig. 7.15).
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Therefore, the n-donor ligands such asCl™, Br™, I~, N-bonded NCS~ , NH3 etc stabilize the TBP
termediate and favour the steriochemical change. )

On the other hand, the substitution reaction in cis-isomer [CoL4YX]™ with H,0 proceeds through
coordinate squarepyramidal intermediate [CoL,;Y]("+ 0¥ and the pr-lone pairs of electrons on the

-ligand stabilize the squarepyramidal intermediate by interaction with the metal p-orbital previously

eoccupied with 5-bonding to the leaving group without rearrangement and the reaction will be more
ster since there is no need for rearrangement.

UBSTITUTION REA!

The greatest number of square planar complexes usually occur with transition metal ions of 4°
ectronic configuration. These include complexes of Ni(II), Pd(II), Pt(I), Rh(I), Ir(I) and Au(n).
juare planar complexes of Pt (II) have been extensively studied and analysed because : (i) square planar
mplexes of Pt(Il) are most stable, (ii) easy to synthesised, (iii) Pt (i) complexes of C.N. 4 are always
uare planar unlike Ni (II) complexes which form tetrahedral complexes with weak ligands and square

inar complexes with strong ligands, (iv) substitution reactions in Pt(Il) complexes undergo at slow
es and are, therefore, convenient for laboratory study.

Ligand substitution reactions in Ni(II) and Pd(Il) square planar complexes undergo 106 and 107
1es more rapidly than Pt(II) complexes respectively.

As " we have discussed earlier that the substitution reactions in octahedral complexes proceed by
sociative (SNl)' mechinism but the square planar complexes undergo substitution reactions by
ociative (SNZ) mechanism. When square planar complexes of Pt(IT) undergo substituion reactions

te is retention of configuration i.e., cis-isomer gives cis product and trans-isomer gives trans product.

is observation suggests that Pt (IT) square planar complexes do not undergo substitution reactions by
sociative mechanism.

ctors Affecting Rates of Substitution Reactions in Square Planar Complexes of Pt (i)

Several factors that affect the reactivity of square planar complexes are :

(1) Nature of Entering Ligand (2) Nature of Leaving Group : .
(3) Charge Effect (4) Steric Effect of Non-leaving Ligand -
(5) Solvent Effect (6) Trans Effect T

(1) Natare of Entering Ligand : We know that the equilibrium constant of substituion reactions -

be used to rank ligands in order of their basicity (i.e., strength as Lewis base). Thus, basicity is a
modynamic property and it is measured in terms of PK, of conjugate acid of a Lewis base. _
Rates of reactions that proceed by an associative mechanism is strongly dependent on the
leophilicity of the entering group or ligand. Nucleophilicity of an entering ligand is the measure of its
tive rate of attack on a complex in nucleophilic substitution reactions. It implies that nucleophilicity
. kinetic term. The nucleophilicity is parallel but not necessarily equivalent to basicity i.e,
leophilic character of the reagents does not correlate their basicity. Basicity is of less importance but
rizability plays an important role in determining the reactivity of the ligand. Further, the
rizability of a ligand is always more important for rates than-for equilibria. Now according to SHAB
ciple, soft (polarizable) ligands are more effective towards soft substrates (i.e., complexes) and
larly hard ligands like OH™ are more effective towards hard substrates. ’

3

For Pt(II) square planar complexes, since Pt(1l) is a soft substrate, thus more palarizable ligands are

good nucleophiles.

Increasing order of nucleophilicities of some ligands for P(iI) square planar complexes is :

OH < H,0 <CI™ ~ NH; ~alkene ~C¢HsNH, < pyridine< Br™ < NOj < Nj

~SCN™ ~I” < tu <R3P.

Finally more is the nucleophilicity of an entering ligand higher will be the rate of substitution

reaction by associative mechanism and vice-versa.
(2) Nature of Leaving Group : The effect of leaving group has been studied in the following reaction:

[Pt(dien)X ]* +py —> [Pt(dien)py]** + X~ .4)
In complex [Pt(dien).X ], the three coordination position are.occupied by the inert ligand, dien and

entering ligan& isalways pyridine ‘\(_Pz). The variable in the above {eaction isonly X~ (ie, the leaving
ligand). As X ~ ligand is changed, the rate of reaction is also changed. The value of rate constants for
various ledving ligands in the reaction (i) are given in the Table 7.3.

Table 7.3 : Rate Constants for the Reaction (i)

NO3 L Very fast
H,0 - 1900
- 35
Br- 23
I 10
N3 0.80
SCN™ 0.30
NO3 ' 0.05
.CN™ - 0.02

“The observed rate constants for various leaving ligands suggest the following order of rate of
reaction : )
NO3 >H,0>Cl” >Br” >I" >N3 >SCN™ > NO; >CN
This order of rate of reaction indicates that the leaving group has signiﬁgant eff.ect on the ra?c- of
reaction. It also indicates that considerable Pt—X bond breaking is involved in forming the transition
state and it is observed that Pt—X bond breaking make a contribution comparable to that of the formation
of Pt—py bond. .
i i i i ) PtCl4]
(3) Charge Effect : Martin-efal has been studied the hydrolysis of the series of complexes [PtCl4 ™,
[Pt(NH3)Cl3 ], [Pt(NH3 ),Cl, ] and [PqNH3)3CI]* with charge varying from — 2 to +! (i.e., 3 umf
change in charge on complex). It was observed that rates of hydrolysis of these four comnplexes.are

i i i in charges but théreis a
approximately same (vary only by a factor of two) . There is a large difference in ¢! but tigre
rggarkable small variation in the rates. The Pt—C] bond breaking shquld be, more difficult in complexes




with higher positive charge and also, in the complexes with higher positive charge, the ligand
approaches easily. The discussion indicates that Pt—Cl bond breaking and Pt—OH, bond making both
are of equal importance and the reaction proceed by associative (A) or interchange associative (/)
mechanism.

(4) Steric Effect of Non-leaving Ligands : The octahedral complexes are closed to nucleophilic
attack and whereas square planar complexes are open to nucleophilic attack. Thus, octahedral complexes
undergo substitution reactions by dissociation mechanism and the square planar complexes undergo
substitution reactions by associative (SNZ) mechanism. If steric hindrance increases, the rate of
substitution in octahedral complexes increases because steric hindrance favours the dissociation. Bulky
groups block the approach of attacking ligand. The dissociative reaction reduces the coordination
number and the overcrowding decreases.

In square planar complexes, since the substitufion reaction proceeds by associative mechanism,
therefore, steric hindrance decreases the rate of reaction because the overcrowding opposes the
increasing of coordination number (i.e., formation of intermate or transition state of C.N.5).

The rate constants observed for hydrolyses of cis and trans-[Pt(PEt 3 }, LCI] are shown below :

— pecids i N_ 2,6-dimethyl
L =Pyridine 2-methyl pyridine pyridine
For cis Rate constants (s™) ~ 8x10°7 2.0x107* - 1.0x107
D . \
For trans 12x107* ©1.7x107° 34x1078

In cis complex, when L is pyridine there is less crowding and rate of hydrolysis.is faster. When L
is 2-methylpyridine i.e., the methyl group is adjacent of N-donor atom, it increases the-crowding and
hence decreases the rate. In 2-methyl pyridine complex, the methyl group are either above or below the
plane and thus shields the Pt(Il) either above or below the square plane. In 2;6-dimethyipyridine
complex, crowding further increases near the N-donor atom and hence again the rate decreases. The
methyl groups block the positions above and below the plane. The effect of steric hindrance is smaller if
Listrans to Cl™ .

{5) Solvent Effect : It has been observed that the solvent path for square planar substitution
involves direct replacement of X ~ by the solvent. If there is an increase in coordination ability of the
-solvent with metal cation, then the contribution made by this path to the overall rate-of reaction would
also increases. This is in accordance with the experimental results of the solvent effect on the rate of
o exchange with trans{Pt(py}),Cl, jcomplex. Effect of solvent on the rate of 3¢t exchange with
trans-[Pt(py)2Cl; ]is given in Table 7.4

Under the expermental conditions, viz. moderately low concentration of 36Cl“, the solvents are
divided into two categories : :

(i) The good coordinating solvents like DMSO, H,0, ROH etc which provide almost entirely a
solvent path for exchange [k; >> k¢ (CI™)] For these solvents, the rate of exchange is independent of

{CI" 1 For good solvent, the value of Ky increases in the order : ROH <H,0 ~ CH;NO; < DMSO. The
rate of exchange is faster in DMSO than in water.

Table 7.4
DMSO ‘ 3.8x107 CCly ' 10
H,0 ‘ 3.5x10° CgHs ‘ 10?
CH3NO, ] 32x10° 1-C4HgOH _ 107
CoH;s0H 1.4x10° '

(ii) The poor coordinating ligands such as CCly, CeHg, sterically hindered alcohols etc which
contribute little to the overall rate of reaction. For these solvents, the rate of exchange depends on the
concentration of C™. '

(6) Trans Effect : Ligands other than the entering and leaving groups may affect the rate of
substitution reaction. A ligand which is not lost in the reaction is called a spectator ligand.

The effect of a spectator ligand coordinated to metal cation upon the rate of substitution of ligands
trans to it is called trans effect.

Chatt-et-al have suggested that the trans effect of a spectator ligand or group attached to a metal cation
is the tendency of that group to direct an incoming group to occupy the position trans to that group.

The spectator ligand or group which directs an incoming ligand to occupy the position frans to it is
called a trans-directing group or trans director.

Now consider the substitution reactions in square planar complex, trans MLX3 in which L is a
spectator (ot non-leaving) group and X frans to L is a leaving group.

if the ligand X trans to ligand L is replaced rapidly by another ligand ¥ to give MLX Y, then L is
said to have large labilizing effect or trans labile effect. Since the ligand L makes the ligand Xlabile zrans
to it so the frans effect is also called as labilizing effect.

L X L X
AN M/ +Y , N M/
The labilizing effect or trans effect of some ligands follow the order : - -
(High end)CN~,CO, NO, C;Hy >@Ré, AsRs, H™ >CH3, SC(NH, ), >CeHs,NO3,17, -
— e TN T emeee— e [ toe - .
SCN™ >Br~ >Ci” >py>RNH,,NH; >F~ >0H™ > H;O{lowend) -

The series given above is called trans directing series.

The ligands likeCN~,<C0, NO,C, Hy ete. lying on thie high end are n-acceptors and are strong trans
directors. On the other hand, the ligands likeOH ™, H,0lying on weak end are very poor frans directors.

A strong trans director has the ability to promotes more rapid substitution of theligand trans to it
self than it does of the ligand cis to itself.

The trans effect is a kinetic phenomenon because trans effect of a ligand L promotes the rapid
substitution of ligand (X ) frans to itself. 7 .

The trans effect (i-¢., kinetic trans effect) is differentiated from #rans influence. The orans influence
is a thermodynamic phenomenon, i.c., ligands can influence the ground stase properties of ligands to
which they are trans such as the trans M-L bond distance or the vibrational frequency. For example : A



ood trans- directing ligand weaken the bond between the metal and the trans ligand. The trans
1fluence is shown in the following complexes :

238 pm 233 pm 232 pm
1 / Ci Cl / Cl Cl / Cl
RN \pt s \pr/
/N G2 SR /N
EtsP Cl If Cl Cl Cl
CH,
(@ ® . ©
From the complexes (a), (b) and (c) it is observed that the order of trans influence of trans ligands is -
Et;P>CH; =CH, >Cl~ N

pplications of Trans Effect

Most of the work on trans effect has been done on square planar complexes of Pt(T).
The trans effectis very useful in the synthesis of large number of square planar complexes of Pt(II).
1. Synthesis of cis- and trans- [Pt{NH3),Cl;,]:

The synthesis of c_t"_s--[Pt(N H3),Cl; ] is carried out by treatment of the [PtCl4 ]2— ion with ammonia.

) o
a,, o [OI N N
a’ Na| g/ Na | o g/ N NH,

cis-[Pt(NH3 ), Clp ]

In the second step of this reaction ammonia occupies the cis position because the trans effect of CI™

preater than that of ammonia.
It means that the least reactive 1~ in [Pt(NH 3)2Cl 1 is trans to ammonia.
The synthesis of trans [Pt(NH3 ), Cl, Jis carried out by the treating [Pt(NH; ) , ]2+ withCl™.
2+ HaN c +
+Cl™ 3 \ Pt

- [HsN - a
AN ~NH; |
H3N NH;

N7 NNpy | M| o N NH,
' trans-[Pt(NH3),Cl5]

In the above reaction C1™ replaces most labile NH;3 in[P(NH3),Cl, I* whichis trans to Cl~ group
! thus results in the formation of trans [Pt(NH3),Cl, .

2. Synthesis of cis- and trans-{Pt(NH3 )(NO3)Cl,] ™ Ion :

The synthesis of cis- and trans- isomers of [PtNH 3)(NO3)Cl; ] ion is based on trans directing

lity of gl—, N_H}__ and NE)E groups which is in the order of :
NO3z >ClI™ > NH;

The cis-isomer is prepared by the action of NH3 on [PtCly ]2_ followed by NO3 group.

group.

LS

N @ 2 g JON N AL/ Np ™

a’ Na| “la’ Na | | a/ Nno,
cis-[Pt(NH3)(NO2)Cla T

On the other hand, trans isomer is obtained by treating [PtCl4 1>~ with NOENfollqwed by NH;
a. L alf e C NO, T a NO, "
\Pt/ +N02> \Pt/ LHE) ) \Pt/

a’ Nal " la’ Na - NS Na

trans-[Pt(NH3 }(NO7 )Cl2 |~

3. Synthesis of cis- and trans- [Pt(C,H4 }(NH3)Cl,] : o
The synthesis of cis- and rans- isomers of [Pt(C2Hy4 )(NH;3 )Cl; ] is based on the trans directing

ability of C;H4, NH3 and Cl™ ligands which is in the order of :

C,H4:> ClI™ > NHj.
The cis-isomer is prepared by treating [PtCl,4 ]2_ with NH3 followed by CoHy.

#

S NH; [ei NH3
D = et
a’ Nal “la’ Na -7 o CoHy
' ' ‘ cis-{ Pt (CoHa)(NH3 )CI]
The trans-isomer is prepared by treating [PtCl,4 ]2_ with CyH, followed by NH3 ligand.
- B e CH
cl CoHy : C 2Hy
ONpe ) e O\ LN >Pt< o
a’ Nal O la’ Na 0 LN Na

trans-{ Pt(CoH4 }(NH3)Cl;]
4. Synthesis of cis- and trans-Isomer of [Pt(PR3),Cl,]:
Since trans effect of PR 3 is greater than that of C1™, therefore, trans-isomer is obtained by treating

[PtCl4]>~ with PR as follows :

) 2- PR- | Cl PR;
O N T LN a7
a’ Nal % |a” Na ~Rgp” N

trans-{ Pt(PR3)2Cli2]




The cis- isomer of [Pt(PR 3 ), Cl; ] is obtained by treating [P{(R 3 P)4 ]2+ with C1™ as follows :

- 224+ + '
[R3P PR _ R,P _ [RsP
Ry \Pt< 3 o L I LN
- +
R;p7 VPR, SR Ny | T |rp” Na
cis{Pt(PR3);Cl,]

5. Synthesis of Isomer of [Pt(NH 3 )(Py)CIBr] :

The order of trans-directing ability of NH3, Py, CI” and Br™ is, Br™ >Cl~ > Py > NHj and the

order of bond strength is Pt-NH3 > Pt- Py > Pt- Br > Pt- CL These two facts govern the synthesis of
three isomers of [Pt(NH 3 )(Py)CIBr].

. _
[l Cl” amy [C1 NH; - la NH; Py NH;
>Pt< — >Pt< B, >Pt< | LIRS RS Y
la” Na a’ Na a’” e |0 Ja/ N

When Br™ is added to [Pt{NH3 )Cl3]", one of the ligands zrans to CI™ is replaced rapidly and the
product so formed is [Pt(NH3)BrCly]™ rather than [PtBrCl4 ]2_ because of greater Pt-NH3 bond
strength. Now when Py is added to cis{Pt(NH3)BrCly7", the CI” trams to Br~ is replaced by Py
because of greater trans effect of Br™.

The second isomer of [Pt(NH 3 )(Py)CIBr] is prepared as follows using the concept of trans effect.

. _
Ja Cl Lol Py - la H3yN p

Nped | INpe | e, (TN | [N, Y
la” Na| - la” Na| -a g/ Ng|[ | g/ Ng

The third isomer of [Pt(NH4 j(Py)ClBr] is prepared-as follows :

a. P P H;N P
o By om0, P [
a cl al py| -9 | a py| P | a” Ny
- Inthe second step of this reaction the substitution is controlled by the lability of chloride whereas in
the third step it is controlled by higher trans effect of CI™,

In this reaction, the second step is seen to be against the trans effect but it is not s0. The trans effect
does not predict that any ligand trans toCI~ should be replaced more rapidly than any ligand trans-to Py
but a-Cl™ trans to CI” will be replaced more rapidly than aCl™ trans to Py if there is an ambigity
{or choice) but here, there is no choice. In the fast step if we know that Br™ is the entering and Py is the
leaving group, then trans effect predicts the replacement of the Py trans to Ct™. :

To Distinguish between cis- and frans-Isomers of [PtA;X2 ] Complexes :

The trans effect has also been used by Russian chemists to distinguish between -cis- and trans-
isomers of the [PtA;X 5] type complexes. (where A = NHx or amine group and X~ = an anion like
CI", Br™ etc.) For example : cis{Pt(NH3),Cl;] reacts with thiourea(ts), HyNCSNH; to give
{Pt(tu)4]2+ whereas under the same condition the trans{Pt(NH; ),Cl, ]gives [Pt(tu), Cl, ].

This test is known as the Kurnakov test. This test works for [P{NH;), X ] complexes
(X7 = halides) because the trans effect of tu is greater than that of amine and halide ion.

cl NH;| oo Ta Tu] [Tu )
PO R E Nt 0
Cl NH; | ~20° |l Tu| ™7 |Tu Tu
N a H;N w | ;N T
) t Npi T N _m, PNp
~lsa” \\NH3 -« NN Y N NH; |
trans-[Pt(NH3 ), Cla , trans{Pt(NH3 )2 Cl, ]

In the cis-complex, the ammonia molecules are labilized by the trans-halide ions and, therefore,
ammonia molecuels are replaced by two thiourea molecules. Now the halide ions trans to thiourea
molecules are labilized and these halides are also replaced by the thiourea molecules. Hence all the
positions are occupied by thiourea. In the trans- complex, the halide ions labilize each other and,
therefore, only these ligands are replaced by thiourea molecules.

Similar results have been reported for reactions of thiosulphate (S 2(_)%‘ )ion instead of fu,-cis- and

. trans- [Pt(NH3),Cly] reacts with excess of SZO§_ ion to form [Pt(SZO3)4]2_ and
. [Pt(NH3 )2 (S203 )2 Jrespectively.

THEORIES OF TRANS EFFECT

Several theories have been given for the explanation of the trans effect. The two important theories
representing different approaches are discussing here :

~(1) The Polarization Theory

This theory was developed by Grinberg {1927) to explain the trans effect and is a thermodynamic
approach. The frans directing ability of a ligand is related to its pclarizability. According to this theory
the large trans effect of L in {PtA,LX] complex destabilize the ground state by weakening the
metal-ligand bond (i.e., the. M—X bond) irans to itself. The weakening of M—X bond trans to L
decreases the activation energy {the -difference in energy between the ground state and the transition
state) and the rate of reaction is increased.



The extent to which a ligand affects the ground state properties such as metal to ligand bond
distance, the vibrational frequency and coupling constant trans to itself in a complex is called the trans
influence.

Let us consider the following two types of square planar complexes of Pt(IT) to understand this
theory :

() PtX 4 Type Complex : : Accordig to this theory the P{([) cation induces a dipole in all the four

ligands. Since all the four ligands (i.e., ligands trans to one another) are same, therefore, the induced
fipole of one ligand is cancelled by the dipole of its trans ligand and thus the resultant dipole is zero.
‘Figure 7.16). Hence none of the four ligands show trans effect.

(ii) [PtLX 3] Type Complex : The primary charge on Pt(Il) ion induces a dipole in all the four
igands. The dipole in two X ligands which are similar and frans to each other balance each other. Thus,
my of these two ligands do not show frans effect. On the other hand, the two ligands L and X which are
rais to each other do not because Lis Iarger and has greater polarizability than X. The net result is that
he primary charge on P(II) ion induces  dipole in L which in tum induces a dipole in PY(IY). In other
vords, we can say that Pt(II) and L both becomes polarized or distorted {Figure 7.17(a)]. The orientation
f this polarization (or dipole) is such that the positive charge at the point of PY(II) trans to L is reduced
nd the will be negative charge at the point of P(II) &rans to L [Figure 7.17(b)]. Thus, this negative
harge repel the ligand X. Hence the attraction of X for Pt(TI) is reduced and the Pt—X bond trans to Lis
:ngthened and weakend. The Pt—X bond trans to L becomes longer and longer than Pt—X bond cis to
. (Figure 7.21) because there is no polarization in two X ligands which are trans to one another. The
reakening of Pt—X bond trans to L enhances the replacement of X trans to L by the incoming ligand.
he ligand L which has the greater polarizability also has the greater trans effect.

- drdn* bond) and also stabilizes the transmon state or intermediate.

(2) The n-bonding Theory

The electrostatic polarization theory has explained the frans effect of the ligands which are g-donor
and lie at the low end of the #rans effect series like Cl™, Br™, I, OH™, H,0, NHj etc. But this theory

could not explain the trans effect of ligands which are m-acceptors and lie at the high end of trans effect -

series like CO,CN ™, CyHy, NO, PR 4 etc. The high trans effect of 7 acceptor llgands can be explained
on the basis of #-bonding theory.

According to this theory the vacant mor n* orbitals of the - acceptor lloand (L) accepts a pair of
electrons from the filled d-orbitals (a’ ord;)ofthe ‘metal to form the M L = bond (dmpm or drednor

Let us discuss the trans effect in trans-[PtAzLX] (where L is the mwbonding ligand). In trans
[PtA,LX]complex an olefin (C, Hy ) form ac-bond by donation of its m-electron denstiy to platinum, the
ligands CO, CN'~ form 6-bond by donation of a pair of non-bonding electrons from carbon to platinum
and R; P forms o-bond by donation of a pair of electrons from phosphorus to platinum.

When the ligand like (CO, CN™, CyHj) forms a bond, there is donation of electron density, from
ametal orbital of 7-symmetry (say d,,) intoa ligand (say C, Hy) orbital of same symmetry, the ligand n*
orbital. . _

The withdrawal of electron density from platinum increases the electron density towards the ligand
L and dimnishes in the direction of ligand X, Thus, the Pt-X bond is weakened and entérance of an
incoming ligand (Y) becomes easy. This implies that the transition state (trigonal bipyramidal) is
stabilized and the rate of substitution reaction is enhanced. This is, of course, the effect of metal to ligand
dr— n* bonding (Figure 7.20).

If L is CO, then w-bond is formed by donation of electron pair from d-orbitals of Pt(II) to the vacant
=¥ of CO (Figure 7.18). '

IfL is R 3P, then wbond is formed by donation of electron pair from d-orbitals of Pt(I1) to the vacant
d—orbltal of phosphorus (Figure 7.19).

The strong m-acceptor ligand (L) occupies an equatorial position in the trigonal bipyramidal (TBP)
intermediate and forces the ligand X to replace to form the square planar product.

The five coordinated trigonal bipyramidal intermediate is stabilized because there is a strong
interaction of the filled d-orbitals of Pt(Il) with the orbitals of equatorial ligands than with the axial

igands. ‘ A ‘
i 2

.Figure 718, Metal toligand-transfer of pait-of electrons.to. form dn =7

PH
&3

:Figure 7:19:Metal o ligzand donafion: of pair.of electmn to-form drir = dnbond:.
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Pt—X bond length increases
~ due to decrease in electron density

The ligands lying on high end in the frans effect series are s‘trong- m-acceptros, followed by strong
o-donors (i.e., strong polarizable) like SCN ™, 1" ete. The ligands at the low end of the series are neither
strong o-donor nor n-acceptors but these are strong m-donors like H,O, OH™, NH3 etc.

Substitution reactions in octahedral complexes proceed by the dissociative (i.e., Sy1) mechanism
because after dissociation of one group, addition of an incoming group does not change the coordination
number i.e., there is no increase in steric hinrance during the dissociative mechanism and the stability of
intermediate (C.N. = 5) is greater. If the reaction in octahedral complexes would occur by associative
mechanism (i.e., Sy2 mechanism), then there will be increase in coordination number (i.e., increase in
steric hindrance) which causes the decrease in stability of the intermediate or activated complex of
coordination number 7.

The nucleophilic substitution reactions in squarg planar complexes proceed through associative
(i.e., SN2) mechanism because ‘there i§ small steric and electronic repulsions and the incoming ligand
attacks on Pt(II) easily to form a stable trigonal bipyramidal intermediate or activated complex. In
nucleophilic substitution reactions in square planar complexes of Pt(Il) the incoming ligand Y attacks
from either side of the plane (i.e., above or below of the plane of molecule) to form a five coordinate
intermediate. Further more in the square planar complexes, Pt(II) has a vacant p, orbital ofthe relatively
low energy which accepts the electron pair donated by the incoming ligand and a square pyramidal
species is formed (Figure 7.22) which in tun undergoes a transformation to a trigonal bipyramidal
intermediate. - :

The TBP species that forms during the reaction and then rearranges to give product may exist either
as an intermediate or an activated complex. In TBP species the ligands L, X and Y lie on its equatorial
positions and the two ligands A lie-on its axial positions (Figure 7.22).

As X moves from trigonal plane, the L-Pt-Y angle opens and the geometry is-passed through a
square pyramid to form the square planar product. :

It is observed that cis-{PtA;LX] gives rcis-product and trans{PtA,LX] gives .trans-product, ie.,
these reactions are entirely steriospecific. This steriospecificity supports the reactions to proceed by
associative mechanism (Figure 7.23).

A A A
I | ox |
A—Pt—X — A—Pt\ — A—Pt—Y
| 7Y
L L L
cis—{PtAsLX] cis—{PtAsLY]
A A
| v | ex |
L—pt—X —> L—Pt\ — L—Pt—Y
| 7y |
A A A
trans—-{PtAyLX] . trans—[PtAsLY]

Steriochemistrg:ofsquare planar substitution-through EBE intermedidte:

Figure:7:23;

/ The mechanism of substituion reactions of square planar complex{PtA3 X]™* with Y~ in aqueous
solution to give {PtA3Y]™* is often complicated by the occuraq'ce of alternative pathways because
solvent water itself behaves as a potential ligand. If the following reaction :

HyO _ .
PAX]™ + Y —— [PtA3X]™ +X )

is first order in complex and independent of the concentration of Y™ then the rate of reaction will be
equal to & [PtA; X" * Jand if there is an alternative pathway in which the rate law is overall second order,
first order in complex and first order in Y, then the rate of reaction will be k5[PtA; X" ] [Y™]. Ifboth
reaction pathways occur simultancously at comparable rates, the rate law will be given by the
expression :
Rate = ky[PtA;X"™ ]+ kp[PtA; X" 1Y 7]

= [k He (0 )HPEA X" ]



where k; and k; are the first order and second order rate constants respectively. Experimental : The two paths of the reaction (i) are shown in Figure 7.25.

evindences indicate that this type of reactions are pseudo first order, when Y~ is in large excess. Thus ' A A | A
the observed pseudo first order rate constant is related to & and ky as: ’ - X e | - |

Kabs = Ky +ky [Y—] A_I])t\OH WA—IF—OHZ _fast—)A~l|)t—Y

S.i.nce Y is in large excess, therefore, the concentration of Y~ is taken to be constant. Under this A 2 A A
COIIdIFlO[l the observed rate constant, & gy is pseudo first order and is related to ky and ky asshown by the )
equation : : A
- 2
kobs = ki + ko [Y"] S

Equation (ii) indicates that by repeating the reaction at various concentrations of Y™, the values of ;
both k; and k; can be obtained because a plot of kqp,s against [Y ™ Jgives a straight line with k| as the '
intercept and k; as the slope (Figure 7.24).

10% Kypg 871~

The upper path is the solvent path and the lower one is direct path. In the solvent path the solvent
(HyO)replaces X~ inaslow rate which is subsequently replaced by the reagent Y™~ in a rapid step. It has
been observed that Y~ independent path is not an Syl process but is a direct )2 process and is a second
order path. On the other hand, the solvent path is a pseudo first order.

The rate constant k is due to slow displacement of X~ by the solvent (H;0) and k, is due to the
direct nucleophilic displacement of X~ by Y™ . Thus, it is convenient to represent the solvent path k| as
kg and the reagent path k as ky. Therefore, the equation (ii) becontes : . .

kobs = ks +ky[Y ] ' : ...(iii)

:MECHANISM

Martin and his students have shown that the rates of hydrolyis of the series of complex as [PtCly 1k
through [Pt(NH )3 Ci]* are approximately same, although there is a three unit change in charge (i.e., -2
to +1) on the Pt(IT) complex.

The breaking of P-Cl bond becomes more difficult as the charge on the complexes becomes more
positive. But, on the other hand, the formation of new bond (i.e., attraction PY(II) for incoming ligand)
increases in the same order. This suggests that in the transition state both bond making and bond
breaking is of comparable importance. Thus, the solvent path kg, fike the direct displacement path &y
appears to be associative (S n2) process. :




In substitution reactions (either in octahedral or square planar complexes) there were some chemical
changes but the oxidation states.of the metals were the same i.e., there was no electron transfer from one
complex to another. Electron transfer reactions of transition metal complexes are the
oxidation-reduction {redox) reactions which involve the transfer of an electron from one complex to
another. The electron transfer reactions may occur either with or without chemical changes.

The complex which loses electron, the oxidation state of metal increases and it is said to be oxidized
and th?s complex is called reducing agent. On the other hand, the complex which gains electron, the
oxidation state of metal decreases and it is said to be reduced and this complex is called the oxidi,zin
agent. An example of an electron transfer reaction is given below: :

[Fe(CN)]* +[Fe(CN) ]~ —» [Fe(CN) > +[Fe(CN)g 1©

Reducing agent - Oxidizing agent

In this reaction [Fe(CN)6]4_ is oxidized by [Fe(CN)5]3‘ and [Fe(CN)6]3” is reduced by
{Fe(CN)6]*". |

The electron transfer reactions involving transition metal complex ar bel :
following two mechanisms : P : ‘ - foved o occur by the
{I) Outer Sphere Mechanism
{II) Inner Sphere Mechanism

{l) Outer Sphere Mechanism

In this type of reactions, both complexes participating in the reaction undergo substitution reactions
more slpwly than the rate of electron transfer. The oxidant and the reductant come as close to each other
as pO'SSlble and the coordination spheres stay intact and transfer of an electron takes place from reductant

to 0.x1dant. Thus, an outer sphere mechanism involves electron transfer from reductant to oxidant when
. th§ intact coo;dination spheres are in contact at their outer edges i.e., the distance between two metals is
T minmum. S o<, 7 . . . ' . ’
An outer sphere electron transfer may occur in the following elementary steps :
In the first step the oxidant and reductant come closer and form a precursor complex
Ox + Red — Ox || Red

. Precursor Complex

In the second step, there is activation of the precursor complex which includes reorganization of the

solvent molecules and changes in M~L bond lengths which occ bef
lecron Gansier ks plans ng . urs before electron transfer. Then,

Ox||Red = ~Ox||Red*

In the final step, the ion pair is dissociated into products

“Ox}|Red* — Ox+Red*

Salient Features of Outer Sphere Mechanism

(1) Both the reactants (i.e., oxidant and reductant) should be kinetically inert. However, if one of the
complexes is labile, then the inert complex should not possess a donor atom which can be used to
form the bridge with labile complex. ' -

For example : Reduction of [Fe(CN) I°* by{Cr(H,0)¢]%* .

If both the oxidant and the reductant are labile and there is a possibility of electron transfer from n*
of reductant to the n* of oxidant, *then the reaction proceeds }hrough- ouier sphere mechanism.
For example : [Fe(H;0)617* +[Fe(H20)61** — [Fe(Hz0}61"* +[Fe(H,0)¢1"*

{2) When both the reactants are inert \lﬂith respect to ligand exchange e.g., [Fe(CN)g] 4= and
[Fe(CN)¢ ]3‘, aclose approach of the metal ions is impossible and the electron transfer takes place
by a tunneling or puter sphere mechanism. The rate of electron transfer depends upon the ability of
electrons to tunnel through the ligands. '

{(3) The rate constants of electron transfer by outer sphere mechanisin are found to vary over a wide
range as shown in the Table 7.5 and 7.6.

According to Frank-Condon principle, the electronic transition occur much more rapidly than
rearrangement of atoms so.that bond distances do not change during very short time of electronic
transition. o -

The electron transfer is very fast when both the complexes are low spin including that the electron
transfet takes place from t5,{n*) of reductant to the #,,{n*) of oxidant. The first reasen is that
energy levels of these two‘;z?;)rbitals are same. The £, orbitals are not shielded from the ligands
and the electron transfer from and to is easierand no input energy istequired. The second reason is
that there is no appreciable change in M—\ﬂ bond length due to n—n electron transfer.

The fates of electron transfer are much fastér between the.complexes which have wacceptor ligands
(likeCN ™, phien, bpy etc) than for complexes of the same metal having purely o-donor ligands<(like
H,0, NHj3,en etc). The m-acceptor ligands have vacant 7" orbitals that can accept electron being
tr\ansferred, then pass them on to the receiving metal ion (.., oxidant) whereas the o-donor ligands
do not have such tendency. Thus, outer sphere electron transfer is direct electron transfer from one
metal to another in case of complexes having mdonor ligands. On the other hand, electron transfer is
indirect (i.e., from one metal to ligands o the another metal) if the complexes have m-acceptor
ligands.

The elc_:cﬂ’on transfer is slow if electron transfer occurs from ¢, (or & t) orbital of reductant to ¢,

(oro ' )of the;oxidant because the e, orbitals are shielded from the surroundings (i.e., ligands) and

the transfer of electron is sterically slow. The t5, — #y, electron transfer is faster thane; — ¢,

transfer.
Electron transfer between high spin and low spin complexes is also slow because electron transfer

takes place f:onggj or. & " (called HOMO) of the reductant to vacant ¢, or - (called LUMO) of
the oxidant resulting in large changes in M—L bond length. This conditions arises between high spin
Co?* (d") and fow spin Co™* (d®) complexes. '



(4) Outer sphere electron transfer reactions between complexes of different metal cations i.e., cross
reactions are faster than that of self exchange reactions.

(5) Electron transfer occurring between the complexes of same metal cations are called self exchange
reactions. In self exchange reactions no net chemical reaction actually occurs because the products
are indistinguishable from the reactant. Various self exchange reactions are shown in Table 7.5. On
the other hand, the electron transfer occurring between the coimplexes of different metal cations are
called cross reactions. In cross reactions net chemical reaction occurs.

[Mn(CN)6 1~ +[Mn(CN)}* — Mn(CN)]* +Ma(CN) "
) (self exchange reaction)
[Fe(CN)§]* + [Mo(ON)3 "~ — [Fe(CN)s]*~ + [Mo(CN)s I*

| . - (cross reaction)
6) In outer sphere mechanisms bonds are neither broken nor made. For example :

[Fe(@N)6 1" + [Fe(@N)s I —> [Fe(CN) T + [Fe(CN)6]*

7) In outer §phere mechanism, the spin forbidden reaction are slow because these reactions Tequire
more activation energy. '

The outer sphere mechanism is illustrated below by taking various examples :

,«.\.\\ * ’ e
) [FeCN)g}" "+ [Fe@N)6T"™ —> [Fe(CN)6 > + [Fe(CN)s]*
Low spin. Low spin '
6 0
.(_t_zgeg) (Itzsgeg)
Inert . Tnert
Fe?* —~CN~ Fe** —CN™

Bond length=195pm  Bond length = 192 pm
The rate of electron transfer is fast for the following reasons : .
“ (i) Both tl?e complexes [Ee(CN)§ ]4_‘and [Fe(CN )5]3— are inert and electron transfer.ié faster
than tyariide exchange for eitfier reactant. :
(ii) Electron transfer is spin allowed.
(iii) The electron transfer occurs from £ of [Fe(CN )6]4— to th, of [Fe(CN)¢ ]3" complex. The

t2g orbitals point between the ligands and are not engaged in Fe — CN ¢-bonding. Therefore
electron transfer becomes easy. - ' ’

(iv) Since by orbitals point between the ligands, therefore, M-L distance do not change
appreciably. :
(v) The ligand CN ™ is unsaturated and a m-acceptor which facilitates the electron tunnéling. Also

since the (;N ™ ligand is a -acceptor it, therefore, stabilizes complexes in lower oxidation state
by formation of back w-bonding.

B [Fe(0)l™ + [Fe(H0)6P" —» [FeH;0)6]> +[Fe(H2061""

HS HS
4 2
(t;g eé ) (tZg eg)
Labile Labile
Fe'' -OH, Fe3* -OH,

Bond length =78 pm Bond length =92 pm

In this reaction, the reactants and products are the same except the position of radio active label. The

« energy of activation for this reaction is 32 kJ mol™* which indicates that the tate of electron transfer is

slow tsecond order rate constant Ky; =4 Lmol %! ).

According to Frank-Condon principle, electron transfer takes place when the energy levels of the
participating orbitals are same and the electron transfer takes place much more rapidly than the change in
position of nuclei. Thus, during electron transfer M-L bond lengths remain unchanged.

In this reaction an electron is transferred from tyg of Fe(Il) to tygof Fe(HI). The Fe** —OH, and

Fe3* —OH, bond lengths are 92 pm and 78 pm respectively, Ze., Fe 3+ _OH, bond length is 14 pm.
smaller than that of Fe 2+ _OHj. This indicate that the énergy levels of the orbitals are not equal. Sinice
the Fe—O bond length does not change during the electron transfer, this transfer of electron with outany
input of energy will produce [Fe(H,0)¢ J** with Fe-O bond similar to Fe-O bond in [Fe(H20)6 1>

and the [Fe(H»0)s ]2+ with Fe-O bond similar to [Fe(H;0)¢ 1**. These two products are in
vibrationally excited sate. Both the products will release energy in the form of heat by vibrating to reach
the equilibrium bond length. It seems that energy is created but it is the violation of the first law of
thermodynamics. Consequently, an enough vibrational activation energy has been provided to each
complex ion to bring them to the same energy levels and then transfer of electron to takes place.
Consequently, the electron transfer is most probable when an activation energy has been given to

each complex ion. The activation energy causes the shortening of the bonds in [Fe(HzO)5]2+ and

lengthening of the bonds in [Fe:(H20)5]3+ untill the participating orbitals are of the same energy. In

case of self exchange reaction, the Fe-O bond lengths have reached the same intermediate value. For
cross reactions, the M—L bond lengths do not become same values but the orbital energy may be.

© [CoNH)gP*  +  [Co(NH3)gI** —> [Co(NH;3 )¢ I*" + [CoNH3 )6l
Low spin High spin
6 0 5 2
(ty,%) (%)
" Inert Labile
Co—NHj3 Co—NH;

Bond length = 193.6 pm Bond length = 2114 pm
The rate of electron transfer for this reaction is slow (second order rate constant =1 0% Lmol™'s™! )
because of the following reasons :




. 3+ . 6 0
(i) [Co(NH3)6I*" s low spin (¢ eg) and [Co(NH; )61+ is high spin ,(:jg e2). Low spin
3+ . .
v[Cov(lNH3)5] has an electronic configuration t2g6 ‘with all the metal d-electrons pointing in
between the lvisganzgsv. On the other hand, the high spin -'[Co(NH3)6]2*'~_ﬁ£§’ an electronic
configuration el with two e, electrons pointing directly at the ligands. The electrons present in
b.tal a L. . . C y )

eg orbitals cause more repulsion with the ligands than that of t;, electrons. Therefore,Con' ~NHj3

distance i f Co’ ' :
bond distance is larger than that of Co *_NHj3 . The Co3* ~ NHj bond distance is1936 pm and

alt . : £ Iy
theCo ' NH3 bond dgance is211.4 pm. In this case M-L bond lengths are different enough and
more activation energy is needed to make them the same in the transition state

| Sm;:e EZH (Hi) ax:;iCQ (II1) complexes are high spin and low spin respectively. No simple addition or
remova of an electron can convert these configuration into one another. Therefore, it is necessary to
excite the oxidation sates before the reaction can occur as shown below : ’

g tot2g

C02+. 5 2y 6 > 1

o™ (ty, ) _, tygg Blectonc 1 &5 tfgeg oY
N o S () N S 61 5 2 o2t
o - (e 2g% Transitions t2g€g tzgeg Co

The electronic ground and excited states can also be written as follows :

Co?* @697 (®%! mmhon (076" @7 o
co® 5@’ e T (M) T (9} o

(G.9) B (excited state) (excited state) (GS.)

If the ligands zi.re arranged in increasing order of crystal field splitting 0X < HyO< EDTA< NH;4
< en < phen < CN, transfer of electron from Co (IT) to Co(IIl) is faster either at the weak end or the

strong end b;l: slow in the middle. Therefore, for example, Electron transfer from'[Co(H20)6]2+ to
Co(E,0)6 " is faster. H;0 i ' : '
fTh( 2 )6}} . 335 er. HyO ls‘a’ weaF{ ligand and 4 , for low spin {Co(H,0)6 1> is not very high.
us, {Co(H> )6_] can be easily excited to para magnetic [Co(H,0)4 ]3+ by input of smail energy
{Co(H,0)6T"* == [Co(H;0)61”*

v(t26g eg) (t;g e; ).

or (%)% (o%)° or (1) (o)}
Diamagnetic Paramagnetic
(Ground state) (Excited state)

Since {Co(H20)¢ 1%* is high spin and A, is also vé .
S rery small. Th 12+ ;
excited easily. ° all. Thus, {Co(H;0)6]"" can also be

I

)

J

{CotH,0)6 I = [Co(H0)¢1**

5 2 6 4
. (-tzgeg } 6 2% )
or Y or (9%
Ground state Excited state

Now thereis *tq n*{ortyg t0yg) electron transfer from [Co(11,0) ]2“‘; inexcited state to excited
[Co(H20)s ]3+ . The products so obtained are in excited states. .
o061, [Coi0)6*" . 1CoH20)61™"  [Calia0) T
6 1 5 1 ~ 5 1 6
(t5,%) (t5,8) (154¢8) (tzgeg)
Excited state.  Excited state Excited state  Excited state
Finally the excited products go to the ground state.
[Co0)e 1 [Col0)6F" __, [Cotla0)T" {Cota0)s "
iy oSy T 6 ;0 TS 2
2g'eg) ( deg) :( 2geg) ( deg)
Excited state  Excited stae Ground state ~ Ground state
Rate of electron transfer from [Cofphen)s " to {Co(phen)s }3_+ ~is faster than that of
[Co(NH3)¢1** to [Co(NH3 )6]°* . Since phenanthroline is a strong ligand, therefore, high spin Co(If)
complex can easily excited to low spin Co(If) complex. Also, the 7 -acceptor and unsaturated nature of
phen enhances the rate of electron transfer. ‘ '

It is concluded that:the rate of electron transfer [Co(NH3 )¢ }2+ - [Co(NH3)63+ and
[Cofen)3 1** - [Colen)s 1** systems is slower than that of [Co(H20)61%* —{Co(H,0)s** and
[Co(phen); ]2+ —{Cofphen)3 ]3+ systems. Second order rate constants for electron transfer for various
Co (30)—Co () systems shown in Table 7.5 and 7.6 also supporis this conclusion. _

The rate of electron transfer is rapid between [CoFg ]4‘ —{CoF¢ ]3‘ system. Both the complexes

.[C(-)Fé 1+ and {CoF¢ I are high spin complexes with the electronic configurations t25g egz, and t;g egz,

resp’ecti‘vé‘[‘y: Therefore, electron transfer from £, of [CoFg ]4_ to ¢ of {CoFg ]3' occurs easily with
input of little-energy. Thus, the rate of electron transfer is fast. ’

The rate of electron transfer between [Co(diars)3 12* —{Co(diars);** is fast, where diars =

_ o-phenylene bis-dimethyl arsine. The complexes {Co(diars)3 J** and{Co(diars)3 T are low spin with

electronic configurations (t-ggeg,) and (tggeg ) respectively. The low spin [Co(diars)3 ]3+ with t26g eg

configuration requires less activation energy towards the low spin '(tsgez, ) configuration. Therefore, the

zate of electron transfer is fast.

A T ¥ (e, tyg > g ) electron transfer takes place very Tapidly when there is no need of
excitation of electron before and following the electron transfer to takes place{see Table 7.5) consider
an electron transfer between [Ru (NH3 )¢ ]Z* and fRu(NH3 )¢ ]3+ .



(Ru(NH; )] +  [Ru(NHj)g]?* —> [Ru(NH;)g]? + [Ru(NH;)g]*

Low spin ~ .Low spin
5,0 | 6 0
’ (tyge) "‘\({Zg e.g’)
or (1)’ ()° or ()°(c¥)°
Inert Inert
Ru*-NH3 RuZ*— NHj,

Bond length =210.4 pm Bond length =214.4 ‘pm

Rate of electron transfer from [Ru (NH3 )¢ ]2+ to [Ru (NH3 )¢ ]3+ is rapid because :
(i) Difference in M—L bond length in Ru (II) and Ru (III) complexes is small (i.e., 4 pm).
(ii) Electron transfer takes place from * of [Ru (NH3 )¢ 1" ton* of [Ru (NH3)¢]** without any

input or a little input of energy. -
Mode of electron transfer and rate constants for some outer sphere reactions is given in Table 7.7.

The rate of electron transfer between [Ru (phen); ]2+ and [Ru (phen)3 ]3+ or fRu(CN)g ]4' and
[Ru(CN)g]* is more rapid than.the eléctron transfer between [Ru(NH3)g]** and [Ru(NH3 )¢ ]**
because CN ™~ and phen ligands are m—acceptor and unsaturated in nature which facilitates the transfer of
electron through tunnel.

Table 7.5 Second Order Rate Constants for Various Outer Self Exchange
Sphere Electron Transfer Reactions at 25°C

[Fe(CN)s [~ +[Fe(CN) '~ 74x10
[Fe(Phen); P* + [Fe(Phen); F* >3x107
[Fe(bpy)s I** + [Fe(bpy)s '* >10°
 Ma(CN)g [+ [Mn(CN)g |~ >10*
[Ru(NH3)g I* + [Ru(NH3)s F* 8x10
[IeCl P~ +[1xClg P~ ' 103

[Os (bpy)s " +([Os (bpy)s ' : >10*
[Ru(phen); I** + [Ru(phen); F* 107
[Fe(H0)6 ' + [Fe(H,0) P* ' 4

(Co;0)s P + [Co(H,0) F* | s

[Co(Phen)s P* + [CofPhen)s I ' 40

[CoNH3)s " +[CofNH3)q I* <107
[Colen)s P +[Cofen)s F* 14x107*
[Cr(H0)6 T + [Ce(H,0)6 <2x107°
(V0% P +[VEL0)6F 1072

Table 7.6 Second Order Rate Constants for Some Outer Sphere Cross Reactions at 25°C

eneachions d
[Fe(CN)g [~ +[1rClg P~ 38x10°
[Cr(H0)5 I +[CoNH; ) P* 10x107
[Cr(H;0)6* +[Cofen)s T+ : 34x107
[Cr(H,0)6 " + [CofPhen * _ 30
[Cr(H0)6 * +[Ru(NHy )s F* 12x102 -
[V(H0)s P + [CoNH3)g F* - o 2xa0?
[V (H20)6 " +(Cofen) I 2x107*
[V(H,0)6 " + [CofPhen); * _ 3.8x10°
[V(H;0)6 * +[Ru(NH;)s " _ 80
[Fe(CN)s I + [Fe (Phen); I'* . 108
[Cr (y0)6 P + [Ru(H0) " 2x10*
Fe@Wl=rMas == 6xi0*
[Fe (H,0) [2* + [Fe(bpys I ' 5.8x10°

Cross Reactions

Electron transfer reaction between completely different complexes are called cross reactions. In
these reactions there is a net chemical change and the rate of electron transfer is faster than the
corresponding self exchange reactions (Table 7.6) in spite of an otherwise large activation energy

(transfer involving at least one ¢, electron). The large amount of activation energy is encountered by the

change in free energy and as a result there is a net decrease in free energy. More is the decrease in free
energy, faster will be the rate of electron transfer. . '

The decrease in free energy during electron transfer indicates that the energy of reactants is greater
than that of the products and the free energy profile is not symmetric (see figure 7.26)



Transition state

Transition state

AG {Reactant AG
Product Reactant

Product

Reaction coordinates —»

Reaction coordinates —»

Marcus and Hush has derived a relationship to calculate rate constants for cross reactions :
kiy = (kikaaKp f)2.

where k11 and k5, are the rate constants for the two self exchange reactions.

ky3 is the rate constant for cross reaction. '

K13 is the equilibrium constant for overall cross reaction.

JSisastatistical and steric factor and it describes a correction for the difference in free energies of the
two reactants. It is generally close to unity.

Higher the value of equilibrium constant (K|, ) for cross reaction, faster will be the rate of electron
transfer. The equilibrium constant is linearly related with AG°as follows :

: " AG®°= -RTInK

This indicates that for high value of X, higher will be the negative value of AG°and hence faster will
‘be the rate of reaction.

Higher value of equilibrium constant for cross reaction indicates that rate constant for cross
reactions are generally higher than those for the corresponding self exchange reactions.

Now let us consider the cross reaction:

[Fe(H20)6** +[Ru(NH3)6]** — [Fe(H0)¢]>" +[Ru(NH; )¢ I** (i)
For this cross reaction, the self exchange reactions are :
[Fe(H20)6 1" +[Fe(H;0)6 1" — [Fe(Hp0)6]** +[Fe(H;0)4)* (i)
[Ru(NH3 )6 ]** + [Ru(NH3 )6 ]** —— [Ru(NH;)6]** + [Ru(NH; )¢ 12+ i)

The rate constant k;; and ko for the self exchange reactions (i) and (iii) are observed to be
4.2 Lmol™ s7 and 4.0x10° L mol™ 5! respectively and the equilibrium constant (X ) for cross
reaction (i) is 2.1 x 10" and f =0.85. Then rate constant k; for cross reaction (i) is calculated by the
expression :
ki = (kK )\
= (42x4.0x10° x2.1x10'" x0.85)"2
=548x10" Lol s . ‘
Thus, the cz_llcu-la-ted value-of k1, by Marcus—Hush equation is found to be greater than those of kyy
and #5;. Tt implies that the rate of electron transfer-in cross reaciion is faster fhan those of corresponding
self exchanges. ' .

Some examples of outer sphere self exchanges and cross reactions with their second order 12
constants are given in Table 7.5 and 7.6 respectively.

(I} Inner Sphere Mechanism

In inner sphere electron transfer reactions, the oxidant and reductant share a ligand in th
coordination sphere to form a bridged -complex, the electron is then transferred through the bridgi

ligand. :
Salient Features of Inner Sphere Mechanism

(1) One complex (the reductant) is labile and the other (i.e., the oxidant) is inert.

(2) The inert complex possesses atleast one ligand capable of bridging two metal ions+to form 1
bridged intermediate and this bridged intermediate is catled a precursor complex.

(3) Often, but not always, the bridging ligand is also transferred from oxidant to reductant.
transfer or non-transfer of bridging ligand depends upon the relative stabilities of the prodt
The ligand. transfer is a good indicator that electron transfer takes place by inner ‘sph
mechanism. If there is no bridging ligand, then electron transfer does not take place by in
sphere mechanism. However it may take place by outer sphere mechanism. If a bridging lig:
(attaclied to inert complex) is available but not transfer, then the electron transfer may oc
either by an inner or outer sphere mechanism. '

(4) Either ez (c™) or £, (r*) orbitals of Both the reactants participate in electron transfer by in
sphere mechanism. In general these orbitals may be HOMO of the reductant and LUMO-of
oxidant. If both the reactants in an electron transfer reaction involve orbitals of same symme
no or a little activation energy is required and electron transfer will-be fast. If both the orbi
are of different symmetries, greater activation energy encompassing both struct
deformation and electron configuration change is required. Such reaction will be slower t
those requiring no electron configuration change. Electron transfer by inner sphere mechan

is faster when electron transfer takes place between e (oro*)orbitals ofoxidant and reduct:

- (5) Inner sphere €lectron transfer reactions are faster than similar reaction occurring through-o:
sphere mechanism.
(6) The rate-of electron transfer increases if the bridging ligand prossess unsaturation or exten
conjugation.

The electron transfer in inner sphere mechanism takes place through the foowing elementary s
in.agueous medium.



Formation of precursor complex
0x—X +R—OH; =—[0—X—R] + H,0
Activation of precursor complex
Ox—X—R+=—=[0x—X—R]"
electron transfer [Ox—X—R] = [E)x—X—f{]
Dissociation to separate products

— +
[0x—X—R]+H,0== Ox(H,0)” +R—X*

The rate law for the overall reaction

k ' k3
Ox—X + Red —‘Ox-—X—Red Ox~ + RedX*
ky . k4
is Rate=ﬂ"3— [Ox—X][Red] AN
kz +k3

where k5 is the overall rate constant for 2nd and 3rd step.

If ks >> ko, then the rate determining step is the formation of the precursor complex and the rate
law will be :

Rate=k; [Ox—X] [Red] (12)

If ky >> k1, then the rate determining step will be rearrangement and electron transfer within the -

intermediate (i.e., fission of the precursor complex). Thus, rate law will be :

Rate =";cﬂ [Ox—X][Red] .(13)
2

Now let us discuss some important reaction involving electron transfer by inner sphere mechanism.
(A) Taube and his students have provided first reaction involving electron transfer by inner sphere
mechanism. The overall reaction is :

[Co(NH3 JsCI?* +[Cr(H0)6 I +5H30" — [Co(H,0)4]** 4[Cr(H20)_5Cl]2+ +SNH

Low spin High spin A High spin —
(t3) (t5,%) (t5%) (t55%)
or 5@’ or (3% or ()° (%2 or ()’ (%)’

Inert Labile Labile Inert

In this reaction Co’* is reduced by Cr®* and the bridging ligand CI™ is transferred from
coordination sphere of cobalt to that of chromium. :

(i) [Co(NH3 )sCIJ* s kinetically inert and CI™ is the bridging ligand.
2
(ii) Electron transfer takes place from e; {5*) of [Cr(H20)¢ ]2+ to e (™) of [Co(NH;3)sCII™*

-1
Thus, electron transfer by inner sphere mechanism is fast (rate constant (k) = 6x10°Lmol™'s™)

’,

The various steps of the mechanism of the reaction are shown below :
(i) Chlorine atom of inert [Co(NH3 )5C1]2+ complex while remaining firmly attached to Co (III)

 replaces a water molecule from the Iabile [Cr(H;0)¢ J** to form a bridged intermediate.
[Co(NH3 ) 5c1]2+ + [Cr(H20)6]2+ 3 [(H3N)sCo — Cl— Cr(H20)s]* +H,0

(i) Electron transfer takes place from Cr(II) to Co(IlI) through Cl bridge in a manner as electron
flow between two electrodes through-salt bridge.
This step is the rate determining step. After transfer of electron from Cr? toCo*, Co3+ i
converted to Co?" and the-complex becomes high spin and labile. On the other hand, Cr%*

converted to Cr>* and the complex becomes inert.

[_l
[(H3N)5 Co—Cl—Cr(H20) 5 ]4+ —>[(H3N)s Co—Cl—Cr(H20)5]

Inert ’ ‘Labkle Labile Inert

(iii) Since Co?* is now labile andCr 3+ is inert, so the bridged complex intermediate dissociates in
such a way that chlorine atom remains attached with chromium.

L(H5N)s Co—Cl—Cr(E,0)51* — [CoQNH3)s ¥ + [CrlH,0)sCl™

(iv) In the last step, the five coordinate [Co(NH3 ) ]2+ species picks up water molecule to form
[Co(NH3)s (HZO)]2+ complex ion and this complex ion is hydrolyzed rapidly to give

[Co(H0)6]*" ion
[Co(NH; )5 ]2* +Hz0——> [Co(NH; )s (H20)**
+5H;0"

[Co(H,0)6]*" + SNH,"



An evidence to support the inner sphere mechanism is that if the reaction is carried out in solution
containing free isotopic chlorine (e.g. ,36C1') none of these labeled ions are found in the products.
Conversely, if C1™ ion in [Co(NH3) 5 Cl]2+ is 1sot0p1cally labeled with 36Cl, the labeled %clis always

transferred to Cr (III) coordination sphere
The reaction is first order with respect to oxidant and first order with respect to reductant i.e., overall
reaction is of second order.

Rate =k [oxidant][reductant]
- =k [Co(NH3 )5 CI}** [Cr(H,0)6 1%

k is the second order rate constant.

Taube and his students have also provided a set of similar reactions. The general reaction is given
below :

[Co(NH3)s X]?* +[Cr(H0)6)** +5H;0" — [Co(H,0)6]*" +[Cr(H,0)s X]+5NH;
Where X~ = F“,Cl’,Br',I",NCS‘,NO;,SCN",SOi‘,POi‘,N},Nz etc.

V Now if X be the four halides.e.,F,CI",Br™ and I" , than larger the size of hallde, the faster is
the rate of electron transfer. : - Vs
Since size of halide increases from F “toI” as F < Cl™< Br < 1™ and polarizability of the halides
mcreases in the same order. In the bridged complex the halide is more polarized by higher charged cation
i.e.,Co>* ion. As the halide is polarized, induced dipole moment is developed in X atom as shown in

Figure 7.27 The induced dipoje moment in the halogen atom attracts the electron om Cr%* and then
facilitates the rate of electron transfer. Thus, we can say that larger the size of hali ¢, more will be its
polarizability and more will be induced dipole and hence the easier be the electron transfer. Thus, the rate

of electron transfer follow the order : F < CI"< Br~ < I

There are so many cases in which electron transfer takes place by both inner sphere and outer sphere
mechanisms. In such reactions which proceed by inner sphere pathway, electron transfer takes place in
bridged complex without transfer of ligand. Such a condition arises when the bndgmg ligand stabilizes
ifs original complex more thar the produict. For example:

[Fe(CN)s 1T +[Co(CN)s ]3' — [Fe(CN)g ] +IC<>(CN) I

This reaction is proceed as follows

[Fe(CN)6 )~ +[Co(CN)5 ) — [(NC)5 Fe—CN —Co(CN)5 1™

1. Electron transfer
2. Hydrolysis

[Fe(CN) 1" +{Co(CN)s (Ho0)]~
The Fe* —CN~ bond is more stable than Co>* —NC” borid. Therefore, electron transfer occurs
without transfer of CN ™~ ligand. o

An another example of electron transfer that occurs by inner sphere mechanism without transfer of
ligand is :

. Electron
4+
IClg 1 + [Cr(H20)6]2+—)[C151r~Cl—Cr(H20)5] "“—“Sfe’>[c151r Cl- Cr(H20)5]

N —

i ' Hydrolysis

[Clg 1> + {Cr(H0)6

In the bridged complex or precursor complex, after electron transfer, the bond between the reduced
metal ion and the bridge [Ir(Il)—Cl] is stronger than the bond between the oxidized metal ion and the

bridge {Cr(Il[)—Cl]and the later will be broken before the former. Thus, in this reaction firClg 1>~ and
{Cr(H,0)6]>* are more stable than [IrCls (H,0)]% and [Cr(H,0)sCI]** respectively, the other
possible products. This reaction indicates that ligand transfer-is not a requirement of the inner
sphere mechanism.

Mode of electron transfer and rate constants for various inner sphere reactions is given in Table 7.8.

Remote Attack

if the two metal ions in an activated bridge complex are coordinated to the only one atom (say CI ™),
then this is called adjacent attack. Example of the adjacent attack is

[(E3N)5Co~C1 - Cr (H20)5 I
If the two metal ions in an activated bridge complex are coordinated 4o two different atoms of the
bridging ligand, then it is called as remote attack. For example, consider the following reaction :



Remote attack

[CoNH3 )5 (SCN)I* +[Cr(H20)6]** [(H3N)5Co SON — Cr(H;0)s 1**

[(H3N)sCo—SCN - Cr (Hy0)5 1" —+H20— [(H;N)s Co(Hz0)]** +[Cr(H,0)s (NCS))**

+5H;0"
[Co(H,0)6]*" + SNH;

In the électron transfer reaction between [Co(NH3 )5(SC'N)]2+ and [Cr(H20)6]2+, an adjacent
attack also occurs to form the [Co(H;0)¢ ]2+ and [Cr(H,0) 5 (SCN)]2+ products.

N
C "
[(H3N)5Co—S—Cr(H0)5]

24 adjacent attack

[(H3N)s Co(SCN))** +[Cr (H20)5]

N
C (i) Electron transfer ”
[(H3N)5Co~ S—Cr (H20)5 1" —————— 0 10 [Co(NH;3 )(H0)]** +[Cr{H,0)5 (SCN)J**
- . 2
+ 5H30+

[Co(H20)6 I** + SNH

In this electron transfer reaction the yield of [Cr{HZO) 5 (NCS)] is 70% and in the later the yield of

[Cr(H,0)5 (SCN))?* is only 30%. - S o

An another example of remote attack is glven below :
[(HsN)5C0(NCS)]2+ HCo(CN)s I~ —— [(H3N)5 ~Co- NCS-Co(CN)5 ]~

+H,0
[(E3N)sCo(H0)]2" +[Co(CN) s (SCN)*~

+5H;0"

1
[Co(H0)61*" + SNH;

Since [Co(NH3 )5 ]3+ is a hard acid unit and [Co(CN); ]3‘ is a soft acid unit, the stable N—bonded
[Co(NH; )sNCS]* is converted to more stable [Co(CN) s (SCN)J*.

A remote attack also forms the linkage isomers as shown in the following reaction :

o 0—Co(CN)s |
[(HsN)SCO—N<O] +[Co(CN)s]*~ —Remoteatiak , P +[Co(NH3 )5 ]**
c N : 10—N
Isomerization + H,0

+5H30"

[Co(CN)s(NO2)I>™  [Co(H30)6]%" + SNH

In this reaction the kinetically favoured nitrito complex [Co(CN)SONO] ~isomerises to
thermodynamically favoured the complex, [Co(CN) 5(NO, )]

Table 7.7 Mode of Electron Transfer and Rate Constants for Some Outer Sphere Reaction

{Cr(H,0)6)** [Co(NH3)61** |. 10x107
[CH 0061 || @) e®!  |[Colem)s]* || 56%°® |o*2o* [34x107*
[Cr(H,0)6 2 [Co(Phen)s ** || 30

[CiH 0061 | @) ™' |[RuNH;)6P* | ()°6H° |o*»a*  |2x10?
[V(H;0)61* | fcomiH3)6)** || 102
VHO) |[@)’©9°  |(Colen)s P || @)f@"’ |wt—o* |72x107
[V(H;0) %" [Co(Phen); 1** J | ' o |asx103
VE0)6 P [ 0%’ Rl | #)3609° | ot |80




Table 7.8 Mode of Electron Transfer and Rate Constants for Various Inner Sphere Electron
Transfer Reactions.

{Co(NH;)sC1F* ] _ 76 { 60x10°

[CoH3)sBr Pt | | (%)) wt ot |25 @ | ot o* | Laxtof
{CoNH;)sIT* | @9’ 1RE 34 x106
[RuNH3)sCH P | |- 35%10°
[Ru(NH)sBr P | | @)@’ oot (— | | 22x10®
RuNE)s 1P| ' — .' | 5x102

Acceleration of Rate of Electron Transfer on going from OQuter Sphere to Inner
Sphere Mechanism for Similar Reactions

Electron transfer from [Cr (H20) ¢ 1** 10 [Co(NH; )¢ * takes place by outer sphere mechanism but
the rate of electron transfer is very slow (k=16x 107 Lmot™ s") because electron transfer takes

place from [Cr (H,0)¢ ]2+ to[Co(NH 3 ) ]and after transfer of electron there is an appreciable change in
bond length which requires a high activation energy.

[Co(NH;3 )6 IP* +[Cr(H0)6 1" =5 [CoNH;)s]** + [Cr(H,0)61°*
Low spin High spin High spin —
Inerc Labile
(15,29 (t55%) (t5,%) (t5,%)
or(n*) (o’*)' “or(m¥) (cr*)1

This reaction does not occur by inner sphere mechanism because the inert complex [Co(NH;3)¢ ]
has no bridging ligand.

‘On the-other hand, if one ammonia ligand on Co(I1l) is replaced by C1” ligand, reaction wouldoccur
by inner sphere mechanism because CI™ ‘fon is transferred to the oxidized reductant, and the rate of
reaction is farge (% =6x10> Lmol™ s™). Electron transfer by inner spheke mechanism has been
wremendously accelerated relative to the outer sphere mechanism for the similar reaction. The
acceleration of electron transfer by inner sphere mechanism refative to -outer sphere mechanism for

similar reaction can be explained on the basis of symmetries of the reductant orbital from which an
electron is to be transferred and the oxidant orbital into which the electron goes.

The general observations obtained from Table 7.7 and 7.8 are given in Table 7.9.

Table 7.9 : Acceleration of Rate of Electron Transfer
on going from Outer Sphere to Inner Sphere Mechanism

-~ Similar Rea¢tion

Cr2+/Co3+ | 1010

c* c*

o * n* a¥Ire®t 102

* o* vHce® 10*

n* ] T+ V3 /Ru No acceleration

From the Table 7.9. it is concluded that, if the electron transfer takes place from = * -of the reductant
to n*ofthe oxidant, then this electron transfer is considered to be eccurring by outer sphere mechanism
but not by inner sphere mechanism.

In general, rate of electron transfer acceleration occurs on gomg from an outer sphere to inner sphere
mechanism in similar reaction. The maximum acceleration occurs when HOMO and LUMO of both
reductant and oxidant is_o *. If both HOMO and LUMO are * then electron transfer occurs by outer
sphere mechanism and no acceleration occurs on going from outer sphere to inner sphere mechanism. In
other reactions when HOMO and LUMO arec *and n*or n*ando *respectively, activation energy is
required for electron transfer to or from o * orbital because in such cases bond length is changed during
transfer of electron and thus,-there is acceleration in rate of electron transfer on going from outer sphere
to inner sphere mechanism. ) .

Inner Sphere Reactions with Complexes Containihg Di’gani_c_Brjdghg Ligands

Most extensively studied complexes containing organic bddging ligands are carboxylate complexes
such as pentaamminebenzoatecobalt(ill) (Fig. 7.28) and amine complexes such as
pentaammineisonicotinamide cobalt(IIf) complexes (Fig. 7.29).

( . Q_2+ ( ()\\(;/IVH2~3+
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| NH, ] ] N ]
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Rate of electron transfer by inner sPhgm mechanism of these complexes can be controlled by the
point of attack by the reductant on the bridging ligand, steric effects of bridging ligand and the electronic
structure of the bridging ll'gan.d and the reducibility of the complexes. These complexes behave as
oxidant and second order kinetics are observed for these reactions. Electron transfer reactions by inner
sphere mechanisms of these complexes involve remote attack of the reductant rather than the adjacent
attack (i.e., attack on the atom attached directly to the metal ion of the oxidant).

It has been observed that the reduction of acidopentaamminecobalt(IIT) complexes by Cr(II) ion in
aqueous solution involves the remote attack of Cr(II}) ion at the carbonyl oxygen of the carboxylate
group. The rate of reduction by Cr(Il) decreases with increasing steric hindrance of the organic group as
given below :

ﬁ ﬁ ﬁ CH; 0 CH;
| Il

(H3 N)SCO—O———C—H > —O—C—CH3 > —O—C—C__H > —O—C—C—CH3
| ‘ | |
H ' H

0 CHj
[
> —0—C—C—CH;

CHj

order of rate constants.

Electron transfer via attack at a site even more remote than the carbonyl oxygen of carboxyl group is
also possible and has been observed in the reactions of Co(Ill), Ru(III) and Rh(III) complexes of
substituted  pyridines. The Co(lll) complexes of pyridine of Co(lll), for example,
pentaamminepyridinecobalt(Ill), reacts relatively slowly with Cr(Il) in aqueous solution to give
[Co(NH3 )5 (py)]** and [Cr(H;0)61%" by outer sphere mechanism as there is no bridging ligand on
Co(Il) ion. The complexes of substituted pyridines, for example, pentaammineisonicotinamide-
cobalt(IIT) complex ion [Fig. 7.30(2)] reacts much more faster with Cr(II) in aqueous solution to give the
product shown in Fig. 7.30(b) by inner sphere mechanism. In this reaction, the attack of Cr(II) is at the
remote oxygen of the carbony! group of isonicotinamide ligand of the complex [Fig. 7.30(a)]. This attack
of Cr(II) at the oxygen of the carbonyl group is due to the Lewis base properties of amides in which
oxygen of carbonyl group behaves as a donor site. :

r O NH,q3 — .
\/ 2 7] ot _ p 3+
C NH, |
\
a c
THS N= + [Cf(H20)6]2++ 5H30+ - HZO, O/
HaNN\_ 1/ » H20\| n/
: /Co\ Cr
HaN 7" | NH, HZO/ | \HZO
L NHg i L HZQ 1
(a)

(b)  +[Co(H,0)F* + 5NH

Fission of the Successor Complex

From equation (7.1), it can be argued that the inner sphere reduction rates can be controlled by rate
of formation of the precursor complex and electron transfer within the precursor intermediate. This
situation arises only when k3 >> k;. However, the overall rate of electron transfer can be controlled by
the rate of fission of the successor complex but it is possible when ko >> k3 and kqps becomes equal to
Kks.

where K =k / ky

Let us consider, for example, the reduction of pentaammineisonicotinamidecobalt(III) with Cr(I) in

" aqueous solution. When pentaammineisonicotinamidecobalt(III) reacts with Cr(II), precursor formation

and electron transfer occur to give yellow-orange binuclear successor complex containing Ru(Tl) and
Cr(III). This process is completed within the time of mixing. The binuclear successor complex is quite
stable and decomposes slowly to give pentaammineisonicotinamideruthenium(II) and Cr(Ill) under
three different conditions.

. 8] 3+
I Cr(H,0)2*
l(r-lsN);guNC}—c—NH2 +CrHO%l

J-eo

l ke CilH,0)5 r+
m 7 A -
_(HaN)SRuNQ—C\NHz

(Precursor Complex)

l Electron transfer

L 5+
0—Cr(H,0)s ]

Vad
[(HaN)SR“uND—C/

\NH,
. (Binuclear successor complex)

kol K, loa' catalyzed kzl OH™ and Cr(ll)

catalyzed

-3

0

2+
I I Cr(H,0).]**
[(HaN)sFl{uND—C_NHJ (OO

The stability of the successor complex is due to the reason that Ru(Il) and Cx(III) are quite inert to
substitution. Since substitution reactions in octahedral complexes generally occur by dissociative(D)
mechanism, the dissociation of the successor complex and formation of the product are slow. In the first
route-(or kg path), the successor complex dissociates spontaneously and slowly to give products. The



econd route {or k; path) depends on [OH™ ] The hydrox1de ion abstracts proton from Cr(IIl)—bound
water of the successor complex and dissociates to give products.

/O Cr(HZO),,(OH

o Cr(H20)5 _OH )
(H N)SRUNO—C\NH . -HzO (H3N)5RuN\/_—_>— \NH2

J+H20

(0] 2+
| I |+ Cr,0)0H2
[(HgN)SRuNQC_NHZ + [Cr(H,0)5(0H)}

The third route {or &, path) depads on [OH™ ]as well as excess of [Cr(I])]. In this path, the OH™

{ P Cr(HéO)A(OH)] "
ligand in
ig (H3N)5HUND— i,

between this complex ion and unreacted Cr(Il) and a bndge of the type —(13 O—Cr——OH—Cr is

complex ion functions as bridge ligand

formed [Fig. 7.31(A)] and an inner sphere electron transfer takes place from Cr(Il) to Cr(11I) resulting in
the species (B).

[ —Cr(H20)5—0H—Cr(H20)5 } Electron transfer

(HaN)sauNQ L

" y
S W Cr(HZO)s—OH—Cr(HZO) +HO
(HsN)SRuNc\>—c\N; »
. 2
®)

lo) 3+
1l Gr(H,0).P* + [Cr(H;0)-OHZ*
[(H;,N)SRUNC\>—'C iy | CHOF OO

Since Cr(ll) is labile and Cr(IlY) is inert, therefore, Cr(Il) is more succeptible to substitution
reactions than Cr{III). The complex [7.31(b)] which now contains Cr(l) instead of Cr(lIl) decomposes
; 2+

" ||
\ -
H,N)RuN C—NH, | .
to give products s /_>_ 21 [Cr(H20)s(OM)]** and {Cr(H,0)6 **. Since
the &, path is catalyzed by excess of Cr(H), this path is the-most rapid of the three decomposition paths.

The simultaneous transfer of two or more electrons by an outer sphere mechanism has not yet been
established because it would involve equalizing bond lengths in species of which one contains two or
more bonding electrons than the other and requires high-activation energy. The two electron transfer has
been-observed to take place by inner sphere mechanism.

One of the best two electron transfer reactions, for example, is the [Pt(en) }2+ catalyzed exchange

of radioactive "Cl” for chloride bound to trans- {Pt(en),Cly ]2+ .

Pt 2+ .
_Peeml” trans{Pt(en), CICI** +CI”

trans -[PHen),Clp ¥ + “CI”
The rate law for this reaction is :
Rate =k [Pt 1PtV CI7 ]
where Pt and Pt stand for -[Pt(e:n)z]zJr and [Pt(en) 2Cl2'}2+ respectively. The mechanism
proposed involves rapid addition of radioactive -chloride (*CI‘) to the {P-t(en)z]2+ to form a five

" coordinate {Pt(en) Zi‘Cl]+ which then forms a six coordinate, inner sphere bridged binuclear complex

chloride in the opp051te direction between the Pt(I) and Pt(IV) complexes readlly oceurs followed by
breaking of the bridged complex.

[PHlen)? + Cr == [Pien),CIT
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Redox reactions in which the oxidant and reductant change their oxidation states by an equal
number of units are called complementary reactions. For examples :

Sn?t + TPt — sn* + Tt

Sn?t + Hg2+ — Sn*+ Hg0
[Fe(CN)]*~ +[Fe(CN)¢ 1>~ — [Fe(CN) >~ +[Fe(CN)]*
[Co(NH3 )61%* +[Co(NH;3)¢]** — [Co(NH3 )6 ]** +[Co(NH3 )6 **

Non-complementary reactions, on the other hand, are reactions in which oxidation states of the
reactants (oxidants and reductants) change by a different number of units. In these reactions, different
number of molecules of oxidant and reductant are involved in the stoichiometric equations. For example,

Mn(V1I) + 5Fe(II) —> Mn(IT) +5Fe(1II)
2Fe(IIT) + Sn(Il) —> 2Fe(II) +Sn(IV)
2CK(II) + TI(ILL) —> 2Cr(ITL) + (D)
2Cr(ID) + PY(IV) —> 2Cr(II) + Pi(II)

Cr(VI) +3Fe(Il) — Cr(III) + 3Fe(III)

Non-complementary reactions proceed in multiple steps, each step involving a single electron
transfer. In these reactions, intermediates of unstable oxidation states are formed. For example,
reduction of Cr(VI) by Fe(II) has been proposed to take place in the formation of Cx(V) and Cr(IV) as
intermediates before the product Cr(III) is formed.

Cr(VI) + 3Fe(ll) —> Cr(III) +3Fe(IIl)

Mechanism of this reaction is :

k
Cr(VI) + Fe(I) kﬁ Cr(V) + Fe(III)
ok

Cr(V) + Fe(ll) —kL> Cr(IV) + Fe(Ill)

Cr(IV) + Fe(ll) —F%L5 Cr(TIT) + Fe(IID)
The rate law for such a mechanism is given as :
_ k3 [Cr(VID)] [Fe(ID)}?
k3 [Fe(I)] + &k [Fe(TID)]

Similarly, in the oxidation of Fe(II) by TI(III) has been found to be first order with respect to each
reactant, suggesting the formation of TI(II) as an intermediate.

2Fe(II) + TI(IIL) —» 2Fe(IIT) + TL(T)

Rate

Mechanism :

ky

Fe(ll) + TI(L) ——> Fe(ll) + TI(D) )
ow Intermediate
TI(I) + Fe(Il) %)Tl(l) +Fe(Il]) ...(ii)

When Fe(III) forms in the course of reaction or when it is added initially, the reverse of reaction (i) :

k;
TI(II) + Fe(ILI) —3)Tl(IlI) +Fe(l) © ...(iii)
competes for the TI(II) formed.

Since many transition metals form compounds in which they exhibit a range of oxidation states
differing by one unit, their ions are used as good catalyst for non-complementary redox reactions. Thus,

for example, the oxidation of Cr(II[) by peroxodisulphate is catalyzed by Ag+ possibly through the
formation of various intermediates and the following mechanism has been suggested :

Ag(l) +8,03" — Ag(lll) +2502

Ag(Ill) + Ag(l) —> 2Ag(ll)
Ag(Il) + Cr(I) — Ag(I) +Cr(IV)
Ag(Il) + Cr(IV) — Ag(l) +Cr(V)
Ag(Il) + Cr(V) — Ag(I) +Cr(VD)

Synthesis of Coordination Compounds using Electron Transfer Reactions

The separation of a racemic mixture into its d- and Horms is called resolution. Since the physical
and chemical properties of the d- and /- forms (i.e., enantiomers) of a complex such as [Co(en) 3 ]Cl3 are
identical except for the interaction with plane polarized light, they can not be separated by ordinary
method like fractional distillation, fractional crystallization etc. If the chloride ions of [Co(en) 3 ]Cl3 are
replaced by optically active anion, like d-tartrate ion, the resulting salts might differ in properties such as -

solubility.{Co(en)s ]3+ is easily resolved by replacing two chloride ions by the d-tartare ion, followed by
fractional crystallization. When d-tartrate ion is added to the solution of racemic mixture of d- and
Lisomers of[Co(en) 3 ]Cl3 complex, two of the C1™ ions in d- and /- isomers are replaced by the d-tartrate

ion abbreviated as (d-tart) or (+-tart) 2~ and two salts (#)4Co(en)3 ]CI(d - tart) abbreviated as (+)(+)
and (-){Co(en); ]JCI(d - tart) abbreviated as (-) (+) is formed. These salt pairs are not mirror images
because the d-tartrate ion has same configuration in-each salt and these salts are, therefore, diasteriomers.
() -[Co(en) 3 JCl3 + (d - tart) -, (+)-[Co(en)3 ]C1 (d - tart) +2C1~
(=) -{Colen); ICl5 +(d - tart)_z“ — (-)-[Co(en)3 ICl (@ - tart) +2C1~

Upon crystalliztaion, the (+){Co(en);]Cl(d- tart) is precipitated from the solution leaving
(-)-[Co(en)3 ]CI(d - tart) in the mother liquor. The mother liquor becomes a thick gelatinous mass
before crystallization of (-) - [Co(en)3 JCI(d - tart). The separated diasteriomers containing d-tartrate
can be converted to the active chloride enantiomers (i.e., active d- and l-chloride complexes) by adding
concentrated HCI which is an optically inactive compound.



(+)-[Co(en) 3 1CI(d - tart) + 2HCl — (+)- [Colen)3 |Cl3 +(d - tart)*
(=) - [Co(en)3 1CI(d - tart) +2HCl — (=)~ [Colen)3 ICl3 +(d - tart)*~

The soluble (—)-[Co(en)3 ]Cl(d - tart) can also be separated from the mother liquor by the use of
electron transfer reaction. When a small amount of ethylenediamine and CoCl; -6H,0 which form
{Co(en)3 ]Cl3, are added to the mother liquor, electron transfer reaction by outer sphere mechanism
occurs between [Co(en)3]Cl, formed with equal amount of the d- and [ enantiomers and
{-) - {Co(en)3 ]CI{d - tart).

L()-[Co(en) T +5(9)~[Colem)s P+ ()-[Colea)s P* —
2 (9)-[Cofen)s * +1)+ [Colen)3 I + (-)-[Colen)s 1**

. The latter form (=) - [Co(en) 3 ]2+ rapidly racemizes ta(+}-and (~) - [Co(en) 3 ]2+ due to the addition
of small amount of ethylenediamine and CoCl -6H,0. The other products of the electron transfer
reaction is a racemic mixture of the enantiomers of [Co(en)3 }3+ - The (+)-isomer of the newly formed
Co(III) complex is precipitated leaving (-)-isomer in'the miother liguor, which again undergoes electron
. transfer with [Co(en); ]2+ and again a racemic mixture of [Co{en)3 ]3+ is obtained, the (+)-isomer of

which again precipitates leaving (—)-isomer in the solution. In this process, all of the (-)-enantiomer
originally present are converted into the (+)-enantiomer. Altematively if /-tartrate is used instead of
d-tartrate as starting material, all of the (+)-enantiomer can be converted into (—)-enantiomer. In this
process the yield is approximately 75%.

Synthesis of [Cr(bpy)2(H20)213* or [Cr(phen) 5 (H20)2 13
Electrochemical reduction of [Cr(phen); ]3+ and [Cr(bpy)3 }3+ in aqueous solution leads ultimately

o the production of [Cr(phen), (H20)5 1+ and [Cr(bpy)2(H20), I+ .
phen 34 phen 2+

o Q}g N P Eg

phen ) phen

Eyp =049V
In the this reaction, the [Cr(phen); ]2+ formed is labile to substitution and one o-phenanthroline
ligand is replaced by two water molecules and [Cr(phen)z(HZO)zlz" is formed. This ion undergoes
electron transfer with {Cr(phen); ]3 * which is presuming to bestil. prcsent to produce the final preduct,

TCr(phen), (H20)2 1**

k
[CHAA); I** #2820 == [Cx{AN), (0, 12 + A—A
2

, ET.
[CH{AA); (H20); 1 +[Cr(AR)s T —1 [Cr(AA) (H20)2 1 +[Cr(A&); 1P
where AA is either o-phen or bpy.
It has been experimentally observed that some relatively inert substances may enter iuto a reaction in
such a way eitherto direct the reactions to different products or to catalyze the reaction.

Delepine has studied Rhodium(III) complexes of amine ligands in aqueous and water-ethanol
solutions. Delepine has observed that pyridine reacts with Na3[RhClg ] in agueous solution to give
{Rh(py)3Cl3] This compound is insoluble. Therefore, the reaction stops at this stage and further

substitution of a chloride by fourth molecule of pyridine to give [Rh(py)4Cl; I* becomes difficult and
requires lengthy reflux. To overcome this difficulty, Delepine has added ethanol. with the expectation
that the complex [Rh(py) 3Cli3 ]becomes soluble with the formation of [Ri(py)4Cl; 1* . In this reaction,
ethanol as a solvent behaves as a catalyst and diverts the reaction to form {Rh(py) 4Cl,]* rather than

{Ripy)3Cl3 ] complex. As a result of addition of ethanol, the reaction between Na3[RuClg] and
pyridine in aqueous-ehtanol solution proceeds immediately and qualitatively obtain the crystals of -,

[Ri(py)4Cl, 1t product at room {temperature without the formation of another intermediate.

Aqueous sofution
Nay[RhClg] ————— [Rh(py),Cly}

+ (Yellow orange crystals)
nCsHzN
t _Cl
/73'70/) sop I
Wlioy PV\ / Py
) | "\or

) , (Yellow solxd crystals) )

The mechanfsm,ar'ld.kine_t-ics_qfthe.abovex:eaction are quite similar to that for the Pt(II)}-Pt(IV) redox
reaction discussed earlier. The first step involves the rediiction of Rh(IIT) to Rh(I) by ehtanol. But the
initial species in which Rh(I} is produced is not known. Although, it is observed that [Rh{py)4]*
formed rapidly as pyridine is used in excess. The condition are now set for the formation of
[Rh(py)4Cl21* by a mechanism indentical to a Pt(ID-P(IV) two electron transfer reaction. It is
experimentally observed that {Rh(py);Cl3]does not involved in this mechanism. The addition of
ehtanol to the aqueous solution leads to the formation of [Rh(py)4Cly]* not by solubilizing
{Rh(py)3Cl; 1but by rather acting as a reducing agent.

[RR(H;0)Cl51** +C,HsOH —> RiT) complex +CH3CHO

Rh(l) +4py —=» [Rh(py)a]*
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Other Rh(III) compounds can also be prepared by the same technique, but the nature of the product
depends on the nature of ligands involved and the reaction conditions. For example, even in the presence

of ethanol, [Rh(SCN) ]3_ reacts with pyridine to give only [Rh(py) (S_CN)‘{; ] where SCN™ is bonded
to Rh(III) through S-stom. In this reaction trans- [Rh(py}4 (SCN), ]* ion does not form because of the

steric hindrance between pyridine and SCN™ and, therefore, four pyridine ligands can not lie flat in a
plane about Rh(III}, instead the pyridine ligands arrange as four bladed propeller about Rh(III). Since

M—SCN linkage is bent ( M—S\c\\N ) ,there will be repulsion between the bentSCN ™ ligand and

the non-planar pyridine ligands.

If a transition metal complex absorbs light radiations and goes in an excited state, its redox
properties may change drastically. The complex in its excited state may undergo several kind of energy
transfer, out of which luminescence is most straight-forward. In this process light is reemitted as the
excited state returns to the ground state (a radiative process). Alternatively, energy may be converted to
vibrational energy and dessipiated thermally to the environment as the complex returns to the ground

state (internal conversion). An important and widely studied complex in this area is [Ru(bpy); ]2+ ion.

This complex ion shows an intense metal to ligand charge transfer absorption band at 492 nm.
Absorption of a photon at this wavelength causes a transfer of an electron from the highest occupied

molecular orbital (HOMO) t26g set of Rh(I) to the lowest unoccupied molecular'orbital (LUMO) ie.,to

empty n* orbital of one of the bipyridyl ligands abbreviated as bpy to give a singlet complex with
electronic configuration tzsgwkl . This transition is spin allowed and the resulting complex can be

described as{Ru 1 (bpy)2 (bpy ™~ )]2+ . This complex undergoes rapid intersystem crossing without light
emission to give the lower energy and relatively long lived triplet state complex [Ru i {bpy)(bpy~ )]2+ .

1 -
'[Ru(bpy)s(bpy )I2* (Singlet state)

Singlet state retaxes to triplet
state without emission of light

m ’
3Ru(bpy),{bpy )P* (Triplet state)

-0.86V +0.84V

hv' fuminscence

i
(Ruopy)sP* 2V, fRuopyigPt —12Y . fRu(opy)y)*

The hole created at the ruthenium centre enhances its electron attracting ability and as a result this
cation in excited state behaves as much better oxidizing agent as compared to its ground state:
Furthermore, the availability of an electron in 7 * of a ligand (bpy) makes the excited state cation a much
better reducing agent as compared to the ground state cation. o

1T
From Fig. 7.32, it is seen that 3[Ru(bpy)2 (bpy~ )]2+ is a better oxidizing agent than ground state,

[Ru(bpy)s ]2+ by (0.84 + 1.28) = 2.12 volts and better reducing agent by (0.86 V + 1.26 V) =2.12 volts.
One set of photochemical redox reactions is :

[Ru'™ (bpy), (bpy ™)I** +[RuNH3)1** — [Ru™ (bpy)3 1" +[Ru(NH;)s >

[Ru™ (bpy)a (opy )1 +{RulNH3 )] — [Ru''(bpy)2 (bpy ™))" +{Ru(NH; )g1**

Some complexes can be excited by the d-d transitions and enhance the rate of substitution reactions.
In these complexes an electron is excited from #5¢ set to e, set (in octahedral complexes) and increases
the lability of complexes as the increased electron density in ¢, orbitals increases the M—L bond length

and weakened the M—L bond. Photosubstitution reactions of complexes such as [Cr(NH;3 )5 X]*,
[Cr(NH3)4 X, 1 a_nd [Cr(NH3)3Cl;3 ] have-been widely studied.



Fil0 in the Blanks

. [Cu(en)3 ]**
. The complex of Cu 2
. [Co(CN)¢]

[ A

. The rate of electron transfer in [Co(NH )¢ 12* / [Co(NH )¢ 1**

o1 a

with same ligand.

I8 ceveer e stable than [Ni(NH3 )¢ ]2+. -
L stable than the complex of Zn*
3758 oo inert than [RR(CN)¢ °~.

Electron transfer reactions are of ................. order. -~ /ﬁ? o

. In electron transfer reaction, electron transfer occur from n* orbital of the reductant to = * orbital of

oxidant. The reaction proceed by ................. mechanism.
SYSLEM 1S voveorrereesens than that of

[Fe(CN)¢1*" / [Fe(CN)6 >~ system.

[Ans. 1. less 2. more
3. less 4, second
5. outer sphere 6. slower]

_——M

. The final product containing chromium in the reaction between [Co(NH; )5Cl]2+, [Cr(H20)6]2+ s

H;0% is:
(@) [Cr(NH; )(H,0) 4C1I** () [Cr(H;0)61**
(c) [Cr(NH3 ) sC1IJ** @{CrH0)sC>

. The chromium (IIT) species formed soon after electron transfer betweenIrCl é’ andCr(H,0) ? is
‘@ Ce 0~
oy

() Cr(H,0)5C1%* {od*

(d) Cr(H,0);Cl5 -

. Electron transfer from Fe(HZO)é+ to Fe(H,0) g+ is like.ly to occur via :

(2) d-d transition
c) SN!

(b) inner sphere electron transfer
(d) outer sphere electron transfer——"

. {CoCI(NH3 )5 1** +[Cr{H20)6]** = [Co(H,0)(NH3)5]%™ +[CrCl(H20)s I

The correct statements regarding the above reaction is that :

{a) It follows outer-sphere mechanism

{b) t follows inner-sphere mechanism with NH acting as the bridging ligand

{c) It follows inner:sphere mechanism with CI™ acting as the bndgmg ligand w
{d) It is not an electron-transfer reaction

. The most suitable route to prepare the trans- isomer of [PtCl, (NH; )(PPh; )]is :

@) {PtCl4]2' with PPh 3 followed by reaction with NH; /
) [PtC14]2" with NH3 followed by reaction with PPh4
{c){Pt(NH; )4]2+ with HCI followed by reaction with PPh 4
(d) [Pt(NH; )4]2+ with PPh 3 followed by reaction with HCI

he rate of exchange of cyanide ligands in the comiplexes : (i)[Ni(CN)4 ]2' , (i) [Mn(CN)4 ]3— an
(i) Cr(CN)§ - by CN follow the order : oAz 47

pl?"i, Jed 2 M A

(a) ii > i>1ii
(c)i>iii>ii

(o) iii > i > i
()i >ii > i

- 6" f;\,ud

7. Coordinated water molecules of a Cd(IIj complexes can be successively replaced by Br ™ finally 1

result in [CdBry ]2_. In this process, the fourth equilibrium constant is observed to be higher the
the third one, becanse :
{a) equilibrium constant for the last step is always the highest
s—{b) three molecules of HyO are released during the fourth step
(c} the aqua-Cd(II) species is octahedral
(d) an anion (Br~) refyihceé aneutral (H »0) molecule from the coordination sphere

[ 8. The CORRECT statement regarding the thermodynamic stability and kinetic reactivity of met

s fa

a//,

on complexes is that ;.

{(a) More stable complexes are less reactive P
(b) There exists a dependence on the bulkiness of the ligand P ¥
{c) There exists no direct relation between these two phenomenon~——"

(d) There exists a dependence on the size of the metal ion

The CORRECT order of the rate-of exchange of water molecules between the coordination sphe

and the bulk is :
L‘((){Crr' < AP < Nitt<or?

S @< AP <ot NP
(@cr? <o < A o N

)
@ C¥ <N <Cr¥ < AP YN

10, Lonsider the reactions :

I.[Ct(H20)]** +[CoCI(NH3 )5 12" — [Co(NH;3 )5 (H0)1* +[CrCI(H,0)51**

2.TFe(CN)g 1" +[Mo(CN) T’ — [Fe(CN)6 ™" +[Mo(CN)s]*

Which one of the following is the corect statement ? s )?ML
(i) Both involve an inner sphere mechanism

{ii) Both involve an outer sphiere mechanism

{iii) Reaction ] follows inner sphere and reaction 2 follows-outer sphere mechanism

{iv) Reaction 1 follows outer sphere and reaction 2 follows inner sphiere mechanism.

@i ) ii

{©)ive” (d) iii

1. Designate the following complexes X, Y and Z as inert-or labile :

X =[AI(C;04)3T ", Y =[V(H0)6 1**, Z ={CHC104)3 1"



(2) X and Y are inert; Z islabile (b) X and Z are labile; Y is inert
(c) Xis inert; Y and Z are labile {d) X is labile; Y and Z are inert A—7
12. Which one of the following electronic configuration gives Iinetically inert octahedral

complexes?
6 0 31
(@) 4y, e () 15 ¢
5,0 6 4
(c) b (d) t2g e
13. Reaction of [CoCI(NH3 )5]%* by Cr%*(aq) leads to the formation [CrCI(H,0)5 1** . This is an
example of :
(a) outer-sphere redox reaction (b) inner-sphere redox reaction _
(c) acid hydrolysis reaction (d) base hydrolysis reaction ="
14. The substitutionally i\ry&omplex ion amongst the following is : L a2
(@) (G006  (6) [Fe(@0)¢ 12 -
_ ©TCH,0)6 1 (@) INi(H0)61** S
“15./ The acid catalyzed hydrolysis of trans{Co(en), AX]"+ can give cis-product due to the formation
of : . L
(a) square pyramidal intermediate S
(b) trigonal bipyramidal intermediate*-/ L ©

(c) pentagonal bipyramidal intermediate

(d) face capped octahedral intermediate
6. [Which one of the pairs of following statements about reduction of [CoCI(NH ) 5 1%* by Cr(Il) is

correct ?

(i) Reactant [CoCI(NH3 )5 ]2+ has non-labile coordination sphere

(ii) Reaction proceeds by outer-sphere mechanism

. (iii) Reactant [CoCl(NH 3)s ]2+ has labile coordination sphere

(Jv) Reactian.proceeds by inner-sphere mechanism, d :
- (a) (i) and (i) o (b) (i) and (iii) L
- {c)-(ii) and (iii) (d) (iii) and (iv),\/ '

17. cis- and trans- complexes of the type [PtA; X, ]are distinguished by :
(a) chromyl chloride test (b) carbylamine test
(c) Kurnakov test _~ (d) ring test

8\ Consider two redox pairs :
A/ (1) Cr (I)/ Ru(IIT) (2) Cr(I1)/ Co (IIT)

The rate of acceleration in going from a outer- spheretoa mner-sphere mechanism is lower for (1)
relative to (2). Its correct explanatlon is :

{2) HOMO/LUMO are s ando * respectively.
(b) HOMO/A.UMO are & “andn' respectively

&)

© HOMO/LUMO are i* and respectively/
(d) HOMO/LUMO are n andrm respectively
9. Congider the following pairs of complexes :

F(NH;3)5]>* and [Cx(OH; )6 ]** ; [CoNH;3 )5 (OH, )** and [Cr{OH 3 )¢ 1**

[Co(NH3 )6 ** and [Cr(OH )6 ]** ; [Col(NH3 )5 ]** and [Cr(OH, ) ]2+
The electron transfer rate will be fastest in the pair :

(2) [CoF(NH3 )5 ]** and [Cr(OH;)6 1>

(b) [Co(NH3 )5 (OH, )]** and [Cr(OH, )¢ ]**

(¢) [Co(NH3 )6 I** and {Cr(OH; ) ]2 _

() [COl(NH3)s ¥ and[Cr(OH,)g 2 =~ M

@A true statement about base hydrolysis of [Co(NH3 )5 Cl]
(a) It is a first order reaction :
__{bY The rate determining step involves the dissociation of chloride in [Co(NH 3)4 (NHZ yen*
(c) The rate is independent of the concentration of the base

/‘\ (d) The rate determining step involves the abstaction of a proton ﬁom [Co(NH3)5ClJ%* o (A

21 For the following outer sphere electron transfer reactions.
[Co(NH3)6T** +[Co” (NH3 )6]** — [Co(NH3 )61™* +[Co” (NH3 )5 ]**
[Ru(NH3 )6 ** +[Ru” (NH3)61* — {Ru(NH3)I’* +[Ru” (NH; )]
The rate constants are [0 M5! and 8.2 x 102 M_IS_1 respectively. This difference in the rate
constants is due to :
(a) a change from high spin to low spin in Co* and high spin to low spin in Ru*
(b) a change from high spin to low spin in Co* and low spin to high spin Ru*
(¢4 change from low spin to high spin in Co* and the low spin state remains unchanged in Ru*
(d) a change from low spin to high spin in Co* and high spin to low spin in Ru*
22, Which one of the following complexes is kinetically inert in a solution ?
(a) [Cr(H;0)6)°* (6) [Cr(H0)61
(c) [CO(H0)61** ) [Ni(CN)4 1
[ @ The substitution reaction of [Co(CN) 5 Cl]3 ~ withOH"™ to give [Co(CN) 5 OH]3 ~ in comparison to
that [Co(NH3 )3 CIJ%* to give [Co(NH 3 ) sOH]** is
slow and the rate depends only on[Co(CN) 5-Cl]3_
(b) fast and the rate depends only on [Co(CN) 5C{]3‘
(¢) slow and the rate depends on [Co(CN)5C1]3 ~ and OH™

{d) fast and the rate depends on [Co(CN) 5Cl]3_ andOH"~



% Ising crystal field theory, determine the type of d—orbithl(s) which will have the lowest energy in
¢ complex shown below. Based on the above, determine the comparative rates of reduction of the

n(V) to Mn(IV) versus Mn(IV) to Mn(lII) states :

(2) (dyy); Mn(V) to Mn(1V) is slower than Ma(IV) to Mn(I]])/
{(b) (dyy, dyz, 2 ), Mn(V) to Mn(IV) is slower than Mn(IV) to Mn(IIT)
(©d,2.d2_ K ); Mn(V) to Mn(IV) is faster than Mn(IV} to Mn(III)
(d) (dyy); Mn(V) to Mn(IV) is faster than Mn(IV) to Mn(TII)

@uccessive addition of NaCl, H3PO4, KSCN and NaF to a solution of Fe(NQ3 )3 -9H,0 gives
y

ellow, colourless, red and again colorless solutions due to the respective formation of :
(2) [Fe(H;0)sCII*", {Fe(H20)5(PO4)], [Fe(H;0)5(SCN)**, [Fe(H,0) s FI* ' 7
(b) [Fe(H,0)sCI(OH)]*, [Fe(H,0)s (PO4)], [Fe(H20)5(SCN)I*~, [Fe(H,0)s F1**
(c){Fe(H;0)5 (CI**, [Fe(H,0)61*", [Fe(H,0)s(SCN)*", [Fe(H,0)s FI**
{d) [Fe(H20)5C11**, [Fe(H;0)5(PO4)}, [Fe(H0)5 (SCN)J>*, {Fe(H,0)4 (SCN)FT+
@ The rate of exchange of OH) present in the coordination sphere by Bon 2 of, (i) {Cu( OH2)6 1,
(i) [Mn(OH, )¢ 1**, (iii) [Fe(OH )¢ 1**, (iv) [Ni(OHy )¢ F**, follows an order:
(@) @) > (i) > (iii) > (iv) ~" (b) (@) > (iv) > (iii) > (i)
{c) (ii) > (iii) > (iv) > (i)

(@ (i) > G) > (iv) > (ii) (ﬂ;’ » % _

1. (d) 2. (a 3 (@ 4 © 5 (@ 6. (d) 1. ()
8. (0) 9. (b) 10. (o) it () 12. (3) 13,0 14 )
15. () 16. (d) 17. (© 18. (b) 1. @ 20. (b) . ()
22. {d) 23. (a) 4. (a) %. () 2. ()

1. Explam the term thermodynamic and kinetic slablllty Are these two terms inter related? Explain

giving-examples.
2. Explain the term lability and inertness giving examples on the basis of CFT.

3. Arrange the following complexes in the increasing order of inertness :
[CrCN)6 1, {M(CN)4 ], [Co(CN)s 1", [Co(CN) ]+
4. What is trans- effect? What product is obtained when [PtCly ]2_ is treated with :
(i) NH; followed by R4 P,
(i) R 3 P followed by NH3 ?
5. Square planar complexes are generally labile. Explain.
/6./\F0r the folowing general reaction,

[Co(NH3) s X1+ [Cx(H;0)6 1 SO Co(H,0)6 1 +[Cr(H;0)5CI2* + SNH

rate constant increases in the order X~ < F~ , CI”, Br™, 17. Explain. Also give the mechanism
of the above reaction.

7. Give the mechanism of the following reaction :
{Co(NH3 )6 I** +{RuNH3)s]** — [Co(NH3)6]>* +[Ru(NH;)6 1"
Also explain why this reaction is rather slow (k =1x 102m s )?
8. Give the mechanism of the following reaction and speculate why the electron transfer is slow
/(?c =1x102m%s71)9
{Cofen)s ** +{Cofen)sT** —» [Caten)3 ** +[Cofem)y 12

9, Suggest the mechanism of the following reaction :
<@ .

{Co(NH3 )6 ** +{Fe(CN)s (H,0)T 5 [Co(H,0)6 12* + [Fe(CN)s(H;0)*

. For each of the followmg electron-transfer reaction, speculate whether the mechanism is inner
sphere or outer sphere :

4 @) {Co(NH3 ) s FI** +{Cr(H,0)61*" ——»[Co(H20>6]2* +{Cr(Hzo)5F]2+ +5NHj
“QL®) [Clg P~ +TIr Clg - — [iClg > +[IrCl6]

1 () [Co(NH3 )5 (SCN)** H{Cx(H,0)1% B —> [CO(HzO)slzt +{Cr(H;0) 5 (NCS)] + SNH}
11. Give the mechanism of electron transfer reaction between [Co(NH;3) 5’(SCN)]2+ and

* - [Cr(H;0)¢ ]2+ .Considering :{i) remote attack and (ii) adjacent attack.

12. The second-order rate constants for the reactions :
+SHz0"
[Co(NH3 )6 ** +{Cr(H;0)6 1" —— [Co(H20)61>* +6NHJ +[Cr(H;0)61’*

SHy0"
[Co(NH3 )sCI* +{CrH20)61> > [Co(H,0)6 I** +6NH +[Cr(H,0)sCHP*

are10 3 m s and6x10° m 7! respectively. Explain the variation in rate constants'by giving
the mechanism.



13.
14,

15.

16.

17.

18.

Anyhdrous CrCl3 dissolves more rapidly in a dilute solution of CrCl, than in pure water, Explain.
The formation of Cu 2+ complexes with ethylenediamine exhibit the equilibrium constants
log Ky =10.50,log Ky =9.0and log K3 = —1.0. Explain the lower value of K3 than K.

The successive stability constants for the species formed in aqueous solutions when
ethylenediamine reacts with Ni(II) are as follows :

logK; =7.5,logKy =64and log K3 = 44.
Calculate value of B3.
When the pyridine is added to an aqueous solution of Na;RhClg, the reaction stops at
[Rh(py)3Cl3 ] but on adding a small amount of ethanol, quantitative formation of [Rh(py)4Cly 1*
occurs. Explain this by giving suitable mechanism. ]
Explain the importance of bridging group in inner sphere mechanism. Explain the following data
when bridging group X is changed as follows in the reaction of [Co(NHz )5 XJ>* with Cr?*

(ag.)’
0 0 . 0 CH
| | |
X = 0—C—H —0—C—CH;, —0—C—C—CHj
|
_ CH,
Kmshy 72 035 9.6x107

Explain the rate enhancement for the following reaction pairs :

(i) [Fe(H0)6 1> +{Fe(H,0)¢ > 40m 5!
[Fe(phen)3 ]** +[Fe(phen); ]** 3.0x10” m~ 7!

(ii) [Ru(NH3 ) 1** +[Ru(NH; ) 1** 82x10% ms7!
[Ru(phen)3 12" + [Ru(phen)3 ]** 107 m7is!

ong

10.

11.

o
13.
14.
15.
16.

17.
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