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16.1 Spontaneous Processes and Entropy

A waterfall runs downhill
* A lump of sugar dissolves in a cup of coffee
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Does a decrease in enthalpy mean a reaction

proceeds spontaneously?

Spontaneous reactions

CH, (g9) + 20, (99——CO, (g) + 2H,0 () AH® =-890.4 kJ
H* (aq) + OH" (ag)——H,O () AHO

NH,NOj, (s) —=> NH,*(aq) + NO;" (aq) AH




Entropy (S) is a measure of the

randomness or disorder of a system.

order ‘ S \ diSOFder‘ S ‘
AS = S; - S,
If the change from initial to final results in an increase in randomness
S > S, AS >0

For any substance, the solid state is more ordered than the
liquid state and the liquid state is more ordered than gas state

spontaneous
e



W = number of microstates

S=kinW

W
_— _t
AS = klin ™

/

W;> W, then AS >0
W.< W, then AS <0
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Processes that
lead to an
Increase in

entropy (AS > 0)
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! How does the entropy of a system change

for each of the following processes?

(a) Condensing water vapor
Randomness decreases Entropy decreases (AS < 0)
(b) Forming sucrose crystals from a supersaturated solution

Randomness decreases Entropy decreases (AS < 0)
(c) Heating hydrogen gas from 60°C to 80°C

Randomness increases Entropy increases (AS > 0)
(d) Subliming dry ice

Randomness increases Entropy increases (AS > 0)



g State functions are properties that are

determined by the state of the system,
= , regardless of how that condition was achieved.

energy, enthalpy, pressure, volume, temperature

g

Standard Entropy Values

(S°) for Some Substances ;

at 25°C -

s |4

Substance (J/K- mol) | A

=t

H,O(l) 69.9 =
H>0(g) 188.7
Brs(l) 152.3
Brs(g) 245.3
I>(s) 116.7
Ix(g) 260.6
] . ) C(diamond) 24
Potential energy of hiker 1 and hiker 2 C(graphite) 5.69
. CH, (methane) 186.2
Is the same even though they took STl iang | 2R
different paths. He(g) 126.1
Ne(g) 146.2
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¥ 116.2 Entropy

I_Mlh

First Law of Thermodynamics

Energy can be converted from one form to another but
energy cannot be created or destroyed.

Second Law of Thermodynamics

In any spontaneous process there is alaways an increase in
the entropy of the universe and remains unchanged in an
equilibrium process.

AS, s + AS

univ sys surr

AS,,s + AS

Spontaneous process: AS >0

Equilibrium process: AS ., = surr = 0



16.3 The Effect of Temperature

on Spontaneity

Entropy Changes in the Surroundings (AS,,)

AS. =+ Heat quantity
Surroundings Surroundings temperatul"e
_ 3 . § Heat = enthalpy
@m Heat E um Heat .ug En dO +
Exo: -
@) ® Enthalpy of System
Exothermic Process Endothermic Process AH
ASsurr >0 ASSU" <0 ASsurr — _T

1. The sign of AS, ,, depends on the direction of heat flow.

2. The magnitude of AS,, . depends on the temperature



16.4 Gibbs Free Energy

Spontaneous process: AS iy = ASqys + ASg,r > 0

= ASyys + ASqy = O

surr

univ
Equilibrium process: AS niv

For a constant-temperature process:
Gibbs free energy (G) AG = AHgs -TAS s

Factors Affecting the Sign of AG in the Relationship AG = AH - TAS

AH AS AG Example

+ + Reaction proceeds spontaneously at high temperatures. At low 2HgO(s) —2Hg(/) + Os(g)
temperatures, reaction is spontaneous in the reverse direction.

+ - AG is always positive. Reaction is spontaneous in the reverse 30,(g) —204(g)
direction at all temperatures.

- + AG is always negative. Reaction proceeds spontaneously at all 2H>0,(l) —2H,0(/) + O1(g)
temperatures.

= = Reaction proceeds spontaneously at low temperatures. At high NH;(g) + HCl(g) — NH,Cl(s)

temperatures, the reverse reaction becomes spontaneous.

e




16.5 Entropy Changes in
Chemical Reaction (AS

The standard entropy of reaction (ASY, ) is the entropy
change for a reaction carried out at 1 atm and 25°C.

aA+ bB—— cC + dD

sys)

ASYq= [ cSY(C)+ dSY(D)] - [aSY(A)+ bSO(B)]

AS? = £nSOproducts) - ¥mSO’(reactants)

What is the standard entropy change for the following
§ reaction at 25°C? 2CO (g) + O, (g) — 2CO, (g)

SY(CO) = 197.9 J/K-mol S9(CO,) = 213.6 J/K-mol S%O,) = 205.0 J/K-mol
ASY, = 2 x SY(CO,) — [2 x SO(CO) + SO (O,)]
ASY,, = 427.2 — [395.8 + 205.0] = -173.6 J/K-mol




71

Entropy Changes

in the System (AS,,)

When gases are produced (or consumed)

« |If a reaction produces more gas molecules than it
consumes, ASY > 0.

» If the total number of gas molecules diminishes,
AS? < 0.

« |If there is no net change in the total number of gas
molecules, then AS® may be positive or negative
BUT AS? will be a small number.

What is the sign of the entropy change for the following
§ reaction? 2Zn (s) + O, (g) — 2Zn0 (s)

The total number of gas molecules goes down, AS is negative.




717
‘y Exercise

Predict whether the entropy change of the system in each of the following reactions 1s
posilive or negaive,

(a) 2ZH2(g) + Ox(g) — ZH,0(/)

(b) NH4Cl(s) — NH;(g) + HCl{(g)

(¢) Halg) + Bra(g) — 2HBr(p)

Solution (a) Two reactant molecules combine to form one product molecule. Even
though H-0 is a more complex molecule than either H, and O,, the fact that there
is a net decrease of one molecule and gases are converted to liquid ensures that the
number of microstates will be diminished and hence AS® is negative.

(b} A solid is converted 1o two gaseous products. Therefore, AS® is posilive.

(c) The same number of molecules is involved in the reactants as in the product.
Furthermore, all molecules are diatomic and therefore of similar complexity. As a
result, we cannot predict the sign of AS®, but we know that the change must be
quite small 1in magnitude.



16.6 Free Energy In
Chemical Reaction (AG

The standard free-energy of reaction (AG° ) is the free-
energy change for a reaction when it occurs under standard-

state conditions.
aA+ bB—— cC +dD

AGS, = [cAGY(C)+ dAGY (D)] - [aAGY (A) + bAGY (B)]

AGY,, = ZnAGY (products) - TmAGY (reactants)

sys)

Standard free energy of P ——
formation (AG?) is the free-energy Watter _ State
change that occurs when 1 mole f;suid S
of the compound is formed from its Solid Pure solid
. . Elements* AG?=0
elements in their standard states. Sif  fmeBoe
centration
AGP of any element in its stable form is zero.

* The most stable allotropic form at 25°C
and 1 atm.




What is the standard free-energy change

for the following reaction at 25 °C?

2C;H; () + 150, (99— 12CO, (g) + 6H,0 (/)

AGY,, = ZnAG? (products) - ZmAG§ (reactants)
AGYn= [12AGP (CO,)+BAGY (H,0)] - [2AG] (CeHy)]
AGS, = [12x-394.4 + 6x—237.2 ] —[ 2x124.5 ] = -6405 kJ

Is the reaction spontaneous at 25 °C?

AGY =-6405kJ <0

<

spontaneous




16.7 Dependence of

AG,_ . on Pressure

Temperature and Spontaneity of Chemical Reactions

CaCO, (s) — CaO (s) + CO, () CO, Equilibrium Pressure
AHC = 177.8 kJ
ASY = 160.5 J/K
AGY = AHO — TASO
At 25 9C, AG? = 130.0 kJ
AGY=0 at 835 °C —_—— séuﬁu

t(°C)




ﬂ Special Cases of (AG

rxn)

GIbbS Free Enerqgy and Phase Transitions

AGO =0 = AHO — TAS?
H,O () — H,0 (g)
_ AH _ 40.79 kJ
AS = T 373K
=109 J/K

Rate

Rate of
evaporation

\

Dynamic
equilibrium
established

b

Rate of
condensation

Time




Exercise

The molar heats of fusion and vaporization ol benzene are 1009 Kl/mol and 31.0 kKl/mol,
respectively. Caleulate the entropy changes for the solid — liquid and liguid — vapor
rransitions for benzence. At | atm pressure, benzene mells al 5.57°C and boils at 80.17C,

Solution The entropy change for melting | mole of benzene at 5.5°C is

: AH

l-'-"'i“q. .i-ﬂ

(1LY KX/maol i 1000 J/1 k1)
(55 + 213 K

39.1 VK - mol

Similarly, the entropy change for boiling | mole of benzene at §0.1°C is

AS i = Ay
. Ton
(310 K/ mol ) 1000 J/1 k)
(801 + 273} K
813 J/K - mol

(Check Because vaporization creates more microstates than the melting process,
*i‘yl.ap - 'i'sfl.lh'
|



16.8 Free Energy and

Chemical Equilibrium
AG = AGY+ RT InQ

R is the gas constant (8.314 J/K-mol)
T is the absolute temperature (K)

Q is the reaction quotient

Relation Between AG* and K as Predicted by the Equation AG° = —RTIn K

K In K AG° Comments
> 1 Positive Negative Products are favored over reactants at equilibrium.
= 0 0 Products and reactants are equally favored at
equilibrium.
<1 Negative Positive Reactants are favored over products at equilibrium.




Ak
‘y Exercise

L=

Y19y caleulate AG? for the

the solubility product of silver chlornide at 25°C (1.6 X I(
Process
AgCl(s) === Ag" (ag) + Cl (ag)

Solution The solubility equilibrium for AgCl is

AeCl(s) == Ag ' (ag) + Cl (ag)
Ko, =[Ag'IICI [=1.6x 10 "

Using BEquation (18.14) we obtain

AG = —(B314 /K - mol(298 K) In (1.6 X 107"
= 5.6 % 10" J/maol
= 56 kl/mol

Check The large. positive AG” indicates that AgCl is slightly soluble and that the
equilibrium lies mostly to the left.
-



The equilibrium constam (K for the reaction

NaOy(g) == INO:(g)
=olution Equation (1513 cin be written as

AG = 4G" + RT In Q¢

1
P

= AG" + RT In

l"il"-..l:lI
(01228

= 540 x 107 JYmol + (8314 VK » moDi{298 K) X In ———
o Il mo n 0453

= 540 x 10F Jymol = 846 x 107 Imaol
306 =% 107 Hmuol 306 kl/mol

Because AG < 0, the net reaction proceeds from: lefit o right to reach equilibrium.

(Check Note thar although &CGT 2= 0, the reaction can be made w0 favor product
formation initially by having a small concentration {pressure} of the product compared
tor that of the reactant. Confirm the prediction by showing that 0 < Kp.

—_



Chemistry In Action: The Efficiency of Heat Engines

Simple Heat Engine

T, % T,

Heat engine o

(a) (b) (c)

. Th - Tc
Efficiency = T_ X 100%

C




Chemistry In Action: The Efficiency of Heat Engines

Proteins

Glucose ATP
A
o)
£5
kS
@
3 > >
[
Y
ADP
CO, + H,O Amino acids

Alanine + Glycine — Alanylglycine
AG® = +29 kJ K<1
ATP + H,O + Alanine + Glycine— ADP + H;PO, + Alanylglycine
AGY = -2 kd K> 1



Chemistry In Action: The Efficiency of Heat Engines

Structure of ATP and ADP in
lonized Forms

NH;
I
-C
NZ o N\:{x
| X.C H
HCS O~
110 P
0 ir—ﬂ— P—0— ir—ncl-g o “0—P—0—P—0CH, 0
L) —0 0 O 0
H H
Adenosine triphosphate Adenosine diphosphate
(ATP) (ADP)



Chemistry In Action: The Efficiency of Heat Engines

Chemistry In Action: The Thermodynamics of a Rubber Band
TAS = AH - AG

High Entropy Low Entropy

m
""’-__:,__Dc\_/_{:’

e
yg& = o——

—




Third Law of Thermodynamics

The entropy of a perfect crystalline substance is zero

Solid Liquid Gas

Entropy

Increase

Substance S =kinW
= W=
E — Boiling
< S=0

Melting

Temperature (K)




