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Statistical Mechanics
and Thermodynamics

= Thermodynamics
( Ot low : A.eq.B and B.eq.C -> A.eq.C)
1t low : Energy conservation
2" [ow : Free energy decreases
3 low : Entropy -> 0 at 0K

Interface essenti utilize thermodynamics

Grave-stone of Boltzmann...

m Statistical Mechanics
Ergodic theorem : time average = space average, (in equilibrium)



You may have learnt Thermodynamics

= Thermodynamics

( O" low : A.eq.B and B.eq.C -> A.eq.C) Everything is

15t low : Energy conservation B derived from these
2" [ow : Free energy decreases principles...

3" low : Entropy -> 0 at OK - But !

= Definitions
O Temperature
O Free energy
o Entropy
O

Equilibrium Could you understand them
as you could do in kinetics ?




Definitions
O Temperature

°C : water Empirical temp.
°F : salt water

Temp. in science ( physics or kinetics ) is same as above ?
O Free energy

Helmholtz
Gibbs

Free energy is same as the energy in kinetics ?
Why they need to be defined as above ?
o Entropy
What is this ?
o Equilibrium
What is the definition ?



You may have learnt Thermodynamics

= Thermodynamics

( O" low : A.eq.B and B.eq.C -> A.eq.C) Everything is

15t low : Energy conservation B derived from these
2" [ow : Free energy decreases principles...

3" low : Entropy -> 0 at 0K - But !

= Definitions
O Temperature
O Free energy
o Entropy
o Equilibrium

L ke



Temperature ( first trial )



Example : Ideal gas (1)

Assumption
Number of molecule : in volume :

Velocity of molecule : [SSICAAY)
probability :  |REERIOHBIED
Momentum change = Pressure on area A

+00

I(ZmuX f (u)g Audtjdu = PAdt

0

+00

PV = j(zmuX f (U)Nu)du = mNTuZ f (u)du = Nm(u®)

el =u% +Vv2+ W




Example : Ideal gas (2)
= Probability function
F(c)=f(u)f(v)f(w) Rl In F(c)=1In f(u)+In f(v)+In f(w)
dinF dinf dinFdc _dinFu_ dinf
du  du dc du dc ¢

= Const. independent of cu, v w: LR UL B UR
c dc u du vV av w  dw

¢’ =u’+v’+w’

-

diff. with v :

because it is probability... L
= Average kinetic energy (expectated value) :

2,2 2

U+V +W




Example : Ideal gas (3)

m  Maxwell distribution

{kineticenergy}/KT

Probability function L&k

o

m  Only for Ideal gas ?

< Remember >
= Empirical knowledge is used.
Eq. of state for ideal gas

\ o

Relation between Temp. and average Kinetic energy

. o

m This is the definition of Temp. !? j

L e




You may have learnt Thermodynamics

= Thermodynamics
( 0t low : A.eq.B and B.eq.C -> A.eq.C) Everything is
1t low : Energy conservation L derived from these
2" [ow : Free energy decreases principles.
3 low : Entropy -> 0 at 0K -

= Definitions

O Temperature
O Free energy
O Entropy
O equilibrium
O etc...




Temperature  and  equilibrium
CEQECIRGEE )



Canonical ensemble (1)

= Assumption 1 ((a model of system )
Num. of elements with energy H iS l

Total num. of elements (partlcle molecule, etc...) :
Total energy :

., therefore
is determined by the state. (density of state)
States with same are indistinguishable.

m Assumption 2 ( most important !! ) h .‘

The state is observed so as to maximize
the way of shuffling of the density of state




Canonical ensemble (2)

= the way of shuffling of the state
= To maximize W

using the Stirling’s formula

Lz(N INN-N —Zi“(ni Inn —ni)j—ﬂl(iZni —Nj—/lz(zi:niei —Ej—>max



Canonical ensemble (3)

(NInN N - annn—nj (Zn— j ﬂz(Zniei—Ejamax

= Here, Nand E are constant, therefore

E is not limited to be the kinetic energy.
kinetic energy, potential energy, etc...



Canonical ensemble (3)

exp (_ 28;)

= Comparing witl { distributim

: Maxwell-Boltzmann distribution

E is not limited to be the kinetic energy.
kinetic energy, potential energy, etc...



Canonical ensemble (4)
= Probability of the state of energy £ : oc exp(— E/KT)

= “Assumption 2”

The state is observed so as to maximize

the way of shuffling of the density of state
...

- =) Equilibrium !




You may have learnt Thermodynamics

= Thermodynamics

( Ot low : A.eq.B and B.eq.C -> A.eq.C) Everything is
1t low : Energy conservation derived from these
2" [ow : Free energy decreases principles.

3 low : Entropy -> 0 at 0K

= Definitions

O Temperature
O Free energy
O Entropy
O
m|

equilibrium
etc...




Definitions
O Temperature
Empirical temp. °C : water defined one or two temp.
°F : salt water .v
T. can be shifted and scaled, so as proportional to energy !
O Free energy

Helmholtz
Gibbs

Free energy is same as the energy in physics ?
Why they need to be defined as above ?
o Entropy
What is this ?
o Equilibrium
The most probable state ! So, we can observe always...



Free energy and entropy



Prediction of phenomena

Physicists ( kinetics ) Chemists ( chemistry )
= as to decrease Potential Energy = as to decrease Free Energy

‘ 4 mgh Idealgases A B

$ | h

After the phenomena

Decreased Potential Energy Not changed
Not changed Total energy Not changed
? ( Not changed ) Free Energy

Chemists wanted to introduce something like
potential energy, to predict the phenomena.



. .0.

Definition of free energy :

Energy that can be converted into a work in a process of
constant temperature and volume (Helmholtz).

constant temperature and pressure (Gibbs).
( Two of three 7, P, &I/ determine its state. )

Energy or work inkineties  Whats 177

G = +PVHTS




Definition of free energy :
Energy that can be converted into a work in a process

R — (R
¢

A B
¢

even if kinetic and potential energy never changes.

m The 75 term increases in the mixing process,

= The mixing process never goes back.

Increase in 75 term — Decrease of G
= Increase of the usable energy
= Degrade of energy



Definition of free energy :
Energy that can be converted into a work in a process

TR
¥

m There exists a part of energy, which we can not take as a work.

m [t is proportional to the temperature. -

- S is defined -

This is the definition of entropy in thermodynamics.




Boltzmann's entropy formula & Free energy
m Free energy of ideal gas

A work is taken out ! -

vy = R

No work is taken out !




Boltzmann's entropy formula & Free energy
m Free energy of ideal gas

PV = NKT
V= kT —

A work is taken out ! j PdV = j 0 dV = NKkTIn2

No work is taken out !




Statistical Mechanics
and Thermodynamics

= Thermodynamics
( Ot low : A.eq.B and B.eq.C -> A.eq.C)
1t low : Energy conservation
2" [ow : Free energy decreases
3 low : Entropy -> 0 at 0K

Boltzmann's entra eJgBIC N S = k InW

. Grave-stone of Boltzmann...

m Statistical Mechanics
Ergodic theorem : time average = space average, (in equilibrium)




Boltzmann's entropy formula & Free energy

= W: Number of state

v : small control volume
/v : num. of the c. volume 2V/v: num. of the c. volume
Num. of the way to shuffle to distribute the atoms to the each c. volume

S=S5,+AS

=kIn{w,2")
=S, +NKIn 2

. 2
No work is taken out ! AS =NkIn?2




Boltzmann's entropy formula & Free energy
m Free energy of ideal gas

PV = NKT
V= kT —

A work is taken out ! j PdV = j 0 dV = NKkTIn2

S=S5,+AS
=k Inw,2")
— S, +NKIn2

. 2
No work is taken out ! AS =NklIn2



Boltzmann's entropy formula & Free energy
m Free energy of ideal gas

1/2P 2V, T

Internal E. () -> Uy * ’

FreeE.  G=U+PKTS, -> G- TAS -

=pluge]s)% S -> S +4S = Entropy change
must be
Energy taken out : [ PdV = j N—dev NKT In 2 i

Definition of entropy :
Q SO =k InWO

S, +AS =kInfW,2" )=, + Nk In 2



Boltzmann's entropy formula & Fre
= Free energy of ideal gas

Y NKT
A work is taken out ! j PdV = j 0 dV = NKkTIn2

No work is taken out ERESASE' |n(\/\/02N ): S, +NklIn2



Boltzmann's entropy formula & Free energy
m Free energy of ideal gas

vy = R

A

No work is taken out !




Introduction of Free energy & entropy & temperature

m Definition of Free Energy :
Energy that can be converted into a work.
( There exist the energy part we can not take out. )

Elnm
-

= Definition of Entropy Definition of Temperature
Related to the randomness




O

O

O

O

Temperature
Empirical temp. °C : water defined one or two temp.
°F : salt water .v
T. can be shifted and scaled, so as proportional to energy !
Free energy

Helmholtz
Gibbs ]' ey

Free energy is energy that can be converted into work.
If defined as above, it become consistent.
Entropy
corresponding to number of states, i.e. randomness.
Equilibrium
Most probable state ! So, we can observe always...

-

IhEese are thelnteniae

HEfMoedynamicsianaistat




Statistical Mechanics
and Thermodynamics

= Thermodynamics
( Ot low : A.eq.B and B.eq.C -> A.eq.C)
1st low : Energy conservation + ...
2" [ow : Free energy decreases
3 low : Entropy -> 0 at 0K

el g SIC N S = k InW

Boltzmann's entr

Grave-stone of Boltzmann...

m Statistical Mechanics
Ergodic theorem : time average = space average, (in equilibrium)



Based of statistical mechanics,
Thermodynamics can be utilized !



Activation energy and Arrhenius plots

and rate-determining step
= chemical reaction

m diffusion coefficient

m others... (evaporation, adsorption, etc...)

Arrhenius plots is to know the mechanism of rate-determining step.



Specific heat capacity (1: ideal gasses )
= Remember thermodynamics ! (How have you learnt ?)

C _1(au

"N aTj why 2

m Definition
Heat required to increase unit temp.
- under constant volume

AQ=AG =AU = NC, AT

- under constant pressure

AQ

=AG =AU + PAV —ATAS = AU + PAV = NC_AT

NC, AT + PAV = NC,AT

= Mayer’s relation

G=U-+PV -TS



Specific heat capacity (2: metals)
= Einstein’s model

= Dulong-Petit’s Low What is the U?
= Debye model I
1 1
- Ion|c cores ) U =<€, >+<ep >=3§kT+3§kT=3kT

- Electrons = negligible

=

Quantum statistical mechanics




Phase diagram

Stability of phases
Phase rule

Phase diagram
Calculation of Phase Diagram (CALPHAD)



