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14.2.1Delocalisation & Resonance

Delocalisation & Resonance

= Thedelocalisationofelectrons canexplainthe structures of some species thatdon’'tseemto fit
with aLewis structure

= Delocalised electrons are electronsinamolecule,ionorsolid metal that are not associated with
asingleatomorone covalentbond

= The lLewis diagramforthe carbonate iongives amolecule withadouble and two single bonds

= There are three possible Lewis structures

The three resonance structures for the carbonate ion

= These structures are called resonance structures
= However,studies of the electrondensityand bond lengthinthe carbonate ionindicate all the
bonds are equalinlength and the electrondensityis spread evenlybetweenthe three oxygen
atoms
= Thebondlengthisintermediate betweenasingle and adouble bond
= The actualstructureis somethinginbetweentheresonance structures and is knownas a
resonance hybrid
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Resonance hybrid for the carbonate jon

= Dottedlines are used to show the positionofthe delocalised electrons

= Thecriteriaforformingresonance hybrids structures is that molecules must have adouble bond
(pibond) thatis capable of migratingfromone part of amolecule to another

= This usuallyarises whenthere are adjacent atoms with equal electronegativity and lone pairs of
electrons that canre-arrange themselves and allow the double bonds to be indifferent
positions

Conjugation &Bond Order

= Structures whichhave alternative single and double bonds are known as conjugated systems

= Electrons migrate between p-orbitals viaadjacent sigmabonds

= Theresultisasortoffractionalbond, neitherasingle noradouble,so to accommodate this
situationchemists use the conceptofbond order:

bond order =total numberof bonding pairs + total number of positions
= Forexample,inthe case of the carbonateion:
bond orderin COz?~=total numberof CO3%~bonding pairs + total number of positions =4 + 3=1.33

= Evidence forbond orders comes frommeasurements of bond lengths
= Asingle C-Obondis143pmand adouble C=0is122pm
= The C-Obondsinthe carbonateionare allidentical and 129 pminlength whichis part way
betweenasingle and double

= Otherexamples thatyoushould know about are benzene,ozone and the carboxylate anion

Resonance hybrids table
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14.2.2 Ozone Revisited

Ozone Revisited

= We have seenpreviouslythat ozoneis amolecule withtwo resonance structures leadingto a
resonance hybrid

The two Lewis resonance structures forozone

= The centraloxygenatom has three electron domains and alone pair, so the domaingeometryis
triangular planarand the moleculargeometryis bentlinear

= The presence of thelone pairrepels the bonding pairs more strongly so the bond angle is
reduced to 117°

The molecular structure of ozone
= Thebondorderforeachbondinozoneis
bond orderin Oz=totalnumberof Ozbondingpairs +total numberof positions=3+2=1.5

= This gives apolarmolecule withbonds that are weakerthan the double bond inoxygenmolecules

The structure of oxygen and ozone

= Youwould expect O-O bonds to be non-polaras the atoms have the same electronegativity; this
is correct,but overallthe moleculeis polardue to the unevendistributionof electroncloud
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charge
= The formal charge onthe Lewis structures show that the electrons are unevenly distributed

FC=(numberof valence electrons)-"2(numberof bondingelectrons) - (number of non-bonding
electrons)

FC (oxygenA) =(6) -2(2) - (6) =-1
FC (oxygenB) =(6) -2(6) - (2) =+1

FC (oxygen C) =(6)-%(4)-(4)=0

Formal charges on the oxygensinozone
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Catalytic Depletion

The bonding and structure of ozoneis keyto understanding how the catalytic depletionof
ozoneoccursinthe stratosphere

High energyUVradiationinthe stratosphere breaks the oxygen-oxygendouble bond creating
oxygenatoms

02(9)—>0-(g9)+0O-(g) AH+ve,UVlight,A <242 nm

These oxygen atoms have unpaired electrons - theyare known as free radicals
The free radicals are highlyreactive and quickly attack oxygenmolecules formingozoneinan
exothermic reaction,whichraises the temperature of the stratosphere

OZONEFORMATION O (9)+02(9) —»Oz(9) AH-ve

Ozonerequires less energyto break than oxygen
= |tproduces anoxygenmolecule and anoxygenfreeradical:

OZONEDEPLETION  O3(9)—>0O-(g)+02(9) AH+ve,UVlight,A<330 nm

Theradicalreacts withanotherozone molecule making two molecules of oxygeninan
exothermic reaction

OZONEDEPLETION O3z(9)+0O:(9) —>202(g) AH-ve

The temperature inthe stratosphere is maintained by the balance of ozone formationand ozone
depletioninaprocess known as the Chapman Cycle
ltisnotaclosed systemas matterand energyflowinand out, butitis whatis called asteadystate

The Chapman cycle

Catalytic Depletion
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The two main man made culprits that accelerate the depletionof ozone are nitrogenoxides and
CFCs

Nitrogenmonoxide,NO,is produced fromthe hightemperatures inside internal combustion
engines

If youcount the valence electrons innitrogenmonoxide (5 + 6 =11), the odd numbertells youitis a
freeradical as it has anunpaired electron

The nitrogenmonoxide reacts withozone forming oxygen and a nitrogen dioxide radical

NO- (g9)+03(g) > NO2-(g) +O2(9)

The nitrogendioxide produced is also afreeradical(ithas 5+ 6 +6=17 electrons) and youcan
show the second stepwhereitreacts withanothermolecule of ozone, producing oxygenand
regeneratingthe NO- radical:

NO2-(9) +03(g9) > NO-(g) +202(9)

An alternative to the second step shows the NO, - reactingwith an oxygenradical to produce the
same products butinadifferent stoichiometry
NO32-(g)+0O-(g)—NO-(g)+0O;(g)

The nitrogenmonoxide isregenerated so it has acatalyticrole inthe process
Combining the two equations and cancellingoutthe NO - and NO>- and you arrive at the overall
depletionofozone

03(9) +0-(9)—202(9)

Asimilarprocess happens withCFCs
The C-Clbondinthe CFCsis weakerthanthe C-Fbond and breaks more easilyin the presence of
UV light creating chlorine radicals

CClF2(9) +UV — CCIF;-(g) +Cl-(9)
The chlorine radicals attack ozone and are regenerated at the end of the cycle
Cl-(9)+03(9) = ClO- (9) +O2(9)
ClO-(9)+0O-(g9)—Cl-(9) +O2(9)

Once againamolecule of ozone has beendestroyed bya catalytic free radical

The neteffectofthesereactionsis thatthese pollutants have created animbalance inthe natural
ozone cycleleadingto anoveralldepletioninstratospheric ozone

CFCs are greatlydamaging to stratospheric ozone and have beenlargelyreplaced bysafer
alternatives following the 1985 Montreal Protocol

The depletionofozone has allowed greateramounts of harmful UV light to reach the surface of
the Earth
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= UVlighthas beenlinked to greaterincidence of skincancerand cataracts as well as the
destructionof phytoplanktonand reduced plant growth

O Exam Tip

There are different conventions about showingradicals. Sometimes the dotis shown above the
symbolof the element,sometimes to the left of the species and sometimes to the right.

Inthis course,radicaldots are oftenignored inexam mark schemes about ozone depletion,so
youwouldn'tbe penalised if youomitted themorput themindifferent places.However, where
the symbolforaradicalis specified inthe syllabus is in the halogenation of alkanes so you should
include themthere.The syllabus just states that radicals must be represented byasingle dot.
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14.2.3 Hybrid Orbitals

Hybrid Orbitals
Hybridisation

= The ground state of the electronsinacarbonatomis 1s22s22p?
= This canberepresented usingaspindiagramas shown:

Orbital spin diagram for carbon in the ground state

= This electronic structure would imply that carbonforms two covalent bonds using the unpaired
2pelectrons

= Sincethe 2s electrons are paired there would be no reasonforthemto be involved inbonding

= Howeverstudies of carboncompounds show that carbontypicallyforms fourcovalentbonds
that are allequalinenergy

= This puzzle has beenexplained using the theoryof bond hybridisation

= Ahalf full p-subshell has aslightlylowerenergy than a partially filled one.The difference in energy
betweenthe 2s and 2p subshells is small,so anelectron canfairlyeasilybe promoted from the 2s
to the 2p giving the new arrangement:

Orbital spin diagram for carbon in the excited state
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= The 2s and 2p subshells blend togetherand form fournew hybrid orbitals (called sp3orbitals,

afterthe mergerofansand 3 p orbitals)
= This would give fourunpaired electrons of equal energy, capable of forming fourcovalentbonds.

Orbital spin diagram for carbon showing sp? hybrid orbitals

= Thetheoryof Quantummechanics shows that the shape of als orbitalis spherical and a p orbital

is dumbbell orfigure-of-eight shaped
= There are three p orbitals all at right angles to each other,known as p,, py and p,

The shape of s and p orbitals

sp® hybridisation
= Fourhybrid orbitals are produced when the 2s and three 2p orbitals blend together
= These hybrids have Vas characterand ¥ p characterso theyhave a club shape reminiscent of an

enlarged p orbital
= The foursp®hybrid orbitals space themselves out at 109 .5°forming a tetrahedron
= Thisistheresolutionof the structure seenwhencarbonforms single bonds, suchas would be

found inmethane
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4 x sp3 hybrid orbitals

= The sp3orbitals merge with the s orbitals in hydrogen forming fourequal sigmabonds

= |tisnotjustbondingpairs of electrons that are accommodated inhybrid orbitals - lone pairs can
also be present

= The domaingeometryof ammoniais tetrahedral due to sp3hybrid orbitals where three bonding
pairs and one lone pairare found

sp? hybridisation

= Three hybrid orbitals are produced when the 2s and two 2p orbitals blend together

= These hybrids have s characterand % p character

= Thethree sp? hybrid orbitals space themselves out at 120°forming a trigonal planargeometry

= Thisistheresolutionofthe structure seenwhencarbonforms two single bonds and adouble
bond withitselfinalkenes

3x sp? hybrid orbitals

= Inthe case of carbon, the sp? orbitals merge with the s orbitals inhydrogen and the sp? of an
adjacentcarbon,forming three equal sigmabonds

= The doublebondis created bythe side-to-side overlap of the unhybridised p-orbitals

= Thisbondingarrangementcanalso occurbetweenadouble bonded carbonand oxygenso is
typicallyseeninthe carbonyl group
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sphybridisation

= Two hybrid orbitals are produced whenthe 2s and one 2p orbital blend together

= These hybrids have V2s characterand Y2p character

= Thetwo sphybrid orbitals space themselves out at 180°forminglineargeometry

= Thisistheresolutionof the structure seenwhencarbonforms one single bonds and atriple bond
withitselfinalkynes

2 x sp hybrid orbitals

= Inthe case of carbon,the sporbital merges with the s orbitalinhydrogenand the spofan
adjacentcarbon,forming two equal sigmabonds

= The triple bondis created by the side-to-side overlap of two pairs of the unhybridised p-orbitals,
setatrightanglesto eachother
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Identifying Hybridisation

= Youcanpredictthe hybridisationpresentinmolecules based onlLewis structures, electron
domains,moleculargeometries by applying the principles outlines in the previous section

@ Worked example

Identify the domain geometry, moleculargeometryand hybridisationin the underlined atomina)
CHsCOCH; b)PHs;  ¢c)NO,

Answer

a) CH3COCHj3

The Lewis structure shows that there are three electron domains around the central carbon, so
the domain geometryis trigonal planar. There are two single bonds and one double bond, so
the moleculargeometryis also trigonal planar, and the carbon must have sp? hybridisation.

b) PH;

The Lewis structure shows that there are fourelectrondomains around the phosphorus, so the
domaingeometryis tetrahedral. There are three single single bonds and alone pair,so the
moleculargeometryis trigonal pyramid. Fourdomains means the phosphorus must have sp3
hybridisation.

c) NOZ
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The Lewis structure shows that there are three electrondomains around the nitrogen, so the
domaingeometryis trigonal planar. There is one single bonds and one double bond, so the
moleculargeometryis bent linear, and the nitrogen must have sp? hybridisation

O ExamTip

Youmaybe wonderingwhythe unpaired electronlies onthe nitrogenratherthanonaoxygenin
the Lewis structure forNO». This is easilydemonstrated by considering the formal charges and
electronegativity. The preferred Lewis structure has negative charges located onthe most
electronegative atoms.

FC(N)=V-"2B-N=(5)-"%(6)-1=+1
FC (single bonded O) =(6) - V2(2) - 6 =-1
FC (double bonded Q) =(6) - %2(4) -4 =0

Oxygen and nitrogen have electronegativityof 3.4 and 3.0, respectively(Table 8 inthe Data
booklet),so placing the electron onthe nitrogen means it has a positive FC instead of the
oxygen.
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