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Chapter 17: Spontaneity, Entropy, and Free Energy 
 
Review of Chemical Thermodynamics 
System: the matter of interest 
Surroundings: everything in the universe which is not part of the system 
Closed System: may exchange energy, but not matter, with its surroundings. 
Energy: capacity to do work 
Internal energy, E: total energy of a system 
work: application of a force through a distance 
  w = F x d 

force has units of Newtons (1 N = 1 kg m/s2); work has units of N m  or J 
 
We define work as positive if it is done on the system and negative if the system 
does it on the surroundings. 
 
Gases can do work by expanding and pushing against the surroundings.  This is 
called PV work and is given by  
 w = - P x V 
The minus sign is because we define w as work done on the system. 
 
First Law of Thermodynamics: the energy of the universe is constant 
 
Internal energy E of a system is the sum of the potential and kinetic energies of all 
its particles 
 ∆E = q + w 
 
 where ∆E is the change in the internal energy ∆E = Efinal - Einitial 
  q = heat flow into the system (q < 0 = exothermic, q > 0 = endothermic) 
  w = work done on the system 
 
Energy and Enthalpy 
 
Enthalpy   H = E + PV 
 
since E, P, and V are state functions, H is also a state function. 
 
 ∆H = ∆E + ∆(PV) = q + w + ∆(PV) 
 
at constant pressure 
 
 ∆H = qp - P∆V + P∆V = qp    (subscript p means P is constant) 
 ∆H = qp   H can be defined as the heat content of the system, ∆H = heat flow 
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17.1 Spontaneous Processes and Entropy 
 
Entropy is a state function which is related to the degree of disorder or randomness 
of a system. 
 
The driving force for a spontaneous process is an increase in entropy of the 
universe. 
 
Entropy increases when a solid melts or a liquid vaporizes. 
 S(s) < S(l) < S(g) 
 
Entropy increases during solution process of a condensed solute. (Sometimes the 
entropy of the solvent decreases due to solvation of the solute particles) 
 
Entropy decreases when a gas dissolves in a liquid. 
 
Generally, entropy increases if there is an increase in total volume, and decreases if 
there is a decrease in volume. 
 
17.2 Entropy and the Second Law of Thermodynamics  
Second Law of Thermodynamics  in any spontaneous process, the entropy of the 
universe increases. 
 
 ∆Suniv = ∆Ssys + ∆Ssurr 
 
17.3 The Effect of Temperature on Spontaneity  
Heat released to the surroundings causes the entropy of the surroundings to 
increase, in an amount proportional to 1/T 
 

 ∆Ssurr = 
-∆Hsys

T   

 
the units of entropy are J/K 
 
if ∆H for the system is negative, a positive amount of heat is released to the 
surroundings, and the entropy change for the surroundings will be positive 
 
 2Mg(s) + O2(g) → 2MgO(s) 
 
 ∆H = 2∆Hf(MgO) = -1203.4 kJ 
 

 ∆Ssurr = 
-∆Hsys

T   = - 
-1203.4 kJ

298 K   = +4037 J/K 
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However, ∆Suniv = ∆Ssys + ∆Ssurr so it is not enough for a process to be exothermic 
to ensure spontaneity.  If ∆Ssys is a large negative number, ∆Suniv may be negative, 
and the process may be non-spontaneous. 
 
 liquid  → solid 
 
the freezing of a liquid is an exothermic process, but S(liquid) is lower than S(solid), 
so the spontaneity of the freezing process depends on the temperature. 
 
The Third Law of Thermodynamics:  The entropy of a pure crystalline substance at 
0 K is 0. 
 
This allows us to measure S directly, unlike E and H, which can only be measured 
indirectly.  S is tabulated in Appendix 4 (pp A21-23) for many substances at 298 K.  
Note that all S values are positive, and that S is much larger than S for solids or 
liquids.   
 
 
17.4 Free Energy 
 
J. W. Gibbs defined a new function: Free Energy 
 
  G = H - TS 
 
For a process at constant T,  
 
 ∆G = ∆H - T∆S 
 

 ∆Suniv = ∆Ssys + ∆Ssurr = 
-∆Hsys

T    + ∆Ssys  

 
multiply by -T and drop sys subscripts 
 
 -T∆Suniv = ∆H - T∆S 
 
so ∆G = -T∆Suniv.  Since T is always positive, and since ∆Suniv is always positive for 
a spontaneous process, ∆G must be negative for a spontaneous process. 
 
 ∆G > 0 non-spontaneous (reverse process is spontaneous) 
 ∆G = 0 process is at equilibrium 
 ∆G < 0 process is spontaneous 
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The Influence of T on Free Energy 
 
 ∆G = ∆H - T∆S  
 
Over small T changes (≈ 2-300 K), H and S are constant enough that T will have the 
greatest effect on ∆G 
 

∆H ∆S T ∆G Direction 
positive negative all positive reverse 
negative positive all negative forward 
positive positive low positive reverse 
positive positive high negative forward 
negative negative low negative forward 
negative negative high positive reverse 

 
Since S is a state function, ∆S can be calculated for a reaction by Hess’ Law 
 ∆Srxn = ∑S°prod - ∑S°react 
 
for 2MgO(s) → 2Mg(s) + O2(g) 
 ∆S = 2(32.68 J/mol K) + (205.03 J/mol K) - 2(26.94 J/mol K) =  216.51 J/K 

 ∆Ssurr = 
-∆Hsys

T   = 
-1203.4 kJ

298 K   = -4037 J/K 

 
so ∆Suniv = ∆Ssys + ∆Ssurr = 216.51 J/K - 4037 J/K = -3820 J/K   not spontaneous 
 
At what temperature does the following reaction become spontaneous? 
 
 CaCO3 → CaO + CO2 
 
∆H = (-635.6 kJ) + (-393.5 kJ) - (-1206.9 kJ) = +177.8 kJ 
 
∆S = (39.8 J/K) + (213.6 J/K) - (92.9 J/K) = +160.5 J/K 
 
∆H and ∆S are both positive, so the reaction will be non-spontaneous at low T and 
spontaneous at high T. 
 
The reaction is at equilibrium when ∆G = 0, or when ∆H = T∆S 

 T = 
∆H
∆S  = 

+177.8 kJ
+160.5 J/K  = 1108 K = 835 ° C 

 
the reaction will be spontaneous at T > 835° C 
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Phase Transitions 
melting: solid ←→  liquid  at the melting point, ∆G = 0, so ∆H = T∆S 
 
∆S is positive, so ∆Hfus is always positive. 
 
∆Hvap and ∆Svap are always larger than ∆Hfus and ∆Sfus  
 
17.5 Entropy Changes in Chemical Reactions 
Entropy increases when more moles of product than reactant are formed 
Entropy increases when solids react to form liquids or gases, or when liquids react 
to form gases. 
 
17.6 Free Energy and Chemical Reactions 
We define a standard free energy of formation 
 
 ∆Gf° = ∆Hf° - T∆S° 
 
Values of ∆G for a reaction can be calculated from ∆Gf° values using Hess’ Law, or 
by the definition ∆G = ∆H - T∆S. 
 
Calculate ∆G for the reaction 
 
 C2H5OH + O2 → CH3COOH + H2O 
 
 ∆G = ∆Gf(CH3COOH) + ∆Gf(H2O) - ∆Gf(C2H5OH) - ∆Gf(O2) 
 
∆Gf for a free element in its standard state is zero. 
 
 ∆G = (-174.89 kJ) + (-157.24 kJ) -(-390.0 kJ) - 0 kJ = -57.87 kJ  spontaneous 
 
Calculate ∆G for the reaction 
 
 2MgO(s) → 2Mg(s) + O2(g) 
 
 ∆S = 216.51 J/K 
 
 ∆H = 1203.4 kJ 
 
 ∆G = ∆H - T∆S = (1203.4 kJ) - (298 K)(216.51 J/K) = +1,139 kJ  not 
spontaneous 
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17.7 The Dependence of Free Energy on Pressure 
 
Positional entropy of an ideal gas increases with increased volume 
 S(large vol) > S(small vol) 
Since P and V are inversely proportional, 
 S(low P) > S(high P) 
 
For a gas not at 1 atm pressure 
 
 G = G° + RT ln P  
 
where G is the nonstandard free energy, G° is the standard free energy, R is the gas 
law constant, 8.314 J/mol K, T is the temp in K, and P is the partial pressure 
 
for the reaction aA + bB  → cC + dD,  

 ∆G = ∆G° + RT ln 
PCc PDd

PAa PBb   or ∆G = ∆G° + RT ln Q 

(where PX is the partial pressure of X) 
 
 CO +  2H2 → CH3OH 
 
Calculate ∆G if P(CO) = 5.0 atm, [H2] = 3.0 atm at 25° C 
 
∆G° = (-166 kJ) - (-137 kJ) - (0 kJ) = -29 kJ      (by Hess’ Law) 
 

∆G = ∆G° + RT ln Q = -29 kJ + (8.314 J/mol K)(298 K) ln 
1

(5.0)(3.0)2
  = -38.4 kJ 

 
17.8 Free Energy and Equilibrium 
 
∆G = ∆G° + RT ln Q 
At equilibrium, ∆G = 0, so ∆G° + RT ln Q = 0,  
but at equilibrium, Q = Keq, therefore 
 
 ∆G° = -RT ln Keq  and 
 

 Keq = e-∆G°/RT 
 
∆G° = -33.3 kJ for the reaction N2 + 3H2 → 2NH3  Calculate Keq at 25° C 
 

 Keq = e-∆G°/RT = e33,300/(8.314)(298) = 6.87 x 105 
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Keq = 45.2 for the reaction 2NO2  → N2O4 at 317 K.  Calculate ∆G° 
 ∆G° = -RT ln Keq = -(8.314 J/mol K)(317 K) ln(45.2) = -10.0 kJ 
 (also, ∆G° = (+97.82 kJ/mol) - 2(+51.29 kJ/mol) = -4.70 kJ at 298 K) 
 
The Temperature Dependence of K 
 
 ∆G° = -RT ln Keq  and  ∆G° = ∆H° - T∆S° 
 
so ∆H° - T∆S° = -RT ln Keq 
 

 ln Keq = - 
∆H° - T∆S°

RT   = - 
∆H°
RT   + 

∆S°
R    

 
if we assume ∆S° and ∆H° are relatively constant with T, then the effect of T on K 
depends on the sign of ∆H° 
 
 ∆H° > 0 (endothermic) increased T makes ln K larger → larger K 
 ∆H° < 0 (exothermic) increased T makes ln K smaller → smaller K 
 
these conclusions are consistent with LeCatelier’s principle. 
 
The Influence of Temperature on Vapor Pressure 
 
For vaporization of a liquid 
 
 liquid ←→vapor  Keq = Pvap 

therefore. Keq = Pvap = e-∆G°/RT 
 
so vapor pressure increases exponentially with T 
 
Calculate the vapor pressure of water at 50° C 
   H2O(l) ←→H2O(g) 
∆Hf° kJ/mol -285.8 -241.8 
S° J/mol K 69.91 188.72 
∆Gf° kJ/mol -237.2 -228.59 
 
∆H = (-241.8) - (-285.8) = 44.0 kJ 
∆S = (188.72) - (69.91) = 118.81 J/K 
∆G = ∆H - T∆S = (44.0 kJ) - (323 K)(118.81 J/K) = +5.62 kJ  at 50 ° C 
 

 Pvap = Keq =e-∆G°/RT = e-(5.62 kJ)/(8.314 J/mol K)(323 K) = 0.123 atm 
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17.9 Free Energy and Work 
 
the maximum amount of energy obtainable from a process to do work is ∆G 
 wmax = ∆G 
 
∆G is the energy available to do work 


