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13.1.1 Transition Elements

Transition Elements

Transition metals are elements withanincomplete d-subshellorthatcanformatleast one stable
cationwithanincomplete d-subshell

This definitiondistinguishes them from d-block elements,because scandiumand zinc do not fit
the definition

= Scandiumonlyforms theionSc3*, configuration [Ar] 3d°
= Zinc onlyforms the ionZn2+, configuration [Ar] 3d'°

The elements of the first transition series are therefore titaniumto copper

The transition elements and the d-block elements

Electron Configuration

The full electronic configuration of the first d-series transition metals is shownin the table below
Following the Aufbau Principle electrons occupythe lowest energy subshells first

The 4s overlaps with the 3d subshellso the 4s is filled first

Rememberthat youcanabbreviate the first five subshells, 1s-3p, as [Ar] representing the
configurationof argon(known as the argoncore)

Table showing the electronic configurationof the first d-series transitionelements
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Fromyourprevious studies inchemistry,you should recall there are two exceptions to the
Aufbau Principle inthe firstrow of d-block,chromiumand copper
Inbothcases anelectronis promoted fromthe 4s to the 3d to achieve ahalf full and full d-
subshell, respectively
Chromium and copperhave the following electron configurations, which are different to what
youmayexpect:

= Cris[Ar]3d%4s'not [Ar] 3d4 4s?

= Cuis[Ar]3d'0 4s'not [Ar] 3d94s2

This is because the [Ar] 3d54s’and [Ar] 3d'0 4s'configurations are energetically more stable and
are preferred configurations
When forming cations,remove the 4s electrons first
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@ Worked example
Writing electronic configurationof transitionelement ions
State the full electronic configuration of the manganese(lll)ion
Answer
Step 1: Write out the electron configuration of the atom first:
Mn atomic number=25
1522522p%3523pb4523d°
2+42+6+2+6+2+5=25¢electrons
Step 2:Subtract the appropriate numberof electrons starting from the 4s subshell
Mn(lll) =22 electrons

1522522p%3523p63d4

General properties

= Althoughthe transitionelements are metals, theyhave some properties unlike those of other
metals onthe periodic table,suchas:
= Variable oxidationstates
= Formcomplexions
= Formcoloured compounds
= Behave as catalysts
= Have magnetic properties

Variable Oxidation States

= |like othermetals onthe periodic table,the transitionelements willlose electrons to form
positivelychargedions
= However,unlike othermetals, transitionelements canformmore than one positive ion
= Theyare said to have variable oxidationstates

= Because of this,Romannumerals are used to indicate the oxidation state onthe metalion
= Forexample,the metalsodium (Na)willonlyform Na*ions (no Romannumerals are needed, as
theionformed by Na will always have an oxidation state of +1)
= The transitionmetaliron (Fe) canform Fe2+(Fe(ll)) and Fe3+(Fe(lll)) ions

Forming Complexlons
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= Anotherpropertyoftransitionelements caused by theirability to formvariable oxidation states,
is theirabilityto formcomplexions

= Acomplexionisamolecule orion,consistingofacentralmetalatomorion,withanumberof
molecules orions surroundingit

= Amolecule orionsurrounding the centralmetalatomorionis called aligand

= Due to the different oxidationstates of the centralmetalions, adifferentnumberand wide
varietyof ligands canformbonds with the transition element
= Forexample, the chromium(lll)ion can form [Cr(NHz)¢]3+, [Cr(OH)g]3-and [Cr(H20)4]3* complex

ions

Forming coloured compounds

= Anothercharacteristic property of transition elements is that theircompounds are
oftencoloured
= Forexample,the colourofthe [Cr(OH)g3~ complex(where oxidationstate of Cris +3) is dark
green
= Whereas the colourof the [Cr(NHz)¢]3* complex(oxidation state of Cris still +3) is purple

Transition elementsascatalysts

= Since transitionelements canhave variable oxidationstates, theymake excellent catalysts

= During catalysis, the transition element can change to various oxidation states by gaining
electrons fromordonating electrons to reagents within the reaction

= Substances canalso be adsorbed onto theirsurface and activated inthe process

Magnetic Properties

= Materials are classified as diamagnetic, paramagnetic orferromagnetic accordingto their
behaviourwhenplaced in an external magnetic field
= Transition metals exhibit these properties dependingontheirelectronic configurations
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13.1.2 Variable Oxidation States

Variable Oxidation States

= Whentransitionelements formsions theylose electrons fromthe 4s subshell first
= Thisis because whenthe orbitals are occupied, the repulsionbetweenelectrons pushes
the 4sinto ahigherenergystate so thatit now becomes slightlyhigherinenergy than
the 3d subshell
= Thed4sisnowthe outershellandloses electrons first

= Thelossofthe 4selectrons means that+2is acommonoxidationstate intransitionmetals
= Thereasonwhythe transition metals have variable oxidation states allcomes downto energy

Table showing the the commonoxidationstates of transitionelements

lonisation energies for the removal of successive electrons in titanium and vanadium

= We cansee fromthe graphthatthe first few ionisation energies are relatively small and relatively
closetogether

= This means that the energydifference associated withremoving a smallnumberof electrons
enables transition metals to vary theiroxidation state withease

= The +2and +3 oxidationstate is shownbyall the transition elements although the +3 stateis more
stable upto chromiumand the +2 state more stable inthe laterelements

= Transitionmetalions with oxidationstate +3 and above tend to be polarisingand have adegree
of covalent characterinthe bonds theyform.The ions have ahigh charge densityand pull
electrons towards themselves

= The maximumoxidationstate possible corresponds the totalnumberof electronsinthe 4s and
3d whichreaches amaximum at manganese

= Anexample youmaybe familiarwithis the manganate(VIl)ion,MnO, whichis a powerful
oxidising agent
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13.1.3Complexlons

Complexlons

= Transitionelementions canformcomplexes whichconsist of acentralmetalionand ligands
= Aligandisamolecule orionthatforms aco-ordinate bond with atransition metalbydonatinga
pairofelectrons to the bond
= Thisis also the definitionof alLewis base

= This means ligands have anegative charge oralone pairof electrons capable of beingdonated
= This definitionmayseem familiar:aligand is the same as anucleophile

= Differentligands canformdifferent numbers of dative bonds to the centralmetalionina
complex
= Someligands canformone co-ordinate bond to the centralmetalion
= Otherligands canformtwo co-ordinate bonds,and some canform multiple dative bonds

Co-ordinationnumberis numberofco-ordinate bonds to the centralmetalatomorion
Common Ligands

= Watermolecules frequentlyact as ligands.Eachwatermolecule makes asingle bond with the
metalionusing one of the lone pairs onthe oxygenatom
= Thelone pairis donated to the partially filled d-subshell of the transition metalion

Table showing examples of commonmonodentate ligands

Representing complexions
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= Square brackets are used to group togetherthe ligands and metalioninarepresentationof the
geometrical arrangement

= The overallcharge onthe complexionis the sumof the oxidationstates of allthe species
present

= [ftheligands are neutral thenthe overall charge will be the same as the oxidation state of the
metalion

Examples of complexes with monodentate ligands
Co-ordination number

= The coordinationnumberis the numberof coordinate bonds to the metalions
= This numbercanbe the same as the numberofligands if theyare monodentate, butit could be
differentif bi- ormultidentate ligands are present

Naming complexes

= Complexes are named inthe followingway
= [fthe overallionis acationthenthe nomenclatureis:
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Prefixfornumber of ligands/ligand name/element/oxidationnumber

= The prefixes are the same ones used inorganic chemistry:di, tetra,hexafor2,4 & 6 respectively (3
& 5 arerarelyencountered exceptin mixed ligand complexes)

= |[fthe overallionis ananion, the name of elementis modified to have the name ending'ate'and
sometimes Latinword stems are used

= Usingthe examplesintheillustrationabove,the names are:

tetrachlorcuprate(ll)
hexaaquairon(ll)
hexaamminecobalt(ll)
tetracyanonickelate(ll)

= Noticeinthese examples that

cuprate(Latin - cuprum) and nickelate are used inplace of copperand nickel as theyare
anions

Ammonia takes the prefixammine as aligand, whichis spelt witha double 'm'unlike the
functional group amine

BidentatelLigands

= Bidentateligands caneachformtwo co-ordinate bonds to the central metalion
= Thisis because eachligand contains two atoms with lone pairs of electrons
= Examples of bidentate ligands are:

1,2-diaminoethane (H,NCH,CH>NH») whichis also written as ‘en’
Ethanedioateion(C2042-) whichis sometimes writtenas ‘ox’ (coming fromthe common
name of oxalate)
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Examples of complexes with bidentate ligands

Multidentate Ligands

= Someligands containmore thantwo atoms withlone pairs of electrons

= Theseligands canformmore thantwo dative bonds and are said to be multidentate or
polydentate ligands

= Anexample of amultidentate ligand is EDTA%-, whichis a hexadentate ligand as it forms 6 dative
covalentbonds to the centralmetalion

= EDTAcomes fromethylenediaminetetraacetic acid, whichis ratheramouthful so EDTAis easier!

Example of a polydentate ligand complex
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Deducing the Charge onaComplexlon

= Youcandeduce the charge onacomplexionif youknow the charges onthe ligands and the
oxidationstate of the transitionmetalion

@ Worked example

The three formulas shown are compounds of chromium(lll). What are the charges onthe complex
ions shown?

I [Cr(H20)4]Cl3
Il [CrCI(H20)5]Cl2.H2,0
I [CrCl2(H20)4]CI1.2H,O
A 0,0,0
B 1+ 2+ 3+
C 2+3+ 1+

D 3+, 2+, 1+

Answer
The correctoptionis D

= Thewatermolecules do not contribute to the charge
= Thechlorideion, Cl7, outside the square brackets must balance againstthe charge onthe
complex

« [Cr(H,0O)4]Cl;s contains three chloride ions, so the charge on the complex is
3+

= [CrCI(H,0)s]Cl,.H,0 contains two chloride ions outside the square bracket, so
the charge on the complexis 2+

= [CrCly(H,0)4]CI1.2H,0 contains one chloride ion outside the square bracket, so
the charge on the complex is 1+
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13.1.4 Catalytic & Magnetic Properties

Catalytic Properties

= Transitionmetals are oftenused as catalysts inthe elementalformoras compounds
= The abilityof transition metals to formmore than one stable oxidation state means that theycan
acceptandloseelectrons easily
= This enables themto catalyse certainredoxreactions.Theycanbe readilyoxidised and reduced
again,orreduced and thenoxidised again,as aconsequence of havinganumberof different
oxidationstates of similar stability
= There are two types of catalyst:
= Aheterogeneous catalystisinadifferentphysical state (phase) fromthe reactants
= Thereactionoccurs atactive sites onthe surface of the catalyst
= Anexampleis theuse ofiron,Fe,inthe Haberprocess formakingammonia

N2 (9) + 3H2 (g) = 2NH3(g)
= Ahomogeneous catalystis inthe same physical state (phase) as the reactants

Further Examples of transitionmetal catalysts
= The hydrogenationorreductionof alkenes makes use of anickelcatalyst

CH3,=CH3(g) +H2 (g) » CH3CH3(9)

= Thesamereactionisusedinthe hydrogenationofvegetable oils to formpolyunsaturated fats
= The decompositionofhydrogenperoxideisacommonreactioninthe studyofchemical
kinetics and uses manganese(lV) oxide as the catalyst

2H,0,(g)— 2H,0 (aq) + O (9)
Catalytic converters

= Catalytic converters are used in carexhaust boxes to reduce airpollution. Theyusuallyconsist of
amixture of finelydivided platinum and rhodium supported onaceramic base
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Diagram of a catalyst on an inert support medium in a vehicle catalytic converter

= Carbonmonoxide,nitrogendioxide and unburnthydrocarbons are sources of pollutionincar
exhaust

= The transition metal catalysts facilitate the conversion of these pollutants into less harmful
products

2NO(g)+2CO(g) = N2(g) +2C0O2 (9)

CH3CH,CHs3(g) +5 02 (g9) —» 3CO, (g) + 4H,0 (g)

= Some of the transition metals are precious metals so theycan be veryexpensive
= |norderto minimise the costand maximise the efficiencyofthe catalyst the followingmeasures
canbe taken:
= |ncreasingthe surface area of the catalyst
= Coatinganinert surface mediumwiththe catalystto avoid usinglarge amounts of the
catalyst

This is achieved by spreading the catalyst overahollow matrixsuch as ahoneycomb-like
structure

Biologicalcatalysts
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= Manyofthe enzyme catalysed reactions inthe bodymake use of homogeneous transition metal
catalysts
= Anexample of thisis haemoglobin, abbreviated to Hb, which transports oxygen around the blood

The structure of haemoglobin
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The structure of haem

= Theiron(ll)ionisinthe centre of alarge heterocyclic ringcalled aporphyrin
= Theironhas acoordinationnumberoffour,is square planarand canbind to one oxygenmolecule
= The Hbmolecule contains fourporphyrinrings so eachHb cantransport fouroxygenmolecules
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Magnetic Properties

Materials are classified as diamagnetic, paramagnetic orferromagnetic accordingto their
behaviourwhenplaced inanexternalmagnetic field
Diamagnetismis a propertyof allmaterials and produces averyweak oppositionto anapplied
magnetic field

= |tarises fromtherepulsionofelectrons to the applied magnetic field

Paramagnetismonlyoccursinsubstances which have unpaired electrons
= |tproduces magnetisationproportional to the applied field and inthe same direction
= Transitionmetal complexes show paramagnetism

Ferromagnetismhas the largest effectand produces magnetisation greaterthan the applied
field

Diamagnetism

The atoms of diamagnetic materials have paired electrons

Spinning electrons create a tinymagnetic dipole

The paired electrons orientate themselves so that the magnetic field theycreate opposes the
external field

Thisresultis averyweakrepulsionforce

Argon s diamagnetic with the electron configuration 1s? 2s? 2p% 3s? 3p%

Many molecules are diamagnetic since all the electrons are paired upinbonds

Itis veryhard to demonstrate diamagnetism butitis possible by suspendingasample of the
material fromasensitive force meterand loweringitinto astronghorseshoe magnet - aslight
changeinthe force should be seen

Paramagnetism

Paramagnetic materials are attracted to an external magnetic field
The unpaired electrons canbe temporarily aligned to the magnetic field causing attractioninto
the field
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The electrons in titanium are arranged in their orbitals as shown. The unpaired electrons can be
temporarily aligned in an external field.

= Mostofthe transitionmetals and theirions are paramagnetic as theyhave unpaired electrons
= Paramagnetismincreases with the numberof unpaired electrons,so it generallyincreases across

the d-block up to a maximumwith chromium and thendecreases
= Zinc has no unpaired electrons so is not paramagnetic

= The metalsiron,cobaltand nickel show the unusual property of ferromagnetism

= The alignment of the unpaired electrons inan external field inferromagnetic materials can be
retained so the material becomes permanently magnetised

= |f ferromagnetic materials are heated and cooled inamagnetic field, the magnetic field of the
electrons remains

= Magnetic regions withinthe metal that are aligned magnetically are know as domains

= Bangingorheatingapermanent magnet willweakenthe magnetism

Ferromagnetic materials are used to make permanent magnets which produce characteristic magnetic
field lines

Page 16 of 24
For more help visit our website www.exampaperspractice.co.uk



£l

Exam Papers Practice

13.1.5 Colourin Transition Metals

CrystalField Theory

Perception of colour

Most transition metalcompounds appearcoloured.Thisis because theyabsorb energy
correspondingto certain parts of the visible electromagnetic spectrum

The colourthatis seenis made up of the parts of the visible spectrumthat aren’tabsorbed
Forexample,agreencompound willabsorb all frequencies of the spectrum apart from green
light,whichis transmitted

The colours absorbed are complementary to the colourobserved

The colour wheel showing complementary colours in the visible light region of the electromagnetic

spectrum

Complementarycolours are anytwo colours which are directlyopposite each otherinthe colour
wheel
= Forexample,the complementarycolourofredis greenand the complementarycolours of
red-violet are yellow-green

Crystal Field Theory (CFT)

The crystal field theoryis amodelbased onelectrostatic point charges and is used to explain
colourintransitionmetalcompounds

Inatransitionmetal atom, the five orbitals that make up the d-subshell all have the same energy.
The termforthis is degenerate

However,whenligands are attached to atransitionmetalion, the electric field formed bythe lone
pairs of electrons onthe ligands repelthe electrons inthe d-subshell causing the d-orbitals to
splitinenergy

The dative bonding from the ligands causes the five d orbitals to splitinto two sets
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= Thesetwo setsarenot equalinenergyand are described as beingnon-degenerate orbitals

Upon bonding to ligands, the d orbitals of the transition element ion split into two non-degenerate sets
of orbitals

Splittingin octahedral complexes

= |noctahedralcomplexes,there are sixligands arranged around the centralmetalion

= Thelone pairs of the ligands repel the electrons inthe x?-y? and z2 orbitals of the metalionmore
thantheyrepelthe electronsinthe 3dy,, 3dy,, and 3dy, orbitals

= Thisis because the 3dy,_y, and 3d;; orbitals line up with the dative bonds inthe complex’s
octahedral shape

= Theincomingligands are attached to orapproaching the centralmetalionalongthe x,yand z
axes,and the 3dy,_y» and 3d;; orbitals have lobes along these axes

= Theelectronsinthese two orbitals are closerto the bondingelectrons, so thereis
more repulsion

= This means that whenthe d orbitals split, the 3dy,_y, and 3d,; orbitals are at a slightly higher
energylevelthanthe otherthree

= The differenceinenergybetweenthe non-degenerate d orbitals is labelled as AE
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Diagram showing the shapes and orientation of the five d-orbitals
Absorption of light

= Whenwhite light passes throughasolutionof aqueous nickel(ll) sulfate anelectroninthe lower
energyd-orbitals is excited and jumps up into the higherenergy d-orbitals

= Aphotonofredlightis absorbed and light of the complementarycolour(green)is transmitted

= Thisis whynickel(ll) sulfate solution appears green

= Theenergyofthe separationis AEcorrespondingto awavelengthofabout 630-700 nm
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Electron promotion in a Ni(ll) complex when light shines on the solution

O Exam Tip

The colourwheelis giveninSection17 of the Databooklet,so thereis no need to learnit. There

are different splitting patterns possible but you are onlyrequired to know the octahedral
splitting patterndiscussed above.
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13.1.6 Factors Affecting Colour

Factors Affecting Colour

= Thesize of the splittingenergy AEinthe d-orbitals is influenced by the following fourfactors:
= Thesize and type of ligands
= The nuclear charge and identity of the metalion
= The oxidationstate of the metal
= The shape of the complex

The large variety of coloured compounds is a defining characteristic of transition metals

Size and type of ligand

= The nature of the ligand influences the strength of the interaction betweenligand and central
metalion
= ligandsvaryintheircharge density
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= The greaterthe charge density;the more strongly the ligand interacts with the metalion causing
greatersplitting of the d-orbitals

= The furtheritis thenshifted towards the region of the spectrumwhere it absorbs higherenergy

= Asaresult,adifferentcolouroflightis absorbed bythe complexsolutionand a
differentcomplementary colouris observed

= This means that complexes with the same transitionelements ions, but different ligands, can
have differentcolours
= Forexample,the [Cu(H,0)4l?*complexhas alight blue colour
= Whereas the [Cu(NHz)4 (H,0),]2*has adark blue colourdespite the copper(ll) ion having an

oxidationstate of +2inbothcomplexes

Ligand exchange of the waterligands by ammonia ligands causes a change in colour of the copper(li)
complex solution

= Ammoniahas a greatercharge densitythanwaterand so produces alargersplitinthe d-orbitals
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Graph showing the replacement of the water molecules with fourammonia molecules causes a shiftin
maximum absorbance towards shorter wavelength

Thenuclearcharge

= The strengthof the attraction betweenthe metalionand lone pairs of electrons from the ligand
canvarydependingonthe effective nuclear charge onthe metalion
= Forexample,aqueous Mn(ll) and Fe(lll) have the same electronic configuration:

[Ar]3d5

= Mn(ll) (Z=25) absorbs inthe greenregion of the spectrum so appears pink

= The highereffective nuclearcharge onFe(lll) (Z=26) causes astrongerinteractionwith the
ligands,soitabsorbsinthe higherenergyblue part of the spectrumand appears yellow/orange in
colour

Oxidationstate

= Whenthe same metalisinahigheroxidationstate that willalso create astrongerinteractionwith
the ligands
= |fyoucompare iron(ll)andiron(lll):
= [Fe(HZO)6]2+absorbs inthe redregionand appears green
= But, [Fe(HQO)6]3+absorbs inblue region and appears orange

Shape

= The change of colourinacomplexis also partlydue to the change incoordination numberand
geometryofthe complexion

= The splitting energy, AE, of the d-orbitals is affected by the relative orientation of the ligand as
well as the d-orbitals

= Changingthe coordinationnumbergenerallyinvolves changing the ligand as well,so itis a
combinationofthese factors that alters the strength of the interactions
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The Spectrochemical Series

The Japanese chemist,R.Tuschida, proposed aranking of ligands base on theirabilityto separate
the two sets of d-orbitals

This is known as the spectrochemical series

The higherthe charge density of the ligand;the more stronglyitinfluences the splitting of the d-
orbitals so the greaterthe energydifference betweenthem

Table showing the spectrochemical series forcommonligands

Youcansee ateitherend of the series liesiodideions,|”,and carbonmonoxide, CO
lodideions are large (think how many electron shells theyhave) so theyhave arelative low charge
densityand produce the weakest electric field so the separationenergy of the d-orbitals is the
smallestinthe series
Chloride ions, ClI",onthe otherhand are smaller, have a highercharge densityand consequently
produce alarge separation energy
However,sizeis notthe onlyfactoras carbonmonoxide and cyanideions produce alarger
splitting due to complexinteractions involving the pibonds presentinthose molecules;those
interactions occurwhenelectrons inthe d-orbitals of the transition metal interact withelectrons
inthe p-orbitals of the ligands
Youshould be able to see whyaddingammonia to aqueous copper(ll)ions results inadarkerblue
complex

= Ammoniais astrongerligand thanwaterso the separationenergyis largerand the wavelength

of absorbed lightshorter
= Shorterwavelengthmeans movingtowards to bluerhigherenergyend of the visible spectrum

O Exam Tip

Youdo notneed to learnthe spectrochemical series asitis giveninthe databookletinsection
15.Alist of polydentate ligands is also giveninthe databookletinsection16.
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