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14.2.1 Delocalisation & Resonance

Delocalisation & Resonance

The delo calisatio n o f electro ns can explain the structures o f so me species that do n’t seem to  �t

with a Lewis structure

Delo calised electro ns are electro ns in a mo lecule, io n o r so lid metal that are no t asso ciated with

a single ato m o r o ne co valent bo nd

The Lewis diagram fo r the carbo nate io n gives a mo lecule with a do uble and two  single bo nds

There are three po ssible Lewis structures

The three resonance structures for the carbonate ion

These structures are called  reso nance structures

Ho wever, studies o f the electro n density and bo nd length in the carbo nate io n indicate all the

bo nds are equal in length and the electro n density is spread evenly between the three o xygen

ato ms

The bo nd length is intermediate between a single and a do uble bo nd

The actual structure is so mething in between the reso nance structures and is kno wn as a

reso nance hybrid
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Resonance hybrid for the carbonate ion

Do tted lines are used to  sho w the po sitio n o f the delo calised electro ns

The criteria fo r fo rming reso nance hybrids structures is that mo lecules must have a do uble bo nd

(pi bo nd) that is capable o f migrating fro m o ne part o f a mo lecule to  ano ther

This usually arises when there are adjacent ato ms with equal electro negativity and lo ne pairs o f

electro ns that can re-arrange themselves and allo w the do uble bo nds to  be in di�erent

po sitio ns

Conjugat ion & Bond Order

Structures which have alternative single and do uble bo nds are kno wn as co njugated systems

Electro ns migrate between p-o rbitals via adjacent sigma bo nds

The result is a so rt o f fractio nal bo nd, neither a single no r a do uble, so  to  acco mmo date this

situatio n chemists use the co ncept o f bo nd o rder:

bo nd o rder = to tal number o f bo nding pairs ÷ total  number of positions

Fo r example, in the case o f the carbo nate io n:

bo nd o rder in CO  = to tal number o f CO bo nding pairs ÷ to tal number o f po sitio ns = 4 ÷ 3 = 1.33

Evidence fo r bo nd o rders co mes fro m measurements o f bo nd lengths

A single C-O bo nd is 143 pm and a do uble C=O is 122 pm

The C-O bo nds in the carbo nate io n are all identical and 129 pm in length which is part way

between a single and do uble

Other examples that yo u sho uld kno w abo ut are benz ene, o z o ne and the carbo xylate anio n

Reso nance hybrids table

3
2−

3
2− 
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14.2.2 Ozone Revisited

Ozone Revisited

We have seen previo usly that o z o ne is a mo lecule with two  reso nance structures leading to  a

reso nance hybrid

The two Lewis resonance structures for ozone

The central o xygen ato m has three electro n do mains  and a lo ne pair, so  the do main geo metry is

triangular planar and the mo lecular geo metry is bent linear

The presence o f the lo ne pair repels the bo nding pairs mo re stro ngly so  the bo nd angle is

reduced to  117

The molecular structure of ozone

The bo nd o rder fo r each bo nd in o z o ne is

bo nd o rder in O  = to tal number o f O bo nding pairs ÷ to tal number o f po sitio ns = 3 ÷ 2 = 1.5

This gives a po lar mo lecule with bo nds that are weaker than the do uble bo nd in o xygen mo lecules

The structure of oxygen and ozone

Yo u wo uld expect O-O bo nds to  be no n-po lar as the ato ms have the same electro negativity; this

is co rrect, but o verall the mo lecule is po lar due to  the uneven distributio n o f electro n clo ud

o

3 3
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charge

The fo rmal charge o n the Lewis structures sho w that the electro ns are unevenly distributed

FC= (number o f  valence electro ns) – ½(number o f  bo nding electro ns) – (number o f  no n-bo nding

electro ns)

FC (o xygen A) = (6) - ½(2) - (6) = -1

FC (o xygen B) = (6) - ½(6) - (2) = +1

FC (o xygen C) = (6) - ½(4) - (4) = 0

Formal charges on the oxygens in ozone
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Catalytic Depletion

The bo nding and structure o f o z o ne is key to  understanding ho w the catalytic depletio n o f

o z o ne o ccurs in the strato sphere

 High energy UV radiatio n in the strato sphere breaks the o xygen-o xygen do uble bo nd creating

o xygen ato ms

O  (g) → O⋅ (g) + O⋅ (g) ∆H +ve, UV light, λ < 242 nm

These o xygen ato ms have unpaired electro ns - they are kno wn as f ree radicals

The free radicals are highly reactive and quickly attack o xygen mo lecules fo rming o z o ne in an

exo thermic reactio n, which raises the temperature o f the strato sphere

OZ ONE FORMAT ION         O⋅ (g) + O  (g) → O  (g) ∆H – ve

Oz o ne requires less energy to  break than o xygen

It pro duces an o xygen mo lecule and an o xygen free radical:

OZ ONE DEPLET ION          O  (g) → O⋅ (g) + O  (g) ∆H +ve, UV light, λ< 330 nm

The radical reacts with ano ther o z o ne mo lecule making two  mo lecules o f o xygen in an

exo thermic reactio n

OZ ONE DEPLET ION         O  (g) + O⋅ (g) → 2O  (g) ∆H – ve

The temperature in the strato sphere is maintained by the balance o f o z o ne fo rmatio n and o z o ne

depletio n in a pro cess kno wn as the Chapman Cycle

It is no t a clo sed system as matter and energy �o w in and o ut, but it is what is called a steady state

The Chapman cycle

Cat alyt ic Deplet ion

2

2 3

3 2

3 2
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The two  main man made culprits that accelerate the depletio n o f o z o ne are nitro gen o xides  and

CFCs

Nitro gen mo no xide, NO, is pro duced fro m the high temperatures inside internal co mbustio n

engines

If yo u co unt the valence electro ns in nitro gen mo no xide (5 + 6 =11), the o dd number tells yo u it is a

f ree radical as it has an unpaired electro n

The nitro gen mo no xide reacts with o z o ne fo rming o xygen and a nitro gen dio xide radical

NO⋅ (g) + O  (g) → NO ⋅ (g) + O  (g)

The nitro gen dio xide pro duced is also  a free radical (it has 5 + 6 + 6= 17 electro ns) and yo u can

sho w the seco nd step where it reacts with ano ther mo lecule o f o z o ne, pro ducing o xygen and

regenerating the NO⋅ radical:

NO ⋅ (g) + O  (g) → NO⋅ (g) + 2O  (g)

An alternative to  the seco nd step sho ws the NO ⋅ reacting with an o xygen radical to  pro duce the

same pro ducts but in a di�erent sto ichio metry

NO ⋅ (g) + O⋅ (g) → NO⋅ (g) + O  (g)

The nitro gen mo no xide is regenerated so  it has a catalytic ro le in the pro cess

Co mbining the two  equatio ns and cancelling o ut the NO⋅ and NO ⋅ and yo u arrive at the o verall

depletio n o f o z o ne

O  (g) + O⋅ (g) → 2O  (g)

A similar pro cess happens with CFCs

The C-Cl bo nd in the CFCs is weaker than the C-F bo nd and breaks mo re easily in the presence o f

UV light creating chlo rine radicals

CCl F  (g) + UV → CClF ⋅ (g) + Cl⋅ (g)

The chlo rine radicals attack o z o ne and are regenerated at the end o f the cycle

Cl⋅ (g) + O  (g) → ClO⋅ (g) + O  (g)

ClO⋅ (g) + O⋅ (g) → Cl⋅ (g) + O  (g)

Once again a mo lecule o f o z o ne has been destro yed by a catalytic free radical

The net e�ect o f these reactio ns is that these po llutants have created an imbalance in the natural

o z o ne cycle leading to  an o verall depletio n in strato spheric o z o ne

CFCs are greatly damaging to  strato spheric o z o ne and have been largely replaced by safer

alternatives fo llo wing the 1985 Mo ntreal Pro to co l

The depletio n o f o z o ne has allo wed greater amo unts o f harmful UV light to  reach the surface o f

the Earth

3 2 2
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UV light has been linked to  greater incidence o f skin cancer and cataracts as well as the

destructio n o f phyto plankto n and reduced plant gro wth

Exam T ip

There are di�erent co nventio ns abo ut sho wing radicals. So metimes the do t is sho wn abo ve the

symbo l o f the element, so metimes to  the left o f the species and so metimes to  the right. 

In this co urse, radical do ts are o ften igno red in exam mark schemes abo ut o z o ne depletio n, so

yo u wo uldn't be penalised if yo u o mitted them o r put them in di�erent places. Ho wever, where

the symbo l fo r a radical is speci�ed in the syllabus is in the halo genatio n o f alkanes so  yo u sho uld

include them there. The syllabus just states that radicals must be represented by a single do t.
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14.2.3 Hybrid Orbitals

Hybrid Orbitals

Hybridisat ion

The gro und state o f the electro ns in a carbo n ato m is 1s 2s 2p

This can be represented using a spin diagram as sho wn:

Orbital spin diagram for carbon in the ground state

This electro nic structure wo uld imply that carbo n fo rms two  co valent bo nds using the unpaired

2p electro ns

Since the 2s electro ns are paired there wo uld be no  reaso n fo r them to  be invo lved in bo nding

Ho wever studies o f carbo n co mpo unds sho w that carbo n typically fo rms fo ur co valent bo nds

that are all equal in energy

This puz z le has been explained using the theo ry o f bo nd hybridisatio n

A half full p-subshell has a slightly lo wer energy than a partially �lled o ne. The di�erence in energy

between the 2s and 2p subshells is small, so  an electro n can fairly easily be pro mo ted fro m the 2s

to  the 2p giving the new arrangement:

Orbital spin diagram for carbon in the excited state

2 2 2
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The 2s and 2p subshells blend to gether and fo rm fo ur new hybrid o rbitals (called sp  o rbitals,

after the merger o f an s and 3 p o rbitals)

This wo uld give fo ur unpaired electro ns o f equal energy, capable o f fo rming fo ur co valent bo nds.

Orbital spin diagram for carbon showing sp  hybrid orbitals

The theo ry o f Quantum mechanics sho ws that the shape o f a 1s o rbital is spherical and a p o rbital

is dumbbell o r �gure-o f-eight shaped

There are three p o rbitals all at right angles to  each o ther, kno wn as p , p  and p

The shape of s and p orbitals

sp  hybridisat ion

Fo ur hybrid o rbitals are pro duced when the 2s and three 2p o rbitals blend to gether

These hybrids have ¼ s character and ¾ p character so  they have a club shape reminiscent o f an

enlarged p o rbital

The fo ur sp  hybrid o rbitals space themselves o ut at 109.5  fo rming a tetrahedro n

This is the reso lutio n o f the structure seen when carbo n fo rms single bo nds, such as wo uld be

fo und in methane

3

3

x y z
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4 x sp  hybrid orbitals

The sp o rbitals merge with the s o rbitals in hydro gen fo rming fo ur equal sigma bo nds

It is no t just bo nding pairs o f electro ns that are acco mmo dated in hybrid o rbitals - lo ne pairs can

also  be present

The do main geo metry o f ammo nia is tetrahedral due to  sp  hybrid o rbitals where three bo nding

pairs and o ne lo ne pair are fo und

sp hybridisat ion

Three hybrid o rbitals are pro duced when the 2s and two  2p o rbitals blend to gether

These hybrids have ⅓ s character and ⅔ p character

The three sp  hybrid o rbitals space themselves o ut at 120  fo rming a trigo nal planar geo metry

This is the reso lutio n o f the structure seen when carbo n fo rms two  single bo nds and a do uble

bo nd with itself in alkenes

3 x sp  hybrid orbitals

In the case o f carbo n, the sp o rbitals merge with the s o rbitals in hydro gen and the sp o f an

adjacent carbo n, fo rming three equal sigma bo nds

The do uble bo nd is created by the side-to -side o verlap o f the unhybridised p-o rbitals

This bo nding arrangement can also  o ccur between a do uble bo nded carbo n and o xygen so  is

typically seen in the carbo nyl gro up
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sp hybridisat ion

Two  hybrid o rbitals are pro duced when the 2s and o ne 2p o rbital blend to gether

These hybrids have ½ s character and ½ p character

The two  sp hybrid o rbitals space themselves o ut at 180  fo rming linear geo metry

This is the reso lutio n o f the structure seen when carbo n fo rms o ne single bo nds and a triple bo nd

with itself in alkynes

2 x sp hybrid orbitals

In the case o f carbo n, the sp o rbital merges with the s o rbital in hydro gen and the sp o f an

adjacent carbo n, fo rming two  equal sigma bo nds

The triple bo nd is created by the side-to -side o verlap o f two  pairs o f the unhybridised p-o rbitals,

set at right angles to  each o ther

o
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Identifying Hybridisation

Yo u can predict the hybridisatio n present in mo lecules based o n Lewis structures, electro n

do mains, mo lecular geo metries by applying the principles o utlines in the previo us sectio n

Worked example

Identify the do main geo metry, mo lecular geo metry and hybridisatio n in the underlined ato m ina)

CH COCH b) PH c) NO

Answer

a) CH COCH

The Lewis structure sho ws that there are three electro n do mains aro und the central carbo n, so

the do main geo metry is trigo nal planar. There are two  single bo nds and o ne do uble bo nd, so

the mo lecular geo metry is also  trigo nal planar, and the carbo n must have sp  hybridisatio n.

b) PH

The Lewis structure sho ws that there are fo ur electro n do mains aro und the pho spho rus, so  the

do main geo metry is tetrahedral. There are three single single bo nds and a lo ne pair, so  the

mo lecular geo metry is trigo nal pyramid. Fo ur do mains means the pho spho rus must have sp

hybridisatio n.

c) NO

3 3 3 2
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The Lewis structure sho ws that there are three electro n do mains aro und the nitro gen, so  the

do main geo metry is trigo nal planar. There is o ne single bo nds and o ne do uble bo nd, so  the

mo lecular geo metry is bent linear, and the nitro gen must have sp  hybridisatio n

Exam T ip

Yo u may be wo ndering why the unpaired electro n lies o n the nitro gen rather than o n a o xygen in

the Lewis structure fo r NO . This is easily demo nstrated by co nsidering the fo rmal charges and

electro negativity. The preferred Lewis structure has negative charges lo cated o n the mo st

electro negative ato ms.

FC (N) = V – ½B – N = (5) – ½(6) – 1 = +1

FC (single bo nded O) = (6) – ½(2) – 6 = -1

FC (do uble bo nded O) = (6) – ½(4) – 4 = 0

Oxygen and nitro gen have electro negativity o f 3.4 and 3.0, respectively (Table 8 in the Data

bo o klet), so  placing the electro n o n the nitro gen means it has a po sitive FC instead o f the

o xygen.
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