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3.2: Bond Energies
Bond energies are limited in their application for the reasons discussed earlier. They were:

o values are for gases only

e many values are averages

These are serious drawbacks if you want energy information about most reactions. Fortunately there is another way. Remember in
our definition of enthalpy (H) we said it was a "state function". The net enthalpy change (A H --which is the only kind of enthalpy
quantity we can measure) is independent of path. What does this mean?

If a process can be carried out in a single step, the enthalpy change for that step will be the same as for a series of steps
which add up to give the same overall step.

v Example 3.2.1: Additive of Heats

The diagram shows two possible pathways for one reaction:
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AH=-112 kJ
-
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w AH=+68kJ
N2+02 N2+2°2

The direct reaction of the elements nitrogen and oxygen in a 1:2 molar ratio will produce 2 moles of nitrogen dioxide and
absorb 68 kJ. But it is also possible to begin with the same elements under different conditions (like a 1:1 molar ratio) and
produce 2 moles of nitrogen monoxide. This process absorbs 180 kJ.

The nitrogen monoxide can then react with additional oxygen to form 2 moles of nitrogen dioxide. This process releases 112

kJ.

The sum of the two reactions involving nitrogen monoxide gives the production of nitrogen dioxide:
180 kJ+ N2 +0—-2 —=2NO (3.2.2)
2NO+0y - 2NO, +112 kJ (3.2.3)
68 kJ + Ny +20; = 2NO, (3.2.4)

And because that is true, the enthalpy changes are also additive:

180 kJ + (—112 kJ) = 68 kJ (3.2.5)

So with a sufficiently ambitious catalog of reaction enthalpy changes it is sometimes possible to calculate--rather than measure--the
enthalpy change for a new reaction.

v/ Example 3.2.2: Heat of Reaction

Give the following data:

Hy +1%09 — Hy0O +286 kJ (3.2.6)
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NyOs +H,O —-2HNOs+77 kJ (3.2.7)
N3 +30y+Hs —+2HNO3 +348 kJ (3.2.8)
Calculate AH,,, for

2N3 +505 — 2N505 (3.2.9)

Solution
To begin these problems, concentrate on the items in the balanced equation you want. Where are they found in the data

available?
Hy +%0y9 — HyO +286 kJ (3.2.10)
N5Os +H,O —-2HNOs+77 kJ (3.2.11)
Ny +302+Hy —2HNO;3 +348 kJ (3.2.12)

Once these are located, the equations needs to be adjusted so that the substances appear in the same amount as in the desired
reaction and on the same sides.

Hy +%09 — HyO +286 kJ (3.2.13)
2x(2HNO3 +77 kJ — N»,Os5 +2H,0) (3.2.14)
2 X (N2 +305+Hy; —2HNO;3 + 348 k.]) (3.2.15)

Notice that this procedure did not fix the Os entirely. However, there are also things that we need to get rid of so that the
equations will add up to give the desired reaction of Hs, H2O, and HN Os. If the first reaction is reversed and doubles, this

will happen:

2% (HyO+572 kJ — 2H5+ O,) (3.2.16)
2% (2HNO;3 +77 kJ — N»,O5 +2H,0 (3.2.17)
2% (N3 4302+ Hy —2HNO3 + 348 kJ) (3.2.18)

Multiply all this out to get
2H0+572 kJ — 2Hyr + O (3.2.19)
4HNO;3 +154 kJ — 2N505 +2H50 (3.2.20)
2N2+05+2Hy - 4HNO3 +696 kJ (3.2.21)

Then we add and simplify, much like we do with a series of half reactions

2H,0-+572 kJ — 2By + Oy (3.2.22)
AHNOx +154 kJ — 2N,05 + 2Hy0- (3.2.23)
2N, + §/0s + 2By — 4AHNOx +696 kJ (3.2.24)
30 kJ+2N; +50; — 2N;05 (3.2.25)

So what's the advantage? Theoretically every reaction can be "rewritten" as a series of processes involving elements forming
individual compounds. It does not matter whether the reaction actually occurs that way, of course, because the enthalpies are
additive (Hess's Law). The heats of formation represent those reactions and therefore can be used in their place to determine the
overall enthalpy change in a reaction based on a mathematical statement.

This additivity of heats of reaction (or reaction enthalpies) is generally known as Hess's Law. But it is also possible to state the
equivalent of Hess's Law in purely mathematical terms with the introduction of an additional concept: standard enthalpy of

formation.
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If elements in their standard states (normal atmospheric pressure) and 25°C' are defined as having no enthalpy of formation (i.e., it
takes no energy to get an element the way it would normally be), then all compounds will have some enthalpy change associated
with their formation from those elements.

For example, when liquid water is formed from gaseous hydrogen and oxygen, we can write the following thermochemical
equation:

Hy +1%0, — HyO + 285.8 kJ (3.2.26)

The 285.8 kJ is the enthalpy of formation for liquid water: the energy released when one mole of liquid water forms from its
elements.

The fact that the value is on the products side of the reaction shows this is an exothermic process. The value can also be written
separately (as in a table). By convention, a negative sign is then applied to show that there is a net loss of enthalpy in the system as
the reactants become products. That means heat is released to the surroundings. So we can say AH¢ = —285.8 kJ/mol of water.
All kinds of enthalpies of formation have been tabulated (Table T1).

A
Hp+ 1120, H

initial

Exothermic|Heat OUT AH<0

Enthalpy, H

HL0 H

final

Figure: Example of an exothermic reaction with heat transferred to the surrounding (6H < 0)

For an endothermic reaction the enthalpy of reaction would be written on the reactant side:
177.8kJ + CaCO3 — CaO+COy (3.2.27)

And when written in a table, the value would be AH,,, =+177.8 kJ/mol. All "heats of reaction" are molar and therefore
proportional. Stoichiometric amounts of heat can be determined for a given amount of starting material just as any other
stoichiometric calculation would be done.

v/ Example 3.2.2: Acid/base neutralization

The thermochemical equation for the acid/base neutralization reaction of hydrochloric acid with barium hydroxide solution is
2HCl+ Ba(OH)y — BaCly +2H,0+118 kJ (3.2.28)
How much heat is produces if 34.5 g of HCl reacts with a stoichiometric amount of Barium hydroxide?
Solution
Step 1: Balance the Equation
Given and confirmed

Step 2: Find number of moles of

1 mol
4. =0.94 | HCl 2.2
3 59)X36.5g 0.945 mol HC (3 9)
Step 3: Use ration to find kJ
118 kJ

So what's the advantage? Theoretically every reaction can be "rewritten" as a series of processes involving elements forming
individual compounds. It does not matter whether the reaction actually occurs that way, of course, because the enthalpies are
additive (Hess's Law). The heats of formation represent those reactions and therefore can be used in their place to determine the
overall enthalpy change in a reaction based on a mathematical statement.
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Z AH}) products B Z AH](’) reactants AH””” (3231)

That looks fearsome but it simply says that the overall enthalpy change for a reaction is the difference between the heat content of
the products and the heat content of the reactants. If the products end up with more stored energy than the reactants, the enthalpy
change will be positive (endothermic). If the products end up with less stored energy than the reactants, the enthalpy change will be
negative (exothermic).

v/ Example 3.2.3: Thermite Reaction

Thermite is a generic term for a mixture of metal and metal oxide used to generate tremendous heat. During the reaction one
metal is reduced and the other is oxidized. The classic thermite mixture consists of iron(IIT) oxide and aluminum:

Fey03+2Al — AlyO3 +2Fe (3232)

e The heat of formation for iron(IIT) oxide is -826 kJ/mol.
o The heat of formation for aluminum oxide is -1676 kJ/mol.

How much energy is released in this reaction?

Solution
AH,;, =—-1676 kJ —(—826 kJ) = —850 kJ /mol of either oxide (3.2.33)

The notion of looking at the enthalpy change as reflective of "stored energy" is important and suggestive. Observation indicates
that chemically "stable" compounds tend to have very negative heats of formation. Carbon dioxide (-393.5 kJ/mol) and water
(-285.5 kJ/mol) would be examples, but by no means the most extreme. Oxides of metals like iron(IIT) oxide and aluminum oxide
have very negative heats of formation.

In contrast, chemically "unstable" compounds tend to have rather positive heats of formation. These very reactive substances have
energy stored within their bonds. Silver fulminate, Ag,CsN2O3, is a good example. The heat of formation is +180 kJ/mol.

v/ Example 3.2.4: Silver fulminate

Silver fulminate is one of a series of compounds containing transition metals and the "fulminate" group. All of the compounds
are very unstable. When silver fulminate decomposes it does so according to the following reaction:

Ag202N202 —>2Ag+N2 +2C0 (3234)

e The heat of formation for silver fulminate is +180 kJ/mol.
o The heat of formation for carbon monoxide is -110.5 kJ/mol.

How much energy is released in this reaction? If 0.0009 g of silver fulminate decomposes (as in the "Whipper Snappers"
fireworks), how much energy is released?

Solution
AH,,, =2(-110.5kJ) —180kJ = —401 kJ/mol (3.2.35)
So

0.0009 gof silver fulminate is 3 x 10~® moles.

(3 x 10~%mol) x (401 kJ/mol) = 0.001 kJ (3.2.36)

Information like this seems to indicate that there might be a "preference" in Nature for reactions in which the enthalpy change is
negative---loss of energy seems to breed chemical "stability". Substances which don't meet that criterion tend to react until they do.
Or do they?
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