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«Identify the general physical and chemical properties of the first row of transition
elements, titanium to copper.
+ Define a transition element as a d-block element which forms one or more stable ions with
incomplete d orbitals
- Sketch the shape of 3d,, and 3, orbitals
»|dentify the properties of transition elements, some examples including
a. They have variable oxidationstates  b. Theybehave as catalysts
c. They form complex ions d. They form coloured compounds
+Explain why transition elements have variable oxidation states in terms of similarity in
energy of the 3d and 4s sub-shells. et : =/ )
« Explain why transition elements behave as'catalysts in terms of having more than one stable
oxidation states, and vacant d-arbitals that are'energetically ‘accessible and can form
| dativebondswith ligands.| || et
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Explain why transition elemenr.s ferm cumplﬂr mns In E«E[nili of vacant d-orbitals that arew|

energetically accessible.- o

= Explain the reaction uf trms'lt!en elemenu with ligands to form complexes, including
comple:.es of ¢ per (1) and cobalt (ll} jons with water and ammonia molecules and
hydraxides and chloride fons.

= Define the term ligand as a species that contains a lone pair of electrons that forms a
dative covalent bonds to a central metal atom/ion.

« Use the term monodentate ligand including examples water, ammonia, chloride and
cyanide.

e Use the term bidentate ligand including 1,2-diamincethane and ethanedioate ion,
polydentate ligand including EDTA.

« Define the term complex as a molecule or ion formed by a central metal atom/ion
surrounded by one or more ligands.

¢ Describe the geometry (shape and bond angles) of transition elements complexes which
are linear, square planar, tetrahedral or octahedral.

« State what is meant by coordination number.

e Predict the formula and charge of a complex ion, given the metal 1en, 1t:. charge or
oxidation state, the ligand and its coordination number or geometry. - -;

« Explain qualitatively that ligand exchange can occuf;. 1ncludmg the- ;an'hplexes of copper
(1) ions and cobalt (II) ions with water and emrrpnia mtecui‘es and hydroxide and chloride
ions. ;

» Predict, using E° veiué;s 'the f&asﬁhmty ef redex reactions, involving transition elements
and their ions | 1AL

» Analyse ﬁeactlens invulving MnO4/C204% in acid solution given suitable data (including
describing the reaction and doing calculations).

« Analyse reactions involving MnO«/Fe™ in acid solution given suitable data (including
describing the reaction and doing calculations).

« Analyse reactions involving Cu®'/I' given suitable data (including describing the reaction
and doing calculations).

« Perform calculations involving other colour of complexes.

« Use the terms degenerate and non-degenerate d-orbitals

s Describe the splitting of degenerate d-orbitals into two non-degenerate sets of d-orbitals
of higher energy, and use AE in (a) octahedral complexes, two higher and three lower d-
orbitals (b) tetrahedral complexes, three higher and two lower d-orbitals.

« [Explain why transition elements form coloured compounds in terms of the frequency of
light absorbed as an electron is promoted between two non-degenerate d-orbitals.

» Describe, in qualitative terms, the effects of different ligands on AE®, 1‘re:1u:em:5»r of light
absorbed, and hence the complementary colour that is observed. — ||\

e Use the complexes of copper (ll) ions and cobalt {II} ions- with- water and ammonia

molecules and hydrexlde, chteride iem esexam ples ef iigam:l exchange affecting the colour

observed. -

¢ Describe the types oI .ilereeisemensm 5hewn by complexes, including those associated
with hidenl;ete !fgande




* geometrical isomerism, e.g square planar such a8 I{Pt{NH;]:Elz] am-.r octahedral such as )
[Co(NH,),(H,0),]** and [Ni(H,NCH,CH,NH,);(H,0, 1% |\ 1\

« Optical isomerism, e.g [Niri«rlncnlr:uiuhl},}*&and [Hi[thiCH | CHNH,),(H,0,, ]

« Deduce the overall polarity of complexes.

« Define stability constant (Kaa) of a complex as the equilibrium constant for the formation
of the complex ion in a solvent (from its constituent ions or molecules).

« Write an expression for a Kuas of a complex, [H,0] should not be included.
« 'Write an expression for a K. of a complex, [H,0] should not be included.
o Use K expressions to perform calculations.

« Explain ligand exchanges in terms of K., values and understand that a large Ky is due to
k formation of a stable complex fon.

S

When we come across the periodic table, we find a very important block at the centre, call
transition elements. They possess unique chemical and physical properties, making them vital
for daily use. Copper is used in wiring, coins, and plumbing, while iron is essential for bridges,
vehicle parts, and construction. Chromium enhances plumbing fixtures; gold and silver are
valuable for jewelry and electronics; platinum aids in catalytic converters; titanium. is u&ed in
bicycles, aircraft, and artificial joints; and nickel, vanag:hum molyl:-ﬂenum, and tantalmn serve
various industrial and medical purposes. Transition- malala also furm alloys, such as brass
(copper and zinc) and bronze Ll:nrnper jnd tiri} l-n this chaptﬂ, transition metals are explored
in detail. L LA

'| \ l. kA
Transition elements ar thosb which have incomplete d-subshell in their most stable ionic states
are called lransit#bn elements. They have been given the name ‘transition’ (which means
change) because they show gradual change from much reactive group 2 elements (calcium) to
much less reactive group 13 elements (gallium).

The first period of transition elements starts from scandium to zinc. However, zinc does not
qualify the definition of transition elements because it forms
only one colourless ion, Zn**, with a complete 3d sub-shell. | Remember!

Although, zinc can form complexes like transition metals, | Zinc is d-block element, but
but this is not sufficient for it to be included in the transition | not transition element.
elements block.

Scandium was initially controversial, as its common +3 oxidation state (5c**) has an empty d
sub-shell. However, it was later included in the transition metals by IUPAC system wh.n
compounds with +1 and +2 oxidation states, such as Cs5cCls, were synthesized.

In this chapter we will be mainly focused on the first row, the elements from titanium through
to copper. To have full understanding of different praperties uf transmnh metals ‘We need to
study their electronic configuration in detarl AT
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6.1 Electron, Cnnﬁguratwns 0f the d bluck elements

The electronic config &t’inn uf transmcm metals follows Aufbau principle. However, there are
some exceptions to thlii‘ rule. For example, chromium and copper break Aufbau principle. The

reason is that atoms or lons with a half-filled 3d sub-level (3d*) or a filled 3d sub-level (3d")
are relatively stable, avoiding the inter-electronic repulsion in 4s orbital that occurs with the

* 4s* configuration. Moreover, in both the cases, the 3d

electron cloud is symmetrical which shields the nucleus | Key Information «

relatively in a more effective way. When forming cations, electrons
* are always removed from the

The electron configurations of some of the first-row d-

block elements and their ions with orbital diagrams are higher.anergy sub-shell, f.e 4sin

first row of d block elements.

given:
*““Element | Electronic configuration Electronic canfiguration
1= 1 1 :
sc [Ar)3d'4s? = ot
S [Ar] 3d'
Ti [Ar]3d?4s? Ti®* [Ar] 3dh
v [Ar]3d’4s? e AR
cr anades O\ 7R NS0 ) o] b
Mn - fAr]3dast Mn® [Ar] 3d°
ST AN O
el IARMA Fe® Ar] 3d*
e W S > [A]
Fe [Ar] 3d°
Co Ar] 3d’4s? Co® [Ar] 34"
Ni Ar] 3d%4s? Ni** [Ar] 3d*
1+ 10
Cu Ar] 3045’ L e
Cu® [Ar] 3d°
Zinc [Ar] 3d" 4¢? In® [Ar] 3d"
Relative Energles of 4s and 3d Sub-shells
The energy difference between 3d and 4s orbitals changes across the period of transition metals. In
calcium, the 4s orbital has lower energy than the 3d orbital because the 45 electron experience full
attraction of the unscreened nucleus. This makes the 4s electrons more penetraung than the 3d
electrons.
Along 3d period, after calcium, the 4s electrons are shielded by the 3d electrons; .'.llgh:ly decreasing
their energy causing small rise in the first and second fonization enems. On-the contrary, the 3d
electrons faces higher effective nuclear charge due tb lm Shfeiml'!g. strongly attracted by the
nucleus. This results in p-nl;ential inc;‘ea:h: ﬂf 3d ﬁlm:trhm, reflected in higher rise of third fonization

.l.l II-\.I
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6.2 Proper LJLR ak, [1ans u.r-q WNeragrRe
The transition elements are much mure lﬂeeach nther than the" :

elements across period 3. For instance, l;l'ley‘&re all metals rather | Interesting Information
than showing a change from| metal'to metalloids and non-metal, | 'he atomic  radii  of
On the other hiand, Whert We move along period 3, there come | Yanadium (23) and zinc (30)
metals, then metalloids, non-metals and then noble gases. :; l;?m fferi.::?:useddi tihe
Similarly, there is not that decrease in atomic radii as in period nf‘§ d :lge:trun y at tt;:
3 elements. DU to such similarities, transition metals show the effect of i o c;}"" f;i
following physical and chemical properties. of increasing nuclear

charge.
6.2.1 Physical properties
Transition metals show the following physical properties.

= They have high melting points because of strong metallic bonding in them.

» They have high density due to close packing of atoms in their lattices.

» They are good conductors of electricity because they have free electrons.

» They are good thermal conductors.

» They have a shiny metallic luster.

«  They are malleable and ductile. A

« They are hard and strong which makeﬁ them suitahle fﬂr cuné.tructiun and
manufacturing.

» They show magnetic prap-ertiei., er ﬁaram:agﬂetism uﬁd ferromagnetism and this

property is explmm Ilﬁ ﬂ‘ﬂuﬂsrapﬂllcaﬁbn including magnetic resonance imaging
(MRI). N .
|

6.2.2 Phg.isléh{ Characteristics
Some of their physical properties of first row of transition metals are given in detail.

i

Density of metals is the mass per unit volume expressed in the unit gram per cubic centimetre
(g/cm’). It is an important physical property of metals which shows how closely the metal atoms
are packed in metallic lattice.

Moving through first period of transition metals, from scandium to copper, the density of
transition metals generally increases. This is because of the two factors:
« The atomic mass of the metals increases, making their nuclei progressively heavier as
we move to the right across the period.
» The atomic radius decreases across the period due to the increasing nuclear charge,
which pulls the electron cloud closer, thereby reducing the size (volume) of the
atoms.

Since density is directly related to mass and inversely related to, volume, the increase in mass
and decrease in volume across the peﬂod generalLy l.ead tn an increase in the density of the
metals. ViR AR\RSA\ B R &
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However, there are some exceptions tq:_tl_ié‘lgénim_il trend. Tﬁe_i:_lénsity of manganese and copper
is different from what Is generally expected. The atomic radius of zinc is larger than that of
copper because its full 3d sub-shell (3d"°) leads to less tight packing of zinc atoms in its metallic

lattice, resuttmg in. deduced density.

2. Atﬂmlt Radn

Transition metals show specific trends of atomic radii across the period. Understanding these
trends require consideration of both shielding effect and electronic configuration.

In the first-row transition elements, the atomic radii decrease across the period because the

' nuclear charge increases, pulling electron closer to the nucleus. However, unlike main group
elements, this decrease is less steep because electrons being added in 3d sub-shell do not shield
one another sufficiently from the nuclear charge.

In the beginning, the atomic radii | ;oo eant Information

decrease because of increasing | while discussing covalent and ionic radii, two
nuclear charge which overcomes the | factors are taken into consideration

shielding effect. simultaneously, electron-electron repulsion and
electron-nucleus attraction.

_ 200, A AU )
E _J e \ N
. .
= I »]
'J';:E-lr"! isul
\
5.
% =1
1m B L Li L] l‘ L] L] L] L] L 1
Sc T V C Mn Fe Co N Cu 1In
Fig 6.1: Atomic radii of first row transition metals

The decrease in atomic radii is not that pronounced while going through the middle of the
period because of the two factors, i.e increasing nuclear charge and shielding effect,
counterbalance each other. In this way, the atomic radii remain almost constant at the centre
of the period.

Moving towards the end, atomic radii increase from nickel to copper and zinc. The reason is
that the 3d sub-shell becomes full which causes shleldmg effect ps.lshmg 4s. s:uE-shell away from
the nucleus.

Similarly, when moving ffom copper to ;m:, we see an unexpﬂcted increase in atomic radius.
The atomic radius of zinr.: is larger than that of copper because the additional electron in the
4s sub-shell in zinc inqre'asﬁ thE slur.ridang effect, which outweighs the effect of the higher
nuclear charge |I \ JAo
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The melting and boiling paintsnf the tnmitmn etmnls are genmally much higher than those
of the s- and p-block elements,’ They have strong metallic bonding because of involvement of
electrons of bath 3d and 4s sub-shells. When we plot melting and boiling points against atomic
number, both graphs have some irregular behaviour. In the beginning, melting and boiling points
increases as atomic number increases. Then we get two minima at manganese which reflect
- that the full 4s and- half 3d sub-shells are much stable and not readily available for metallic
bonding.

Zinc has lowest melting and boiling points because of full 3d and 4s sub-shells which cannot
participate in metallic bonding. This is why mercury is liquid at room temperature as it «
belongs to zinc family (with full 3d and 4s sub-shells).

—a— Melting point —a— Boiling point
£ i, Ny I
2 1100 4 28% 3672 AT 1870 IM] ]
£ 2600 ¢
" - 1910 1907
8 5 1100 g 1668 8 wes s O
'8”1'“31 il YORE:
o 1100 4
-E 600 4 ) _
{ 100 'l'—HI i.,-. - .I.. : .'l' _l.. —l — T T T L] ]
Sc_ \] TL er Fe Co N Cu 1In
{[ 'I!lln 6.2: Hae{ting and boiling points of transition metals
Key Information

Metallic bonding is directly related tp the number of unpaired electrons in outermost
shells. However, the stability of sub-shells is also counted in this regard.

s el il Ml Ligs

Transition metals and their compounds show magnetic properties which provide us information
about chemical bonding in them and important uses in modern technology. An electron spinning
around its own axis generates magnetic field just like electric current flowing through a wire
does. It means that a single unpaired electron acts like a small magnet. Based on unpaired and
paired electrons in outermost shells, transition metals and their compounds show different
magnetic properties.

Paramagnetic substances are weakly attracted in magnetic field. For example, aluminium and
sodium etc. The reason is that they have unpaired electron(s) in vatence shells! The 'unpaired
electrons on atoms or ions are not influenced-by the electrons on ‘surrounding atoms so they
are directed randomly, When a paramagnetic solid is pla;ced in maﬂnetic field, the magnetic
moments are aligned parallel ta one- antther and a net weak attraction is observed. However,

when the magnet is rernoTved t\hE mlid loses its paramagnetic properties.

m |
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Ferromagnetic substances are strongly i;tl;raﬁtﬂ-ﬂ 'in lnaﬁnetic field, for example iron, cobalt
and nickel. They have also unpaired eteq;tmns in the valence shells of thelr atoms and fons in
solid states. Their unpaired electrons are influenced by the electrons of surrounding atoms and
jons and align in same dirﬂc&iﬁn '‘When a ferromagnetic substance is placed under magnet, a
very strong attraction 'is ‘observed-nearly million times more than a paramagnetic substance,
Ferromagnetic substances maintain their magnetic moment even after removal of magnetic
field, so they are permanent magnets.

Diamagnetic substances are those which are weakly repelled by magnet because they have
paired electrons in outermost shells. For example, copper and iron etc. The paired electrons in
an orbital cancel out their individual magnetic moments making net magnetic moment zero.

Alloys are the mixtures of metals which carry useful properties. Transition metals can form
alloys because of their similar atomic size. They can substitute one another in their metallic
lattices. Steel is an alloy of iron, chromium, nickel and manganese possessing more useful
properties, like hardness; corrosion resistance and shiny. Other examples of alloys are brass
{copper and zinc) and bronze (copper and tin).

6.2.3 Chemical Properties

While crossing first row transition metals, thereis no- such! thrﬂ:y 1n n:hemical properties as

we found in physical properties: Some iil'ﬂpﬂl"t.ant. chq'n"ﬂ:.‘al properties of transition metals are
given here.

1. Variable Oxidation Stﬂ,tqﬁ

The common oxidatipn state for the first row of the d-block elements is +2 obtained by loss of

two 4s electrons to form an M* ion. The maximum

stable oxidation state frequently corresponds to the Po You Knowt

maximum number of electrons (3d and 4s) available The sinple fore of transition metl
exist in low oxidation states (Mn®)

for bonding. For example, mmanganese, with while their complex ions (MnO.") are

electronic configuration, [Ar]3d®4s’, can have a | gable in high oxidation states.

maximum oxidation state of +7.

The oxidation states of first row transition metals is shown:

- —lin ERTIT -
+1
+2 +2 +2 +2 +2 +Z +Z +Z +Z
+3 +3 +3 +3 +3 +3 +3 |
+4 +4 +4
+5 W, Lo
6 6 '

101



The stability of +2 oxidation state compared to +3 oxidation state 1ncr¢ues with atomic number
from left to right across the first row of the d-block as it becomes increasingly difficult to
remove 3d electrons. On the other hand, the !.I:Etb‘llityuf the higher oxidation states decrease
with atomic number from left to right' acrcﬁi the series.

The greater stability of +2 oxldaﬂnﬂ state of manganese compared to its +3 oxidation state and
+3 oxidation state of ironrelative to its +2 oxidation state can be explained on the basis of
stability of half-filled 3d sub-shell.

2. Catalytic Activity
Transition elements or their compounds can be used as catalysts in various chemical reactions.
They show two unique properties responsible for their catalytic activity:

= They can exist in more than one stable oxidation state.
= They have vacant d orbitals capable of forming temporary dative bonds with ligands.

First row transition metals have a unique property to change between different oxidation state,
like Fe** and Fe™ or Cu” to Cu**. They temporarily change their oxidation states by gaining or
losing electrons during chemical reactions and help reactants convert to products. At the end
of reaction, they regain their original oxidation state and become ready to pi.ay their role as
catalysts again.

These metals possess incompiete 3d-orbitals in their valence shel-.ls. These vacant orbitals can
accept electrons pairs from ligands (molecules or ions) furrning temporary dative bonds
between the transition metals and ligands. These dative bonds are responsible for holding
reactants on the surface of transition metal and bring them closer. Resultantly, the bonds within
reactant particles weaken and ].thimately break. The product formation takes place on the
surface of transition metal; In this way transition metals speed up the reaction to occur. After
completion of reaction, the transition metal releases the products and becomes ready to bind
to new reactants, continuing its role as catalyst.

In the Haber process of ammonia synthesis, iron is used as catalyst which adsorbs hydrogen and
nitrogen gas on its surface and make them react faster. Similarly, in the Contact process, the
vanadium pentoxide {(V;0s) is used as catalyst involving reversible change in oxidation state of
vanadium from +5 to +4. Both these examples involve reactants and catalysts with different
physical states, so they are heterogeneous catalysis.

On the other hand, we may have homogeneous catalysis where reactants and catalysts are in
same physical states. For example, oxidation of iodide ion (I'} by peroxodisulphate (Vi) ion
(520a).

2l g + S205% (e — = 2850, *+ laea

The reaction is slow because the negatively charged fons of reactants repel each other. It can
be catalyzed by the addition of d-block metal ions like Fe’* {aq} which change its oxidation
states reversibly between +2 and +3 as shown.

2Fe2t i + S205% e ——*—"""-."4’.'!:-3""““1 +'25G4"m}
2Fe aq) + 24 e | 2Fe® ) + lztea)




Both the steps of this mechanism involve a reaction betwﬂ:en twn ﬂppﬂsitely charged fons
making the reactions faster than the prevlm ummlyud l:am

£-] calNnCis

A ligand is an atom or group of | -nldurn! whh:h is electron rich
. and can donate lone pairs of electrons to the transition | Key Information e
metal ions, making dative covalent bonds with them. The d sub"‘"‘:e“‘ splitting is
Ligands may be molecules or ions made of non-metal f_’::m :”hf':n Ltg;r:::;apprmch
' atoms. They are also called Lewis bases or nucleophiles SE i
because they can donate electrons. Based on the number

of lone pair they can contribute to coordinate covalent bond formation, ligands have the
following classes.

Monodentate Ligands: The ligand which can form one dative covalent bond with transition metal
atom/ion is called monodentate {Latin word-meaning ‘one-toothed"). They may have more than

one lone pair of electrons but can donate only one. For example, aqua (H20), halo (X'}, hydroxo
(OH'), ammine (NH;), and cyano (CN') etc.

: H,0 :OH 1NH, =l oo AXE
agua hydroxo ammine -I-'.:_:yanq'_ S halo

The ligand that can donate more than one lone, pﬁ"r of i-le&trdﬁs are called polydentate ligands
(many-toothed). For example, 1,2~ diafnrnirmthana NH:CH;CH;NH;z) and ethanedioate (COO');

are bidentate ligands as I:hey can’ form two coordinate covalent bonds at a time with central
transition metal fons. [id] it

H
‘ :E—ﬁ—u b: :;.“i CHz—‘CHt—Hi
T H H
’ {ethanedioate) (1,2-diaminoethane)
oxalato ethylenediammine (en)

Similarly, ethanediaminetetraethanoic acid (EDTA) is hexadentate ligand because it can donate
six lone pairs of electrons to the central metal atom.

:0—C—CH, CHy—C—
T N-CH,-CH,-N :

5
]
,L
ENY
5]
I

_ —C-——— -
Eth}"lﬂﬂﬂﬂ‘lﬂﬂ“mﬂﬂt&tﬂte nmd {EDTA)




6.3 Formation of Complex Compounds
A complex compound or coordination compound s formed between transition metals and
ligand(s). Ligands donate lone pair of electrons in the vacant orbitals of transition metals while
transition metals accept the e_l_ac:ll:mﬁ_pafr making coordinate covalent bonds. Ligand is electron
pair donor, so it is calletf__l;ﬂms.'b&:é. while transition metal accepts electron pair and is called
Lewis acid. Transition metal complexes may be positive, negative or neutral. Transition metals
form complex ions due to the following two reasons:

= They have a small size and high charge density, enabling them to strongly attract ligands,
= They have 3d sub-shell which has low energy and can bond to p-orbitals of ligands easily.

Transition metals lose electrons and become cations. They have vacant d orbitals that undergo
hybridization to produce same number of new orbitals with equal energy. This process is
followed by reaction of ligands with transition metal ion to form complex. The ligands donate
electron pair to the hybridized vacant 3d orbitals of central metal ion. The vacant 3d orbitals
of first row transition metals are energetically accessible because they have low energy, and
ligands can easily donate lone pairs of electrons to them making dative bond with them. After
this process, ligands come and donate electron pairs to those hybridized orbitals forming

complex ion. =

i. Complexes of Copper (II) with Water and ﬂiln_r_id_q-.hi[a'ﬁdi = Vo e
Copper (l1) ion (Cu?jug) has electronic l:unﬂguratiwn '[k_lr]" 3d“' Six water ligands approach to
copper(ll) fons and form six coordinate covalent bonds with copper (ll) ion. However, before
making bonds, the six vacant orbitals of copper (I1) ion undergo hybridization, generating six
sp’d® hybrid orbitals.  These ' —
e For - Do You Know?

orbitals are then available for six
e yrobac il fi cmrﬂinatively The transition metal lons have high charge density, so they

are highly polarizing compared to s-block metals. This is why
bond and form the given complex they have higher tendency to form complexes.
as reflected from the ‘electrons-
in-box diagram.

N —

a7 452 4p° _J
| hybridization
sp'd?  spPd  spid spd? spid?  spdd?
il Ly L Ity 1
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Similarly, copper (I} ions intermix four fag:a-[ﬂ: mhitals {Jls and 4p) giving four sp* hybrid orbitals.
Then four chloride ligand coordinatively bond with those four hybrid orbitals as shown:

n AL iCl:  :Cl: :CL: :Ci:

T M |
0 £ K0 Y I | e s ]mﬂmm:* Vb

With chloride ligands, copper(ll) forms tetrahedral complex, tetrachlorocuprate(ll) ion, because
chloride is a big ligands and six chloride ligands cannot surround a small copper{ll) ion.

it. Complexes of Cobalt(ll) ion with Water and Chloride Ligands

The condensed electronic configuration of cobalr(ll) ion is [Ar]3d’. It forms octahedral complex
where six water ligands form dative bonds with the empty orbitals available with cobalt(ll} fon.
The following diagram shows the formation of octahedral complex of hexaaguacobalt{ll} fon
with six water ligands making six coordinate bonds with six spid? hybrid orbitals.

3ad? sp?  sp? sp? sp?

Tt |t |1 P

3d7 42 |\ T\ () R L |
ALY i 1I'r_'.rtridh3tjm
|
: spid? spid?  spid? spid? spid? spid?
o I
] | I | 1 1
H,0 H8 H,0 H,0 H,O HD

Similarly, cobalt{ll) ion reacts with four chloride ligands, making four dative bonds and give
tetrahedral complex, tetrachlorocobaltate(ll) fon. Before making bonds, the four vacant
orbitals of cobalt (Il} ions undergo hybridization as shown.
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Terminology of complex l:ompuunds- Pt

Coordination Number

The number of coordinate; :dvaient bonds formed by metals ions with ligands is called
coordination number. The most common coordination number are 4 and 6. howewver,
complexes with coordination number 2 can also exist. For example, the coordination
number of compounds [Cui.'NH,p]z", [Mi{CO).], Nas[Fe({CN).] and [Co(MNOz):(NH;3):] are
four, four, six and six respectively.

Coordination Sphere

The central atom or ion with ligand(s) is called coordination sphere enclosed by square
bracket. The coordination sphere may be neutral, anionic and cationic. For example,
Ka[Fe{CN)s], [CuiMH3):]504 and [Ni{CO)4] have anionic, cationic and neutral coordination
sphere respectively.

Charge on Coordination Sphere
It is the sum of total charges on transition metal ion and ligands (if any). Examples:

i. NasFe{CN)e]
Oxidation state of iron = +2 The charge on :_c_nnrdlmtinn
sphere is equal but opposite to
Total charge on six cyanide ligands = ,- . | the charge on the ions outside
Charge on coordination sphere - +1+(+¢1 |, 'the coordination sphere.

fi. [Cu(NH;)4]504
Oxidation state of r_'npp-er-= +1

Total charge on faur a.m nia lig.arnd-s -
Charge on tmrdination spheres= +2+0 = +2

6.3.1 Naming Complex Compounds

IUPAC nomenclature of complex compounds recommends the following rules:

i.
if.

.

Mame cation before anion, whether it is simple ion or complex ion.

While naming coordination sphere, the ligands are named first in alphabetical order,
then the transition metal jon.

The suffix “ate”™ is added to the name of the central metal atom if the coordination
sphere is anlonic. For example ferrate for iron, cuperate for copper and argentate
for silver. Otherwise, the name of metal remains unchanged.

We use the prefixes di, tri and tetra etc for ligands to show their number. For
polydentate ligands, prefixes bis (tww), tris (three), tetrakis (four) ligands and
pentakis (five) etc are usded.

Haming andonic ligands, we use suffix “o", e.gchloro (Cl'), l'rg.rdrm:o (OH)Y and
carbonato (CO:*) etc. MNeutral ligands Lﬁually re'r.ain thnir names, like agqua/aqua
{H:0), ammine {(MH1) and carbonyl lCt’J] etd,

The oxidation state of the central ion is rupmsénted 'I:'y Roman numerals and put in
parenthesis after the name of metal atom;-

E
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Examples of Complex Compounds

[PL{NH3).BrCl]Cl: tetraamirneb&nq‘rmu:raplathiumﬂ‘u’} chloride While naming

[CuiNH1)z]* mmmirvé-cqpper{llj ion complex cm;:uunds,
| the number o

K [Fe{CN)u] Potassium hexacyanoferrate(il) ok ot

[Cr(Hz0)e]Cly Hexaaquachromium(lll) chloride counted.

[Hi{C )] Tetracarbonyinickel (0)

[Co{NOz)3(NH31)a] Triamminetrinitrocobalt (111)

[Crien):Clz]CL Dichlorobis(1,2-diaminoethane)chromium(lll) chloride
[en=ethylenediamine]

Kz[PtCls] Potassium hexachloroplatinate (V)

6.3.2 Working Out the Charge on Complexes and Their Formulae
The total charge on a complex ion depends upon the oxidation state of metal ion and the

number and nature of ligands. The oxidation state of

metal ion can be calculated from the charge on the ::heeriufe nuts::i_t:‘“tm cn::dil;:tim
e utralf compl are

complex fon. Remember that oxidation state on called countek Hons.

transition metal ion equals to charge on the cornplex ‘
minus sum of charges on the ligands. i WL

Wurln-u-d Examples

= Deduce the charge on the tetraammlnedichlorn:nbalt{lll} complex fomn. What is its
formula? RN

» The formula has two chloride ions and four ammonfia molecules, so the ligands contribute
two negative charges (-2). The central cobalt cation has an oxidation number of +3, so
it contributes three positive charges (+3). Hence the total or net charge on the complex
fon is +1. The formula is therefore [CoCL,(NH,).]".

= Deduce the oxidation state of copper in the [CuCl]* complex fon. What is its name?

=« The complex ion is an anion with a total or net charge of -2. The formula has four chloride
ions acting as ligands which contribute a total of four negative charges (—-4). Hence the
central copper ion must contribute two positive charge so its oxidation state is +2. This
fon is the tetrachlorocuprate(ll) ion. .

Concept-Assessment Exercise 6.1
1. Determine the oxidation states of transition metals in the following complexes.

i. [Co(NH,) JICL,. i Na,[MnCL,] ifi. . [Co(en),(H,;0),]
iv. [CuCL]* v, Nau[Fe(CN)2(OH)]-

2. HName the following complex ions. pelll 1 A AL B
i. [Co{MH,),Cl;]Cl o i [Zn(OH) ™ i [CrCL,(NH;),]"
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6.3.3 Coloured Complexes

If white light is passed on a transition metal complex, either in solid form or solution form,
some light is absorbed and some is transmitted. There are three possibilities.

« If all the light js absorbed, the compound appears “black’.
= If some light is absorbed, the compound will appear coloured.
= If all the light is reflected, the colour of the complex compound will appear *white".

Transition metal fon, in solution or solid form, are coloured because it absorbs a part of visible
light and the remaining part is transmitted. Light is absorbed by those transition metal
complexes which have incomplete 3d sub-shells. For example, copper (I1), {[Ar]3d®), complex
has incomplete d sub-shell so it has coloured compounds. On the other hand, zinc (1), [Ar]3d™)
is colouless compound because it has complete d sub-shell. Before digging in the topic in detail,
we must know about d orbitals.

All d orbitals in d sub-shell have same energy so they are called degenerate orbitals. However,
they are oriented in different directions along x, ¥y and z axes as shown.

d. | ...' |I 4 .
A ININE d,
.+u %
d.r‘: d’

Shapes of d orbitals

Consider octahedral complex where six ligands approach the central metal ion along x, ¥ and z
axes. Almost all transition metals have octahedral complexes. The interaction between ligands
and central metal ion caused splitting of d sub-shell into two set of orbitals. Ligands interacting
with the two d orbitals lying along x, y and z axes (d.”-y* and d.”’) experience greater repulsion
than that with the d orbitals orienting in between the axes (dx, dy= and dwa). The higher
repulsion results in higher energy set of orbitals called ey whereas the lesser repulsion give rise
to lower energy set of orbitals called ti;. The! overall energy of both e; and tz; orbitals of
complex is higher than the degenerate 3d orbitats of metal ions without ligand.

The d-d splitting pattern is. shown.
|
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NN 12 T At

. .~° ligands approaching

energy

- L T Jew
I ., Oey Oyz Oz
degenerata 3d orbitals non-daegenaralte orbitals
] of metal lon {(without ligands) (after reaction with six ligands)

The energy difference (AE) between the two sets
of d orbitals in a complex ion is equal to the | Key Information

energy of a photon of characteristic light in | The terms e; and ti; stands for “doubly
visible spectrum. When white light is passed | Berade™ and "triply gerade™
through a complex fon, whether in solution or | Fespectively. The subscript "g" stands
solid form, photon of a particular energy and tor g:erade wh“.‘r‘h is a German word
frequency is absorbed which will excite electron eane. em (Drgenerate).

from lower energy set of d orbitals (tz) to hlghm‘.

energy set of d orbitals (ey). 111.15 shi.ft rar'l’ E{Wtrﬂn batwaen ths_- two sets of orbitals is called d-
d electronic transition.

As a result of this electronic ﬂ'an:il‘:lm. a cnluur from the white light is removed and the solution

gives a complementary colour to the absorbed light. Different complexes give different colours

depending upon the colour absorbed from white light. Each colour absorbed gives its own
. complementary colour as shown from the colour wheel.




The nickel complex, [Ni(H,0),]**, absorbs red light from whﬂ:e thil: -aind'appears green, which
is complementary colour to red. Similarly,|the copper complex, [Cu(H,0).*, absorbs orange
colour and appears blue (a complementary colour to orange) as shown in the diagram.

f

RV R
[l Complementary colour

orange light missing

Cu™ ions
absorb
—_— -
orange
light ﬁ
white light \‘______‘__/ transmitted light

How complexes Get Colours?

e

6.3.4 The d-d Splitting Pattern in Dctahedrgl am:l Tetrahedral Complexes

Let’s consider the example of the aqua cnmpl‘.ex of 1!t.anh;rn (I1). This complex has an octahedral

shape, with six water molecules actmg as u-ghﬁdﬁ around the titanium ion. In octahedral
complexes, the three tzg urbitahls (dxy, dyz, and dxz) lie between the six ligands, so they
experience less repulslqn from the ligands’ lone pairs. In contrast, the two e, orbitals are aligned
directly toward the ligands, which causes them to experience more repulsion.

Octahederal Complexes

Based on the extent of repulsion between the orbitals and ligands, ti; set of orbitals has lower
energy while e; set has higher energy. When white light strikes [Ti(H,0),]*" complex ion, in solid

form or solution form, it absorbs yellow green light for excitation of electron and gives red-
violet colour.

light
L M-y = d-_lvl dz!
3
= < excitati
1 v ation
— AE
: [
* ligands approaching s
[T T T*
i - | X di'! d'ﬂ ﬁ
degenerate orbitals .. WO nnn degenerate ground non-degenerate excited
{without ligand AT ST s grbitals of TiV state orbitals
1} A ‘ith ligands) of Ti¥* {with ligands)
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Tetrahedral Complexes

In tetrahedral complexes, the three t?.g m'mtals are oriented toward the ligands, leading to
more repulsion and higher energy. In contrast, the two e, orbitals are positioned between the
ligands, so they experie x jess repul_nﬂn and have relatively lower energy. Based on the degree
of repulsion between 3d orbital electrons and ligands, tz, set of orbitals have higher energy

whereas e; has lower energy. For example, consider the tetrachlorocuprate{il) complex,
[CuCla]™.

light

Ay Oy due [ =
At tzg T tag
. 'Y &
5 EaaTsaltsle 1 AR J—> aE
[ & Egands approaching ¥ !
) -I j : |a ! : Ia
(relrafrajeeft | d:i'zd, = ,,:irzdg s
degenarate orbitals of Cu?t mn-u:lagnn:rat;gmund m:n-dﬂ-_ua:nrat-
(without ligands) state orbitals of Cu?*" |  excited state orbitals
{wﬂ'ﬂ Ilnqmds; VY of Cu?* (with ligands)

6.3.5 Effect of Ligands on Cnluur nf Cnmplexes

When ligands approach transition rneta!. ions, their electric fields interact with the d orbitals
of metal ions resulting in spl.ltting of d orbitals into two different energy levels. On the basis
of their differ;ent_al:ﬁ{it‘im to split d orbitals, ligands show different field strengths and follow
the order: TS

CH>NH;=H,0=0H=Cl'=Br"

A strong field ligand splits d orbitals to greater extent hence causes higher splitting energy
{AE) than a weak field ligand as shown.

t LT Je
LT Je
AE ’
; s
L] 1 )t o tag
strong field ilganq! \ ! |weak field ligand

Consider the addition of ammonia ﬂbh.ltl‘m to the aqueous solution of copper (I1) jons and
subsequent change in colour of the given complex. We know that ammonia is a strong fleld
ligand whereas w;teriﬁg a weak field ligand so ammonia will replace water in the complex.
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In this reactions, four ammonia mnleculm replace fnur water molecules, shifting absorption

from blue to violet-blue.

[Cu(H;0)c*(aq) + ANH3(3Q) — = [Cu(NH,),(H;0),1%*(aq) + 4H,0()

blue 1

violet-blue

not in others?

Concept Assessmant Exercise 6.2
= What are degenerate and non-degenerate 3d orbitals?
= Why degenerate 3d orbital split into two sets of orbitals in some complexes while

= Which different ligands cause different splitting energy (AE) 7 Give one example.

6.3.6 Geometries of Complexes

In previous class, we applied valence shell
electron pair repulsion (VSEPR) theory on
simple molecules to determine geometries of
molecules. Similarly, we can use this theory
on transition metal complexes to ensure

maximum distances and minimum repulmm

among dative bond pairs. = AR\
.
1. Complexes with Co-urﬂinutlnn Number &

Copper () ion can bond to four chloride
ligands, six water and six ammonia ligands.
This is because the chloride ligand is bigger
than water and ammonia, as chlorine belongs
to period 3 whilﬂ oxygen in water and nitrogen
in ammonia belong to period 2. The space

/ a.rwnd copper (1) ion is not enough to surround

=ik LU ions.

The complexes with coordination number é adopts octahedral shapes in which six donor atoms
of ligands (both monodentate and polydentate) are positioned at the vertices of octahedron
{oct means eight and hedron means faces). According to valence shell electron pair repulsion
(VSEPR) theory, this three-dimensional arrangement of ligands experiences minimum ligand-

ligand repulsion.

Octahedral complexes are the most comwmon and stable complexes and almost all transition
metals can form octahedral complexes. The octahedral complexes can have both monodentate

and polydentate ligands. The angles between all ligands is 90°.

2
Hz0O
HO. | OHg
NI
H,O .

N

NH_'\\ =

T i { two mathylene groeups
ara shown by curves

MNHs

Hexaaquanickel(l)ion. [NKHQ)eF** || Tris(1.2-diaminoethane)nickel(ll) ion, (Nifen)sJ**

T ——— e — - _—— - —
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2. Complexes with Coordination Humb-r 4

There are two possible arrangemem.s of I.linnds or da.tiv& bond pairs around central metal ions
in complexes with four cnu(dhnthn number structures. One is tetrahedral arrangement of
dative bonds following VSEPR argument and the other is square planar geometry which violates
VSEPR theory. We discuss the two geometries separately.

i. Tetrahedral Complexes
They are less common than octahedral complexes and you will often see them with chloride
ligands, like tetrachlorocuprate(ll), [CuCL]>. The tetrahedral geometry of [CuCl]* complex is

supported by VSEPR theory and the four chloride ligands are at maximum distances, making
109.5° angles.

Cl

Cl ;3 Cl
(=]

Tetrahedral complexes are mostly formed by metal ions with d'™ eleqtrm cmﬂguratm such as
Cu” and Zn®'. Some other examples are [Cu[mm"md [In{NH;].]‘* etc.

il. Square Planar Complexes _ \
Square planar complexes have_ fuur Hﬂm\ds dﬁ'ected at the four corners of a square making 20°
angles with one another. mb_hmgement of ligands in this type of complexes is against VSEPR

theory. They are less mn'mnﬁ than tetrahedral complexes. Most square complexes are made by
platinum, like diamminedichloroplatinum(il} complex.

*,.
= / \
cis-diaammedu:hlumplaﬁnum(l 1y

They are mostly formed by metal ions with d® electronic configuration such as Ni** and Pt™ and
Aut. Examples are [Mi({CM)4]?, [AuCL] and [PtiNH1)4]*" etc.

3. Complexes with Coordination Number Z

Linear complexes are less stable. They have two monodentate ligands lying at 1807 angle as
shown.

[H3N——-Ag—NH3] :

Diamminesilver(l) ion
Some other examples are [CuCl.l.:]" and [M{CN}:] etc.

113
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6.4 Ligand Substitution Reactions
Transition metals underge. many w.pes of reactions, such as redox reactions, deprotonation
reactions, and ligand sul:vsl:ll:uth:ri reactions, but we shall discuss only ligand exchange reactions
in this section. i
The reaction in which one ligand is substituted by another ligand is called ligand exchange
reaction, also called ligand substitution reactions. The reactions take place if the complex
formed is more stable than the reacting complex. They involve either complete or partial
exchange of ligands.
We will restrict ourselves to the reactions of copper(ll) complexes and cabalt(ll) complexes
only. The ligands participating in the reactions will be water, ammeonia, hydroxide and chloride
ions.

i. Copper(il) Complexes
We add strong base, like sodium hydroxide (HaOH), to the blue solution of copper sulphate

(Cus0y), we observe a pale blue precipitate. In this reaction, two hydroxide ligands (OH")
replaced two water ligands.

[Cu(HzO0)g)*"(aq) + 20H (aq) ——== [cu{HzﬂmoHJa}m + 2H,O0m
blue solution ; ‘EIIB blua- pracipitate
The hydroxide ions do not substitute wnmr ligandﬁ
directly. They act as a base an tal-m protons from
. o f RS A solution of copper(ll) sulphate in
water molecules forming water and leaving hydroxide wabar: A6k by f iy

ions behind. The hydroxide ions thus made act as a 2+ 2+
; Cu(Hz:O or Cu
ligands and exchange with water molecules. [Cu(H20)] -

Adding excess of ammonia solution dissolves pale blue
precipitate giving deep blue solution.
[Cu{H20)a(OH)zlts) + 4NHzaq) ——— [Cu(NH3)i(H20):1%%(aqy + 2H0m + 20H (aq)

pale blue precipitate blue solution

If we add aqueous ammonia, instead of agueous sodium hydroxide, we get the same
acbservation. In this reaction, ammonia acts as a base and removes protons from water, leaving
behind hydroxide ions which substitutes water as ligand. This reaction is specifically called

deprotonation reaction.
[Cu(H20)e)?"(aq) + 2NHataq) — [Cu(Hz0)(OH)2ks) + 2NH,"(aaq)
blue solution pale blue praclpitate

Do You Know?

This is a ligand exchange reaction in which fnur immﬂm‘a malecutes. repla.ced two water ligands
and two hydroxide ligands. il

- s e a i “
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Similarly, the water ligands in hexaaqua:ﬂp'perﬂ'li "ian can also be exchanged for chloride ligands
if we add concentrated hydrnchlurfc acid ' dropwise. This reaction gives yellow solution

tetrachlorocuprate(il). fl
[Gu{l‘ﬁﬂk‘lz*{nq} + 4Cl'(aq) =——= [CuCl4]®(aq) + 6EHzOMm
blue solution yellow solution

The reaction i1s revers.ule and the m. e has green colour because it contains both blue and
yellow solutions.

ii. Cobalt Complexes
If we add strong base, like sodium hydroxide (MaOH), to the pink agueous solution of cobalt(ll}
chloride, we see blue precipitate of cobalt{ll) hydroxide.

[Co(H20)g]**(aq) + 20H (aq) ———= [Co(Hz0)4(OH)li=) + 2H20m

pink solution blue precipitata
Adding concentrate agueous ammeonia slowly can also exchange for water in agua complex of
cobalt{ll) ion.

[Co(H20)g1%* (aq) + BNHg (aq) —- [c;amH;a.;.ilﬂ*'-a.'.a; + 8HLO)

pink solution i .:-::' o ‘ I.'Jﬂ::rwn solution

Addition of concentrated hydraﬂhtnﬁd ql:‘h;l I:G aque-nus solution of cobalr(ll) ions gives blue
solution of tetrachlorucobalﬁute{ﬂ‘) complex.

[Co{HzO)el2* (@q) + 4Claq) ———m [COCL)1*(aq) + BHO0Mm
pink solution blua solution

6.4.1 Stability of Complexes and Stability Constant (K.ws)-

The equilibrium constant obtained from ligand exchange reactions in a solvent is called stability
constant (Kuaas). The stability of a complex is expressed in terms of equilibrium constant for
ligand exchange reactions. The ligand exchange reactions are reversible so we can derive
equilibrium constant expression for such a reaction. Deriving stability constant is similar to
equilibrium constant (K:) we studied in chemical equilibrium.

Consider the chemical reaction:
[Co(H20)6]2*(aq) + 4CItaq) ==—== [CoCl4]%(aq) + EHzO)
pink solution blue solution

The position of equilibrium lies in the direction of more stable q:ompt!m. The strong field ligand
always substitutes the weak field ligand in the complex:.

If we add water to this reaction mixture, reverse reaction takes place and pink colour of
hexaaquacobalt(ll) appears. Similarly, \_uhen we add concentrated hydrochloric acid to the
system, forward reaction is fa.vmed and blue colour of the tetrachlorocobaltate(ll) is observed.

In both these nbservatmn. [the chloride and water ligands compete with one another for bond
to cobalt{ll) fon. B Tl
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Applying equilibrium constant exprnsslan RVei
[IGGC‘-]Z'E [Hz‘ﬂ“]EI

S RG
M [[Co(H;0%P"] [C11*

Water is solvent so it is iﬁ large excess. It is treated as constant and not shown in stability
constant.

[CoCl,)*

Kstab
[Co(Hz0)** [CIT*

Where Kaan is called stability constant. The units of stability constant are calculated as those
of equilibrium constant (K:). The values of stability constants show how firmly a ligand i=s bonded
to the central metal ion. Generally, the ligand atoms with lower electronegativity bond firmly
with central metal ion than those with higher electronegativity values. This is why ammonia
form strong bond with metal ion and has higher stability constant value while water binds
weakly to the metal ion and has lower value of stability constant.

The stability constant values (Kus) of some copper(ll} cnrnplexe-.: are given

——— 2 A L
. o The values of stability constants are
b =1 !

[CuCL] 3.6 mHil gy so large that they are shown on logio

[Cu(NH1)e]*" 13, R o scale so they have no units.

[Cu(EDTA)I* H8.8

The data show that complexes with polydentate ligands have higher stability constant values
than those with monodentate ligands.

[Cu(H>0)g1* " (aq) + 3N ———= [Cu(an);]=*+ 6HOMm

The values of stability constants guide us which ligands can replace one another. For example,
adding excess of ammonia to tetrachlorocuprate(ll) complex gives dark blue solution of
hexaamminecopper(ll) complex because the stability constant value of ammonia complex is
more than chloride complex and position of equilibrium shifts in the direction of more stable
complex (right side).
EEuCIdz'{-q) + GMNHyag)
Worked Example 1: We get a mixture of aqueous solutions tetrachlorpocuprate(ll) and
hexaaquacopper(ll) ion after adding concentrated hydrochlon: al:id to an aqueous solution of
copper(ll) sulphate.
i. Write expression for the mbilfty cnnstant for agueous solution of
tetrachlorocuprate(ll).
ii. What are the units of mhﬂity constant?

[CUu(NH3)s2"+ 4CH ag)




Concept Assessment Exercise 6.3
- Arrange the following ligands in increasing order of stability constants in ligand
substitution reactions of iron (I} complexes.
Lol N OH", NHy, H:0, Br
- Given the stability mrﬁtani:, nhy can ammonia exchange for water in copper(il)
complex? Give reason.

6.5 Redox Reactions

The transition elements can exist in various oxidation states. In redox reactions, the oxidation
states of transition elements are changed when they undergo chemical reaction under suitable
conditions. In redox reactions, transfer of electrons takes place from one atom to the other.
The decrease in oxidation state is reduction (gain of electron/s) while increase in oxidation
state is called oxidation (loss of electron/s).

Oxidizing agent is the species which accepts electron/s and undergoing reduction while
reducing agent undergoes oxidation by losing electron/s. Here we will discuss three redox
reactions with their feasibility supported by their standard electrode potential data.

i. Reaction of Acidified Manganate(Vll) ions with Ethanediocate ions

The reaction between ethanediocate fons and acidified malnﬁ_p_n_amw_lj'].'lun is analysed to find
which way it will take place. The standard electrode potentials of individual reactions are taken
into consideration to check feasibility of overall reaction. Both reactions are taken in reduction
mode according to IWPAC remﬁmm\dnﬂm‘ﬂ and-then we compare their standard reduction
potentials.

EGﬁzml' +'25 — GED‘ (mg) E = +0.49YV

=

MnO, (aq) + BH™, oqy + 58 ——p MnZ*aq + 4H,0Om E=+1.52V

Now the question arises whether manganate(Vll) oxidizes ethanedioate to carbon dioxide or
carbon dioxide oxidizes manganese(ll) fon to manganate{VIl)? Which one should be oxidizing
agent and which one reducing agent?

This problem can be resolved by comparing the standard reduction potentials of the two
reactions. The reaction with higher positive value of standard reduction potential is more likely
to occur and proceed to the right and vice versa.

The given reduction potential values indicate that manganate(Vll) fon must reduce to

manganese(ll) fon and should act oxidizing agent while oxalate should oxidize to carbon dioxide
and act as reducing agent.

For writing the overall chemical equation, the reaction with
lower standard electrode potential must be reversed and be The ""t“"“jla'ﬂ of m.““"
taken in oxidation mode because it is oxidation reaction. The ||| 5‘;‘:::‘:: ke “'E:ﬂ o r;'::;“
sign of its standard electrode put:nl:lal ts revenmd whilﬂ its the co-efficisnts ne
magnitude remains the same. | "

C202 w0 ——  2CO5u '+ 2&" =-0.49V




Before combining the two half reactions, the number of _elgecti:ons-'tb_st' must equals the number
of electrons gained. This can be done by multiplying the ' two half equations with different
multipliers (coefficients). In this ca:m. axfdaﬂm ha!f equation is multiplied by 2 and reduction
half equation by 5.

2MNO; (aqy + 16H|*_._:aq;. Uk 1b&" —— 2MP?%ea  + 8HLO E = +1.52Vv

5C;0,% ey ——» 10CO,m + 10e” E =g0.49V

2MnOgma + 5C204% (e + 16H" gy ——2Mn%*(a; + 10COz +8HOm E = +1.03V

This large positive value of standard electrode potential {+1.03V) supports the forward reaction
to occur so this redox reaction is feasible. Remember that the negative value of standard
electrode potential means that the reaction will not take place.

ii. Reaction of Manganate(VIl) ion with lron(ll) ion

In this redox reaction we consider two half eguations, one is reduction of maganate (VII)
whereas the other is reduction of iron (IN).

MNO4 ) + BH aq) + 58 ——— Mn?*@q + 4HzDu:- B ¥1.52V
Fotea || (|| £ 40,77V

To write the net redox reaction, we need to rwma the set:und reaction, treat it as an oxidation
reaction by reversing it, and change the slgn ‘af its standard reduction potential to negative.

Fe?*uy + e

B"‘“nﬁm N e FePty + @ E =-0.77V

Combine and balance the two equations and sum up their standard electrode potentials so that
we can check the feasibility of overall equation.

MnOg ey + BH gy + 5 — = Mn?*@ag + 4H0qn E=+152V

5Fe?*(aq) — 5Fe**y + Se” E=-077V

MNOs ey + 5F0%*aq + 8H'@y —— Mn?*@q + 5Fe(eq +4H0p E =+0.75V

The positive value of the standard electrode potential indicates that this reaction will proceed
to the right, making this reaction feasible.

ifi. Reaction Between Copper(ll) ion and lodide ion

Take an aqueous solution of copper(ll) sulphate in a flask and add an excess uf potassium iodide
to it. The following reaction takes place.

Zf.uz*m, + A1 { mqy

2Cut ~ A W Y |
white'ppt’ | red-brown solution
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Split the redox reaction in two half-equations. -
LA R e~ S Mg S E = +0.54V
7 1 oLt o W T T
AN | A\
(NClR gy + 1e" — = Cu®aa E= +0.15V

The higher standard reduction potential value of 1z2/1" couple indicates that this reaction is
more likely to occur.

On the contrary, the lower standard reduction potential of Cu®/Cu'" reaction indicates that
this reaction is less inclined to proceed in the forward direction, making copper (1) a better
reducing agent. However, this reaction proceeds in the forward direction because of continuous

precipitation of copper (1) iodide in the reaction, although the overall standard potential value
is negative as shown.

21 aq) —— laaqy + Z€° E' = -0.54V
2Cut*jaq) + 2@ ——= 2CUT(agy E" = +0.15V
2Cu*jaq) + Zl7jaqp — 2Cu*agqy + lyiam E" = -0.3%V

The amount of agueous solution of fadine formed in this reactinn can he determtned by
titrating it with sodium thiosulphate salution.

Practical A:ﬁvﬂ:y 6.1: Redox titration

The above reaction can be used- praﬁﬁ:_auf- tocalculate the amount of iron (Fe'" ions) in
a sample, such as an iron t&biet, by carrying out a titration. As this is redox reaction so
the titration involved:is kalled redox titration.
We take a knowrn. w:tlu_me {e.g. 25 cm®) of an unknown concentration of Fe?‘{aq) is placed |
in a conical flask. A solution of a known concentration (0.05 mol.dm?®) of potassium
manganate(VIl) solution is put in a burette.
The potassium marnganate(Vil) solution is titrated against the solution containing Fe?"(aq)
in the conical flask. During the reaction of MnOy (aq) with Fe®*(aq) in the flask, the purple
colour of the manganate(VIil) fons is diappears. The end-point is reached when the

e*"(aq) ions have all reacted and the first permanent purple colour appears in the conical
flask. This is when the MnO. (aqg) ions become in excess in the reaction mixture

0.05 mol . dm™ solulion

— i




Worked Example 6.1 _ D TN/ €
An excess of potassium iodide solution was added to'a 30.00 cm’ of copper(ll) sulphate solution
in a flask. The solution was then titrated against 0.05 mol dm™ sodium thiosulphate solution,
using starch salutinsn as indicator, The volume of sodium thiosulphate solution added from the
burette was 10 cm’ when the endpoint reached. Calculate the concentration of the copper(il)
sulphate solution. S N
Solution '

Volume of copper(ll} sulphate solution = 30 em® = 30/1000 = 0.03 dm?

Volume of sodium thiosulphate solution = 10 cm?® = 10/1000 = 0.01 dm?

Concentration of sodium thiosulphate solution = 0.0% mol.dm™?

Concentration of copper(ll) sulphate solution = 7

For solving concentration related problems of solutions, we use the following formulae.

moles
volume (dm?3)

moles = concentration x volume {dm?)

concentration =

The following two chemical equations are involved in this titration.

2CuP gy + 4lTjaq) ——= 2Cul) + Ly ima)
lztc) + 25,057 () —— 2 (e * 5,02 war
First, we calculate the number of moles of thmm.iipl'mtc jons used in the reaction.
ccngf{h't;;tioﬁ.a: s
A ] A volume (dm?3)
I moles = concentration x volume (dm?)

moles = 10/1000 = 0.05= 0.0005 mol thiosulfate ions
From the above two chemical equations, we can deduce that the number of moles of copper(ll)
fons in the flask is equal to the number of moles of thiosulphate jons in the titre used.

Concentration of copper(ll) ions = 0.0005/0.030 = 0.016 mol.dm™®

6.6 Stereocisomerism in Coordination Compounds
We have already discussed isomerism in organic compounds in the previous class. In this topic
we shall focus on isomerism exhibited by coordination compounds.
Stereoisomerism stems from different arrangements of atoms/ligands of complexes in the space.
Stereoisomers are divided into two types, geometric isomers and optical isomers.

i. Geometric isomerism
Do You Know?

Geometric isomerism is shown by those complexes that have s e
ligands arranged differently in space relative to the central metal || Tetrahedral mﬂe:_?
jon. Such isomers are also called cis-trans isomers or E’;‘:;s:"‘“" . si i
GiasterenmieTs. e the. o\ | Qe of | four ligands are adjacent
diamminedichloroplatinum(il), [lPt[NH;hClﬂ which is square el e

planar complex.
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The isomer having identical ligands next to each other is called cis-isomer while the one with
identical ligands opposite to each other is called trans-isomer. Remember that their biological
behaviours are remarkably :_ﬂlffgr_zm; from one another.

Fighting Cancer |

in 1965, Barnett Rosenberg was the first who found that cis-platin had inhibiting cell
division property and could be used as anticancer drug. On the other hand, trans-platin
had no such medicinal properties.

Cancer is mostly caused by abnormal DMA replication where the double helix *‘unwinds’ to
form the template for a new strand. When replication process follows the wrong way, it
either causes mutation or can grow with uncontrollable speed, resulting in cancerous
tumors.

The cancer patient is administered cis-platin in solution which passes through the cell
membranes into the nucleus of the cancerous cells. The cis-platin complex forms a bridge
within a DMA strand of the nucleus where the donor atoms of the strands replace chloride
ligands and bind themselves strongly to the platin atoms. This new platin complex disrupts
the replication process of DNA and consequently the cancerous cells die. In the case of
fast-growing tumor cells, the cis-platin complex shrinks the cancerous cells, leading to
remission of cancer. N R

However, cis-platin discontinues DNA replication in both. cancerous and healthy fast-
growing cells, like white blood cells, leading to side effects (increased infection, hair loss
and kidney damage). Despite *_thls,_it‘mﬂafm_t effective in treating many types of cancers.

HJN_"'_ I y “'_ NH3 H3N" ‘,.CI
e - "ty s
Pt* "‘fpt\“
o TNy a”” S,
cis-diaaminedichloroplatinum(ll) trans-diaaminedichloroplatinum(il)

In cis-complex, the two chloride ligands and two ammonia ligands are next to each other
whereas in trans-complex, the two chleoride and two ammonia ligands are opposite to one
another. These isomers of platinum have different biological behaviours.

Similarly, octahedral complexes can also show geometric isomerism. For example
tetraamminediaquacobalt(ll) complex has both cis and trans isomers as shown.

HH, M,
HyN.,, HH HiN,, W i HH
3 ”‘”ﬁ; n\“‘“ £ A '%Il W 3
Hin#ﬂ"" I -"‘\\NHJ o LR TRt \\ : [ H]H",f' l R“H]
OH, AT T o OH,
-:frteuummineqquu_a.chbﬂtﬂlll trans-tetraamminediaguacobalt(1l)
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The cis-isomer of this complex has water lig-'nnc_!'s ﬂE‘i.ltt.'l.fﬂ each other while its trans-isomer has
water ligands lying on opposite side. To, make Jcis“isomers of octahedral complexes with
monodentate ligands, look the fnlruwfng three-dimensional diagrams.

5

On the other hand, trans-isomers are shown below.

Similarly, bis{1 ,2-r_Iiamimethanelqiaquaﬁﬁii:kel-ﬂl] ion shows geometric isomerism.

I Vi _2-!- r
(/\ NH, OH,
H.b ~ OH,
a*, . H . NH
Firg, oay J 1"* “‘“\h\ ) N, """a, i - n ?
"'E
. ol | OH, e | Nk,
\”H: OH,

cis-bis{1,2-diaminoethane )di- trans-bis(1,2-diaminoethane)di-
aquanickel{ll) ion aquanickel(il} ion

We have already discussed that geometric isomers show different properties because of their
different symmetry and polarity. The cis-isomers are polar as they have imbalance of electron
cloud and lack of symmetry. The end where water is the ligand is partial negative while the
other end where ammonia is bonded gets partial positive charge, The reason is that oxygen of
water has higher electronegativity than nitrogéen of ammonia causing electron flow towards
water. The two individual dipoles created by two water ligands result into net dipole making

the complex polar. (|
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e

Conversely. the trans-isomers have smmétric_ mpesand even distribution of electron cloud
making them non-polar. This is because the individual dipoles created by two water ligands
work against each other cancelTlng the overall dipole of the comple:x.

ii. Optical Isomerism, |

Optical isomers are nmtz-cul.e-s that have non-superimposable mirror images. They are also
called enantiomers. They have identical physical properties except for their ability to rotate
the plane of polarized light, either clockwise or counterclockwise. Optical isomerism is
exhibited by octahedral complexes. In the case of octahedral complexes with tbwo monodentate
ligands and two bidentate ligands, only the cis-isomer can show optical isomerism.

mirror

2+ i 2+
i fx
("’A NH, ; NH,
qu‘r o Qg E H,Q = l i NH,
‘{q’ \..\ E ""J'.r,.- "N 1-\\\#
NH E 1 . N ,I f | e HHI\/
0 \/ 2 J : .i o o .'_‘. \ .__, '.--_ ] f 1
Optical isomers of r:is bisﬁ ‘2rd1mninne:hane:ldiaquanlckelHI} ion
AR T
IR 2+ ' 2+
E /\
. NH, : NH,
Hab,, w NHy : NHy,, I o NH
""'#q”. i\wl.\“ E 'i'.r,’r’ '\\H
H:({ ' \-\- HH] E NI-(" , N\ NH:

Optical isomers of tris{1,2-diaminoethane)nickel(ll) ion

Similarly, octabhedral complexes of three bidentate liands can exhibit uptical isomerism. They
are mirror images but not superimposable on one another.
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Transition metals are those elements’ that ha\l‘e ‘incnmplete d sub-shell.

The elements of the 3d btn-::H have high melting points, boiling points and densities.

The first and second mnﬁatlgn Emrgies increase only slightly across the block from
scandium to rlnr.# as '4s electrons are being removed which are shielded from the nuclear
attraction by the inner 3d electrons.

A ligand is a molecule or ion with one or more lone pairs of electrons available to donate
to a transition metal ion.

Transition elements form complexes by combining with ligands. Lig . wds bond to transition
metal ions by one or more dative (co-ordinate) bonds.

Most transition elements form M™ jons by loss of the 45 electrons.

The elements vanadium, chromium and manganese have a maxinwm oxidation number
equal to the sum of the numbers of 3d and 4s electrons.

Transition metal fons accept electrons from ligands so metal fons act as Lewis acid while
ligands as Lewis bases.

The colours of complexes are due to d-d electronic transitions. The type of colour
depends upon the nature of ligand.

The colour of complex observed depend on the colour absorbed.

The complexes of d block elements whmh hmre tﬂmj:slgte dr- empty d sub-shell are
colouriess. = W

Transition elements can exist in -.r.ewral uxidatlﬂn states because of the involverment of
both 4s and 3d orbitals. || '

Ligand exchange rea.ctiqfh imahre exchange of ligands in a complex resulting in change
in colours of cnmplekes,

A strong ligand can displace a weak ligand

Ligand exchange can be described in terms of competing equilibria.

The stability constant, Kstab, of a complex ion is the equilibriurn constant for the
formation of the complex ion in a solvent from its constituent ions or molecules.

The higher the value of the stability constant, the more stable is the complex fon formed.
The splitting pattern is different in octahedral and tetrahedral complexes. Different
ligands will split the d orbitals by different amounts of AE, resulting in differently
coloured complexes.

References for Further Information

[ BN B B O

Chemistry by Brain Ratcliff, Helen Eccles, John Raffan, John Nicholson, David Johnson
and John HNewman.

Chemistry by George Facer

Chemistry-The molecular nature of matter and change brySIlberbH'g

Chemistry by Peter Cann and Peter Hughes.

Chemistry by Blackman, Bottle, Schmid, m-nerim ‘and W‘Ille

Chemistry by CLiff Curtis, Jason nw.lrgatruyd and Divid Scott.

Chemistry by Christopher Talbal: Richard Harwood and Christopher Coates.




nKERCISE

1. Multiple Choice Q_uestions (MEQ;S}

i.

fi.

iii.

which one of the fnllmﬂngipedu has d'° sub-shell?

a) Cu* TN e) zn** <) Mn d) Cr

Which one is correct statement about zinc element?

1. It has complete 3d sub-shell 3. It forms colourless complexes

Z. It is transition metal 4. It can exist in one stable oxidation
state

a) 1and 2 only b) 1,3 and 4 only

c) 1 and 4 only d) all are correct

The electronic cenfiguration of iron cation in the complex, [Fe{CN):]*, is

a) [Ar]3d® b) [Ar]3d®

b) [Ar]3d® 45’ d) [Ar]3d®4s?

Why is the hexaaquacopper{ll) fon blue in colour?

a) The d-d electronic transition absorbs blue wavelength of visible spectrum

b) The d-d electronic transition absorbs all wavelengths except blue

c) The d-d electronic transition transmits all wavelengths of white light except blue

d) The d-d electronic transition absocrbs red wavelength arrd ‘transmit the remaining
light ;

The cyanide ligand (CN') can form' MCGI‘WIE'IES with iron with formulae, [Fe(CN).J*

and [Fe{CN)s]*. What is the bmfdutlun state of iron in them ?

a) +2 and +3 respectively | b) +4 and -2 respectively

c) +2 and +4 respeqtiveliﬂ - d) +3 and +2 respectively

Transition rnetals- are different from alkali metals and alkaline sarth metals in many

ways. Which one is incorrect statement about transition metal when compared with

group 1 and group 2 metals?
a) they form coloured compounds b) they show variable oxidation states

c) they have high melting points d) they are more reactive

vii. The species that can act as ligand in transition metal complex is

vii.

ix.

- T

a) CH. b) CeHe <) Na d) CeHa(OH)2
Transition metals can show different oxidation states. Which one is the most common

oxidation state in first row transition elements?

ay) +1 b) +3 c) +d d) 7

Which one ol the following properties of transition metals is held responsible for their

catalytic behaviour?

a) they form coloured complexes b) they show variable oxidation states
c} they have high melting points d) they have high density
The coordination number of nickel ln the complex [Hi{gn}z[ﬂﬂ:]z]” is

a) 2 b) 4 RGE, 6 d) 8
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xi. Which one of the following complexes tannqt-sﬁdw st’éreqisorneﬂsm?

1. [Cu(H:0)e]™ 2. [CuI? | 1L 3 [Cu(NH: )M (OH:) ] 4. [Ni(en):]™

a) 1,Zand 3 only _ o ) Ll b)

1.3 and 4 only
c) 1and 2only, "/ d)

1 and 4 anly
xii. The weakest field ligand among the following is

a) H:0 by M c) MH1 d) OoH
xiii. The highest oxidation state shown by first row transition metals is shown by
a) copper k) manganese c) nickel d) cobalt

2. Short Answer Questions

i.

ii.

iii.

iv.

vifi.

The melting point of titanium is higher than calcium in the same period. Justify this
statement?

The first-row elements of d-block exist in more than one oxidation states. However,
zinc shows only +2 oxidation state in its complexes. Why?

Define the terms

a. ligand b. coordination number c. complex jon

Explain why hydrated Ti'" cnmplexes are colourless| and hydrated Ti* complexes are
coloured? |

why do the melting peoints of fu‘s.t ﬂ:w trahsium Tneta.l.s increase upto the middle and
then decrease? Comment’ - [ T~ =

Why are transition m ta.’a.i us-ﬁ'd as catalys-ts in industries for performing different

reactions? Givergne example.

The blue colalt chloride paper is used to test the presence of water. If water is

present, the paper turns pink. This is because six water ligands exchange for four
chloride ligands present in cobalt chloride, [CoCl.]*. Write the equation to show the
ligand substitution reaction when the test is positive.

Octahedral complexes of copper(li} ion have different colours. Explain why?

3. Long Answer Questions d
i. The reduction potential for Cr?* ions being reduced to chromium metal is -0.91V and

ii.

that for Cr* ions being reduced to Cr'” ions in -0.41V as shown:

Cr2* + @ a&=——= Cr E'=-0.91V

Crit + e

Cr2* E=-.0.41V
Predict whether the chromium(il} ion will disproportionate to nhrmniun{lll} ion and
chromium metal. If yes, then write the paﬁsible ionic ﬂquat.i-uh

Explain the difference in the -sputtmg pattern__ﬂf I'.hE 3d atomic orbitals in the two
copper(ll) complexes, [CutH:Q)e )" and [CuCl]™.
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ifi. The following scheme shows snnmrbacthns of copper(ll) ion.

Guz‘{nq}_ N oo paia biua precipitate A
'] concentrated HCt axcess of NH,
v
solution © solution B
heat with Cu(s)
¥
[CuCl;]{aqg)

a. Suggest the formulae of A, B and C.
b. State the colours of solutions B and C.
c. HMame the type of reactions occurring when C is heated with copper. Also state the
role of copper in this reaction.
d. When the solution of complex [CuCl] is _paured 1{;10 water, which colour
precipitate is formed? Justify its colour. .7 )
iv. Transition metal complexes such as [Cu{l*hDh{NH:h]z‘ 'and PttHH;hCI; show same type
of stersoisomerism. )
a. Hmethetypenfimmﬂm =
: b. Draw thn_'.-e p_:l_iqlfe_n;ibﬁat strur;tura for the given two isomers, two for each.
V. Aqueous cﬂpmﬂ-ll-} “jonn can form complexes with the ligands, ammonia and 1,2-
diaminonethane as shown.

[Cu(Hz0)elz o) + ONtaa)  s===mn [Cu(H;0)s(@n)**taq) + 2H;00 Katan = 3.98x107°

[Cu(H3O0)ela"tsa) + 2NH3a(aaq) [Cu(H2O)(NH3)2P ey + 2H20m Kstap = 5.01x107
a. Write an expression for the stability constant for both equations and state their
umnits.
b. Of the three complexes in the above two equations, state the formmula of the
complex that is the most stable. Give a reason also.

PROJECT

students can research the environmental challenges associated with transition metal extraction
and usage. They can create awareness campaigns or projects proposing sustainable practices.

e S —,n



