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CHAPTER TWENTY 

 

 

Thermodynamics: Entropy, Free Energy, 
and the Direction of Chemical Reactions 

 

 

 

20.1 THE SECOND LAW OF THERMODYNAMICS: PREDICTING 

SPONTANEOUS CHANGE 

 

A spontaneous change of a system is one that occurs by itself under specified 

conditions, without an ongoing input of energy from outside the system. 

 The freezing of water, for example, is spontaneous at I atm and –5oC.  

 A spontaneous process such as burning or falling may need a little "push" to 

get started-a spark to ignite gasoline, a shove to knock a book off your desk-

but once the process begins, it keeps going without the need for any external 

input of energy. 

 

In contrast, for a nonspontaneous change to occur, the surroundings must supply 

the system with a continuous input of energy.  
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 A book falls spontaneously, but it rises only if something else, such as a 

human hand (or a hurricane-force wind), supplies energy in the form of work.  

 

A chemical reaction proceeding toward equilibrium is an example of a spontaneous 

change. But why is there a drive to attain equilibrium? And what determines the 

value of the equilibrium constant? Can we tell the direction of a spontaneous change 

in cases that are not as obvious as burning gasoline or falling books?  

 

 

limitations of the First Law of Thermodynamics 

o The first law of thermodynamics (the law of conservation of energy); the 

internal energy (E) of a system, the sum of the kinetic and potential energy of 

all its particles, changes when heat (q) and/or  work (w) are added or 

removed: 

E = q + w 

o The system and surroundings together constitute the universe (univ): 

Euniv = Esys + Esurr 

o Heat and/or work gained by the system is lost by the surroundings, and vice 

versa: 

(q + w)sys = - (q + w)surr 

o It follows from these ideas that the total energy of the universe is constant: 

Esys = - Esurr 

therefore    Esys + Esurr = 0 = Euniv 

 

NOTE: Any modern statement of conservation of energy must take into 
account mass-energy equivalence and the processes in stars, which convert 
enormous amounts of matter into energy. These can be included by stating 
that the total mass-energy of the universe is constant. 
 

Is the first law sufficient to explain why a natural process takes place as it does?  
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When gasoline burns in your car's engine, the first law states that the potential 

energy difference between the chemical bonds in the fuel mixture and those in the 

exhaust gases is converted to the kinetic energy of the moving car and its parts plus 

the heat released to the environment.  

However, the first law does not help us make sense of the direction of the change. 

Why doesn't the heat released in the car engine convert exhaust fumes back into 

gasoline and oxygen?  

 

 

The Sign of H Cannot Predict Spontaneous Change 

o Many spontaneous processes are exothermic.  

 All combustion reactions, such as methane burning, are spontaneous 

and exothermic: 

 

 Iron metal oxidizes spontaneously and exothermically: 

 

 Ionic compounds, such as NaCI, form spontaneously and exothermically 

from their elements: 

 

o However, in many other cases, an endothermic process is spontaneous: 

 All melting and vaporizing are endothermic changes that are 

spontaneous under proper conditions. 

 

 

 Most water-soluble salts have a positive Ho
soln yet dissolve 

spontaneously: 
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 Some endothermic chemical changes are also spontaneous: 

 

 

 

Freedom of Particle Motion and Dispersal of Particle Energy 

What features common to the previous endothermic processes can help us see why 

they occur spontaneously?  

A change in the freedom of motion of particles in a system and in the dispersal 

of their energy of motion is the key factor determining the direction of a 

spontaneous process. 

 

 

In each spontaneous process, the particles have more freedom of motion and, 

therefore, their energy of motion has more levels over which to be dispersed. 

 

Entropy and the Number of Microstates 

How freedom of motion and dispersal of energy relate to spontaneous change?  

 

o Molecules have quantized states. The complete quantum state of the molecule 

at any instant is given by a combination of its particular electronic, 

translational, rotational, and vibrational states.  
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o Each quantized state of the system is called a microstate, and every 

microstate has the same total energy at a given set of conditions. 

o With each microstate equally possible for the system, the laws of probability 

say that, over time, all microstates are equally occupied. 

o In 1877, the Austrian mathematician and physicist Ludwig Boltzmann defined 

the entropy (S) of a system in terms of the number of microstates, W: 

 

where k, the Boltzmann constant, is the universal gas constant (R) divided by 

Avogadro's number (NA), or R/NA, and equals 1.38 x 10-23 J/K. Because W is 

just a number it has no units, S has units of J/K.  

 

From this relationship, we conclude that 

 A system with fewer microstates (smaller W ) among which to spread its 

energy has lower entropy (lower S). 

 A system with more microstates (larger W ) among which to spread its 

energy has higher entropy (higher S). 

Thus, for our earlier examples, 

 

 

Changes in Entropy  

o If the number of microstates increases during a physical or chemical change, 

there are more ways for the energy of the system to be dispersed among 

them. Thus, the entropy increases: 

Smore microstates > Sfewer microstates 

 

If the number of microstates decreases, the entropy decreases. 
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o Like internal energy (E) and enthalpy (H), entropy is a thermodynamic state 

function, which means it depends only on the present state of the system, not 

on the path it took to an·ive at that state. Therefore, the change in entropy of 

the system (Ssys) depends only on the difference between its final and initial 

values: 

Ssys = Sfinal - Sinitial 

Examples; 

 

 

 

 

 

 

Quantitative Meaning of the Entropy Change  

Two approaches for quantifying an entropy change look different but give the same 

result.  

 The first is a statistical approach based on the number of microstates possible 

for the particles in a system.  

 The second is based on the heat absorbed (or released) by a system.  

 

We'll explore both in a simple case of 1 mol of an ideal gas, say neon, expanding 

from 10 L to 20 L at 298 K: 

 

 

Figure 20.1 A shows a container consisting of two identical flasks connected by a 

stopcock, with 1 mol of neon in the left flask and an evacuated right flask. We know 
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from experience that when we open the stopcock, the gas will expand to fill both 

flasks with 0.5 mol each-but why? 

 

 

Figure 20.1 Spontaneous expansion of a gas The container consists of two 

identical flasks connected by a stopcock. A, With the stopcock closed, 1 mol of 
neon gas occupies one flask, and the other is evacuated. B, Open the stopcock, 
and the gas expands spontaneously until each flask contains 0.5 mol. 
 
 
First Approach 

Let's start with one neon atom and think through what happens as we add more 

atoms and open the stopcock (Figure 20.2).  

 Opening the stopcock increases the volume, which increases the number of 

possible particle locations and, thus, translational energy levels. As a result, 

the system has 21 , or 2, times as many microstates possible when the atom 

moves through both flasks (final state, Wfinal) as when it is confined to one flask 

(initial state, W initial). 

 With 2 atoms, A and B, moving through both flasks, there are 22, or 4 , times 

as many microstates as when they are confined initially to one flask.  

 Add another atom and there are 23, or 8, times as many microstates when the 

stopcock is open-some number with all three in the left, that number with A 

and B in the left and C in the right, that number with A and C in the left and B 

in the right, and so on.  

 With 10 neon atoms, there are 210, or 1024, times as many microstates for the 

gas in both flasks. 
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 Finally, with 1 mol (NA) of neon atoms, there are 2NA times as many 

microstates possible for the atoms in both flasks (Wfinal) as in one flask (Winitial) 

In other words, for 1 mol, we have 

 

 

 

Figure 20.2 Expansion of a gas and the increase in number of microstates. When a 

gas confined to one flask is allowed to spread through two flasks, the energy of the 
particles is dispersed over more microstates, and so the entropy is higher. Each 
combination of particles in the available volume represents a different microstate. 
The increase in the number of possible microstates that occurs when the volume 

increases is given by 2n, where n is the number of particles. 
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Now let's find Ssys through the Boltzmann equation, S = k In W. From Appendix A, 

we know that In A - In B = In A/B . Thus, 

 

 

or, for 1 mol, SSYS = 5 .76 J/K 

 

Second Approach 

In the second approach, the entropy change is defined by 

 

where T is the temperature at which the heat change occurs and q is the heat 

absorbed.  

The subscript "rev" refers to a reversible process, one that occurs slowly enough 

for equilibrium to be maintained continuously, so that the direction of the change can 

be reversed by an infinitesimal reversal of conditions. 

 

A truly reversible expansion of an ideal gas can only be imagined, but we can 

approximate it by placing the 10-L neon sample in a piston-cylinder assembly 

surrounded by a heat reservoir maintained at 298 K, with a beaker of sand on 

the piston exerting the pressure.  

o We remove one grain of sand (an "infinitesimal" change in pressure), and the 

gas expands a tiny amount, raising the piston and doing work on the 

surroundings, - w. If the neon behaves ideally, it absorbs from the reservoir a 

tiny increment of heat q, equivalent to - w. 

o We remove another grain of sand, and the gas expands a tiny bit more and 

absorbs another tiny increment of heat. This expansion is very close to being 

reversible because we can reverse it at any point by putting a grain of sand 
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back into the beaker, which causes a tiny compression of the gas and a tiny 

release of heat into the reservoir.  

o If we continue this expansion process to 20 L and apply calculus to add 

together all the tiny increments of heat, we find qrev is 1718 J. Thus, applying 

the equation above, the entropy change is 

 

This is the same result we obtained by the statistical approach. 

 

 

Entropy and the Second Law of Thermodynamics 

Now back to our earlier question: what criterion determines the direction of a 

spontaneous change?  

 Second Law: all real processes occur spontaneously in the direction that 

increases the entropy of the universe (system plus surroundings) 

 

 Entropy of the system may decrease or increase, entropy of the surroundings 

may also decrease or increases, but the entropy of the universe (system plus 

surroundings) must always increases in a spontaneous process. 

 

 

Standard Molar Entropies and the Third Law 

o Both entropy and enthalpy are state functions, but the nature of their values 

differs in a fundamental way.  

o We cannot determine absolute enthalpies because we have no baseline value 

for the enthalpy of a substance. Therefore, we measure only enthalpy 

changes. 

o In contrast, we can determine the absolute entropy of a substance. To do so 
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requires application of the third law of thermodynamics, which states that a 

perfect crystal has zero entropy at a temperature of absolute zero; Ssys = 0 at 0 

K. 

o At absolute zero, all particles in the crystal have the minimum energy, and 

there is only one way it can be dispersed: W = 1 , so S = k In 1 = 0. When we 

warm the crystal, its total energy increases, so the particles' energy can be 

dispersed over more microstates (Figure 20.3). Thus, W > 1 , In W > 0, and S 

> 0. 

 

 
 

 

o The entropy of a substance at a given temperature is therefore an absolute 

value that is equal to the entropy increase obtained when the substance is 

heated from 0 K to that temperature. 

o The standard molar entropy (So) has unit of J/mol · K. The So values at 298 K 

for many elements, compounds, and ions appear, with other thermodynamic 

variables, in Appendix B. 
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Predicting Relative S° Values of a System  

Based on an understanding of systems at the molecular level and the effects of heat 

absorbed, we can often predict how the entropy of a substance is affected by 

temperature, physical state, dissolution, and atomic or molecular complexity.  

1. Temperature changes. For a given substance, So increases as the temperature 

rises. Consider these typical values for copper metal: 

 

The temperature increases as heat is absorbed (q > 0), which represents an 

increase in the average kinetic energy of the particles. 

2. Physical states and phase changes. So increases for a substance as it changes 

from a solid to a liquid to a gas: 

 

Figure 20.4 shows the entropy of a typical substance as it is heated. Note the 

gradual increase within a phase as the temperature rises and the large, sudden 

increase at the phase change. Note that So
vap>>So

fus. 

 

 
Figure 20.4  

The increase in entropy from solid to 
liquid to gas. A plot of entropy vs. 
temperature shows the gradual increase 
in entropy within a phase and the abrupt 
increase with a phase change. The 
molecular-scale views depict the 
increase in freedom of motion of the 
particles as the solid melts and, even 
more so, as the liquid vaporizes. 
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3. Dissolving a solid or liquid. The entropy of a dissolved solid or liquid is 

usually greater than the entropy of the pure solute, but the nature of solute and 

solvent and the dissolving process affect the overall entropy change (Figure 20.5): 

 

 

 
Figure 20.5  
The entropy change accompanying 
the dissolution of a salt. 
When a crystalline salt and pure liquid 
water form a solution, the entropy 
change has two contributions: a positive 
contribution as the crystal separates into 
ions and the pure liquid disperses them, 
and a negative contribution as water 
molecules become organized around 
each ion. The relative magnitudes of 
these contributions determine the overall 
entropy change. The entropy of a salt 
solution is usually greater than that of 
the solid and water. 

 

 When an ionic solid dissolves in water, the entropy of the ions themselves is 

greater in the solution than in the crystal. However, some of the water 

molecules become organized around the ions, their motions restricted (see 

Figure 13.2), which makes a negative contribution to the overall entropy 

change. This negative contribution can dominate and lead to negative So 

values for the ions in solution.  

For example, the Al3+
(aq) ion has such a negative So value (- 313 J/mol· K). 
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 An So value for a hydrated ion can be negative because it is relative to the So 

value for the hydrated proton, H+
(aq), which is assigned a value of 0. In other 

words, AI3+
(aq) has a lower entropy than H+

(aq). 

 For molecular solutes, the increase in entropy upon dissolving is typically 

much smaller than for ionic solutes. For a solid such as glucose, there is no 

separation into ions, and for a liquid such as ethanol, the breakdown of a 

crystal structure is absent as well.  

 Furthermore, in pure ethanol and in pure water, the molecules form many H 

bonds, so there is relatively little change in their freedom of motion when they 

are mixed (Figure 20.6). The small increase in the entropy of dissolved ethanol 

arises from the random mixing of the molecules. 

 

 

 

4. Dissolving a gas. The particles in a gas always lose freedom when they dissolve 

in a liquid or solid. Therefore, the entropy of a solution of a gas in a liquid or a solid 

is always less than the entropy of the gas.  

For instance, when gaseous O2 [S
o(g) = 205.0 J/mol.K] dissolves in water, its 

entropy decreases dramatically [So(aq) = 110.9 J/mol·K] (Figure 20.7). When a gas 
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dissolves in another gas, however, the entropy increases from the mixing of the 

molecules. 

 

 

Figure 20.7  
The large decrease in entropy of a gas 
when it dissolves in a liquid. The chaotic 
movement and high entropy of 
molecules of O2 are reduced greatly 
when the gas dissolves in water. 

 

5. Atomic size or molecular complexity. For elements within a periodic group, 

energy levels (microstates) become closer together for heavier atoms. 

 Entropy increases down the group: 

 

The same trend of increasing entropy down a group holds for similar compounds: 

 

 

 For an element that occurs in different forms (allotropes), the entropy is 

higher in the form that allows the atoms more freedom of motion, which 

disperses their energy over more microstates.  

For example, the So of graphite is 5.69 J/mol·K, whereas the So of diamond is 

2.44 J/mol· K. In diamond, covalent bonds extend in three dimensions, allowing 

the atoms little movement; in graphite, covalent bonds extend only within a two-
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dimensional sheet, and motion of the sheets relative to each other is relatively 

easy. 

 For compounds, entropy increases with chemical complexity, that is, with 

the number of atoms in a formula unit or molecule of the compound. This 

trend holds for both ionic and covalent substances, as long as they are in the 

same phase: 

 

 

 

 For larger molecules, we also consider how one part of a molecule moves 

relative to other parts. A long hydrocarbon chain can rotate and vibrate in 

more ways than a short one, so entropy increases with chain length. A ring 

compound, such as cyclopentane (C5H10), has lower entropy than the 

corresponding chain compound, pentene (C5H10), because the ring structure 

restricts freedom of motion: 
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When gases are compared with liquids, the effect of physical state usually 

dominates that of molecular complexity. Gaseous methane has a greater entropy 

than liquid ethanol even though ethanol molecules are more complex. 
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20.2 CALCULATING THE CHANGE IN ENTROPY OF A REACTION 

Entropy Changes in the System: Standard Entropy of Reaction (So
rxn) 

o In a chemical reaction involving gases, if the number of moles of gas 

increases, So
rxn is usually positive; if the number decreases, So

rxn is usually 

negative. 

 

 

 

o We can combine So values to find the standard entropy of reaction, So
rxn: 

 

where m and n are the amounts (mol) of the individual species, given by their 

coefficients in the balanced equation.  

For the formation of ammonia, we have 

So
rxn = [(2 mol NH3)(S

o of NH3)] - [(1 mol N2)(S
o of N2) + (3 mol H2)(S

o of H2)] 

So
rxn = [(2 mol)( l93 J/mol·K)] - [(1 mol)(191.5 J/mol.K) + (3 mol)(130.6 J/mol·K)] 

So
rxn = - 197 J/K 
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Entropy Changes in the Surroundings: The Other Part of the Total 

o The second law dictates that decreases in the entropy of the system  

can occur only if increases in the entropy of the surroundings outweigh them. 

o The essential role of the surroundings is to either add heat to the system or 

remove heat from it. In essence, the surroundings function as an enormous 

heat source or heat sink, one so large that its temperature remains constant, 

even though its entropy changes through the loss or gain of heat.  

o The surroundings participate in the two possible types of enthalpy changes as 

follows: 

 

 

o The temperature of the surroundings at which the heat is transferred also 

affects Ssurr.  

 

Recall that for a process at constant pressure, the heat (qp) is H, so 

 

This means that we can calculate Ssurr by measuring Hsys and the temperature 

T at which the change takes place. 
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The Entropy Change and the Equilibrium State 

o For a process spontaneously approaching equilibrium, Suniv > 0.  

o When the process reaches equilibrium, Suniv = 0.  

 

For example, let's calculate Suniv for a phase change. For the vaporization- 

condensation of 1 mol of water at 100oC (373 K), 

 

 

 

 

 

 

For the reverse change (condensation), Suniv also equals zero, but Ssys and Ssurr 

have signs opposite those for vaporization. A similar treatment of a chemical change 

shows the same result: the entropy change of the forward reaction is equal in 

magnitude but opposite in sign to the entropy change of the reverse reaction. 

 

Spontaneous Exothermic and Endothermic Reactions: A Summary 

We can now see why exothermic and endothermic spontaneous reactions occur. 

No matter what its enthalpy change, a reaction occurs because the total entropy 

of the reacting system and its surroundings increases. The two possibilities are 1. 

For an exothermic reaction Hsys < 0, and Ssurr > 0. 

 If the reacting system yields products whose entropy is greater than that of the 

reactants (Ssys > 0), the total entropy change (Ssys + Ssurr) will be positive 
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(Figure 20.9A). 

 If, on the other hand, the entropy of the system decreases as the reaction 

occurs (Ssys < 0), the entropy of the surroundings must increase even more 

(Ssurr > > 0) to make the total S positive (Figure 20.9B ). 

2. For an endothermic reaction Hsys > 0, and Ssurr < 0. Therefore, the only way 

an endothermic reaction can occur spontaneously is if Ssys is positive and large 

enough (Ssys > > 0) to outweigh the negative Ssurr (Figure 20.9C). 

 

 

 

 

 

 

20.3 ENTROPY, FREE ENERGY, AND WORK 

By making two separate measurements, Ssys and Ssurr we can predict whether 

a reaction will be spontaneous at a particular temperature. It would be useful, 

however, to have one criterion for spontaneity that we can find by examining the 

system only. The Gibbs free energy, or simply free energy (G), is a function that 

combines the system's enthalpy and entropy: 

G = H - TS 

This function provides the criterion for spontaneity we've been seeking. 
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Free Energy Change and Reaction Spontaneity 

The entropy change of the universe is the sum of the entropy changes of the system 

and the surroundings: 

 

At constant pressure, 

 

So: 

 

 

From G = H - TS, the Gibbs equation shows us the change in the free energy of the 

system at constant temperature and pressure: 

 

Combining this equation with the previous one shows that 

 

 

  

 

 

Calculating Standard Free Energy Changes 

The Standard Free Energy Change As we did with the other thermodynamic 

variables, to compare the free energy changes of different reactions we calculate 

the standard free energy change (Go), which occurs when all components of the 

system are in their standard states.  
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The Standard Free Energy of Formation  

o Another way to calculate Go
rxn is with values for the standard free energy of 

formation (Gf
o) of the components. 

o Gf
o is the free energy change that occurs when 1 mol of compound is made 

from its elements, with all components in their standard states.  
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G and the Work a System Can Do 

o For a spontaneous process (G < 0) at constant T and P, G is the maximum 

useful work obtainable from the system (- w) as the process takes place: 

 

o For a nonspontaneous process (G > 0) at constant T and P, G is the 

minimum work that must be done to the system to make the process take 

place. 

o The system actually does depends on how the free energy is released. 

Suppose an expanding gas does work by lifting an object. The maximum work 

could be done only in an infinite number of steps; that is, the maximum work is 

done by a spontaneous process only if it is carried out reversibly.  

o In any real process, work is done irreversibly-in a finite number of steps-so we 

can never obtain the maximum work. The free energy not used for work is lost 

as heat. 

 

 

Consider the work done by a battery, a packaged spontaneous redox reaction that 

releases free energy to the surroundings (flashlight, radio, motor, or other device).  

 If we connect the battery terminals to each other through a short piece of wire, 

Gsys is released all at once but does no work, it just heats the wire and 

battery and outside air, which increases the freedom of motion of the particles 

in the universe.  

 If we connect the battery terminals to a motor, Gsys is released more slowly, 

and much of it runs the motor; however, some is still lost as heat. 

 Only if a battery could discharge infinitely slowly could we obtain the maximum 

work.  
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The Effect of Temperature on Reaction Spontaneity 

The temperature of a reaction influences the magnitude of the TS term, so, for 

many reactions, the overall spontaneity depends on the temperature. By scrutinizing 

the signs of H and S, we can predict the effect of temperature on the sign of G.  

 

Temperature-independent cases. When H and S have opposite signs, the 

reaction occurs spontaneously either at all temperatures or at none. 

1. Reaction is spontaneous at all temperatures: H < 0, S > 0.  

Most combustion reactions are in this category. The decomposition of hydrogen 

peroxide, a common disinfectant, is also spontaneous at all temperatures: 

 

2. Reaction is nonspontaneous at all temperatures: H > 0, S < 0.  

The formation of ozone from oxygen is not spontaneous at any temperature: 

 

 

 

Temperature-dependent cases. When H and S have the same sign, the relative 

magnitudes of the -TS and H terms determine the sign of G.  

3. Reaction is spontaneous at higher temperatures: H > 0 and S > 0. Here, 

S favors spontaneity ( -TS < 0), but H does not. For example, 

 

The oxidation of N2O occurs spontaneously at T > 994 K. 

4. Reaction is spontaneous at lower temperatures: H < 0 and S < 0. Now, H 

favors spontaneity, but S does not (-TS > 0). For example, 

 

The production of iron(III) oxide occurs spontaneously at any T < 3005 K. 
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The Temperature at Which a Reaction Becomes Spontaneous  

It would certainly be useful to know the temperature at which a reaction becomes 

spontaneous. This is the temperature at which a positive G switches to a negative 

G because of the changing magnitude of the -TS term. 

 

Consider the reaction of copper(I) oxide with carbon: 

 

S = 165 J/K, H = 58.1 kJ. At the crossover temperature, G = 0, so 

 

At any temperature above 352 K (79°C), the reaction occurs spontaneously. 
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Coupling of Reactions to Drive a Nonspontaneous Change 

When studying a multistep reaction, chemists often find that a nonspontaneous 

step is driven by a spontaneous step in a coupling of reactions.  

 

o Look again at the reaction of copper(I) oxide with carbon. Previously, we found 

that the overall reaction becomes spontaneous above 352 K. Dividing the 

reaction into two steps, we find that, even at the slightly higher temperature of 

375 K, decomposition of copper(I) oxide to its elements is not spontaneous: 

 

 

Coupling these reactions allows the reaction with the larger negative G to 

"drive" the one with the smaller positive G.  

 

 

o Many biochemical processes-including the syntheses of proteins, nucleic 

acids, and fatty acids have nonspontaneous steps. Coupling these steps to 

spontaneous ones is a life-sustaining strategy that is common to all organisms. 

 

 

20.4 FREE ENERGY, EQUILIBRIUM, AND REACTION DIRECTION 

The sign of G allows us to predict reaction direction, and this can be related with 

the values of the reaction quotient (Q) and the equilibrium constant (K); 

 If Q/ K < 1 , then In Q/ K < 0: reaction proceeds to the right (G < 0). 

 If Q/ K > 1 , then In Q/ K > 0: reaction proceeds to the left (G > 0). 

 If Q/ K = 1 , then In Q/ K = 0: reaction is at equilibrium (G = 0). 

 

In fact, G and In Q/ K are proportional to each other and made equal through the 

constant RT: 
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The equation says that G depends on how different the ratio of concentrations, Q, 

is from the equilibrium ratio, K. By choosing standard-state values for Q, we obtain 

the standard free energy change (Go). When all concentrations are 1 M (or all 

pressures 1 atm), G equals Go and Q equals 1: 

 

 

This relationship allows us to calculate the standard free energy change of a 

reaction (Go) from its equilibrium constant, or vice versa.  

Table 20.2 shows the K values that correspond to a range of Go values. 

 

Of course, reactions do not usually begin with all components in their standard 

states. By substituting the relationship between Go and K into the expression for 

G, we obtain a relationship that applies to any starting concentrations: 
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Another Look at the Meaning of Spontaneity  

Consider the general reaction A  B, for which K = [B ] / [ A] > 1; therefore, 

the reaction proceeds largely from left to right (Figure 20.12 A).  

 From pure A to the equilibrium point, Q < K and the curved green arrow 

indicates the reaction is spontaneous (G < 0). From there on, the curved red 

arrow shows the reaction is nonspontaneous (G > 0).  

 From pure B to the equilibrium point, Q > K and the reaction is also 

spontaneous (G < 0), but not thereafter.  

 In either case, the free energy decreases as the reaction proceeds, until it 

reaches a minimum at the equilibrium mixture: Q = K and G = 0.  

 For the overall reaction A  B (starting with all components in their standard 

states), Go
B < Go

A, so Go is negative, which corresponds to K > 1. We call 
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this a product favored reaction because the final state of the system contains 

mostly product. 

 

Now consider the opposite situation, a general reaction C  D, for which K = [D]/[C] 

< 1 : the reaction proceeds only slightly from left to right (Figure 20.12B). 

 

 Here, too, whether we start with pure C or pure D, the reaction is spontaneous 

(G < 0) until the equilibrium point. But here, the equilibrium mixture contains 

mostly C (the reactant), so we say the reaction is reactant favored.  

In this case, Go
D > Go

C, so Go is positive, which corresponds to K< 1. 

 

 

Figure 20.12 The relation between free energy and the extent of reaction. The free 

energy of the system is plotted against the extent of reaction. Each reaction 

proceeds spontaneously (Q  K and G < 0; curved green arrows) from either pure 
reactants (A or C) or pure products (B or D) to the equilibrium mixture, at which point 

G = 0. The reaction from the equilibrium mixture to either pure reactants or 

products is nonspontaneous (G > 0; curved red arrows). A, For the product-favored 

reaction A  B, Go
A > Go

B, so Go < 0 and K > 1 . B, For the reactant-favored 

reaction C  D, Go
D > Go

C, so Go > 0 and K < 1. 
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