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How does thermodynamics different from kinetics?
Thermodynamics == Thereis no time variable.

says which process is possible or not and never says how long it will take.

The existence of a thermodynamic driving force does not mean that
the reaction will necessarily occur!!!
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There is a driving force for diamond to convert to graphite
but there is (huge) nucleation barrier.

How long it will take is the problem of kinetics.
The time variable is a key parameter.



Thermodynamic system

\

X (g,

Environment (2t3&) or

Reservoir (2 &)

), 22, dEZI

* |solated system : physical system that does not interact with its surroundings.

It obeys a number of conservation laws its total energy and mass stay constant.

They cannot enter or exit, but can only move around inside.

* Closed system : Can interchange energy and mechanical work with other outside systems

but not matter. Ex. mass conservation

* Open system : Can be influenced by events outside of the actual or conceptual boundaries.



Thermodynamic system

Isolated system (L& H|): &Z W &, =&, & 25 wEolXAl &= HOICH
Ol Y2 &N 2O2 TdS=0,dN =0,pdV = 0E 2|0|5tH, M2tM dE = 0E 2| 0| StLH.




Thermodynamic system

Closed system (&8! Hl)
SZ N HHR(EM &)= wetotXIgt 282

o &t &AJHl(adiabatic boundary) :

W0l OLIXl =0 TdS=0

o  EHESH A HI(rigid boundary) :

& (work) W&ol O{LHAl =0 pdv =0
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Thermodynamic system

Open system (2 &l H) : I X(E &), =& 25 &ZF I W Etct= HO| LY.

Olgd EHl= EAE U =(permeable) Z H 2t StCF.




The four laws in thermodynamics

Zeroth law : @SN HH

— OIet H ASF K BE &=ot0 L5t BEHAHE 0/F 2 U0 F B F CE &=ot0
YU BHNHYE 012D A0, HAY K CE ES510/E 29485 BES 0/20)
- YOS 2 IXN TS (T sl 29 2) 0 FEN TE (L idEH D 8te 22 &
BralE &l f 2H) 3 8F5HN S (28 WEH D SISHHEIE I 2H))S EEHEHH
Firstlaw: : QiU X E& Y= dE:5Q_5W+d(ZﬂiNi)

The change in the internal energy of a closed thermodynamic system is equal to the sum
of the amount of heat energy supplied to the system and the work done on the system.

Second law : Y E 21| S =%

The total entropy of any isolated thermodynamic system tends to increase
over time, approaching a maximum value.

Third law of thermodynamics : ZCH 0 &

The entropy of all system and of all states of a system is zero at absolute zero or

It is impossible to reach the absolute zero of temperature by any finite number of processes.



1st law : conservation of energy

dU =o6q—-ow

Change in the internal energy is equal to the amount added by heating minus the

amount lost by doing work on the environment.

U : exact differential
(B20 2tH x= &El &=

ﬂ} M l‘ |‘1 II &, Sw —> not exact differential
(ZB20) 2 0= A& 0tY)




- 2nd law ; Entropy (S) ; irreversibility, disorder

In an isolated system, a process can occur only if it increases the total entropy of
the system. If a system is at equilibrium, by definition no spontaneous processes
occur, and therefore the system is at maximum entropy.

Heat cannot spontaneously flow from a material at lower temperature to a
material at higher temperature.

It is impossible to convert heat completely into work.
. g
Enro : S=—
Py T

Ex) A+B - C+D
; toward an equil. state

. : What is reversible process?
Spontaneous >> increase in entropy at P

—> Continuous maintenance of equil. state

. degree of irreversibility z E)'_ etol :EI . inility I} 2 A (=0
Smalg S as =00 egree of irrevesibility Jt = 2~ (=0)

- degradation - Imaginary process

Ex) mixing of gases



Applying the Second Law to an isolated system (called the total system or universe),
a sub-system of interest, and the sub-system's surroundings. These surroundings are
imagined to be so large that they can be considered as an unlimited heat reservoir at
temperature Ty and pressure Py, .

St =S + Sp
dS,, =dS+dS; >0 :2nd law

dE=Q-dw+d (D N;) :1stlaw @
& = -T,dS, <T,dS oo P

W < —dE +TodS + ) 20N,

AW, < —dE +TodS — PodV + > 10N, =—d (E =TS+ PV = > 1z N,)

X =E-TS+PV > 1N,

dX +dw, <0

The change in the subsystem's energy plus the useful work done by the
subsystem must be less than or equal to zero.



Gibbs and Helmholtz free energies

When no useful work is being extracted from the sub-system, [dX <0

The energy X reaching a minimum at equilibrium, when dX=0.
If no chemical species can enter or leave the sub-system, then > (4, N; can be ignored.

If furthermore the temperature of the sub-system is such that T is always equal to Tg,

then | X = E —TS + P,V +const

X =E-TS +const'= A+ const'

If the volume V is constrained to be constant, then
where A is the thermodynamic potential called Helmholtz free energy, A=E —TS.

Under constant volume conditions therefore, dA < 0 if a process is to go forward;

and dA=0 is the condition for equilibrium.

Helmholtz free energy : A=E —TS.
Useful when V is constrained during thermodynamic process.




If the sub-system pressure P is constrained to be equal to the external reservoir pressure Py,

X =E-TS +PV +const =G + const

\where G is the Gibbs free energy, G=E —TS+PV. Therefore under constant pressure
conditions, if dG =<0, then the process can occur spontaneously, because the change in
system energy exceeds the energy lost to entropy. dG=0 is the condition for equilibrium.

This is also commonly written in terms of enthalpy, where H=E+PV. G=H-TS

Gibbs free energy : G=E +PV-TS=H-TS
Useful when P is constrained during thermodynamic process.

[ Intensive property: H& 3D(|et fatst 4&, T,P
Extensive property: A2 2J|(8%)2 2HH=4&,V,E,H,S,G S



Gibbs Free Energy : Relative Stability of a System

G=H-TS

H : Enthalpy ; Measure of the heat content of the system

H=E+ PV
H =~ E for Condensed System

E : Internal Energy, Kinetic + Potential Energy of a atom within the system

Kinetic Energy :
Atomic Vibration (Solid, Liquid)
Translational and Rotational Energy in liquid and gas.

Potential Energy : Interactions or Bonds between the atoms within the system

T : The Absolute Temperature

S : Entropy, The Randomness of the System



Equilibrium dG = 0

Lowest possible value of Gibb’s Free Energy
No desire to change ad infinitum

Equilibrium

| dG=0 unstable

. |
Cibbs free | metastable
energy |

G

|
|
: | stable
|

&

Arrangement of atoms

Phase Transformation AG=G,-G, <0




dE=8Q-P-dV

When V Is constant
0

sQ _dE  _dV/ oQ oE ok
dT  dT +P C, = (8—T)V = (a—T)v Cv — (a—.l_)v or E= .[Cv dT

Aoz V E YdHGHH ot 20l HED| =0l v ECHPE &
of= 0| & > pressure ex)1 atm,

When pressure is const.

dH =dE + PdV +VdP

H=E+PV
= —ow+ PdV +VdP
_ Q—PdV + PdV +VdP
dH 5Q = +VdP
dT dT dT
9P _ 0 when P is constant (di) = (Q)
dT i

A = Al

H = [cC,dT




Draw the plots of (a) C,vs. T, (b) Hvs. T and (c) Svs.

Single component system
(= d2H)

One element (Al, Fe)
One type of molecule (H,0)

How is CIo related with H and S?

oT ), 298

cpzﬁﬁj H=? H=[ C.dT

H =0 at 298K for a pure element

In 1ts most stable state.
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(c) 0



]
jz

=0 et Heg (=222

C.=a+bT+CT™

(Z & 4] above room temp)

o

o

(@ O w7 (K)

Molecules have internal structure because they are composed of atoms that have
different ways of moving within molecules. Kinetic energy stored in these
internal degrees of freedom contributes to a substance’s specific heat capacity

and not to its temperature.


http://upload.wikimedia.org/wikipedia/commons/2/23/Thermally_Agitated_Molecule.gif

Table of specific heat capacities

Substance Phase Cp Cp Cv Volumetric
o o _, _, | heatcapacity
Jg K Jmol K Jmol " K -
Jecm K
Aluminium Solid 0.897 24.2 2.422
Copper solid 0.385 24.47 3.45
Diamond solid 0.5091 6.115 1.782
Gold solid 0.1291 25.42 2.492
Graphite solid 0.710 8.53 1.534
Iron solid 0.450 25.1 3.537
Lithium solid 3.58 24.8 1.912
Magnesium solid 1.02 24.9 1.773
Silver solid 0.233 24.9
Water liquid 4.1813 75.327 74.53 4.184
(25 °C)
Zinc solid 0.387 25.2

All measurements are at 25 °C unless otherwise noted.



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

Draw the plots of (a) C,vs. T, (b) Hvs. T and (c) Svs.

Single component system
(= d2H)

One element (Al, Fe)
One type of molecule (H,0)

How is CIo related with H and S?

oT ), 298

cpzﬁﬁj H=? H=[ C.dT

H =0 at 298K for a pure element

In 1ts most stable state.
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Compare the plots of Hvs. T and G vs. T.

dG = (%j dT +(§j dP
oT ) oP J;
\slope: Cp
G=H-TS
=10 46— dH —d(TS)=dE +d(PV)—-d(TS)
s dG =TdS — PdV + PdV +VdP —TdS — SdT
=VdP — SdT
/Slope:rS
G
(@j -5, (§j =V
oT ), OP )
dG =VdP - SdT

G(P.T)=G(P, T,)+ [V (T,,P)dP— [ 'S(P,T)dT



Gibbs Free Energy as a Function of Temperature

| | , H (liquid) 9
Which is larger, H- or H>? v

HL > HS at all temp.

-7 (K)

Which is larger, St or SS?
St >SS at all temp.

— Gibbs free energy of the liquid
decreases more rapidly with increasing
temperature than that of the solid.

solid _,! liquid =
Stable | Sighle . X° o
|

Fig. 1.4 Variation of enthalpy (H) and free energy (G) with temperature for the

soliq_ar!d liquid _phases of a pure metal. L is the latent heat of melting, T, the
equilibrium melting temperature.

« Which is larger, Gt or G at low T?
e GL> GS (atlow Temp) and GS> Gl (at high Temp)



Considering P, T G=G(T,P)

dG =VdP —SdT
P1 T1
G(P,T)=G(R,,Ty)+ [ V(T,,P)dP—[ S(P,T)dT

_ S(water) = 70 J/K
liqujg

S(vapor) = 189 J/K

|
|
N\
|

> @ — _S
phase T(K) ar ),
transformation

A
dig

rno*
S(graphite) = 5.74 J/K,

9rap, .
White S(diamond) = 2.38 JIK,
P =1 bar

300 800 1300 T (K)
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(Pr.5.9).

On the graph G(T) at P,N = const,
always

dG/dT

1)
oT P,N

the slope IS

negative:

The First-Order Transitions

Latent heat
Energy barrier
Discontinuous entropy, heat capacity

In the first-order transitions, the
G(T) curves have a real
meaning even beyond the
intersection point, this results in
metastability and hysteresis.

An energy barrier that prevents
a transition from the higher p to
the lower p phase. (e.g., gas,
being cooled below T,, does not
immediately condense, since
surface energy makes the
formation of very small droplets
energetically unfavorable).

Water in organic cells can
avoid freezing down to —20°C
in insects and down to —47°C
in plants.
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Pressure

= “ritical No Latent heat

liquid point .
Continuous entropy

gas

-

0K Temperature

As one moves along the coexistence curve toward the critical
point, the distinction between the liquid phase on one side and the
gas phase on the other gradually decreases and finally disappears
at (T¢, Pc). The T-driven phase transition that occurs exactly at the
critical point is called a second-order phase transition. Unlike the
1st-order transitions, the 2"d-order transition does not require any
latent heat (L=0). In the second-order transitions (order-disorder
transitions or critical phenomena) the entropy is continuous
across the transition. The specific heat C, =T(8S/6T), diverges at
the transition.

Whereas in the 1%t-order transitions the G(T) curves have a real
meaning even beyond the intersection point, nothing of the sort
can occur for a 2"d-order transition — the Gibbs free energy is a
continuous function around the critical temperature.

G

A

The Second Order Transition

Second-order transition

AS=0

v

v

v




Pressure effect

Different molar volume S J}&l S A0| WES 0|2 [ B+ &0
HY2F T L8 =0 et B ol OF StCt.

&
rol
QO
2

- At equilibrium dP S/ —-S% AS
Ab 04 , el I
a,B 2f0l equil OlctH (d IVIRVERY
dG* = dG” AH
dG* =V “dP —-S“dT o 7] A] AS:T— ol B 7
F =V PdP —S?dT i
dG” =V”7d S | dpj AH
- Clausius-Clapeyron Relation : T —Teq AV
R (applies to all coexistence curves)
20001 Liquid iron
16001
i (:;w/’f s GG TED y —liquid 2 & ; AV (+), AH(+)
o 1200
é Y-iron Fcc (0.74) dp — AH >
o 800+ . dT T, AV
8 —_
& 400- - o
BEC I(%J?SB) e a—y 2 B AV (-), AH(+)

O 25 50 75 100 125 150 175 dP AH
Pressure, kbar dT T AV

Fig. 1.5 Effect of pressure on the equilibrium phase diagram for pure iron.



The Driving Force for Solidification

Molar free energy

G'= H' - TS" G°=H?®
AG
[
| i
I
e A T —d G
I
|
r Im Temperature

~ TS°®
at temperature T
AG = AH — TAS
at equilibrium melting temperature
AG = AH — TAS = 0
AS = AR = L Entropy of Fusion
Tm Tm
and
AG;L—TL l.e. AG;LTA—T
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