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Isotherms
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Avogadro’s Hypothesis




Gay-Lussac’s Law of Combining Volumes



Equation of State
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Consequences






Density vs. Molecular Weight






Dalton’s Law







Partial Pressure


Real Gases



Compressibility Factor (Z)




As a Function of Pressure





Intermolecular Forces





Boyle Temperature




Virial Equation of State



Condensation Behavior




Liquid Formation
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van der Waals Gas



Meaning of a & b



Isotherms




Liquid Formation




Critical Point





Use in Determining a & b



Virial Expansion



Behavior Near Critical Point


Other Equations of State


Law of Corresponding States



Reduced Temperature, Pressure, Volume
Condensed Phases


Coefficient of Thermal Expansion ()


Coefficient of Compression ()


Determination of Volume Changes



Temp and Press Variation



Generalities Concerning  & 

Relationship Between P & T

Thermodynamics – Generalizations


Heat vs. Work


Systems & Walls



Restrictive vs. Non-Restrictive Walls



Closed Walls



Adiabatic Walls


Equilibrium Requirements


Basic Problem of Thermodynamics

Zeroth Law of Thermodynamics


Thermal Equilibrium
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Zeroth Law



Molecular Interpretation



Temperature
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Thermometers






Thermometric Properties






Temperature Scales

Work, Heat and Internal Energy


Conservation of Mechanical Energy


History
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Julius Robert Mayer



James Prescott Joule


Work



Definition




Expansion Work (P-V)





Multistage Expansion






Const. Opposing Pressure





Multistage Compression






Const. Opposing Pressure




Reversible Processes





Cycles





P-V Work






Ideal Gas Working Fluid







Isothermal Expansion/Compression


Internal Energy (U)



Adiabatic Processes




Compression
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Changes in State





Relationship to Work



Non-Adiabatic Processes


First Law of Thermodynamics



More on Internal Energy




State Function




Exact Differential





U(T,V) & U(T,P)




Heat Capacity Cv




Internal Pressure T


Joule’s Experiment




Joule’s Law





U(T) for Gases




Real Gases





Intermolecular  Forces



U(T,V) for Liquids & Solids



U(T,P)



Isothermal, Reversible Expansion of an Ideal Gas
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Definition
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Heat Capacity CP
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Joule-Thomson Effect






Joule-Thomson Experiment






Joule-Thomson Coefficient







Molecular Interpretation


Heat Capacities in General



Relationship Between CP & CV



Interpretation




Ideal Gases




Liquids & Solids

Molecular Basis for Heat Capacity


Ideal Gases



Kinetic Molecular Theory




Translational Motion



Equipartition Theorem




Rotating Molecules





Diatomic Linear Molecules




Vibrations





Characteristic Temperature


Gases



Empirical Results


Solids



Spring Model of Crystal




Law of Dulong & Petit



Low Temperatures




Einstein Model




Debye Law

More on the First Law


Adiabats vs. Isotherms for an Ideal Gas



T,P,V Relationships for Adiabats



Work and Heat

Thermochemistry


Enthalpy & Heat


Heat of Reaction



Formation Reactions



Standard States for Ho



Reference Phase



Measuring Hfo


Hess’s Law



Dependence on T



Constant Volume


Calorimetry
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Bond Enthalpies



Atomization



Estimating Hrxn


Bond Energies

Second Law of Thermodynamics


Asymmetry of Heat & Work


Cyclic Engines



Otto, Brayton and Carnot Cycles


Kelvin & Clausius Statements of the Second Law



Equivalence of these Statements



Can Qh & Qc Have the Same Sign



Engine Efficiency




Can an Engine be More Efficient than a Reversible Engine?



Carnot Cycle




Ideal Gas as a Working Fluid


Entropy


State Function



Clausius Inequality




Entropy Maximum



Properties of S




Stability Criteria





Cv & 


Natural Variables S(U,V)



Other Cases




S(T,V)




S(T,P)



Ideal Gases




Mixing Entropy Smix


Molecular Interpretation


Chemical Reactions

Third Law of Thermodynamics


Attainability of Absolute Zero



Third Law




Consequences


3rd Law Entropies



Standard States So
Legendre Transforms


Performing a Transform


Transforms



H(S,P), A(T,V), G(T,P)


Conditions for Equilibirum



Isolated Systems




Maximize S



Constant T Transformations




Minimize A



Constant T & P Transformations




Minimize G


Maxwell Relations



Applications




Thermodynamic Equation of State




Reduction of Derivatives





Joule-Thomson Coefficient

Properties of G(T,P)


Temperature Dependence



Gibbs-Helmholtz Equation


Pressure Dependence



Liquids & Solids



Gases




Ideal Gases





Chemical Potential





Standard State o



Real Gases




Fugacity






How to Measure f?






Activity Coefficient







Law of Corresponding States



Mixtures


Chemical Reactions

Mixtures


Open Systems (ni)


Chemical Potential 



Criteria for Phase Equilibria


Partial Molar Quantities



Examples



Additivity Rules




Partial Molar Volume Example




Gibbs-Duhem Equation





Two Component Systems


Volatile Liquid Solutions



Dalton’s Law



Raoult’s Law



Binary Systems




Deviations from Raoult’s Law




Chemical Potential of an Ideal Solution




Application of Gibbs-Duhem Equation




Dilute Solutions





Henry’s Law






Chemical Potential 






Solubility of Gases





Other Concentration Scales






m & M


Activity
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Activity Coefficients 


Definition of Reference States




Volatile Systems


Colligative Properties



Definition




Relation to Chemical Potential



Freezing Point Depression




Freezing Point Depression Constant




Non-Ideal



Boiling Point Elevation



Osmotic Pressure




van’t Hoff Equation




Non-Ideal




Virial Expansion



Osmotic Coefficient




Freezing Point Depression





Activity Coefficients

Chemical Equilibrium


Reaction Progress


Gibbs Function



Reaction Gibbs Energy G




Gpure & Gmix

Ideal Gas Equilibria



QP & KP



Real Gases


Condensed Phase Solutions



Equilibrium Constant K




K and Kc, Km

Ideal Gases



Kp vs. Kx and Kc

Heterogeneous Equilibria


Example -  N2O4=2NO2

Temperature Dependence of K


LeChatelier’s Principle



T and P Effects

Electrolytic Systems
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Electrolyte Activities



Mean Ionic




Chemical Potential, Activity, Activity Coefficient, Molality


Colligative Properties


Debye-Huckel Law



Ionic Strength


Example - Ksp
Electrochemical Cells
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Spontaneous and Non-Spontaneous


Cell Construction
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Electrolytic Cells
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Electrochemical Work



Clausius Inequality



Calculation of Work




Potential


Electrochemical Potential


Electrons in a Metal



Charges in a Metal
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Potential Differences
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Voltage
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SHEo



Consequence for H+o


Half-Cell Potentials




Tabulation of Cathode Potentials




Calculating from Other Half Cell Potentials


General Cell Thermodynamics



G




Nernst Equation



Temperature Dependence


Practical Determination of cello
Phase Equilibria


Definitions


Pure Substances



T & P Dependence of 



Surfaces for 



Phase Diagram





Phase Boundaries






Clapeyron Equation






Solid/Liquid Transitions






Condensed Phase / Gas Transitions







Clausius-Clapeyron Equation



Phase Diagram Examples




Water





Low Pressure Diagram





High Pressure Diagram






Ice I, II, V



Carbon Dioxide





Validity of the Clausius-Clapeyron Equation




Sulfur




Europium


Gibbs Phase Rule



Pure Substances



Multi Component Systems


Binary Liquid-Vapor Phase Equilibria



Raoult’s & Dalton’s Laws



P-X Phase Diagram




Interpretation of the Diagram



T-X Phase Diagram




Simple Distillation




Fractional Distillation




Non-Idealities





Azeotropes


Binary Liquid-Liquid Phase Equilibria



Chemical Potential for Ideal Solutions




Miscibility



Butanol & Water



Upper and Lower Consulate Temperatures


Binary Solid-Liquid Phase Equilibria


Ideal Solubility




Eutectic Point



Compound Formation




Congruent & Incongruent Melting Points



Solid Solubility

Ternary Systems


Triangular Phase Diagrams



Partially Miscible Liquids
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Eutectic Points



Partial Miscibility

