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14.1.1 Covalent Bonds

Sigma Bonds

Bond overlap in covalent  bonds

A single co valent bo nd  is fo rmed when two  no nmetals co mbine

Each ato m that co mbines has an ato mic o rbital co ntaining a single unpaired electro n

When a co valent bo nd is fo rmed, the ato mic o rbitals o verlap to  fo rm a co mbined

o rbital co ntaining two  electro ns

This new o rbital is called the mo lecular o rbital

The greater the ato mic o rbital o verlap, the stro nger the bo nd

Sigma (σ) bo nds are fo rmed fro m the head-o n/ end-to -end o verlap  o f ato mic o rbitals

The electro n density is co ncentrated between the two  nuclei

S o rbitals o verlap this way as well as p to  p, and s with p o rbitals

Sigma orbitals can be formed from the end-on overlap of s orbitals

Hydrogen �uoride has sigma bonds between s and p orbitals
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Fluorine has sigma bonds between p orbitals

T he electron density in a σ bond is symmetrical about a line joining the nuclei of

the atoms forming the bond
The pair o f electro ns is fo und between the nuclei o f the two  ato ms

The electro static attractio n between the electro ns and nuclei bo nds the ato ms to  each o ther
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Pi Bonds

π bonds

Pi (π) bo nds are fo rmed fro m the sideways o verlap  o f adjacent p o rbitals

The two  lo bes that make up the π bo nd lie abo ve and belo w the plane  o f the σ bo nd

This maximises o verlap o f the p o rbitals

A single π bo nd is drawn as two  electro n clo uds  o ne arising fro m each lo be o f the p o rbitals

The two  clo uds o f electro ns in a π bo nd represent o ne bo nd co ntaining two  electro ns

π orbitals are formed by the end-on overlap of p orbitals

Examples of  sigma & pi bonds

Hydro gen

The hydro gen ato m has o nly o ne s o rbital

The s o rbitals o f the two  hydro gen ato ms will o verlap to  fo rm a σ bo nd

Direct overlap of the 1s orbitals of the hydrogen atoms results in the formation of a σ bond
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Ethene

Each carbo n ato m uses three o f its f o ur electro ns to  fo rm σ bo nds

Two  σ bo nds are fo rmed with the hydro gen ato ms

One σ bo nd is fo rmed with the o ther carbo n ato m

The fo urth electro n fro m each carbo n ato m o ccupies a p o rbital which o verlaps sideways with

ano ther p o rbital o n the o ther carbo n ato m to  fo rm a π bo nd

This means that the C-C is a do uble bo nd: o ne σ and o ne π bo nd

Overlap of the p orbitals results in the forming of a π bond in ethene
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Each carbon atom in ethene forms two sigma bonds with hydrogen atoms and one σ bond with another

carbon atom. The fourth electron is used to form a π bond between the two carbon atoms

Ethyne

This mo lecule co ntains a triple bo nd  fo rmed fro m two  π bo nds (at right angles to  each

o ther) and o ne σ bo nd

Each carbo n ato m uses two  o f its f o ur electro ns to  fo rm σ bo nds

One σ bo nd is fo rmed with the hydro gen ato m

One σ bo nd is fo rmed with the o ther carbo n ato m

Two  electro ns are used to  fo rm two  π bo nds with the o ther carbo n ato m

Ethyne has a triple bond formed from two π bonds and one σ bond between the two carbon atoms
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Predicting the Type of Bonds

Whether sigma (σ) o r pi (π) bo nds are fo rmed can be predicted by co nsideratio n o f the

co mbinatio n o f ato mic o rbitals 

Worked example

What type o f mo lecular o rbitals are fo und in nitro gen, N , and hydro gen cyanide, HCN?

Answer

Nitro gen co ntains a triple bo nd and a lo ne pair o n each nitro gen ato m

Nitro gen ato ms have the electro nic co n�guratio n 1s 2s 2p

The triple bo nd is fo rmed fro m a σ bo nd and the o verlap o f two  sets  o f p o rbitals o n the

nitro gen ato ms to  fo rm two  π bo nds

These π bo nds are at right angles to  each o ther

The triple bond is formed from two π bonds and one σ bond

Hydro gen cyanide co ntains a triple bo nd

One σ bo nd is fo rmed between the H and C ato m

2

2 2 3
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A seco nd σ bo nd is fo rmed between the C and N ato m

The remaining two  sets  o f p o rbitals o f nitro gen and carbo n will o verlap to  fo rm two π
bo nds at right angles to  each o ther

Hydrogen cyanide has a triple bond formed from a σ bond and the overlap of two sets of p orbitals of

nitrogen
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14.1.2 More Lewis Structures

Octet Rule Exceptions

Incomplet e oct et s

We have seen previo usly that fo r elements belo w ato mic number 20 the o ctet rule  states that the

ato ms try to  achieve 8 electro ns in their valence shells, so  they have the same electro n

co n�guratio n as a no ble gas

Ho wever, there are so me elements that are exceptio ns to  the o ctet rule, such a H, Li, Be, B and Al

H can achieve a stable arrangement by gaining an electro n to  beco me 1s , the same structure

as the no ble gas helium

Li do es the same, but lo sing an electro n and go ing fro m 1s 2s to  1s  to  beco me a Li  io n

Be fro m gro up 2, has two  valence electro ns and fo rms stable co mpo unds with just fo ur

electro ns in the valence shell

B and Al in gro up 13 have 3 valence electro ns and can fo rm stable co mpo unds with o nly 6

valence electro ns

Table sho wing examples o f  inco mplete o ctets

Expansion of  t he oct et

Elements in perio d 3 and abo ve have the po ssibility o f having mo re than eight electro ns in their

valence shell

This is because there is a d-subshell present which can acco mmo date additio nal pairs o f

electro ns

This is kno wn as the expansio n o f  the o ctet

The co ncept explains why structures such as PCl  and SF  exist, which have 10 and 12 bo nding

pairs o f electro ns respectively, aro und the central ato m

2

2 1  2 +

5 6
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More Lewis Structures

Five elect ron pairs

Pho spho rus pentachlo ride, PCl

An example o f a mo lecule with �ve bo nding electro n pairs is pho spho rus pentachlo ride, PCl

The to tal number o f valence electro ns is = P + 5Cl = 5 + (5 x 7) = 40

The number o f bo nding pairs is 5, which acco unts fo r 10 electro ns

The remaining 30 electro ns wo uld be 15 lo ne pairs, so  that each Cl has 3 lo ne pairs

The co mpleted Lewis diagram lo o ks like this:

Lewis diagram for PCl

Sulf ur tetra�uo ride, SF

The to tal number o f valence electro ns is = S + 4F = 6 + (4 x 7) = 34

The number o f bo nding pairs is 4, which acco unts fo r 8 electro ns

The remaining 26 electro ns wo uld be 13 lo ne pairs

Fluo rine canno t expand the o ctet so  each �uo rine wo uld acco mmo date 3 lo ne pairs, acco unting

fo r 24 electro ns, leaving o ne lo ne pair o n the sulfur (sulfur has expanded the o ctet)

The co mpleted Lewis diagram lo o ks like this:

Lewis diagram for SF

Chlo rine tri�uo ride, ClF

The to tal number o f valence electro ns is = Cl + 3F = 7 + (3 x 7) = 28

The number o f bo nding pairs is 3, which acco unts fo r 6 electro ns

The remaining 22 electro ns wo uld be 11 lo ne pairs

5

5

4

4

3
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Fluo rine canno t expand the o ctet so  each �uo rine wo uld acco mmo date 3 lo ne pairs, acco unting

fo r 18 electro ns, leaving two  lo ne pairs o n the chlo rine

The co mpleted Lewis diagram lo o ks like this:

Lewis diagram for ClF

Triio dide io n, l

The to tal number o f valence electro ns is = 3I + the negative charge = (3 x 7) + 1 = 22

The number o f bo nding pairs is 2, which acco unts fo r 4 electro ns

The remaining 18 electro ns wo uld be 9 lo ne pairs

Io dine wo uld acco mmo date 3 lo ne pairs, acco unting fo r 12 electro ns, leaving three lo ne pairs o n

the central io dine

The co mpleted Lewis diagram lo o ks like this:

Lewis diagram for l

Six elect ron pairs

Sulf ur hexa�uo ride, SF

An example o f a mo lecule with six bo nding electro n pairs is sulfur hexa�uo ride, SF

The to tal number o f valence electro ns is = S + 6F = 6 + (6 x 7) = 48

The number o f bo nding pairs is 6, which acco unts fo r 12 electro ns

The remaining 36 electro ns wo uld be 18 lo ne pairs, so  that each F has 3 lo ne pairs, acco unting fo r

all electro ns and no  lo ne pairs

The co mpleted Lewis diagram lo o ks like this:

3

3
-

3
-

6

6
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Lewis diagram for SF

Bro mine penta�uo ride, BrF

The to tal number o f valence electro ns is = Br + 5F = 7 + (5 x 7) = 42

The number o f bo nding pairs is 5, which acco unts fo r 10 electro ns

The remaining 32 electro ns wo uld be 16 lo ne pairs

Fluo rine canno t expand the o ctet so  each �uo rine wo uld acco mmo date 3 lo ne pairs, acco unting

fo r 30 electro ns, leaving o ne lo ne pairs o n the bro mine

The co mpleted Lewis diagram lo o ks like this:

Lewis diagram for BrF

Xeno n tetra�uo ride, XeF

The to tal number o f valence electro ns is = Xe + 4F = 8 + (4 x 7) = 36

The number o f bo nding pairs is 4, which acco unts fo r 8 electro ns

The remaining 28 electro ns wo uld be 14 lo ne pairs

Each �uo rine wo uld acco mmo date 3 lo ne pairs, acco unting fo r 24 electro ns, leaving two  lo ne

pairs o n the xeno n

The co mpleted Lewis diagram lo o ks like this:

Lewis diagram for XeF

6

5

5

4

4
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14.1.3 Further VSEPR Theory

Further VSEPR Theory

Revisit ing Valence Shell Elect ron Pair Repulsion T heory (VSEPR)

When an ato m fo rms a co valent bo nd with ano ther ato m, the electro ns in the di�erent bo nds and

the no n-bo nding electro ns in the o uter shell all behave as negatively charged clo uds and repel

each o ther

In o rder to  minimise this repulsio n, all the o uter shell electro ns spread o ut as far apart in space as

po ssible

Mo lecular shapes and the angles between bo nds can be predicted by the valence shell electro n

pair repulsio n theo ry  kno wn by the abbreviatio n VSEPR theo ry

VSEPR theo ry co nsists o f three basic rules:

�. All electro n pairs and all lo ne pairs arrange themselves as f ar apart in space as is po ssible.

�. Lo ne pairs repel mo re stro ngly than bo nding pairs

�. Multiple bo nds behave like single bo nds

These three rules can be used to  predict the shape o f any co valent mo lecule o r io n, and the

angles between the bo nds

The regio ns o f negative clo ud charge are kno wn as do mains  and can have o ne, two  o r three pairs

electro ns

Molecular geomet ry versus domain geomet ry

It is impo rtant to  distinguish between mo lecular geo metry  and  do main geo metry  in exam

questio ns

Mo lecular geo metry refers to  the shape o f the mo lecules based o n the relative o rientatio n o f

the ato ms

Do main geo metry refers to  the relative o rientatio n o f all the bo nding and lo ne pairs o f

electro ns

The Lewis structure fo r water enables us to  see that there are fo ur electro n pairs aro und the

o xygen so  the do main geo metry is tetrahedral

Ho wever, the mo lecular geo metry sho ws us there are two  angled bo nds so  the shape is bent,

angular, bent linear o r V-shaped (when viewed upside do wn)
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Diagram showing the Lewis structure of water and molecular shape from which the domain and molecular

geometries may be determined

Five elect ron domains

Table sho wing the f o ur mo lecular geo metries asso ciated with �ve electro n do mains
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*Trigo nal o r triangular may be used

No tice that PCl is a symmetrical mo lecule so  the electro n clo ud charge is evenly spread

This means that it will be a no n-po lar mo lecule as any dipo les fro m the P-Cl bo nds wo uld be

cancelled o ut

SF , ClF  are asymmetrical mo lecules having o ne o r two  lo ne pairs o n o ne side o f the central axis

making the o verall mo lecule po lar

Six elect ron domains

Table sho wing the three mo lecular geo metries asso ciated with six electro n do mains

5  

4 3
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SF is a symmetrical mo lecule so  the electro n clo ud charge is evenly spread with 90 between

the bo nds

This means that it will be a no n-po lar mo lecule as any dipo les fro m the S-F bo nds wo uld be

cancelled o ut

XeF  is also  no n-po lar despite having two  lo ne pairs.

The bo nding pairs are at 90  to  the plane and the lo ne pairs are at 180

The lo ne pairs are arranged abo ve and belo w the square plane resulting in an even distributio n

o f electro n clo ud charge

BrF  is asymmetrical having a lo ne pair at the base o f the pyramid making the o verall mo lecule

po lar

Worked example

What is the do main geo metry, mo lecular geo metry and F-Xe-F bo nd angle o f xeno n di�uo ride,

XeF ?

6 
o 

4

o o

5

2
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Answer

Co unt the valence electro ns = Xe + 2F = 8 + (2 x 7) = 22

There are two  bo nding pairs, acco unting fo r 4 electro ns, so  18 electro ns remain

Each �uo rine sho uld have 3 lo ne pairs, acco unting fo r 6 pairs o r 12 electro ns, which leaves 3

lo ne pairs o n the xeno n

Xeno n therefo re has 2 bo nding pairs and 3 lo ne pairs making its do main geo metry trigo nal

bipyramid and its mo lecular geo metry linear

The bo nd angle will be 180 (having the same structure as the triio dide io n)o  

14.1.4 Formal Charge

Formal Charge

A limitatio n o f the mo del o f co valent bo nding is that when drawing Lewis structures fo r

mo lecules, it is so metimes po ssible to  co me up with mo re than o ne structure while still o beying

the o ctet rule

This leads to  the pro blem o f deciding which structure is appro priate and is co nsistent with o ther

info rmatio n such as spectro sco pic data o n bo nd lengths and electro n density

One appro ach to  determining which is the preferred structure is to  determine the f o rmal charge

(FC) o f all the ato ms present in the mo lecule

It is a kind o f electro nic bo o k keeping invo lving the bo nding, no n-bo nding and valence electro ns

Fo rmal charge is described as the charge assigned to  an ato m in a mo lecule, assuming that all the

electro ns in the bo nds are shared equally between ato ms, regardless o f di�erences in

electro negativity

The fo rmula fo r calculating FC is

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

electro ns)

o r

FC= V - ½B - N

The Lewis structure which is preferred is the o ne which:

the di�erence  in FC o f the ato ms is clo sest to  z ero

has negative charges lo cated o n the mo st electro negative ato ms

The pro cess o f drawing a Lewis structure has been co vered previo usly, but here is a reminder o f

ho w to  draw the Lewis structure o f tetrachlo ro methane, CCl ,4
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Steps in drawing the Lewis structure for CCl

To  wo rk o ur the fo rmal charge o f the C and Cl ato ms in the structure simply apply the FC fo rmula:

FC fo r carbo n = (4) - ½(8) - 0 = 0

FC fo r chlo rine = (7) - ½(2) - 6 = 0

No tice that fo rmal charge is calculated fo r o ne o f each type o f ato m and do es no t co unt the

to tal number o f ato ms in the mo lecule

Worked example

What is the fo rmal charge o n bo ro n in the BH  io n?

Answer

Bo ro n is a gro up 13 element, so  has 3 valence electro ns. Hydro gen has o ne valence electro n

and the charge o n the io n is -1, so  there are 8 electro ns in the diagram. The Lewis structure is

therefo re:

4

4
-
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Lewis structure of BH

The number o f bo nded electro ns is 8 and the number o f no n-bo nded electro ns is z ero . So

the fo rmal charge o n B is:

FC (B) = (3) - ½(8) - 0 = -1

4
-
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Applying Formal Charge

It is po ssible to  draw three reso nance structures fo r sulfur dio xide, SO :

The three resonance structures of sulfur dioxide

The �rst structure is an illustratio n o f the expansio n o f the o ctet as the sulfur has 10 electro ns

aro und it

Fo rmal charge can be used to  decide which o f the Lewis structures is preferred

The FC o n the �rst structure is as fo llo ws:

FC o n sulfur = (6) - ½(8) -(2) = 0

FC o n o xygen = (6) - ½(4) -(4) = 0

Di�erence in FC = ΔFC = FC - FC  = 0

The FC o n the seco nd (and third) structures is as fo llo ws:

FC o n sulfur = (6) - ½(6) -(2) = +1

FC o n left side o xygen = (6) - ½(2) -(6) = -1

FC o n right side o xygen = (6) - ½(4) -(4) = 0

Di�erence in FC = ΔFC = FC - FC  = 2

Worked example

What is the fo rmal charge o n the two  reso nance structures sho wn?

Resonance structures of carbon dioxide

Deduce which is the preferred structure.

2

max mi n

max mi n
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Answer

Structure I

FC o n carbo n = (4) - ½(8) -(0) = 0

FC o n o xygen = (6) - ½(4) -(4) = 0

Di�erence in FC = ΔFC = FC - FC  = 0

Structure II

FC o n carbo n = (4) - ½(8) -(0) = 0

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

FC o n right o xygen = (6) - ½(2) -(6) = -1

Di�erence in FC = ΔFC = FC - FC  = 2

Structure I is the pref erred structure as the di�erence is z ero

max mi n

max mi n
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