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1.5: Factors Influencing Redox Potential

In general, the ions of very late transition metals -- those towards the right-hand end of the transition metal block, such as copper,
silver and gold -- have high reduction potentials. In other words, their ions are easily reduced. Alkali metal ions -- on the very left
edge of the periodic table, such as potassium or cesium -- have very negative reduction potentials. These ions are very difficult to
reduce. These trends are not surprising, because alkali metals are generally at the lower end of the electronegativity scale and are
typically found as cations, not as neutral atoms. Late transition metals are comparatively electronegative in this case, and so we
would expect their ions to attract electrons more easily than alkali metal ions.

The nice thing about redox is you can always look at it from either direction. Oxidation is simply the opposite of reduction. How
easily does an alkali metal lose an electron? If the standard reduction potential of lithium is very negative, then the oxidation
potential of lithium ion is very positive. If it is uphill to transfer an electron from hydrogen to lithium cation, it must be downhill to
transfer an electron from a lithium atom to a proton. After all, hydrogen is more electronegative than any of the alkalis. Of course,
since a late transition metal is generally more electronegative than an alkali metal, copper or silver or gold ought to be more
difficult to oxidize than sodium or potassium.

The large trends in redox chemistry are not surprising, then. It's simply a matter of the electron moving to a lower energy level on
another atom.

If we look a little more closely, though, there are plenty of exceptions to the general trend. For example, in the coinage triad, gold
has the most positive reduction potential, followed by silver, then copper. That's exactly the opposite of expectations; copper, at the
top of the column, should be the most electronegative and have the most positive reduction potential, not the least. What's going on
in those cases?

Well, there's more going on than just moving an electron. Remember, in the measurement of a reduction potential, we are generally
working with a metal electrode in an aqueous solution of ions.

What else is going on in this reaction? Well, the atom that gets reduced starts out as an ion in water, but an ion in water doesn't sit
around on its own. It's a Lewis acid, an electrophile. Water is a nucleophile, a potential ligand. So the ion in solution is actually a
coordination complex. It swims around for a while, then bumps into the cathode, where it picks up the electron. But the resulting
ion doesn't stay in solution; it gets deposited at the electrode, along with others of its kind. It becomes part of a metal solid.

So there are three different things happening here: ligand dissociation, electron transfer and solid formation. If we could get some
physical data on each of those events, we might be able to explain why these reduction potentials are contrary to expectations.

The kinds of data we have available for these individual steps may actually fit the opposite reaction better. We can estimate the
energy involved in the removal of a metal atom from the solid, the loss of an electron from the metal, and the binding of water to
the resulting ion. These data come from measurement of the heat of vaporization of the metal, the ionization energy of the metal,
and the enthalpy of hydration of the metal.

We can use these data to construct a thermodynamic cycle. The cycle describes an alternate pathway from copper metal to aqueous
Cu(I) ion. The alternative pathway, if we've chosen it correctly, ought to give us a pretty good idea of the enthalpy change involved
in the reduction of copper.

https://chem.libretexts.org/@go/page/190007



https://libretexts.org/
https://creativecommons.org/licenses/by-nc/3.0/
https://chem.libretexts.org/@go/page/190007?pdf
https://chem.libretexts.org/Bookshelves/General_Chemistry/Book%3A_Structure_and_Reactivity_in_Organic_Biological_and_Inorganic_Chemistry_(Schaller)/V%3A__Reactivity_in_Organic_Biological_and_Inorganic_Chemistry_3/01%3A_Reduction_and_Oxidation_Reactions/1.05%3A_Factors_Influencing_Redox_Potential

LibreTextsw

Cutyy  + Hy)
h
IE, AHp g
y Sy
C‘"'(g) -+ Hy0) ‘

A

AH sub

Cug,, (+H0)

The trouble is, these data all involve the gas phase. If they really applied to this situation, it would be as if metal atoms sprayed out
into the air above the electrode, shot their electrons back, grabbed some water molecules that drifted by, and then dropped down
into the solution. Of course that doesn't happen; we don't see a little, sparkly, metallic mist appear when we connect the circuit, or
little lightning bolts from the cloud of metal atoms to the electrode, and we don't see a splash or a fizz or little tendrils of steam as
the resulting ions drop into the water.

That doesn't matter. The data we have here are still very useful. That's because what we are looking at -- the energy difference
between two states -- is a state function. That means it doesn't matter how we get from one state to the other; the overall difference
will always be the same. So if the reaction did happen via the gas phase, the energy change would be exactly as it is when it
happens directly at the electrode - solution interface. We can do a sort of thought experiment using the data we know, and even
though those steps don't really happen the way they do in the experiments that gave rise to the data, they will eventually lead to the
right place. This sort of imaginary path to mimic a reaction we want to know more about employs an idea called "Hess's Law". It is
frequently used to gain insight into reactions throughout chemistry.

o Hess' Law states that the enthalpy of a chemical process is the same, whether the process takes place in one step or several
steps.
o In other words, enthalpy is a state function.

Here are the data for copper, silver, and gold

element copper silver gold
reduction potential, E°, V +0.520 +0.7996 +1.83
1st ionization energy, kJ/mol 745.5 731 890
heat of sublimation, kJ/mol 313 265 355
enthalpy of hydration, kJ/mol -593 -473 -615
covalent radius, Angstroms 1.32 1.45 1.36

Taking all of these data together, we can get a better picture of the overall energy changes that would occur during a reduction or,
more directly, an oxidation.

The first thing to note is that copper has a higher ionization energy than silver. As expected, Cu™ really is harder to form than Ag*,
because copper is more electronegative than silver. But wait a minute -- Au* appears to be the hardest to form of all three. It's as if
gold were the most electronegative of these three elements -- but it's at the bottom of this column.

Gold really is more electronegative than copper or silver. Take a look at the electronegativity chart below.
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There are a few deviations from expectation in periodic trends, but this one is probably attributable to a phenomenon called "the
lanthanide contraction". Notice the covalent radii of gold and silver in the table above. Normally, we expect atoms to get bigger
row by row, as additional layers of electrons are filled in. Not so for the third row of transition metals. To see the probable reason
for that, you have to look at the whole periodic table, and remember for the first time ever that the lanthanides and actinides -- the
two orphaned rows at the bottom -- actually fit in the middle of the periodic table. The lanthanides, in particular (lanthanum, La, to
ytterbium, Yb), go in between lutetium (Lu) and Hafnium (Hf).
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As a result, the third row of transition metals contain many more protons in their nuclei, compared to the second row transition
metals of the same column. Silver has ten more protons in its nucleus than rubidium, the first atom in the same row as silver, but
gold has twenty four more than cesium. The third row "contracts" because of these additional protons.

So the exceptionally positive reduction potential of Au* (and, by relation, the exceptionally negative oxidation potential of gold
metal)may be a result of the lanthanide contraction.

What about copper versus silver? Copper still has a higher electronegativity than silver, but copper metal is more easily oxidized.
It's not that copper is more easily pulled away from the metallic bonds holding it in the solid state; copper's heat of vaporization is a
little higher than silver's. That leaves hydration. In fact, copper ion does have a higher enthalpy of hydration than silver; more
energy is released when water binds to copper than when water binds to silver. The difference between these two appears to be all
about the solvation of the copper ion, which is more stable with respect to the metal than is silver ion.

Why would that be? Well, copper is smaller than silver. A simple look at Coulomb's law reminds us that the closer the electrons of
the donor ligand are to the cation, the more tightly bound they will be. Looking at it a slightly different way, copper is smaller and
"harder" than silver, and forms a stronger bond with water, which is a "hard" ligand.
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Taking a look at a Hess's Law cycle for a redox reaction is a useful approach to get some additional insight into the reaction. It lets
us use data to assess the influence of various aspects of the reaction that we can't evaluate directly from the reduction potential,
because in the redox reaction all of these factors are conflated into one number.

? Exercise 1.5.1

Compare the reduction potentials of lithium, sodium and potassium ions. Can you use data on heat of vaporization, ionization
energy and enthalpy of solvation to determine what factors are responsible for the order of ease of oxidation of these metals?

Answer
Li*/Li: E®=-3.04 V; AHy,p = 147 kJ/mol; IE = 520 kJ/mol; AH, = -520 kJ/mol

Na*/Na: EO = - 2.71 V; AH,,, = 97 kJ/mol; IE = 495 kJ/mol; AH, = -406 kJ/mol
h

vap

K'/K:E%=-2931V; AHyap = 77 kJ/mol; IE = 419 kJ/mol; AH, = -320 kJ/mol

Potassium should be the easiest of the three to oxidize. It is easier to oxidize than sodium. However, lithium's high heat of
hydration reverses the trend and tips the balance of reaction in favour of ion formation.

? Exercise 1.5.2

Compare the reduction potentials of copper, nickel and zinc ions. Can you use data on heat of vaporization, ionization energy

and enthalpy of solvation to determine what factors are responsible for the order of ease of oxidation of these metals?

Answer
Cu?*/Cu: E® = + 0.340 V; AHy,, = 300 kJ/mol; IE = 745 kJ/mol & 1958 kJ/mol; AH, = - 2099 kJ/mol
Ni2*/Ni: E = - 0.25 V; AHy,, = 377 kJ/mol; IE = 737 kJ/mol & 1753 kJ/mol; AH, = - 2096 kJ/mol
Zn**/Zn: E° = - 0.7618 V; AHy,p = 123 kJ/mol; IE = 906 kJ/mol & 1733 kJ/mol; AH, = - 2047 kJ/mol

In this case, zinc may be considered the outlier. Copper should be easier to reduce than nickel based solely on
electronegativity. However, zinc's very low heat of vaporization suggests that formation of the solid metal is less favoured
in that case, helping to tilt the balance toward zinc ion instead.

? Exercise 1.5.3

Born Haber cycles are another example of thermodynamic cycles based on Hess' Law. These particular constructions are used
to calculate the lattice energy of an ionic solid: the amount of energy released when ions in the gas phase condense to form an
ionic lattice. This quantity is not easily measured directly.

The alternative pathway taken in the Born Haber cycle imagines that the separate ions in the lattice are first formed from the
individual elements. The heat of formation of the ionic solid from the elements is usually known (or easily found on the
internet, Herr Born and Herr Haber's favorite tool for evening relaxation), as are other physical parameters such as enthalpy of
sublimation, ionization energies, electron affinities and so on.

Construct diagrams for the Born Haber cycle and estimate the lattice energy in each of the following cases.
a) LiCl b) CaF; ¢) HgO d) ZnS

Some useful data can be found below. Note that enthalpy is a state function, so enthalpy of sublimation is roughly equal to
enthalpy of fusion plus enthalpy of vaporization.

AH AH E E
mp (°C) bp (°C) fus vap IE; (kJ/mol) IE, (kJ/mol) ca
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
lithium 180 1330 3 136 520 7298 -50 -
calcium 842 1484 9 155 590 1155 - -
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zinc 419 907 7 115 906 1733 - -
mercury -39 356 2 59 1007 1810 85 -
oxygen -218 -183 0.4 7 1314 3388 -226 879
fluorine -219 -188 - 7 1681 3374 -347 -
sulfur 115 444 2 45 1000 2252 -100 435
chlorine -101 -34 6 20 1250 2298 -368 -
Answer a
Lity + Clg)

1/2 BDE(CL,) = 1/2(238.5 kJ/mol)
=119 kJ/mol

Ega =-349 kl/mol

Lit (g + 0.5 Cly
L

Lit +Cly
IE;= 520 kJ/mol
Lifg) + 0.5 Clyg, lattice energy = |

-831 kl/mol |
AH_,;, =139 kl/mol '

Ligy +Clyy)

AHp = -408 kJ/mol

LiCl, i

Answer b
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Answer c

24
Ca**y) + 2 Fy,

BDE(F,) = 155 kJ/mol

Cal*, + Fyy

2xEA; =2( -328 kl/mol) =
656 kJ/mol

[E,= 1145 kl/mol

Cay, + 2F

Catigy + Fagg)

1E; = 590 kl/mol

Cagg) + Fapg) lattice energy =

2609 kJ/mol

AH,,, =163 kl/mol
Cagg) +Foy

AH; =-1220 kJ/mol

CaFy,
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Answer d

H 2_24-

2.
i+ 0%

Ega = 879 Klimol
Hg¥ o+ Oy

Hg“m +120y,

175 BDE(0,) = 112 x 497 kJ/mol
= 249 kJ/mol Epy =~

1E,= 1810 kJ/mol

Hggy + 12 Oy

-3868 klimol

1E;=1007 kJ/mol

Hg(g) +112 Ozfg}

AH,,, =59 kJ/mol

AH; = 90 kJ/mol

Hgots]

He'g +12 Oy lattice energy =!
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2. 2
It + 8%

Egay =435 kl/mol
In®y + 8

118x BDE(Sg) = 1/8 x 264 kJ/mol
Zr,z»r(gJ + 188y =133 kl/mol Egyp =-100 kl/mol

Znt 1+ 87

(g} (g

1E,= 1733 kl/mol

Zntg) + 18Sg(5) lattice energy =!
A -3381 kl/mol
IE, = 906 kJ/mol
Zngg) + 18Syg)

Al = 47 Kl/mol
Zngg + 183y

AH,, =122 kJ/mol
Zngg + 1854y,

AH; =205 kl/mol .
ZnS, v
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