Chemistry 132 NT

1 wish 1 would have a real tragic
love affair and get so bummed out
that 1I’'d just quit my job and
become a bum for a few years,
because | was thinking about
doing that anyway.

Jack Handey

Chem 132 NT

Thermodynamics
and Equilibrium

Module 2
Free Energy and Equilibrium Constants
=Free Energy and Spontaneity
=|nterpretation of Free Energy
=Relating DG tothe Equilibrium

Photomicrograph of urea
Constant crystals under polarized light.
=Changes of Free Energy with
Temperature
2

% Calculating the entropy change for a phase
transition

% Predicting the sign of the entropy change of a
reaction

# CalculatingDS for areaction




Free Energy Concept

= The American physicist J. Willard Gibbs
introduced the concept of freeenergy
(sometimes called the Gibbs free ener gy), G,
which isathermodynamic quantity defined by
the equation G=H-TS.

+This quantity gives adirect criterion for
spontaneity of reaction.

Free Energy and Spontaneity

% ChangesinH an S during a reaction result
inachangein freeenergy, DG, given by
the equation

DG =DH - TDS
+Thus, if you can show thatDG isnegative a a

given temperature and pressure, you can predict
that the reaction will be spontaneous.

Standard Free-Energy Change

% Thestandard free energy change, DG°, is
the free energy change that occurswhen
reactants and products are in their standard
states.

+The next exampleillustrates the cal cul ation of
the standard free energy change, D&, from
DHe andDS.

DG° =DH°- TDS°




A Problem To Consider

+ What is the standard free energy change, DG,
for the following reaction at 25 °C? Use val ues of

DH° and &, from the appendix in your text.

N, (9) +3H,(9)® 2NH,(g)
DHe: o 0 2% (-45.9) kJ
S° 1915  3x1306  2x193J/K

+Place below each formulathe values of DHe
and S multiplied by stoichiometric coefficients.

A Problem To Consider

+ What is the standard free energy change, DG,
for the following reaction at 25 °C? Use values of

DH.° and &, from the appendix in your text.

N, (9) +3H,(9)® 2NH;(9)

+Y ou can calculate DH® and DS using their
respective summation laws.

DH° = & nDH?(products) - § mDH? (reactants
=[2" (- 45.9)- 0] kJ=- 91.8kJ

A Problem To Consider

+ What is the standard free energy change, DG ,
for the following reaction at 25 °C? Use val ues of

DH.° and &, from the appendix in your text.

N,(9) +3H,(9)® 2NH;(q)

+Y ou can calculate DH° and DS using their
respective summation laws.

DS° = § nDS°(products) - § mDS°(reactants
=[2" 193- (191.5+3" 1306)]J/K =-197 JK




A Problem To Consider

+ What is the standard free energy change, DG,
for the following reaction at 25 °C? Use val ues of

DH° and &, from the appendix in your text.

N,(9) +3H,(9)® 2NH(9)

+Now substitute into our eguation for DG°. Note
that DS isconverted to kJ/K.
DG®° =DH°- TDS
=-91.8kJ - (298K)(- 0.197 kJ/K)
=-33.1kJ

Standard Free Energies of
Formation

% Thestandard free energy of formation, DG,
of asubstanceisthe free energy change that
occurswhen 1 mol of asubstance isformed
from its elementsin their most stable states at 1
atmpressure and 25 °C.

+By tabulating DGe for substances, asin the
appendix inyour text, you can calculate the

DGe for areaction by using a summation law.
DG° =§ nDG?(products) - § mDG?(reactants

A Problem To Consider

+ Calculate DG for the combustion of 1 mol of
ethanol, C,H,OH, at 25 °C. Use the standard free
energies of formation given in your appendix.

C,HsOH(l) +30,(g)® 2CO,(g) + 3H,0(g)
DG -174.8 0 2(-394.4)  3(-228.6)kJ

+Place below each formulathe values of DG
multiplied by stoichiometric coefficients.




A Problem To Consider

+ Calculate DG for the combustion of 1 mol of
ethanol, C,H,OH, at 25 °C. Use the standard free
energies of formation given in your appendix.

C,HsOH(l) +30,(g)® 2CO,(g) +3H,0(g)

DG -174.8 0 2(-394.4)  3(-228.6)kJ
+Y ou can calculate DG using the summation
law.

DG® = § nDG{(products) - § mDG(reactants)
DG® =[2(- 394.4) + 3(- 228.6) - (- 174.8)]kJ

A Problem To Consider

+ Calculate DG for the combustion of 1 mol of
ethanol, C,H,OH, at 25 °C. Use the standard free
energies of formation given in your appendix.

C,HsOH(l) +30,(g)® 2CO,(g) + 3H,0(g)

DG -174.8 0 2(-394.4)  3(-228.6)kJ
+Y ou can calculate DG using the summation
law.

DG° =3 nDG?(products) - § mDG?(reactants
DG°=-1299.8kJ

DGP? asa Criteriafor Spontaneity

= Thefollowing rules are useful in judging
the spontaneity of areaction.

1. When DG is alarge negative number (more
negative than about—10 kJ), thereaction is
spontaneous as written, and the reactants
transform almost entirely to products when
equilibrium is reached.




DGP asaC Criteriafor Spontaneity

= Thefollowing rules are useful in judging
the spontaneity of areaction.

2. When D& isalarge positive number (more
positive than about +10 kJ), thereaction is
nonspontaneous as written, and reactants do
not give significant amounts of product at
equilibrium.

DGP asa Criteriafor Spontaneity

= Thefollowing rules are useful in judging
the spontaneity of areaction.

3. When DG isasmall negative or positive
value (lessthan about 10 kJ), the reaction
gives an equilibrium mixturewith
significant amounts of both reactants and
products.

Maximum Work

= Often reactions arenot carried out in away
that doesuseful work.

+As a spontaneous preci pitation reaction occurs,
the free energy of the system decreases and
entropy is produced, but no useful work is
obtained

#|nprinciple, if areaction is carried out to obtain
the maximum useful work, no entropy is
produced.




Maximum Work

= Often reactions are not carried out in away
that does useful work.

+|t can be shown that the maximum useful work,
W, » for aspontaneous reaction is DG.

Wpay = DG

+Theterm free energy comes from thisresult.

Free Energy Change During
Reaction

= Asasystem approaches equilibrium, the
instantaneous changein free ener gy
approaches zero.

+The next dideillustrates the changein free
energy during a spontaneous reaction.

+Asthe reaction proceeds, the free energy
eventually reaches its minimum value.

+ At that point, DG = 0, and the net reaction
stops; it comestoequilibrium.

Free-energy change during a spontaneous reaction.
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Free Energy Change During
Reaction

= Asasystem approaches equilibrium, the
instantaneous changein free energy
approacheszero.
+The next dide illustrates the change in free
energy during anonspontaneous reaction.
+Note that thereis a small decreasein free
energy as the system goes to equilibrium.

Free-energy change during anonspontaneous reaction.
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Relating DG to the Equilibrium
Congtant

= Thefree energy change when reactantsare

in non-standard states (other than 1 atm

pressureor 1 M) isrelated to the standard

free energy change, D&, by the following

equation.

DG = DG° +RT InQ

+Here Q isthe thermodynamic form of the
reaction quotient.




Relating DG to the Equilibrium
Congtant

= Thefree energy change when reactantsare

in non-standard states (other than 1 atm

pressure or 1 M) isrelated to the standard

free energy change, D&, by the following

equation.

DG =DG° +RT InQ

+DG represents an instantaneous change in free
energy at some point in the reaction
approaching equilibrium.

Relating DG to the Equilibrium
Congtant

= Thefree energy change when reactantsare

in non-standard states (other than 1 atm

pressureor 1 M) isrelated to the standard

free energy change, D&, by the following

equation.

DG =DG° +RT InQ

+At equilibrium, DG=0 and the reaction quotient
Q becomes the equilibrium constant K.

Relating DG to the Equilibrium
Congtant

= Thefree energy change when reactantsare

in non-standard states (other than 1 atm

pressureor 1 M) isrelated to the standard

free energy change, D&, by the following

equation.

0=DG°+ RTInK

# At equilibrium, DG=0 and the reaction quotient
Q becomes the equilibrium constant K.




Relating DG to the Equilibrium
Congtant

= Thisresult easily rearrangesto give the basic
equation relating the standard free-ener gy
changeto the equilibrium constant.

DG°=-RTInK

+When K > 1, theln K ispositiveand DG is
negative.

+*When K <1, theln K isnegativeand D& is
positive.

A Problem To Consider

+ Find the value for the equilibrium constant, K, at 25 °C
(298 K) for the following reaction. The standard free-
energy change, DG, at 25 °C equals —13.6 kJ.

2NH;(g) +CO,(g) == NH,CONH 5(aq) + H,O(l)
+Rearrange the equation DG*=-RTInK to give

mo

InK =

A Problem To Consider

+ Find the value for the equilibrium constant, K, at 25 °C
(298 K) for the following reaction. The standard free-
energy change, D@, at 25 °C equals —13.6 kJ.

2NH;(g) +CO,(g) —= NH,CONH ,(aq) + H,O(l)
+ Substituting numerical valuesinto the equation,
- 136" 10°J

InK = E =
- 8.31J/(mol>xK) " 298K

549
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A Problem To Consider

+ Find the value for the equilibrium constant, K, at 25 °C
(298 K) for the following reaction. The standard free-
energy change, DG, at 25 °C equals —13.6 kJ.

2NH;(g) +CO,(g) == NH;CONH (aq) + H,0(l)

‘Hence,
K =% =242 10?

Spontaneity and Temperature
Change
= All of thefour possible choices of signsfor

DHe and D give different temperature
behaviorsfor DG.

DH D D& Description
— + — Spontaneousat all T
+ _ + Nonspontaneousat all T
- - +or— Spontaneous at low T;
Nonspontaneousat high T
+ + + or— Nonspontaneousat low T;
Spontaneousat high T

Calculation of DG° at Various
Temperatures
& |n this method you assume that DH° and

DSeare essentially constant with respect
totemperature.

+Y ou get the value of DG° at any temperature T
by substituting values of DH° and DS at 25 °C
into the following equation.

DG2 =DH° - TDS®

11



A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DH 2. -1206.9 -635.1 -393.5kJ
Se: 929 38.2 213.7J/K

+Place below each formulathe values of DH°
and S multiplied by stoichiometric coefficients.

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7J/IK

+Y ou can calculate DH° and DS using their
respective summation laws.

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7 J/IK

DH° = 3 nDH?(products) - & mDH? (reactants)
=[(- 6351- 3935)- (- 12069)k J=1783kJ

12



A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DH 2. -1206.9 -635.1 -393.5kJ
Se: 929 38.2 213.7J/K

DS° = § nDS°(products) - § mDS°(reactants)
=[(382+2137)- (929)]=1590J/K

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7J/IK

+Now you substitute DH°, DS (=0.1590 kJ/K),
and T (=298K) into the equation for DGe.

DGS =DH®- TDS°

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7 J/IK

+Now you substitute DH°, DS (=0.1590 kJK),
and T (=298K) into the equation for DGe.

DG =178.3k J- (298K )(0.1590k J/K )

13



A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DH 2. -1206.9 -635.1 -393.5kJ
Se: 929 38.2 213.7J/K

+Now you substitute DHe, DS (=0.1590 kJK),
and T (=298K) into the equation for DG.
So thereaction is

D ?— =130.9kJ nonspontaneous
at 25°C.

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7J/IK

+Now we'll use 1000°C (1273 K) along with
our previous values for DH°and DS.

DG2 =178.3k J- (1273K)(0.1590k J/K )

41

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7 J/IK

+Now we'll use 1000°C (1273 K) along with

our previous vaues for DH°and DS.
So thereactionis

DG$ =-241kJ spontaneous at
1000 °C.

42
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A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DH: -1206.9 -635.1 -393.5kJ
S 929 382 213.7J/K
+To determine the minimum temperature for
spontaneity, we can setDGP =0 and solve for T.
DH°
T=—c
DS

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7 JIK
+To determine the minimum temperature for
spontaneity, we can setDGP =0 and solve for T.

- _1183KJ _ 19191k (s48°C)
0.1590k J/K

44

A Problem To Consider

+ Find the DG for the following reaction at 25 °C
and 1000 °C. Relate this to reaction spontaneity.

CaCO,4(s)® CaO(s) +CO,(g)
DHe: -1206.9 -635.1 -393.5kJ
Se 929 38.2 213.7 J/IK

+Thus, CaCO, should be thermally stable until
its heated to approximately 848 °C.

45
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Operational Skills

# Calculating DG from DHe andDS

# CalculatingDG® from standard free energies of
formation
# |nterpreting the sign of D&

# Writing the expression for athermodynamic
equilibrium constant

# Calculating K from the standard free energy
change
4 Calculating DG and K at various temperatures

Key Equations
DU=q+w
w=- PDV

DS > % (For a spontaneous pr ocess)
DS:% (For an equilibrium process)

DS° = § nDS°(products) - § mDS°(reactants)

47

Key Equations

DG°=DH°- TDS®

DG° =4 nDG{(products) - § mDG?(reactants
DG =DG°+RTInQ

DG° =- RTINK or DG° =-2.303RT logK
DG$ =DH°- TDS®

Timefor afew review questions

48
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