Unit

AP Chemistry

Thermodynamics and Electrochemistry

Unit1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6 Unit 7 Unit 8 Unit 9
7-9% 7-9% 18-22% 7-9% 7-9% 7-9% 7-9% 11-15% 7-9%
Atomic Compound Substances Chemical Kinetics Thermo- Equilibrium Acids and Thermo-
structure structure and reactions chemistry bases dynamics,
mixtures electro-

chemistry

Unit 9 is 7-9% of the multiple-choice section. Its ideas also turn up in the free-response section almost every year, usually as
parts of a longer question: explaining the sign of AS®, finding the temperatures at which a reaction is favored, or working with

a galvanic or electrolytic cell.
o1 9.2 9.3 2.4 9.5 9.6
Entropy Absolute entropy Gibbs free energy Thermodynamic Free energy and Free energy of
and kinetic control equilibrium dissolution
9.7 9.8 2.9 9.10 9.1
Coupled reactions Galvanic and Cell potential and Nonstandard cell Electrolysis and Faraday's law
electrolytic cells free energy potential

< Zn + Cu?* cell (off scale)

-212 kJ/mol, K = 10%7
Cu + 2Ag” cell
-88.8 kd/mol, E° = +0.46 V

N, + 3H; - 2NH;
-32.8 kJ/mol, K = 5.6 x 10°

NH,NO; dissolves
-6.7 kJ/mol, K = 15

CH;COOH ionizes
+27.1 kJ/mol, Ku =1.8x10"%

Water self-ionizes

+79.9 kJ/mol, KW =1.0x10""
AgCl dissolves :
+55.6 kJ/mol, Ksp =1.8x%x107"°:

AG° (kJ/mol) I t t t t @ = t } o= ([ J {
at 298 K =100 -80 -60 -40 -20 0 +20 +40 +60 +80 +100
K t t t t u t t
10" 10" 10° 1 107° 107" 107"
E°ifn=1 t t t t t
+1.0V +0.5V 0 -0.5V -1.0V

AG° < 0: favored, K > 1

AG° > 0: not favored, K <1

Each dot is a real reaction at 298 K. AG®, K and E° are three ways of describing how far a reaction goes, and they always agree: a negative AG® goes
with K > 1 and a positive E°. Each 5.7 kJ/mol drop in AG°® multiplies K by 10 (one tick on the K line). The E° line is for a cell whose reaction transfers n =

1 mol of electrons; with n = 2, each E° is half as large.

What the exam asks most

nerdy

Explain the sign of AS® with
particles. Name each substance and
its phase. For NH;(g) + HCI(g) =
NH,CI(s): "AS° is negative because 2
mol of gas become a solid, whose
particles have far fewer possible
arrangements." "More disorder"
earns nothing. 91

Say at what temperatures a

reaction is favored. Give the signs of
AH° and AS°®, and say which term in
AG° = AH° - TAS® helps make AG®
negative and which works against it.
In calculations, convert AS° from J to
kJ (divide by 1000) and use T in
kelvins. 9.2 9.3

Explain why a favored reaction
seems not to happen. A negative
AG°® says which way a reaction
goes, not how fast. Its activation
energy is high, so few collisions have
enough energy and it is too slow to
see. 9.4

4 Find E° and AG®° for a cell.

o

cell = Ecathode — Eanode» Using the
two reduction potentials as given,
never multiplied by coefficients.
Then AG®° = -nF E°, with n from the
balanced equation; give AG® in
kd/mol. 9.9

Explain how a concentration change
affects the voltage. Adding a
reactant ion lowers Q and raises E;
adding a product ion does the
opposite. Argue with Q, not Le
Chatelier's principle: a working cell
isn't at equilibrium. ~ 9.10

Read a cell diagram and count
electrons. Oxidation is at the anode,
reduction at the cathode; electrons
go through the wire, ions through the
salt bridge. For plating, take q = It,
divide by 96,485 C per mole of
electrons and by the electrons per
ion, then multiply by the molar mass.
9.8 9.1

[l The equations for this unit
Given on the equation sheet

- AS° = ES;roducts = > Steactants» aNd
AG® from AG°; the same way

- AG° = AH° - TAS®

- AG° = -RT InK = -nFE°

- . RT q
Ecenl = Eggy - Flno and [ = T

- R=8.314 Jmol™ K™, F = 96,485 C per
mole of electrons, 1V =1J/C,1A=1C/s

Not given, so know them by heart

= E&an = Eathode ~ Ednode

- Where a reaction switches between
favored and not: T = AH°/AS® (when
the two signs match).

- Oxidation at the anode, reduction at
the cathode.

= At equilibrium, AG = 0 and E = 0, but
AG° and E° don't become zero.

@ Not on the exam

Labeling electrodes positive or negative. You
never have to memorize S° AG® or E° values:
the question gives them.
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€X) Introduction to entropy

9.1 Introduction to entropy 9.2 Absolute entropy and entropy change

Entropy, S, measures how spread out matter and energy are. The more ways a
substance's particles and their energy can be arranged, the higher its entropy.

ice liquid steam
= 200
2
g
> molecules vibrate in place molecules slide boiling +108.9
2 100 melting +22.0 Past each other =40,650 J + 37315 K
- = 6010 J = 27315 K
o
E S° =69.95 at 298 K
:?') molecules fly apart
0 —
0 273 373 T (K)

The jump when water boils is about five times the jump when ice melts, because a gas is far more
spread out than a liquid. At a melting or boiling point the two phases are at equilibrium, so AG = 0 and

AS = AH/T.
Entropy goes up when ...

- A solid melts or a liquid boils. For one
substance, the gas has far more entropy
than the liquid, and the liquid more than
the solid. This holds for water too, though
liquid water is denser than ice.

— A gas spreads into a bigger volume at
the same temperature: each molecule
has more places to be.

— A reaction makes more moles of gas
than it uses. Count only the (g)
coefficients.

- The temperature rises. The molecules'
energies spread over a wider range, so
there are more ways to share the energy:

300K gooK: energies
spread wider

Number of molecules

Kinetic energy of a molecule =

Ways to place 4 molecules in two halves
6
4 4

1 1

s
) [eeele ] (oo Tee ] (o Jeee]) [ Teseq

=
Only 1 of the 16 ways to place four molecules (the
dark bar) has all four on the left. With 100
molecules the chance is about 1in 1030, SO a gas
never gathers in one half.

® Quick check

i Predict the sign of AS® for

i 2H,0,(l) — 2H,0(l) + O3 (g) and for
i NH3(g) + HCl(g) — NH4CI(s).

Answer: the first is positive, as 1 mol of gas
forms from none; the second is negative, as
2 mol of gas become a solid.

Process and the reason AS

CaCO;3(s) — CaO(s) + CO, (g)
1 mol of gas forms from none

2S0,(g) + 0, (g) — 2S03(9)

3 mol of gas become 2

P4 (S) +5 02 (g) — P4010 (S)

5 mol of gas end up in a solid

CO(g) + H20(g) — CO2(g) + H2(g)

2 mol of gas on each side, so calculate
it from S° values (Topic 9.2)

+

can't
tell

4
¢ Explaining a negative AS® in words

For P4 (S) +5 02 (g) — P4010 (S), AS°
is negative because 5 mol of O, gas
are used up to form a solid. Gas
particles are far more dispersed than
the particles of a solid, so the products
have fewer possible arrangements.

"Fewer microstates" (possible arrangements)
or "fewer positions available" also earns the

point.
3

' /\ Exam trap

- Writing "more disorder" and
stopping. It says nothing about the
particles, so it earns nothing. Write:
"AS° is positive because 1 mol of CO,
gas forms from solid CaCOs, and gas
particles have far more possible
positions."

— Counting all moles instead of moles
of gas. Solids and liquids add little
entropy, so count only the (g)
coefficients. CsHg(g) + 50, (g) —
3CO0;,(g) + 4H,0(l) goes from 6 mol
to 7 mol in total, but the gas drops
from 6 mol to 3, so AS° < 0.

- Saying the gas freezes. In the P,04
reaction the O, doesn't freeze; it
reacts. Describe a reaction, not a
phase change.

3
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Absolute entropy and
entropy change

Entropy has a true zero: a perfect crystal at
0 K. S° is the entropy of 1 mol of a
substance at standard conditions, counted
up from that zero, in J mol™ K™". Every pure
substance has S° > 0.

solid liquid @ gas
C(graphite) | 5.74
Cu(s) 33.15
H,O(l) 69.95
Hg(l) 75.90
Bra(l) 152.21

Ha(g) (N 130.68
H-O(g) I 188.84
0.(g) G 20515
CO.(g) NI 213.79
Br2(g) I, 245.47
0 100 200
S° at 298 K (J mol™" K™)
A substance has the most entropy as a gas (Br,:
152 as a liquid, 245 as a gas). Liquid Br, still has
more entropy than gaseous H,, because its
molecules are bigger and heavier.

B On the equation sheet
ASGn =22 Sgroducts - > Steactants

i
1
1
I
1
]
1
\

il Worked example

S° values: SO, (g) 248.22, O, (g) 205.15,
S03(g) 256.77 Jd mol™ K™". Find AS® for
2S0;(g) + O2(g) — 2S03(9).
1 Predict the sign first: 3 mol of gas
become 2, so AS° < 0.
Products: 2(256.77) = 513.54

Reactants: 2(248.22) + 205.15 =
701.59

AS° = 513.54 - 701.59 = -188.05 J
mol™" K™, negative as predicted

’ /A\ Exam trap

- Leaving out O, "because it's an
element." An element's AH°%; and AG%
are zero, but its S° is not. Leaving out
0,'s 205.15 in the worked example
gives +17.10, the wrong sign.

- Forgetting the coefficients. Using one
SO, and one SO; gives -196.60: right
sign, wrong number. Write out both
sums before you subtract.

® Quick check

S°inJ mol™" K™ N, 191.61, H, 130.68,
NHz 192.77. Find AS® for

N2 (g9) + 3H2(g) — 2NH3(g).

Answer: 2(192.77) - [191.61 + 3(130.68)] =
385.54 - 583.65 = =198.11 J mol™" K™ Itis
negative, as expected when 4 mol of gas
become 2.

P

N e e e e e e —mm——m e


https://nerdy.com/ap/subjects/ap-chemistry/topic-9-1-introduction-to-entropy/
https://nerdy.com/ap/subjects/ap-chemistry/topic-9-2-absolute-entropy-and-entropy-change/
https://nerdy.com/ap/subjects/ap-chemistry/topic-9-1-introduction-to-entropy/
https://nerdy.com/ap/subjects/ap-chemistry/topic-9-2-absolute-entropy-and-entropy-change/
https://nerdy.com/ap/subjects/ap-chemistry/topic-9-2-absolute-entropy-and-entropy-change/

AP Chemistry cheat sheet

EE) Gibbs free energy and thermodynamic favorability

9.3 Gibbs free energy

9.4 Thermodynamic and kinetic control

shaded: AG° < 0, so favored

AH°<0 - AS°>0

T->
Favored at every
temperature. Both terms
make AG° negative.

2H202 (1) — 2H20(1) + O2(g),
AG° = -233.6 kJ/mol

AH°>0 - AS°<0
AG®

T->
Favored at no temperature.
Both terms make AG®
positive.

Photosynthesis (AG° = +2879 kJ

per mol of glucose) runs only
while light supplies energy

AH°>0 - AS°>0
AG®

T = AH°/AS°®

T->
Favored at high temperature,
above AH°/AS®, where the
entropy term wins.

Ice melting above 273 K; NaNO4
dissolving

AH° <0 - AS°<0
AG®

T = AH°/AS°®

T->
Favored at low temperature,
below AH°/AS®, where the
enthalpy term wins.

Water freezing below 273 K;
N, + 3H, - 2NH; below 463 K

A reaction with AG® < 0 is
thermodynamically favored: at standard
conditions it runs forward, and products are
favored at equilibrium (K > 1). The °® means
standard conditions: gases at 1 atm,
solutions at 1.0 M, and pure solids and
liquids. The temperature is given separately,
usually 298 K, and T is always in kelvins.
The exam says "favored", not
"spontaneous", and neither word says
anything about speed.

E AG]?, reactants

il Worked example

For CaCOg3(s) — CaO(s) + CO, (9),
AH° = +178.3 kJ/mol and AS° = +160.6 J
mol™" K™, Is it favored at 298 K? Above
what temperature is it favored?

1 Put AS®in kJ: 0.1606 kJ mol™ K™'

2 AG° =178.3 - (298)(0.1606) = 178.3 -
47.9 = +130.4 kJ/mol: not favored at
298 K

3 AG° =0where T = AH°/AS® =178.3 +
0.1606 = 1110 K

Not favored at 298 K; favored above
about 1110 K. That's why limestone
(CaCo0.) is roasted in a kiln.

The 1110 K estimate assumes AH® and AS® barely
change with temperature.

Why water freezes only below 273 K

For freezing, AH® = -6.01 kd/mol and AS°® = -22.0
J mol™" K™, so each AG® below is -6.01 plus
-TAS® (all in kJ/mol).

T -TAS° AG° What happens

263K +5.79 -0.22 water freezes

273K +6.01 0.00 waterandice
coexist

283K +6.23 +0.22 water stays liquid

1
¢ Saying what drives a reaction

For N, + 3H, - 2NH; at 298 K:

AH° < 0, so the enthalpy term favors
the reaction. AS° < 0, so -TAS® is
positive and the entropy term opposes
it. AG® < 0 at 298 K, so the reaction is
driven by enthalpy.

If a question asks whether a student is right
that a reaction is driven by enthalpy, say yes
or no, then give both signs and what each

does to AG®.
.

4
/A\ Exam trap

- Saying "both drive it." When AH® and
AS° have the same sign, one term
helps and the other hurts. For
N, + 3H, = 2NH;, AH® < 0 helps, but
AS° < 0 makes -TAS® positive, which
hurts. Say "driven by enthalpy,
opposed by entropy."

- Mixing kJ and J. With
AH° = -91.8 kJ/mol and
AS° = -198.1 J mol™" K™, writing -91.8
- (298)(-198.1) gives +58,942, which
is nonsense. Write AS° as -0.1981 kJ
mol™" K™ first: -91.8 - (298)(-0.1981)
= -32.8 kdJ/mol. Use T in kelvins: 25
°Cis 298 K.

4 Finding the sign of AH® from the
temperatures

P4 (g) == 2P, (g) is favored only at high

temperature. It makes 2 mol of gas from

1, so AS° > 0. A reaction with AS® > 0

that is favored only when hot must have

AH° > 0, so it is endothermic.

For 2NO2 (g) — N204(g), AH® = -57.2
kJ/mol and AS° = -175.8 J mol™" K™". Find
AG*® at 298 K and the highest
temperature at which it is favored.

Answer: -57.2 - (298)(-0.1758) = -4.8
kJ/mol. It switches at 57.2 + 0.1758 = 325 K
and is favored below it.

nerdy AP Chemistry - Unit 9 cheat sheet: Thermodynamics and Electrochemistry

0.4 Thermodynamic and
kinetic control

AG® tells you which way a reaction
goes; activation energy sets how fast.
A favored reaction too slow to see is
under kinetic control.

Free energy

Reaction progress -

A spark supplies the activation energy; the heat
released keeps it going. A catalyst (dashed)
lowers the barrier but not AG® or K.

4
¢ Favored, but too slow to see

H. and O, can sit mixed for years even
though AG® = -474.2 kJ for 2 mol of H,O(l).
Write:

The reaction is thermodynamically
favored because AG° < 0, but its
activation energy is large. At 298 K
too few collisions have enough energy,
so the rate is too slow to observe.

' /\ Exam trap
- Thinking an unchanging mixture is at
equilibrium. At equilibrium Q = K, so
compare them. In an H, and O,
mixture Q is near 1 but K is about 1023;
the mixture is far from equilibrium, just
too slow to react.

® Quick check

Diamond - graphite: AG® = -2.900
kJ/mol at 298 K. Why do diamonds last?

Answer: it is favored, but the activation
energy is enormous, so it is immeasurably
slow: kinetic control, not equilibrium.

e
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9.5 Free energy and equilibrium 9.6 Free energy of dissolution

€L Free energy and equilibrium

9.7 Coupled reactions

€5 Coupled reactions

AG° and K both tell you how far a reaction goes before it reaches equilibrium. A
negative AG° means K > 1, so products are favored at equilibrium.

AG° = +5.7 kJ/mol

\

AG°=0

AG° = -5.7 kJ/mol

Q=

all A allB
K = 0.1: reactants favored

all A

K = 1: half and half

all B all A all B

K = 10: products favored

For A = B at 298 K, each curve is the free energy of the mixture. From either end, the mixture runs
downhill to the lowest point (the dot), which is equilibrium: AG = 0 and Q = K. Making AG®° 5.7 kJ/mol
more negative moves that point toward B and multiplies K by 10.

| AG® = —RT InK i

Rearranged, not on the sheet: K = g6 /RT
AG° (kJ/mol) -114 -5.7 0 +5.7 +11.4
K 100 10 1 0.1 0.01

il Worked example

N2 (g9) + 3H2 (g) == 2 NH3(g) has AG®

= -32.8 kJ/mol at 298 K. Find K.

1 Put AG®in joules to match R: -32,800
J/mol

2 _AG 32,800

RT " 3208 - %4

K = e™24 = 5.6 x 10°, so NH; is
strongly favored

4
/A Exam trap

- Leaving AG® in kd when Ris in J. AG®
must be in joules too. Using -32.8
gives K = €29132 5 1,01 instead of 5.6
x 10°.

- Using 10% instead of e*. The equation
uses In, so undo it with e* (keys on
page 7): 10"324 would give 1.7 x 10™.

- Mixing up AG and AG®. At equilibrium
AG = 0, but AG® doesn't change: a
reaction with K = 100 sits at
equilibrium with AG® = -11.4 kJ/mol.

[
¢ Using AG° to support a claim about K

Claim: K < 1 at 350 K for 2NO, = N,0, (AH° =
-57.2 kJ/mol, AS® = -175.8 J mol™* K™").

AG° = -57.2 - (350)(-0.1758) = +4.3
kJ/mol is positive, so by

AG° = -RT InK, K < 1: the data
support the claim.

"Nothing happened when we mixed them, so
K'is small" is not evidence: the reaction may
just be slow.

Free energy of
dissolution

(9.6
Pulling the ions apart takes energy, and
water surrounding them gives energy back.
These two energies are often close, so you
need data to know whether dissolving is
favored.

®
L S € . & B & D
o000 — o - O @
NN ) B &
XX >
® )
1Pull the 2 Water 3 Water
ions apart makes room surrounds ions
AH>0,AS >0 AH >0 AH<0,AS<O0
@ cation @ anion @ water

dashed circle: the hole water opens up for each ic

kJ/mol AH° -TAS° AG° Driven by

NH4NO; +25.7 -32.4 -6.7 entropy

CaCl, -81.3 +13.3 -68.0 enthalpy

AgCl +65.4 -9.8 +55.6 not
favored

' /A\ Exam trap

- Assuming dissolving always raises
entropy. The ions spread out, but
water molecules line up around them,
and that ordering can outweigh the
spreading. For CaCl,, AS°® = -44.7 J
mol™" K™, so its ~-TAS® above is
positive. Take the sign of AS® from

data.
L

4
¢ Why does a cold pack work?

Dissolving NH,NO; absorbs heat from
the water, so the pack gets cold. Being
endothermic opposes dissolving, but
AS° > 0 as the ions spread out, and
TAS® (32.4 kJ/mol) outweighs AH®
(25.7 kJ/mol). So AG® < 0: dissolving is
driven by entropy.

3
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A reaction with AG® > 0 can still be
made to run, but only while something
supplies the energy it needs:

- Outside energy can keep it going:
electricity (electrolysis, charging a
battery) or light (photosynthesis).

- A coupled reaction can pay for it: a
favored reaction that shares a substance
with the unfavored one, so the two add
up to AG®° < 0.

2Cu+S+0;

+86.2 kJ/mol

-300.1 kJ/mol
S+ 0, > SO,
net -213.9 kJ/mol:

: favored

Cu,S + 0,

2Cu + SO,

Roasting copper ore. Splitting Cu,S into copper
and sulfur is uphill (AG® = +86.2 kJ/mol), but
burning that sulfur (-300.1 kJ/mol) more than pays
for it.

4
[} Adding reactions and their AG° values

— Add the equations, cancel what
appears on both sides, and add the
AG® values.

— Reversing a reaction changes the sign
of AG®; doubling it doubles AG®.

¢ Showing that coupling works

ATP + H,0 - ADP + P; has AG®' = -30.5
kJ/mol, and glucose + P; - glucose 6-
phosphate + H,O has +13.8 kJ/mol. (P; is
phosphate; the ' marks biochemists'
standard state, at pH 7.)

The reactions share P;, so adding them
gives glucose + ATP - glucose 6-
phosphate + ADP, with AG®' = +13.8 +
(-30.5) = -16.7 kd/mol < 0. The
coupled process is thermodynamically
favored.

' /\ Exam trap

- Coupling reactions that share
nothing. A favored reaction in the
same flask does nothing for an
unfavored one unless it makes or uses
one of its substances. ATP breaking
down beside glucose makes no
glucose 6-phosphate unless an
enzyme links the two through their
shared phosphate.

- Thinking a one-time push is enough.
Electrolysis needs current the whole
time it runs; a push past the activation
energy only starts a reaction that is
already favored.
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9.8 Galvanic and electrolytic cells

€EX) Galvanic (voltaic) and electrolytic cells

9.9 Cell potential and free energy

e” flow e~ flow
salt bridge: KNOs(aq)
Zn Cu
NO;~ K*
® zn* Cu** @
[ J ([ J
Zn(NO3), Cu(NO3),
. J . J

Anode: oxidation
Zn(s) - Zn**(aq) + 2e”
Zn strip loses mass; [Zn®*] rises

Rh**, H,0

Anode: oxidation Cathode: reduction
2H,0 - O, + 4H" + 4e” Rh®** + 3e” - Rh
An electrolytic cell plating rhodium. The supply
pushes electrons onto the object being plated
(grey, with its new rhodium layer in gold). Water is
oxidized at the inert Pt anode, so O, bubbles off
and the Pt keeps its mass.

Galvanic

(voltaic) Electrolytic
Reaction favored: unfavored:
AG<0,E>0 AG>0,E<O
Energy gives needs a power
electrical supply the whole
energy time
Examples batteries, the plating,
zinc-copper  recharging,
cell making Al

4
¢ Comparing electrode mass changes

2Al(s) + 3Zn?* (agq) — 2 AI** (aq) + 3Zn(s)

Per mole of reaction, the Al anode
loses 2 mol x 26.98 g/mol = 53.96 g,
while the Zn cathode gains 3 mol x
65.38 g/mol = 196.1 g, so the Zn
electrode changes more.

"3 Zn for every 2 Al" on its own doesn't earn
the point: use the molar masses too.

Cathode: reduction
Cu?*(aq) + 2e™ - Cu(s)
Cu strip gains mass; the blue Cu®* color fades

’ /\ Exam trap

- Sending electrons through the salt
bridge. Electrons move only through
the wire; ions move in the bridge and
keep each half-cell's charge
balanced.

L

Cell potential and free
energy

4
[l Not on the equation sheet

Egell = Eéathode - Egnode
Use both reduction potentials as the
question's table gives them, never multiplied
by coefficients. A positive E° ., means the
reaction is favored at standard conditions, so
it can run as a galvanic cell.

¥
il Worked example

Find E° and AG® for

Cu + 2 Ag* —s Cu?" + 2 Ag. Reduction

potentials: Ag*/Ag +0.80 V, Cu®*/Cu

+0.34 V.

1 Ag"is reduced (the cathode) and Cu
is oxidized (the anode).

2 E°=0.80-0.34=+0.46 V. The 2in
2Ag* doesn't change E°.

3 n=2,s0AG° = -nFE° = -(2)(96,485)
(0.46) = -88,766 J/mol.

E° = +0.46 V and AG®° = -88,766
J/mol + 1000 = -88.8 kJ/mol: favored

...............................................

. Zinc is the anode in the zinc-copper cell.
i Paired with AI**/Al (-1.66 V), is zinc the

i anode or the cathode? Find E° .

i Answer: the cathode. Zn**/Zn (-0.76 V) is

higher, so Zn** is reduced: E°.q, = —0.76 -
(-1.66) = +0.90 V.
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= True in every cell, galvanic or
electrolytic

- Oxidation at the anode, reduction at
the cathode ("an ox, red cat").

- Electrons travel only through the wire,
from the anode to the cathode.

- lons carry charge between the half-
cells, through a salt bridge or a shared
solution: anions move toward the
anode, cations toward the cathode.

- A metal anode that dissolves loses
mass, and a cathode being plated
gains mass. An inert Pt or graphite
electrode keeps its mass; a gas may
form there instead.

E° (V) higher: more easily reduced
+1.50 #——— AU** + 3e” > Au

+1.23 +——— O, + 4H" + 4e™ > 2H,0

+0.80 — Ag*" + e > Ag

+0.34 = Cuy>* +2e~ > Cu

0.00 ==— 2H" + 2™ > H,
110V
-0.44 Fe** + 2e” > Fe
~0.76 = Zn?* +2e~ > Zn
-1.66 = AP + 3e” > Al

lower: the metal is more easily oxidized

The zinc—copper cell above uses the two purple
half-reactions: E° = 0.34 - (-0.76) = 1.10 V.

4
2 Why plating needs a power source

Plating silver from Ag*, with water oxidized at
an inert anode:

E°.e = 0.80 - 1.23 = -0.43 V, so AG® =
-nFE° is positive: the reaction is not
thermodynamically favored. The power
source must supply energy
continuously to drive it.

[ /\ Exam trap

- Multiplying E° by coefficients. E° is
energy per coulomb, so multiplying a
half-reaction doesn't change it. In
silver plating, multiplying 0.80 V by 4
to match water's 4 electrons gives (4)
(0.80) - 1.23 = +1.97 V, the wrong
sign; the right value is -0.43 V.

- Using the wrong n. n is the moles of
electrons in the balanced overall
equation, 2 for Cu + 2Ag*. Usingn =1
(from Ag* + e” = Ag) gives -44.4
kJ/mol, half the right value.
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A cell makes a voltage only because its
reaction hasn't reached equilibrium.
The smaller Q is compared with K, the
larger E. At Q = K, E = 0 and the cell is
dead.

Cell potential under
honstandard conditions

_______________________________________________

B On the equation sheet
RT
Ece” = Ege” - F In Q

This is the Nernst equation. Q is built like K:
products over reactants, with solids and pure
liquids left out. For the zinc—copper cell, Q =
[Zn?*]/[Cu®*].

e

_________ E=E°atQ=1
! a dead cell
: E=0,Q=K
Q=1lhQ-> Q=K '\
E>E° O<E<E° E<O
Q<1 Q between 1and K Q>K
E Whatit
2+ 2+
[zn*] [Cu™] Q (V) shows
0.010 1.0 0.010 1.16 above E°
1.0 1.0 1 1.10 standard
0.10 0.10 1 1.10 diluted:
same Q
1.0 0.010 100 1.04 below E°
1.99 0.010 199 1.03 99% used
up
at equilibrium K = 103 0 dead, not
empty

These values are for the zinc—copper cell at 298
K. A hundredfold change in Q moves E by only
0.06 V, so a battery holds its voltage most of its
life.

Change to the running cell Q E
Add Cu?®* to the cathode side 2 'I‘
Add Zn?* to the anode side » v
Precipitate Cu®* (add S?°) P ¥
Bigger Zn or Cu strip (solids same same
aren'tin Q)

il Worked example: how long does a 2.0 A current take to plate 2.8 g of rhodium from Rh3*?

9.10 Cell potential under nonstandard conditions

1
2 Explaining a voltage change with Q

Adding Cu?* lowers Q = [Zn**]/[Cu?*],
so the cell is farther from equilibrium
and E increases (In Q gets smaller in
the Nernst equation).

To compare E with E°, compare Q with 1: Q <
1gives E > E° and Q > 1gives E < E°.
3

’ /\ Exam trap

- Using Le Chatelier's principle. "The
equilibrium shifts right" describes a
system at equilibrium, and a working
cellisn't one. Say whether Q rises or
falls, and connect that to E.
Concentrations change E, never E°.

- Expecting dilution to change the
voltage. In a cell like zinc—copper,
where both ions have the same
charge, diluting both half-cells equally
leaves Q = [Zn?**]/[Cu?*], and so E,
unchanged.

- Thinking a dead cell is empty. E = 0
means Q = K: the cell is at equilibrium
and can still hold plenty of ions.

il Worked example

A concentration cell joins Cu in 0.0010 M
Cu?*to Cuin 1.0 M Cu?* at 298 K. Find E
and the direction of electron flow.

1 The same half-reaction runs on both
sides, soE° =0 V.

2 Cudissolves on the dilute side (the
anode), so that side's Cu?* is the
product: Q = [dilute]/[concentrated] =
0.0010/1.0 = 1.0 x 1073,

3 E-0- (8.314)(298)

(2)(96,485)
+0.089 V

In(1.0 x 1073) =

E = +0.089 V. Electrons flow from the
dilute side to the concentrated side
until the two concentrations match
Q=K=1).

4, Where K = 10%” comes from
Set the equation sheet's two forms of
AG° equal: —nFI(E°)? -RT In)l((, so)
nFE° 2)(96,485)(1.10
nK= o7 = “e3m)zos - 7
and K = 857 = 1.6 x 10%7 (keys for In and
e* on page 7). A positive E° always
means K > 1.

9.1 Electrolysis and Faraday's law

Electrolysis and
Faracday's law

(91
In electrolysis you count electrons with a
current and a time: q = It gives the charge,
dividing by F gives moles of electrons, and
the half-reaction gives the electrons per
ion.

B On the equation sheet

=4
i t
i Here g is charge in coulombs, not heat. TA =

I 1C/s, and F = 96,485 C per mole of electrons.

. 107.9
© 100
5
£
‘g 50 32.7 31.8
> 8.99
0
Ag+ zn2+ Cu2+ A|3+

Mass deposited by one mole of electrons

(96,485 C). Each Ag* takes one electron, Cu®* two
and AI** three, so aluminum takes the most charge
per gram.

' /\ Exam trap

- Forgetting the electrons per ion. The
ion's charge, or the metal's oxidation
state, gives the number: 3 for Rh®*, 6
for Crin CrOs. Leaving out the 3 in the
rhodium example below gives about
1300 s instead of 3.9 x 10°% s.

- Using minutes or hours. | = g/t needs
seconds: 30.0 min is 1800 s.

2.00 A runs for 30.0 min through a Cu?*
i plating bath. What mass of Cu (63.55

i g/mol) plates out?

i Answer: 2.00 x 1800 = 3600 C, which is

0.0373 mol of electrons. Each Cu?* takes 2,
s0 0.01866 mol x 63.55 =119 g.

e e e e mmm—m———mm

4 How fast industry makes aluminum
One modern aluminum cell runs at 4.20
x 10°% A. Every 72 s it passes 3.04 x 107
C (315 mol of electrons) and makes
about 2.83 kg of aluminum. At 100 A, the
same 2.83 kg would take 84 hours.

+102.9 g/mol x 3 mol e~ per mol Rh x 96,485 C per mol e~ +2.0C/s
2.89gRh 0.0272 mol Rh 0.0816 mol e~ . 7.88 x10°C 3.9x10°s
Rh®* + 3e” > Rh charge q about 66 min
grams cancel the step most often missed mol of e~ cancel I =q/t,sot=q/l
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When a question asks you to ...

Explain, using particles, why AS® is
negative 9.1

Say whether a reaction is favored at
all temperatures 9.3

Say whether it is driven by enthalpy,
entropy or both 9.3

Calculate AS°® or AG® 9.2 9.3

Explain why a favored reaction isn't
observed 9.4

Say whether data support a claim
aboutK 9.5

Write the half-reaction at the anode
9.8

Write the balanced equation for the
cell 9.8

Say which electrode's mass
changes more 9.8

Calculate E°, then AG® 9.9
Explain why a cell needs a power
source 9.9

Say how E changes when a
concentration changes 9.10

Find a time, current or mass in
electrolysis 9.11

€"(32800/(8.314%298)).

Enter powers of ten

Free-response questions Calculator keys

[
2 What earns points on the free-response questions

What earns the point

Name the substances and their phases: "In 2S0,(g) + 0,(g) - 2S05(g), 3 mol of gas become 2, so the
particles have fewer possible arrangements." "More disorder" on its own earns nothing.

Give both signs and use AG® = AH° - TAS®. AH® < 0 with AS® > 0 is favored at every temperature and
AH° > 0 with AS° < 0 at none. With the same signs, it is favored only when hot (both +) or only when
cold (both -).

Say which term makes AG®° negative and which works against it. Answer "both" only when AH® < 0
and AS° > 0.

Take products minus reactants, multiplying each value by its coefficient. Convert AS° to kd before you
combine it with AH®, use T in kelvins, and give the sign and units.

AG°® < 0, but the activation energy is high, so too few collisions have enough energy and the rate is too
slow to see. Don't say it is at equilibrium or not favored.

Find the sign of AG®, then use AG® = -RT In K: a negative AG°® means K > 1. "Nothing happened when
they were mixed" is not evidence about K.

Write the oxidation, with the electrons as products: Al (s) — AIRY (aq) +3e™.

Multiply the half-reactions until the electrons match (2 Al give up 6 e~ and 3 Zn?* take 6 e7), add them
and cancel. The final equation shows no electrons and no spectator ions.

For each electrode, multiply its moles in the balanced equation by its molar mass, then compare
grams, not moles.

Subtract E°y,04e from E° . qinoder Without multiplying either by a coefficient. Then AG® = —nFE®°, with n
from your balanced equation; it comes out in joules, so divide by 1000 for kJ.

E <0, so AG > 0 and the reaction is not favored. The source must supply energy the whole time it runs,
not just enough to get past the activation energy.

Write Q. If Q falls, the cell is farther from equilibrium and E rises; if Q rises, E falls. Don't use Le
Chatelier's principle: a working cell isn't at equilibrium.

g = It with tin seconds. Divide by 96,485 C per mole of electrons, then by the electrons each ion
needs, then multiply by the molar mass. For a time, work backward and finish with t = g/I. Show units

at every step.

[ 4

Use In and e* [ Units to check before you answer & What Unit 9 uses from earlier units
TI-84 Plus CE. For In, press [In], type the $°,AS®  Jmol™ K™; divide by 1000 — Unit 3: ion-water attractions set the
number and press [enter). For e*, press before combining with kJ energy of dissolving (9.6).
(2nd](In], which types e"(. Put the whole AH®, AG® kJ per mole of reaction as - Unit 4: oxidation numbers and half-
ex&ozn;g(t)/l(r18$|3ol1e4th2eg|éogc)1)rerr11these5581724 o7 AR reactions start every cell question.

s X ° = . . . .
€ 19e0 NS shows v S92 VOItS. (1. VgL ‘J/C)’. never - Unit 5: activation energy is why a
which is 5.6 x 10°. multiplied by coefficients . :

. . favored reaction can still be slow.
TI-Nspire CX. Press for e to a power, n moles of electrons in the Unit 6: AH° from AHC. val
or for In. Type the exponent balanced equation - thm : nggo rom ff va UA%S;
inside the parentheses and press (enter]. q coulombs = amperes x € same way comes trom f
R . seconds (charge, not heat) here.

Desmos. Type In(...) or e*(...), with the K it Unit 7: K and Q ret tied to AG® and
whole exponent in parentheses: \ no units - Em -ran return, tied to an

= Unit 8: K, and K, give AG® values too;

4, Galvanic cells in the real world
K,y gives +79.9 kJ/mol.

The Statue of Liberty. Its iron frame
touched its copper skin in salty air,

Units

TI-84 Plus CE. Type 1.8, then [2nd](,) (EE),
then ((-) ]10. The screen shows 1.8E-10.
Use [(-)] for a negative sign, never the
subtraction key.

TI-Nspire CX. Type 1.8 [x) 10 (*) ((-)]10.
Use [(-)] for a negative sign, never the
subtraction key.

Desmos. Type 1.8%10"-10.

making a galvanic cell: the iron (-0.44
V) was the anode and corroded. The
1980s restoration swapped in stainless
steel, with Teflon between the metals.

Sacrificial anodes. Zinc blocks bolted to
a ship's steel hull are oxidized instead of
the iron, because zinc (-0.76 V) is lower
than iron on the page 5 ladder.
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4, Useful numbers at 298 K

RT 2.48 kJ/mol

K ten times larger AG®° falls by 5.7 kJ/mol

Q ten times larger E falls by 0.0592/n V

E°=1V,n=1 AG°® = -96.5 kJ/mol

1 mol of electrons 96,485 C, or 26.8
amp-hours

3600 C = 0.0373 mol
of electrons

1 A for 1 hour
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