Electron Transfer



Energy Transfer

'D* +A > D +1A*

SD* + A > D + SA*




Survival Strategy: Photosynthesis
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Electron Transfer
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Electron Addition and Removal is Easier in the Excited State than
in the Ground State
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Gas phase vs. solution
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Ground state

(8as phase) AG., = (IP)D — (EA)A
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Caution

Be careful about the sign

It is very important to note that by convention in electrochemistry, both
E° (D/D++)and E° (A/A+-) are expressed as reductions (D++/D and
A/A+-). Both reactions are expressed as A + e—A*- and D*+ + e—D.

Because of this convention, one must pay careful attention to the signs of
E° (D:+/D)and E° (A/A+-) when computing the overall value of AG.

Be careful about the reference electrode

Another important point in using electrochemical data is that one must
employ the standard electrode to which the values of E° (D+/D) and

E° (A/A-) refer. Both the standard hydrogen electrode and the standard
calomel electrode and silver electrode are commonly used as standards.
So care must be taken to know which is being used and not to mix data
from the two standards unless appropriate corrections are made.




Table 7b-3 Halfwave Redox Potentials of Aromatic Hydrocarbons.

Ey(XXIX) EyXUX7)
No. Compound (Vvs.SCE) Ref (Vvs.SCE) Ref
MeCN DMF
1 Acenaphthene +1.21 [6301] -2.67 [7001]
2 Acetylene, diphenyl- - =211 [7701]
3 Anthracene +1.09 [6301] -195 [7701] ‘
4 Anthracene, 9,10-bis(phenylethynyl)- +1.165 [6701] -1.29 [6701] HANDBOOK OF
5 Anthracene, 9.10-dimethyl- +095  [6401] - PHOTOCHEMISTRY
6 Anthracene, 9.10-diphenyl- +1.22 [7701] -194 [7701]
7 Anthracene, 9-methyl- +0.96 [6301] -197* [6201]
8 Anthracene, 9-phenyl- - -1.86 [7001]
9 Azulene +0.71 [6301] -165* [6201]
10 Benz|a]antracene +1.18 [6301] -
Marco Montalti
Alberto Credi
Table 7b-7 Halfwave Redox Potentials of Nitriles. Luca Prodi
EqAA)  EqA/A) ek, A
No. Compound (V vs. Ag electrode) (V vs. SCE) P e
DMF* MeCN
1 Anthracene, 9-cyano- - -1.58°
2 Anthracene, 9,10-dicyano- - -0.98"
3 Benzene, 1-cyano-3,5-dinitro- -0.96 -
4 DBenzene, l-cyano-4-mtro- -125 -
5 Benzene, 1.2-dicyano- =212 -
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reactants products
CN CN
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o - O — [ [
CN CN
Naphthalene (S;) 1,4-Dicyanobenzene (S) S— —— —
o 0 Radical ions
ED+/D=+1.60V EA/A‘- -1.64V

E(S,) = 3.94 eV = 90.9 kcal mol ™

o_aqr® _ar0 e
AG —3’.ED+/D %A/A' ED 0.2
AG® = 36.9 - (-37.8) - 90.9 - 0.2 = ~16.4 kcal mol ™'
k (electron transfer) = 1.8 %1010 M1 g1
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Free energy of activation expressed in terms of the free
energy of reaction (AG) and free energy of activation (AG*)

. reactants
Reactants Products

D* 4+ A I
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k., = kg exp (— RTet)

AG, = E, (D)~ E[; (A) - E.(A)+AE,

Free Energy
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Rehm-Weller Equation



Dependence of the electron transfer rate on the driving
force AG® and the free energy of activation AG*

D. Rehm and A. Weller, Isr. J. Chem., 8, 259, 1970
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The value of k.; reaches a plateau value of ~ 2 x 1019 M-Ist after an
exothermicity of ~ -10 kcal mol! and the value of k,; remains the diffusion
controlled value to the highest negative values of achievable.
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Figure 2. Plot of the logarithm of the rate constant vs. £ ,2(Q/Q*) for the
quenching of Cr(bpy);** by aromatic amines (@), methoxybenzenes (@),
and aliphatic amines (A).

V. Balzani, et. al., JACS,
100 7219, 1978
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Figure 1. Plot of log k¢°®¢ vs. quencher reduction potential, £,,2[Q/

QL

C.R. Brock, T. J. Myers and
D. 6. Whitten, et. al.,
JACS, 97,2909, 1975
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Figure 4. Dependence of guenching rate constant on quencher redox
potential for several metallocyanide complexes.

H. Toma and C. Creutz ,

Inorganic Chemistry,
16,545, 1977
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Figure 3. Plot of the logarithm of the rate constant vs. £,2(Q/Q¥) for the
quenching of Ru(bpy);2* by aromatic amines.
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Figure 4. Plot of the logarithm of the rate constant vs. £, 2(Q/Q™) for the
quenching of [r(Me;phen),Cly* by aromatic amines (®), methoxyben-
zenes (@), and aliphatic amines (A).



Libby Model

W. F. Libby, J. Phys. Chem., 56, 863, 1952; J. Chem. Phys., 38, 420, 1963;

A

Free energy

QG

Willard F. Libby

The Nobel Prize in Chemistry 1960 was awarded to Willard F. Libby
"for his method to use carbon-14 for age determination in
archaeology, geology, geophysics, and other branches of science".



Libby Model
R**(solvated) 4+ R(solvated) — R(solvated) + R*T(solvated)

[Fe(H,0)6]"" + [Fe(H,0)6]" — [*Fe(H0)6]"" + [Fe(H,0)6]™

The electron jump from R* fo R** is
analogous to the electron jump from a
HO to a LU that leads to formation of an
electronically excited state.

The electron jump is expected to occur
“vertically” and to follow the Franck-
Condon principle; the geometry of the
products formed by an electron transfer
would be the same as the geometry of
the reactants.

Free energy

Two types of reorganization occur after the et: (1) an electronic and vibrational
reorganization, termed /nternal molecular reorganization; and (2) a solvent
reorganization associated with the solvent reorientation to accommodate the
new electronic structures termed external solvent reorganization.



Libby Model
R**(solvated) + R(solvated) — R (solvated) + R*T(solvated)

["Fe(H,0)¢]*t + [Fe(H0)6]"" — [*Fe(H,0)6]"" + [Fe(H,0)5]*
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Marcus Theory

THE JOURNAL OF CHEMICAL PHYSICS

VOLUME 24,

NUMBER 5§ MAY, 1956

On the Theory of Oxidation-Reduction Reactions Involving Electron Transfer. I*

R. A. Marcus
Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York

(Received July 28, 1955)

A mechanism for electron transfer reactions is described, in
which there is very little spatial overlap of the electronic orbitals
of the two reacting molecules in the activated complex. Assuming
such a mechanism, a quantitative theory of the rates of oxidation-
reduction reactions involving electron transfer in solution is
presented. The assumption of “slight-overlap” is shown to lead to
a reaction path which involves an intermediate state X* in
which the electrical polarization of the solvent does not have the
usual value appropriate for the given ionic charges (i.e., it does
not have an equilibrium value). Using an equation developed else-
where for the electrostatic free energy of nonequilibrium states,
the free energy of all possible intermediate states is calculated.
The characteristics of the most probable state are then deter-
mined with the aid of the calculus of variations by minimizing its
free energy subject to certain restraints. A simple expression for

the electrostatic contribution to the free energy of formation of
the intermediate state from the reactants, AF*, is thereby obtained
in terms of known quantities, such as ionic radii, charges, and the
standard free energy of reaction.

This intermediate state X* can either disappear to reform the
reactants, or by an electronic jump mechanism to form a state X
in which the ions are characteristic of the products. When the
latter process is more probable than the former, the over-all
reaction rate is shown to be simply the rate of formation of the
intermediate state, namely the collision number in solution multi-
plied by exp(—AF*/kT). Evidence in favor of this is cited. In a
detailed quantitative comparison, given elsewhere, with the
kinetic data, no arbitrary parameters are needed to obtain reason-
able agreement of calculated and experimental results.



R. A. Marcus, J. Chem. Phys., 24, 966, 1956.

R. A. Marcus and N. Sutin, Biochemica et Biophysica Acta,
811,265, 1985.

R. A. Marcus, Electron transter Reactions in Chemistry:
Theory and Experiment, (Nobel Lecture) Angew. Chem. Int.
Ed,32, 1111, 1993.

Rates are expected: R. A. Marcus

<> to be slow for weakly exothermic reactions,

<> fo increase to a maximum for moderately exothermic
reactions, and then

<> to decrease with increasing exothermicity for highly
exothermic et reactions.



Evolution of Marcus model

R. A. Marcus, J. Chem. Phys., 24, 966, 1956.
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Free energy
>

Libby Model

Electron transfer is a two step process:
(a) Electron transfer first with no change of nuclear positions (Franck-
Condon principle)
(b) Solvent reorganization

Marcus Model

The above two step model violates thermodynamic principle of conservation
of energy.



The Marcus model
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The re-emergence of the activation barrier (AG*) at
large negative AGP values

AG° =0 -AG° < A -AG° = A -AG°> A

(@)
. (b)
AG° is zero and
AG*equals /4  AG° < zero and (©)
AG* decreases AG® is quite

(normal intuition) : t
negative and AG ( d)

becomes zero

AG° is even more
negative and AG*

N becomes positive
® The dot traces the energy of the transition again (1)

state as AG° becomes more negative
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Marcus prediction vs Weller's experiments

Marcus

<

Diffusion

log k

exergonic AG endergonic

The experimental rate constant is limited by the diffusion rate constant in the solvent,
it effectively hides the Marcus inverted region. On the right section of the plot the
reaction is endothermic and the prediction of the Marcus equation is followed. The
Rehm-Weller equation does not make allowance for an inverted region.



Marcus prediction vs Weller's experiments

Electron Transfer Involves Two Steps

Marcus
///
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The experimental rate constant is limited by the diffusion rate constant in the solvent,
it effectively hides the Marcus inverted region. On the right section of the plot the
reaction is endothermic and the prediction of the Marcus equation is followed. The
Rehm-Weller equation does not make allowance for an inverted region.



Experimental conditions to observe the Marcus “inverted region”?

14

12+

10+

8|

6

For most donor-acceptor (DA) systems the inverted region is
obscured by the diffusion limit.
This can be circumvented by:

%+ freezing the donor-acceptor distribution (glassy medium)

<+ covalently linking the donor and the acceptor

<+ lowering the donor-acceptor interaction (electronic coupling V)
so that the maximum rate for -AG° = X is lower than the
diffusion limit.



Effect of Free Energy on Rates of Electron Transfer Between

Molecules in Glass at 77 ° K

BIP +A—=BIP+ A
10°%s
Ag=0.4eV

# Nap XV=O.4 eV

w =500 em™'

RELATIVE FRANCK-CONDON FACTOR
3
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-AG%{eV)=

Figure 7. Relative rates of ET reactions of the biphenyl anion as a
function of exothermicity at 107® s expressed as relative Franck-Condon
factors (see eq 4, 10, 11, and 12). The line was calculated by using eq

4,

J. R. Miller

J. R. Miller, J. V. Beitz, and R. K. Huddleston, J. Am. Chem. Soc., 106, 5057, 1984.



B Pioneering 1984 Study by Miller and Closs Definitively Proved the Existence of the Inverse Region

6. Closs J. R. Miller
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6. Closs and J. R. Miller, Science, 240, 440-447 (1988)

J.R. Miller, L. T. Calcaterra and G. L. Closs, J. Am. Chem. Soc., 106, 3047-3049
(1984)
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Nobel Prize in Chemistry 1992

The Nobel Prize in Chemistry 1983 was
awarded to Henry Taube "for his work on the
mechanisms of electron transfer reactions,
especially in metal complexes".

The Nobel Prize in Chemistry 1992 was awarded to Rudolph

A. Marcus "for his contributions to the theory of electron
transfer reactions in chemical systems".



Forward and back electron transfer
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Chemiluminescent Electron Transfer

o - k .
D" + A > D+ A

Two situations which can contribute to the formation of an excited
state from an electron transfer between D* and A- are:

When back electron transfer to the ground state (D*+ + A*~— D + A)
is in the Marcus inverted region and is therefore inhibited; the
formation of the excited products (e.g., D** + A*- — *D + A) may be
kinetically preferred because of the smaller A&7,

When a triplet radical ion pair undergoes back electron transfer, spin
selection rules forbid the formation of D + A (singlet products), but
allow the formation of an excited triplet state of D or A, i.e., when
3(D*+,A*) > (D,A) is spin forbidden, while 3(D*+,A*-) — 3D,A is spin
allowed



Excited state production through back electron transfer

AG° +
D + *A A D
b
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Excited-state Charge-transfer
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Nuclear coordinate

Bioapplications, Light emitting diodes (TV, Computer, Cell phone screens)



