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Learning objectives

To explain the formation of covalent bonds by sharing and donor-acceptor
mechanisms (ILL]

To describe the properties of covalent bonds 10732

To draw dots-and-cros
HCl, NH, @553

To recognise the difference between types of orbital hybridization (U1

s diagrams for following compounds H,, CL,, O, Ny,

To explain the relationship between structure and properties of following
substances BF,, CH,, NH,, H,0, BeCl, (0113

To explain the principle of atom electronegativity and predict the type of
chemical bond related to it

To understand that ionic bonds are formed as a result of electrostatic attraction
of opposite charged ions ITT37

To make dots-and-crosses diagrams for following compounds NaCl, CaO,
MgF, KH
To explain the nature of metallic bonds and their effects on the physical
properties of metals (0139

To explain the mechanism of hydrogen bond formation [0.1L10

To predict properties of compounds according to type of bonds and crystal
lattice (Li1)
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4.1 Chemical Compounds
A chemical compound is formed when two or more elements combine in a chemical
reaction. For example, if hydrogen gas is burned in oxygen gas, water, a compound,

is formed.

2H(g) + Oy — 2H,O

€
s

Unlike elements, compounds can be broken down chemically into simpler substances,
and in many cases directly to their elements. If an electric current is passed through
water, the compound breaks up into its constituent elements, hydrogen and oxygen.

21

L0y — 2Hyy + Oy

Each compound has a fixed composition and it can be represented by a chemical
formula. Water always contains two parts hydrogen to one part oxygen. This is shown
by its chemical formula, H,0. The formula of a compound tells us what elements make
up the compound and in what relative proportions.

Sulfuric acid is an example of a compound made up of three elements. Its formula,
H,SO,, indicates that it is made up of two parts hydrogen, one part sulfur, and four
parts oxygen.

Crystls of hycrated copper sulfate CuSO, x 51,0

iashing soda.

Hydrated substances contain molecules of water in definite proportions, usually
locked into a crystal structure. Washing soda, hydrated sodium carbonate, is an
example. It contains 10 parts of water to one part of sodium carbonate, so its formula
is Na,CO, x 10H,0. It has two parts sodium, one part carbon, three parts oxygen and
ten parts water. In cases of this type, the water is regarded as a unit within the formula.
Water bound in this way is described as water of crystallisation; it can be driven off by
heating to give the corresponding anhydrous compound.

Na,CO, x 10H,0,, ~ Na,CO,, + 10H,0,,
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QuesTions

1 The compounds in the following lst are encountered in everyday e: (2) sodium chioride, NaC;
b) ethanoic acd, CH,COOH; () magnesium hydroside, Mg(OH); () heptane, C;H.g:
() sodium hypochioite, NaOC; (f) calcium carbonate, CaC0.; (g) carbon dioxide, €O,
In each case name the elements that constitute the compound and the proportion in which they
are present.

4.2 Noble Gas Electron Configuration

The elements of Group 0 of the periodic table,
the noble gases, are found to be very stable
and uneactive compared with most other Holum () 2
clements. This is because they have very Neon(ie) | 2.8
stable outer lectronic configurations. The frst Ty s
two elements in the group, helium and neon,

are so unreactive that they do not form any KUPONK) 12,8,18,8
compounds. i

Atom

Table 4.1 shows the distribution of electrons in the main energy levels of noble gas
atoms.

Helum Neon Argon !

Figure 4.1 Elctriclight bulbs ar fled with

Aangement of eectrons n nobe gas aoms argon
Apart from helium, whose outer level (and only occupied level) is full, each of the
other noble gases has eight electrons — an octet — in its outer level. Given the relative

unreactivity of the Group 0 elements, it is clear that having eight electrons in the outer
level, or having a filled outer level, is a stable arrangement of electrons.

6 CHEM G105 s 4 51 & e
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The uses of helium and argon are related to their chemical unreactivity. Helium is a
much safer alternative to hydrogen for use in weather balloons and blimps. Both gases
s, but unlike hydrogen, helium is not flammable. Electric light
bulbs are filled with argon to prevent the tungsten filament from evaporating or
reacting. Incandescent light bulbs are being replaced by energy-saving bulbs throughout
the EU.

have very low den:

n weather balloons and
bimps

Argon n ight bulbs

Helum is sed inblimps

QuEsTIONS

2 Inwhat way are the noble gases different o most ather elements?
3 Whyis helium more suitable for use in weather balloons than the less dense hydrogen?
4 Towhat feature oftheir electronic structures isthe stablty of the noble gases due?

4.3 Octet Rule

When atoms of different 1 electron
elements combine together to Tansfers
form compounds, there is a

change in the arrangement of

the electrons in the outermost

Sodium atom Chiorine atom
energy level of each atom. Some
of these electrons form links

giving
called chemical bonds between

the atoms. Usually the new

arrangement is more stable than

the original situation.

Elements achieve stable noble gas

configurations by losing, gaining ~Figue 42
or sharing electrons when they react to form compounds. This idea forms the basis of
the electronic theory of chemical bonding. The idea is usually expressed as the octet
rule, which states that atoms on reaction tend to reach an electron arrangement with
eight electrons in the outermost energy level.

6 OHEM 610 S Mo 4k 52 & renpe
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2
For example, in the formation of sodium chloride from sodium, the sodium atom, g
whose electron arrangement is 2, 8, 1, loses an electron to chlorine, ending up as the s
sodium ion Na+ with an arrangement of 2, 8 E
On the other hand, the chlorine atom gains an electron from sodium and its electron §
arrangement goes from 2,8, 7 in the neutral atom to 2, 8, 8 in the chloride ion. In other g
words, both elements obey the octet rule and end up with eight electrons in the outer 2
level. 2
=
( ExawpLE 4.1
Use the octet rule and the electonic structures of calcium and fluoine o predict the formula of
calcium fiuorid.
Answer The electronic structure of calcium is: Ca 2, 8,8, 2
The electronic structure of florine is: F2, 7
To obey the ctet rule and end up with eight electrons inthe outerlevl,calcium loses two lectrons
10 form the calcium ion Ca?, an fiorine gains one electron t form the fluoride ion, . So tht the
‘otalcharge Is ero, o fiorine atoms are requied, gaining one electron each. Consequently the
formula of calcium fluoride s CaF,
While the octet rule does not work in all cases, it
is nonetheless a useful aid in using the electronic
W i structure of atoms to predict the ions formed in ionic
S T e — P
Carbonate cor bonding and the consequent chemical formulas of
compounds.
Niate [
THydogencarbonate | HCO, A similar method is used to predict the formulas of
e sor compounds of complex ions. Itis not possible to use
i the octet rule to work out the charges on such ions.
Sulfate. $0 ‘The information required is shown in Table 4.2.
Phosphate P07
Dichromate(V)  Cri07"
Ethancate CH.000
Ammonium WH
Ty Tihe 42
Manganate)  Mns Fomlas of compleons

( ExawmpLE 4.2

What is the formula of potassium carbonate?
Answer The electronc structure o potassium is: K 2,8, 8, 1

The potassium ion is K* and the carbonate ion is CO.7". Two potassium ions and one carborate ion
are required 5o that the ttal charge is zero. Thus the formula is K,CO,

©
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( ExampLe 4.3

Whatis the formula of magnesium hydroside?
Answer The electronic structure of magnesium is: Mg 2,8, 2

The magnesium ion is Mg and the hydroxide ion is OH". One magnesium ion and two hycroxide
ions are required 5o tht the totalcharge is zero. Thus the formula is Mg(OH).

lonic

QuesTiONS )

5 Wite the formuia of each of th following compounds: ~(2) sodium chioride.
(0) potassium oxide () magnesium bromide (d) calcium oxide (¢) aluminium oride.

6 Wite the formuia of each of th following compounds: ~(2) aluminium hydroside

(0 calcium carbonate (c) magnesium nirate () sodium hycrogen carborate
o) potassium suifte () aluminium sulfate.

4.4 Exceptions to the Octet Rule

There are several exceptions to the octet rule:

o Beryllium and boron atoms have few electrons in their outer levels, so they cannot
gain enough electrons to reach eight in the outer level.

©  The d-block elements do not usually obey the octet rule.

©  The rule works in some cases for sulfur and phosphorus, but not in others.

o Hydrogen and lithium atoms tend to reach the electronic structure of helium, but
they are unable to gain the large number of electrons required to attain an octet.

4.5 Covalent Bonding

When atoms combine chemically other than by ionic bonding, molecules are formed.

These may consist of atoms of the same element, such as the hydrogen molecule, H,,

or of atoms of different elements, such as the sulfuric acid molecule, H.SO,. Most
molecules consist of a small number of atoms. Consequently, molecules - like atoms —
are of extremely minute sizes. They are too small to be seen under the most powerful
optical microscopes, but can be seen under scanning electron microscopes.

Atoms can gain the stability of a noble gas configuration by sharing electron pairs

in their outer levels. Each shared pair of electrons is regarded as one covalent bond.
Shared electrons count as part of the outer level of both atoms of the bond.
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The simplest example of this type of bonding is the
hydrogen molecule, H,. The dot and cross diagram
for the H, molecule is shown in Figure 4

H + H —» HH
Figure 43

A hydrogen atom has one electron. In order to obtain a full outer level, and gain the
electronic structure of the nearest noble gas (helium), the atomic orbital containing its
single electron overlaps with that of another hydrogen atom. Each atom now has a
share in a pair of electrons, and a covalent bond is formed. The nuclei of the atoms are
attracted to the shared pair of electrons, and are thus held close to each other in a
molecule. Since there is just one shared pair of electrons, this is a single bond.

20~ @

Figure 44

( ExampLE 4.4

Draw a dot and cross diagram of the chiorine molecule, Cl.

Answer The chiorine molecule, Cl,, s another example of a single covalent bond between two
atoms of the same element. The ot and cross diagra s shown in Figure 4.5.

G g

Figure 45

Since chirine atoms have seven electrons i their outer levels, this time the octet rue i obeyed
and each atom gains th electronic structure of argon.

ExampLE 4.5

Draw a dot and cross diagram of the hydrogen chioride molecule, HCI.
Answer The hydrogen chioride molecule, HCI is an example
ot a single covalent bond between atoms o diferent elements, -~
hydrogen and chiorine. The dot and cross diagrar is shown in « ~x
H:CI
F

Figure 45.

Hydrogen gains the electroic structure o helium, and chiorine
gains the electronic structure of argon. Figure 45
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ExampLE 4.6

Draw a dot and cross diagram of the water molecule, H0.

Answer Water is an example of a molecule with three atoms, o0

each hydrogen being bonded to the oxygen. The dot and cross H:O:

diagra is shown in Fgure 4.7. LA
ox

Since the oxygen atom has six electrons i ts oute levl, it H
needs o gain two electrons to reach the electronic structure of
neon. It does this by sharing electrons with each of two hydrogen

atoms. The hydrogen atoms reach the corfiguration of helium in Figure 47
the process. The resultant water molecule has two single covalent bonds.

Shared electron pairs that form covalent
Lone pairs. bonds are called bonding pairs. Pairs of
H:N: electrons not involved in bonding are called

EN*H  ione pairs or non-bonding pairs. A water
‘molecule (Figure 4.8) has two bonding pairs

H

Bonding psi,J of electrons and two lone pairs of electrons.
Anammonia molecule (Figure 4.9) has three
bonding pairs and one lone pair.

Figure 48 Figure 49

QuesTions

Whatis amolecule?
What does a covalent bond consist of?
How many electron pairs are there in a single covalent bond?

Draw dot and cross diagrams ofthe folowing molecules: (@) fluorine, F, (b} hydrogen
bromide, HBr (c) hydrogen sulfide, .S () ammonia, NH, ~(¢) methane,
CH, () phosphorous trichioride, PCl,

Whatis the diftrence between a lone pair of electrons and a bonding pair of electrons? Using
your answers to question 10, state (2) the number oflone pairs (b} the number of bonding
pairs in each of th following molecules: Fs, HBr, H.S, NHs, CHi, POl

Co-ordinate covalent bonding

—

A different type of covalent bond, which is known as the coordinate or dative covalent
bond, involves the unequal sharing of an electron pair by two atoms in a donor-acceptor

| relationship. Whereas in ordinary covalent bonding a bond forms from the interaction
of two electrons from different atoms, in co-ordinate covalent bonding a bond forms as
aresult of a pair of electrons from one atom [the donor] bonding to an unfilled orbital
from another atom [the acceptor].
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A typical example of co-ordinate covalent bonding is the ammonium ion, NH,". In the
reaction of ammonia and hydrogen chloride:

NH, + HCl ~ NHC],

ammonium ions, NH,' form when the hydrogen ion from the hydrogen chloride
transfers to the lone pair of electrons on the ammonia molecule.

IR

lone pairs of electrons co-ordinate bond
Fgue 410

The resulting ammonium ion, NH,', has a positive charge because only the hydrogen
nucleus transfers. The hydrogen leaves its electron behind and the negatively charged
chloride ion s formed.

The donor-acceptor relationship of the co-ordinate covalent bond is shown
diagrammatically by the use of an arrow in diagrams like this:

H
+
H— T_k_H
H ! :
Figure 4.1 co-ordinate bonc

The arrow points from the (donor) atom that donates the pair of electrons to the
(acceptor) atom that accepts them.

The complete compound [NH,CI] that is formed in this reaction thus results from
three types of bonding: covalency in the formation of NH,; co-ordinate bonding in the
formation of NH,"; and electrovalency in the formation of NH,Cl

Another example of co-ordinate bonding is the Hydronium ion, H,0". In this case
the water molecule, H,O, donates a lone pair of electrons to the vacant s orbital of
hydrogen ion,

HHO() + He, = HO

Figure 412
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This s the type of bonding that occurs when hydrochloric acid, for example, is dissolved
in water.

H,0 + HCl = HO" + CI

CRCRCAC

co-ordinate bond
Fgure 413
Once a co-ordinate bond is formed, it is not distinguishable from the other hydrogen
bonds in the ion. Thus, when the hydronium ion subsequently reacts any of the three
hydrogen ions can break away.

QuesTIONS

12 State two differences between a regular covalent bond and a coordinate covalent bond.
13 Explain what features of the water molecule enable it o form co-ordinate bonds.

14 Draw dots-and-crosses diagrams to show the bonding in the ammonium ion and the hydronium
ion.Distinguish between the ordinary covalent bonds and co-ordinate bonds.

4.6 Double and Triple Covalent Bonds

Some atoms form covalent bonds by sharing two pairs of electrons. An example of a
molecule with two pairs of electrons shared between two atoms is the oxygen molecule,
0. Since an oxygen atom has six electrons in the outer level, it needs to gain two
electrons, or a share of two electrons, to reach the electronic structure of neon. Two
oxygen atoms share two pairs of electrons to reach the octet. A double covalent bond
is formed.

ExampLe 4.7

Draw a dot and cross diagram of the oxygen molecule, 0.

.0

/Answer A double covalent bond is formed in which two pairs of 0 o 6

electron are shared. *x
Figue 414

The double bond in the oxygen molecule can also be represented as 0=0.

When three electron pairs are shared to form a bond, a triple covalent bond is formed.
The nitrogen molecule is an example in which this type of bonding is found. Since a
nitrogen atom has five electrons in the outer level, it needs to gain a share of three more
electrons to reach the electronic structure of neon. Two nitrogen atoms share three
electrons each to reach the octet.
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Learning objectives

@z

o To explain main concepts of modern atomic theory

To recognize the difference between shapes of s, p-, d-, f- orbitals

To name the characteristics and values of quantum numbers (0130

o Toapply the principle of minimum energy, Pauli principle and Hund’s rule for
electronic orbitals (0133

© To write electronic configurations of the first 36 chemical elements (1133

Y
Y

15 CHEM G108 Mo i 7 & e





OEBPS/image/131.jpg
ExawpLE 4.8

Draw a dot and cross diagram of the nitrogen molecule, N

o
Answer Atriple covalent bond is formed in which three pairs of :N o N
electrons are shared.

Fgue 415

‘The triple bond in the nitrogen molecule can also be represented as N=N.

The strengths of covalent bonds can be studied by measuring the energy needed to
break bonds. These bond dissociation energies show that a double bond is stronger
than a single bond between the same two atoms, but not twice as strong. A triple bond
is found to be stronger still than a double bond between the same two atoms, but not
three times as strong as a single bond. This indicates that not all the bonds in a multiple
bond are equally strong.

When a single covalent bond is formed between two atoms, atomic orbitals containing
a single electron from each atom overlap. The new molecular orbital formed contains
a pair of electrons which constitute a single covalent bond. This bond is called a &
(sigma) bond when it involves two s orbitals, an s and a p orbital, or two p orbitals
which overlap end-on to each other. A g bond is always formed between two atoms in
amolecule if they are covalently bonded.

&<dP<B o<l -»

Overiapping p orbitals Moleculr orbitels

Figure 416
‘Sigma bonding by end-on overlap o p orbtls

In double or triple bonds, sideways
overlap is possible between two p
atomic orbitals, each containing one
electron. In this case, a n (pi) bond is
formed.

An example of a nbond is found in the
oxygen molecule, O,. The 0=0 double
bond, like all double bonds, consists
of one ¢ bond and one x bond. Triple
bonds, such as that in the nitrogen
molecule, N =N, consist of one s bond

ol poral
and two x bonds. o bonds are stronger R:u"’:: s ' londoeinglomicd
than = bonds. i bondingbtween o p ocitls
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QuesTIONS

15 How many shared pais of electrons are there in
a () sigle (b) double (c) trple covalent bond?

16 Draw a dot and cross diagram to represent the covalent bonds
ina molecule of carbon dioxide,

’_g o:
17 Draw a dotand cross diagram to represent the covalent bonds
ina molecule of ethene (Figure 4.18)
18 Draw a dot and cross diagram to represent the covalent bonds
ina molecule o ethyne (Figure 4.19)

19 Explain the difterence between a o bond and a1t bond.

4.7 Polar and Non-polar Covalent Bonding

The atoms in a covalent bond share one or more pairs of electrons. When a molecule
such as hydrogen, H,, contains only one type of atom the nuclei of the atoms attract
the shared electrons in the covalent bond equally. Because of this, the electrons are
equally shared. The bond is a pure covalent bond and is said to be non-polar. Oxygen
(0,), nitrogen (N,), chlorine (Cl;) and bromine (Br) are other examples of molecules
containing non-polar covalent bonds.

However, most covalent bonds are formed between atoms that are quite different from

each other. For example, a hydrogen chloride molecule is formed from a hydrogen

atom and a chlorine atom. Two factors dictate the extent to which the shared electrons.

are attracted by different nuclei: the size of the atom and the nuclear charge.

o Smaller atoms have a stronger attraction than larger atoms with a similar charge
because they can get closer to the shared pair of electrons.

o Atoms with a bigger charge in the nucleus will have a greater attraction for the
shared electrons than atoms of a similar size with a smaller charge.

When electrons are shared unequally, polar covalent bonds are formed. Usually,
different types of atom will attract the electrons unequally in a covalent bond. The
atom with the lesser share of electrons will become slightly positively charged, and
this partial charge is indicated by 5+. The other atom will become slightly negatively
charged, and this partial charge is indicated by 5~ In the hydrogen chloride molecule,
HCI, for example, the chlorine atom has a greater attraction for the shared pair of
electrons than the hydrogen atom. Consequently the molecule is represented as follows:

H - CI

Other examples of polar covalent bonds are the O*~H® bond in water, the
N®-H?" bond in ammonia and the H*~F* bond in hydrogen fluoride.
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QuesTions

20 State whether the bonds in each ofthe folowing molecules are polaror non-palar:
(a) fivorine, F, (o) iodine, I, (c) oxygen, O, (d) hydrogen bromide, HBr (e} water, H,0
) methans, CH,

21 Name the factors that affectthe extent to which atoms atract electrons in a covalent bond.

22 How are the partal charges on atoms in a covalent bond represented? Use the hydrogen chioride
molecule, HCI, o llustrate your answer.

g
2

4.8 Characteristics of Covalent Substances

The characteristic properties of covalent substances are caused by the fact that while
the covalent bonds within molecules ~ the intramolecular forces — are strong, the forces
between molecules ~ the intermolecular forces — are weak.

o Since the intermolecular forces are weak, most molecular substances are liquids
or gases at room temperature. Those that are solids have low melting and boiling
points.

o In general they do not conduct electricity when in the liquid state or in solution.
This is because they consist of neutral molecules rather than electrically charged
particles such as ions. However, some molecules such as HCI react with water to
form ions and the solution formed can then conduct electricity.

o Most covalent substances do not dissolve readily in water. However polar covalent
compounds have some ionic character and are more likely to form aqueous
solutions.

4.9 Electronegativity

Different types of atom attract the shared electrons unequally in a polar covalent bond.
The ability of an atom in a covalent bond to attract the shared electrons to itself is given
by the atom’s electronegativity value.

The most commonly used scale of

electronegativity is the Pauling scale, devised by Linus Pauling. On this scale, which
runs from 0 to 4, the higher the electronegativity value an atom has, the better it is at
attracting the shared electrons towards itself. As can be seen in the table,
electronegativities increase from left to right across a period, and decrease from the top
to the bottom of a group.

Three factors are responsible for the variations in electronegativity values in atoms of
different elements:

©  The nuclear charge, that is, the positive attraction of the nucleus for the electrons,
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©  Theatomic radius, that is, the distar

5
©  The screening effect by which inne
from the full force of the nuclear ch
4
Electronegativity increases across a
period.
© As the atomic number - the 3

number of protons in the nucleus
- increases, the nuclear charge
increases

o The extra electrons in atoms of
each successive element across P
the period are added to the same.
(outer) shell, with no change in
screening by inner shell electrons.
The increased nuclear charge 5 10 15 20
pulls the electrons in more tightly ‘Atomic number
and atomic radius decreases. Figure 420

Varaton i lectronegatives among te fst 20 elements
o Thelarger the nuclear charge and

the smaller the atomic radius, the
greater the attraction for the electron pairina covalentbond, resulting in an increase in
2 electronegativity.

Electronegativity

°

Electronegativity decreases down a group.

©  Ongoing down a group, the addition of extra levels of electrons shields the outer
electrons from the nucleus

©  These extra levels also cause an increase in atomic radius

© Even though the nuclear charge is increasing, the electrons are not attracted as
strongly.

o The combination of greater screening and increased atomic radius reduces the
attraction for the electron pair in a covalent bond, resulting in a decrease in
electronegativity.

— ,_BI
| KGR T Tcr[un[e [eo[ & [culzn e ce  4s 5o [ 8] ]

Figure 4.21
Elctronegaties of the elements

Predicting the nature of bonds
Compounds with pure ionic bonds or pure (non-polar) covalent bonds are extreme
types. Most compounds are somew here between the two, with some degree of polarity.
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The greater the difference in electronegativity values between the two bonding atoms,
the greater the degree of polarity.

Carbon and sulfur each have an electronegativity value of 2.5, and so the
electronegativity difference between the two is zero. A carbon-sulfur bond in carbon
disulfide, CS,, is thus a non-polar covalent bond.

Potassium has an electronegativity value of 0.8 and fluorine - the most electronegative
element ~ has a value of 4.0. The difference of 3.2 is extremely high. In this case the
fluorine has such a strong attraction for the electrons that the electron pair resides
solely on the fluorine. In other words, a negatively charged fluoride ion, F-, is formed.
The potassium atom has lost an electron to fluorine, so what remains is a potassium
ion, K. Since electron transfer has occurred, the bond is fonic.

Electronegativity differences can be used to predict the type of bond between two

atoms.

o If the electronegativity difference is zero or very small, the bond can be regarded
as being non-polar covalent; for example, the H-H bond in the hydrogen molecule,
H,, and the C-S bond in carbon disulfide, CS, are both non-polar.

o In cases where the electronegativity difference is greater than 1.7, the degree of
ionic character is greater than the degree of covalent character so the bond is
predicted to be ionic. For example, the bond in sodium chloride, NaCl, where the
electronegativity difference is 3.0 - 0.9 = 2.1, is ionic.

o Thebond is predicted to be polar covalent if the electronegativity difference is less
than 1.7, unless the difference is very small indeed. For example, the bond in
hydrogen chloride, HCI, is predicted to be polar covalent because the
electronegativity difference is 3.0 2.1 = 0.9.

ExampLe 4.9

Use electronegativity values to predict the type of bondin (2) NaBr (b) €O (c) NH,
@ N, (e) CH,
Answer
(&) The electronegatiiy difference between sodium and bromine is 2.8~ 0.9 = 1.9, which s > 1.7.
The bonding in NaBr s predicted to be onic. \
10,

(6 The eleironegativiy diference between carbon and oxygen s 35 - 2
which s < 1.7 but > 0. \

The bonding in CO is predicted to be polar covalent.

(¢) The electronegativty diference between ritrogen and hydrogen s 3.
whichis < 1.7 but > 0.
The bonding in NH, is predicted tbe polar covalent.

(@) Since both atoms are ofthe same element, nirogen, the electronegativty diference
30-30=0.
The bond i predicted o be non-polar covalent.

(e)  The electronegativty diference between carbon and hydrogen is 2.5~ 2.1 = 0.4,
whichis < 1.7 but > 0.
The bonding in CH,is predicted to be weakly polar covalent.
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QuesTIONS

23 Define electronegativy.
24 How do electronegativity values change (a) across aperiod (o) down a group?.
25 Explain how electronegativty values are used to predict the nature of chemical bonds.

£ 26 Use electronegativity values to predict the type of bonding, whether non-polar covalent, polar
covalent orfonic in
@ CH, CE ) HBr © PH, ) Mg0
) sio, © HF 0 Lo ) o 0 S0,

4.10 Shapes of Molecules

Molecules are formed when atoms are joined together by covalent bonds. The
arrangement in space of the atoms dictates the shape of the molecule.

The simplest possible molecule is diatomic, i.e. consisting of just two atoms.

Given that there are just two atoms, they can be connected by a straight line, so the
shape is said to be linear.

Examples of diatomic molecules are oxygen, O,, hydrogen, H,, and hydrogen chloride,
o HCL It is also possible for molecules with more than two atoms to be linear e.g.
beryllium chloride, BeCl,

1fa molecule with three atoms is not

linear like beryllium chloride, each

atom must be out of line with the

other two. Such molecules are

angular or V-shaped. Water, H0, is

an example. (Note that all linear and ~ Figure 422 .
Benylum chioride molecies ar inear

V-shaped molecules are also planar.)

Two possibilities arise with molecules which contain four atoms, where one is the
central atom to which the other three are bonded.

Fgure 423 Figure 424
Water moleculs areV-shaped Boron rifluride malecules are bigonal planer
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Figure 425
Ammonia molecues are pyramidel

The first case has the four atoms lying in
the same plane with the three outlying
atoms pointing towards the vertices of
an equilateral triangle. This shape is
trigonal planar, and an example is boron
trifluoride, BF.,

Figure 426
Methane molecules are tetiheral

The second possibility has the central atom above the plane of the other three, but is
otherwise similar. The shape is now pyramidal, and an example is ammonia, NH, .

Molecules such as methane, CH,, have four atoms joined to a central atom. The four
outlying atoms are arranged as far from each other as possible, and are directed towards
the corners of a regular tetrahedron. This shape is tetrahedral

A tetrahedral arrangement is particularly important in molecules containing carbon.

Hybridization of orbitals

Hybridisation is the term used to describe the combination of s and p orbitals belonging
to the same atom during covalent bonding to form new hybrid orbitals. The newly
formed orbitals will all have equal energies and identical geometric shape. Hybrid
orbitals are denoted as sp*. The s and p indicate the orbitals that are combined in the
hybridisation process, and the value of * [from 1 to 3] indicates the number of p orbitals
involved. The number of hybrid orbitals produced is equal to the number of atomic
orbitals combined.

The different characteristics of sp, sp* and sp” orbitals are described below.

sp hybridization occurs where one s and one p orbital combine to produce two new
hybrid orbitals. The axes of the new hybrid orbitals form an angle of 180 degrees.

_ x>,

180°

Figure 427
sp hybridzation

Examples of sp hybridisation include all compounds of carbon containing a triple
bond such as C,H, and compounds of beryllium such as BeH, and BeF,
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Molecules which are formed by sp-hybrid atoms are linear in shape sp. hybridisation
occurs where one s and two p orbitais combine to form three new hybrid orbitals:

4+

Figure 428
o7 hybridization

L.

The new hybrid molecules have a flat structure with the axes forming a
120° angle. Examples of sp, hybridization include compounds such as aluminium
chloride AICL, and ethylene C,H,.

sp’ hybridization occurs when one s-orbital and three p-orbitals combine to form four
hybrid orbitals. The new hybrid orbitals have a tetrahedral shape, with the axes of the
orbitals forming angles of 109°28".

—

s-orbital 109°28°
Figue 429
o hybridization

Examples of sp’ hybridization include compounds such as ammonia NH, and methane
CH,

ammonia methane

Figure 4.30
‘Shape of ammonia and methane molecies

QuesTiONS

27 Whatis the hybridizaton of the molecular bonds NHs?
28 Which of these molecules has an atom with sp* hybridization? (@) K0 (0) C:H, (c) CH,
29 Matchthe type of hybridization o ts shape:

(o) tetrahedral 0 s
() (i) sp*
(¢) trigonal planar i) sp*

30 Work out the type of hybridisation in these two compounds:
@ wen O HCHCH
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Activity ]
Models of molecules with the shapes described above can be made using balloons, or §
plasticine and matchsticks. Alternatively, various types of models can be purchased, E
such as the ball and stick models illustrated. §
g
3
QuesTions 5
H
2
31 Predict the bond type formed between each of the elements below g
2
Oxygen and itself §-
Hand 0 g
Hand C }‘
Naand C! 5
Hand CI
Nand 0
32 Sketch the shape of each of the following molecules: CHy, BFs, H,0, BeCly, NHy, H, and HCI.
Write the name of each shape underneath the sketch.
4.11 Electron Pair Repulsion Theory
The electron pair repulsion theory may be used to explain the shapes of simple ®

molecules that consist of atoms bonded to a central atom. According to the theory:
o Theelectron pairs in the valence (outer) shell of the central atom repel each other
and end up as far apart as is geometrically possible.

o Lone pairs (that is, pairs not involved in bonding) have a greater repelling effect
than bonding pairs.

The orientation of the electron pairs relative to each other depends on their number, so
by counting the electron pairs their arrangement can be predicted or explained.

Molecules with only bonding pairs around the central atom
If all of the electron pairs are bonding pairs, that is, constituting covalent bonds, then
the term used to describe the arrangement of the electron pairs is also used to describe
the shape of the molecule. For example, the electron pairs in a methane molecule (in
which there are four bonding pairs) have a tetrahedral arrangement, and the methane
molecule has a tetrahedral shape.

Beryllium hydride
o The beryllium hydride molecule, BeH,, has two hydrogen atoms bonded to the
central beryllium atom. Beryllium has just two electrons in its valence shell, and
with each hydrogen contributing its sole electron, the electronic structure of the

molecule is H:Be:H
180°
Paweas | S

®
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On going down a group, the values of the first ionisation energies decrease. This is

due to:

©  The increase in atomic radius, which makes it easier to remove an electron from an

atom despite the increased nuclear charge

©  The screening effect of inner energy levels, which results in the effective nuclear

charge experienced by the outermost electron being much I

charge.

Exceptions to the trend across a period

On going across the second period from left to

right, first ionisation energy

values generally increase.

o However, beryllium has a higher first
ionisation energy value than the next
element, boron. The electronic configuration
of beryllium is 15°2s*, while that of boron
is 1525%2p,". The extra electron in boron is
added to the 2p, orbital, which is of higher
energy than the 25 orbital. This electron is
more readily removed than the 25 electron
in beryllium. The beryllium atom, having a
full outer sublevel, is particularly stable.

Another exception in the second period to the
general trend occurs between nitrogen and
oxygen.

o The first ionisation energy of nitrogen
(electronic configuration 1525%2p,'2p,'2p,")
is greater than that of oxygen (electronic
configuration 15225°2p,2p, 2p."). In oxygen
the two electrons in the 2px orbital repel
each other, making the outermost electron
easier to remove. As a result, the value of
the first ionisation energy is lower than that
of nitrogen. The nitrogen atom, having a
half-full outer p sublevel, is particularly
stable.

Similar exceptions to the general trend occur
between Groups 11 and 11T and between Groups
V and VI in other periods, for similar reasons.
Otherwise, for the s~ and p- block elements, the
general trend holds.
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3.7. Periodicity and Redox reactions

Oxidation potential follows the same trends as ionization energy. An oxidation reaction
is one that involves the loss of an electron and smaller ionization energies make it easier
to remove an electron.

Reduction potentials, on the other hand, follow the same trend as electron affinity. A
reduction reaction is one that involves gaining an electron and larger electron affinities
make it easier to give an electron.

3.8 Periodicity and acid and base trends

The arrows indicate the relative acid and base strength of compounds such as hydrides
or oxides of the elements moving across periods and down groups in the table.

The trend in hydrides ~ compounds formed between hydrogen and any other element
~can be seen by looking across period 3.

Period3  NaH  Mgh,  AM, S, PH, HS  HO

Stong  Weak  Amphoteric Noacid-base  Weak  Weak  Stong
base  base  Substance  properties base  acd  acid

Figue 320
Hycroride trends across period 3.

The more strongly basic hydrides [metal hydrides] are on the left of the table
NaH = basic hydride

Na(ag) + H'(ag) *+ H20() = Ho(g) + Na'(ag) + O (ag)

and the more strongly acidic hydrides [non-metal hydrides] to the right
HCI = acidic hydride:

H'(3q) + Cl(aq) + H20(1) = H30" (aq) + Clagq)
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The Periodic Table and Periodicity

©

Generally speaking, the determining factor in whether an oxide will be acidic or basic s
the electropositive character of the central atom of the oxide. The more electropositive
elements to the left of the table form basic oxides, whereas the more electronegative
elements to the right of the table form acidic oxides. The oxides in-between are often
amphoteric as shown in the table below.

s

Figure 321
Periodic trends o oddes

QuesTions

What factors influence the value ofthe firstiisation energy?

Whatis the trend in values of the first inisation energy on going from left to right across a period

in'he periodc table? Give feasons for s

25 Listthe exceptions among the irst ighteen elements tothe trend n first ionisation energy values
going across a priod, and explain why they ocour

26 Whatis the trend in values ofthe fistionisation energy on going down a group i the periodic
table? Explain your ansver.

27 Whattype of ion — positive or negative ~ willan atom such as sodium, which has a low first
ionisation energy value, tend to form?

28 Prepare a short pesentation on trends i the periodic table n one of the following

areas () metalic/on-metalic character of elements (o) odation states. Think about the

ideas discussed in 3.5, 3.6 and 3.7.
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