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Chapter 16
Spontaneity of Reaction

Edward J. Neth ¢ University of Connecticut

Thermodynamics
Nf.

« Branch of science that deals with heat and energy
effects

« Start with thermochemistry (recall Chapter 8)

¢ Consider other quantities related to the overall
favorability (or unfavorability) of reaction

« Arrive at an understanding of the effects that cause a
reaction to be spontaneous

Outline

Answers

1. Spontaneous processes

2. Entropy, S

3. Free energy, G

4. Standard free energy change, AG®
5

. Effect of temperature, pressure, and concentration
on reaction spontaneity

6. The free energy change and the equilibrium
constant

7. Additivity of free energy changes; coupled reactions

« The answers to the fundamental question of
spontaneity are extensions of the concepts in
Chapter 8

* AH is the enthalpy change
» Endothermic reactions
» Exothermic reactions: these tend to be favorable
« Another quantity is required to determine
spontaneity
» AS is the change in entropy; a positive value helps
make a reaction spontaneous
» AG is the change in free energy; a negative value
means a reaction will be spontaneous

Fundamental Question

« Will a reaction occur by itself at a given temperature

and pressure, without the exertion of any outside
force?
« In other words, is a reaction spontaneous
e This question must be asked by
» Synthetic chemists
* Metallurgists
* Engineers

Spontaneous Processes

» Everyday processes that are spontaneous (take

place on their own, without outside forces)

* An ice cube will melt when added to a glass of
water at room temperature

» A mixture of hydrogen and oxygen will form water
when a spark is applied

* An iron (or steel) tool will rust if exposed to moist
air
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The Chemistry of Spontaneous Reactions

* H,0 (s) > H,0 (I)
* 2H,(g) + O (9) > 2H,0 (I)
* 2Fe (s) + 3/2 0, (g) > Fe,04(s)

¢ All three reactions are spontaneous

The Energy Factor

« Many spontaneous processes proceed with a
decrease in energy

» Boulders roll downhill

* Your notebook computer’s battery discharges as
you use the system if it is unplugged from the wall

* Recall that exothermic reactions proceed with a
decrease in energy

» Spontaneous reactions are typically exothermic
* The reverse is also true
» Exothermic reactions are typically spontaneous

Spontaneity

Exceptions

« ltis important not to confuse spontaneous with fast —
rate of reaction and spontaneity are not necessarily
connected

« If a reaction is spontaneous in one direction, it will be
non-spontaneous in the reverse direction under the
same conditions
« Water does not spontaneously decompose into

hydrogen and oxygen at room temperature
without sustained outside influence

» The simple rule fails for phase changes
* H,0 (s) 2 H,0 (l) is endothermic but
spontaneous at room temperature

« Some reactions become spontaneous with a simple
increase in temperature
» CaCO; (s) > CaO (s)+ CO, (g) AH=+178.3kJ
 Clearly, AH is not the only criterion for spontaneity

Spontaneity and Equilibrium

* A spontaneous process moves a reaction system
toward equilibrium

¢« A nonspontaneous process moves a reaction
system away from equilibrium

The Randomness Factor 4

» Nature tends to move spontaneously from a state o
lower probability (order) to one of higher probability
(disorder), or

» Each system which is left to its own, will, over time,
change toward a condition of maximum probability
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Roll of the Dice Pk Mixing Gases

¢ When rolling a pair of dice: < When an apparatus consisting of flasks of hydrogen
« There is only one way to roll a 2 or a 12 and nitrogen is opened to allow the gases to mix, the
« There are six ways to roll a 7 process proceeds with the result being a random mix

. . L of both molecules
« The probability of rolling a 7 is six times greater

than that of rolling 2 or 12 « This process is spontaneous
« The state 7 is of higher probability than the state 2 * The system will not spontaneously separate itself
or12 into hydrogen and nitrogen

e The mixture is more random than the pure gases

] R

Random States

Figure 16.1

* In general

* Nature tends to move from more ordered to
more random states

« Randomness is of higher probability than order

R K]
Figure 16.2 ) Entropy, S §
« Entropy is given the symbol S
@ 9 @ + Entropy is often described as an increase in disorder
@ * ) 9 or randomness
‘)J @ J ) » Consider microstates: different ways in which
Closed J molecules can be distributed
 An increase in the number of microstates is an
increase in entropy
@ ) » The larger the number of possible microstates, the
- 9 ~ more probable the state, and the greater the
o o © entropy
o ® 9
Open




Figure 16.3 — Disorder and Order

The Third Law of Thermodynamics

« A completely ordered, pure crystalline solid at 0 K
has an entropy of zero

« This is the only time the entropy of a substance is
zero

* Absolute zero has not been reached; it is still a
theoretical limit

Factors that Influence Entropy

LY
* Aliquid has higher entropy than the solid from which
it formed

¢ Liquids are more random than solids

¢ A gas has higher entropy than the liquid or solid from
which it formed

« Gases are more random than either liquids or
solids

¢ Increasing the temperature of a substance increases
entropy

¢ Molecular kinetic energy increases, and with it,
randomness

Example 16.1

{a) taking dry ice from a 1 temperature is ~50°C and allowing it to warm to room femperature,

ssolving bromine in hexane

(e} condensing gaseaus bromine to liquid bromine.

STRATEGY

1. Consider the relative disorder of final and intial state

2. Recall that entropy increases from solid to liquid to gas.
SOLUTION
fa} Dy lee warming Increase in c and a phase change; A% > 0
(k) Dissolving bromine i ferent molbecules is more random than a solution with only ane

fe} Brg) —= Bryll) A phase change from gas to liquid: AS < 0

Figure 16.4
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Table 16.1

Entropy and Entropy Changes

S
¢ The standard molar entropy of a substance is given
the symbol, S°
¢ The standard molar entropy change for a process is
given the symbol, AS°

CAM

TADLE 151 Standard Entregios 3t 25°C {J/med.K) of Ekmants and Compaunds 3t 1 atm, Aqueoiss lors 3t 1 M

[T ]

)

Standard Molar Entropies

« Unlike enthalpy, molar entropy cannot be directly
measured

* Notes

¢ Elements have nonzero molar entropies
« In calculating the standard molar entropy change,
elements must be taken into account

» Standard molar entropies are always positive
numbers, i.e., S° >0

» Agueous ions may have negative S° values,
since they are determined relative to S° for H*,
which is defined as 0.0 J/mol-K

ey
I TN
|

Table 16.1, (Cont'd)

TABLE 16.1 Standard Entropies at 25°C (J/mol-K) of Elements and Compounds at 1 atm, Aqueous lons at 1M

B> 8

AS° for Reactions

» The defining equation for AS® is similar to that for AH® :

AS® =" AS’products - AS' reactants

« In calculating AS® , the coefficients of the balanced equation
are taken in exactly the same way as they are for AH°

|

Entropy Units

» Note that standard molar entropies are usually
smaller in magnitude than enthalpies

* Units may be J/mol-K or kd/mol-K
« Pay attention to J vs. kJ in calculations!




Example

* CaCO; (s) > CaOl (s) + CO, (9)

AS°:1mo|(398 )+1m0|(2136 )—1mo|(92.9 J )=
mol -K
J
+160.5——— ol

* Note the positive entropy change and the fact that the reaction
evolves a gas

« Gas-forming reactions always have positive entropy changes

» In a spontaneous process, there is a net increase in entropy,
taking into consideration both the system and the surroundings

e That s, for a spontaneous process:

AS, . ... =(AS, .. +AS

universe

)>0

system surroundings

« In principle, the second law can be used to determine whether
a reaction is spontaneous or not; in practice, this is not easy
« ltis difficult to calculate the entropy change of the
surroundings
» There is another quantity that can be used more readily to
determine spontaneity

Example 16.2

Free Energy, G

EXAMPLE 16.2

Calculate AS® for

nole of calcium hydroxide in water

ne gram of methane 1o form carbon dioxide and liquid water

STRATEGY

L Write a balanced equation for dissalving CaiOH),.

2. Find AS" by substituting 5* values found in Table 16.1 into Equation 16.1.
SOLUTION

1. Equation CalOH)

2 A8 A5 = 5"

() —= Ca™*(ayg

) + 20H (aq)

ol f":”kl\ll = —1581 /K

» The Gibbs Free Energy
* Fundamental Relationship
« G=H-TS
* AG = AH-TAS
e Meaning of AG
* If AG < 0, the reaction is spontaneous
« If AG > 0, the reaction is nonspontaneous as
written (the reverse reaction is spontaneous)
* If AG = 0, the system is in equilibrium

« There is no net tendency for the reaction to occur in
either direction

Example 16.2, (Cont'd)

Figure 16.5

STRATEGY

L. Write a balanced equation for the reaction.

2. Find AS” by

stituting 5° values from Table 16.] into Equation 16.1,

Note that the value you obtained is for the difference in ent for ome mole

3, Use AS™ for one mole as a conversion factor to obtain AS® for one gram of CH,. continued

SOLUTION

1. Equation i CHig) + 2 Oulg) — COylg) + 2H000)
2. AS® for one mole AS® = 5° COyg) + 28 H_<\||’ [6° CH,(g) + 25" Oylg)]
' -:'I.'r-[] / -r-'J_'Pi‘] [ (= 186.2] {20501
= 1 mol + 2 mal 1 mol . ,‘.u..il'\
( mol <K / [\m.\l-}i. | ( mol - K mol - K ‘I

- 242.8 /K for the combustion of one mole of CH,

281K _ 1 mol CH,

3. AS® for one gram
1 mol CH, 16.0H g

-15.4 VK
END POINT

Notice that when there is a decrease in the number of moles of gas (part b), AS® is negative.

- Reactants - Products

) <

- -

b S

0 0 AG=0

- =

2 @

g g

= Products 7] Reactants
Spontaneous Nonspontaneous

reaction reaction




Relation Among AG, AH and AS

¢ The Gibbs-Helmholtz equation
« AG =AH-TAS
¢ Spontaneous reactions generally have
e AH<O0
*«AS>0
¢ In specific cases, either term may dominate
¢ With phase changes, AS is dominant

¢ With some reactions, AS is nearly zero and AH
will dominate

Example 16.3

CaS,(5) —= Ca®*{ag) + S0,

cabeulate

Qa0 A @ AcTasT

ANALYSIS
Information given: equation for the reaction (CaSOyis) —= Ca®*(ag) + SO (aq))
Information implied: Table 8.3 (AH{" values)
Asked for: | Al
STRATEGY
1L Recall Equation 8.4 to determine AH®
AH" = EAH7 racs = AN s
2. Obtain AHF values from Toble 8.3 and substitute into Equation 8.4 comtinird

The Standard Free Energy Change, AG®

Example 16.3, (Cont'd)

« Standard conditions
¢ Gases are at 1 atm partial pressure
« Solutions are 1M for ions or molecules
¢ Under standard conditions,
« AG® =AH° —TAS®
¢ Recall that
* If AG® <0, the reaction is spontaneous
« If AG® >0, the reaction is nonspontaneous
« If AG® =0, the reaction is at equilibrium

SOLUTION
AH AH" = AHPCa®* () + AH{SOF () — AH{CaS04(s)
SH2E K] = W3 k] = (—14340 K]} 180 k)

ANALYSIS

Information given: equation for the reaction {CaS0, — Ca™{ag) + SO0 (ag))
Information implied: I Table 16.1 {5* values)
Asked for As

STRATEGY

Oain 5% values from Table 16,1 and substitute into Equation 16.1
SOLUTION
As® AS® = 57 Ca®{ag) + 57 507" (ug) — §7 CasS0y(s)

= =531 /K + 20, /K — 1067 'K = —139.7 /K

Free Energy of Formation

Example 16.3, (Cont'd)

* We can use the Gibbs-Helmholtz equation to calculate the
standard free energy of formation for a compound
¢ AG; for a compound is
« Analogous to the enthalpy of formation discussed in Chapter 8
« For the formation of one mole of the compound from elements in
their standard (native) states at 25 ° C and 1 atm pressure
» The sign of AG;
« If negative, the formation of the compound is spontaneous
« If positive, the formation of the compound is nonspontaneous

Information given: From part (a): A~ 180 kI)
From part (bl 48"(—139.7 VK)

ANALYSIS

Asked for. Al
STRATEGY
L Convert AS™ into k] and "C 10 K.

2. Substitute into the Gibbs-Helmholtz equation (Equation 16.2)

SOLUTION

L AS*inkiTinK AS" = —139.7 VK = —01397 kI/K; 25°C = 28 K

2 AG* AG" = AH" — TAS 18.0 ki — 208 K{~0.1397 kK] = 236 kI
END POINT

AG* s positive, so this reaction at standard conditions

Icium sulfate shoald not dissolve in water to give a | M solution. This is

should not be spontancous. In other words,

nta
indeed the case. The solubility of CaS0, at 25°C is considerably less than 1 mol/l




Examples

* H,(g) + %0, (g) > H,0 () AG; = -237.2 kdimol

+ C(s)*+2H,(g9) > CH, (9) AG; =-50.7 kd/mol

« 2C (s) + H, (g) > C,H, (9) AG; = +209.2 kJ/mol

]

Calculation of AG® at Other Temperatures

» To a good degree of approximation, the temperature variation
of AH® and AS° can be neglected

» To calculate AG® at other temperatures, only the value for T
needs to be changed

Another Look at the Free Energy of Formation

« Another way to calculate the free energy of formation

AG’ =) AG’,products - AG’,reactants

* Notice that there is no temperature term in this equation, so it
is important to realize that the calculation is valid only at the
temperature at which the values of AG; are tabulated

Example 16.5

smponent of st in a blast

is.a byproduc

ANALYSIS

Information given: n Fey Oy (one molel; temperature {230°C)

Information implied:

Asked for
STRATEGY

1. Write a balanced equation for the reaction

2. Find AHP values in Table ppendix 1 and substitute into Equation 8.3 to obtain AH®

3. Find 5% values in Table 16,1 {or Appendix 1) and substitute into Equation 16,1 to obtain 45°, (Remember 1o convert

1K to KIVE.}
4. Change *C to K and substitute the values for AH® and A5 into the Gibbs-Helmboltz equation ( Equation 16.2) 10
obtain 4G

Example 16.4

EXAMPLE

Using AG," values from Appendix 1, cal 5°C for the reaction referred to in

Example 16.3.

Jculate the standard free energy change at 2

ANALYSIS

Information given: equation for the reaction (CaSOy{s) —= Ca®*(ag) + SO, (ag))
Information implied: | AG values (Appendix 1)
Asked for: | AG

STRATEGY
Obtain AG? values from Appendix | and substitute into Equation 16.3
SOLUTION
AG AG" = AGS Ca®*(ag) + AGT SO (ag) = AG" CaSOy{s)
5536 k] = 7445 ki + 2Bk = +237 kI
END POINT

Motice that the value of AG* at 25°C is essentially identical 1o that obtained in Example 163, which is reassuring.

Example 16.5, (Cont’d)

SOLUTION

1. Equation FesOyfs) + 3H;(g) == 2Fe(s) + IH0(g)

2. AH® AH® = 3AH]" HyH A, A3} = =T25.4 k] + B24.2k] = +98.8 K]
. AS* AS® = 38" HO4g) + 28° Pels) — 38° Hy{g) — 5% FeyOuls)
5661 K + 346 /K — 3918 /K = 874 /K = #1415 /K = +0.415 kI/K

4. AG AG" = AH TAS 988 kJ = (273 + 2M)K {01415 KI/K) = #2756 k)
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Temperature Effects 2l
- |

* Unlike AH® and AS°® , AG® is highly temperature
dependent

» Aplot of AG® vs. T will be linear
* Slope = -AS°
« y-intercept at 0 K is AH°®

o s

Changes and Spontaneity -.‘q !

» The spontaneity of a reaction will change with
e Temperature
* Pressure
» Concentration

[T ]

Figure 16.6 "'@2

K

Table 16.2

+200

+100

AG® (KJ)

-100 |
0 300 600 900 1200

T (K)

TABLE 16.2 Effect of Temperature on Reaction Spontaneity

AH AS AG® = AH" — TAS Remarks

[T ]

Figure 16.6 — From Example 16.5

Temperature

* Reduction of Fe,0;:
* Fe,05 (s) + 3H, (g) > 2Fe (s) + 3H,0 ()
* Notes
» AG® decreases with increasing temperature
» The sign of AG® changes at 698 K

« For the plot to appear this way
* AS° must be positive
* AH®° must be positive

« A reaction for which AH° <0and AS° >0is
spontaneous at all temperatures

« A reaction for which AH® > 0and AS° <0 is never
spontaneous as written

« A reaction for which AH® <0and AS° <O0is
spontaneous at low temperatures

« A reaction for which AH° >0and AS° >0is
spontaneous at high temperatures




Example 16.6

At what temperature does AG™ become zero for the reaction considerad In Example 1657
Feyyi5) + 3H;(g) — 2Feis) + 3H,ONg)
ANALYSIS

for the reaction (Fe,Oy(s) + 3Hyg) — 2 Fe(s) + 3H0(g))

Asked for: | 1

STRATEGY

Substitute AH™ and AS® values from Example 165 into the Gibbs-Helmholiz equation.
SOLUTION
AH"; A5 | AH" = 988 kJ; AS" = 0.1415 kIVK
9.8 k]

T { AG" = AH" — TAS™ 0 = 988 k] — TULMISKVEL T = —— = 68K
L1415 kK

EXAMPLE 166

Recall the Reaction Quotient

« For the reaction
* Zn(s) + 2H*(aq) > Zn* (aqg) + H, (9)

_[2n*1(p,,)
Q - [H +]2

AG =AG® +RTInQ

Direction of Spontaneity Change

¢ To calculate the temperature at which the
spontaneity changes from ...

¢ Spontaneous to nonspontaneous
¢ Nonspontaneous to spontaneous

« ... find the temperature at which AG° =0
e T=AH® /AS°

Example 16.7

EXAMPLE 16.7 GRADED

When #ine is dissolved in a strong ac

d, ine jons and hydrogen gas are produced.

2H* (g} —— £ {ag) + Hylg)

AL 2SC, calcubate
Q ace.
® AG when By, = 750 mm Hg. [£07%] = 000 M, [H*] = 10 % 10— M.

@ the pH when AG = —100.0 k], Py, = 0,933 atm, [£0®*] = 0.220 M and the mass of Zn is 155 g
©

Infermation given

ANALYSIS

exquation for the reaction (Znis) + 2H*{ag) — Zn®*(aq) + Halg))
T05°C)
Information fmplied AGET values at 25°C [ Appendix 1)

Asked for: A

Pressure and Concentration Effects

¢ There is a connection between the free energy change, the
standard free energy change, and the reaction quotient, Q

AG = AG® +RT InQ

Example 16.7, (Cont'd)

1 (M ]EL0 % 074 A TI2SC)

A pure biquids ire ot inchded. Make sare Hhat concm

2 A6 AG = AGT 4 RTIn G = ~ W71 kJ + [R003 kKNI K} bn (9.9 % 107)

~M7IK] + MOR] = — T2

10
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Example 16.7, (Contd) SIS
@

STRATEGY

1 Find ) by substituting into Equation 16.4

3. Solve for [H*] by substituting into the © expression. Change [H*] into pH

o s

.'_:«"."(@;'_!

AG and the Equilibrium Constant

and the equilibrium constant
« ltis expressed in the equation involving Q
* Remember that at equilibrium, AG =0 so

AG = AG® +RT InQ
0=AG’ +RTInK
AG® = -RT InK

i 5y
’ o TN
Example 16.7, (Cont’d) “ﬁv
SOLUTION
L0 W0 k] = =147.1 kJ 4 (000831 k)/K){(298 Kin Q@
InQ 71 19.0 - () o 182 x 1ot

(000831 ){298) N

Py ) (0.220)(0933) i
2. ) expression Q T T 1.82 x 10'
L [ pH (i) = (L2200 _ 3 35 x 1075 A pht = —loga 335 X 107 = k7

o s

Equilibrium Constants

» The relationship between AG and K holds for all
equilibrium constants we have seen so far

o Ky Ko Ky Kp Ko

Concentration Changes

» Changes in concentration will cause Q to change
e For NH,CI (s) > NH; (g) + HCI (g) AG® =+13.0kJ
» Changing the pressures of NH; and HCI from the standard

1.0 atm each to 0.10 atm each and increasing the
temperature to 300 ° C:

AG = AG® +RT InQ

AG = +13.0kJ +(8.31X107)(573)x In(0.010)
AG =-8.9kJ

o s

Figure 16.7 — Saturated SrCrO,

» The fact that SrCrO, does
not dissolve readily in water
indicates that the reaction is
non-spontaneous

11



Example 16.8 Additivity of AG; Coupled Reactions
T < As with enthalpy, if
¢ Reaction 3 = Reaction 1 + Reaction 2, then
e HAINORION I R « AG, = AG, + AG,

 This is Hess’s Law extended to free energy
change

[T ]

o s

Relating Free Energy and Extent of Reaction for

A L Example .

» If AG® is greater than +20 kJ, the equilibrium » Fe,0;(s) > 2Fe (s) + 3/20, (9) AG® =+742.2kJ
constant is so small that virtually no reaction takes + CO(g)+%20,(g) > CO,(9) AG® =-257.1kJ
place; the equilibrium mixture is mostly A « For the overall reaction

« IfAG® is less than -20 kJ, the equilibrium constant * Fe,0; (s) + 3CO (g) > 2Fe (s) + 3CO, (g)
is so large that the reaction goes virtually to AG" = +742.2k] + 3(~257.1kJ )= ~29.1k]

completion; the equilibrium mixture is mostly B

» If AG® is between +20 kJ and -20 kJ, the
equilibrium mixture will contain appreciable amounts
of both A and B « AG® is negative and the decomposition of Fe,O; into Fe

can be made spontaneous by coupling it with the reaction of

COto CO,

[T ]

Figure 16.8 Biochemical Reactions

» Consider that the chemical reactions that underlie
human physiology must occur at relatively low
temperatures

« In order for these reactions to be spontaneous, they
are coupled to a highly spontaneous reaction:

« ATP > ADP AG® <0

* The body stores energy as ATP, which is supplied to
otherwise unfavorable reactions in the body

420K
+10 K F
t ooy

-10 kK]

20 k]

1004 A 100% B

12



Figure 16.9
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Key Concepts

1. Deduce the sign of AS® for a process from
consideration of randomness

2. Calculate AS® for a reaction using thermochemical
data

3. Calculate AG® at any temperature, knowing AH°
and AS°

4. Calculate AG® at25° C from free energies of
formation

5. Calculate the temperature at which AG® =0

6. Calculate AG from AG® , knowing pressures and
concentrations

7. Relate AG® to K

Example 16.9

EXAMPLE 16.9

The lactic acid (CHOyaq), AGT = — 559 kI) produced in muscle cells by vigorous exercise eventually is absorbed into the

bloodstream, where it is metabolized back 1o glucose (AG7 919 k]} in the liver. The reaction is

20, HLC

] ——= CyHOy )

{a) Calculate AG* at 25°C for this reaction, using free energies of formation

{b) If the hydrolysis of ATP to ADP s cx
spontancous?

upled with this reaction, how many moles of ATP must react to make the process

Key Concepts, (Cont'd)

8. Calculate AG® for a set of coupled reactions

Example 16.9, (Cont’d)

ANALYSIS

Information given: exquation for the reaction (2C,H Oyag) — CJHOlag))

wes: CyHLOy(ag) (—559 kI CoHgOulag){— 919 kI)

T(25°C)
energy from ATP/mal (31 k1)

Asked for {a) AG
() mol ATP for spontancity

STRATEGY
{a) Find AGT using the AGy" values iven in Appendix |

AG = EAG] peatuts — A0 semtumts

(b) Convert the energy obtaned in (a) to moles ATP by using the conversion factor: 31 klfmol ATP
SOLUTION

(a) AG } A" = — 246G CHOdagh

+199 k]

(b) mol ATP | 199 k] u 6.4 mol ATP

13



