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Valence electrons are the outer shell electrons of an
atom. The valence electrons are the electrons that
participate in chemical bonding.

Group e~_configuration # of valence e
1A nst 1
2A ns? 2
3A ns2npl 3
4A ns2np2 4
5A nsnp3 5
6A ns2np? 6
TA ns2np® 7



Lewis Dot Symbols for the Representative Elements &

Noble Gases
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The lonic Bond

lonic bond: the electrostatic force that holds ions together in an
lonic compound.

*‘Li + $sF* —— Li*sFe-
o0 e
1s22s!  1s22s22p5  1s?  1s°2s°2p°
Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display. [ H e] [ N e]
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Use Lewis dot symbols to show the formation of aluminum
O XI d e ( AI 203) ] Copyright © The McGraw-Hill Copanie, |nc Permissonequirfor reproduction or display.

© Wards Natural Science

The mineral corundum (Al,O,).



Strategy We use electroneutrality as our guide in writing
formulas for ionic compounds, that is, the total positive charges
on the cations must be equal to the total negative charges

on the anions.

Solution According to Figure 9.1, the Lewis dot symbols of Al
and O are

- Al .0
Because aluminum tends to form the cation (Al**) and oxygen
the anion (O%) in ionic compounds, the transfer of electrons is
from Al to O. There are three valence electrons in each Al

atom: each O atom needs two electrons to form the O2  ion,
which Is isoelectronic with neon.



Thus, the simplest neutralizing ratio of Al¥* to O%" is 2:3; two

Al** ions have a total charge of +6, and three O?% ions have a
total charge of -6. So the empirical formula of aluminum oxide
IS Al,O4, and the reaction Is

2 -Al- + 3:0- — 24P 3:0:> (or ALO;)
[Ne]3s3p’ 1s*25*2p* [Ne] [Ne]

Check Make sure that the number of valence electrons (24) is
the same on both sides of the equation. Are the subscripts In
Al, O, reduced to the smallest possible whole numbers?



Electrostatic (Lattice) Energy

Lattice energy (U) is the energy required to completely separate
one mole of a solid ionic compound into gaseous ions.

E is the potential energy
Q. is the charge on the cation

Q_ is the charge on the anion
r is the distance between the ions

E = k2

Compound Lattice Enerqy

(kJ/mol)
Lattice energy increases MgF 5957 Q: +2,-1
as Q increases and/or ’ Q: +2.-2
as r decreases. MgO 3938 ST
LiF 1036

_ rF<rCl
LICI 853 8



Born-Haber Cycle for Determining Lattice Energy
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Li*(g) + F(g)

Ionization —(Electron affinity)
AH5=520Kk] AHj =-328 k] _
—(Lattice energy)

, AHS=-1017kJ
Li(g) + F(g)

Sublimation Dissociation
AHT=155.2KJ AH5=75.3K]

AH? =-594.1kJ

overall —
Li(s) + 2F,(g) | m—py LiF(s)

AHg eran = AH? + AHY + AH3 + AH + AHZ

overall
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Table 9.1 Lattice Energies and Melting Points of Some Alkali Metal
and Alkaline Earth Metal Halides and Oxides

Compound Lattice Energy (kJ/mol) Melting Point (°C)
LiF 1017 845
LiCl 828 610
LiBr 787 550
Lil 732 450
NaCl 788 801
NaBr 736 750
Nal 686 662
KCl 699 972
KBr 689 135
KI 632 680
MgCl, 2527 714
Na,O 2570 Sub*
MgO 3890 2800

*Na,O sublimes at 1275°C.



Chemistry In Action:

Sodium Chloride: A Common
and Important Compound

Mining Salt

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Meat processing,

food canning,

water softening,

paper pulp, textiles
. and dyeing, rubber
\ and oil industry

Chlor-alkali process
(Cl,, NaOH, Na, H,)
50%

Melting ice
on roads

17%
Other

chemical
manufacture

Domestic table salt

Animal feed

Solar Evaporation for Salt
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A covalent bond is a chemical bond in which two or more
electrons are shared by two atoms.

Why should two atoms share electrons?

8e 8e

Lewis structure of F,

single covalent bond lone pairs—>:.|:. T.F.i7 lone pairs
/\ l f\ | single covalent bond

lone pairs—e +— lone pairs

\,/

12



Lewis structure of water single covalent bonds

H® + .0° + oH 0@1 or H—O\H

2e 8e 2e-

Double bond — two atoms share two pairs of electrons

FED) o B=c=§

8e-8e-8e- double bonds

Triple bond — two atoms share three pairs of electrons

QMEeINS or N=N;

ge8e _ T
triple bond

13



Lengths of CovalentBonds

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Average Bond Lengths of

74 pm 1 6 1 pm Some Common Single,

Double, and Triple Bonds

Bond
<> Length
Bond Type (pm)
C—H 107
C—0O 143
C=0 12]
£ 154
C=C 133
=C 120
C N 143
C= 138
H = 116
P N—O 136
N= 122
O—H 96
Bond Lengths
14

Triple bond < Double Bond < Single Bond
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Table 9.3 Comparison of Some General Properties of an lonic
Compound and a Covalent Compound

Property NaCl CCl,
Appearance White solid Colorless liquid
Melting point (°C) 801 —23
Molar heat of fusion® (kJ/mol) 350.2 25
Boiling point (°C) 1413 76.5
Molar heat of vaporization® (kJ/mol) 600 30
Density (g/cm’) 2 [£5%
Solubility in water High Very low
Electrical conductivity

Solid Poor Poor

Liquid Good Poor

*Molar heat of fusion and molar heat of vaporization are the amounts of heat needed to melt 1 mole of the solid and to
vaporize 1 mole of the liquid, respectively.

15



Polar covalent bond or polar bond is a covalent
bond with greater electron density around one of the
two atoms

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

e poor e rich
H o
o O
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Electronegativity is the ability of an atom to attract
toward itself the electrons in a chemical bond.

Electron Affinity - measurable, Cl is highest

Xgte — X

Electronegativity - relative, F is highest




Increasing electronegativity

The Electronegativities of Common Elements

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Increasing electronegativity

1A 8A
H

2.1 2A 3A 4A 5A 6A TA

Li Be B C N (0] F

1.0 115 2.0 255 3.0 3.5 4.0

Na | Mg Al Si P S Cl

0.9 162 3B 4B 5B 6B 7B I 3B l 1B 7B 1.5 1.8 2.1 2.5 3.0

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
0.8 1.0 1.3 il 1.6 1.6 1.5 1.8 1.9 1.9 1.9 1.6 1.6 1.8 2.0 2.4 2.8 3.0
Rb Sr Y Zr Nb | Mo | Tec Ru | Rh Pd Ag | Cd In Sn Sb Te I Xe
0.8 1.0 12 1.4 1.6 1.8 1.9 2.2 2, 29, 1.9 1157/ 117/ 1.8 1.9 2.1 2.5 2.6
Cs | Ba |La-Lu| Hf | Ta \\% Re | Os Ir Pi Au | Hg Tl Pb Bi Po At

0.7 0.9 [1.0-1.2| 1.3 1.5 157 1.9 2.2 22 A0 24 1.9 1.8 1.9 1.9 2.0 2.2

Fr Ra

0.7 0.9

18




Variation of Electronegativity with Atomic Number

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Percent ionic character

Difference Bond Type
0 Covalent
> 2 lonic
0 <and <2 Polar Covalent

0 1 2 3
Electronegativity difference

Increasing difference in electronegativity

Covalent Polar Covalent lonic
> >

share e- partial transfer of e transfer e-
20




Classify the following bonds as ionic, polar covalent, or
covalent:

(a) the bond in HCI
(b) The bond in KF

(c) the CC bond in H;CCHj,



Strategy We follow the 2.0 rule of electronegativity difference
and look up the values in Figure 9.5.

Solution

(a) The electronegativity difference between H and Cl is 0.9,
which is appreciable but not large enough (by the 2.0 rule)
to qualify HCI as an ionic compound. Therefore, the bond
between H and Cl is polar covalent.

(b) The electronegativity difference between K and F is 3.2,
which is well above the 2.0 mark; therefore, the bond
between K and F is ionic.

(c) The two C atoms are identical in every respect—they are
bonded to each other and each is bonded to three other H
atoms. Therefore, the bond between them is purely
covalent.



Writing Lewis Structures

. Draw skeletal structure of compound showing
what atoms are bonded to each other. Put least
electronegative element in the center.

. Count total number of valence e~. Add 1 for
each negative charge. Subtract 1 for each
positive charge.

. Complete an octet for all atoms except
hydrogen.

. If structure contains too many electrons, form
double and triple bonds on central atom as
needed.

23



Write the Lewis structure for nitrogen trifluoride (NF3) in which
all three F atoms are bonded to the N atom.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

NF; is a colorless, odorless, unreactive
gas.



Solution We follow the preceding procedure for writing Lewis
structures.

Step1l: The N atom is less electronegative than F, so the
skeletal structure of NF; Is

F N F

I8

Step 2. The outer-shell electron configurations of N and F
are 2s22p3 and 2s22p°®, respectively. Thus, there are

5+ (3 x7), or 26, valence electrons to account for in
NF,.



Step 3:  We draw a single covalent bond between N and each
F, and complete the octets for the F atoms. We place
the remaining two electrons on N:

:F—N—F:
. F:

Because this structure satisfies the octet rule for all the atoms,
step 4 is not required.

Check Count the valence electrons in NF; (in bonds and in
lone pairs). The result is 26, the same as the total number of
valence electrons on three F atoms (3 x 7 = 21) and one N
atom (5).



Write the Lewis structure for nitric acid (HNO;) in which the
three O atoms are bonded to the central N atom and the
lonizable H atom is bonded to one of the O atoms.

HNO; is a strong electrolyte.



Solution We follow the procedure already outlined for writing
Lewis structures.

Step 1: The skeletal structure of HNO; Is
O N O H

O

Step 2. The outer-shell electron configurations of N, O, and H
are 2s22p3, 2s22p+, and 1st, respectively. Thus, there
are 5+ (3 x6) + 1, or 24, valence electrons to
account for in HNO.



Step 3:  We draw a single covalent bond between N and each
of the three O atoms and between one O atom and
the H atom. Then we fill in electrons to comply with
the octet rule for the O atoms:

:O—N—O—H
SN
10

Step 4. We see that this structure satisfies the octet rule for
all the O atoms but not for the N atom. The N atom
has only six electrons. Therefore, we move a lone
pair from one of the end O atoms to form another
bond with N.



Now the octet rule is also satisfied for the N atom:

O—=N—O—H
SR
:Q:

Check Make sure that all the atoms (except H) satisfy the octet
rule. Count the valence electrons in HNO, (in bonds and Iin
lone pairs). The result is 24, the same as the total number of
valence electrons on three O atoms (3 x 6 = 18), one N atom
(5), and one H atom (1).



Write the Lewis structure for the carbonate ion (CO%‘).

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




Solution We follow the preceding procedure for writing Lewis
structures and note that this is an anion with two negative
charges.

Step1l:. We can deduce the skeletal structure of the
carbonate ion by recognizing that C is less
electronegative than O. Therefore, it iIs most
likely to occupy a central position as follows:

O
O C O



Step 2:

Step 3:

The outer-shell electron configurations of C and O
are 2s22p? and 2s22p*, respectively, and the ion itself
has two negative charges. Thus, the total number of
electrons is 4 + (3 x 6) + 2, or 24.

We draw a single covalent bond between C and each
O and comply with the octet rule for the O atoms:

:?:
:0—C—O0:

This structure shows all 24 electrons.



Step 4. Although the octet rule Is satisfied for the O atoms, it is
not for the C atom. Therefore, we move a lone pair
from one of the O atoms to form another bond with C.
Now the octet rule Is also satisfied for the C atom:

— Ja—

0 2=
U |
O C O

Check Make sure that all the atoms satisfy the octet rule.
Count the valence electrons in CO4~ (in chemical bonds and in
lone pairs). The result is 24, the same as the total number of
valence electrons on three O atoms (3 x 6 = 18), one C atom
(4), and two negative charges (2).



Two possible skeletal structures of formaldehyde (CH,0)

H
~
H—C—O—H H/C_O

An atom’s formal charge is the difference between the
number of valence electrons in an isolated atom and the

number of electrons assigned to that atom in a Lewis
structure.

formal charge total number
. total number 1 total number
onanatomin _ ofvalence : )
. = .= of nonbonding - — [ of bonding
a Lewis electrons in 2
electrons electrons
structure the free atom

The sum of the formal charges of the atoms in a molecule
or ion must equal the charge on the molecule or ion.




-1 +1 C-4de 2 single bonds (2x2) = 4

e?e?e H O-6¢ 1 double bond = 4
2H — 2x1 e 2 lone pairs (2x2) = 4
12 e Total = 12
formal charge total number total number 1 total number
onanatomin _ ofvalence : )
. = . = ofnonbonding - — [ of bonding
a Lewis electrons in
electrons electrons
structure the free atom
formal charge _ 1 _
=4-2-%x6=-1

on C

formal charge

on O =6-2-2x6=+1

36



formal charge
on an atom in
a Lewis
structure

formal charge
on C

formal charge
on O

C-4e 2 single bonds (2x2) = 4
O-6e 1 double bond = 4
2H — 2x1 e 2 lone pairs (2x2) = 4
12 e Total = 12

total number

total number 1 total number
of valence . .
. of nonbonding - — [ of bonding
electrons in 2
electrons electrons
the free atom o

..........

Copyright © The McGraw-Hill C

=4-0-%x8=0 “
=6-4-Y%x4=0
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Write formal charges for the carbonate ion.



Strategy The Lewis structure for the carbonate ion was
developed in Example 9.5:

0 2=
0$C£0:

The formal charges on the atoms can be calculated using the
given procedure.

Solution We subtract the number of nonbonding electrons and
half of the bonding electrons from the valence electrons of each
atom.



The C atom: The C atom has four valence electrons and there
are no nonbonding electrons on the atom in the
Lewis structure. The breaking of the double bond
and two single bonds results in the transfer of four
electrons to the C atom. Therefore, the formal
chargeis4 -4 =0.

The O atom in C=0: The O atom has six valence electrons and
there are four nonbonding electrons on
the atom. The breaking of the double
bond results in the transfer of two
electrons to the O atom. Here the formal
chargeis6-4-2=0.



The O atom in C-0O: This atom has six nonbonding electrons
and the breaking of the single bond
transfers another electron to it.
Therefore, the formal charge is
6-6-1=-1.

Thus, the Lewis structure for CO%‘ with formal charges is

:CH):

_:b: C (:)::_

Check Note that the sum of the formal charges is -2, the same
as the charge on the carbonate ion.



Formal Charge and Lewis Structures

1. For neutral molecules, a Lewis structure in which
there are no formal charges is preferable to one in
which formal charges are present.

2. Lewis structures with large formal charges are less
plausible than those with small formal charges.

3. Among Lewis structures having similar distributions
of formal charges, the most plausible structure is the
one in which negative formal charges are placed on
the more electronegative atoms.

42



Formaldehyde (CH,0O), a liquid with a disagreeable odor,
traditionally has been used to preserve laboratory specimens.
Draw the most likely Lewis structure for the compound.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




Strategy A plausible Lewis structure should satisfy the octet
rule for all the elements, except H, and have the formal charges
(if any) distributed according to electronegativity guidelines.

Solution The two possible skeletal structures are

H
H C O H C O



First we draw the Lewis structures for each of these possibilities

= =
H—C=0O—H C=0
/..

H

(a) (b)

To show the formal charges, we follow the procedure given in
Example 9.6. In (a) the C atom has a total of five electrons
(one lone pair plus three electrons from the breaking of a single
and a double bond). Because C has four valence electrons, the
formal charge on the atomis4 - 5=-1. The O atom has a
total of five electrons (one lone pair and three electrons from
the breaking of a single and a double bond). Since O has six
valence electrons, the formal charge on the atomis 6 — 5 = +1.



In (b) the C atom has a total of four electrons from the breaking
of two single bonds and a double bond, so its formal charge is
4 -4 =0. The O atom has a total of six electrons (two lone
pairs and two electrons from the breaking of the double bond).
Therefore, the formal charge on the atom is 6 — 6 = 0. Although

both structures satisfy the octet rule, (b) is the more likely
structure because it carries no formal charges.

o N ..
H—C=0—H C=Q

(a) (b)
Check In each case make sure that the total number of
valence electrons is 12. Can you suggest two other reasons
why (a) Is less plausible?



Aresonance structure is one of two or more Lewis structures
for a single molecule that cannot be represented accurately by
only one Lewis structure.

[
[
[
[
+
[
[
[
[
+
[
[
[
[

A
v
[ N J

47



Draw three resonance structures for the molecule nitrous oxide,
N,O (the atomic arrangement is NNO).

Indicate formal charges.

Rank the structures in their relative importance to the overall
properties of the molecule.



Strategy The skeletal structure for N,O is

N N O

We follow the procedure used for drawing Lewis structures and
calculating formal charges in Examples 9.5 and 9.6.

Solution The three resonance structures are

.o .. ar o — .- + +
N=N=0 :N=N—0O0": :N—N=O0:

(a) (b) (c)



We see that all three structures show formal charges.

Structure (b) is the most important one because the negative
charge is on the more electronegative oxygen atom.

Structure (c) Is the least important one because it has a larger
separation of formal charges. Also, the positive charge is on
the more electronegative oxygen atom.

Check Make sure there is no change in the positions of the
atoms In the structures. Because N has five valence electrons
and O has six valence electrons, the total number of valence
electronsis 5 x 2 + 6 = 16. The sum of formal charges is zero
In each structure.



Exceptions to the Octet Rule

The Incomplete Octet

Be — 2e-
BeH, 2H — 2xle

4,

B - 3e- 3 single bonds (3x2) = 6
BF, 3F — 3x7e- 9 lone pairs (9x2) = 18
24e Total =

e © 51



Exceptions to the Octet Rule

Odd-Electron Molecules

N _ Se- o0 o0
NO O - 6e- I\.I — Q0
11e-

The Expanded Octet (central atom with principal quantum

number n > 2)

.. .. :F: .. ..
S - 6e 3y e 6 single bonds (6x2) = 12
Sk, oF — 42e- 18 lone pairs (18x2) = 36
48e- . - Total = 48

oo :F: )

52



Draw the Lewis structure for aluminum triiodide (All,).

ies, Inc. Permission required for reproduction or display.

All; has a tendency to
dimerize or form two units as
Al .



Strategy We follow the procedures used in Examples 9.5 and
9.6 to draw the Lewis structure and calculate formal charges.

Solution The outer-shell electron configurations of Al and | are
3s23pt and 5s%5p°, respectively. The total number of valence

electrons is 3 + 3 x 7 or 24. Because Al is less electronegative
than [, it occupies a central position and forms three bonds with

the | atoms:

Note that there are no formal charges on the Al and | atoms.



Check Although the octet rule is satisfied for the | atoms, there
are only six valence electrons around the Al atom.

Thus, All; Is an example of the incomplete octet.



Draw the Lewis structure for phosphorus pentafluoride (PF:), in
which all five F atoms are bonded to the central P atom.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

PF. is a reactive
gaseous compound.



Strategy Note that P is a third-period element. We follow the
procedures given in Examples 9.5 and 9.6 to draw the Lewis
structure and calculate formal charges.

Solution The outer-shell electron configurations for P and F
are 3s23p3 and 2s22p°, respectively, and so the total number of
valence electrons is 5 + (5 x 7), or 40.

Phosphorus, like sulfur, is a third-period element, and therefore
It can have an expanded octet.



The Lewis structure of PF. is

Note that there are no formal charges on the P and F atoms.

Check Although the octet rule is satisfied for the F atoms,
there are 10 valence electrons around the P atom, giving it an
expanded octet.



Draw a Lewis structure for the sulfate ion SO?{ In which all
four O atoms are bonded to the central S atom.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




Strategy Note that S is a third-period element. We follow the
procedures given in Examples 9.5 and 9.6 to draw the Lewis
structure and calculate formal charges.

Solution The outer-shell electron configurations of S and O
are 3s23p* and 2s22p*, respectively.

Step 1: The skeletal structure ofSOﬁ‘ IS
O
O S O



Step 2. Both O and S are Group 6A elements and so have
six valence electrons each. Including the two
negative charges, we must therefore account for a
total of 6 + (4 x 6) + 2, or 32, valence electrons in

S03-

Step 3:  We draw a single covalent bond between all the
bonding atoms:

:?:
:Q:



Next we show formal charges on the S and O atoms:

Note that we can eliminate some of the formal charges for SO%‘
by expanding the S atom’s octet as follows:

0

:0—S—0:

0



The question of which of these two structures is more
Important, that is, the one in which the S atom obeys the octet
rule but bears more formal charges or the one in which the S
atom expands its octet, has been the subject of some debate
among chemists. In many cases, only elaborate quantum
mechanical calculations can provide a clearer answer.

At this stage of learning, you should realize that both
representations are valid Lewis structures and you should be
able to draw both types of structures. One helpful rule is that in
trying to minimize formal charges by expanding the central
atom’s octet, only add enough double bonds to make the formal
charge on the central atom zero.



Thus, the following structure would give formal charges on
S(-2) and O(0) that are inconsistent with the electronegativities

of these elements and should therefore not be included to
represent the 80421_ lon.




Draw a Lewis structure of the noble gas compound xenon
tetrafluoride (XeF,) in which all F atoms are bonded to the
central Xe atom.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




Strategy Note that Xe is a fifth-period element. We follow the
procedures in Examples 9.5 and 9.6 for drawing the Lewis
structure and calculating formal charges.

Solution
Step 1: The skeletal structure of XeF, Is
F I
Xe
F IF

Step 2. The outer-shell electron configurations of Xe and F
are 5s25p°® and 2s22p°®, respectively, and so the total
number of valence electrons is 8 + (4 x 7) or 36.



Step 3:

We draw a single covalent bond between all the
bonding atoms. The octet rule is satisfied for the F
atoms, each of which has three lone pairs. The sum
of the lone pair electrons on the four F atoms (4 x 6)
and the four bonding pairs (4 x 2) is 32. Therefore,
the remaining four electrons are shown as two lone
pairs on the Xe atom:

F F
&
F \E:

We see that the Xe atom has an expanded octet.
There are no formal charges on the Xe and F atoms.



Chemistry In Action: Just Say NO

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

NO, (aq) + Fe?* (aq) + 2H* (aq)
NO (g) + Fe3* (aq) + H,O (1)

N (9) + O, (9) — 2NO (g)

. o =2 L8

=2 Selatsist.o T 2 :
i Bt i} ) o~ * =
© McGraw-Hill Higher Education Inc./Ken Karp, Photographer
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The enthalpy change required to break a particular bond In
one mole of gaseous molecules is the bond enthalpy.

Bond Enthalpy
Hz(g)—> H @t H @) AHO = 436.4 kJ

Cl, > Cl g+ Cl g AH® =242.7 kJ
HCl j— H g + Cl g, AH?=431.9kJ

O, y— O+ O AH®=498.7kJ =
Nyg— N+ N AHO=941.4k) IN=N:

Bond Enthalpies
Single bond < Double bond < Triple bond




Average bond enthalpy in polyatomic molecules
H,O — H y+ OH , AH® =502 kJ

Average OH bond enthalpy = 202 ; 427 _ 464 kJ

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Table 9.4 Some Bond Enthalpies of Diatomic Molecules* and Average
Bond Enthalpies for Bonds in Polyatomic Molecules

Bond Enthalpy Bond Enthalpy
Bond (kJ/mol) Bond (kJ/mol)
H—H 436.4 Cc—I 240
H—N 393 C—P 263
H—O 460 c—S 255
H—S 368 C=S 477
H==P 326 N—N 193
H—F 568.2 N=N 418
H—C} 431.9 N=N 941.4
H—Br 366.1 N—O 176
H—I 298.3 N=0 607
C=H 414 0—0 142
c—C 347 0=0 498.7
C=C 620 O=—P: 502
B=n 812 0=S 469
E=N 276 P—P 197
C=N 615 P=P 489
C=N 891 S—S 268
c—0 351 S=S 352
=04 745 F—F 156.9
E=0). 1076.5 Cl—¢€l 242.7
C—F 450 Br—Br 192.5
C=C] 338 [—I 151.0
C—Br 276

70

*Bond enthalpies for diatomic molecules (in color) have more significant figures than bond enthalpies for bonds in
polyatomic molecules because the bond enthalpies of diatomic molecules are directly measurable quantities and not
averaged over many compounds.

"The C=0 bond enthalpy in CO, is 799 kJ/mol.



Bond Enthalpies (BE) and Enthalpy changes in reactions

Imagine reaction proceeding by breaking all bonds in the reactants and
then using the gaseous atoms to form all the bonds in the products.

AHC = total energy input — total energy released
= 2BE(reactants) — ZBE(products)

A
Atoms

Atoms

—2BE (products) 2BE (reactants)

Reactant
molecules

Enthalpy

Product
molecules

Enthalpy

> BE (reactants) —2BE (products

Y

Reactant Product
molecules

molecules

endothermic exothermic &



H, (9) + Cl, (g)——2HCI (g)  2H, (g) + O, (9)— 2H,0 (9)
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Use Equation (9.3) to calculate the enthalpy of reaction for the

Process
Ho(g)+Clo(g)——2HCI(9)

Compare your result with that obtained using Equation (6.18).
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Strategy

Keep in mind that bond breaking is an energy absorbing
(endothermic) process and bond making is an energy releasing
(exothermic) process.

Therefore, the overall energy change is the difference between
these two opposing processes, as described by Equation (9.3).



Solution We start by counting the number of bonds broken
and the number of bonds formed and the corresponding energy
changes. This is best done by creating a table:

Type of Number of Bond enthalpy Energy change
bonds broken bonds broken (kJ/mol) (kJ/mol)
H—H (H,) 1 436.4 436.4
Cl—ClI (Cl,) 1 2427 242.7

Type of Number of Bond enthalpy Energy change
bonds formed bonds formed (kJ/mol) (kJ/mol)
H—CI (HCI) 2 431.9 863.8

Next, we obtain the total energy input and total energy
released:

total energy input = 436.4 kJ/mol + 242.7 kJ/mol = 679.1 kJ/mol
total energy released = 863.8 kJ/mol



Using Equation (9.3), we write
AH°® = 679.1 kJ/mol — 863.8 kJ/mol = —184.7 kJ/mol

Alternatively, we can use Equation (6.18) and the data in
Appendix 3 to calculate the enthalpy of reaction:

AH° = 2AHHCI) — [AH(H,) + AHY(C,)]
= (2)(=92.3 kJ/mol) — 0 — 0
= —184.6 kJ/mol

Check Because the reactants and products are all diatomic
molecules, we expect the results of Equations (9.3) and (6.18)
to be the same. The small discrepancy here is due

to different ways of rounding off.



Estimate the enthalpy change for the combustion of hydrogen
gas:

2H,(g) + O,(g) — 2H,0(g)
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Strategy We basically follow the same procedure as that in
Example 9.13.

Note, however, that H,O Is a polyatomic molecule, and so we
need to use the average bond enthalpy value for the O—H bond.

Solution We construct the following table:



Type of Number of Bond enthalpy Energy change

bonds broken bonds broken (kJ/mol) (kJ/mol)
H—H (H,) 2 436.4 872.8
0=0 (0,) 1 498.7 498.7
Type of Number of Bond enthalpy Energy change
bonds formed bonds formed (kJ/mol) (kJ/mol)
O—H (H,0) + 460 1840

Next, we obtain the total energy input and total energy
released:

total energy input = 872.8 kJ/mol + 498.7 kJ/mol = 1371.5 kJ/mol
total energy released = 1840 kJ/mol

Using Equation (9.3), we write
AH° = 1371.5 kJ/mol — 1840 kJ/mol = —469 kJ/mol



This result is only an estimate because the bond enthalpy
of O—H is an average quantity. Alternatively, we can use
Equation (6.18) and the data in Appendix 3 to calculate the
enthalpy of reaction:

AH° = 2AHf(H,O) — [2AHf(H,) + AHF(O,)]
= 2(—241.8kJ/mol) — 0 —0
= —483.6 kJ/mol

Check Note that the estimated value based on average bond
enthalpies is quite close to the value calculated using AHf data.
In general, Equation (9.3) works best for reactions that are
either quite endothermic or quite exothermic, that is, reactions
for which Aern > 100 kJ/mol or for which Aern < -100 kJ/mol.



