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1 4 1 Further aspects of covalent
& bonding and structure

Understandings:

e Covalent bonds result from the averlap of atomic orbitals. A sigma bond (o) is formed by the
direct head-on/end-to-end overlap of atomic orbitals, resulting in electron density concentrated
between the nuclei of the bonding atoms. A pi bond (r) is formed by the sideways overlap of
atomic orbitals, resulting in electron density above and below the plane of the nuclei of the
bonding atoms.

Guidance
The linear combination of atomic orbitals to form molecular orbitals should be covered in the context
of the formation of sigma (¢) and pi (n) bonds.

® Formal charge (FC) can be used to decide which Lewis (electron dot) structure is preferred from
several. The FC is the charge an atom would have if all atoms in the molecule had the same
electronegativity. FC = (number of valence electrons) - ¥(number of bonding electrons) - (number
of non-bonding electrons). The Lewis (electron dot) structure with the atoms having FC values
closest to zero is preferred.

® Exceptions to the octet rule include some species having incomplete octets and expanded octets.

Guidance
Molecular polarities of geometries comresponding to five and six electron domains should also be
covered.

® Delocalization involves electrons that are shared by/between all atoms in a molecule or ion as
opposed to being localized between a pair of atoms.

® Resonance involves using two or rnorie Lewis (electron dot) structures to represent a particular
molecule or ion. A resonance structure is one of two or more alternative Lewis (electron dot)
structures for a molecule or ion that cannot be described fully with one Lewis (electron dot)
structure alone.
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Some molecules contain a central atom with an

expanded octet

Atoms in Period 3 and below can form expanded octets by utilising vacant d-orbital to
hold a pair of electrons.

This is possible as they are relatively close in energy.

Species with five electron domains 35455 40 vitare,
Molecules with five electron domains will position them in a triangular bipy ramidal e
shape, which has angles of 90°, 120°, and 180°. If all five electron domains are bonding

electrons, the shape of the molecule is also triangular bipyramidal.
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As we have seen previously, lone pairs can alter these bond angles and also require us to
name the geometry when considering only the position of atoms.

«One non-bonding pair gives an unsy ical tetrahedron or see-saw shape.

Acsnd the midlen(2x 90

’
SF, Y120
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There will be some distortion of the shape due to the greater repulsion of the non-
bonding pair of electrons, so bond angles will be 90°, 117°, and 180°.
+Two non-bonding pairs gives a T-shaped structure. \(ﬂ\/. ("DFIM
.F
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The bond angles are 90° and 180°.
« Three non-bonding pairs gives a linear shape.
For example I~
-
1
Compounds containing two different halogen atoms bonded together are called interhalogen
compounds. They are interesting because they contain halogen atoms in unusual axidation
states: the more jogen has its typical neg; number whereas the

less halogen has a posit number. For eample in CIF, desaribed
here, the axidation number of each F is -1 and the oxidation number of C1 is +3. You can read
more about axidation numbers in Chapter 9.

Species with six electron domains

Molecules with six el ins will positi i hedral shape with
angles of 90°. lecule having all six of its electron d bondi irs of
electrons will have this symmetrical octahedral shape.
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‘The bond angles are 90°.

‘The shape of a molecle in which there are one or more non-bonding pairs of
4 i nsidering g pairs will be placed for

maximum repulsion.

+One non-bonding pair gives a square pyramidal shape.
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o bonding pairs will part by arranging those pairs at

180° to each other. This gives a square planar shape.

Ifthe atoms attached to the central atom are not all the same, there may or may not bea

- For BiF, 1
PCLFshas dipoled lati polar.
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i ne pais results ina polar It
depends on symmetry and whether dipoles cancel. For example, CIFyis polar, whereas
XeFyis not.
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geometry?
(a) squareplanar (b) octahednl (©) square pyramical
(d) trigonal bipyramidal (@) linear
36
() the F-Kr-F anglein Kify
(b) the CI-P-Clanglein PC,
(€) the F-S-F angleinSF,
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Eomnal charge is a useful tool for comparing Lewis
(electron dot) structures
As we have seen, it is possible to draw different Lewis structures for different molecules (leading to

) and some atoms can aso break the Octet Rule . To help us work out the actual

reasonance structures
on each atom.

structure between the possible options we must consider the formal charge
For example SO,.

which in different sources is represented as: (i)

s
(i) as a structure with an expanded octet on S '(‘)/ X

Formal charge  requires us to assign electrons to each atom assuming every atom has an equal

electronegativity.

formal charge (FC) = number of valence — number of electrons
electrons inunbonded  assigned to atom in Lewis
atom (V) (electron dot) structure

« The number of valence electrons (V) is determined from the element’s group in the
Periodic Table.
* The number of electrons assigned to an atom in the Lewis (electron dot) structure is
calculated by assuming that:
(a) each atom has an equal share of a bonding electron pair (one electron per atom),
evenifitis a coordinate bond (4B);
(b) an atom owns its lone pairs completely (L).

: 3 bonding pairs

1lone pair
FC=6-(3+2)=+1 FC=6-(4+2)=0

1lone pair

left O: 2 bonding pairs left O: 2 bonding pairs
2lone pairs 2lone pairs
FC=6-(2+4=0 FC=6-(2+4)=0
right O: 2 bonding pairs
2lone pairs
FC=6-(2+4=0

right O: 1 bonding pair
3 lone pairs
FC=6-(1+6)=-1

‘The formal charges in each resonance structure can be summarized as follows:

(i)

We can conclude that structure (ii) where all atoms have a formal charge of zero is the
most stable structure for SO,.

0o— érwr 1

Use the concept of formal charge to determine which of the following Lewis

(electron dot) structures for XeOj is preferred? l8
o —=0nve
Xe .
<\ O
0
Solution
T
Xe FC=8-(4+2)=+2 FC=8-(6+2)=0
left O F 6—(1+6) 1 FC=6-(2+4)=0
central O —(2+4) FC=6-(2+4)=0
right O FC=6-(1+6)=-1 FC=6-(2+4)=0
o
Xe xx
RN
"0

The structure on the right with the lowest formal charge is preferred.
What if we come across different Lewis structures that have the same formal charge?
For example, two Lewis (electron dot) structures with formal charges are shown for
N,0.

@

IN=N—0:
o +1 -1

Becavse in realihy e Ll have ot ¢ desily wrnd the sk
dcc‘-nnﬂdiv(\-:).

NOTE: The formal charges on a molecule will always add up to zero and on an ion they will add up to the

charge.

Which of these structures is more likely for the sulfate ion?
-~ 1~
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Ozone: a case study in resonance, molecular polarity,
and formal charge
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- As all atoms in ozone are oxygen, we would expect this molecule to be non-polar. However, by
calculating the formal charges we find that actually there is an unequal spread of electrons over the structure.

Nyrber

Resonance hybrid?

Ozone is polar

O . &2 0 . F(_ Ndnl',

07 S0 x b OZ oK 1
S ) % el .
This gives a net dipole across the molecule, making it polar. This can be shown as I\k’ L“"
follows. I}'
ahn
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// \\
87

Ozone is an essential component of the stratosphere

Regi of the atm here Why is the atmosphere

i essential for life on Earth?
UV/visible sunlight mesosphere

[ o Pdeddinn UV-raws

- infrared

stratosphere f))j\;:r( radiation * MWV\ wr‘ﬂ}Vrf

18°C’
50km

Ozone layer :

- Contains 90 % atmpospheric ozone

26-01n

tropos, here o~
ozon>\_ Mt Everest PosP *‘%&z
Z 9km \ 8km

layer _62°C - Levt'els maintained by a cycle of
‘ reactions.
9-12km
infrared
radiation 27°C N 77
Earth N, = A
Q.7 204
Pe

- A
Oxygen dissociation 5 Ox * O' _— - \
0,(g) _A5242nm , O.(g) + O-(g) Xy Whatis O ?
- Free =4 .a\u)s ~
Ozone dissociation

'mj are c.xl*fv.b peaching_
1 Osg l<330nm 0-(g) +20,()
2 Oy +O- (g) - 20,(g) AH = negative (exothermic reaction)

The wavelength show the energy of light that is absorbed to facilitate the 2 reactions. Why does O2 require light
of a shorter wavelength?

SUN

Oxygen O, Ozone Oy UV-A UV-B. V-C
400-315nm  315-280 nm 280-100 nm
o=a: PN
o 0 e S ——
bond order 2 15 SKUVA  9SKUV-B 100%UV-C
Absorbed Absorbed Absorbed
bond enthalpy 498 kJ mol™' 364 kJ mol-!

dissociated by UV light <242 nm <330 nm (’4 “mm
= N

The fact that ozone absorbs radiation of wavelengths in the range 200 nm to 315 nm

is very significant. This corresponds to the higher range of ultraviolet light, known as

UV-B and UV-C, which can cause damage to living tissue. So the ozone layer plays a
“¥Ttal role T protecting life on Earth from this radiation. This is a direct consequence of

the specific nature of the bonding in ozone molecules.

‘/\)\\:dq bon) wbu\p\ A})SOAD radiakien of o
kcjl«e.r -2(\0{)\5?
a. C—cC C=cC (=
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Catalytic destruction of ozone

As ozone is easily broken up by UV radiation, it is unstable and reacts with other compounds in the atmosphere.

Nitrogen oxides (NO,) and chlorofluorocarbons (CFC’s) are 2 types of compound that form extremely reactive free radical
that catalyse the decomposition of ozone even further.

NO - (and NO, ) is produced in car engines and are both free radicals (as they both possess an unpaired electron).

NO:(g) + Oy(g) = NOy(g) + Os(g) 1\\15 (ﬂasf Mchi-\-d
NO (@) + O-(g) = NO-(g) + O»(@) e Vogs of 42ons -

NO-(g) has acted as a catalyst because it is regenerated during the reaction and the net
change is the breakdown of ozone:

04(g) + O-(8) = 20,(g)

CFC’s were widely used until they became linked with the destruction of ozone.
CCl,F,(g) — CCIF,-(g) + Cl-(g)

The weaker C—Cl bond breaks in preference to the C—F bond, and the chlorine radicals
catalyse the decomposition of ozone.

Cl(g) + O1(g) = Oa(g) + ClO-(g)

ClO-(g) +O-(g) = O,(g) + Cl(g)
Here Cl-(g) has acted as a catalyst and the net reaction is again:

Os(g) + O-(g) = 20:(3)

The Montreal Protocol in 1987 banned the use of many ODC'’s (ozone
depleting chemicals) and has been hailed as one of the most successful
responses to an anvironmental issue.

Exercises

39 Use the concept of formal charge to explain why BF; is an exception to the octet rule.

40 Draw two different Lewis (electron dot) structures for SO, one of which obeys the octet rule for all its
atoms, the other which has an octet for S expanded to 12 electrons. Use formal charges to determine
which is the preferred structure.

41 Bxplain why ozone can be dissociated by light with a longer wavelength than that required to
decompose oxygen.

42 Outline ways in which azone levels are decreased by human activities, using equations to support your
answer.
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Atomic orbitals overlap to form two types of covalent

bond: sigma and pi
(:n\‘u- Wl """’>

When two atomic orbitals overlap along the bond axis — an imaginary line between the
two nuclei—the bond is described as a sigma bond, denoted using the Greek letter o.
This type of bond forms by the overlap of s orbitals, p orbitals, and hybrid orbitals (to
be described in the next section) in different combinations. It is always the bond that
M “& l-vl (Y ‘&N

The sigma (o) bond

forms in a single covalent bond.

"R — @
® ORI — QOO . lg‘ZsQng
- Qo -1 l '

In a sigma bond the electron density is concentrated between the nuclei of the bonded
atoms.

The pi () bond

When two p orbitals overlap sideways, the electron density of the molecular orbital

is concentrated in two regions, above and below the plane of the bond axis. This is
known as a pi bond, denoted using the Greek letter ar. This type of bond only forms
by the overlap of p orbitals alongside the formation of a sigma bond. In other words, pi
bonds only form within a double bond or a triple bond.

Why are pi bonds weaker than sigma bongs? ( Think of the position of electrons )

The edednns in a <ara bond a2 ?Njan\-nm bodwrern 'H\(_

nvilei  so e~ e S < o hmdon A
hjd\o.r- rgY rus of ™ then

Atomic orbitals which Type of Example of bond and molecule
overlap bond

sands sigma H-Hin H,

sand p sigma H—Clin HCI

p and p end-on sigma Cl-Clin Cl;

hybrid orbitals and s sigma C—Hin CHy

hybrid orbitals with sigma C—CinCH,

hybrid orbitals one of the C=C in C;H,
one of the C=C in C3H;

p and p sideways pi one of the C=C in C3Hy
two of the C=C in C;H,
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4, (Selecvidad style ) The label on a bole of hydrochloric acid (HCI) soluon indicates that it has a percentage by
mass of 20% and a density of 1.1 g/mL.

Use the following data to answer part a and b. Data: Atomic masses Cl =35.5,H=1

a. Calculate the volume of this acid required to prepare 500 mL of 0.1 mol dm3 HCI.
(C3)

b. If you take 10 mL of this diluted acid (0.1 mol dm3) and add 20 mL of the the original concentrated acid what will
— . s
be the resulng molarity of the soluon?

Ml < 06 0001l $O12D 4 03 ol
| solvkion OOl L 4+ 00ZL

% Mols = CxVz=0|%00l< 0-00] «l

X Mles=C <V = §-03 x 0.02 =0\20 ol

= 000605 ray | - -

827

Q-0S ril

0 'ODLOS no\ /“l
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