«ldentify 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
«Identify the properties of transition elements, some examples including
a. They have variable oxidationstates ~ b. Theybehave as catalysts
¢. They form complex ions d. Theyform coloured compounds
«Explain why transition elements have variable oxidation states m terms of smn‘tanty in
energy of the 3d and 4s sub-shells. “<\/ F XL

+ Explain why transition elements behave as' catalysts in terms of havmg fnore than onestable
oxidation states, and vacant d orbttats that are energehcally ‘accessible and can form

dative bonds with hgands
e
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Explain why transition elements form comptﬂx lDl'lS in Ee(ms of vacant d-orbitals that are‘\
energetically acces;ible R

Explain the rea ion| of transuion elernents with ligands to form complexes, including
compl xeF g‘! pper (1) and cobalt (Il) ions with water and ammonia molecules and
hydraxi ides and chloride ions.

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.

Use the term bidentate ligand including 1,2-diaminoethane 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.

Predict the formula and charge of a complex ion, given the metal ion, its charge or
oxidation state, the ligand and its coordination number or gepmetnyk ~0 \ \\

Explain qualitatively that ligand exchange can o:;r.ur;\\‘includn;lg \t.hexmhplexes of copper
(Il) ions and cobalt (Il} ions witb watév and aﬂgmo}ua mel\eci.llﬁ and hydroxide and chloride
ions. \ \L \._,a \\ o~

Predict, using E° valueﬁ ‘t\\e féaﬁbhity of | redox reactions, involving transition elements
and their um\sd \ J| ‘-.

Anal: rqsp neiu:twns involving MnO4 /C204* in acid solution given suitable data (including
descn'hlng 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

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" frequency of light
absorbed, and hence the complementary colour that is observed
Use the complexes of copper (ll) ions and cobalt (ll) lpns W“Zh_ water and ammonia
molecules and hydroxide, chloride ioaﬁ as exam ples bf iigaﬂd exchange affecting the colour
observed. ~f)

Describe the types df stereoisomensm shown by complexes, including those associated

with bldenﬁa\te lﬁgands
NININN B
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* geometrical isomerism, e.g square planar such s [Pt(Nl-tg]zCilzl and octahedral such a;

[Co(NH,),(H,0),]* and [N.;H,NCH,CH,NH,)Z(HIG.,]’
¢ Optical isomerism, e.g [NHHINCH tHlNHI),] and [NI(H NCH1CH1NH,),{H 0y,)
» Deduce the overal pqmdnty of complexes.

« Define stahﬂihr édnstant (Kstan) Of 2 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 K«as of a complex, [H,0] should not be included.
« Write an expression for a Kga» of a complex, [H,0] should not be included.
» Use Kuan expressions to perform calculations.

o Explain ligand exchanges in terms of K., values and understand that a large Ky is due to
L formation of a stable complex ion.

>

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 Lﬁ&d in
bicycles, aircraft, and artificial joints; and nickel, vanaduum, motyl;deﬁ m a\'ld tan‘talum serve
various industrial and medical purposes. T(anﬁmon mét‘al;.‘alko ‘fbrrb \atlﬁys, such as brass
(copper and zinc) and bronze Lsogper and ﬁ!n)f\fn this chap’te’r “transition metals are explored
in detail. A\ \ D

\ \\ .~\ '.|'~,\5 _.
Transition elementaam q%H which have incomplete d-subshell in their most stable ionic states
are called tranm!lbn. 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 (Sc**) 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 CsScCls, were synthesized.

In this chapter we will be mainly focused on the first row, the elements from ntamum,through
to copper. To have full understanding of different propemes of transman meta%s we need to
study their electronic configuration in detall A Nanto Y (el
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6.1 Electron Conﬁguratlons of thez'd block elements

The electromc configu ation of tranSitmn metals follows Aufbau principle. However, there are
some exceptions qq‘hhl ' 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
higher energy sub-shell, i.e 4s in
first row of d block elements.

The electron configurations of some of the first-row d-
block elements and their ions with orbital diagrams are

given:
i lement. ‘ EFidettanic conﬁguratign____ Rt Electronic cor_wfigurauon
1+ 141
&is [Ar]3d4s? Sc [Ar] 3d'4s
Sc? : [Ar] 3d"'
Ti [Ar]3d?4s? Ti** __ a1 3"’4’*\\
v [Ar]3d’4s? o W ] (CpAry 3d"
BENOIERTEIRL AR J.' =
cr aace  (\7RCasinp L ot Lt
/_j\' \ il _\ O\ \\ ‘\_! “‘_\\_ I". _\_'\' o -;'\"'I'C_‘rr‘ [Ar] 3d3
A\ VAW
Mn e |[Air] \Jd"‘lﬁz | Mn?* [Ar] 3d°
".\.- \[ \ll \J N © Fel,« Ar] 3d°
Fe VNIV T far) 3a%4s o
Fe* [Ar] 34°
Co Ar] 3d’4s Co® [Ar] 3d7
Ni Ar] 3d%s? Ni?* [Ar] 3d®
1+ 10
Cu Ar] 3d'%s' LU B
Cu® [Ar] 3d°
Zinc [Ar] 3d" 4s? Zn® [Ar] 3d™
Relative Energies 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 4s electron experience full
attraction of the unscreened nucleus. This makes the 4s electrons more penetrating than the 3d
electrons. ~
Along 3d period, after calcium, the 4s electrons are shielded by the 3d electrons; slightiy decreasing
their energy causing small rise in the first and second ionization energies. On the contrary, the 3d
electrons faces higher effective nuclear charge due) to) less! sh!elding, stl'orlgly attracted by the
nucleus. This results in potemlal increa&e af 3d alectrnns, reflected in higher rise of third ionization
)
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The transition elements are.much morq: llke each Dther than the"""'
elements across period 3. Fﬂr instance, they are all metals rather | Interesting Information’

than showing a change ﬂ'om metal'to metalloids and non-metal, | 'he atomic  radii  of
On the other, afyd, wheri’we move along period 3, there come | Yanadium (23) and zinc (30)
metals, then- metalloids, non-metals and then noble gases. om0 t'he
Similarly, there is not that decrease in atomic radii as in period srf\igg:linlg o{fered o addinzn
3 elements. D& to such similarities, transition metals show the :ff te ?c i t‘;ounterlt S
following physical and chemical properties. el

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. ) \ \\

« They are hard and strong which makes them »suiﬁdbte \fon mmtruct:on and
manufacturing. i O \ \r\ § \‘ \' \ \

o They show magnetic, propertt?§ /1& Raramagnetism and ferromagnetism and this

property is explcﬁ.é*d\?“f va?ioIJs‘Na chati“on, including magnetic resonance imaging
(MRI). ~n VWA

\ “II\J I I\ e

6.2.2 Flhy%iéhl' Characteristics

Some of their physical properties of first row of transition metals are given in detail.
i,

| (A

el

Density of metals is the mass per unit volume expressed in the unit gram per cubic centimetre
(8/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, ti'lemmt;refase in mass
and decrease in volume across the penod genera]ly lead tq an *ncréase in the density of the
metals. \ | J
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However, there are some exceptions to the géneral trﬁnd The dénSIty of manganese and copper
is different from what1s| generaﬂy 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, resultmﬁ m deduced density.

2. AtdthlE Radii

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 Important Information

decrease becausg 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.

A\
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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 shieldmg effect pushlng 4s suB §hell away from

the nucleus. \.|

Similarly, when moving from copperto zmc,,. \!(e sae an unaxpected mcrease in atomic radius.
The atomic radius of zinc is larger, than that of copper because the additional electron in the
4s sub-shell in zinc tncrease$ the sh1eldihg effect, which outweighs the effect of the higher
nuclear charge ] o -

NN A



The melting and boiling points of the transmon elements are generally much higher than those
of the s- and p-bloc el ment '_ They have strong metallic bonding because of involvement of
electrons of. bmh \and 45 sub-shells. When we plot melting and boiling points against atomic
number, both graphs have some frregular 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

1862 1870 M3

Melting and boiling points

| \ JJ‘PHQ\&.I Melt‘ing 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.

variielic ™ upel 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, alummium and
sodium etc. The reason is that they have unpaired electron(s) in valence shells! Th& unpaired
electrons on atoms or fons are not influenced by the, electrtms on' sunﬁunding atoms so they
are directed randomly. When a paramagne;ic solidhis, pLa,ced in- magnetic field, the magnetic
moments are aligned parallél' to one’ anather and a net weak attraction is observed. However,

when the magnet is remored t.he solld loses its paramagnetic properties.
N

]|\"

———
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Ferromagnetic substances are strongly attracted in magnetic ﬁe{d, for example iron, cobalt
and nickel. They have also unpaired etectrons in‘the valence shells of their atoms and ions in
solid states. Their unpaired el tmns are influenced by the electrons of surrounding atoms and
ions and align in samg_ld_quét_' on.-When a ferromagnetic substance is placed under magnet, a
very strong attra.ctid"ﬁ"'is“-'Eibs'erved-neaﬂy 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, there is no- su¢h svrmtaﬂty 1r| chemical properties as
we found in physical properties. Sorne impart,a.nt hemical properties of transition metals are
given here. - -

1. Variable Oxidation Sta
The common oxidatign sliake 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 Bo You w?
stable oxidation’state frequently corresponds to the The simlpul': fons of transitton metat
maximum number of electrons (3d and 4s) available 5 i 2+
exist in low oxidation states (Mn“")
for bonding. For example, mManganese, with while their complex ions (MnO4'") are
electronic configuration, [Ar]3d®4s?, can have a | giaple in high oxidation states.
maximum oxidation state of +7.
The oxidation states of first row transition metals is shown:
= 2 Rl taniis, | | o SR T ST
+1
*3 +2 +2 +2 +2 +2 +2 +2 - +2
+3 +3 +3 +3 +3 +3 +3
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The stability of +2 oxidation state compared to +3 oxidation state. im:.reases wl'rh 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 Stability ‘of the higher oxidation states decrease
with atomic number from left to right! across the series.

The greater stability of +2 oxrdatio!# state of manganese compared to its +3 oxidation state and
+3 oxidation state of iron rélatwe 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 play their role as
catalysts again. 2

These metals possess incomplete 3d-orbitals in their '-valence shél'ls.-"'
accept electrons pairs from ligands (molec o, icms) farming temporary dative bonds
between the transition metals and ligands. \ dative bonds are responsible for holding
reactants on the surface of transition meta ._and br‘ing them closer. Resultantly, the bonds within
reactant particles weaken and, ul.t’imatety break. The product formation takes place on the
surface of transition metal "'In lthis 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 (V20s) 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
(5208%).

These vacant orbitals can

2Isq) + S208% (e —» 2S04%@a + l2eea

The reaction is slow because the negatively charged ions 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 st)own 1 \

2Fe?*em + S20s% il 2Fa3+ ¥|~ 28042't-ql

2F53"l8‘" +$I|{.F} _I-2F32 (aq) + logaq)
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Both the steps of this mechanism involve a reactlonbetweent\vo dbﬁbsitely charged ions
making the reactions faster than the previousuncatalyzed \case.

A ligarld is an atom or group, of lanms whicl'- 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-shiell :p"‘“‘“g is
Ligands may be molecules or ions made of non-metal (:::sed :vh‘e:‘ tl!?:lnic:\ approach
atoms. They are also called Lewis bases or nucleophiles oo :
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 (H:0), halo (X'}, hydroxo
(OH’), ammine (NH3), and cyano (CN’) etc.

H,0 : OH INH, 1X3
aqua hydroxo amm me halo

The ligand that can donate more than one’ lone naﬂ‘ of eler:trdns are called polydentate ligands
(many-toothed). For example, 1, 2~d!ammirlbethaﬂe {NH:CH;CH;NH;) and ethanedioate (COO’);

- - "

. N—CH,—CH,—N
i n 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.

ethylenediam1netetraacetate ac1d (EDTA)




6.3 Formation of Complex Compounds

A complex compound or coordination compound is formed between transition metals and
ligand(s). Ligands donate lone pair-of electrons in the vacant orbitals of transition metals whiie
transition metals accept the elec[tron pair making coordinate covalent bonds. Ligand is electron
pair donor, so it is called Lewis base. while transition metal accepts electron pair and is calted
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 (Il) with Water and Chloride Ligands o \o
Copper (ll) ion (Cu®'aq) has electronic conﬁguration [Ar] Bd" Su: water ligands approach to
copper(ll) ions and form six coord‘mate ch‘ale{tt ‘bords with copper (I1) ion. However, before
making bonds, the six vacant orbitals nf copper (Il) ion undergo hybridization, generating six
sp’d® hybrid orbitals. _ These ——

arkdats mre: then available for ‘six The transition metal iens have high charge density, so they
water molecules to coordinatwely are highly polarizing compared to s-block metals. This is why
bond and form the given complex | thay have higher tendency to form complexes.

as reflected from the ‘electrons-
in-box diagram.

te [ttt ¢t -

3d° 4s0 4p° J
| hybridization
sp3d? spid?  sp3d® spid? spd?  spid?
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Similarly, copper () ions intermix fourvacant orb’itals (4s and 4p) giving four sp® hybrid orbitals.
Then four chloride ligand coor;!_ina;ivg_ly bmd-vﬁtﬁ those four hybrid orbitals as shown:

e | rszston 4 444
4s° 4p° J

3d° sp3 spl spl s_p3

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

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

Tt

4d°

>

l hybridization

spd? spr.é!z sp3d?  sp’d? sp3d?  spid?
2 L4 : o * ‘ & 1

I I 1 ! 1
H,O H,0 H,0 H0 HO HO

Similarly, cobalt(ll) ion reacts with four chloride ligands, making four dative bonds and give
tetrahedral complex, tetrachlorocobaltate(ll) ion. Before making bonds, the four vacant
orbitals of cobalt (Il) ions undergo hybridization as shown.

:-;l: :..E: :E-::!.: :(E.";:

te(Telt 11 1 | morstznsion_4— 4
3d? 450 4p0 J Sp'3 3 3 5

sp sp- sp
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Coordination Number \ A y

The number of coordinate t:dvalent bonds formed by metals ions with ligands is called
coordination number; THe most common coordination number are 4 and 6, however,
complexes with coordination number 2 can also exist. For example, the coordination
number of compounds [Cu(NH;)4]*", [Ni(CO)4], Nas[Fe(CN)s] and [Co(NO:z):(NH3):] 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], [Cu(NH3)4]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. Nas[Fe(CN)s]

- . The charge on__coordination
Oxidati state of iron = ,
S e sphere is equal ‘but) Opposite to
Total charge on six cyanide Ilgands = -6 trhe charge m the ions outside
Charge on coordination sphere - +2-o-;(q.6_)' Y A\ the cbordlnatlon sphere.

ii. [Cu(NH3)4]504
Oxidation state of copper= +2

Total charge on fotﬂl' qm ia lig,ands =
Charge on coordlnation sphere= +2+0 = +2

6.3.1 Naming Complex Compounds
IUPAC nomenclature of complex compounds recommends the following rules: b

i.
ii.

jii.

Name 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 ion.

The suffix “ate” is added to the name of the central metal atom if the coordination
sphere is anionic. 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 (twro), tris (three), tetrakis (four) ligands and
pentakis (five) etc are usded.

Naming anionic ligands, we use suffix “o”, e.gchloro (Cl), hydroxo {OH) and
carbonato (CO:*) etc. Neutral ligands usually retain their names. like aqua/aqua
(H:0), ammine (NHs) and carbonyl lCt'.)) etc.|

The oxidation state of the central ion /is repmsented by Roman numerals and put in
parenthesis after the name: ef metal latom

B i



Unit 6: The Transition Metals

Examples of Complex Compouhds

[Pt(NH1)4BrCl]Cl; tetraami nehromoch l.oropla tinium(IV) chloride While naming

[Cu(NH;)21* mal!rr.lmithécopperul) ion complex compounds,
the number of

Ks[Fe(CTN)s] Potassium hexacyanoferrate(ll) counter ions is not

[Cr(H20)¢]ClLa Hexaaquachromium(lll) chloride counted.

[Ni(CO)4] Tetracarbonylnickel (0)

[Co(NO2)3(NH3);] Triamminetrinitrocobalt (1)

[Cr(en)zClz]CL Dichlorobis(1,2Z-diamincethane)chromium(lll) chloride
[en=ethylenediamine]

Kz[PtCls] Potassium hexachloroplatinate(lV)

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
complex ion. Remember that oxidation state on

The ions outside the coordination
sphere_ neutrauzing complex ion are
_catled counter fons.

transition metal ion equals to charge on the complex. i =
minus sum of charges on the ligands. - '_: ‘ \ ;. f

q\ Wurlﬁed Examples

e Deduce the chargq on the tetraammunedichlorocobalt{lll) complex ion. What is its
formula? AN

e The formula has two t:hloride ions and four ammonia 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]J* complex ion. What is its name?

e The complex ion is an anion with a total or net charge of -2. The formula has four chloride
fons 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
ion 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,. ii. Na,[MnCL] i [Co{enlz(H,O},]
iv. [CuCl]* v. Na.[Fe{CN];{OH).]

2. Name the following complex ions. )
i. [Co(NH;),CL,]CL SeaPe. =\ .Lz_n_(o_m‘]’ fii. [CrCL,(NH,), 1"

P
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6.3.3 Coloured Complexes A\ WV :
If white light is passed on a transitir.:_rn.: metal '-._compléit:. either in solid form or solution form,
some light is absorbed and sqm;e]-;_l'ﬁ t{ér’gsn'ﬁtted. There are three possibilities.

« If all the light )sabsorﬁed, the compound appears ‘black’.

e 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 ion, 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 (ll), ([Ar]3d®), complex
has incomplete d sub-shell so it has coloured compounds. On the other hand, zinc (ll), [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-

Shapes of d orbitals

Consider octahedral complex where six ligands approach the central metal ion along x, vy 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 [(Dxy, vz and dx). The higher
repulsion results in higher energy set of orbitals called eg whereas the lesser repulsion give rise

to lower energy set of orbitals called tzg. The| overall-energy of both e, and t, orbitals of
complex is higher than the degenerate 3d orbitals of metal ions without ligand.

The d-d splitting pattern 1.$-SHQWH_; I
TN RYAS
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1 } AE

- -

L 1T 1T 1}V

degenerate 3d orbitals
of metal ion (without ligands)

energy

The energy difference (AE) between the two sets
of d orbitals in a complex ion is equal to the
energy of a photon of characteristic light in
visible spectrum. When white light is passed
through a complex ion, whether in solution or
solid form, photon of a particular energy and
frequency is absorbed which will excite electron

from lower energy set of d orbitals (tzg) to hfgher,'., | T

ligands approaching

[ ]tz

dyy dyz Az
non-degenerate orbitals
(after reaction with six ligands)

Key Information

The terms e; and tzg stands for “doubly
gerade™ and “triply gerade™
respectively. The subscript “g"” stands
for “gerade” which is a German word
meamng evm {degenerate)

energy set of d orbitals (eg). This shift caf ele-ntron between the two sets of orbitals is called d-

d electronic transition.

As a result of this electruniq th'ansmon a ::nlour from the white light is removed and the solution
gives a complementarny dolour 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.

(cd Ofc

“The colour wheetl

e P e




The nickel complex, [Ni(H,0),]*", absorbs red light, from- white light and appears green, which
is complementary colour to red. Sirrlilarly, the copper complex, [Cu(H,0).]*, absorbs orange
colour and appears blue (a complementaw col.our to orange) as shown in the diagram.

L =

V) 1]
TRV COmplementary colour

| TR e RIS | Cu® ions orange light missing
. = absorb
e
orange
ﬁ light
white light o RO transmitted light

How complexes Get Colours?

6.3.4 The d-d Splitting Pattern in Octahedral é;hdjbtrahedral Complexes

Let's consider the example of the aqua complegc,af t!t‘.anium (IrI) This complex has an octahedral
shape, with six water molecules"‘atti'ng as\ Lfgands around the titanium ion. In octahedral
complexes, the three tzg orbitals, fdxy,' dyz, and dxz) lie between the six ligands, so they
experience less repulslqumrh Jthe ligands’ lone pairs. In contrast, the two eg 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, tzg set of orbitals has lower
energy while e set has higher energy. When white light strikes [ﬂ(HzO)bP‘ complex ion, in solid

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

light

energy

(T T LIt}

o ligands approaching it

CT LT T+~

degenerate orbitals
(without ligand

. dy; dg
| _cm devgenernte ground non-degenerate excited
~=v =~ orbitals of Ti** state orbitals

‘ith ligands) of Ti¥* (with ligands)
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Tetrahedral Complexes

In tetrahedral complexes, the three t2g orbitals are oriented toward the ligands, leading to
more repulsion and higher energy. In contrast, the two e; orbitals are positioned between the
tigands, so they gx;?eﬁﬁrk_l} tess repulsion 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(ll) complex,
[CuCle]™. i

light

T d d d,, d d,, de
ff- Telt o [F4t8 T4 ]%
& O o Y T e p— ae
§ . ligands approaching . ¥ v
: +
O I YK ilrile. A
degenerate brbitnls of Cu?* non—dagan:rate‘ground non-degeleerato
{without ligands)

state orbitals of Cu?*
. _(witndigand=)) L0
6.3.5 Effect of Ligands on Colour of Complexes
When ligands approach transit!on metal ions, their electric fields interact with the d orbitals
of metal ions resulting in splitting of d orbitals into two different energy levels. On the basis

of their differe[‘ﬁﬂ?f{i ies to split d orbitals, ligands show different field strengths and follow
the order: I}/ VY

excited state orbitals
of Cu?* (with ligands)

CN>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.

A
Ce
LT Je
@ o«
5 OE AE
&
strong field ligand\| [\ |\' weak field ligand

Consider the addition of ammoniasotution to the aqueous solution of copper (I} ions and
subsequent change in colour of the given complex. We know that ammonia is a strong field
ligand whereas water is a weak field ligand so ammonia will replace water in the complex.

111
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In this reactions, four ammonia rnolecules replace four water molecules shifting absorption

from blue to violet-blue.

[CU{HzDh.]z’(aCI) I {Nﬂitaq) ——— [CU(NH;)(H;0),]2*(aq) + 4H,0(1)

blue

violet-blue

not in others?

. Concept Assessment 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) ? Give one example.

6.3.6 Geometries of Complexes

In previous class, we applied valence shell
(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 repul.smn-

electron pair repulsion

among dative bond pairs.

1. Complexes with Coordﬁnai:ion Nurnber 6

Copper (lI) 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;| . chlorine belongs
to period 3. while,i oxygen in water and nitrogen
in ammonia belong to period 2. The space

v around copper (I1) ion is not enough to surround
s\ix CU 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 licand-

ligand repulsion.

- Octahedral complexes are the most common 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°.

H,0

H20'1 I .-OHZ

/T"\

H,O .

{ two/mathylene grou ps]
“|\ are shown by curves

Haxaaauanickel(l) ion. INI(H;O)eft" || Tris(1.2-ciaminosthane)nickel(i) ion, [Ni(en)sJ**
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2. Complexes with Coordination Number A \(Q)

There are two possible arrangemen*t'.s of llgands or dative bond pairs around central metal ions
in complexes with four coordination number structures. One is tetrahedral arrangement of
dative bonds follomngff'VSEIiR 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(il), [CuClL]*. The tetrahedral geometry of [CuClL]* complex is

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

Tetrahedral complexes are mostly formed by metal ions with 0 e{ectmn‘ conﬁguration such as
Cu” and Zn?'. Some other examples are [Cu[CN)d" d [ n(ﬂhﬁlﬂg]" etc.

fi. Square Planar Complexes i b
Square planar complexes have foh ,:tis _nds directed at the four corners of a square making 90°
angles with one another, Tl'ﬂs ar t of ligands in this type of complexes is against VSEPR
theory. They are less. common than tetrahedral complexes. Most square complexes are made by
platinum, like diamm{nedichloroplatinum(ll} complex.

H3N_ ‘NH3

I(Pt\\\\
cn/
cis-diaammedlchloroplatinum(lI)

They are mostly formed by metal ions with d® electronic configuration such as Ni** and Pt** and
Au®. Examples are [Ni(CN)4]*, [AuCld and [Pt(NH:)<** etc.

3. Complexes with Coordination Number 2

Linear complexes are less stable. They have two monodentate ligands lying at 180° angle as
shown.
[H;,N—Ag—NH;,,]
D:ammmes:lver(l) ion

Some other examples are [Cu(lilz] arld [Au(CN)z] etc.
QAN NN
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6.4 L1gand Substttutlon Reactmns

Transition metals undergo. many ty!pes of react:ons, such as redox reactions, deprotonation
reactions, and ligand substitutwﬂ' reactions, but we shall discuss only ligand exchange reactions

in this section. NIV

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 cobalt(ll) complexes
only. The ligands participating in the reactions-will be water, ammonia, hydroxide and chloride
ions.

i. Copper(ll) Complexes
We add strong base, like sodium hydroxide (NaOH), to the blue solution of copper sulphate
(CusSQy), we observe a pale blue precipitate. In this reaction, two hydroxide ligands (OH’)
replaced two water ligands. A\
[Cu(H20)6)** (aq) + 20H (aq) ——» [Cu{Hzﬂlaceﬂla}(s> W 2H,00)
blue solution _biue precipitate

The hydroxide ions do not substlr.utgwﬂnér li:g_éhﬂé. T

directly. They act as a base and take protons from .
1" Ilphate in

water molecules forming watarl nd leaving hydroxide a:f;:_"tio?s of s%‘;?:r( ;;u F:.{::riula

ions behind. The hydroxibe ions thus made act as a [Cu(H20)]** or Cu?*(aq)

ligands and exchange with water molecules. .

Adding excess of ammonia solution dissolves pale blue
precipitate giving deep blue solution.
[Cu(H20)4(OH)ls) + 4NHj3(aq) —» [Cu(NH3)4(H20)5]1%%(aq) + 2H,O() + 20H (aq)

pale blue precipitate blue solution

If we add aqueous ammonia, instead of aqueous sodium hydroxide, we get the same
observation. 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)]%*(aq) + 2NHj3@aq) ————» [Cu(H;0),(OH)ks) + 2NH4+(aq}
blue solution pale blue precipltatle

This is a ligand exchange reaction in which four ammonia mnlet:ules replaced two water ligands
and two hydroxide ligands. L \ \ AT\ :

Do You Know?
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Similarly, the water ligands in hexaaq uacopper(ll) ion oan also be exchanged for chloride ligands
if we add concentrated hydrq&chloric acid dropwise. This reaction gives yellow solution
tetrachlorocuprate(ll). AN -

] 1

[CU(H&b')éj2+{;q) +4C|'(aq) == [CuCl4)? (aq) + 6H0@
blue solution yellow solution

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

fi. Cobalt Complexes

If we add strong base, like sodium hydroxide (NaOH), to the pink aqueous solution of cobalt(ll)
chloride, we see blue precipitate of cobalt(ll) hydroxide.

[Co(H20)e)?*(aq) + 20H(aq) —— [Co(H20)4(OH)2ls) + 2H20m
pink solution blue precipitate

Adding concentrate agueous ammonia slowly can also exchange for water in aqua complex of
cobalt(ll) ion.

[Co(H20)6)**(aq) + 6NHjg (aq)  ———- {thNHa)al’- (e +6Hz00
pink solution N\ -

rdwn solution

Addition of concentrated hydfachtoﬁc..-.,acrd ter aqueous solution of cobalt(ll) ions gives blue
solution of tetrachlorocobab:rateul ) \complex.

[CO{HEEIMZ"@} + 4Cl'(aq) —— [CoCl4]* (aq) + BHOMm
pink solution blue solution

6.4.1 Stability of Complexes and Stability Constant (Ks:an)-

The equilibrium constant obtained from ligand exchange reactions in a solvent is called stability
constant (K.as). 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(Hzojdz*{aq) + 4Cl(aq) =——"= [COCI4]2'(aq) + BHLOm
pink solution blue solution

The position of equilibrium lies in the direction of more stable complex The strong field ligand
always substitutes the weak field ligand in the c:ornplex flis=

If we add water to this reaction rmxtur&, reverse reaq:tion takes place and pink colour of
hexaaquacobalt(ll) appears. Similarly, when we add concentrated hydrochloric acid to the
system, forward reaction is favoured and' blue colour of the tetrachlorocobaltate(ll) is observed.
In both these observatlon, | tﬂmg chlorlde- and water ligands compete with one another for bond

to cobalt(ll) ion. | ]
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Applying equilibrium constant expression AR RO R\ %=
R\ \ []:CoCl4]2‘] [Hzola
W [Iee(H20)612" [C1*

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

[CoCL >

Kstab =
[Co(H,0)s]%* [CI)?

Where Ksan 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 is 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 (Ksxab) Of some copper(ll) complexes are gwen

= The values of stability constants are
[CuCll] 5.6 — |1} so large that they are shown on logio
[Cu(NH1)e]** 13,11} J oL scale so they have no units.
AN LAY =
[Cu(EDTA)I> | 48.8

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

[Cu(H20)s]?*(aq) + 3en — = [Cu(en);]2*+ 6H,Oq)

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).
[CUuCI4]* (aq) + BNHzaq) —= [Cu(NH3)g]?*+ 4Cl(aq)
Worked Example 1: We get a mixture of aqueous solutions tetrachlarocuprate(ll) and
hexaaquacopper(il) ion after adding concentrated hydrochlcmc acrd to an aqueous solution of
copper(ll) sulphate. i \ \ |
i. Write expression —for the stability constant for aqueous solution of
tetrachlorocuprat.eﬂl)._ 0 -
ii. What are the units of' stability constant?
\ |:.- N




Concept Assessment Exercise 6.3
- Arrange the following ligands in increasing order of stability constants in ligand
substitution reactions of: Iron (n comp{exes
] CN°, OH*, NH3, H20, Br
- Given the stability. cdnstant why can ammonia exchange for water in copper(ll)

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(VIl) ions with Ethanedioate ions

The reaction between ethanedioate ions and acidified mpnganatewll} jon is analysed to find
which way it will take place. The standard electrode poﬁam:ials of-individual reactions are taken
into consideration to check feasibility of overall reaction /Both reactions are taken in reduction
mode according to IUPAC recornmendatlms and then we compare their standard reduction
potentials.

_ |d 20" ——n C204% (aq) E = +0.49V
Mn04'm) "+ 8H%eq + 56 ——» Mn?*(q + 4H,0n E = +1.52V

Now the question arises whether manganate(Vil) oxidizes ethanedioate to carbon dioxide or
carbon dioxide oxidizes manganese(ll) ion 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(Vil) ion must reduce to

manganese(ll) ion 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_i:tlandlard ofreductz::ion

taken in oxidation mode because it is oxidation reaction. The _z_t-ent h:: with real cngci:ns

sign of its standard electrode potentlal is reversed whﬂe its’ th et i ne
e co-efficients.

magnitude remains the same. :

C204% tea) —-———-..@Q@i@"- "-+‘-"26-' E = -0.49V




Before combining the two half reactions, the number, of electrons lost rrrust. equals the number
of electrons gained. This can be done by multiplyl’ng the WO | half equations with different
multipliers (coefficients). In this case. axldatjon half equation is multiplied by 2 and reduction
half equation by 5. \\

2MnO4aqy + 16H $mj I"J "09‘ _- 2Mn2*aq + 8H,O, E = +1.52V

5C204 “taqg — 10COy + 10e” E =e0.49V

2Mn04-(-q} + 502042-{aq] + 16H+(aq} — 2Mn2+(gq) + 10C02(g} + BHzotll 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 equations, one is reduction of maganate (VIl)
whereas the other is reduction of iron (Ill).

MnOy4 @a) + 8H%eq) + 58 ————» Mn?*@aq +4H O  E=+1.52V

& Slorrv

Fea’(.q; + e —h- Fa?*

To write the net redox reaction, we peed to re_verse'-the secand reactlon treat it as an oxidation
reaction by reversing it, and change t.h e sign of its standard reduction potential to negative.

ez*eafgq Fe3*(aq + € 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(aqy + 8H%@aqy +5¢ — Mn2+{aq] + 4H0, E =+1.52V

5Fe?*(aq) — > 5Fe?®% g + 5e° E=-077V

MnO, aq) + 5F32+¢.:;|) + 8H"@g —m M2t aqy + 5Fetaq +4HO( E =+0.75V
The positive value of the standard electrode potential indicates that this reaction will proceed
to the right, making this reaction feasible.

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

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

2Cul*aqy + 4l (aq) .

ZCulm -;. . "|zta-q|
white ppt. —“red-brown solution
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Split the redox reaction in two half-equations. | |\

2t ¢ B e Tew E= +0.54V
Ry 1 l (o 4
[NCutaa) + 1e” ——» Cu*m EZ +0.15V

The higher standard reduction potential value of 12/1" 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 () 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.

2l taq) —— lyaq + 2e° E’ = -0.54V
2Cu?*jaq) + 2 ——» 2CUu*(aq) E” = +0.15V
2Cu?*@aq) + 21(aqp — 2Cu* gy + Lam E® = -0.39V

The amount of aqueous solution of iodine formed in this reactlon can be determined by
titrating it with sodium thiosulphate solution. \ [ '

Practical ;dctlir:ity Q- Redox titration
The above reaction can be) uﬁed prénctically to calculate the amount of iron (Fe?" ions) in
a sample, such as an iron tahlet, by carrying out a titration. As this is redox reaction so
the titration involvedyis called redox titration.
We take a lmowp IvoI.Ume (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(Vll) solution is put in a burette.
The potassium manganate(VIl) solution is titrated against the solution containing Fe?*(aq)
in the conical flask. During the reaction of MnOy4 (aq) with Fe?*(aq) in the flask, the purple
colour of the manganate(VIl) ions is diappears. The end-point is reached when the
Fe?*{aq) ions have all reacted and the first permanent purple colour appears in the conical
flask. This is when the MnO.4 (aq) ions become in excess in the reaction mixture

0.05 mol.dm™~ soluion SR
of potassium permnanganate




Worked Example 6.1 P s Pt e NI ICA
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 so!utic;n as indicator, The volume of sodium thiosulphate solution added from the
burette was 10 cm” when _;bq;ﬁn_ldpoint' reached. Calculate the concentration of the copper(ll)
sulphate solution. VN AV A
Solution

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

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

Concentration of sodium thiosulphate solution = 0.05 mol.dm™?

Concentration of copper(il) sulphate solution =7

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

moles

volume (dm?)

concentration =

moles = concentration x volume (dm?3)
The following two chemical equations are involved in this titration.

2Cu?*(aq) + M aqy ——» 2Cul + 'z_(.-ai_---._

hea + 250570 —= 2y ¥ SO0F W
First, we calculate the number of moles of thiosulphate jons used in the reaction.
volume (dm?)

RN L,
.\ |_; thtl:rles = 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(il)
fons in the flask is equal to the number of moles of thiosulphate ions in the titre used.
Concentration of copper(ll) ions = 0.0005/0.030 = 0.016 mol.dm™

6.6 Stereoisomerism 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.

Sterecisomerism 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
Geometric isomerism is shown by those complexes that haye | . B0 You Know?
ligands arranged differently in space relative to the central metal |\ Tﬁlmhe‘j';‘al COmPle:ﬁﬁ
jon. Such isomers are also called cis-trans \isomers jor ::ar:o't_l;nowl g:::;e alj
diasteraomers. i dfie. ~ O\ &xample i ff:.tr tll;?.au'u:!s are adjacent
diamminedichloroplatinum(ll), [Pt(NH:);Cl.},' ‘which is square o ek itfier

planar complex. T NS
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The isomer having identical ligands next toeachotlmr 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 differeht-, from one another,

WRVIRNIEN
Fighting Cancer /| N
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 DNA 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 DNA 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. ]

~To
—~ [~

However, cis-platin discontinues DNA _repl'iqaft:,ign' 1nbothcancerous and healthy fast-
growing cells, like white blood cells, leading to side effects (increased infection, hair loss
and kidney damage). Despite this, it remains effective in treating many types of cancers.

HaN_ N

o NH; H;3N., ~Cl
L Pt \‘\\ £ v, pt\\\‘-,\
CE/ \a a” \NH3
cis-diaaminedichloroplatinum(il) 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 chloride 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.

NH, THI
H3N.,, I «NH H,N., 0 NH
3 ‘m”'Co"“““ 3 — K 3N __’_‘_"‘h.o.,,-,"c:"."h\-\\\w-' 3
H0 \"Hl \ AN l \NH;
cis-tetraammined_i_aqqq’tbbail’ttIlli trans-tetraamminediaquacobalt(lil)




The cis-isomer of this complex has water I.__igéndﬁ_' nexctoeaCh other while its trans-isomer has
water ligands lying on opposite s.:i_cll_e:.-_- To m@lge'.'ci's:is'omers of octahedral complexes with
monodentate ligands, look the f_olro'\pﬁng :-_t-!_ire'-e'—dimensional diagrams.

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

Similarly, bis(1 ,2-diaminoethang}dﬁamﬁﬁi'tﬁéifll} jon shows geometric isomerism.
AN JE* Lo

1|' 3 -
[ ) - =
NH, OH,
H: M"""’ ‘\\\““‘ OHZ H 2 N“ ‘“\. NH 2
iy i\\" “ttpy 'y ; ‘\\\.\‘
‘\
H | OH, H | T~ un,
: \NH: ] . OH, i
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 partiat positive charge,”The reason is that oxygen of
water has higher electronegativity than nitrogen of ammonia causing electron flow towards
water. The two individual dipoles Greated by two water ligands result into net dipole making
the complex polar. NN WALV =T
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Conversely, the trans-isomers have symmetric 5hapes and even distribution of electron cloud
making them non-polar. This is bec.a(lSe the individual dipoles created by two water ligands
work against each other cancel}ing he ovérall dipole of the complex.

.  Optical Isomerism ©\

Optical isomers are molecules 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 two monodentate
ligands and two bidentate ligands, only the cis-isomer can show optical isomerism.

mirror

2+

mirror

-...._---...................
-
N
<
")
N
)

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

Similarly, octahedral complexes of three bidentate ligands can exhibit optacal isomerism. They
are mirror images but not superimposable on one another. 0
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KEY POINTS

Transition metals are those. ehements that have incomplet.e d sub-shell.

The elements of the 3d bloclt. have hig.h ‘melting points, boiling points and densities.

The first and second mn[qsatlon energies increase only slightly across the block from
scandium to z'll'N:.r ‘a5 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 . xds bond to transition
metal ions by one or more dative (co-ordinate) bonds.

Most transition elements form M?* ions by loss of the 4s electrons.

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

Transition metal ions accept electrons from ligands so metal ions 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 absarb-ed SO

The complexes of d block elements which ha\r«e mmplet\g ‘or- empty d sub-shell are
colourless. ) WA

\ \ /

Transition elements can exist\in sev, Ia\ qxidatiﬁn states because of the involvement of

both 4s and 3d orbitals. _ )
Ligand exchange rea!:tim‘is imolve exchange of ligands in a complex resulting in change
in colours of compleﬁes_ )

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 ion 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

L B B I

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

Chemistry by George Facer

Chemistry-The molecular nature of matter and change byﬁlberberg

Chemistry by Peter Cann and Peter Hughes. - x

Chemistry by Blackman, Bottle, Schrnid Mocenno and W|l1e

Chemistry by CLiff Curtis Jason Murgatroyd ‘and Divid Scott.

Chemistry by Christopher Talbot Rlchard Harwood and Christopher Coates.
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I;XERC!SE

1. Multiple Choice Questions (MCQS)

ii.

fii.

iv.

vii.

Which one of the followfng Spedes has d'° sub-shell?

a) Cu® i zn®* <) Mn d) Cr

Which one is c&rrect statement about zinc element?

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

2. 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 configuration of iron cation in the complex, [Fe(CN):]*, is

a) [Ar]3d* b) [Ar]3d®

b) [Ar]3d® 4s’ d) [Ar]3d®4s?

Why is the hexaaquacopper(ll) ion 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 absorbs red wavelength arH:I ‘transmit the remaining
light

The cyanide ligand (CN’) can form! t;wu qamplexes with iron with formulae, [Fe(CN)s]*

and [Fe(CN)s]*. What is the. qu{datton state’ of iron in them ?

a) +2 and +3 respective y - b) +4 and -2 respectively

c) +2 and +4 respgq:ivé d) +3 and +2 respectively

Transition rnetals are different from alkali metals and alkaline earth 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

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

a) CH4 b) CeHe c) Na d) CsHa(OH)2

viii. Transition metals can show different oxidation states. Which one is the most common

ix.

e — - —j

oxidation state in first row transition elements?

a) +2 b) +3 c) +4 d) +7

Which one of 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’ htgh density
The coordination number of nickel in the d:-mplex [Ni(en}:(OHz]z]“ is

a) 2 B 4 o ~\WV{\(CaC s @ 8
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xi. Which one of the following complexes cannqt show stereoisomerism?

1. [Cu(H:0)e]™ 2. [CuC\."j* 1237 [CU(NH;)4(OHz):]? 4. [Ni(en):)*
a) 1,2 and 3 only ,.\7_\_11\-|, mge b) 1,3 and 4 only
c) 1and 2 onl;\.ri;j-! NINJ M d) 1 and 4 only
xii. The weakest field ligand among the following is
a) H:0 b) CHN c) NH» d) OH"
xiii. The highest oxidation state shown by first row transition metals is shown by
a) copper b) manganese c) nickel d) cobalt

2. Short Answer Questions
i. The melting point of titanium is higher than calcium in the same period. Justify this

statement?

ii. 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?

iii. Define the terms
a. ligand b. coordination number c. complex ion

iv. Explain why hydrated Ti*" cornplexes are colourless,ébd hy@ratéd T complexes are
coloured? O ' (&

V. Why do the melting points of f;rs\ " row trahsit.ton mletals increase upto the middle and
then decrease? Comme nE (

vi. Why are transition meftal ed as catalysts in industries for performing different
reactions? Giyeran ample.

vii. The blue cotlxalt chtonde 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, [CoCl4]*. Write the equation to show the
ligand substitution reaction when the test is positive.

viii. Octahedral complexes of copper(ll) ion have different colours. Explain why?

3. Long Answer Questions -

i. The reduction potential for Cr’ ions being reduced to chromium metal is -0.91V and
that for Cr¥ ions being reduced to Cr** ions in U 41V as shown:

Cr2*+e o—> Cr = -0.91V
Cr3* + e Cr2* E=-0.41V

Predict whether the chromium(il) ion will disproportionate to chromium{lll) fon and
chromium metal. If yes, then write the mss:ble lonic equation

ii. Explain the difference in the splitticag pattern pf the 3d atomic orbitals in the two
ahd [CuCld" '
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ili. The following scheme shows_ some réactiorrs of copper(ll) ion.
. pale blue precipitate A

excess of NH3

solution C
solution B

heat with Cu(s)

[CuClzl(aq)

a. Suggest the formulae of A, B and C.
b. State the colours of solutions B and C.
c. Name 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 poured m: 3\ 'water, which colour
precipitate is formed? Justify its colour. .| -
iv. Transition metal complexes such as [Cu{HzO}‘(NH;);]
of stereocisomerism. e \\,
a. MName the type of isqmaﬁwﬂ-- -
: b. Draw three-d enﬁmual structures for the given two isomers, two for each.
V. Aqueous coppq.-runl jion can form complexes with the ligands, ammonia and 1,2-

diaminonethane as shown.
[Cu(H2O)elz(aq) + @Nfaa) === [Cu(Hz0)(en)]**(aa) + 2H 0@ Kgwn = 3.98x10°

———————

Sond Pt{NHa):Clz show same type

[Cu(HzO)ela"(aa) + 2NHa(aq) ——== [Cu(Hz0)s(NH3)21**(aq) + 2H0m Kswap = 5.01x107
a. Write an expression for the stability constant for both equations and state their

units.
b. Of the three complexes in the above two equations, state the formula 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.




