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Electron Transfer-Phenomenon

hv .
sens ——— ‘*sens

*sens+ R —— sens*” + R
sens'"+ R** — > R +sens
RI+ P.+

P** +sens®*” —> P +sens

Electron Transfer-Orbitals

Electron
transfer

Electron and Hole

LU

HO

hole
hole No hole: filled

W = —_ — -
['R(eD)]
HO _. e * L
‘R M R M-
Hole and Electron Transfer
In the physics literature, a half-
filled HO is considered a
Ele;,;x “positive hole" in the electronic
w -_"a"s'er_ - . framework of a molecule;
Electron transfer *R is viewed as simultaneously
['ReD)] possessing both a positive hole
° LE] L e
HO (one electron in the half-filled
R M . M HO) and one electron in the half-
filled LU.
The term electron transfer is
w = —_— e —_— :
Hole transfer usually employed for single
@ W electron transfer involving LUs of
HO —* oo X . the donor and acceptor; the term
R M R~ M+ hole transfer is usually employed
for electron transfer involving
the HOs of the donor and
acceptor
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electron transfer

ONOLONO

® js it difficult to achieve photo-induced electron
transfer between two molecules?

requirements for charge
separation

DA* eleckron

—\transter
® there should be a ) : ¥+ ;
. absorption| | D*A
thermodynamic :
driving force AG < 0 fluorescence
® rate should be high ! radiationless decay
enough to compete i processes
with excited state
deactivation
v

requirements for charge
separation

DA* eleckron

— 7 \transfer
\_ D*A

® there should be a ) I
absorption

thermodynamic
driving force AG <0

can we estimate

® rate should be high = 0 energy of the y

enough to compete A .
with excited state D A: state?

deactivation

A4

relative energies of CS-states

@ W=

Two neutral fragments Two (radical) ions
® simple energy estimation requires:
® Redox potentials
® Solvation energies

® Coulomb interaction
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Electron Addition and Removal is Easier in the Excited State than
in the Ground State

Reduction Oxidation
“Vacuum” —@— —_—
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Remember

Excited states of diamagnetic molecules with
closed shell ground states are always better
oxidizing and reducing agents than their

corresponding ground states

EA(R) IP(R)
LU —
HO Reves 0
Ground Ground
state, R state, R
Electron affinity lonization potential
o+ o
Ground state D+A D™ +A
(gas phase)
sasp AGe = (IP)D — (EA)A
* ot -
Excited state D+A D™ +A
(gas phase) *AG = (IP)o - (EA)A - E*D

Excited state
In solution

AG, = E5(D)-E%(A)-E

exc

(A)+AE,

oulombic

Rehm-Weller Equation

Gas Phase to Solution

The free energy of electron transfer processes in solution can be estimated
by two different approaches:

»>The value of AG for the gas phase reaction is calculated using IP and EA
and then corrected to take into account the solvation energies for all the
participants (i.e., *D, *A, D* and A~ in the electron transfer reaction.

»The electrochemical potentials for the oxidations E° (D*/D) and reductions
E° (A/A") in solution are measured and then employed to calculate AG
directly for the solution electron transfer.

»The key electrochemical parameters are more commonly available or can be
determined using standard electrochemical techniques, such as cyclic
voltammetry; as a result, the second approach is most commonly used.
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redox potentials

©:W—-®

AG., = e(ED*/D _ EA/A‘)

® a good Donor has a low oxidation potential
® a good Acceptor has a Low reduction potential

® in the ground state AGedox > 0

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 o 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.

driving force for charge
separation

*
DA e if the redox potentials are

+5. measured in the solvent of
D*A- . .
interest and the ions are fully
separated:

AG. = e(E1)+/D _ A )_ E

red red exc

® if not, correct for electrostatic
v interaction and solvation

electrostatic interaction
between two ions

® Coulomb's Law

&

99> @
EC(m[ - r12
€Ny

-5 Coulomb energy in
diethyl ether (e=4.2) —
acetonitrile (e=37) ——

Coulomb Energy/kcal mol
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Solvent correction of redox
potentials

©-O—©:-
AG :e(Es;/D_ A/A’)

red
® Usually measured in polar solvent, but ion pair
can exist in less polar solvent! Correction:

2
AG,,, = e(EZ/P ~ BN ) (1— ! )—(1— ! ]
€ €

redox

ion solvent polar

red
Tion € €

2
AGredox =e(ED‘/D _E;Zc/iA)_e_(L_ ! )

polar solvent

Solvent effect on electron transfer

2
The ionic product is stabilised by solvation energy: E =" ¢ {1*?1}
Weller equation for any solvent:
AGy =¢[E, (D)-E,,(A)]-E*+C+S

=2 [[2 . a]r__2
8ne, \rp 1 )\ & € ,a exciplex formation
in apolar solvents.

T T r
o02f}
s 4
2 o0
- ! -
2 \ N7
9 o2 \ A NCHg,
AN
04 el B
e Az
eeeeiiee.
o6 . : epeseseeree —
10 2 8 a0 Figure 1. Corrected fluorescence spectra of anthracere + N,N-dimeth-
solvent dielectric constant Jitnilio in cycaberane ot 35

] ) Ware et al. JACS 98 (1976) 4718
ET reactions are favoured in polar solvents. (e

¢
Coulombicterm = NA@
.33 (in kcal/mol witfin A)
er
10
—~ u,
|6 \.\
E —
¢ - "—— Benzene (2.27)
é 1
€
£
2
Q
8 o _.\. Acetore (20.6)
S \.\. Acetonitrile (35.9)
§ T T—e—— Water (80.2)
0.01 1 1 | | |
0 4 6 8 10 12
Distance (A)
O
Eox Eeq
1.84 vV 25V
CN
- “198 V
CN
- -128V
CN
OCH;
138 V .
OCH,
110 V -

OCHg

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

‘oulombic
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Resource for Electrochemical Redox Potentials

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

6/11/20

oy @ N

Naphthalene (S;) 1,4-Dicyanobenzene (S)

E, =+1.60V

0
D*/D

o _ o 0 *
AG = ?ED+/D - E
AG® = 36.9 - (-37.8) -90.9 - 0.2 = -16.4 kcal mol ™!
k (electron transfer) = 1.8 x10"0M~" 57!

. A SET .+ A Y

reactants products

EO

CN

CN

Radical ions

aa-="164V

| E(S,) = 3.94 eV = 90.9 keal mol~"

- 0.2

AA- T SD

Ey(X1X) EyQUX)
No. Compound (Vvs.SCE) Ref (Vvs.SCE) Ref
MeCN DMF
1 Acensphthene S121 [6301] 267  [7001]) 4
2 Acetylene, diphenyl- - 2n oy &
3 Anthracene +109  [6301] -195  [7701] HANDBOOK OF
4 Anthracene, 9,10-bis(phenylethynyl)- <1165 [6701] -129  [6701] PHOTOCHEMISTRY
5 Anthracene, 9,10-dimethyl- +095  [640]] -
6 Anthracene, 9,10-diphenyl- <122 [ -1s4 (701
7 Anthracene, 9-methyl- 096  [6301] -197* [6201]
8 Anthracene, 9-phenyl- - -186  [7001]
9 Azulene 071 [6301] -l65s* [6201])
10 Benz{aJantracene S8 (6301 -
Alberto C
Table 7b-7 Halfwave Redox Potentials of Nitriles. Luca Prodi
E,(A) EfAIA) e
No. Compound (Vvs. Agelecimods)  (Vvs. SCE)
DMF* MeCN
1 Anthracene, 9-cyano- - -1.58"
2 Anthracene, 9,10-dicyano- - 098"
3 Benzene, l-cyano-3,5-dinitro- 096 -
4 Benzene, 1-cyano4-nitro- 125 -
S Benzene, 1.2-dicyano- 21 -
CN CN
iy Forward et
Yol JecRe
CN CN

AG =-16.2 kcal/mol

CN oN
SN Back et NSy
‘ o+ + _— | +
N N
CN ON

AG =-74.7 kcal/mol

CN
*
M) " —
Z © AG =-16.2 kcal/mol
CN
CN
NS
Sob
CN
AG =-74.7 keal/mol
CN
N,
ook @ —_—
CN

Red. Pot: 0.89 V (-)

i, &
0o O

239V 286V

CN J S

Oxn. Pot: 1.5V (+)




Free energy of activation expressed in ferms of the free
energy of reaction (AG) and free energy of activation (AG¥)

reactants.

l producte

4 Reactants Products

*Free Energy

Q

Reaction Coordinate reaction coordinate

¥

AG,, = Ejy(D) - E[}(A) - E.(A)+ AE,.

oulombic

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

1
o® ©

10 20 o 06> % °
T &
‘2 o
o L o
- & A. Weller

&0
s . . . . . .
0 10 -20 30  -40 50  -60 =70
AG® (kcal mol™)

Increasing exothermicity ———

Rehm-Weller Plot

The value of ket reaches a plateau value of ~ 2 x 1010 M-1s1 after an
exothermicity of ~ -10 kcal mol! and the value of ket remains the diffusion
controlled value to the highest negative values of achievable.

More Rehm-Weller Plots

V. Balzani, et. al., JACS,
100,7219,1978

H. Toma and C. Creutz ,
Inorganic Chemistry,
16,545,1977

C.R. Brock, T. J. Myers and
D. 6. Whitten, et. al.,
JACS, 97,2909, 1975

Mechanism of eT: Libby Model

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

3

s ®

C I\

[}

[}

9}

e
& : ﬁ \
Willard F. Libby Q e

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".
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Libby Model
R**(solvated) + R(solvated) — R(solvated) + R**(solvated)

[*Fe(H,0)6]"" + [Fe(H,0)]"" — [*Fe(H,0)6]"" + [Fe(H,0)5]*

Y The electron jump from R (*Fe?*) to R** (Fe3*)
» 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

Y -
D i AN &) principle; the geometry of the products
(R Re®™®" formed by an electron transfer would be the

same as the geometry of the reactants.

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) 4 R(solvated) — R(solvated) + R**(solvated)

[*Fe(H,0)¢]*" + [Fe(H,0)5]™" — [*Fe(H,0)5]"" + [Fe(H,0)6]**

Solvent
Electron eorganization

jump | |5 \

Free energy

Solvent Solvent Solvent
molecules molecules molecules
oriented random
around R* around R

Marcus Theory

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 24, NUMBER s MAY. 1956
On the Theory of Oxidation-Reduction Reactions Involving Electron Transfer. I*

Depariment of Chemistry, Polstcchmic Institute of Brookiyn, Brooklyn, New York
(Received July 28, 1955)

A mechanism for electron transfer reactions is described, in  the electrostatic contribution to the fre¢ energy of formation of
which there is very little spatial overlap of the i i the reactants, AP, is i
of the two reacting moleculesin the activated complex. Assuming  in terms of known quantities, such as fonic radi, charges, and the
such a mechanism, a quantitative theory of the rates of oxidation-  standard free energy of reaction
reduction reactions involving electron transfer in solution is  This intermediate state X* can either disappear to reform the
i assumption of “slight-overlap” is hown o lead to  reactants, or by an electronic jump mechanism to form a state X
a reaction path which involves an intermediate state X* in in which the ions are characteristic of the products. When the
which the electrical polarization of the solvent does not have the  latter process is more probable than the former, the overall
usual value appropriate for the given ionic charges (i, it does  reaction rate s shown to be simply the rate of formation of the
not have an equilibrium value). Using an equation developed clse-  intermediate state, namely the collision number in solution multi-
where for the electrostatic free energy of nonequilibrium states,  plied by exp(—AF*/AT). Evidence in favor of this is cited. Tn a
e free energy of all possible intermediate states is calculated.  detailed quantitative comparison, given elsewhere, with the
The characteristics of the most probable state are then deter-  Kinetic data, no arbitrary parameters are needed to obtain reason-
mined with the aid of the calculus of variations by minimizingits  able agreement of calculated and experimental results.
rec energy subject to certain restraints. A simple expression for

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 transfer Reactions in Chemistry:
Theory and Experiment, (Nobel Lecture) Angew. Chem. Int.
Ed,32, 1111, 1993.

R. A. Marcus

Rates are expected:

<> to be slow for weakly exothermic reactions,

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

< to decrease with increasing exothermicity for highly
exothermic et reactions.
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Evolution of Marcus model

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

Tree Encrgy

* Reactants

Reaction Coordinate

Weller Model

Products

>

4 ©

= A

[}

[0}

[

w

@)

® ® ® ¢
Libby model Marcus model

ket = A exp-(AG*/RT)

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. Electron transfer follows reorganization.

The Marcus model

AG®

Reorganization [«—>|
x

l—>1I Relaxation

Reaction coordinate

" 7N\ 2 N\
(» R)Z —(R) (r
N \_/ N N
Solvent Solvent Solvent 8+ 8-
molecules molecules molecules

oriented random
aoundR*  around R

kcs T
hA|Ak,T

#

k =(A)exp %

B

Arhenius

2132 ~(AG +A)*/4A

=——(V) exp

k
® haJAk,T k,T

Classical Marcus

—~(A,+AG,, + mhv,)?
41 ), T

2 3/2 L —SSm
JU (V)2E e m' eXp
m=0 *

Semi-Classical Marcus

6/11/20
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Predictions

The consequences of expressing the free energy of
activation in terms of the driving force and A

= (AG® + \)Y4\

1. For an iso-energetic self-exchange reaction one obtains:

For AG® = 0 one obtains AG* = \/4
For AG® = - A one obtains AG* =0

2. At this stage the reaction becomes barrierless and
proceeds at the maximum rate allowed by the pre-
exponential factor.

Marcus Prediction
ket = A exp-(A6*/RT)
AG* = (AG® +A)2/4A

N

s / Zero barrier  \,

AG*® reaction coordinate

The re-emergence of the activation barrier (A G*)
at large negative AGC values

AG°=0 -AG° < A -AG°= A -AG°> LA

iy

AG® is zero and
AG*equals /4  AG® < zero and
AG' decreases

(normal intuition) AG® is quite

negallve and AG*
becomes zero

AG® is even more
negative and AG*
becomes positive
@ The dot traces the energy of the transition again (!)
state as AG° becomes more negative

Marcus prediction vs Weller's experiments

Marcus

Diffusion
~ /
g
- Experimental >
1 1 1 1 1
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.

6/11/20
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Electron Transfer Involves Two Steps

Marcus
I

Diffusion

log k

- Experimental >

. . L . 1
exergonic AG endergonic

ky k o —
D*+A <_k—> D*-A <_4k‘—> D"-A
—d —CS

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 o observe the Marcus “inverted region”?

T\oque‘/ s

AatGIA

ADr (DY) 321012845

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° = A is lower than the
diffusion limit.

Effect of Free Energy on Rates of Electron Transfer Between
Molecules in Glass at 77 ° K

1073

BIF +A—+BIP + A

RELATIVE FRANCK-CONDON FACTOR
s}
>

5
0 107s

. Ae=0.4eV
108 Nap Ay:0.4 eV

=1500 cm'
oK 2M Nap @
10 2.0
-8G%{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,

1. 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

Accsptor— I~ T

30 ps pulse of e~

Acceptor— L7

6/11/20
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17 Photo induced electron transfer: how is the electron transferred?

l\_owerlimi(
$ ()f;( oo
O
) «
-

Acceptor:

| | |
—AG (8V)

1 After excitation the
electron is still mainly
localised on D, but

ker(s™)

there is already a small
probability on A.

108 |

D -b-A

2 At the crossing
point (the barrier)
there is an equal
chance of finding the

evolving orbital

electron on both sides;
AE =0,

the electron is.
formally transferred.

3 After relaxation
into the well of the
CT state the
probability to find the
electron on the A side

is highest. AE has
J.R. Miller, L. T. Calcaterra and 6. L. Closs, J. Am. Chem. Soc., 106, 3047-3049 electron probability density nuclear co-ordinates & again increased

‘ ‘ ‘ on the donor (D) and visualisation of sharply.

(1984) acceptor () site e T

W
evolving orbital

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

| e em
£° E " The Nobel Prize in Chemistry 1992
: , e Nobel Prize in Chemistry
& 02| 2
?o"
:
g eheBP A
= 10°%s
Y N0 eV
g ot pnee A04ev 1
g . w=1500 em™
;
S —|
Figure 2. Plot of rate constant vs. exothermicity for the reaction '*P- ] 20
Q—P* - Q" and for P* - Q" — P - Q, where P = porphyrin and Q = 56 (eV) =

quinone. The B and T afr the name of the compounds indicate data
obtsined in butyronitele or in toluene, respectively.  The maximum
uncertainty in any given fate constant is £20%.

_ Lower imit

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".

a6g /ev

€8, AG® dependence of ky/ky, or backward ET between Ru-
}* and the cation radicals of the arometic doncrs. The lne i dravn
sy viewing.

. o The Nobel Prize in Chemistry 1992 was awarded to Rudolph
05 1 \5 b . o .
-85 ) wlfCO - i A. Marcus "for his contributions to the theory of electron
Figure & it o inacmle et s e bt oo

Marcus’ theory, A = 0.80.

transfer reactions in chemical systems".

-aGjrev
Fig, 10, The dependence of the CR rate constant &, of
oduced by fuores -

seminae ion pais pr uenchin ree
tion on e fee cnery 33p — AGY. in scetontle souion.

13
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The re-emergence of the activation barrier (A G*)
at large negative AGC values

R. Marcus J. Miller
AG°=0 -AG°< A -AG°= A -AG°> A

Wiy

J. K. Barton M. Wasielewski F.D. Lewis G. Schuster

AG? is zero and
AG*equals A/4  AG° < zero and
AG* decreases AG® is quite
(normal intuition) negative and AG*
becomes zero

AG® is even more
negative and AG*
becomes positive

@ The dot traces the energy of the transition again (!)

state as AG° becomes more negative

S. Farid 1. Gould N. Mataga J. W. Verhoven M. N. Paddon-Row  D. Gust
What is A ?
#
k - ( A) ex _AGcs Total reorganization energy is composed of the solvation component Agyter
p k T (or Agor) and the inner or internal component, Ainner (O Aint)
B
A= A4inner + x'cuter

Arhenius \)\\s *e’é} %4
The solvent component is usually described in terms o N>
of dielectric continuum theory > - o

2732 ) ~(AG +A)*/4A ez(i ! 1)(1_1) Fo =Ty 4T Y
2r, 2r, r,)\E g AT /”/’R w’

ke, = WT (V) exp P A = v
where rAand rD are the atomic radii of A and D, respectively, & is the A D* AT !
< 8 & -

. dielectric constant of the medium that responds to the electronic = 2
CIQSSICQI Mal"cus polarization (e is the square of the refractive index), and ¢s is the G\ &« ﬁ_\ Q\Q‘ J
static dielectric constant or relative permittivity corresponding to the wd T
solvent dipole.
The intramolecular component is most generally expressed as a summation over all vibrational modes

3/2 had —S m 2
k 2‘71: S p _()Ls + AGCS + mh vi) f; of the reactant state and product state which undergo change during the electron transfer reaction.
cs 4 )\' k T The Aq; is the displacement caused by the electron transfer reaction
T Ak T A Ky

_ A
Miner = ,2(—ﬁR i ) Aq,

Semi-Classical Marcus

14



What is V ?

Marcus Theory

Reorganization enexgy A\ .

e -
32
k = 2r —(AGy+A) 14 2kgT
by Ak,T

Classical Marcus equation

N

Hpp=0 Adiabatic
Zero coupling V Strong coupling V
Diabatic A Adiabatic
_ /e 2H,g

M4

Nonadiabatic

Weak coupling V
Non-adiabatic

Forward and back electron transfers have different AG°
and therefore different rates CS and CR

In practical applications of photo-
induced ET reactions, charge
separation has to be maintained
during a period of time sufficient for
further redox reactions to take
place. Ideally, forward ET involving an
excited state has to be as fast as
possible, while back electron transfer
during which charges recombine has
to be slow.

Such an ideal situation is achieved
when the energetics of the system
implies activation-less forward ET and
very exoergic back ET process
situated in the inverted Marcus
region.

nuclear configuration

Back electron transfer & Generation of excited states

k .
D" + A" — D + A

When back electron transfer to the ground state
D*+A~—>D+A AGO%+ large

is in the Marcus inverted region and is therefore inhibited;

the formation of the excited products

D*+A"” > *D+A AGY .+ small

may be kinetically preferred because of the smaller AG% .+

6/11/20
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Forward and backward electron transfer rates
are not the same: Charge separation

LB
b
A*-D
AGcs g Kes (57
B O Ar=phenyl ;f%

AN
. N
A™-D x N, |7 5 9
i‘ ID—[ GII‘ N-Zhe-N' ] 27x10
't IE' /‘
)

aa) AT () A
hv

AGer Ker

1.0x10"

Easier to observe Marcus inversion during back
electron transfer process

kit k
‘A+D —— [ATDY], —0> AT+ D
l Kbet Scavenger
A+D Scavengering of

free radical ions

Caution: The internal reorganization
energy and the electronic coupling V
are generally not the same for charge
separation and recombination.

As a result, the charge separation and
recombination rates in the same
donor-acceptor system usually do not
-AGEa (eV) belong to the same Marcus curve.

Increasing exothermicity —

N
w

Dynamics of Bimolecular Photoinduced Electron-Transfer Reactions, I. R. Gould and
S. Farid, Acc. Chem. Res. 1996, 29, 522-528.

Excited state production through back electron transfer

D* could be
singlet or triplet
AG°] DA _ N
A D

<9 00—

Charge-transfer
recombination

Nuclear coordinate

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

Ground State Css

D(So)
CR
D(Sy)

Singlet ion pair Singlet state

Sy
o cs (DAY — (DA
lcs HEFI ics
k (D-A) z bR spin forbidden
hv ‘CTN‘ / CRa DAY o (DA
CR, : «
(31)__-5_) T, spin allowed
ISC D*3or A*3 formed
DA

Making triplets from photo-generated charges: observations, mechanisms and theory, D. J. Gibbons, A. Farawar,

P. Mazzell, S. Leroy-Lhez and René M. Williams, Photochem. Photobiol. Sci., 2020, 19, 136
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Triplet production during back electron transfer

1n=0
2n=1 §

'OMJ*-A)-Ph A

CS\(OMJ*-An-Ph -A)
—

*OMi"-An-Ph A)

416 nm

Energy (Arbitatry Units)

DMJ-An-Ph -A

Charge separation and Photosynthesis

COS

i
sun
light

energy transfer to Special Pair

three consecutive

light harvesting system )
electron transfer steps

o
SP-Ph-Q4-Qp

excitation

excitation

SPPh-Q -Qg
SPPh-Q4-Q5

SP-Ph-Qa-Qp creation of

a proton
gradient

Fig. 2. Representation of the first events in photosynthesis. Light
harvesting, followed by energy transfer to the special pair, and subsequently by

three electron transfer steps. The charge separated state is used to created a
transmembrane proton gradient.

Charge Separation: Diads, Triads and Tetrads

Fc-ZnP-Cgq (M=Zn)
Fe-H,P-Ceg (M=H,)

Fe-ZnP-H,P-Ceq

Molecular Mimicry of Photosynthetic Energy and Electron Transfer, D. Gust, T. A. Moore, and A. L. Moore,
Acc. Chem. Res., 1993, 26, 198

Cascade electron
transfer in a triad

(2.04 eV)
1ZnP"-H,P-Cq
T o
ke ( (163ev)
ZnP-HyP™-Ceo™ Devens Gust
ZnP™*-HyP-Cp™
hv Ky & (1.34eV)
ET(CR1)
hy
Ket(crz)
Mimicking Photosynthesis, D. Gust, T. A. Moore,

Science 1989, 244, 35-41.
ZnP-H,P-Cgo
= Solar Fuels via Artificial Photosynthesis, D. Gust, T. A.
Moore, and A. L. Moore, Acc. Chem. Res., 2009, 42,
1890

6/11/20

17



Energy (eV)

Triads

C(P)Cgp = C(*P)Cey ~> C(P)Cqp 2 CPH oy -2 CoHpICly

(2)

Only decay pathway —
to excited triplet of
carotene

Cascade electron transfer in a tetrad

Fc-ZnP-H,P-Cgy

(2.04 eV)

Fe-1ZnP*-H,P-Cyy (1.89eV)
<~ .
EN\ECZPHP o o ™ (163 6V)
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S —
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hv ke —
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S —
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Energy/
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0

Spin: Triplet ion pairs have longer lifetime
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Charge separation and artificial photosynthesis

Ar=3, 5-(+Bu);CeHy

Realizing Artificial Photosynthesis, D. Gust, T. A. Moore, and A. L. Moore,
Faraday Transactions, 2012, 155, 9-26
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Electron Transfer at a Distance
No need for Donor & Acceptor Orbitals to Overlap

Aoy D

N Uil Wi

W R

solvent molecule

Electron transfer through o bonds

AGg= -1.16eV

kgt >10%s7"

AGg= -0.32 0V
ket=4.0x0"s™"

AGg = ~0.05 eV

ket=1.0x0%s"!

On the role of spin correlation in the formation, decay, and detection of long-lived, intramolecular charge-transfer
states, Jan W. Verhoeven, J. Photochem. Photobio. C: Photochem. Rev., 2006, 7, 40-60

Investigating Long-Range Electron-Transfer Processes with Rigid, Covalently Linked Donor-( Norbornylogous
Bridge)-Acceptor Systems, M. Paddon-Row, Acc. Chem. Res. 1994, 27, 18-25

Long distance electron transfer and the distance
dependence of the coupling element Vp,

OCHg OCH3
OCHg CN OCH3 CN

48A s 6.8A
ket>10"1s™ ket>10"1s™
OCHg OCH; J. W. Verhoven
OCHs CN OCHs oN
9.4A 115A
3 8 4
ket~ 5% 10057 Ket~5 % 10987
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qﬁmw
OCHs3 CN M. N. Paddon-Row
135A
5
ket~ 5 x 10857

MeO
Ko Ter
oN S o S
G

Donor
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Extension of electron density outside the orbital
Electron transfer via tunneling

Size of aromatic

hydrocarbons
——
1015
\:‘ In ker/ky o< 6 In Ry, (Dipole-dipole)
o
<
%
Fof S
£
In key/ky o< 2Ry, /RY, (Exchange)
-10
0 20 40

Roa (A)

Difference between super-exchange and
molecular wire

T ism ———  molecular wire

> Decreasing A B
o+ O
z
w
superexchange: molecular wire:
Kt = Aexp(-p) ko= L

-~
D g A

—_—

* MeD ﬁ

(e, & 5&]& &Ez \ ‘polaron
CN

Meo 23(13)

CN e.g. polyacetylene bridge

® ELECTRON TRANSFER |\ ® ELECTRON TRANSPORT

VACANT SOLVENT ORBITALS

(a) 8,
38

AG“I

FILLED SOLVENT ORBITALS

Through-bond interactions in donor-acceptor systems separated by solvent or by

covalently bound spacers.

Although the available orbitals of the solvent or spacer lie at energies incompatible

with intermediate states participating in mediated electron transfer, their presence

provides an electronic perturbation of the donor and acceptor orbitals and

enhanced electron transfer rates compared with the interactions occurring over the

same spatial separation with an intervening vacuum.

[
[ |

Electron transfer
o)

——u —_Lu
e N\
- Ho\‘. ’,/ 22-HO
|
|
N |
D ---- A Hole transfer
o [¢]

~

ket = koeXp[-[3(Roa - Ro)]

The propagation of electronic coupling along the bridging material (aka
“superexchange" leads to exponential distance dependence.

The initial coupling into the bridge depends on the energy gap between the
relevant orbitals of the donor (acceptor) and the bridge, AEpg and AEga , as well
as stereoelectronic factors.
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ket = koexp[-B(Rpa - Ro)] PBspacer (A?)
24 - 2.2 vacuum
S 1 alkanes
x
c PV 0.35 polyphenyl
- olyacetylene
204 polyacety|
poly-p-phenylene-
vinylene
16
12 T T 1
20 30 40 50
A
How does the rate of electron transfer change with increasing distance
between the two groups?

Distance dependance of electron transfer
B for polyphenyl p=0.32 A"

Excited state lifetimes of the quenched unit and

electron transfer rate constants
ket = koexp[-B(Rpa - Ro)]

T(ps) ke (s
Os"(phH),0s™ =5  =2x10" A
Os'(phH),0s" 8 12x10" W@%

Os"(phH),0s" 34 2.9x10"

D(Sp)A +¢*~ —> D*"(Sp)A

D (Sp)A 22 D(Sp)A*"

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

J.R. Miller, L. T. Calcaterra and 6. L. Closs, J. Am. Chem.
Soc., 106, 3047-3049 (1984)

J. R. Miller

Electron transfer through ¢ bonds

Ber (bond™)

31(n) n=4m+1(m=0,1,2)
A 'ﬁiy 0.68
Al Ar [e]
o 7S N (@\ 0.60
L m 7 m\
o
A Ar

82(n) n=2m+6(m=0,1,2,3) /E@S\ 0.58
m
(H;N)ﬁu"—%@s—ﬁu"‘(NHg)g M/\ 0:50
m

ket = koexp[-B(Rpa - Ro)]
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Long distance electron transfer in proteins
Wenger, Leigh, Villahermosa, Gray, Winkler, Scrence, 2005; 307, 99-102.

\ v

Distance (A)

Harry B. Gray

Current Opinicn in Cherrical Biobogy

ET rates for nine His-labeled cyt b, derivatives, seven follow Eqn (1), whereas in tw rates than
predicted by Eqn (1) have been measured [6']. Published with permission of Science.

Activationless electron tunneling through various media: vacuum (black, g = 2.9-4.0
A-1), MTHF glass (violet, B = 1.57-1.67 A-!), aqueous glass (cyan, B = 1.55-1.65
A1), and foluene glass (green, p = 1.18-1.28 A1),

10712 W -y

PS F\\\ [ -(CHy);,
1011 [] protein
10-10 [ toluene

ns
108
107

us
105
1074
ms
102
1071

[ water

tunneling time

10A 20A 30A
distance

Gray H B, and Winkler J R PNAS 2005;102:3534-3539

Long distance electron transfer in general

ker =ky exp(=pr)

Wenger, Leigh, Villahermosa, Gray, Winkler, Science, 2005; 307, 99-102.
G. Mc Lendon, Acc. Chem. Res. 1988, 21, 160-167

DNA-Mediated Photoelectron Transfer Reacti

Jacqueline K. Barton,* Challa V. Kumar, and
Nicholas J. Turro*

Department of Chemistry, Columbia University
New York, New York 10027
Received April 7, 1986

J. Am. Chem. Soc. 1986, 108, 6391-6393 J. K. Barton

Accelerated Electron Transfer Between Metal
Complexes Mediated by DNA

MICHAEL D. PURUGGANAN, CHALLA V. KUMAR,
NiICHOLAS J. TURRO,* JACQUELINE K. BARTON*

Science, 1988, 241,1645-1649
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J. Am. Chem. Soc. 1992, 114, 3656-3660

Dynamics of Electron Transfer between Intercalated Polycyclic

Molecules: Effect of Interspersed Bases

Anne M. Brun and Anthony Harriman*

ACCEPTOR -

DONOR

ker =kyexp(=pr)

CHy
N
“
<
\‘l ) +N
v N(CHs)2 L}
ho pap2+
Donors* Acceptor
B 0.88/A
(Harriman)

Figure 46. Schematic of the mediation
of ET by a n-stack of aromatic rings,
such as the base pairs of duplex DNA.
The D and A groups associated with
the DNA molecule may be covalently
linked to the helix, they may be inter-
calators, or they may be DNA base
pairs.

Long-range photoinduced electron transfer through a DNA helix
C.J. Murphy, M.R. Arkin, N.D. Ghatlia, S.H. Bossmann, N.J. Turro and J.K. Barton,
Science, 1993, 262, 5136

*5 ~ACGGCACTACGGCTCGT
TGCCGTGATGCCGAGCI,A

H
N Mg
[

Sk

Direct Backbone Scission G Guanine Oxidation
(photocleavage)
A=313 A=2365
G ox
piperdine
@ ? treatment
g *

The first DNA assembly in which
long-range oxidative damage to
guanine bases was observed
using a tethered photooxidant.

Damage to DNA by the
photooxidant [Rh(phi)2(bpy)]**
can occur by two distinct paths.
After irradiation at high energy,
a short-range reaction, which
identifies the site of
intercalation, occurs (left side).

Long-range CT, which promotes
oxidative damage (&ox) at a
distance, occurs after low
energy excitation (right side).
These two mechanisms allow for
clear delineation of site of
radical generation and site of CT
damage enabling long-range
chemistry to be identified.

ker =kyexp(=pr)

B<0.2/A°

e transfer > 200 A

Schematic representation of a DNA duplex with a tethered rhodium photooxidant containing six 5°-GG-3°
guanine doublets up to 200 A from the metallo-intercalator binding site. Oxidative damage at each of the
guanine doublet sites, as a result of photoexcitation of the rhodium intercalator, has been demonstrated.
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Bridge (a) Superexchange: charge tunnels form the
donor to the acceptor through the bridge in a
/ nonadiabatic process. An exponential decrease in
rate with increasing length of bridge is
Dol Acceptor .
predicted.

(b) Hopping: charge occupies the bridge in
traveling from donor to acceptor by hopping

nor
/[‘\
between discrete molecular orbitals on the
bridge. If the rate of charge migration is faster

than trapping, the charge should be able to
Acceptor
Aceeptet migrate over long distances before getting

trapped.

(c) Domain Hopping: charge occupies the bridge
by delocalizing over several bases, or a domain.
This domain hops along the bridge to travel from

Acceptor donor to acceptor. As in a pure hopping
mechanism, the charge should be able to travel
long distances before getting trapped.
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Electron transfer (depicted as arrows) from the nearest guanine to the sugar radical
cation in seven different strands. The diagram shows the exponential distance
dependence (Ar) of the electron-transfer rate (kgr).
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Charge injection into a single G (12 to 14), charge transport to the complementary,
radiolabeled strand (14 to 15), and charge transport from a single G +° to a GGG sequence
(15 to 16). This assay is used to determine the relative rates and efficiencies of the charge
transport from a single G+° to a GGG sequence.
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Distance-dependent electron transfer in DNA

hairpins

F. D. Lewis, T. Wu, Y. Zhang, R. L. Letsinger, S. D. Greenfield and M. R.

Wasielewski, Science, 1997, 277, 673-676.

F. D. Lewis

inosine, |
Ege=14V

Tracking Photoinduced Charge Separation in DNA: from Start to Finish, F. D. Lewis, R. M. Young and M. R. Wasielewski, Acc. Chem. Res.

2018, 51, 1746

Dynamics of Photoinduced Charge Transfer and Hole Transport in Synthetic DNA Hairpins, F. D. Lewis, R. L. Letsinger and M. R.

Wasielewski, Acc. Chem. Res. 2001, 34, 159.
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Scheme 2 Schematic representation of the charge separation and charge transport pro-
cesses in the hairpin 3GAGG. Shading indicates excited state or radical ion species

Long distance electron transfer in DNA

Very long-distance charge transport through DNA is possible. In
these systems, the charge migrates through DNA by a hopping
process. Each hopping step depends strongly upon the hopping
distance. Nevertheless, very long-distance charge transport is
possible because the total distance is split up and the largest step
becomes rate determining.

B. Geise, Acc. Chem. Res. 2000, 33, 631-636

Thus, efficient long-distance electron transfer may be achieved in
DNA without the need for a new paradigm.

F.D. Lewis, ----- M. R. Wasielewski, J. Am. Chem. Soc. 2000, 122, 2889. _

Long distance electron transfer in DNA

Long-range photoinduced electron transfer through a DNA helix
C.J. Murphy, M.R. Arkin, N.D. Ghatlia, S.H. Bossmann, N.J. Turro and J.K. Barton,
Science, 1993, 262, 5136

DNA Is Not a Molecular Wire: Protein-like Electron-
Transfer Predicted for an Extended ni-Electron System
S. Priyadarshy, S. M. Risser and D. N. Beratan

J. Phys. Chem. 1996, 100, 17678-17682

DNA: insulator or wire?
D. N.Beratan, S. Priyadarshy and S. M.Risser
Chemistry & Biology, 1997, 4, 3-8

Solvent mediated electron transfer
Electronic and Steric effect

Steric

s 3000

2000

1/IVI (1/eV)

Bridge 1000 [

?0.4 -02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Electronic
Strong coupling: small 1/V

Zimmt, Waldeck et.al., J. Phys. Chem. A, 2002, 106, 5288
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+0*

A+ D

The data shown in the Figure were
discussed with Rudy Marcus. The
excitement was dashed, however, when
Marcus correctly pointed out that the data
implied a reorganization energy of nearly
2 eV. At that time, the best estimates for
reorganization energies came from studies
of self-exchange reactions, for which
values of ca. 0.5- 0.7 eV were typical in
acetonitrile. The fact that the return-
electron-transfer data suggested a value 3-
4 times larger shed doubt on the

interpretation.

I. Gould & S. Farid, Acc. Chem. Res.,
1996, 29, 522.

10
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Electron transfer across a molecular wall
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Laser flash photolysis of trans-stilbene@OA complex and methylpyrolium salt
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Fluorescence titration of C153@0A; with MV2* and BV?*
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Time constant for electron transfer
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Electron transfer parameters and rate constant of electron
transfer for different donor-acceptor pairs.

o | Foyacen | somyinon [l oy 2 Lo Jout
CI53+MV 0.89 0.505 -0.655 278 0.0209 -1.5991 0.0378
C153+BV 0.89 0.505 -0.573 278 0.0203 -1.6817 0.0781
PytMV 14 1.015 -0.655 342 0.0209 -1.7291 0.116
An+tMV 1.185 0.8 -0.655 320 0.0209 -1.7441 0.180
Py+BV 14 1.015 -0.573 342 0.0203 -1.8117 0.227
An+BV 1.185 0.8 -0.573 322 0.0203 || -1.8267 0.290
C466+BV 0.92 0.535 -0.573 i/ 0.0203 || -2.0417 0.370
C480+MV 0.72 0.335 -0.655 3.06 0.0209 | -2.0491 0.393
C480+BV 0.72 0.335 -0.573 3.06 0.0203 || -2.1317 0.400
Gaz+tMV 0.65 0.265 -0.655 33 0.0209 | -2.3591 0.277
AztMV 0.71 0.325 -0.655 347 0.0209 || -2.4691 0.250

Plot of ke vs AG® for different donor-acceptor pairs obtained from
transient absorption spectroscopy when donor molecules are enclosed
within octa acid cavity.
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Locations of donor and acceptor during electron transfer Solvation dynamlcs
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Electron transfer across molecular wall
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Through-Space Ultrafast Photoinduced Electron Transfer Dynamics of a C70-Encapsulated Bisporphyrin Covalent
Organic Polyhedron ina Low-Dielectric Medium, J. Am. Chem. Soc. 2017, 139, 4286-4289
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Resource for Electrochemical Redox Potentials

Library of Cationic Organic Dyes for Visible-Light-Driven Photoredox
Transformations, S. P. Pitre, C. D. McTiernan, J. C. Scaiano- ACS Omega 2016, 1, 66-76
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Resource for Electrochemical Redox Potentials

Experimental and Calculated Electrochemical Potentials of Common Organic Molecules

for Applications to Single-Electron Redox Chemistry
H. G. Roth, N. A. Romero and D. A. Nicewicz, Synlett, 2016, 27, 714-723
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Resource for Electrochemical Redox Potentials

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

E4(CTX) E,QUX)
No. Campound WnSH Ref UmichH Ref
1 Acemzphtbens 21 @ 267 ool HANDBOOK OF
2 Acetylene, diphenyl- - 21 [on PHOTOCHEMISTRY
3 Anthracene <109 [0 195 [7701] _ne ey
4 Anthracene, 910-bisphenylethyny)- <1165 [6701]  -129  [6701]
5 Anthracene, 9,10-dimethyl- <095 [0 - -
6 Anthracene, 9,10-dipbenyl- A2 puon 14 oy —
7 Anhracene, 9-methyl- 09 [0 197  [6201]
8 Anthracene, -phemyl. - Qs (ool
9 Azulene 07 [0 16 (6201 Marco Monlalt
10 Benz{aJantracene S8 [6301] - (i Cred g

Luca Prodi A
M. Teresa Gandolfi

Table 7b-7 Halfwave Redox Potentials of Nitriles.
EyA/A) Ey(A/A)

No. Compound (Vs Azelectods) (Vs SCE)
DMF* MeCN
1 Anthracene, 9-cyano- - -1.58"
2 Anthracene, 9,10-dicyano- - 098" Chapter 7
3 Benzene, l-cyano-3,5-dinitro- 096 -
4 Benzene, l-cyano4-nitro- -125 -
5 Benzene, 12-dicyano- 21 -

Obama’s . Onthe
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policy: hits | a human

i pheromone
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WATER SPLITTING

Water photolysis at 12.3% efficiency
via perovskite photovoltaics and
Earth-abundant catalysts

Jingshan Luo,"* Jeong-Hyeok Im,"* Matthew T. Mayer,' Marcel Schreier,”
Mohammad Khaja Nazeeruddin,' Nam-Gyu Park,” S. David Tilley,!

Hong Jin Fan,? Michacl Gritzel'* A catalysts Azﬂ%
5%
1’\@' vy
Perovskite solar Cell 0~ (g

0.318 cm?

The catalyst electrode,
a NiFe layered

dOUbIe hyd rOXIde’ E 15.7% Ii unbiased water splitting photocurrents
(LDH) exhibits high activity 5™ an AT S| P
2 '
toward both the oxygen £ solariotogen § ¢
. Z 6 Z 6
and hydrogen evolution 5. £,
reactions in £, £,
- 3 3
alkaline electrolyte. o} o] garc
0 @5 1o 15 20 T a0 o w0 s
Voltage (V) Time (s)
Fig. 3. Combination of the perovskite tandem cell with NiFe DLH/Ni foam electrodes for
water splitting. (A of
ofthe cell for water (C)J-Veurves of

simulated AM 15G 100 mW cm™ illumination, and the NiFe/Ni foam electrodes in a two-electrode
configuration. The illuminated surface area of the perovskite cell was 0.318 cm?, and the catalyst
electrode areas (geometric) were ~5 cm? each. (D) Current density~time curve of the integrated water-
splitting device without external bias under chopped simulated AM 1.5G 100 mW em  illumination.

Photoanode

lon-exchange
membrane

Developing a scalable artificial photosynthesis
technology through nanomaterials by design
Nathan S. Lewis

Nature Nanotechnology 2016, 11, 1010-1019

The photoanode material absorbs blue
light and effects water oxidation.

The photocathode material absorbs red
light and drives the reduction of water
or carbon dioxide. The photoanode and
photocathode material are in ohmic
contact, and both photoelectrodes are
decorated with catalysts for the reaction
of interest. The membrane allows for the
transfer of ions and separates the
products.
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Highly active cobalt phosphate and borate based oxygen evolving catalysts

operating in neutral and natural waters{

Arthur J. Esswein,” Yogesh Surendranath,” Steven Y. Reece? and Daniel G. Nocera™

Received 3rd October 2010, Accepted 26th October 2010
DOI: 10.1039/c0ee00518e

lyst films formed under (a) quiescent (0.85 V vs. Ag/
yically active (1.1 V vs. Ag/AgCl) conditions on an
ITO substrate. E: ) at 3500x and (d)
10 000x magnification of Co-OE! at 11V vs. Ag/AgCl
on a Ni foil substrate. (a) and (b) reproduced from ref. 22 with permission
from the Royal Society of Chemistry.

Fig. 1 Dried ¢
AgCl) and (b) ¢

Solar Fuels and Solar Chemicals Industry
Daniel G. Nocera
Acc. Chem. Res. 2017, 50 (3), 616-619
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