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Thermodynamics 
Relationship 
between 
macroscopic 
properties of a 
system. 

Chemical kinetics, 
is the study of 
rates of chemical 
processes. 

Kinetics Quantum mechanics 
Quantum mechanics 
deals with 
phenomena and 
objects of nanoscopic 
size. In principle, 
quantum mechanics 
provides a 
mathematical 
description of close to 
everything. 





Basic definitions 

open                                       closed                       isolated            

heat 
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The definition of temperature 

temperature 
definition 

Two systems in thermal equilibrium with each other 
have the same temperature. 

0th law 
of thermo- 
dynamics 

Two systems that are found to be in thermal equilibrium 
with a third system will be found in thermal equilibrium. 



Consider  + = 

V1 + V2 = 
M1 + M2 = 

T1 + T2 = 
δ1 + δ2 = 

result is equal to the sum of 
its values 

result does not depend  
on the amount of matter 

system 1 system 2 

Extensive Intensive 

Extensive    /    Intensive 

Variables 

Properties which are directly proportional to the material present  
are called extensive. 

Force, volume, mass T, density, molar volume 
http://en.wikipedia.org/wiki/Intensive_property 



Robert Boyle  
(1627-1691) 
He met Galileo Galilei  

(1778 – 1850)  
Joseph Louis Gay-Lussac  

Jacques Alexandre César Charles  
(1746 – 1823)  
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Presenter
Presentation Notes
Photos – public domain

http://en.wikipedia.org/wiki/Robert_Boyle#mediaviewer/File:The_Shannon_Portrait_of_the_Hon_Robert_Boyle.jpg
http://en.wikipedia.org/wiki/Joseph_Louis_Gay-Lussac#mediaviewer/File:Gaylussac.jpg
http://en.wikipedia.org/wiki/Jacques_Charles#mediaviewer/File:Jacques_Alexandre_C%C3%A9sar_Charles.jpg
http://loc.gov/pictures/resource/ppmsca.02185/

Photo (© U. Burghaus) of gas-law demo. Demo is from Home Training Tools, Ltd., see www.homesciencetools.com




isotherms 

isobars 

Ideal gas 
equation 

P: pressure 
V: Volume 
n: particle number 
T: temperature in Kelvin 
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m
e 
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Definitions: heat – internal energy 

Heat, symbolized by Q, is 
energy transferred from one 
body or system to another due 
to a difference in temperature.  

http://en.wikipedia.org/wiki/Heat 

Q In thermodynamics, the internal energy of a 
thermodynamic system, or a body with well-
defined boundaries, denoted by U, or 
sometimes E, is the total of the kinetic 
energy due to the motion of molecules 
(translational, rotational, vibrational) and 
the potential energy associated with the 
vibrational and electric energy of atoms 
within molecules or crystals. It includes the 
energy in all the chemical bonds, and the 
energy of the free, conduction electrons in 
metals.  

U 

http://en.wikipedia.org/wiki/Internal_energy 

Work done by the system on the 
surroundings 

- Gas expansion of a system against an external 
pressure. 
Snow machine (as an adiabatic process). ∆U<0, w<0 

Work done on the system by the 
surroundings 

+ Gas compression of a system by the surroundings. 
Inflating the tiers of a car as an adiabatic process. 
∆U>0, w>0 

Heat adsorbed by the system from the 
surroundings 

+ … 

Heat adsorbed by the surroundings from 
the system 

- … 



weight 

weight 

weight 

weight 

P 

V 

P1, V1 P2, V2 

P1, V1 

P2, V2 

weight 

weight 

P1, V1 

… 
slow 

reversible 

slow 

Pext 

Pext 
Pext 

weight 

weight 

weight 

weight 

fast 
P 

V 

P1, V1 

P2, V2 
P1, V1 

P2, V2 

irreversible 
Summary - work 

Pext 

Pext 

VPw extirr ∆−=

∫−=
2

1

V

V
extrev dVPw

reversibleleirriversib ww < Work depends on the way we choose. 

Presenter
Presentation Notes
Work is ….




A reversible process is one where the system is infinitesimally 
close to equilibrium. 
 We obtain the maximum of work. 



P 

V 

P1, V1 

P2, V2 

reversible 

P 

V 

P1, V1 

P2, V2 

irreversible 

Summary – pressure work 

VPw extirr ∆−=
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0th  law Two systems, that are found to be in thermal equilibrium 
with a third system, will be found in thermal equilibrium. 

1st  law Conservation of energy. 
∆U = q - w 

The increase in the internal energy of a system is equal to the amount of  
energy added by heating the system, minus the amount lost as a result  
of the work done by the system on its surroundings.  



How to measure heat capacities? 

Constant pressure 
calorimeter 
Cp∆T=qp=∆H 

Constant volume 
calorimeter 
CV∆T=qV=∆U 

sample 

steel bomb 

ignition wire 

water 

oxygen 

external pressure 

sample 



gas expansions 

P1, V1 

P2, V2 
gas expansion 

isothermal adiabatic 
T = const  Boyle’s law 

P1V1 = P2V2 
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T = const  ∆U = 0 
∆U = q+w (1st law) w = -q 

• Heat adsorbed by the gas equals the 
work done by the gas on the 
surroundings. 

∆U = q + w 
q = 0 ∆U = w 

w  = cV(T2 - T1) 

Because the gas expands 
the internal energy decreases. 

 T decreases 

P: pressure, V: volume, T: temperature, U: internal energy, q: heat: w:work, cV: heat capaci  

Process Sign 

Work done by the system 
on the surroundings - 
Work done on the 
system by the 
surroundings 

+ 

Heat absorbed by the 
system from the 
surroundings 
(endothermic) 

+ 

Heat absorbed by the 
surroundings from the 
system (exothermic) 

- 

expansion 

 w<0 

CV=∆U/∆T 
)ln(

1

2

V
VnRTwrev −=

• In an expansion, heat is absorbed by 
the gas for keeping T const. 
(otherwise it would cool down.) 

P1V1
γ = P2V2

γ γ = cp/cv 

q  = const.  adiabatic equation 
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Expansion and compression 

Can you 
discuss this 
figure in 
detail? 
In an exam? 

compression 

expansion 

Heat out 

Heat in PfVf
γ =  PiVi

γ
   

for q = const. 

γ > 1 steeper curve  
isothermal 

adiabatic 

volume 
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Entropy definition  

The entropy change of a system  
in a reversible process equals the  
heat adsorbed divided by the  
temperature at which the  
process occurs. 

∆S q
T
rev=

Thermodynamics definition Statistical definition 

∆S k W
WB1 2

2

1
−> = ln( )

The entropy change of a system  
is given by the probability ratio of 
the final and initial states. 

S is a state function but heat not. 
Thus, the path must be specified 
in the definition of the entropy. 



Another version of the 2nd law of thermodynamics  

The entropy of an isolated system  
          increases in an irreversible process 
and 
          remains unchanged in a reversible process. 
The total entropy can never decrease. 

A system develops towards the state with the greatest probability. 

∆ ∆ ∆S S Ssys surr= + = { }
0 for reversible

> 0 for irreversible
process



Definition of the temperature considering the equilibrium of systems. 
   

1st law   ∆U q w= +

2nd law                                It is impossible to build a cyclic machine which converts heat into work  
                                                   with an efficiency of 100 %.  
                                                   The total entropy is increasing in any irreversible process ∆S ≥ 0. 

lim
T K

S
→

=
0

0∆3rd law   

0th law  

∆ ∆ ∆S S Ssys surr= + = { }
0 for reversible

> 0 for irreversible
process

Short version of the laws 



Some properties of the entropy (S) 

 S is a state function 
 S is extensive 

(S does not depend on the path chosen: initial  final state) 

(Stot = S1 + S2 + …) 

 ∆vapS >0 and ∆fusS > 0 

 Sgas > Sliquid > Ssolid (per mole) 

 S ~ size of a molecule (Why?: # of degrees of freedom increase with number of atoms) 

 P0 then S  ∞ (Why? ∆S = nRln(V2/V1) 
V1: reference volume 
V2  ∞ for P  0 ) 

 S ≥ 0 (Why: T = 0K  w = 1 (perfect crystal) 
                   S = kB ln(w) = 0, note that w > 1 
and S increases with temperature ) 

 S increases with temperature 

 Sdiamond < Sgraphite (Why?: High degree of order reduced S) 

Eq.(5.43)-Engel 



Some properties of the entropy (S) 

 S is a state function 
 S is extensive 

(S does not depend on the path chosen: initial  final state) 

(Stot = S1 + S2 + …) 

 ∆vapS >0 and ∆fusS > 0 

 Sgas > Sliquid > Ssolid (per mole) 

 S ~ size of a molecule (Why?: # of degrees of freedom increase with number of atoms) 

 P0 then S  ∞ (Why? ∆S = nRln(V2/V1) 
V1: reference volume 
V2  ∞ for P  0 ) 

 S ≥ 0 (Why: T = 0K  w = 1 (perfect crystal) 
                   S = kB ln(w) = 0 , w > 1) 

 S increases with temperature 

 Sdiamond < Sgraphite (Why?: High degree of order reduced S) 

Eq.(5.43)-Engel 



Some properties of the entropy (S) 

 Sdiamond < Sgraphite (Why?: High degree of order reduced S) 

 More complex systems have larger S (Sozone > SO2) 

 S increases with the volume of a gas (Why?: ∆S ~  ln(V2/V1) 

S(N2 @ 0.1 atm) > S(N2 @ 1 atm) 

 Large disorder  large entropy 

 Entropy change of a reaction aA + bB + …  cC + dD + … 
∆rS = ∑νS(products) - ∑nS(reactants)  
 

Eq.(5.41) 
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Gibbs energy 

Definition of the temperature considering the equilibrium of systems. 
   

1st law   ∆U q w= +

2nd law                                It is impossible to build a cyclic machine which converts heat into work  
                                                   with an efficiency of 100 %.  
                                                   The total entropy is increasing in any irreversible process ∆S ≥ 0. 

lim
T K

S
→

=
0

0∆3rd law   

0th law  

∆ ∆ ∆S S Ssys surr= + = { }
0 for reversible

> 0 for irreversible
process

0G∆ < for spontaneous process 



Basic Equations 

G = H-TS 
 
for P and T = const 
dG = dH - TdS 
0 ≥ dG 
∆G = wmax 
 

A = U-TS 
 
for V and T = const 
dA = dU - TdS 
0  ≥  dA 
∆A = wmax 

Gibbs energy Helmholtz energy 

dH = dqP 
(P = const) 

dU = dqV 
(V = const) 

Follows from 2nd law of 
thermodynamics 



:G H TS= −Thermodynamics primer: What is  Gibbs  telling us? 

Surroundings 

System 

assume 
∆Ssys< 0 
 

∆ssur>0 

heat 
T∆S 

-TS: heat TAX 
:G H TS= −

Surroundings 

System 

assume 
∆ssys> 0 
 

∆ssur< 0 

heat 
T∆S 

-TS: TAX refund 
:G H TS= −

∆ ∆ ∆S S Ssys surr= + = { }
0 for reversible

> 0 for irreversible
process ∆G = 0 at equilibrium 

∆G < 0 spontaneous forward reaction 



Discuss this equation. 
What is the meaning of the TS term? 
What actually is work? 
Why is A smaller than U? 
A = U – TS ?? 

I ♥ PChem  

“Atomistic” interpretation of Gibbs and Helmholtz 

Perhaps like that: 
• Work in the most basic sense 

is energy transfer by the 
uniform motion of atoms. 
Therefore, work done on the 
surroundings is energy 
transferred to the 
surroundings as the uniform 
motion of atoms. (using some 
kind od device to do so.) 

• Opposed to entropy (or TS=q) 

which is energy stored in a 
disordered way and therefore 
cannot directly be used to 
perform work.  

 Therefore, only the 
contribution to the internal 
energy that is not stored in a 
disordered manner can be 
transferred into work (that is U-
TS). 
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Phase equilibrium 

Equilibrium condition:             Gphase-1 = Gphase-2 

___ ___ 
(molar Gibbs energies) 

Phase equilibrium: 
   freezing:  solid-liquid 
   boiling: liquid – gas 
    
   crystal structures: graphite - diamond  

How to define the equilibrium? 
What phase is stable? 
 ? 

Rule: Stable phase has lower G 
___ 



Reaction conditions may differ from standard conditions. 

More importantly:   Kinetic limitations. 
Mr. Gibbs predicts the equilibrium but not the “speed” for approaching it.  

Typical mistakes: 
∆G > 0  noting will happen 
∆G < 0  the reaction will always occur 

Correct 
∆G > 0 Reverse reaction may be spontaneous 
∆G < 0 Kinetic limitations 

Wrong 
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This rule follows from 2nd law of thermodynamics 

Definition of the temperature considering the equilibrium of systems. 
   

1st law   ∆U q w= +

2nd law                                It is impossible to build a cyclic machine which converts heat into work  
                                                   with an efficiency of 100 %.  
                                                   The total entropy is increasing in any irreversible process ∆S ≥ 0. 

lim
T K

S
→

=
0

0∆3rd law   

0th law  

∆ ∆ ∆S S Ssys surr= + = { }
0 for reversible

> 0 for irreversible
process

0G∆ < for spontaneous process 

I II
i iµ µ> for spontaneous mass transfer of species i from system I to II 



scenario driving force 
flow of heat reservoirs at different 

temperatures i.e.  
∆T > 0 

work “flows”, work done on 
a system (pushing a piston) 

 
∆p > 0 

flow of chemical species i 
from one phase to another 

∆µ > 0 

State function Equilibrium 
∆T ≈ 0 thermal 
∆p ≈ 0 mechanical 
∆µi ≈ 0 material 

The chemical potential appears rather abstract.  
Perhaps the following comparisons might help. 
 

the chemical potential  “measures the 
tendency of escaping particles” 
 



µ is called a potential because .. 
of the analogy with a mechanical system: 

Epot  

 Max 
 
 
Min 
 

Max              Min 

Here µmax  µmin 
 
 
• Stable phase/species has the lower µ 
 
• At equilibrium  µα = µβ 



Chemical equilibrium 

2nd law  Gibbs  Chemical potential  Equilibrium constant 



Kp = Kp(T) – van’t Hoff equation 

Differential version 

0 01ln( ) r r
p

H SK
R T R

∆ ∆
= − +

Integrated version 

Indefinite integrated version       

Jacobus  
Henricus  
van 't Hoff  

Presenter
Presentation Notes
Public domain photo

http://en.wikipedia.org/wiki/Jacobus_Henricus_van_%27t_Hoff#mediaviewer/File:Vant_Hoff.jpg



I ♥ PChem  

Le Chatelier’s principle 

If a chemical system at equilibrium experiences a change in concentration, temperature,  
volume, or total pressure, then the equilibrium shifts to partially counter-act the imposed  
change.  

Henry Louis LeChâtelier (1850 – 1936) was a 
 French chemist of the late 19th and early  
20th centuries. He is most famous for devising 
 Le Chatelier's principle, used by chemists to predict the  
effect of a change in conditions on a chemical equilibrium.  

http://en.wikipedia.org/wiki/Henry_Louis_Le_Chatelier 

Presenter
Presentation Notes
Public domain photo

http://en.wikipedia.org/wiki/Henry_Louis_Le_Ch%C3%A2telier#mediaviewer/File:Lechatelier.jpg



I ♥ PChem  

Le Chatelier’s principle Jacobus  Henricus  van 't Hoff  
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volume 

pressure 

Remember Boly’s law: 
at high temperature 
hyperbolic shape 

Linear curves instead 
of hyperbolic shapes: 
PV no longer constant 

Formation  
of liquid from 
the gas 

More and more 
liquid forms 
less gas 

Only liquid 

Only gas no 
condensation  
above this point 

Compressing the 
 liquid 

Can you discuss these diagrams? 

cf., Fig. 2.6 in your textbook 



PChem – Thermodynamics class 

Phase rule 

f = p c + 2 – p – c(p-1) – r - a 

Number of free  
parameters 

Phase number 

# of species 
# of reactions 

# of all other restrictions 
(conservation of charge etc.0 

Phase equilibrium 
Conservation of 
mass 

Number  
of variables 
(not independent) 

Constraints / restrictions 
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Clausius-Clapeyron Equation 

& 
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Vocabulary words: xi, M, m 

Mole  
fraction 

molality 
molarity 

Partial molar quantities X x
ni

T P=
∂
∂

| , X can be H, G, V 

V V
n

V n V n V
V V

T P

m

1
1

1 1 2 2

=
∂
∂

= + +

≠∑

|

...

, G G
n

G n n

T P1
1

1

1 1 2 2

=
∂
∂

=

= + +

|

...

, µ

µ µ

At equilibrium 
G Gα β

α βµ µ
=

=

Partial molar 
volume 

Partial molar 
Gibbs energy (chemical potential) 



Chemical potential – multicomponent systems 

P1
* 

µ1
* (l) 

P1
 

µ1(l) 

µ1(l) = µ1
* (l) + RT ln(P1/P1

*) 

Chemical potential of component I in solution =  
     chemical potential of pure liquid * ln (pressure of solution/pure vapor pressure) 

µ(g) = µ1
0  + RT ln(P/P0)  gas phase, single component 

solutions 
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Solutions – simple laws 

Rault’s law Henry’s law 
for solvent 
P1 = x1P1

* 
for solute 
P2 = K m 

1: solvent 
2: solute 
m: molality 
x: mole fraction 
K: constant 

Pressure of solute (CO2), P2, 
above solution is proportional 
to solute molality, m. 

Reducing pressure  reduces 
molality  gas bubbles out of 
the solution. 

Opening a can. 
What happens? 

One can also say: solubility 
of the gas depends (at least 
indirectly) on pressure. 
Reducing that pressure 
reduces solubility and the 
excess gas escapes. 
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Summary 
                 Pure solvent                       solution (solvent + solute) 
 
Pvap 
 
TB 
 
 
TF 

decreases 

increases 

decreases 

Why?-TB-TF 
µ1(l)=µ1*(l) + RTln(X1) 
 
µ1(l) < µ1

*(l) 

Why? Pvap 
Ssolution > Spure solvent  
∆Smix > 0; ∆Gmin < 0 
Rault’s law: 
 ∆P = X2P1

* 

Mole faction 

entropy 

Gibbs  
energy 

C
he

m
ic

al
 p

ot
en

tia
l 

Temperature 

solid 

liquid 

pr
es

su
re

 
volume 

S 

L 

G 



SUMMARY - Osmotic pressure 

The term osmotic pressure of a solution 
refers to the pressure that must be 
applied to the solution to increase the 
chemical potential of the solvent 
to the value of  its pure liquid under  
atmospheric pressure. 

µ µ

µ µ
1 1

1 1 1

L R

RT x V
=

= + +* * ln( ) Π

RightLeft
11 µµ >

initially 

at equilibrium 

1) Solvent 
2) Solute 

Osmosis:     
solvent  solution 
low csolute  high csolute 

solvent Solvent + 
solute 

1 

1 2 
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Osmotic pressure and engineering 

Osmosis:    solvent  solution 
                    low c     high c 
 
Reverse osmosis:      solution         solvent 
                                   water + salt   water 
                                   high c             low c 

The process is the diffusion of fresh/clean water to from the high concentrated salty 
seawater into the tube with clean water. 
Osmosis: pressure is generated automatically by difference in chemical potential. 

Reverse osmosis: we need to generate somehow the required pressure externally. 
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