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(randomness) on reactions

What we’ve Learned So Far

Energy M\
Ea
1 / endothermic

xothermic

— C + heat + heat— C

rate = k[ A|[ B]

E

rate = | Aexp " |[A][B]

Does not tell us if spontaneous or not

A messy room is more probable than an organized

one. Can think of this as
stored energy.

-/

spontaneous?
or probable?

Spontaneous Reactions:

v

heat
or -heat
randomness
7
+randomn/eés

/

reactants  products

0JO
-heat -AH

+ randomness +S




Randomness = more possibilities = entropy (S)

What is the most probable 2 coins
configuration for n tossed 1
quarters?
1 coin =2 sides
1
Most probable configuration is least

organized

2 configurations =2' 4 configurations =27

1

What will the pattern b
) (

e for three coins?

3 coins
8 configurations =23
4 coins
? configurations =2’

#configurations =

. Most probable configuration

is least organized

. Number of possible

configuration increases
exponentially

. No. configurations contains

information about compound
(sides)

Probability of finding
An electron — everywhere!

Very random

N How does this affect
...  the trends in entropy of
e various elements?

e

1s electron
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2p electron probability
Is more confined — less
Random, less entropy
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Probability of
Finding an electron
For a d orbital —
More spatially constrained,
Less entropy

Entropy and Atomic Mass

Entropy of Pure Elements

row2 3 4
0
80 4
70 4
Q.\ 60
S
E 50 |
2
>
g0
& 30 1. Entropy contraction across row
— related to organization of
20 - electrons
101 2. Entropy increase down group —
related to volume occupied
0 ! ! ! ! ! ! ! !
0 10 20 30 40 50 60 70 80 90
Atomic Number
Half filled d

Entropy and Group

Group 1l S (J/mol-K)|Group 2 S (J/mol-K) |Group 4 S (J/mol-K
Li 29.09|Be 9.44|C 243
Na 51.45|Mg 32.51]Si 18.7
K 64.67(Ca 41.41Ge 42.42576
Rb 76.78|Sr 54.392|Sn 44.7688
Cs 85.5|Ba 63.2{Pb 68.85
What do you observe?

Entropy in a Single Group

8] Groupi(Litocs)
Group 2 (Be to Ba)

Same observations!

Row of Periodic Table

“A” students work
(without solutions manual)
~ 10 problems/night.

Dr. Alanah Fitch
Flanner Hall 402
508-3119
afitch@luc.edu

Office Hours Th&F 2-3:30 pm

W,

I WNT You Module #20

Spontaneity

To PR ACTI c E Reaction Entropy
EVERY DAY!




The change in entropy in a reaction is the
difference between the summed entropy of the
products minus the summed entropy of the
reactants scaled by the number of moles

AS, = Znisi_ Znisi

products reac tants

Example Calculation 1: Calculate the change in
reaction entropy that occurs for each of the
following two phase changes given the data below:

S° (J/mol-K)
.
Lo Gs2Gs, Csgy 85.15
. Cso) 92.07
2 Cs, 2Cs, Csie 175.6

AS, = Z n;S; - Z n;S;

products reac tants

) K] - (lmoleCss )[ 85.15

mol, -

ps.= (o207 -(ssasi] |- (o2

A, = (Imole, )[ 92,07 = K]
Cs,

Example Calculation 1: Calculate the change in
reaction entropy that occurs for each of the

S° (J/mol-K)
Lo Gs2Cs e, 85.15
R Csg) 92.07
2 CslCs ey 175.6

AS, = Znisi_ Z”isi

products reac tants

J
AS, = (lmole ) 175.6 - (Imole,, )| 92.07
24 ng [ mOIng . K] ( Cs. )[

AS, = {(175.6%) . (92.07%” . (83,53%)

mol, - K]

following two phase changes given the data below:

Spontaneous Reactions:

v

heat

or -heat
randomness .

Reactions
Increase the +rand0mn/eés
Spontaneity 7

By an increase

In randomness  reactants  products

-heat -AH
+ randomness +S




° (J/mhol-K L
H,0,, Qém | “Medicine is the Art of
H,0,,, 188.83 Observation” (Al B. Benson)
Hg, 77.40 What do you observe?
Hg(g) 174.89 Entropy Changes of Cs With Phase
Csg 85.15 -
Csy, 92.07
Csg 175.6 g

1. Large change liquid to gas
2. S depends on Temp!!!

Possible configurations? 0
5 [
o o °

solid < glass, plastic, liquid < gas

Ssolid < Ssolid, plastic,liquid < S gas
S Note: this
Refers to a single
Molecule or element
Absolute Water ice, liquid, gas
Zero, no motion\

T(K)

A closely related idea to change in entropy
In phase changes is the change in entropy in
Going from individual ligands to chelates

From Module 18 we considered the electrostatic
attraction between the electron pairs on ligand
functional groups and the positive nucleus of a
metal ion.

Module 18 review

Module 18 re




K, = K K,K K K K....K
We observed that multidentate ligands had very high

K. values
Lead Complexation
Constants
Li K1 logK2 LogK3 logK4 logKf

F- 14 11 25
Cl- 1.55 0.6 -0.4 -0.7 1.05
Br- 18 D 0.8 -0.1 -0.3 2.2
I- 1.9 1.3 0.7 0.6 45

OH- j3< 4.6 2 12.9

etal 2.7 1.4 4.1

Oxalate 4.9 1.9 6.8
Citrate 5.7 |57 |

ETA 17.9 (l 17.9 >
~—

Which are polydentate? .
Why so large?
What do you observe? 1 S0 aree

Module 18 review

Example 2: Predict the entropy change in the
following reaction by considering volume occupied
and number of possible configurations between the
reactants and products

M(NH,CH, ), (X), + 2en2 M(en),(X), + 4NH,CH,
g /)

g / ~
3 5
AS:xp AScoalc
Cd(NH,CH, )" + 2en > Cd(en)’ + 4NH,CH 795—> 585—>
33 a : T mol - K mol - K

J. Chem. Ed. 61,12, 1984, Entropy Effects in Chelation Reactions, Chung-Sun Chung

6

Example 2: Predict the entropy change in the following reaction by
considering volume occupied and number of possible configurations
between the reactants and products

Note that the electrostatic attraction which shows up in the enthalpy
is similar for both compounds

(NH,CH, ), (X)X 2en @@
x4

4
NH,CH,

Example Calculation 3: Calculate the reaction
entropy changes for the reaction shown below given:

S° (J/mol-K) CLISS + CUS - CUZSS

S hombi 32 . ) ) )
o First let’s think about this a bit

S orthoclinic 33
Cugg 85.15| 1. Internal Entropy
CuS 92.07
©
CuyS) 175.6 a.Why should CuS have

more entropy than Cu?

b. Why should Cu,S have
much more entropy than
CuS?




Cus, + Cu, » Cu,S,
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Which one might have
More configurations?

http://images.google.. ‘imgres?imgurl=http: unisa.edu
projects/chalcociteCu2$ jpg&i I=http://www.unisa.edu.au/s
ynchrotron/res/projects/default.asp&h=242&w=1808&sz=20&hl=en&start=
7&um=1&tbnid=UYBN7p11BciHwM:&tbnh=110&tbnw=82&prev=/imag
es%3Fq%3DCu2S8%2B%26svnum%3D10%26um%3D1%26h1%3Den%26
client%3Dfirefox-a%26channel%3Ds%26r1s%3Dorg. mozilla:en-

US:official%26sa%3DG

A single, individual, H atom can occupy 4
Different locations — thus the compound will be

S° (J/mol-K)
CH, 186.
CH, 219.4

More random than one with three locations for
The hydrogen

This reflects internal entropy which often scales
with # of Atoms in the molecule.

Entropy and Molecular Structure:

S,Jimol-K ) . .
0 161 l (#COI’]fIgUI’a'[IOﬂS) =1
0, 205 z Spacies | Oeemmon st | Preacid |
o (9) 5376 ype | L L
30 a Lnase '
9. . J
C 158.0 | [ lee 00
© =
CO, 197.9 \ z R -~ Z 2 or
CO,y 2136
Cl g 165.2 J Have we
Cly 223296 47 Convinced R (] I
Ourselves
Pb 68.85 Yet?
PbO 68.70 z .
PbO, 76.98 e
Pb,O, 209.2 e 3
o w |7 =6| & G-
CH 186.4
C,H, 2194 -
o) w0
C,H, 2008 | o | O — Q -._-:.-J -
CH, 2194 i
C,H, 2295

Internal Entropy and Molecular Structure:
(#configurations) = 2"

Internal Entropy is generally increasing

With number of atoms in the molecule

Because the number of locations within the molecule
Where an atom could be found is increasing and

Because the possible orientations of the molecule increases

14
12 1, average=38.26
10
°
]
2
2 8 2, average=62.15
3
s
]
£6 3, average = 95.42
E 4, average=137.9
4
5, average 103 Reliability of average
decreases with number
2 of averaged data points
0 -
0 50 100 150 200 250 300 350

Entropy (J/mol-K)




Example Calculation 3: Calculate the reaction
entropy changes for the reaction shown below given:

S° (I/mol-K) C&fus %%
S rhombic 32 | . % o
S orthoclinic 33 | First let’s think about this a bit
Cuy 85.15| 2. Spatial Volume of rx
CuS, 92.07
Cu,S 175.6 entropy

Which will be more imp in rx
entropy? Internal entropy
or spatial volume entropy?

We take two separate chemical units and make

Them into 1 chemical unit — implies decrease in

entropy

Example Calculation 3: Calculate the reaction
entropy changes for the reaction shown below given:

S° (J/mol-K) CUSS + CUS - CUZSs

Asrx: Znisi_ Znisi

S rhombic 32

S orthoclinic 33 products reac tants
Cug, 85.15
CuSy 92.07
Cu,S 175.6

J
AS_ = (1mole 1756 ——m
e

- {(lmolems )[85.15m0 S K] + (lmOIBCuSs)[92’07moIC;]S~K”

ICuS '

[ 52 )

Example Calculation 3: Calculate the reaction
entropy changes for the reaction shown below given:

S° (J/mol-K)| CuS, + Cu; —» Cu,S,

S rhombic 32 Y Y

S orthoclinic 33 2 1
Cug, 85.15
CuS 92.07
Cu,S, 175.6

s, (s (w5 [mor )

A

Example Calculation 4: Calculate the change in
entropy for the allotropic forms of elemental S

S° (J/mol-K) Ss >t hombic Ss,orthoclinic

S rhombic 32
S orthoclinic 33 ;
85.15 Ve

Cu(s)

CuSy, 92.07 Orthorhombic Sulfur

CuZS(S>

Gr: allos = others




Liquid

Rhombic

(119°C, 0.027 mm Hg)

Pressure (mm Hg) ——

(96°C, 0.0043 mm Hg)

Vapor

Tem; °C)

Spontaneous Process: Universal entropy increases

(The universe is winding down.)

A S + AS

total (universe) - ASsystem(chemical rx) surroundings

AS > (0 = spon taneous

universe
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TO PRAOTICE Entropy of the surroundings

EVERY DAY!

Example 1: Ssurroundings
C,+0,, » CO,, + heat

N

Change n Ssurroundings?

Change in S, .;i0n?

heat will
) increase
More organized (fewer molecules) Kineti
implies less entropy, less random 1nete
AS, o0 <0 energy of
gases =

ASsurround >0




Example 2: S

surroundings

From surroundings, withdraw heat,

Less kinetic energy, less motion, less entropy
H,O, + heat » H,0,

H,O,

H,0, /+heat

Although this process requires
heat, it is spontaneous, driven
by entropy of chemical reaction

Reaction less random rx more random
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Module #20
Spontaneity

Randomness of the
“surroundings” affected
By enthalpy

The two reactions (the system)
C,+0,, » CO,, + heat
H,O, + heat » H,0O,

Interact with the surroundings by exchange of heat

Heat of reaction must be related to entropy of
surroundings

AS = AS + AS

total (universe) system (chemical rx) surroundings

related to enthalpy
or heat of reaction
A Ssurroundings OTC A Hreaction
proportional

Where will impact on S
a. 1Jat600°C
b. 1Jat25°C

be greatest?

surroundings




Predict entropy change is largest at low temperatures

AS Tas TV

surroundings

o A H reaction
surroundings T

AS

A H reaction
AS =

surroundings — T

sign change accounts for the
fact that entropy increases with
exothermic reactions

Calculating S Example 1

surrounding

2PbS; + 30, , —» 2PbO, + 2SO0,
Compare the change in entropy of the surroundings for
this reaction at room temperature and at the
temperature of a campfire (~600 °C).

Know: Don’t know red herrings?
reaction entropy none
T=25°C
T=600°C
A Hreaclion
ASsurrmmdings == f
AH ° = Z nAH ?,products - Z nAH ?,reactants

Context Slide for a calculation on entropy of the

surroundings

Historically Ag was mined as Ag,S found in the presence of PbS, galena.
Part of the process of releasing the silver required oxidizing the galena.
The lead oxide recovered was used in glass making. The

fumes often killed animals near by and have left a permanent record in
the artic ice. Large regions near silver mines were deforested.

One reason that this process was discovered so early in history was

The low temperature at which it c~1 ha ~orriad ~ne

Lead in Artic Iee
24 :
| A
l % .' T
5

£

1o A

Who has the “honor” of most contaminating .
The artic ice?  Medicine 1s the art of observation

Yorkshire near old lead mines

2PbS; + 30, , —» 2PbO, + 280,

Substance AH/? (kJ/mole)
OZ(gaS) 0

PbS -100

PbO -219

SOy (gas) -297

AHO = z nAH?,products - Z nAH?,reactants

° - 219kJ - 297k - 100kJ 0kJ
AH® = {2mole,,, + 2moleg, - 12mole +3mole,
*\ molepy, »e( moleg,, *\ molegys, »e{ mole,, |

\H© = {- 438kJ + -594kJ} - {- 200kJ}

o _ —
AH® = -1032 + 200 = -832kJ (- 832kJ)
. AH Assurruundings =- T

_ reaction
surroundings T

AS




Calculating S Example 1

surrounding

2PbS, + 30, , » 2PbO, + 250,
Compare the change in entropy of the surroundings for
this reaction at room temperature and at the
temperature of a campfire (~600 °C).

AS s = - (- 832kJ)
T =298K T=2873K

AS ) _(f 832kJ) (- 832KJ)
surroundings 298 Assurroundlngs = - 873 =

Our prediction was right! A Sqrroudings Larger at low T

+0.953kJ

AStotal (universe) - ASsystem(chemical rx) t ASsurroundings
AH
ASsurroundings =~ ile—ac o
A Hchemical X
AStotell (universe) = AS'system(chemical ~x) T
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Total Entropy change
With reaction enthalpy

Reaction Entropy Example Calculation 3 Compare
the total entropy change for the following reaction at
25°C and 600°C

2PbS, +30,, » 2PbO;, + 230,

Substance S° (J/K-mole)

OZ(gas) 205 Aer = Z nisoi,products - Z nisoi,reactanls
PbS(solid) 9 1

PbO i 66.5

SO, 0as, 248

J J
AS,_ = 1{2mole 66.5——— | + 2mole 248
™ { Pbo( K~mo|,,bo) ! SOZ[ K-molsozj’

J J
-12moleg,s| 91— | + 3Mole, | 205
[ Pbs[ K~mo|epbsj ' 02[ K-moleojj}




Reaction Entropy Example Calculation 3 Compare
the total entropy change for the following reaction at
25°C and 600°C

2PbS; + 30, , —» 2PbO, + 2SO0,

o 0
= Z niS i,products — Z niS i,reactants

J J
AS,, = 12mole 66.5—— | + 2moley, | 248——
" | Pbo[ K-molpboj ' soz[ K‘m°|soz]}

J J
-12moley| 91— | + 3Mole, | 205———
{ Pbs[ K- molepbsj " OZ[ K- mole,, ]}

28, - {(1432) ' (496%)} - {(182%) ’ (6152-)}

J
AS,, = 168~

K
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“Free energy” is a

EVERY DAY!

Way of accounting
For contribution of randomness

A Hchemical X
AStotal (universe) = ASsystem(chemical ~) T
J (" 832K))
Asreaction =~ 168? ASsurmundir\gs =- T
(- 832kJ)
AStotal (universe) — 168J - T
T=25°C T=600°C
J (-832kd) J (-832kd)
ASlolal (universe) — 168? - 298K ASto‘(al (universe) = 168E - 873K
J kJ J kJ
ASM) = —168?4— 2.791? Astotal) = —168I+ 0953?
J J J J
AS = —168?+ 2,791K Astotal = —168JE+ 953?
J AS = —
AS = 2623— wal = 783 K
Spontaneous Less spontaneous
AH, .
chemical r x
AStotal (universe) = ASsystem(chemical ~x) T T

-TA Ssystem(chemical x) +A Hchemical rx
= AH

- TA Stotal (universe) —
- TA Ssystem(chemical )

chemical rx

- TA Stotal (universe)
Define

- TA Stotal (universe) = AGfreeenergy ~

= AH,, - TAS,,

A G free energy

Gibb’s free energy
a) enthalpy of bonds AG freeenergy < 0

b) organization of atoms

¢) randomness of surroundings

Spontaneous reaction




Conceptually:
A G freeenergy =A er - TA er AGfreeenergy < 0
@ reaction A—reaction m
- + always
+ + at high T, 2nd term 1g.
- - at lowT, 2nd term sm
+ - never
Fitch Rule G3: Science is Referential
Gibbs Free Energy Example 1 20
When will this reaction be spontaneous, hi or lo T? hon Spontanogs Reacton
2PbS; + 30, , —» 2PbO, + 2SO0, '
_ e
AG frecenergy — AH rx TA er z 0 / Can we figure
= A Out exactly at what T
AHS = AS, 2 More ~ this reaction becomes
-832k] = -168J £ spontaheoue” | Sofmens ool SPONtaneous?
Free|Energy <0
M reaction A—Sreaction S%COUS? /
- + always g
+ + at high T, 2nd term lg.
-1000
- - at |OWT, 2nd term sm 0 1000 2000 3000 4000 5000 6000 7000
+ - never K
At LowT!!! 2PbS, + 30, , - 2PbO, + 280, AG ey = ~8320 - T - 168*;;t




To find when a reaction will just go
Spontaneous (or not)
1. Use the equation:

AG = AH, - TAS,,

free energy

2. Set AG® to zero (equilibrium)
0=AH, - TAS,,

AHI’)(
AS,,

3. Solve for T.
TA er = A H rx Tbecomes spontaneous

4. Depending upon sign of enthalpy entropy
determine if temperature decrease/increase
causes AG° to go negative

Gibbs Free Energy Example 2: The only good substitute for PbCO; for
white paint is TiO, To manufacture this paint need to be able to process
titanium ore TiO,. (Different allotrope). At what temperature does the
following reaction become spontaneous?

TiO, + 2C, > Tig + 2CO,

Substance AH/ (kJ/mole) S°(J/K-mole)
Tiy 485 179.45
COgus -110.5 198
TiO, o1 -945 50

) 0 205
SOsg) 297 248
Csolid 0 0

AG frecenergy A er - TA er

Gibbs Free Energy Example 2
At what T will this reaction become change between
Spontaneous and non-spontaneous?

2Pbs, +30,, » 2PbO;, + 280,

AG e = Ay, - TAS,
AG gy = ~832KJ - T(— 168%)
s
0= -832KkJ - T(— 168%) 0_168':2
832KJ = T(168%) SR T

Rx spontaneous at T<4952K

Substance AH{ (kJ/mole) SO(J/K-mole)
Tiggiq 485 179.45 . .
" 1105 198 TiO; + 2C; » Ti, + 2CO,

TiOyqoia) -945 50

() 0 205
SO, 4as) -297 248

solid 0 0

AG freeenergy — A er B TAer

A G free

485kJ - 110.5kJ - 945kJ 0kJ
ener Imole| +2molel ———— | - § Imole| +2molel ——
Y mole mole mole mole

<

T lmole(179'4sj)+2mole[ﬂ) lmole( 50 )+2mole[ 0J
K-mole K- mole K-mole K- mole

o = (1485+ 221} - {- 945} )kJ

eeeeeee

- T({575} - {50})%

AG

freeenergy

J
=1652kJ - T(szs)R




Substance AHY (kJ/mole)  S°(J/K-mole)

TiOy1i4 -945 50 . .
Ti 485 179.45 TiO, + 2C, - Ti, +2CO,
Osgas) 0 205
SOsgus) 297 248
solid 0 0
COp -110.5 198
A Gfreeenergy =|A er - |TA er
J
AGfreeenergy = 1652kJ - T(SZS)R

When is this reaction spontaneous:
10Wtemp? TT3TAK

0=1652- T(0525)
T(0525) = 1652 Rx spontaneous > 3144K
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e Context Slide 1

140 | WWII

‘White Lead Paint Used (Tonsx1000)

20 4

0 +—== + v - . - |
1900 1910 1920 1930 1940 1950 1960 1970 1980 1980
Year

titanium was not routinely processed until
after WWII (jet engine technology). So TiO, purified
not available cheaply for paint until after WWII

As for enthalpy and entropy, there are tables
Of values obtained via Hess’s Law

AG;X = z niAGOf,i,products - Z niAGOfi,reactants




Properties and Measurements

Property Unit Reference State
Size m size of earth
Volume cm? m
Weight gram mass of 1 cm? water at specified Temp
(and Pressure)
Temperature °C,K boiling, freezing of water (specified
Pressure)

1.66053873x10-4g amu (mass of 1C-12 atom)/12
quantity mole atomic mass of an element in grams
Pressure atm, mm Hg earth’s atmosphere at sea level
Energy, General

Animal hp horse on tread mill

heat BTU 1 1b water 1 °F

calorie 1 g water 1 °C
Kinetic J m, kg, s
Electrostatic 1 electrical charge against 1 V

electronic states in atom  Energy of electron in vacuum
Electronegativity F

Gibbs Standard Free Energy Example Calc. 1:
What Is the standard free energy change of the

following Reaction? 2pps_ + 30, , —» 2PbO, + 250, ,

Substance AG; ? (kJ/mole)
PbO -188.9

SO -300

PbS -99

OZ(gas) 0

AG? = Z NAG® ¢ i products — z NAG® fi reactants
AGy = {2(- 188.9) + 2(- 300)} - {2(- 99) + 3(0)
AGS = {- 3778+ -600} - {- 198}

AGS = -779.8kJ

As for enthalpy and entropy, there are tables
Of values obtained via Hess’s Law

AG;X = Z niAGof,i,products - Z niAGOTi,reactants

State of Matter Standard (Reference) State
Solid Pure solid

Liquid Pure liquid

Gas 1 atm pressure

Solution 1 M concentration
Elements )GP/0

Gibbs Standard Free Energy Example Calc. 1:
What Is the standard free energy change of the

following Reaction? 2pps_ + 30, , —» 2PbO, + 2SO0, ,

AG& = Z niAGOf,i,producls - Z niAGofi,reactants

AGS = -779.8kJ

For comparison, we calculated from before:

Aer - 832 AS“ - _168% AGfreeenergy = _782k‘]
AG 837K] T( 168i) Not too bad of
freeenergy — K Agreemen‘[!
J
AG freeenergy = —832kJ - (298K)(— 162;?)
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To PRACTICE Summing Reactions
EVERY DAY!

Summing Free Energy Example Calculation Why
was lead one of the first elements first processed by
man? A. Calculate the standard free energy of the
Combined reactions. B. Calculate the free energy of
the reaction at 600 °C (campfire temp).

2PbS, + 30, , » 2PbO, + 280,
2PbO, + 2C, » 2Pb, + 2CO,

2PbS, + 30, , + 2C, » 2Pb, + 280,

+ 2COg

Rx# A(}reaction

1 A+B nC A(}reaction 1
2 nC+D——E ACireaction 2
3 A+B+D—E A(}reaction 1 + AC‘reactionZ

Summing Free Energy Example Calculation Why
was lead one of the first elements first processed by
man? A. Calculate the standard free energy of the
Combined reactions. B. Calculate the free energy of
the reaction at 600 °C (campfire temp).

2PbS, + 30, » 2PhO, + 250, ,

AHC = -832kJ ASO = _168% AGS = -779.8kJ

2P0, + 2C, - 2Pb, + 2CO,

Need standard free energy to solve A
But! Will also need standard enthalpy and S
To solve B — so solve for those




Substance AH? (kJ/mole) S°(J/K-mole)

PbS -100 91

PbO -219 66.5

Pb 0 0

Oy gas) 0 205

SO, gas) -297 248

Csolid 0 0

CO g -110.5 198
2PbOgg g T 2C01a — 2Pbygyjiq T 2C0 g5 ?

AH= [{(2(0)+2(-110.5)}-42(-219)+2(0)} ]=+217kJ

AS=[{2(0)+2(198)}-{2(66.5)+2(0)} ]=263I/K

Net reaction at 25 °C

AG,,
2PbO, 114 + 2Coeria 2Pbyq + 2CO gy, +138.6kJ

2Pbs + 302(ga5) + 2CSOlid - 2PbSOlid + 2SOzgas + 2C0gas

sum = -641kJ

The net standard free energy for the coupled two
reactions is -641 kJ, spontaneous

2PbO, + 2C, > 2Pb_+ 2CO,

AHS = 217kJ

AGfreeenergy = Aer - TAer

= 217kJ T(263i)( K )
- K/\10°J

AS,, = 263i
rx K

AGS = +138.6k]

AG

free energy

At standard conditions

kJ
AG® =217kJ - T(0.263?)

kJ
AG® = 217kJ - (25+ 273)K(O.263?j = +1386
At campfire conditions

kJ
AG® = 217kJ - (873)K(O.263?j =-1256

Net reaction 4t 600 °C
AG

2PBS o) T 305(gas) PbO o) T 25Oy gas)

X

-685 kJ

2PbO, g + 2Ceuia 2Pbygjig + 2CO ) -12.6kJ

soloid

2PbS + 30,4y + 2C 2Pbyp + 250,44 + 2CO,,

solid solid

sum = -697kJ

The reduction of Pb in PbS to metal and oxidation
of S in PbS to sulfur dioxide gas is spontaneous at

campfire temperatures of 600°C
Context point: can manufacture pure lead in a campfir




DUT[H B[W pm : Where did all the lead go? Context Slide
et bl |

= : Decade Estimate lbs white lead/housing unit
g/ 1914-23 110
}920-29 i; TiO, makes inroads
930-39 particularly in Europe
1940-49 22
1950-59 7
1960-69 3 White lead restricted
1970-1979 1 |

2

x3cm={14,790,2391bPb

300gPb y 1IbPb  12gsoil X228.44mi2 y 1.609km ZX 10°cm
10° gsoil ~ 45359gPb  cm’ Chicago mi km

300ppm = “background” level of Chicago soil lead ‘
Depth: does
Not move down
Because of Oh Card me PleaSe

Percent of Children with .
Elevated Blood Lead Levels Context Slide

“A” students work
(without solutions manual)
~ 10 problems/night.

Relates to
a) Age of Housing
b) “Gentrification”

Dr. Alanah Fitch

ugPb/gsoil Flanner Hall 402
<250 § Relevant Chem 102 Concepts: 508-3119
% 250-500 n T | 1. Temperature dependence afitch@luc.edu
500-1000 of spontaneous reactions k
2. Stability of soil lead form ’ No \ / /R Office Hours Th&F 2-3:30 pm
(Oh Card me PleaSe) ) = A
mEad | WANT YOU| Voses
Lead Levslsso/ Spontaneity
0
o e TO PRACTI c E | Relating Free Energy
I > 25% 5 0 s To Concentrations

EVERY DAY!
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The free energy of the reaction related to
a) standard free energy change
b) and the ratio of concentrations of
products to reactants, Q

AG = AG° + RTInQ

In this equation you can use (simultaneously)
Pressures
Concentrations

The In(Q) is treated as unitless

When Q =K (equilibrium): ~ AG=AG"+RTInQ

0=AG°+ RTInK

0 K
_RTInK = AG® g;:f‘g‘;lf(’)“dug:o
AG® = —RTInK Rx one way or other
K=1 -RTIn(1)=0
K>1 RTIn(>1) =-(+) <0
K<1 -RTIn(<l)=--) >0
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Free Energy and Conc. Example Calc. Calculate the free
energy of the reaction if the partial pressures of the gases are each
0.1 atm, 298 K. Remember, we calculated AG,, to be -641 kJ at
298K (25 °C)

2PbS ;) + 30, + 2C, & 2Pb + 280, + 2CO,,

AG = AG° + RTInQ

[Pb,]' P2, P2, J
2

J
AG, = -641kJ + (8314?)(298K)1n{ [Pos [ P2 [C.]

1 2 PZ P’_’
AG,, = -641kJ + (2477.573)1{%3%] AG,, = -641kJ + (247757kJ) In(0.1)
2 p2 AG,, = -641kJ + (2.47757K3)(- 2.302))
50, ' co ~
AG,, = -641kJ + (2.47757kJ) In| Pl

AG,, = -641kJ + (- 5.703kJ)

kJ
AG, = -647——

012, 0.1250]
mol

AG,, = -641kJ + (2.47757kJ) In 3
0.15,

Example Problem 2 Free Energy and Equilibrium:
What is the equilibrium constant for the reaction
at a campfire temperature?

2Pbs, + 30, , + 2C, » 2Pb, + 250, , + 2CO,

AG®° = -RTInK
o AG°®= -697kJ/mol rx
AG In K
“RrRT ™ (o)
[8.314x10‘3%J298K
~AG® K=e "
e RT _— K
K=e®™ s 10




Example 3 Free Energy and Equilibrium:
The corrosion of Fe at 298 K is K = 10%¢! .
What is the equilibrium constant for corrosion
of lead?

2Pbsolid +0 21)bosolid

2gas

We don’t have any K values so we need
To go to appendix for various enthalpy and
Entropies to come at K from the backside

RTInK=-AG° AG = -355kJ

(55251
- -355—
mol

0 KH
—AGT [8.314x10‘3—]298K
mol K

K=e">127x10%

K for rusting of Fe = 10%6!
K for rusting of Pb = 1.27x10%2

so: even though the reaction is favorable
it is less so than for iron.
Lead rusts less than iron = used for plumbing
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Substance AH? (kJ/mole) S°(J/K-mole)
PbS -100 91
PbO -219 66.5
Pb 0 0
Osa 0 205
SOsg) 297 248
Csolid 0 0
CO -110.5 198

2Pb, + O, » 2PbO

AG® = AH° - TAS®
AH® = 2(-219) - {2(0) + 2(0)} = -438k]J
AS® = 2(.0665) - {2(0) + 2(.205)} = -0.277kI/K
AGe = -438 - T(-.277) = -438 - (298)(-0.277) = -355k]J

“A” students work
(without solutions manual)
~7 problems/night.

| WANT YOU| !ewer
TO PRACTICE| Whatyouneed to
EVERY DAY! know




. Be able to rank the entropy of various phases of
materials, including allotropes

. Be able to rank the entropy of various compounds
. Explain entropy concepts as related to chemical
geometry

. Calc. standard entropy change for a reaction

. Relate surrounding entropy to reaction enthalpy

. Calc. temperature at which a reaction becomes
spontaneous

. Explain why TiO, was relatively late in replacing
PbCO; as a white pigment; why lead was one of
first pure metals obtained by humanity

. Convert standard free energy to equilibrium
constant
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f WANT YOU
TO PRACTICE

EVERY DAY!

“A” students work
(without solutions manual)
~7 problems/night.

Module #20
Spontaneity
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