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3.7 Bond Energies and Bond Enthalpies

Because chemical reactions involve the breaking and making of chemical bonds in
the reactant and product molecules, a proper understanding of the thermochemical
nature of reactions clearly requires a detailed knowledge of bond energies. Bond en-
ergy is the energy required to break a bond between two atoms. Consider the disso-
ciation of 1 mole of H, molecules at 298 K and 1 bar:

Ha(g) — 2H(g) ArH® = 436.4 kJ mol ™!

Assigning the energy of the H-H bond a value of 436.4 kJ mol-! might be tempting,
but the situation is more complicated. What is measured is actually the bond enthalpy
of H,, not its bond energy. To understand the difference between these two quantities,
consider first what we mean by bond energy.

Figure 3.16 shows the Dotential-energy curve of the Hj molecule. Let us start by
asking how the molecule is formed. At first, the two hydrogen atoms are far apart
and exert no influence on each other. As the distance of separation is shortened,
both Coulombic attraction (between electron and nucleus) and Coulombic repulsion
(between electron and electron and nucleus and nucleus) begin to affect each atom.
Because attraction outweighs repulsion, the potential energy of the system decreases
with decreasing distance of separation. This process continues until the net attraction
force reaches a maximum, leading to the formation of a hydrogen molecule. Further
shortening of the distance increases the repulsion, and the potential rises steeply. The
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Figure 3.16
Potential-energy curve for a diatomic molecule. The short horizontal line represents the
lowest vibrational energy level (the zero-point energy) of the molecule (for example, H,). The
intercepts of this line with the curve shows the maximum and minimum bond lengths during
a vibration.
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reference state (zero potential energy) corresponds to the case of two infinitely sepa-
rated H atoms. Potential energy is a negative quantity for the bound state (that is,
H,), and energy in the form of heat is given off as a result of the bond formation.

The most important features in Figure 3.16 are the minimum point on the po-
tential-energy curve for the bonding state, which represents the most stable state for
the molecule, and the corresponding distance of separation, called the equilibrium
distance. However, molecules are constantly executing vibrational motions that per-
sist even at absolute zero. Furthermore, the energies associated with vibration, like
the energies of an electron in an atom, are quantized. The lowest vibrational energy is
not zero but equal to %hv, called the zero-point energy, where v is the frequency of
vibration of Ha. Consequently, the two hydrogen atoms cannot be held rigidly in the
molecule, as is the case when a molecule is situated at the minimum point. Instead,
the lowest vibrational state for Hj is represented by the horizontal line. The intercepts
between this line and the potential-energy curve represent the two extreme bond
lengths during the course of a vibration. We can still speak of equilibrium distance in
this case, although technically it is the average of the two extreme bond lengths. The
bond energy of Hj is the vertical distance from lowest vibrational energy level to the
reference state of zero potential energy.

The measured enthalpy change (436.4 kJ mol~!) should not be identified with
the bond energy of H, for two reasons. First, upon dissociation, the number of moles
of gas doubles, and hence gas-expansion work is done on the surroundings. The
enthalpy change (AH) is not equal to the internal energy change (AU), which is the
bond energy, but is related to it by the equation

AH = AU + PAV

Second, the hydrogen molecules have vibrational, rotational, and translational en-
ergy before they dissociate, whereas the hydrogen atoms have only translational en-
ergy. Thus, the total kinetic energy of the reactant differs from that of the product.
Although these kinetic energies are not relevant to the bond energy, their difference is
unavoidably incorporated in the A.H° value. Thus, despite the fact that bond energy
has a firmer theoretical basis, for practical reasons we shall use bond enthalpies to
help us study energy changes of chemical reactions.

Bond Enthalpy and Bond Dissociation Enthalpy

With respect to diatomic molecules such as Hy and the following examples,

Na(g) — 2N(g) AH® = 941.4 kJ mol™
HCl(g) — H(g) + Cl(g) AH® = 430.9 kJ mol™'

bond enthalpy has a special significance because there is only one bond in each mole-
cule, so that the enthalpy change can be assigned unequivocally to that bond. For
this reason, we shall use the term bond dissociation enthalpy for diatomic molecules.
Polyatomic molecules are not so straightforward. Measurements show that the en-
ergy needed to break the first O-H bond in H,O, for example, is different from that
needed to break the second O—H bond:

H,0(g) — H(g) + OH(g) AH® = 502 kJ mol ™!
OH(g) — H(g) +O(9) AH® = 427 kJ mol™

In each case, an O—H bond is broken, but the first step is more endothermic than the
second. The difference between the two A.H° values suggests that the second O-H
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Table 3.4
Average Bond Enthalpies/kJ - mol 1

Bond Bond Enthalpy Bond Bond Enthalpy
H-H 436.4 Cc-S 255
H-N 393 C=8 477
H-O 460 N-N 393
H-S 368 N=N 418
H-P 326 N=N 941.4
H-F 568.2 N-O 176
H-Cl 430.9 N-P 209
H-Br 366.1 0-0 142
H-1 298.3 0=0 498.8
C-H 414 o-P 502
c-C 347 0=8 469
Cc=C 619 P-P 197
c=C 812 P=P 490
C-N 276 S-S 268
C=N 615 S=S 351
C=N 891 F-F 150.6
Cc-0 351 CI-Cl 242.7
c=0" 724 Br-Br 192.5
C-P 264 I-1 151.0

«Bond enthalpies for diatomic molecules have more significant
figures than those for polyatomic molecules because they are directly
measurable quantities and are not averaged over many compounds
as for polyatomic molecules.

»The C=0 bond enthalpy in COy is 799 kJ mol ™.

bond itself undergoes change, because the chemical environment has been altered.
If we were to study the O—H breaking process in other compounds, such as H>O2,
CH;OH, and so on, we would find still other A.H° values. Thus, for polyatomic
molecules, we can speak only of the average bond enthalpy of a particular bond. For
example, we can measure the bond enthalpy of the O—H bond in 10 different poly-
atomic molecules and obtain the average O—H bond enthalpy by dividing the sum of
the bond enthalpies by 10. When we use the term bond enthalpy, then, it is under-
stood that we are referring to an average quantity, whereas bond dissociation enthalpy
means a precisely measured value. Table 3.4 lists the bond enthalpies of a number
of common chemical bonds. As you can see, triple bonds are stronger than double
bonds, which, in turn, are stronger than single bonds.

The usefulness of bond enthalpies is that they enable us to estimate AH° values
when precise thermochemical data (that is, AcH® values) are not available. Because
energy is required to break chemical bonds and chemical bond formation is accom-
panied by a release of heat, we can estimate A H° values by counting the total num-
ber of bonds broken and formed in the reaction and recording all the corresponding
energy changes. The enthalpy of reaction in the gas phase is given by

AH® = £BE(reactants) — ZBE(product )
— total energy input — total energy released ‘ (3.35)

where BE stands for average bond enthalpy. As written, Equation 3.35 takes care of
the sign convention for AH°. If the total energy input is greater than the total energy
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Figure 3.17
Bond enthalpy changes in (a) an endothermic reaction and (b) an exothermic reaction.

released, the A.H° value is positive and the reaction is endothermic. Conversely, if
more energy is released than absorbed, the A;H° value is negative and the reaction is
exothermic (Figure 3.17). If reactants and products are all diatomic molecules, then
Equation 3.35 will yield accurate results because the bond dissociation enthalpies of
diatomic molecules are accurately known. If some or all of the reactants and prod-
ucts are polyatomic molecules, Equation 3.35 will yield only approximate results be-
cause the bond enthalpies for calculation will be average values.

Example 3.8

Estimate the enthalpy of combustion for methane
CHa(g) +202(g) — CO2(g) +2H,0(9)

at 298 K and 1 bar using the bond enthalpies in Table 3.4. Compare your result with
that calculated from the enthalpies of formation of products and reactants.

ANSWER
The first step is to count the number of bonds broken and the number of bonds formed.

This is best done by creating a table:

Type of Number of Bond enthaipy Enthalpy change
bonds broken bonds broken kT mol~! CReE
C-H 4 414 1656
=0 2 498.8 997.6
Type of Number of Bond enthalpy Enthalpy change
bonds formed bonds formed kJ mol=! e
=0 2 799 1598
O-H 4 460 1840
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From Equation 3.35,

AcH® = [(1656 kJ mol ™! +997.6 kI mol™") — (1598 kJ mol™" + 1840 kJ mol™")]
= —784.4 kJ mol ™!
To calculate the A H° value using Equation 3.32, we obtain the A¢° values from Table
3.3 and write
AH® = [AcH®(COy) + 2ArH® (H,0)] — [AcH°(CH3) + 2A¢H*(0,)]
= [-393.5 kJ mol™" +2(~241.8 kJ mol™")] ~ (—74.85 kJ mol~")
= —802.3 kJ mol™"!

COMMENT

The agreement between the estimated A, H° value using bond enthalpies and the actual
A H® value is fairly good in this case. In general, the more exothermic (or endothermic)
the reaction, the better the agreement. If the actual A, H° value is a small positive or
negative quantity, then the value obtained from bond enthalpies becomes unreliable.
Such values may even give the wrong sign for the reaction.








