Summary Lecture 1 (qlossery see App B, SG)

- First law: conservation of energy

dU =dW +dQ
AU =de =W +0Q
jﬁduzo

U Is a state function

Reversible process

- Mechanical work W = _j Pextdv —j PdV
- Perfect gas PV = nRT | Equation of state
o . 3 3
- Perfect atomicgas |U = —nRT = =PV
2 2

dWw = 1)



Summary Lecture 2 (second Iaw and entropv)

Second law:
for any spontaneous process

dS

tot

4535, 20]|as = 927 [
T urroundings

S is a state function, so independent of path

Alternative form: Clausius inequality:

—

dQ™ =TdS | Reversible process

dQ <TdS | -

dQ" <TdS | Irreversible process




Summary Lecture 2 (alternative enerqy functions)

—

Internal energy U

Enthalpy H=U-+PV
Helmholtz free energy A=U —TS

— State functions

Gibbs free energy G=H-TS| _
dU =TdS —Pdv | mmmp |dU|, =TdS
dH =TdS +VdP | mmmp |dH| =TdS
dA=-SdT —PdV | mmmp |[dA| =
dG =-SdT +VdP | mmmp |dG| =
Heat capacities C, = (8—Uj C, = (G_Hj
oT ), oT )|, :




Summary Lecture 3 (chemical equilibria)
Second law-> dG‘PT <0 AGEL(?G]

4

AG=AG°+RTIhQ

Equilibrium state

A£§ reaction

_lEnergy mininTors -
AG=0 TP 4,6 <0 ‘

O Reaction progrt*ssion | AG>0 _
é:eq AG=0 )

|
A G
AI’G®: ViA Grc;])l K:eX 5y

Z fOmi| - p_ T




Summary Lecture 3 (formation enerqgies)

G )

elements in reference state

A

I ©
I_ZV;‘A fG m,reactant f
14

|
reactants ,

®

A G
.

| ©
I-'-erjA fG m,product I
1

' I
|

1
|
y products y

For all elements in their reference states at T AfGn(?,i

AfGri),i = Af H ri),i _TAfSri),i

At constant, chosen T

For all elements in their reference states at T AH gi

0
0

For gaseous mixtures

Mole fraction

Partial

pressure |y
P =xP

n.

_ N
n_an
j

For perfect gas mixtures

o-11(3%)




Summary Lecture 3 (chemical equilibria)

Second law-> dG‘PT <0

(for any system)

Non-quilibrium ¢

AG=AG°+RTInQ

Equilibrium &

AG=0

Equilibrium constant: K

A,G® =-RT InQ,, =-RT InK

K =exp

A G°

r

RT

AG® =S v,AG?

uo = (T)

6 { P = PO = 1 bar (standard pressure)

component | is pure (as if it is not in a mixture)




Lecture 4: Chemical reaction equilibria contd




Chemical reaction equilibria: activities

Equilibrium state

T,P

0 Reaction progr+ssion ¢ 1

feq

AG® = ZviAng’i

=

AG=AG°+RTInQ

AG reaction
AG <0 —
AG>0 —
AG=0 C—
K=exp|— AG™
- RT -

RTInQ=" ‘ For perfect gas mixtures




Chemical reaction equilibria: activities

Equilibrium state

T,P

0 Reaction progr+ssion ¢ 1

é:eq

AG® = ZviAng’i

=

AG=AG°+RTInQ

A G reaction

T

AG
K=exp|- IrQT

P
RTInQ=" ‘ For perfect gas mixtures (Q=]] (P—'@j

What to do with real systems?

9



Chemical reaction equilibria: activities

AG=AG°+RT InQ

RT InQ =7 ‘ For perfect gas mixtures |Q

What to do with real systems?

10



Chemical reaction equilibria: activities

AG=AG°+RT InQ

RT InQ =7 ‘ For perfect gas mixtures |Q

O

A.G z(@] :Zvi,ui;Zvi,ui@+ZviRT In%
- i i i

The chemical potential of o P
perfect gas component | !

What to do with real systems?
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Chemical reaction equilibria: activities

What is the chemical potential of a component | in real systems?

dG =—SdT +VdP + > udn,

oG
= H

12



Chemical reaction equilibria: activities

What is the chemical potential of a component | in real systems?

dG = —-SdT +VdP + > s,dn, T

oG
= H

a b
Amount of component #; ———

real gases | .
& molecules not independent;

Real systems — liguids L,"ds .— also have interactions other
solids .
than hard sphere collisions

solutions | B




Chemical reaction equilibria: activities

The chemical potential of o P.
: = 4+ RT In
perfect gas component |

gm—

real gases | .
& molecules not independent;

Real systems — liquids l,"ds — also have interactions other
solids .
than hard sphere collisions

solutions |

‘ u =pu° +RTIna

A,G ;Zvi,ui@ +ZviRT Ina,

a; is the activity of component I in a solution or mixture

14



Chemical reaction equilibria: activities

U E,ui® +RT Ina,

Real systems

—

A.G :Zvi,ui® +ZviRT In a

\ J |

| |
=AG° =RTInQ




Chemical reaction equilibria: activities

wy=p’ +RT Ina,| B |AG=>vu’+> vRT Ina

Real systems \ ’ ] |\ J

|
=AG° =RTInQ

AG=%0| [AG=4G°+RTnQ| «mm (Q=]]2"

o Equilibrium constant
Equilibrium —

AG®_ _ Vi
AG=0| [K=exp|-— =) K-[Hai)

RT




Chemical reaction equilibria: activities

;= pu® +RT Ina, | mmp

Real systems

A.G :Zvi,ui® +ZviRT In a

\ J |

!

v
ZVA Gni=AG° =RTInQ

AG=0

Equilibrium

Equilibrium constant

4
AG=AG®+RT In Q| dmmmp Q:Haivi
4

AG=0

B
¢ = exo] - 28" ]| g K:U—Iaiv.]
i eq

RT




Chemical reaction equilibria: activities

H;

° +RT Ina | mmp

Ell’li

Real systems

al

A.G :Zvi,ui® +ZviRT In a

\ l
|

ZVA Gni=AG”

P = P9 =1 bar (standard pressure)

component | is pure (as if it is not in a mixture)
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Chemical reaction equilibria: activities

H;

= u° +RT Ina,| E)

Real systems

al

A.G :Zvi,ui® +ZviRT In a

\ l
|

ZVA Gni=AG”

P = PO = 1 bar (standard pressure)

component | is pure (as if it is not in a mixture)

Afcar(:,i

is independent of interactions in real systems

19



Chemical reaction equilibria: activities

wy=p’ +RT Ina,| B |AG=>vu’+> vRT Ina

Real systems \

a; is the activity of component I in a solution or mixture

20



Chemical reaction equilibria: activities

U E,ui® +RT Ina,

Real systems

—

For perfect gas mixtures

A.G :Zvi,ui® +ZviRT In a

\

l

» For perfect gas mixtures |a. = ——

|
= RT InQ
&
Q- I1[ 55 ) [=Q=I]2"
P_
| P@

a; is the activity of component I in a solution or mixture

21



Chemical reaction equilibria: activities

u=pd+RTIna, | B |AG=>vu’+> VRT ha

Real systems \ J

!

=RT InQ
Ny
P Vi
For perfect gas mixtures [Q=]] (P—g =0 = H a.
! i
| P
» For perfect gas mixtures |a. = E

—

Liquids and solids

are virtually —-F lid ]
. ) or pure solids ~
incompressible P dg

—

For pure liquids |& =1




Chemical reaction equilibria: activities

u=pd+RTIna, | B |AG=>vu’+> VRT ha

Real systems \ J

|
= RT InQ
P ’ Vi
For perfect gas mixtures |Q = H (P—g =0 = H d,
| i
: X
» For perfect gas mixtures |a. = —
P So what
N ] — about
Liquids and solids | g, oure liquids |&1 © 1 <olutions?

are virtually —-F lid
] . or pure solids ~
incompressible P dg 1




Chemical reaction equilibria: Electrochemistry

u=pd+RTIna, | B |AG=>vu’+> VRT ha

\ l

|
P _
For perfect gas mixtures |a. = _I@ =RT InQ
P o
For pure liquids |& =1 Q= H C
|
For pure solids a, ~ 1

So what B
about — . .
solutions? Electrolytes (ions): Electrochemistry

—

Neutral solutions (Lecture 5)

24



Chemical reaction equilibria: Electrochemistry

Electrochemistry: redox reactions; a few concepts:

MnO; (aq) +8H" (aq) +5e- — Mn**(aq) + 4H,0(l)

Oxidizing agent + ve- — Reducing agent
Oxidant + ve- — Reductant
Ox + ve- — Red

Fe*" (agq) +e- — Fe’"(aq)

Reduction
halfreaction

redox reactions: electron transfer

25



Chemical reaction equilibria: Electrochemistry

Electrochemistry: redox reactions; a few concepts:

MnO, (aq) +8H" (aq) +[5e-|— Mn**(aq) + 4H,0(l)

Oxidizing agent + ve- — Reducing agent
Oxidant + ve- — Reductant
Ox + ve- — Red

Fe®* (aq) +—> Fe**(aq)

Mn* (aq) + 4H,0(1) — MnO, (aq) +8H" (aq) +[5e-]

Reducing agent — Oxidizing agent + ve

Reduction
halfreaction

Oxidation
halfreaction

Reductant — Oxidant + ve-
Red — Ox + ve

Fe* (aq) — Fe’*(aq) +

26



Chemical reaction equilibria: Electrochemistry
MnO; (aq) +8H" (aq) + 5e- — Mn**(aq) + 4H,0(l)

Oxidizing agent + ve- — Reducing agent
Oxidant + ve- — Reductant
Ox + ve- — Red

Fe®*(aq) + e- > Fe**(aq)

Reduction
halfreactions

Ox, + Red, + ve- — Red, + Ox, + ve-
Ox,; + Red, — Red, + Ox,

Total reaction

27



Chemical reaction equilibria: Electrochemistry
MnO; (aq) +8H" (aq) + 5e- — Mn**(aq) + 4H,0(l)

Oxidizing agent + ve- — Reducing agent
Oxidant + ve- — Reductant
Ox + ve- — Red

Fe®* (aq) +e- —» Fe**(aq)

Reduction
halfreactions

Ox, + Red, + ve- — Red, + Ox, + ve-
Ox,; + Red, — Red, + Ox,

Ffed“c“"” MnO (aq) +8H" (aq) +5e- — Mn**(aq) + 4H,0(l)

Total reaction

Oxidation
2

Fe**(aq) —> Fe®*(aq) +e-

28



Chemical reaction equilibria: Electrochemistry
MnO; (aq) +8H" (aq) + 5e- — Mn**(aq) + 4H,0(l)

Oxidizing agent + ve- — Reducing agent
Oxidant + ve- — Reductant
Ox + ve- — Red

Fe®* (aq) +e- —» Fe**(aq)

Reduction
halfreactions

Ox, + Red, + ve- — Red, + Ox, + ve-

Ox,; + Red, — Red, + Ox,
Reduction M O— 8H+ 5 _ M 2+ 4H O |
1 nO,(aq)+8H" (aq) +5e- — Mn“ (aq) + 4H,0(l)

Oxidation 5x |Fe*"(aq) > Fe’ (aq) +e-

Total reaction

MnO; (aq) +8H" (aq) + 5Fe** (aq) — Mn*"(aq) + 4H,0(l) + 5Fe*" (aq)




Chemical reaction equilibria: Electrochemistry

MnO; (aq) +8H" (aq) + 5Fe** (aq) = Mn**(aq) + 4H,0(l) + 5Fe** (aq)

Ox, + Red, — Red, + Ox,

But what about the reverse reaction?

Mn " (aq) + 4H,0(l) + 5Fe* (aq) — MnO, (aq) + 8H" (aq) + 5Fe*" (aq)

Red; + Ox, — Ox, + Red,
Ox, + Red; — Red, + Ox,

Electrochemical Equilibrium reaction

MnO; (aq) +8H" (aq) + 5Fe** (aq) <> Mn“*(aq) + 4H,0(l) + 5Fe** (aq)

—> Will it run spontaneously to the right or to the left?
—> Where is the equilibrium?

30




Chemical reaction equilibria: Electrochemistry

Electrode

)

Salt bridge

H,0(l)

Electrode

IMT

H"(aq)

Mn " (aq)
- MnO,(aq)

H,0(1)

Fe*" (aq)

 Fe’"(aq) |

/

Electrode compartments

o

Voltage V represents a
‘driving force’ like A.G

)
e
=
=
=
E
G
Energy_ minimmurr—;
AG=0 ; T,P
O Reaction progr+ssion ¢ 1

é:eq

31



Chemical reaction equilibria: Electrochemistry

Electrode /Salt bridge Electrode

AN

H,0(l)

H,O(I)
I H"(aq) I
Mn®"(aq) | |Fe* (aq)
' MnO,(aq) | | Fe’(aq)

F4
Electrode compartments

Voltage V represents a
‘driving force’ like A.G

AG=AG°+RTInQ

AG®=YVA G,

Equilibrium:

‘Are@ =—RT InK

Relation between V and A G

32



Chemical reaction equilibria: Electrochemistry

Voltage V re rc&?}\
‘driving forc& G

Electrode /Salt bridge Electrode °

AN .6 +RTING
Pt Pt
Equilibrium:

HZO%H\N o0 ‘ArG('” =-RT InK
\J"H%am |

C

m,i

) : Relation between V and A G
Mn " (aq) Fe“"(aq)

(Mo (ag) | | Fe*(an) | A G =-vFV =-vFE

/

Electrode compartments 33



Anode

Chemical reaction equilibria: Electrochemistry

Electrons \
s

\

$J 3 3
Tt

Oxidation

b |

Reduction

Electrochemical cells

i

Zinc

Zinc
sulfate
solution

N \ 5

Copper
Vg

N N
Porous Copper(ll)
pot sulfate
solution

Electrode  Salt bridge Electrode

ZnS0O,(aq) CuS0,(aq)

/ /
Electrode compartments

34



Chemical reaction equilibria: Electrochemistry
A G
vE

A .G =—-vFE | mmp|E =

RT
A.G=AG®+RTInQ| E=E"-——InQ
V

Equilibrium:

Equilibrium: -
‘A G®=-RT InK E°=4+—1InK
: ‘ Vi

A G® = Z:viAme,i(9 = —FE®

35



Chemical reaction equilibria: Electrochemistry

RT
AG=AG°+RTINQ| <mmp E=E®——FInQ
V

Nernst equation

36



Chemical reaction equilibria: Electrochemistry

RT
AG=AG®°+RTInQ| 4= |E=E°-—InQ

- T AW
- AG>0 ' |
-

A.G =—vFE 4l
Nernst equation
b
(@) .
2 reaction
£
g A G <0 Electrodg Salt bridge lectrode
o
E
O
L

AG =0

H.00) H,0()

I |H*(aq) I

Mn ?" (aq) Fe?®" (aq)
MO (aa) | | Fe®(aq)

A G

r

0 Reaction progrt%ssion s 1

é:eq

d
Electrode compartments
37



Chemical reaction equilibria: Electrochemistry

Nernst equation

E:E®—%InQ with [Q=]]a"
Vi [

38



Chemical reaction equilibria: Electrochemistry

Nernst equation

E:E®—%InQ with [Q=]]a"
Vi [

Nernst also holds for half reactions

MnO | (aq) +8H" (aq) +5e- — Mn“*(aq) + 4H,0(l)

4

E E® RT I aMn2+aH20
MnO;/Mn% — —MnO;/Mn% 3= N 3 58
MnO, H'

5Fe’ (aq) +5e- — 5Fe’*(aq)| Note: reduction half reaction

5
RT . a_.
© Fe*!
Fe3" /Fe?* - EFe3+/Fe2+ B In 5
5F Fe3+ 39




Chemical reaction equilibria: Electrochemistry

Nernst also holds for half reactions

MnO | (aq) +8H" (aq) +5e- — Mn“*(aq) + 4H,0(l)

5Fe*"(aq) +5e- — 5Fe°"(aq)| Note: reduction half reactions

40



Chemical reaction equilibria: Electrochemistry

Nernst also holds for half reactions

MnO | (aq) +8H" (aq) +5e- — Mn“*(aq) + 4H,0(l)

5Fe*"(aq) +5e- — 5Fe°"(aq)| Note: reduction half reactions

MnO ; (aq) +8H" (aq) + 5Fe*" (aq) — Mn *" (aq) + 4H,0(l) + 5Fe”* (aq)

41




Chemical reaction equilibria: Electrochemistry

Nernst also holds for half reactions

MnO | (aq) +8H" (aq) +5e- — Mn“*(aq) + 4H,0(l)

5Fe*"(aq) +5e- — 5Fe°"(aq)| Note: reduction half reactions

MnO ; (aq) +8H" (aq) + 5Fe*" (aq) — Mn *" (aq) + 4H,0(l) + 5Fe”* (aq)

4

MnO;/Mn%* ~ —MnO,/Mn? 5F 28
MnO; H*
5
® RT I aFe2
Fe¥ /Fe®* Fe®* /Fe2" 5F n a.5
Fe®

42




Chemical reaction equilibria: Electrochemistry

Nernst also holds for half reactions

4
E . ® _ RT |n aMn2+aH20
MnO,/Mn®" — —MnO,/Mn? 5F 28
MnO, H'
o RT _a’.. , ,
E oo =B o o — cF In 25 Note: reduction half reactions
Fe3
4 5
E _ E@ . ® . RT I_In aMn2+aH20 In Fe2*
total cell ~ —Mno,/Mn? Fe¥ /Fe? 5F 3 8 5
L MnO, H* Fed*

43



Chemical reaction equilibria: Electrochemistry

Nernst also holds for half reactions

4

E . ® _ RT In aMn2+aHZO
MnO /Mn % MnO /Mn** 5F a8
MnO, H'
RT a 2+
® F . .
R T = In " - Note: reduction half reactions
Fe®
[ ]
[ Caat, . al.]
E _ E@ _ E® _E| In aMn2+aH20 . In aFez+
totalcell = —Mno,/Mn? Fet /Fe?" 5F L a a8 a5 J
MnO, H* Fe3*
| das ]
E _E° =) _ RT | [n —Mn®" "H20 Tre’
total cell ~ —Mno;,/Mn? Fe¥ /Fe? 5F L 3 a8 a5
MnO;, ~H* Fe2+J

44

MnO ; (aq) +8H" (aq) + 5Fe* (aq) — Mn**(aq) + 4H,0(l) + 5Fe’" (aq)




Chemical reaction equilibria: Electrochemistry

Nernst also holds for half reactions

4 5
— E@ C) ﬁ‘rln a.MI’]ZJra.HZOa.FeB+ —’

total cell MnO;/Mn%  —Fe¥/Fe? 3= L a

\ J

| |
Standard electrochemical potentials of
redox couples are in tables as

reduction half reactions

E

8 .5
a
MnO; H* ~ Fe?

MnO ; (aq) +8H" (aq) + 5Fe*" (aq) — Mn“*(aq) + 4H,0(l) + 5Fe’" (aq)

45




Chemical reaction equilibria: Electrochemistry

Nernst also holds for half reactions

4 5
—E® =g _ RT Ln a|v|n2+aH20aFe3+ —’
~ TMnO;/Mn% A TFe¥ /Fe? 5F L a

\ J

| |
Standard electrochemical potentials of
redox couples are in tables as

reduction|half reactions

E

total cell

8 .5
a
MnO; H* ~ Fe?

- sigh because we need a reduction and an oxidation half reaction

MnO ; (aq) +8H" (aq) + 5Fe*" (aq) — Mn*" (aq) + 4H,0(l) + 5Fe”* (aq)

46




Chemical reaction equilibria: ions in solution

A=kl mol ) " A G=f(k] mol ")

I S i1 K mol it

Mg mal ') I ChmfllK?!
Fluorime
) 3B.00 0 i] 20078
Figh 19,00 +78,99 +61.91 158.75
Fiag) 15.00 33L.63 178,79 13.8
HF{g) 20001 2711 -273.2 173.78
Gold
Auis) 196.97 0 ] AT.AD 25.42
Auig) 196.97 +366.1 +326.3 180,540 20.79
Helium
Helg) 4.003 ] i] 126.15 20,786
Hydrogen (see also deuterium)
Hlg) 2006 0 i] 1 30,684 28.824
Higl L% $311707 FI0T I8 (IENd] TR
H*{aq) 100 0 0 0 0
H*{g) 1008 +1536.20
H,Ois) 18015 3799
H,O(l) 18015 — 78583 —237.13 69.91 75.291
H,Dig) 18015 -241.82 —228,57 188,83 33,58
HyO4(1) 34015 187.78 120,35 109.6 &9.1
loalline
L5} 253.81 0 0 116.135 54.44
L:(g) 253.81 #6244 +19.33 260,69 36, )
I{g) 12690 +106.84 +70.25 18079 20.786
I"(ag) 126540 =55.19 =51.57 +111.3 =142.3
Hiig) 12791 +16.48 +1.70 206.5% 20,158
] i] 25.10
35.85 +416,3 +370.7 180,49 2568
55,85 -3, 1| 75,90 |37.7
55.85 48.5 4.7 315.9
Fe,O,(s) (magnetite] 231.4 =11184 =1015.4 46,4 14343
Fe O, (2) (haematite) 159,69 —§24.2 —T4r2 B7.40 103.85
FeSis, a) BT.9] =100.0 =100.4 6,29 50,54
(s} 11998 —178.2 —166,9 52.93 6217
Krypton
Krig) B3.B0 0 0 164,08 LT8G
Lead
s 207.19 ] i] [ 2644
Phig) 207.19 +161.9 175.37 20,79
Pb**(ag) 207.19 24.43 +10.5
FhO(s, yellow) 223,19 =187.89 ] 45.77
PhO(s, red) 223.1% -218.99 =188.93 Bb.5 45.81
P, (s} 23919 -277 4 —217.33 6B.6 6464

AG?

m, H

Standard

. EAer?H* =0allT

thermodynamic

data

(@ 298K)

(Ed.11: Table 2C.7)
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Standard
electrochemical

potentials E®
of redox
couples

(@ 298K)
alphabetical
order
(Ed.11:

Table 6D.1b)

for all T(aq)

Reduction half-reaction E=*Y
Apt4e <AL +0.20
A e = Ag +1.98
Aplir+¢ =+ Ag+ Br +0,0713
.kg:'.l-rc -.’;L'_+:’ZI +0,22
Ay, + 2™ = 2Ag + Crid] +0,45
ApF+e" = Ag+F +0.78
Agl+e = Ag+l =0.15
AP+ 36 = Al =1.66
Au*+e¢” = Au +1.6%
Au** + 3¢ = Au +1.40
Ba® +2¢” — Ba +2.91
Be®® + 2" — Be -1.85
Bi*" + 3¢ —Bi +0.20
Br, 4+ 2¢™ — 2Br +1.0%
Bry” + H, O + 2¢™ = Br- + 20H +0.76
Ca*+2e" = Ca 187
CA{OH),+ 26 = Cd + 20H ~0,51
Cd* +2e” = Cd — 0,40
Ce'* + 36 = Ce —2.48
Ce't g = Ce™ +1.61
Cly + 2¢ = 201 +1.26
G + H_.l;'r-r ¢ =5 CI"+ 20H +0.8%
CIO; +2H* + 2¢” = CIO; + H,0 +1,23
CIOJ + Hy0+ 26" — CIO; + 20H +0,26
Co™ +2¢ = Co —0.28
Co'* +¢ = Co™ +1.81
Cr*+2¢ = Cr =0.91
Cry05" + 14H" + 6e™ = 200" + 7H,0 +1.33
Ot + 3¢ = Cr ~0,74
Crt e = O —0,41
Ci"4e s =292
Cu'#+e —=Cu +0.52
Cu®* 42 = Cu +0.34
Cu** 4+ ¢ = Cu* #0016
Fy+2¢™ =+ 2F +2.87
Fel* + 3¢ = Fe ~0,44
Fe'* + 3¢ — Fe —0.04
Fe'* +¢ — Fe™ +0.77
[Fe{CM) "+~ — |FelCN, )} 40,36
2H* + 2¢" =+ H, 0, by definition |
2H,O+ 2e” = H, + 20H =083
2HBrO+ 2H* + 2¢” = Bir, + 2H,0 +1.60
IHCIO + 2H* + 2¢” = Cl, + 2H,0 +1.63
HL, O, + 2HY + 2¢” — 2H,0 +1.78
H XeO, + 2H* + 2¢” — XeO, + 3H,0 430
Hgi* + 3¢ = 2Hg +0.7%
HegyCly + 2¢ =+ 2Hg + 2C1 +0.27
Hg™* + 26~ = Hg +0,86
IHg™ + 2¢” — Hgi' +0.92
Hg.500, + 2¢” — 2Hpg + 507 +0.62

Reduction half-reaction

I, +2¢” — 21
I+ 2e”— 3]
In*+e¢" = In
In** + ¢ = In*
[!1"'1'1\' = In"

In'* + 3 — In

In** ¢ = In™

Kf+e =K

La** + 3 = La

Li® +¢" =k Li

Mg™ +2¢" = Mg

Mn* +2¢” = Mn

Mn™ + ¢ = Mn®

MO, + 4H* 4 26 — Mn®™ + 2H,0
MO, + 8H* + 5¢ = Mn*™* +4H,0
MO + ¢ = MnQy;

.\.1||.[3I': + 2H0 + 2¢™ = Mni), + 40H
Ma*+e" = Na

MNi®* + 26" — Ni
NIOOH + H,0+ ¢ — Ni{OH), + OH
MO; + 2H + ¢~ = NO, + H,O
WO, + 4H" + 3¢™ = NO + 2H,O
NOS + HyO + 2™ = NO3 + 20H
0y + 2H, 0+ 4™ — 40H

Oy +4H + 46 = 2H,0

Oy 46— 0

0y + Hy O+ 2¢” — HOS + OH

Oy + 3H" + 2e” = 0, + HyO

O+ Hy+ 27 = 0, + 20H
Ph* + 2¢” = Ph

PbY* 4 267 — PR

PbSO), + 26" — Pb+ 507

P 42 =Pt

Pu** +¢ = Pu™

Ra** +2¢" = Ra

Bh*+e" = Rh

S5+ 26 5%

5,04 4 2¢” — 250]

LA e B

S0 + 2¢” = Sn

sn' + 2¢” = Sp*

.\'.-r"'r.'.’a,' = S

Ti** +2¢ = Ti

™ +¢ — Ti**

Ti* + ¢ = Ti**

T e =TI

U 43" = U

Ut e s U™

Vi 26

VH g W

In" &2 =7n

E*IV

+0.54
+0.53
014
=40
=044
—-0.34
=049
=293
-2.52
=305
-13
—1.18
+1.51
+1.23
+1.51
+1{1,56
+iL60

= L1
-1.19
—0.26
-0.76
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Standard

electrochemical

potentials E®

of redox
couples

(@ 298K)

electrochemical

order
(Ed.11:

Table 6D.1a)

Reduction half-reaction

Strongly oxidizing

H XeO,+ 2H® + 2¢” = XeOy + IH,O
F,+2¢" — 2F

O, +2H" + 2¢" = O, + H,0
500 + 26— 250}

.II.E":I"'{" r.’l.g'

Cao** 46— Co™

H0, + 2H* + 26 — 2H,0

Aut e — Au

PbY* + 267 = PR

2HCHD + 2H* + 2e” =+ Cl, + XH, O
Ce'* 6™ — Ce™

2HBrO + 2H* + 2¢™ =+ Bry + 2H,0
MnO), +BH" + 5¢ — Mn™* +4H,0
Mt +e = Mn**

Aut® + 36" = Au

Cly+2¢" = IC]

Cry0 + 14H* + 60 = 2Cr** + 7H,0
Oy + Hy0 + 2¢7 = Oy + 20H

0y 4+ 4H" + 4¢” = IH.O

CIO, + 2H + 2e —rlIZlU,‘-H:.(]
MO, +4H* + 2¢~ = Mn** + 2H0
Bry+ 2e” — 2Br

Pu* + ¢~ = Po™*

MO +4H" 4 3¢ —i.‘\lﬂi—!llri}
2Hg™ +2c" = Hg3'

CIO™ + H O+ 2¢” — CI7 4 20H
Hg* +2¢” — Hg

NO; 4 2H* 4 ¢ = NO, 4+ H,O
Agtde = Ag

Hg* + 2 = 2Hg

Fe™ + ¢ = Fel*

BrOr + HyO+ 20 = Br + 20H
Hig,500, + 2¢” — 2Hg + 507

Mg + 2H,0 + 2¢ = MnO, +40H
MO + ¢ — MnO?

I+ 3¢ = 21

Cu*+e¢ = Cu

Iy + 2" =31

NiCOH + HyO 4 ¢ =+ Ni{OH), + OH
A Crld, + 2e” — 2Ap + Crid]

0,4 2H,0+4¢” =+ 40H
(ZH.hi-iH:.Ui-!q: — CH; + 20H
[Fe{fCN)|"" + ™ —» [Fe{CN],|*
Cu™* + 26 = Cu

Hg,Cl, + ¢~ = 2Fig + 21
ApCl+e — Ap+Cl

Bi'"+ 3¢ = Bi

E*V

+3.0

+2.87
+ 207
+2.05
+1.58
+1.81
+1.78
+1.6%
+1.67
.63
+1.61
+ | b
+1.51
+1.51
+1.40
+1.36
+1.33
+1.24
.23
+1.23
.23
+ 1.0/
+0,97
+ {6
+0,92
+ (.89
+{L86H
L8
+ LB
#1079
+0.77
+{1, 76
+{L6:2
+0.60
+{.56
+1.54
+0.52
+0.53
w049
+0L45
040
+0.36
+0,34
+0.H4
+0,27
+0.22
+0.20

Reduction half-reaction E=I'v
Cu™ +¢” = Cu® +0.16
Sn** # 2¢” = Sn** +0.15
Aghr4+¢” — Ag+ Br +0.07
Tit g = TP (L)
2H* + 2 = H. 0, by definition I
Fe** + 3¢~ = Fe =0,04
O+ HyO + 2™ — HOS +OH —0.08
Pb* + 26" = Pb -0,13
In"+¢ —In =014
Snt 4+ 20 = 5n =0, 14
Mgl = Ag+] 0.15
Nit* &2 = Mi -0.23
Cot* + 2~ = Co 028
In** +3¢ = 1In —-0.34
T +e =Tl ~{L34
PBSOY, + 26 — Ph+ 507 -.36
T+ = Ti™ -0,37
Cd™* + 2¢- = Cd =040
In™ +¢ = In" =LA
Crt* ¢ = Cr* =041
Fet* + 26— Fe —044
In** + 2¢” = In* =044
S+ 5 —0.48
In'* +¢" = [n*™ (1,49
U g 3 ~061
Cr* 4+ 3¢ = Cr -0,74
Zn** 42 = Zn ~0.76
CA{OH), + 2¢” = Cd + 20H -0,51
ZHO+ 2e = H, + 20H ~0.83
Cri*+ 26 = Cr -0.91
Mn** +2e” = Mn 1.18
VL6 -1.19
Ti** +2¢" =+ Ti 163
AP 3 5 Al -1.66
U de = IJ =1.79
St % -2.09
Mg™ +2e” = Mg -2.36
Ce™#3 = Ce =248
La* + 3¢ = La -2,52
Na*+¢ = Ma 2.71
Ca™ +2¢ = Ca -2.87
Srit+ 2 = Sr 2,89
Ba™ +2¢— Ba -291
Ra** +2¢" = Ra =292
Cat e —=Cs -292
Rb* +¢" = Rb -2.93
K'+e =K =293 49
Li*+¢ = Li -3,05




Chemical reaction equilibria: Electrochemistry

AG® =0forallT

H™ (aq)

E® =0forallT

2H* [ H,
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Chemical reaction equilibria: Electrochemistry

AG® =0forallT

H™ (aq)

E® =0forallT

2H* [ H,

2H" (aq) +2e~ — H,(9g)

E = E° -
2H+/H2(g) 2H+/H2(g) 2': In a2 2|: a2

m) pH =-"loga . ~—"log [H+]|




Chemical reaction equilibria: Electrochemistry
Why pH is defined via the activity

pH =-log a ..
-log [H+]=-Iog(0.1)\l-1I — .
;; - u ~log[H"]
T% 1.
! 0.0+
—0.5

0 5 10 15 20 25 30
* Added 5M LiCl or CaCl, (mL)

25mL of 0.1 M HCI
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pH(exp.) / =log[H*] (calcul.)

25mL of 0.1 M HCl

Chemical reaction equilibria: Electrochemistry
Why pH is defined via the activity

pH =-log a,,.

1.0
A
A H(LiCI)
0.0-
-0.5

0 5 10 15 20 25 30
* Added 5M LiCl or CaCL, (mL)
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Chemical reaction equilibria: Electrochemistry
Why pH is defined via the activity

pH =-log a,,.
15 - L5 -
—_ - B —_ - B
LE l = =© ~log[H"] Lz l s ~logH]
2 1.0 = 1.0
t& A A é % A
on H{Li1CI) o0 H{LiCl)
- A P - A P
= = o
o e
% 0.0 1 % 0.0~ ® pH(CaCl,)
=y o, g ®
_05 | | | 1 | _05 | | | | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
* Added 5M LiCl or CaCL, (mL) f Added 5M LiCl or CaCL, (mL)

25mL of 0.1 M HCl 25mL of 0.1 M HClI
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Chemical reaction equilibria: Electrochemistry

pH(exp.) / —log[H*] (calcul.)

Why pH is defined via the activity

pH =-log a,,. _[9G
. on
s I /T ,P,n
: - _ -
N u ~log[H"]
1.0
o
A H(LiCl)
- A P
®
0.0 ® pH(CaCl,)
¢ @
—0.5

0 5 10 15 20 25 30
f Added 5M LiCl or CaCL, (mL)

25mL of 0.1 M HCI

Definition of activity:

a b
Amount of component #; ———

M. = :U,(j+ + RT In a.
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Chemical reaction equilibria: Electrochemistry

MnO ; (aq) +8H" (aq) + 5Fe*" (aq) — Mn*" (aq) + 4H,0(l) + 5Fe” (aq)

4 5
E i = EG)o M2 ®s, 2 — RT Ln aan+aH20aFes+—’
ce Mn Mn Fe" /Fe-" 5F L a a a J
MnO, H*
B E° . =+1.51V ]
nO,/Mn<"
Tables - L™ L |E®, =1.51-0.77 =0.74V
E . o =+0.77V

4 5

RT| a ,a‘ . a’, |
‘ EceII =0.74V - | In |_ISZO ge |
5F L a a.a J

MnO, H* Fe*

56



Chemical reaction equilibria: Electrochemistry

MnO ; (aq) +8H" (aq) + 5Fe** (aq) — Mn“*(aq) + 4H,0(l) + 5Fe’" (aq)

RT| a ,a’.a’, |
‘ E e 20-74V_—| In Hszo 5Fe |
5F L a a’.a’,. J

|_

‘ Ecell TO74V— S-IIZ- i}n aMn2+8aFe3; J
a a .da o2t

|

Very dilute solutions—>3a,,,,=1

oy RT[ - I Jrer [ ]
= = P oo B TRT,

Very dilute solutions—>a,=[l]
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Chemical reaction equilibria: Electrochemistry
Activity as an effective concentration

U, E,ui® +RT Ina,

C. C.
=4 +RT Inyic—([)zyi®+RT In—+RTIny,
| ] | ]
| |
B C. ideal or dilute deviation
a; =7, C@ c® =1mol/L behaviour from ideal

Yi| activity coefficient on the concentration scale

, # mol solute | n.
Molarity (mol/L): |C. = =
volume V solution V
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Chemical reaction equilibria: Electrochemistry

Activity as an effective concentration

U, E,uiG +RT In &,

Molarity |, _ # mol solute | _nil, ) C o _1mollL
(mol/L) " volumeV solution V [| ' °' ¢° —
Molality [, _ # mol solute i _n . :7@& b = 1mol/kg
(mol/kg) | mass msolvent m 0t p°
Mole fraction | x. = #mol s-olute L a =yx
() total # mol in solution  n
— _ — H* .
example \pH = -log a,. = —log e log 7. )




Summary Lecture 4 (chemical equilibria cont®)
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Summary Lecture 4 (activity)

wo=u +RT Ina

For perfect gas mixtures |a

For pure liquids |

For pure solids a

For general systems:

C. b,
a=7" | |a=n" s
c®

® =1mol/L b® =1molkg

A =7,

(%)

pH =-log a ..
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Summary Lecture 4 (electrochemistry)

AG=AG°+RTInQ

=)

Equilibrium state

TP

0 Reaction progrt%ssion s 1

ém

AG =0

RT
E=E°-—1InQ

v

AG=—-vFE
reaction
AG<O0

‘

AG>0

A G

r

_
.

Nernst equation

Electrodeg

(2

Salt bridge

\Iectrode

N W7

H,0(I) }

..
H" (aq)

Mn ?" (aq)

MnO, (aq)

H,0(1)

Fe®’(aq)

_Fe® (aq)

d
Electrode compartments
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Lecture 4: Final hour
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Lecture 3 and 4: Temperature dependence of K

A G°
RT IhK =-A G° ‘ NK=—_"
RT
(dln Kj AG® 1 (dAG°
dT ), RT? RT| dT )

—

dG° =-S°dT +V °dP

“

1

RT

[dArGG)]
dT
P

1

=+—AS°

RT

— .
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Lecture 3 and 4: Temperature dependence of K

din K AG® 1 AH®-TAS® 1
( j =———+—A,S5" = : +—AS°
dT )/, RT RT RT RT

‘ din K AH® Van ‘t Hoff
- equation
P

dT RT °

‘ In K(T,)—In K(T,) AH™1 1
n —In =— ——
’ ' R |T, T,

(for constant A H®)
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Lecture 3 and 4: Temperature dependence of K
RTInK =-AG° ink

_ = . _ A AH®<0

~-AH° |1 |AS® A,S° <0
In K = +
R T R 11T,

i AR 0 l/>.1/I

0 -1/T /‘\{A HIR iA SYR
AH® <0 (exothermic) (exothermic)
AS° >0
n K InkK
A ArH® >O A A H@ >O

A,$° <0 [(endothermic)
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Lecture 3 and 4: Temperature dependence of K
at T =T.:

AG®=-RT InK=0

InK
A AH®<0

AS°<0

K =1 V.

l/>~1[T

AHT=TAST g o

(exothermic)

AH®>0

A,$° <0 [(endothermic)
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Lecture 3. Thermochemistry for K (at temp T)
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Lecture 3. Thermochemistry for K (at temp T)

RT In K =-A G°

AGT =Y v =X VG,

Z viG,,, S = Z ViAG ’

(G is a state function)

RT I K ==Y vAG,,"

Gibbs free energy, G

(© => pure compound)

Elements
ry

Reactants
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Lecture 3. Thermochemistry for K (at temp T)

RTIhK=-AG® = |[RTInK=-AH®+TA S°

A

o o LEIements
A H =ZviAme,i
|
(H is a state function) 2
o © ;E Reactants
ALS :ZviAme’i &
i A H®
(S is a state function) vProducts |,

RTINK ==Y vA H, " +TY vAS,,"
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Table 2C.6-7 (ed.11)(T = 298 K)

Atkins

Mg mol ™) A H™ R mol ") A G kI mol ') S2HI K "mol ")t C:Im."[] K~ miol ™"
Carbon {Continued)
Colgh 24,022 +831.90 +775.89 19942 43.21
CO{g)h 28011 =110.53 =137 17 197.67 29.14
COulgl 44,010 =303.51 =394.36 21374 izl
COag) 44,010 =41 3,80 =385.98 117.6
H GO (ag) 62.03 —699.65 —623.08 1874
HOCO (agq) al.02 =&t].9% =586.77 +31.2
{Ih: [ET]] 60,01 =677, 14 =527.81 ~56.9
{]:||i|h 153,82 —=135.44 —63.21 21640 131.75
{TS:[]I 7614 +89.70 +65.27 15134 i
HCM(g) 27.03 +135.1 +124.7 0178 35.86
HEM 27.03 +I08.87 +124.97 11284 0,63
CN () 2602 +150.6 +1724 +84.1
Chlorine
{:l:.l,gl 70.91 i} 0 22307 33.91
CHg) 3545 #121.68 +105.68 165.20 21.840
Clig) 3445 =235.13
Cliag) 545 —167.16 —131.23 +36.5 —1364
HClig) 36,46 =92.31 =95.30 186.91 29.12
HCIaq) 36,46 =167, 16 =151.23 546.5 =1 364
Chramium
Cr(s) 52,00 0 o 2377 2335
Crig) 5100 +306.6 +351.8 174.50 20,79
{:l{!:l (agq) 11599 —&R1.15 =T21.75 +50.21
Cry 08 () 21599 —1490.3 ~1301.1 42619
Copper
Culs) 63.54 1] 0 35150 24.44
Culgh 63,54 +338,32 +198.58 166,38 20,79
Cu'lag) 63.54 +71.67 +49.98
{Zu"-:aqr 63.54 +64.77 +65.49
CuyOis) 143,08 =168.6 =146.0 6364
Culds) 79,54 -157.3 =120.7 42,30
Cos(s) 159.60 77136 —661.8 100.0
CI.ISL'J*'HI.UII:H 177.62 =1085.8 =18.11 154
CuS0-5HO(s) 245,68 =2275.7 =1879.7 280

Deuterium
Dy(g)
HI{g)

D, O{gh
DOl
HDOHg)
HIOW)

19,022

—289.89

—241.86

7929

for all T(q)

for all T(s)

Absolute

entropy
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Thermodynamics problem: My Auncle and |
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Thermodynamics problem: My Auncle and |

The voltage across the terminals of a battery

I/

kA

\

Battery/system

R;
H— H|-

Battery/system

What Is the voltage measured ?

Possible answers:

 Answer 1: V, = (R+R.)V, /R
-~ Answer 2: V, =RV, /R

_ Answer 3: V, =RV, /(R+R))
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Thermodynamics problem: My Auncle and |

The voltage across the terminals of a battery

| @L | . What is the voltage measured ?

rA Possible answers:
 Answer 1: V, = (R+R\)V, /R
R; R; | : .
i i Answer 2: V, = RV, /R
Battery/system Battery/system g Answer 3: VI = RiV“ /(R +Ri)

My auncle says: the current | runs through R, so together
with Ohm’s law V|, = IR we find a lower voltage, so V, >V,
=» answer 1
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Thermodynamics problem: My Auncle and |

The voltage across the terminals of a battery

l What is the voltage measured ?
|

Possible answers:

I\
R; R;
T H|- T HH
Battery/system Battery/system

 Answer 1: V, = (R+R\)V, /R
- Answer 2: V, =RV, /R
_ Answer 3: V, =RV, /(R+R))

| say: the volt meter is a perfect volt meter, so it takes

negligible current, so V,/R=V,/R =» answer 2
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Thermodynamics problem: My Auncle and |

The voltage across the terminals of a battery

I/

kA

\

Battery/system

R;
H— H|-

Battery/system

What Is the voltage measured ?

Possible answers:

 Answer 1: V, = (R+R.)V, /R
-~ Answer 2: V, =RV, /R

_ Answer 3: V, =RV, /[(R+R))
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