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Summary Part 1
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Marcus theory of Electron transfer

1. reaction rate theory (Eyring) or vibronic excitation (Franck-Condon)
2. Gaussian potentials when polarization is the reaction coordinate
3.λ = inner sphere (harmonic vibrations) plus outer sphere (central limit 

theory) reorganization
4. dependence of activation energy on driving force ΔG0 and reorganization 

free energy
5. inverted region when λ < ΔG0

6. adiabatic vs diabatic picture (energy gap versus Fermiʼs golden rule)
7. quantum tunneling
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Electron transfer

How can we compute all this in practice?
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J. Chem. Phys. 89, 3248-3257 (1988)
Times cited: 333
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model

• 430 SPC water                

LJO-O + qH=0.41e + qO=-0.82e

• 2 Fe3+ ions

• one electron (Coulombic pseudopotential)

Fe3+ + Fe2+ Fe2+  + Fe3+

UFe3+−H2O =
A

|r − rO|9 + 3e
∑

α

qα

|r − ra|
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model

• rigid water model (no polarization)

• spherical pseudopotentials (no d-orbitals)

• octahedral iron coordination, Fe-O distance

• solvation energy of Fe3+ does not match
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quantum mechanics

• Path integral MC calculations of aqueous 
system

• one electron Schrodinger equation calculation 
of Fe2+--Fe3+ in vacuum

tunnel splitting

electron tunneling
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Electron transfer free energy

• Molecular dynamics, NVT (T=298 K)

• Spherical cut-off

• Umbrella Sampling, z={0.0, 0.17, 0.33, 0.5}

• z = [0,1] electron charge transfer

• E(RN) electric potential energy difference 
at iron sites

• Vz(RN) is the total potential energy

• 2.5 ps trajectories
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umbrella sampling

P (E) =
∫ ∫

dRNdṘN exp[−βVz(RN )] exp[−βV0(RN ) + βVz(RN )]δ[E(RN )− E]

P (E) =
∫ ∫

dRNdṘN exp[−βV0(RN )]δ[E(RN )− E]

distribution of the electric potential field difference at redox sites, E

activation free energy

V0(RN )− Vz(RN ) = −zeE(RN )

∆F = −kBT ln[P (0)/P (Emin)]

P (E) = cze
βzeE < δ[E − E(RN )] >z

4 windows: z = 0.0, 0.17, 0.33, and 0.5

Biased sampling
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reversible work

d(Fe(2+z)+ - Fe(3-z)+) = 5.5A d(Fe(2+z)+ - Fe(3-z)+) = 6.5A
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Solvent structure

Analysis of trajectories

The inner sphere reorganization is 
understood from the radial distribution 
functions of Fe2+, Fe2.5+, and Fe3+.

System size comparison shows that the 
outer sphere reorganization is rather 
short ranged.
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Redox Potential

Electron transfer reaction

€ 

D+ A→ D+ + A−

€ 

Δε = εLUMO
A −εHOMO

D
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DFT

€ 

Δε = IPD + EAA

HOMO-LUMO gap is not a good 
estimate of the redox potential

€ 

εHOMO = −IP

€ 

Δε = ε
HOMO

A −

−ε
HOMO

D

One-electron gap in exact 
DFT

• electronic issue
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DFT

€ 

Δε = IPD + EAA

HOMO-LUMO gap is not a good 
estimate of the redox potential

difference in redox free energy of two half reactions:
 molecular relaxation

€ 

ΔΔA = ΔΔER −Δλ

Δε = ΔΔA + Δλ = FΔRP + Δλ

difference in
vertical excitation

difference in
reorganization free energy

difference in
reduction potentials

Faradayʼs constant
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DFT

long range interactions

cubic box, L=10-15A, pbc
neutral charge background

not ideal solution

€ 

RP
X m+1
O = RP

X m+1
* −

RT
F
ln
γ
X m

γ
X m+1

+ v0

€ 

RP
X m+1
O − RP

Y m+1
O = RP

X m+1
* − RP

Y m+1
* −

RT
F
ln
γ
X mγY m+1

γ
X m+1γY m

€ 

Xm+1 +Y m → Xm +Y m+1
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DFT

• electronic issue
• molecular relaxation
• long range interactions

• sampling (10-100 ps)
• pseudopotentials
• DFT radical states

• breakdown of Marcus theory
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Results
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• Vertical ionization

• reorganisation free energy

Free energy

€ 

ΔA = ΔE(RN )
R
− λ

ΔA = ΔE(RN )
O

+ λ
€ 

R→O+ e−

€ 

ΔE(RN ) = EO (R
N ) − ER (R

N )

€ 

σR
2 = ΔE(RN ) −ΔER( )

2

R

€ 

2kBTλ =σR
2 =σO

2

from fluctuations of the gap
• Activation free energy

∆A∗ =
(λ + ∆A0)2

4λ

•half reaction:
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Linear Response

€ 

2kBTλ =σR
2 =σO

2

• Linear response to a change in charge
• Equal variance of the fluctuations
• Gaussian distribution

€ 

AR (ΔE) = AR
* +

k
2
ΔE −ΔER( )2

€ 

AR =
1
2
ΔER + ΔEO( )

λ =
1
2
ΔER −ΔEO( )

 Marcus theory
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Molecular Dynamics

F = m
d2r

dt2
= ma

F = −dV (r)
dr

The force F is given by the gradient 
of the potential V(r)

Given the potential, one can integrate the 
trajectory r(t) of the whole system as a 
function of time.

V (r) =
∑

bonds

kr(r − req)2 +
∑

angles

kθ(θ − θeq)2 +
∑

dihedrals

1
2
νn(1 + cos(nφ− φ0)) +

∑

i<j

(
aij

r12
ij

− bij

r6
ij

+
qiqj

εrij

)

bonds bends torsions non-bonded

r(t + ∆t) = r(t) + v(t + ∆t/2)∆t

v(t + ∆t/2) = v(t−∆t/2) + ∆t
f(t)
m
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HDFTψi =
[
− !2

2m
∇2 +

∑

α

eZα

Riα
+

e2

2

∫
dr

ρ(r′)
|r − r′| +

δExc[ρ]

δρ(r)

]
ψi = εiψi

Ab Initio Molecular Dynamics

HΨ = EΨ
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??

Signal transduction in photoreceptors
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Redox potential of flavin

Ab Initio MD
- density functional theory
- classical dynamics of atoms (nuclei)
- 100 H2O
- 20 ps simulation time
- CP2K program
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Redox potential of flavin

Electron transfer
 half reaction:

Friday, December 16, 2011



Redox potential of flavin

Rudolph A. Marcus: 
take ΔE as reaction coordinate!

... but...
with which structural changes 

does ΔE correlate?

!"#!"$%#

!"&#!"&$%#

Water Hydrogen

Water Oxygen
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Redox potential of flavin

difference map of mulliken charges
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non-linear
behavior

Ag+/Ag2+

and
Cu+/Cu2+
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D+ + A-D + A
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Marcus theory of Electron transfer

1. reaction rate theory (Eyring) or vibronic excitation (Franck-Condon)
2. Gaussian potentials when polarization is the reaction coordinate
3.λ = inner sphere (harmonic vibrations) plus outer sphere (central limit 

theory) reorganization
4. dependence of activation energy on driving force ΔG0 and reorganization 

free energy
5. inverted region when λ < ΔG0

6. adiabatic vs diabatic picture (energy gap versus Fermiʼs golden rule)
7. quantum tunneling
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