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Marcus–Hush Theory
106

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

…
2𝜋 𝐻DA

2

ℏ 4𝜋𝜆𝑘B𝑇
has units of s-1

… but how is this a first-
order reaction (s-1)?… 
more on this later…

𝒌𝐄𝐓 =
𝟐𝝅

ℏ
𝑯𝐃𝐀

𝟐
𝟏

𝟒𝝅𝝀𝐀𝐁𝒌𝐁𝑻
𝐞𝐱𝐩 −

∆𝑮𝐀𝐁
≠

𝒌𝐁𝑻

D + A D+ + A–

A B

𝒌𝒇 =
𝜅𝑘B𝑇

ℎ
exp −

∆𝐺≠

𝑅𝑇
=
𝜅𝑘B𝑇

ℎ
exp

∆𝑆≠

𝑅
exp −

∆𝐻≠

𝑅𝑇

Eyring–Polanyi–Evans (1930s)
theoretical rate constant equation (from transition-state theory / activated complex theory)

… and 𝑅 = 𝑁𝐴𝑘B… and 
𝜅𝑘B𝑇

ℎ
has units of s-1

𝒌𝒇 = 𝜅ν𝐾≠ =
𝜅𝑘B𝑇

ℎ
𝐾≠… with transmission coefficient, 𝜅, and vibrational frequency, ν (s-1)

… what is the largest predicted pre-exponential factor at 25 oC? (161 fs)-1 = (1.61 x 10-13 s)-1

A X≠ B

… and so 𝐴 contains ∆𝑆≠

(REVIEW)



Outer + Inner Reorganization Energies
107

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

This theory came about by answering the following question: For an electron-transfer event, 
how does one satisfy the Franck–Condon principle and the conservation of energy?

• Franck–Condon principle: Nuclei are fixed during electron-transfer between orbitals… Born–Oppenheimer 
approximation is relevant

𝜆AB = 𝜆in + 𝜆out

P. Chen & T. J. Meyer, Chem. Rev., 1998, 98, 1439–1477

… this is for a harmonic oscillator
… with force constants, fl…

… and yes, it’s another parabola!

N. Sutin, Acc. Chem. Res., 1982, 15, 275–282

𝜆AB =

… this 2HAB mixing is like what we 
learned for molecular orbital theory!

(REVIEW)



Observation of Inverted Region Behavior
108

Closs–Miller (1984)
observation of inverted region

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

Eapp-1

Eapp-2

Eapp-3

Foreshadowing…

L. T. Calcaterra, J. R. Miller & G. L. Closs, J. Am. Chem. Soc., 1984, 106, 3047–3049
G. L. Closs & J. R. Miller, Science, 1988, 240, 440–447



Today’s Critical Guiding Question
109

What thermodynamic term indicates whether a processes will net 
occur, or not, for a chemical reaction, and a single species… and 
uniquely for today, how does it allow us to quantitatively predict 
kinetic information… for real this time: Part 2?



Thermal (Dark) Reactions

• Activation energy, Eyring–Polanyi–Evans equation

• Marcus–Hush (electron-transfer) theory

• Transition-state character, Reorganization energies (outer and inner), 
Linear free energy relationships

• Molecular orbital theory, Huang–Rhys factor

• Quantum mechanical tunneling, Superexchange

• Inner versus Outer sphere reactions, Robin–Day classification

• Self-exchange reactions, Marcus cross relations

• Charge transfer across electrified interfaces, Butler–Volmer equation, 
Rate-determining step, Fermi’s golden rule, Marcus–Gerischer theory

110(UPDATED)



𝝀𝐀𝐁

−∆𝑮𝐀𝐁
𝐨

0

ln 𝒌𝐄𝐓

Linear Free Energy Relationships (LFERs)
111

Brønsted–Pedersen (1924)
empirical LFER for proton transfer

ln 𝑘PT = 𝜷 Δp𝐾a + 𝐶′

Brønsted slope…
… most people use 𝛼…
… but I prefer 𝛽

… like in EChem
𝛽 = 0.5

𝛽 < 0.5

𝛽 > 0.5

ln 𝑘PT = −𝜷 p𝐾a + 𝐶

J. Albery, Ann. Rev. Phys. Chem., 1980, 31, 227–263
R. A. Marcus, Farad. Discuss. Chem. Soc., 1982, 74, 7–15

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

… trend looks linear over a small enough ∆𝐺AB
o range

𝜷 =
𝝀𝐀𝐁 + ∆𝑮𝐀𝐁

𝐨

𝟐𝝀𝐀𝐁

… this is just Albery’s Equation 8

𝛽

𝑘B𝑇



Marcus Kinetic Behavior
112

J. Albery, Ann. Rev. Phys. Chem., 1980, 31, 227–263
R. A. Marcus, Farad. Discuss. Chem. Soc., 1982, 74, 7–15



Schrödinger Equation
113

But you still didn’t tell us why we need to recall this equation
෡𝐻𝜓𝑛 𝑥 = ෠𝑇 + ෠𝑉 𝜓𝑛 𝑥 = E𝑛ψ 𝑥

… we need to fill internal energies, E𝑛, with particles… okay.

… and that under most chemical conditions, potential energy, ෠𝑉 𝑥 , is electrostatic, 𝜙 𝑥
… which is actually not so limiting because there are only 4-ish forces of Nature
… and while we’re at it, let’s (re)learn overlap integral (𝑆𝑛𝑚), expectation value ( 𝑝𝑛 ), bra–ket
notation ( 𝜓𝑛 𝜓𝑚 ), and exponential tunneling probability…

Probability Density 𝑥 = 𝜓𝑛 𝑥 2 = 𝜓𝑛
∗ 𝑥 𝜓𝑛 𝑥

… with 𝜓𝑛
∗ 𝑥 (complex conjugate)

Overlap integral, 𝑆𝑛𝑚 = ∞−׬
∞
𝜓𝑛
∗ 𝑥 𝜓𝑚 𝑥 𝑑𝑥 = 𝜓𝑛 𝜓𝑚

… with ۦ ȁ𝛹𝑛 ("bra") and ൿห𝛹𝑚 ("ket")

Mean Energy, E𝑛 =
∞−׬
∞

𝛹𝑛
∗ 𝑥,𝑡 ෡𝐻𝛹𝑛 𝑥,𝑡 𝑑𝑥

∞−׬
∞

𝛹𝑛
∗ 𝑥,𝑡 𝛹𝑛 𝑥,𝑡 𝑑𝑥

= 𝛹𝑛 ෡𝐻 𝛹𝑛 = ෡𝐻

𝐄 = −
𝜕𝜙 𝑥

𝜕𝑥

Poisson’s Equation (from Gauss’s law)

𝜕2𝜙 𝑥

𝜕𝑥2
= −

𝜌

𝜀

𝜙 𝑟 =
𝑞

4𝜋𝜀𝑟for a point charge…
look familiar?

https://en.wikipedia.org/wiki/Quantum_tunnelling#/media/File:E14-V20-B1.gif

(REVIEW)
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matrix

Molecular Orbital Theory
114

Molecular Orbital Theory
linear combination of atomic orbitals

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

quantum adiabatic 
electronic coupling

classical nuclear free-
energy dependence

𝒌𝐄𝐓 =
𝟐𝝅

ℏ
𝑯𝐃𝐀

𝟐
𝟏

𝟒𝝅𝝀𝐀𝐁𝒌𝑻
𝐞𝐱𝐩 −

∆𝑮𝐀𝐁
≠

𝒌𝑻

… remember the simplicity of H2
+… which resembles λout math

… which equals (E+ – E–) from MO Theory

M. D. Newton, Int. J. Quantum. Chem., 1980, 18, 363–391
N. Sutin, Acc. Chem. Res., 1982, 15, 275–282



Quantum Mechanical Tunneling / Superexchange
115

Superexchange (not hopping!)
long-distance through-bond transport

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

𝒌𝐄𝐓 =
𝟐𝝅

ℏ
𝑯𝐃𝐀

𝟐
𝟏

𝟒𝝅𝝀𝐀𝐁𝒌𝑻
𝐞𝐱𝐩 −

∆𝑮𝐀𝐁
≠

𝒌𝑻

෡𝐻DA = 𝛹D
෡𝐻DA 𝛹A = ෡𝐻DA

o exp −
𝛽tunnel 𝑧DA − 𝑧DA

o

2
G. L. Closs & J. R. Miller, Science, 1988, 240, 440–447… where 𝛽tunnel has units of Å-1

… although through-space tunneling is legit…
… it requires overlap of small wavefunction tails…
… how does long-distance electron transfer occur?

H. B. Gray & J. R. Winkler, PNAS, 2005, 102, 3534–3539

෡𝐻DA = ෡𝐻DA
o exp −

𝛽super 𝑁 − 1

2

… where 𝑁 is the number of bonds

… incoherent multi-step hopping…
… or coherent superexchange…
… where 𝛽eff,hop ≪ 𝛽super < 𝛽tunnel



Mixed valency (MV) conditions

nm

< 1 eV

nm

Inner versus Outer Sphere Reactions
116

Taube (1950s–1970s)
inner sphere electron transfer

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

𝒌𝐄𝐓 =
𝟐𝝅

ℏ
𝑯𝐃𝐀

𝟐
𝟏

𝟒𝝅𝝀𝐀𝐁𝒌𝑻
𝐞𝐱𝐩 −

∆𝑮𝐀𝐁
≠

𝒌𝑻

C. Creutz & H. Taube, J. Am. Chem. Soc., 1969, 91, 3988–3989
B. S. Brunschwig, C. Creutz & N. Sutin, Chem. Soc. Rev., 2002, 31, 168–184

Robin–Day MV classification… label each below!
Class I: nonadiabatic (𝑯𝐃𝐀 ≈ 0)
Class II: adiabatic, localized (0 < 𝟐𝑯𝐃𝐀 < 𝝀𝐀𝐁)
Class III: adiabatic, delocalized (𝟐𝑯𝐃𝐀 > 𝝀𝐀𝐁)Creutz–Taube ion (1969)

… so what is 𝟐𝑯𝐃𝐀 for Class III [C–T]5+?

𝐃𝐇𝐎𝐌𝐎

"𝐃𝐋𝐔𝐌𝐎"

𝐀𝐇𝐎𝐌𝐎

"𝐀𝐋𝐔𝐌𝐎"

𝐃𝐇𝐎𝐌𝐎

"𝐃𝐋𝐔𝐌𝐎"

𝐀𝐇𝐎𝐌𝐎

"𝐀𝐋𝐔𝐌𝐎"

𝐃𝐀𝐇𝐎𝐌𝐎

𝐃𝐀𝐋𝐔𝐌𝐎

Intervalence 
charge-transfer 

(IVCT) band



Huang–Rhys Factor
117

Fermi’s Golden Rule
time-dependent perturbation theory

Marcus–Hush (1950s–1960s)
theoretical (semiclassical) rate constant equation

𝒌𝐄𝐓 =
𝟐𝝅

ℏ
𝑯𝐃𝐀

𝟐
𝟏

𝟒𝝅𝝀𝐀𝐁𝒌𝑻
𝐞𝐱𝐩 −

∆𝑮𝐀𝐁
≠

𝒌𝑻

P. Chen & T. J. Meyer, Chem. Rev., 1998, 98, 1439–1477 N. Sutin, Acc. Chem. Res., 1982, 15, 275–282

… separable due to the Born–Oppenheimer approximation

… we’ll stop 
here, but it can 
get even messier, 
of course…



Today’s Critical Guiding Question
118

What thermodynamic term indicates whether a processes will net 
occur, or not, for a chemical reaction, and a single species… and 
uniquely for today, how does it allow us to quantitatively predict 
kinetic information… for real this time: Part 2?
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