Chem 116
Thermodynamics

Chapter 16

Thermodynamics
p. 647 — 677

Spontaneity

Spontaneous process:
Ex.

Nonspontaneous process:
Ex.

What have we learned about spontaneity during thisaurse?
1) Quvs. K?

Spontaneous processccurs when a system moves
Nonspontaneous processccurs when a system moves

Is a spontaneous always fast?

equilibrium.
equilibrium.

One thermodynamic quantity that gives informatiorspontaneity is
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Enthalpy Review

For a chemical reaction:
AH. =

xn —

All reactions result either in the net release or net absorption of hg

Exothermic Reaction(PE, e < PEeactantd
1.
2.
3.

Endothermic Reaction(PE,,quets >  PEeactantd
1.
2.
3.

NOTE: Not all exothermic reactions. are spontaneoysand similarly, not all

endothermic reactions are nonspontaneous.

Standard Heat/Enthalpy of ReactionAH,,,°
AH,° =Y AH:® (products) - > AH;° (reactants)

AH;° = 0 for elements in their standard state underdstahconditions.

Calculate the standard enthalpy for the reactions belaxgngiheAH;” values in the table to the right.

AH® (kJ/mol)

-277.7

-1260

-393.5

-285.8

+226.7

-46.1

+90.2

-241.8

-1206.9

-635.1

CeH1,04(8) — 2 GHSOH(l) + 2 CO,(g) AH® =?
Substance
C,HsOH(l)
CaCQ(s) — CaO(s) + CQ(g) AH® =7? Co0d(s)
COy(g)
H,O(l)
CHA(9)
2GHy(g) + 50,(9) — 4 CO(g) + 2 H,0(g) AH° =7 NHy(g)
NO(g)
H,0(g)
CaCQy(s)
CaO(s)
4NH;(g) + 50g) — 4NO(g) + 6 HO(g) AH® =7
6 CO(g) +6H0() — CeH104(s) + 60x0) AH®=7?

pat.
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Entropy, S

A measure of the amount

State with a large S:
State with a small S:

A spontaneous change is favored by in entropy.

Change in Entr0py AS = $nal - Snitial = Sproducts_ Sreactants
Positive AS

*
*

*

NegativeAS

*
*

*

Predicting the Sign of the Entropy Change
1. For a chemical reaction we can predict sign®fusing:

Stsolid)y < Siquiay << Ryas)

most ordered state most disorded state

Example: HO(s) > H,O() AS=
H,O(g) > H,0(s) AS=
CO,s)> CO,g) AS=

2. Entropy change is positiva$ > 0) if the number of moles of gas increases
going from reactants to products.

Angas = ngas, products ngas, reactants
If Ang,s > 0O, thenAS > 0

If Ang,s < O, thenAS < 0

Example: 4 NH(g) + 5Q(g) > 4NO(g) +6HO(g) AS=
2H,0(9) + N(@) 2 NyHy(I) + O(9) AS =
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When a salt is dissolved in an aqueous solut®r + dependent on substance
Ex. I(s) — l(ag) AS =

NaCl(s)— Na'(aq) + Ci(aq) AS =

FeSQ(s)— Fe*(aq) + SQ¥(aq) AS =

Effect of Temperature on entropy: as Kelvin Tempreases, entropy increases
Ex. O,(g) at 100C vs. Q(g) at 200C

More complicated molecules have higher entropy.
Ex. CH(g) vs. GH(9)

Third Law of Thermodynamics:
The entropy of a perfectly ordered crystalline saibse is zero at absolute zero (0 K)

Sample Questions

Predict the sign o&S in the system for each of the following processes

@mooooTp

CaSQs) > CaO(s) + Sgig)

Ny9) + 3H@) > 2NHy(g)

lL(s) 2> Iy(aq); dissolution of iodine in water
@) > 21(9)

CaO(s) + Cfy) > CaCQ(s)

Ag(ag) + Bi(aq) > AgBr(s)

COy(g) at 100°C> CO,(g) at 82°C

Standard Entropy of Reaction,AS,,,°
AS,,° =Y S (products) - ¥ S° (reactants)

Standard Molar Entropy, S°
The entropy of one mole of a pure substance at 1 atmupeessd 25C. (J/K.mol)

a.

Predict the sign of and then calculate the standardmnthange for the following reactions:
o Substance 8 (J/K.mol)
NO,(g) — 2 NOJ9) ASy"= ?
NO,(9) 240.0
N,04(0) 304.2
No(g) 1915
Ny(9) + 3 H(9) — 2 NHy(9) ASy, = ? [ 130.6
NHy(g) 192.3
cacq(s) 92.9
CaCq(s)— Cao(s) + Cgl) 88,7 = 2 S I
04(9) 205.0
Na(s) 51.2
Clyg) 223.0
2HO,() — 2H0() + O\9) ASy,"= ? NaCl(s) 721
COyg) 2136
H,O4() 110
2Na(s) + Glg) — 2 NaCl(s) ASy’ = Fo0 o8
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Entropy and the Second Law of Thermodynamics

Spontaneous processes are favored by . Butfor a
given reactiomH =+ and AS =+. To determine whether or not a reaction is spontanass,
must look at the interplay between these two factat AH and AS , with T (temperature).

How, then, can we decide whether a reaction wilbbeur spontaneously?

Define new thermodynamic quantity called Gibbs-feeergy changa\G, where:
AG =AH —-TAS (under nonstandard conditions)
AG° =AH° - TAS® (under standard conditions)

First Law of Thermodynamics
In any process, spontaneous or honspontaneoust#hénternal energy of a system and its
surroundings is constant.

Second Law of Thermodynamics

In any spontaneous process, the total entropysgéem and its surroundings always increases.

AStotal = ASsystem + ASsurroundings

Specifically,

If ASy > 0, the reaction ispontaneous

If ASya < O, the reaction isonspontaneous

If ASy = 0, the reaction mixture is atjuilibrium

I A

Specifically,

Spontaneity and Gibbs free energ

Where did this equatiodG =AH — TAS, come from and what does it tell us about

spontaneity?

To relate Gibbs free energy change and spontaweityonsider the relationship that
comes from the Second Law of Thermodynamics:

AS(otal = ASsystem + ASsurroundings

but ... ASysiem= andAS,,, =
substituting these expressions into thél2aw and rearranging gives ...

If AG < 0, the reaction is
If AG > 0, the reaction is
If AG 0, the reaction mixture is
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Signs of Enthalpy, Entropy, and Gibbs Free-Energy Changes

AH AS | AG=AH -TAS Reaction Spontaneity

Spontaneous at all temperatures

Spontaneous at low temperatures wheteoutweighs &S
Nonspontaenous at high temperatures whe&v® dutweighs\H

Nonspontaneous at all temperatures

Spontaneous at high temperatures wheyg dutweighsAH
Nonspontaneous at low temperatures whdteoutweighs &S

Crossover Temperature
Definition:
Equation:
Sample Question
1. Consider the oxidation of iron metal: 4 Fe(s) +,8P— 2 FgO4(s)

Is this reaction spontaneous atZs?
P Fe,04(s) | O(g) | Fe(s)

AHP (kImol) | -824.2 0 0
AS (J/K.mol) 87.4 | 2050| 27.3

Iron metal can be produced by reducing iron (Ill) oxide Wjtirogen:

Fe,04(s) + 3H(g) — 2Fe(s) + 340(g)
a. Is this reaction spontaneous under standard-statitions 25°C?
b. At what temperature will the reaction become spontaffeous

Consider the decomposition of gaseoy®N

N,O4(g) — 2 NOy(g) AH° = +57.1kJAS® = +175.8 J/K

a. Is this reaction spontaneous under standard conditi@®C?

b. Estimate the Celsius temperature at which theicgalbecomes spontaneous.
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Standard Gibbs Free Energy ChangeAG®) For Reactions

Standard State Conditions

*  Solids, liquids, and gases in pure form and gasdsatm pressure

*  Solutes at 1 M concentration

* Specifiec)zl temperature (does not have to FC2§ince value oAG® so dependen
on temp

Standard Gibbs Free-Energy ChangeAG°) can be calculated:
1.

2.

Standard Gibbs free-energy of formatiomnAG%

—

*
*
Sample Question
1. Calculate the standard Gibbs free-energy changéddoliowing reactions under standard state conditions
. + +
A F&,04(s) 3 CO(g) — 2 Fe(s) 3 Ceg) Substance | AG;°(kd/mol)
Fe,04(s) -742.2
Co(g) -137.2
C -394.4
B. 4NH(g) + 5Q(@ — 4NO(g) + 6HO() o0
NHa(g) -16.5
NO(g) 86.6
H,O() -237.2
C. CaG(s) + 2HO() — CHyg) + Ca(OHs) Cac(s) 648
C,H,(9) 209.2
Ca(OH)(s) -898.6
C,Hqy(9) 68.1
D. CHyg) + HO() — GCHOH(l) sy C,HsOH(l) -174.9
CH;0H(g) -161.9
CeH(D 124.5

E.  3GHy9) — CHgll) sozky

F. 6 C(s,gr) + 3Kg) — CHg(l) 1245k
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Gibbs Free-Energy Change Under Non-Standard Conditions
(AG): Composition of Reaction Mixture

We can calculate the free energy changg, for a reaction when
reactants and products are present at non-standard pressures ang
concentrations using ...

AG=AG® + RTInQ

If AG < O, the reaction is and K.
If AG > O, the reaction is apd
If AG = O, the reaction is and Q K.

Relationship Between Gibbs Free Energy Change and the
Equilibrium Constant (K)

We can therefore derive a relationship between the Gibbs free-engrgy

and the equilibrium constant.
At equilibrium....
AG = 0and Q =K andG =AG° + RTInQ

more specifically ...

If K__ LAG°__ Qand the reaction is
If K__ LAG°__ (Qand the reaction is
If K 1LAG°  (Qand the reaction is
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Sample Questions

1. Methanol, CHOH, an important alcohol is used in the manufacture of adiesibers, and plastics, is synthesiz

by the reaction:
CO(g) + 2H(g) = CH;OH(g)
Use the thermodynamic data in slide 14 to calculate thdileiyin constant for this reaction at 26.

2. At 25°C, K, for PbCrQ is 2.8 x 163 Calculate the standard free-energy change &CZ6r the reaction:
PbCrQ(s) = Pi?*(aq) + CrQ?*(aq)

3. Sulfuric acid is produced in larger amounts by weight ey other chemical. It is used in manufacturinglifests,
oil refining, and hundreds of other processes. An internediap in the industrial process for the synthesis,8{
is the catalytic oxidation of sulfur oxide:
2S0(g) + O(g)=2 SOg) AG°=-141.8kJ
CalculateAG at 25°C given the following sets of partial pressures:

a. 100. atm S§) 100. atm @, and 1.0 atm SO

b 2.0 atm S@ 1.0 atm @, and 10. atm SO

c. Each reactant and product at a partial pressure ofrth.0 at
d Calculate the equilibrium constang & 25°C
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Using the thermodynamic data in slide 14 calculate the lquiti constant for the following reaction at 2.
2H0(l) = 2H,(g) + O(9) @x10% Hint: CalculateAGP first.

Calculate the equilibrium constant for the following tiacat 25°C and at 200°C for the following reaction:
PCL(g) = Cly(g) + PCy(g) AG®=+37.2kJ; AH°=87.9kJ; AS°=170.2 J/K)zsec=301x10200°C=015)

For the reaction

CH(Q) + 3Q(g) = 2CO(g) + 2HO(g); AH°=-1323kJ; AS=-30.0 JK

a. Is the reaction spontaneous in the forward directionruhdeollowing conditionsPc,;, = 20. atm;
Po, = 0.020 atmPco, = 0.010 atm, anﬂ’HZO =0.010 atm at 25C? yes)

b. Under the same conditions is the reaction spontariadbe forward direction at 750C? yes)

The equilibrium constant,pKis 4.40 at 2000. K for the reaction

Hy(g) + CQ(g) = H,0(g) + CO(g)

a. CalculateAG® at 2000. K for the reactioizs.moy

b. CalculateAG for the reaction when the partial pressuresPge= 0.25 atmpPco, = 0.78 atmpP, o = 0.66 atm,
andPgo = 1.20 atm.akumy

Consider the reaction for the formation of the cobalt anfencomplex [Co(NE)4]3* below.

Co**(aq) + 6 NH(aqg) = [Co(NH,)¢]®*(aq) K =2.0 x 10 at 25°C.

a. Calculate the Gibbs free-energy under standard corglfvorthis reaction.4zkimoi

b.  If[C0*]=0.00500 M, [NH] = 0.10 M, and [Co(NE)¢**] = 1.00 M initially, is the reaction spontaneous in
the forward direction?o)
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