Spontaneous Change

For a system in thermal equilibrium with its surroundings,

Clausius inequality

At constant

dg, =dU no work

TdS —dU >0
(dS )U y =0 isolated system

(dU )S,V < O
At constant pressure:
dg, =dH PV work only
TdS —dH >0
(dH). , <0

S,p
For convenience, define:
A= dA=dU —TdS — SdT
G=H-TS dG =dH —-TdS — SdT

Then the conditions for change become:

(dA)., <0 (dG)

TV

T,P<O
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Spontaneous Change

For a system in thermal equilibrium with its surroundings,

ds > E_Sr_q Clausius inequality
At constant volume:
dg, =dU no work
TdS—-dU >0
(dS )U y =0 isolated system
(dU )S,V < O
At constant pressure:
dg, =dH PV work only
TdS—dH >0
(dH), , <O
For convenience, define:
A=U -TS dA=dU —TdS — SdT
G=H-TS dG =dH —TdS —SdT

Then the conditions for spontaneous change become:

(dA)., <0 (dG)

TV <0

TP
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Helmholtz Energy F (or A)

Helmholtz energy; Helmholtz free energy; Helmholtz function;
Maximum work function (F for Function or A for Arbeit)

For spontaneous change at constant
dA=dU -TdS <0

Note that it is the total function A that tends to a minimum;
this is the same as minimizing U and maximizing S.

Maximum Work
Combine dU =6q+dw and TdS >89

— dU <TdS +ow equality for

Work done by reversible change
the system (—ow) < TdS —dU

(—oW), .., =1dS -dq,,, —dW,,, = —W

rev

A system does maximum work when it is operating

But (dA); =dU -TdS =dU -4q,,, = 0w,
Therefore, for macroscopic changes

-W_.. =—AA=TAS - AU constant T
(-w) can be or less than AU according to the sign of AS.

For AS > 0, heat flows into the system to fuel the extra work.
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Helmholtz Energy F (or A)

Helmholtz energy; Helmholtz free energy; Helmholtz function;
Maximum work function (F for Function or A for Arbeit)

For spontaneous change at constant T and V
dA=dU -TdS <0

Note that it is the total function A that tends to a minimum;
this is not the same as minimizing U and maximizing S.

Maximum Work
Combine dU =6q+dw and TdS >89

— dU <TdS +ow equality for

Work done by reversible change
the system (—ow) < TdS —dU

(—oW), .., =1dS -dq,,, —dW,,, = —W

rev

A system does maximum work when it is operating reversibly.

But (dA); =dU -TdS =dU -4q,,, = 0w,
Therefore, for macroscopic changes
-W_.. =—AA=TAS - AU constant T

(-w) can be more or less than AU according to the sign of AS.
For AS > 0, heat flows into the system to fuel the extra work.
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Gibbs Energy G

Gibbs free energy, Gibbs function

/

< Very important in chemistry since it tells whether a

particular reaction can atagiven T and P.
For spontaneous change,
(dG )T,P < 0 AG = Gproducts - Greactants < 0

AG; , for reactions can be calculated from tabulated data
AG*(T)=AH"(T)-TAS(T)

If AHis | and ASis | then AG the reaction proceeds
-ve +ve | at all temperatures
+ve -ve S at no temperatures
-ve -ve ITT<AH/AS
+ve +e fT>AH/AS

Maximum Work:
(dG), =dH —TdS
(dG); » =dU + PdV —TdS
= 00, +OW,,, + PdV —TdS

= 8Wrev +
= oW (non-PV)
Aw_ . (non-PV) = AG constant T, P
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Gibbs Energy G

Gibbs free energy, Gibbs function

/

“ Very important in chemistry since it tells whether a
particular reaction can proceed at a given T and P.

For spontaneous change,
(dG)T’PgO AG =G G
AG; , for reactions can be calculated from tabulated data
AG*(T)=AH"(T)-TAS"(T)

<0

products = “reactants ~X

If AHis | and ASis | then AG the reaction proceeds
-ve +ve <0 at all temperatures
+ve -ve >0 at no temperatures
-ve -ve TT<AH/AS
+ve +e fT>AH/AS

Maximum Work:
(dG); =dH -TdS
(dG); p =dU +PdV -TdS
= 00, +OW,,, + PdV —TdS
= ow,,, + PdV
= oW (non-PV)
Aw_ . (non-PV) = AG constant T, P
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Basic Thermodynamic Relations 1
..(1)

dU =6q - PdV
dS=49q,, /T
H=U+PV
A=U -TS
G=H-TS

dU =TdS — PdV
dH =TdS +VdP
dA =-SdT — PdV
dG =-SdT +VdP

2 |
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Basic Thermodynamic Relations 1
..(1)
..(2)
..(3)
..(4)
...(5)

Laws dU =dq - PdV
dS=49q,, /T

H=U-+PV
A=U -TS
G=H-TS

Definitions

Fundamental Equations
dU =TdS — PdV

dH =TdS +VdP
dA =-SdT — PdV
dG =-SdT +VdP

Partial Differentials

@) |
a5 )\

@_H) T

oS )p
(’iAj .
oT ),
aej e
oT Jo

oU
oV
oH
oP
OA
oV
oG

w)°

)
)
)

...(6)
(7
...(8)
..(9)

P
V
P

Vv

© Paul Percival

Modified by Jed Macosko

9/16/2006



Basic Thermodynamic Relations 2

oP

From (6) s :—(g)\/ ...(10)
oV

From (7) s :(gl ...(11)
oP

From (8) T = G—Tj\, ...(12)
oV

From (9) —( = a—Tj ...(13)

Thermodynamic
dU =TdS — PdV ...(6)

Substituting

w
N ).

(%] -
oT )y
T

K

bR
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Basic Thermodynamic Relations 2

Maxwell Relations

From (6) (a_T _ _(a_P) ..(10)
oV Js oS )y
From (7) (6—T = (G_Vj ...(11)
OP /< oS Jp
P
From (8) (ﬁ = 6—) ...(12)
oV J; oT ),
From (9 —(ﬁ = 8_Vj 13
om (9) w) o), @
Thermodynamic Equation of State
dU =TdS — PdV ...(6)

&)

Substituting (12)
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How Free Energy Depends on P

dG =VdP - SdT

oG
|2 =v
- (5P jT

2
AG =G, G, = | 'VdP

_NRT
P

AG; =nRT In(P,/FR)

For a perfectgas V

G =G°(T)+nRT In(P/P°)

where G° is the defined at P°=1 bar

At equilibrium and
constant P and T: AG = Gprods — G s =

rxnts

AGO(T) =—nRT In(I:)prods / PO) +NRT In(I:)rxnts / PO)

The equilibrium constant, K., Is *

So:

AG"(T)=-nRTInK,,
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How Free Energy Dependson T

G=H-TS ..(1) definition
AG = AH —TAS ...(2) constant T
dG =VdP - SdT ...(3)
@ —_S = G-H from
oT J» T B
0G G H
— | - ==—— ...(4)
oT )p T T
(M) (@) S
oT o 1\0T Jp T
Gibbs-Helmholtz ~ (0(G/T)} _ H substitute
Equation oT  Jp T?2 (4) in (5)
alternative form: =H

By applying the Gibbs-Helmholtz equation to both reactants
and products of a chemical reaction,

~ (G(AG/T)j N
orT ), T?
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