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Absolute zero, unattainability of,

Third Law, 67–68
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Adiabatic walls, thermodynamics, 13

Arbitrary cycle, Second Law, 38

Axiomatic approach:
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Second Law, 41–43
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Beattie-Bridgeman equation, equations

of state, 84

Berthelot equation, equations of state,
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Boiling point elevation, solutions
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properties, 109–111

Bose-Einstein statistics, statistical

mechanics, 137–138

Carathéodory’s Principle, Second Law,

axiomatic approach, 41–43,
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Carathéodory’s Theorem, Second Law,
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axiomatic approach, 41–43

Carnot cycle (Second Law), 33–34, 35
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Clausius inequality, 39
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Chemical potential:
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Clapeyron Equation:

generalized, phase equilibrium,

98–99

Phase equilibrium, 96

Clausius-Clapeyron Equation, phase

equilibrium, 97

Clausius inequality, Second Law,

39–41

Clausius Principle, Second Law, 33,

35–36

Closed system, thermodynamics, 8

Colligative properties (solutions,

nonelectrolytes), 108–113

boiling point elevation, 109–111

freezing point depression,

109–111

osmotic pressure, 112–113

solvent vapor pressure depression,

108–109

Combinatory analysis, statistical

mechanics, 134–136

Condensed systems, 91–93

chemical potential, 92–93

enthalpy, 93

entropy, 93

gases compared, 91–92

Conservation of energy, First Law,

17–18

Coupled cycles, Second Law, absolute

temperature, 36–38

Cp – Cv, First Law, 27–28

Critical region, phase transition,

124–126

Cross terms, stability conditions from,

80–81

Crystalline solids (localized systems),

entropy, statistical mechanics/

thermodynamics, 145

�A and �G relations to work, free

energy functions, 56–58

Dependent variables:

of partial derivatives, First Law,

26–27

thermodynamics, 8–9

Diathermal walls, thermodynamics, 13

Diatomics:

rotational molecular partition

function, 152–153

vibrational molecular partition

function, 152

Different subscripts, partial derivatives,

First Law, 27

Dilute solutions. See Solutions

(nonelectrolytes)

Distinguishable (localized) particles,

indistinguishable (nonlocalized)

particles and, statistical

mechanics, 139

Distributions D1, SD, microstate number

and, statistical mechanics,

132–134

Einstein solid (statistical mechanics

application), 164–166

energy, 164–165

entropy, 165–166

heat capacity, 165

Elastic hard sphere, equations of state,

83–84

Electronic molecular partition function,

154

Energy:

equilibrium/stability, 75–77

boundary fully heat conducting,

deformable, permeable, 75–76

boundary semi-heat conducting,

semi-deformable, semi-

permeable, 76–77

localized particles systems, statistical

mechanics application, 164–165

statistical mechanics/

thermodynamics, 143–144

zero of, molecular partition function,

155–157

Engine efficiency, Second Law, 36–38

coupled cycles, 36–38

ideal gas, 36
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Ensemble averages, time averages and,

statistical mechanics, 131–132

Enthalpy:

condensed systems, 93

First Law, heat and, 24–25

free energy functions, 53

gases, 85–86

mixtures of gases, 90–91

Second Law, 32

Entropy:

condensed systems, 93

equilibrium/stability, virtual

variation, 72

gases, 86–87

localized particles systems, statistical

mechanics application, 165–166

mixtures of gases, 90–91

Second Law:

axiomatic approach, 45–48

nonisolated systems, 48–49

statistical mechanics/

thermodynamics, 144–145

Equations of state, gases, 83–85

Equilibrium:

chemical, 99–101

equilibrium constant, 100–101

internal energy, 99–100

phase equilibrium, 94–99

Clapeyron Equation, 96

generalized, 98–99

Clausius-Clapeyron Equation, 97

phase rule, 94–96

thermodynamics, reversible

processes, 12

Equilibrium constant, chemical

equilibrium, 100–101

Equilibrium constraints, statistical

mechanics application, 161–164

Equilibrium/stability, 70–82.

See also Stability

conditions from E, 78–80

cross terms, 80–81

derivatives with respect to intensive

variables, 82

energy, 75–77

boundary fully heat conducting,

deformable, permeable, 75–76

boundary semi-heat conducting,

semi-deformable, semi-

permeable, 76–77

general conditions, 78

inequalities, 72–75

mechanics, 70

other potentials, 77, 81

thermodynamics, 70–71

virtual variation, 71–72

Euler’s theorem, free energy functions,

60–62

Exact differentials, first Law, 18–19

Extensive variables, thermodynamics, 9

Fermi-Dirac statistics, statistical

mechanics, 137

First Law, 14–31

applications, 23–25, 27–31

adiabatic change, ideal gas,

28–29

Cp – Cv, 27–28

heat and enthalpy, 24–25

heat and internal energy, 23–24

heat capacity, 23

isothermal change, ideal gas, 28

Joule and Joule-Thomson

coefficients, 29–31

axiomatic approach, 19–23, 42

definitions, 14–15

exact/inexact differentials, 18–19

partial derivatives, 26–27

thermal contact/thermal equilibrium,

13

traditional approach, 16–18

Zeroth Law, temperature, 15–16

First-order phase transition, 119–120

fL work, P-V work, sA and, 116–118

Free energy, mixtures of gases, 90–91

Free energy functions, 52–64

chemical potential, 59–60

�A and �G relations to work, 56–58

Euler’s theorem, 60–61
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Free energy functions (Continued)

generalizations, 58–59

multicomponent system, 59

single component system, 58

Gibbs-Helmholtz equations, 55

Legendre transformations, 53–54

Maxwell relations, 55

thermodynamics potentials, 61–64

Freezing point depression, solutions

(nonelectrolytes), colligative

properties, 109–111

Fugacity:

gases, 88–89

partial, mixtures of gases, 90

Gases, 83–91

chemical potential, 87–88

condensed systems compared, 91–92

enthalpy, 85–86

entropy, 86–87

equations of state, 83–85

fugacity, 88–89

ideal gas:

adiabatic change, First Law, 28–29

equations of state, 83

isothermal change, First Law, 28

mixtures of, 90–91

nonlocalized systems, entropy,

statistical mechanics/

thermodynamics, 145

solutions (nonelectrolytes), activities

and standard state conventions,

102–103

standard states of, 89–90

thermodynamic functions of,

statistical mechanics

application, 159–161

Gibbs free energy:

free energy functions, 53, 59–60

gases, chemical potential, 87–88

phase transition, stable, metastable,

and unstable isotherms, 122

Gibbs-Helmholtz equations:

free energy functions, 55

solutions (nonelectrolytes), solvent

vapor pressure depression, 110

Heat. See also First Law

enthalpy and, First Law, 24–25

First Law, 14–15

axiomatic approach, 19–23

internal energy and, First Law,

23–24

statistical mechanics/

thermodynamics, 143–144

Heat capacity:

First Law, 23

statistical mechanics applications,

localized particles systems, 165

Helmholtz free energy, free energy

functions, 53, 59–60

Henry’s Law, ideally dilute solutions,

105–107

Heterogeneous systems/phases,

thermodynamics, 9

Homogeneous systems/phases,

thermodynamics, 9

Ideal gas. See also Gases

adiabatic change, First Law, 28–29

equations of state, 83

isothermal change, First Law, 28

Ideally dilute solutions, Henry’s Law,

105–107

Ideal solutions:

nonelectrolytes, thermodynamic

functions of mixing, 107

Raoult’s Law, 104–105

Independent variables,

thermodynamics, 8–9

Indistinguishable (nonlocalized)

particles, distinguishable

(localized) particles and,

statistical mechanics, 139

Inequalities, equilibrium/stability,

72–75

Inexact differentials, first Law, 18–19
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Intensive variables:

derivatives with respect to,

equilibrium/stability, 82

phase equilibrium, 94–95

thermodynamics, 9

Internal energy:

chemical equilibrium, 99–100

First Law, 17

heat and, First Law, 23–24

Second Law, 32

Irreversibility, spontaneous processes, 12

Irreversible processes, Second Law,

applications, 51

Isolated system, thermodynamics, 8

Isothermal change, ideal gas,

First Law, 28

Isotherms, stable, metastable, and

unstable, phase transition,

120–124

Joule, Joule-Thomson coefficients and,

First Law, 30–31

Joule Paddle-Wheel experiment, 21

Joule-Thomson coefficients, Joule and,

First Law, 30–31

Kelvin-Planck Principle, Second Law,

33, 35–36

Law of Corresponding States, equations

of state, 84

Laws, phenomenological approach, 7

Legendre Transformations:

Clapeyron Equation, 96

free energy functions, 53–54, 62, 63

Lewis, G. N., Third Law, 67

Liquid-liquid solutions

(nonelectrolytes), activities and

standard state conventions, 104

Liquids, pure, solutions

(nonelectrolytes), activities and

standard state conventions, 103

Liquid system. See Condensed systems

Localized (distinguishable) particles,

nonlocalized (indistinguishable)

particles and, statistical

mechanics, 139

Localized particles systems, statistical

mechanics application,

164–166

energy, 164–165

entropy, 165–166

heat capacity, 165

Localized systems, entropy, statistical

mechanics/thermodynamics,

145

Macroscopic constituents, statistical

mechanics, 129–130

Maxwell-Boltzmann statistics:

microstate number, SD, distributions

D1, 133

statistical mechanics, 137, 140–142

Maxwell relations, free energy

functions, 55

Mechanics. See also

Statistical mechanics

equilibrium/stability, 70

field of, 1

Metastable equilibriums, mechanics, 70

Metastable isotherms, phase transition,

120–124

Microscopic constituents,

thermodynamics, 129–130

Microstate number, SD, distributions

D1 and, statistical mechanics,

132–134

Mixtures, solutions (nonelectrolytes),

activities and standard state

conventions, 103–104

Molecular behavior, quantum

mechanics, 1

Molecular partition function,

150–157

electronic, 154

energy, zero of, 155–157
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Molecular partition

function (Continued)

nuclear spin states, 154–155

rotational (diatomics), 152–153

translational, 151

vibrational (diatomics), 152

Multicomponent system, free energy

functions, 59

Nernst Heat Theorem, Third Law, 66, 67

Neutral equilibriums, mechanics, 70

Nonelectrolyte solutions. See Solutions

(nonelectrolytes)

Nonideal solutions (nonelectrolytes),

thermodynamic functions of

mixing, 107–108

Nonisolated systems, Second Law,

entropy, 48–49

Nonlocalized (indistinguishable)

particles, localized

(distinguishable) particles and,

statistical mechanics, 139

Nonlocalized systems, entropy,

statistical mechanics/

thermodynamics, 145

Nuclear spin states, molecular partition

function, 154–155

Open system, thermodynamics, 8

Osmotic pressure, solutions

(nonelectrolytes), colligative

properties, 112–113

Partial derivatives:

dependent variables, First Law,

26–27

First Law, 26–27

subscripts, First Law, 27

Partial fugacity, mixtures of gases, 90

Partition function, statistical mechanics,

140–142

Pfaffian differential forms, Second Law,

43–45

multiple variables, 44–45

two variables, 44

Phase equilibrium, 94–99. See also

Equilibrium

Clapeyron Equation, 96

generalized, 98–99

Clausius-Clapeyron Equation, 97

phase rule, 94–96

Phase rule, phase equilibrium, 94–96

Phases, homogeneous/heterogeneous

systems/phases, 9

Phase transitions, 119–128

critical region, 124–126

first-order, 119–120

stable, metastable, and unstable

isotherms, 120–124

Phenomenological approach, laws, 7

Planck, Third Law, 66, 67

Population ratios, statistical mechanics

application, 158–159

Pressure, statistical mechanics/

thermodynamics, 146–147

Pure liquids and solids, solutions

(nonelectrolytes), activities and

standard state conventions, 103

P-V work:

sA, fL work and, 116–118

work, 115–116

Quantum mechanics, field of, 1

Quantum state, statistical mechanics,

140–142

Quasi-static processes,

thermodynamics, 10–11

Raoult’s Law, ideal solutions, 104–105

Reversibility, concept of, 10–11

Reversible processes:

Second Law:

applications, 50–51

entropy, axiomatic approach,

45–48

thermodynamics, 10–11, 12–13
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Rotational molecular partition function

(diatomics), 152–153

sA, fL work, P-V work and, 116–118

Second Law, 32–51

absolute temperature, 36–38

coupled cycles, 36–38

ideal gas, 36

applications, 50–51

irreversible processes, 51

reversible processes, 50–51

arbitrary cycle, 38

axiomatic approach, 41–43

entropy, 45–48

Carathéodory’s Theorem, 45

Clausius inequality, 39–41

entropy, nonisolated systems, 48–49

Pfaffian differential forms, 43–45

multiple variables, 44–45

two variables, 44

traditional approach, 32–36

Single component system, free energy

functions, generalizations, 58

Solid-liquid solutions (nonelectrolytes),

activities and standard state

conventions, 104

Solids, pure, solutions (nonelectrolytes),

activities and standard state

conventions, 103

Solid system. See Condensed systems

Solutions (nonelectrolytes), 102–113

activities and standard state

conventions, 102–104

gases, 102–103

mixtures, 103–104

pure liquids and solids, 103

colligative properties, 108–113

boiling point elevation, 109–111

freezing point depression, 109–111

osmotic pressure, 112–113

solvent vapor pressure depression,

108–109

ideally dilute solutions, 105–107

ideal solutions, 104–105

thermodynamic functions of mixing,

107–108

ideal solutions, 107

nonideal solutions, 107–108

Solvents, mixtures, solutions

(nonelectrolytes), 103

Solvent vapor pressure depression,

solutions (nonelectrolytes),

colligative properties, 108–109

Spontaneity, free energy functions, �A

and �G relations to work,

56–58

Spontaneous processes, irreversibility

of, 12

Stability. See also Equilibrium/stability

conditions from E, 78–80

cross terms, 80–81

general conditions, 78

other potentials, 81

Stable equilibriums, mechanics, 70

Stable isotherms, phase transition,

120–124

State variables, thermodynamics, 8–9

Statistical mechanics, 129–142,

129–166. See also Mechanics;

Thermodynamics

applications, 158–166

equilibrium constraints, 161–164

localized particles systems,

164–166

energy, 164–165

entropy, 165–166

heat capacity, 165

population ratios, 158–159

thermodynamic functions of gases,

159–161

Bose-Einstein statistics, 137–138

combinatory analysis, 134–136

distinguishable (localized) and

indistinguishable (nonlocalized)

particles, 139

Fermi-Dirac statistics, 137

field of, 1

illustrative problem, presented,

130–131
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Statistical mechanics (Continued)

macroscopic/microscopic

constituents, 129–130

maximizing S1, 139–140

Maxwell-Boltzmann statistics, 137

microstate number, SD, distributions

D1, 132–134

molecular partition function,

150–157

electronic, 154

energy, zero of, 155–157

nuclear spin states, 154–155

rotational (diatomics), 152–153

translational, 151

vibrational (diatomics), 152

partition function, 140–142

problems in, 136–137

temperature/heat, 14–15

thermodynamics and, 143–149

energy, heat, and work, 143–144

entropy, 144–145

functions E, H, S, A, G, and m,

147–149

identification of b with 1/KT,

145–146

pressure, 146–147

time and ensemble averages,

131–132

Subscripts, partial derivatives,

First Law, 27

Surroundings:

systems, 8

work concept, 9–10

Systems:

homogeneous/heterogeneous

systems/phases, 9

thermodynamics, 8

Taylor series, equilibrium/stability,

inequalities, 74–75

Temperature. See also First Law

First Law, 14–15

axiomatic approach, 19–23

Zeroth Law, 15–16

Thermal contact, defined, 13

Thermal equilibrium, defined, 13

Thermodynamics, 1–126. See also

First Law; Gases; Second Law;

Statistical mechanics;

Third Law

abdiabatic/diathermal walls, 13

condensed systems, 91–93

chemical potential, 92–93

enthalpy, 93

entropy, 93

gases compared, 91–92

equilibrium/stability, 70–71

field of, 1–2

gases, 83–91

homogeneous/heterogeneous

systems/phases, 9

intensive/extensive variables, 9

phase transitions, 119–128

critical region, 124–126

first-order, 119–120

stable, metastable, and unstable

isotherms, 120–124

phenomenological approach, 7

quasi-static processes, 10–11

reversible processes, 10–11,

12–13

state variables, 8–9

statistical mechanics and, 129–130,

143–148

energy, heat, and work, 143–144

functions E, H, S, A, G, and m,

147–149

identification of b with 1/KT,

145–146

pressure, 146–147

thermodynamic functions of gases

application, 159–161

systems, 8

thermal contact/thermal equilibrium,

13

work concept, 9–10

Third Law, 65–69

comments on, 68–69

statements of, 66–68
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Time averages, ensemble averages and,

statistical mechanics, 131–132

Translational molecular partition

function, 151

Unstable equilibriums, mechanics, 70

Unstable isotherms, phase transition,

120–124

Van der Waals equation, equations of

state, 84, 85

Variables:

intensive/extensive variables,

thermodynamics, 9

thermodynamics, 8–9

Vibrational molecular partition function

(diatomics), 152

Virial Equation of State, equations of

state, 84

Virtual variation, equilibrium/stability,

71–72

Volume, mixtures of gases, 90–91

Work, 114–118

First Law, axiomatic approach,

19–23

free energy functions, �A and �G

relations to, 56–58

P-V work, 115–116

P-V work, sA, and fL work,

116–118

representation of, 114–115

statistical mechanics/

thermodynamics, 143–144

Work concept, thermodynamics, 9–10

Zero, of energy, molecular partition

function, 155–157

Zeroth Law:

temperature, 15–16

thermal contact/thermal equilibrium,
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