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Why studying electron transfer ?

- simplest chemical reaction

- benchmark for theories of chemical reactions

- ubiquitous in chemistry and biology

- many applications 

- .... 



outline:

- Basics on photoinduced electron transfer

- Examples of electron transfer reactions

- Marcus theory

- Electron transfer beyond Marcus 



Some definitions

Electron transfer reactions:

Charge separation (CS): D + A →  D.+ +  A.−

Charge recombination (CR): D.+  + A.−  →  D +  A

Charge shift: D.−  +  A →  D +  A.−

D  + A.+  →  D.+ +  A

If one of the reactants is photoexcited: photoinduced ET

If D and A are linked: intramolecular ET



What is different with photoinduced ET ?

Dark (CS): D + A →  D.+ +  A.−
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What is different with photoinduced ET ?

Photoinduced (CS): D* + A →  D.+ +  A.−
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What is different with photoinduced ET ?

Photoinduced (CS): D + A* →  D.+ +  A.−

E
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What is different with photoinduced ET ?

Photoinduced (CS): D + A* →  D.+ +  A.−

E

HOMO

LUMO

D A* D.+ A.-

In an electronic excited state of energy E*, a molecule M is a better 
oxidant and a better reductant. 

eEox (M*) = eEox (M )− E *
eEred (M*) = eEred (M )+ E *



When is photoinduced ET operative ?

Weller equation
(polar solvent): ΔGET = e Eox D( )− Ered A( )⎡⎣ ⎤⎦ − E *+C < 0

E *

e Eox − Ered[ ]

D.+ +  A.− ΔGET

D + A 

D* + A 

D.+ ⋅  A.−C

D.+ A.- 

rAD

ε s

C = − e2

4πε0ε srAD



Effect of solvent polarity

The ionic product is stabilised by solvation energy: Esolv =−
e2
8πε0r
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ET reactions are favoured in polar solvents. 

Weller equation for any solvent:
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8aa 5030 4030 i When this work was initiated, the following questions seemed 

of particular significance: 
(a) Does the above model account quantitatively for the 

growth and decay of AQ* and the decay of A* subsequent to 
pulsed excitation of A?  

(b) What is the enthalpy of the formation reaction of AQ* 
from A* and Q and how does the value obtained from d In 
(k3/k4)/dT-' compare with that calculated from steady state 
data in the conventional manner with a so-called Stevens-Ban 

(c) Critically related to (b) is the question, does k5 vary with 
temperature? 

(d) Do the steady state and transient measurements give 
a self-consistent quantitative account of the photokinetic be- 
havior of the system? 

(e) If we write k4 = A4 exp(-(AEd*/RT)), how do the 
parameters A4 and AE4* compare with the other two systems 
reported in the literature7,* and is the correlation suggested by 
Figure 6, ref 12, borne out by more data? 

(f) Is the enthalpy of the formation reaction of AQ* from 
A* and Q consistent with known oxidation and reduction po- 
tentials and optical transition e n e r g i e ~ ? ~ , ~ . ~ . ~ ~  

This system is also of interest in view of the recent work of 
Chuang and EisenthalI2 using picosecond laser techniques to 
follow the growth of the anthracene-DMA exciplex. In order 
to explain their data they found it necessary to explore cor- 
rections for the effects of diffusion and in fact obtained good 
agreement with the standard continuum model. Thus in 
seeking answers to the questions posed above the possibility 
of diffusion effects entering into the formulation was regarded 
as a distinct possibility. Chuang and Eisenthal also obtained 
the interaction distance for the forward quenching step which 
is an important parameter for corrections to the kinetic 
equations needed to describe the exciplex and monomer time 
evolution as well as the steady state quenching. 

It is not uncommon for the rates of various processes in an 
exciplex system to be such that one cannot answer all of the 
above questions; the reason being an inability to obtain indi- 
vidual rate  constant^.'^ A critical test of the kinetic model is 
frequently impossible. However, the aromatic hydrocarbon- 
amine exciplexes are more amenable to comprehensive kinetic 
studies because of the presence, generally, of both monomer 
and exciplex emission sufficiently separated in average energy 
to permit the independent study of the behavior of both species, 
and because the monomer and exciplex lifetimes are generally 
quite different. A typical set of spectra is shown in Figure 1, 
The anthracene-DMA system is one such combination of a 
donor and acceptor. 

plOt43I' [In (@E/@.M[Q]) VS. 1/T]? 

11. Experimental Section 
a. Transient Measurement. Fluorescence decay measurements were 

made on a time-correlated single photon counting instrument, details 
of which have been described e l ~ e w h e r e . ' ~ - ' ~  The excitation source 
was a Photochemical Research Associate's Nanosecond Flashlamp 
System. An Oriel (3-772-3900 sharp cut-off filter was used in the 
measurement of the unquenched anthracene decay and also in the 
cases where it was not necessary to separate the monomer and exciplex 
fluorescence. A Balzers K - 1 broadband interference filter was used 
to measure monomer decay in the presence of quencher. Although this 
filter transmits a small amount of exciplex emission, the characteristics 
of the photomultiplier photocathode (bialkali type DU) reduce de- 
tection of exciplex emission even further. Finally, the exciplex emission 
was isolated by using an Oriel G-772-3900 filter followed by a Kodak 
Wratten No. 12 filter. The function of the first filter is to cut down 
short-wavelength radiation which might induce unwanted fluorescence 
in the Kodak-Wratten filter. All samples were excited at  340 nm. 
Temperature was regulated to f O . l  'C using a thermostated cell 
holder. 

As mentioned earlier, the exciplex scheme predicts that the decay 
law for the monomer fluorescence intensity should be of the form 

Figure 1. Corrected fluorescence spectra of anthracene + N,N-dimeth- 
ylaniline in cyclohexane at 25 'C. 

Ale-f/Tl + A2e-f/rZ 

and that for the exciplex should be 
A3 (e- f /"  - e-r/T2) 

when k3 is time independent. The constants Ai are related to the Ci 
through the appropriate radiative rate constants. 

Therefore, even if the filtering system transmits some exciplex 
emission together with the monomer emission, the values obtained 
for 71 and 72 should not be affected; only the pre-exponential factor 
would change. However, in later sections it will be shown that k )  is 
in fact time As long as the initial portion of the decay 
curve was avoided in the analysis, the TI value obtained (short-lived 
component) was independent of whether the Oriel (3-772-3900 filter 
(monomer + some exciplex) or the Balzers K - 1 filter (mostly mo- 
nomer) was used. Since the Oriel filter transmits much more light than 
the Balzers filter, it was used in many of the experiments. 

Two time scales on the Time to Amplitude Converter (Ortec 437) 
were used. A short time scale was used when 71 was to be accurately 
measured. In this case, 72 could also be obtained, but only with a very 
large standard deviation. Therefore, a long time scale was used when 
7 2  was to be accurately measured. Here, the decay law was assumed 
to be single exponential and only the later portion of the decay curve 
to which 71 does not contribute was analyzed. 72 was independent of 
which of the three filtering systems was used. 

The decay curves were analyzed with the iterative c o n v o l ~ t i o n ~ ~ ~ ~ ~  
method using the Marquardt algorithm22 for least-squares estimation 
of nonlinear parameters consistent with the minimum on the x 2  hy- 
persurface. We believe that this is the best method presently available 
to analyze decay data from single photon counting instruments. (This 
will be discussed in detail in a later paper.22) To recover the shape of 
the response of the system to &pulse excitation from the observed 
fluorescence decay data and the observed lamp profile, the Expo- 
nential Series Method of Ware, Doemeny, and Nemzek was used.I6 
The only modification was that the Marquardt method, rather than 
the usual analytical method, was used to search the parametric hy- 
persurface. This appears to yield an improvement over the older 
methodI6 as far as accuracy is concerned. To obtain actual rate pa- 
rameters, a decay law of the form Ale- f /Tl  + A2e-'Ir2 was assumed. 
The Marquardt algorithm was used again to find the best fitting values 
for A ] ,  TI, A2, and 7 2 ,  by iterative convolution with the lamp pro- 
file. 

b. Steady State Measurement. Fluorescence spectra were measured 
on a conventional 90', two-monochromator spectrofluorimeter 
equipped with a thermostated cell holder. @ ~ o / @ w  and @E/@M values 
were obtained with the same instrument. The intensities at  378 and 
500 nm were taken as a measure of monomer and exciplex emission 
respectively to avoid interference from spectral overlap. Initially, the 
intensities were obtained from the spectra. Subsequently, the output 
from the micromicroammeter was fed directly to a digital voltmeter. 
With this modification, the measurements could be made within a 
relatively short time interval, thus avoiding the problem of lamp in- 
stability. 

c. Chemicals. Zone-refined anthracene was used in all experiments. 
Additional purification by column chromatography produced no 

Hui, Ware / Fluorescence Quenching of Anthracene 

Ware et al. JACS 98 (1976) 4718  

exciplex formation 
in apolar solvents. 



Electron transfer quenching in polar solvents

M + Q

M*+ Q

?

H. Leonhardt, A. Weller, Z. Phys. Chem. N.F. 29 (1961) 277

Reduction of the fluorescence lifetime of M* in the presence of Q

τ fl ,Q
−1 = τ fl

−1 + kq Q[ ]



Driving force
D+A

D*+A

D.++A.-

diffusion limit

Electron transfer quenching dynamics in polar solvents

D. Rehm, A. Weller, Isr. J. Chem. 8 (1970) 259

D*+A kd

k− d
⎯ →⎯← ⎯⎯  D* ⋅A kCS

k−CS
⎯ →⎯⎯← ⎯⎯⎯  D.+ ⋅A.−  kr⎯ →⎯

Quenching rate constant: kq = kd 1+
k−d
kCS

+ k−d
kr

k−CS
kCS

⎡

⎣
⎢

⎤

⎦
⎥

−1

Marcus theory

two limits: 1) kq = kCSkCS << kdif kq =
kdkCS

kCS + k−d
kCS >> k−CS

2) kCS >> kd kq = kd



Theoretical concepts

Non adiabatic ET: rate constant (kET) depends on probability to reach the 
intersection + the probability to intersect (depends on V)

Adiabatic ET: kET depends on probability to reach the intersection, 
depends on the evolution along Q.

adiabaticnon-adiabatic

Review: M. Marcus, N. Sutin, Biochim. Biophys. Acta 811 (1985) 265.



Classical Marcus theory (non-adiabatic ET) 

R. A. Marcus + N. Hush (1956-65)

solvent: λs =
e2
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AD A-D+
R P

G

reaction coordinate

The free energy of R and P along the reaction
coordinate (intramolecular+solvent modes) is 
represented by two identical but displaced 
parabola (linear response)

ΔGET1) vertical displacement: ΔGET

λ

2) lateral displacement: λ, reorganisation 
energy

λ = λi + λs

intramolecular:

force constant
change of equilibrium position

λi =
f j R( ) ⋅ f j P( )
f j R( ) + f j P( )

⎛

⎝⎜
⎞

⎠⎟j
∑ Δqj( )



AD A-D+

λ

R P
G

reaction coordinate

A rate constant cannot be deduced from ΔG

ΔGET
ΔG≠

But with identical parabola and with known 
displacement (ΔG and λ), the barrier height, ΔG≠,
can be calculated:

ΔG≠ =
ΔGET + λ( )2

4λ

ET as a thermally activated process: kET = Aexp − ΔG≠

kBT
⎛
⎝⎜

⎞
⎠⎟

Classical Marcus theory 



Classical Marcus theory 
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Classical Marcus theory 

Shortcomings of the theory: 

- the inverted region is as steep as the normal one (not observed);

- ET in the inverted region is thermally activated, no tunnelling;

- inconsistent with theories of non-radiative transitions.

λ

ΔGET



Semi-classical Marcus theory 

N. Kestner, J. Logan, J. Jortner, JPC 78 (1974) 2148

 
kET = 2π


V 2 DWFC( )

density of states
weighted FC factor

intramolecular modes (>kBT):QM
solvent  modes (<kBT):classically

 ΔGET
0→n = ΔGET

0 + nω

V 0→n( )2 =V 2 ⋅FC

FC = 0 n = S
n

n!
exp −S( )
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solvent coordinate 
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Semi-classical Marcus theory 
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N. Kestner, J. Logan, J. Jortner, JPC 78 (1974) 2148



ln
 k

ET

2.01.51.00.5
 −ΔGET/λ

classical

semi-clas.

Semi-classical Marcus theory 

ET in the inverted region is equivalent to a non-radiative transition



Testing Marcus theory

- ‘Dark’ electron transfer reactions:

works well but only the normal region is observed

no sufficiently exergonic dark ET !

- Photoinduced electron transfer reactions? 

in principle, large driving forces can be achieved !



diffusion limit

Photoinduced intermolecular ET

D. Rehm, A. Weller, Isr. J. Chem. 8 (1970) 259

D*+A kd

k− d
⎯ →⎯← ⎯⎯  D* ⋅A kCS

k−CS
⎯ →⎯⎯← ⎯⎯⎯  D.+ ⋅A.−  kr⎯ →⎯

Marcus theory

Driving force D+A

D*+A

D.++A.-hν



Hypothesis for the absence of inverted region:

- CS distance increases with driving force (Sutin et al., 1984)

- the product is formed in an electronic excited state (Weller)

- ...



E

A   D

A* D

A.- D.+

ΔGCS

A.- D.+*

ΔGCS*

ΔGCS ΔGCS*

Formation of the product in an electronic excited state 



Photophysics of Wurster’s Blue

NN

J. Grilj et al., submitted

~200 fs



ΔGCS  dependence of the ET quenching distance

B. S. Brunschwig, S. Ehrenson, N. Sutin,
J. Am. Chem. Soc. 106 (1984) 6858
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ΔGCS  dependence of the ET quenching distance

S. Murata, M. Tachiya, J. Phys. Chem. 100 (1996) 4064



- 1984, intramolecular charge shift
(Miller, Closs et al.)

- 1987, ‘intermolecular’ charge recombination
(Gould, Farid et al.)

- 1985, intramolecular charge recombination
(Wasielewski et al.)

- 2001, intramolecular charge separation
(Mataga et al.)

- 1997, intermolecular charge shift
(Guldi et al.)

First observations of the inverted region 

A--D- A---D

A---D+ A--D

A*--D A---D+

A- + D+ A + D

A+ + D A + D+



First observation 

J .  Am. Chem. Soc. 1984, 106, 3047-3049 3047 
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Figure 1. Typical kinetics of the maleylacetone cis-trans isomerase 
catalyzed isomerization of 6-oxo-2,4-heptadienoic acids a t  p H  7.4 in the 
presence of coenzyme, glutathione. Note the early, predominant for- 
mation of 4 - Z E  from 4 - E Z .  Circles, 4-EZ;  squares, 4 - Z E ;  triangles, 
4-EE.  

Surprisingly, the isomerase also processes 4-EZ.  Moreover, 
the product generated is remarkable because the enzyme converts 
4 - E Z  directly to 4 - Z E ;  it catalyzes a double cis-trans isomer- 
ization. The first product formed in the enzyme-catalyzed 
isomerization of 4-EZ is 4-ZE; 4-EE forms on a slower time scale 
(Figure 1). Similarly, 4-EZ is formed from 4-ZE when GSH 
and the isomerase are present. 

The KM for 4-EZ is 1.9 X M. The enzyme processes 4-EZ - 1.6 times faster than maleylacetone. When 4 - E 2  is the initial 
enzyme substrate, 4-EE and 4-ZE form in a branching ratio of 
1:3. 4-EE and 4-EZ form, however, in a branching ratio of 
approximately 2.7:l when 4-ZE is the initial substrate. A cal- 
culated equilibrium constant,1° [ 4 - Z E ] / [ 4 - E Z ]  N 21, compares 
reasonably with a measured value of 16 & 7 for the enzyme 
equilibration. 

Since the enzyme-catalyzed double isomerization requires GSH 
and substrate maleylacetone inhibits enzymatic processing of either 
4-ZE or 4-EZ,  the same active site is probably used by all three 
substrates. The mechanism for this extraordinary transformation 
remains to be elucidated, but we note here that it could be ac- 
commodated by a mechanism parallel to that for isomerization 
of maleylacetone (eq 2). As with maleylacetone, enzyme-bound 
GSH could add to C2 of enzyme-bound 4-EZ or 4-ZE to form 
a dienol intermediate (eq 3). If the carboxyl, the G S  backbone, 
and the enolic oxygen are utilized for binding to the enzyme then 
the termini of the intermediate would be relatively immobile. 
Internal concerted rotation about the C 2 4 3  and the C 4 2 5  single 
bonds could still occur, however, provided that the enzyme topology 
does not interfere.'2,'3 Rotation in this way would cause the two 

~~ 

(10) If  4-EZ equilibrates with 4-ZE through several intermediates it can 
be shown" that  the equilibrium constant, [ 4 - Z E ] / [ 4 - E Z ] ,  equals 
( ~ m a i . + ~ ~ / ~ m a i . ~ ~ ~ ) ( ~ ~ , + ~ ~ / ~ ~ , + ~ ~ ) C .  where C is a correction factor, (3/ 
4)/(1/3.7), to take account of the branching ratio for each substrate. 

(1 1) Plowman, K. B. "Enzyme Kinetics"; McGraw-Hill: New York, 1972; 

(1 2) During rotation (8 9) some small lateral movement of one terminus 
with respect to the other is necessary. 

(1 3) Similar molecular dynamics have been postulated in a model for the 
photoconversion of 1 1-cis-retinal in rhodopsin to its all-trans isomer by a 
concerted rotation ("bicycle pedal motion") in which the cis double bond 
migrates toward the Schiff base terminus (Warshel, A. Nature (London) 1976, 
260, 619) 

pp 21-36. 
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dienol intermediates, 8 and 9 ,  to equilibrate and subsequent ke- 
tonization with expulsion of GSH would provide 4-EZ and 4-ZE, 
respectively. Formation of 4-EE from either analogue could occur 
from the same dienol intermediate by suggesting that the enolic 
oxygen binding is weak. If the intermediate were held only at 
the GS/carboxyl terminus, the relaxation to the 4-EE geometry 
would appear to have a strong driving force. Consistent with this 
is the observation that 4-EE is the sole product of nucleophilic 
catalysis of isomerization of 4-EZ or of 4-ZE by thiocyanate ion 
at the same pH. 

The present results provide support for proposals which suggest 
that the enzyme binds maleylacetone in the region of the 6-oxo 
function as well as by its carboxyl group.' 
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As an extension of the work on long-distance intermolecular 
electron transfer (ET) in rigid matrices carried out by one of 
for some time, we have embarked on a study of intramolecular 
long-distance ET  in fluid solution. In a recent communication 
we have reported not only that such reactions can occur over 
considerable distance ( - 10 A) but also that, given the appropriate 
driving force (exothermicity), the observable rates can be very 
fast indeed.6 In this communication we wish to demonstrate the 
dependence of the ET rates on the exothermicity of the reaction 
and report a remarkable solvent dependence of the observed rates. 
The rates show a strong deviation from the classical Brmsted 
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catalyzed isomerization of 6-oxo-2,4-heptadienoic acids a t  p H  7.4 in the 
presence of coenzyme, glutathione. Note the early, predominant for- 
mation of 4 - Z E  from 4 - E Z .  Circles, 4-EZ;  squares, 4 - Z E ;  triangles, 
4-EE.  

Surprisingly, the isomerase also processes 4-EZ.  Moreover, 
the product generated is remarkable because the enzyme converts 
4 - E Z  directly to 4 - Z E ;  it catalyzes a double cis-trans isomer- 
ization. The first product formed in the enzyme-catalyzed 
isomerization of 4-EZ is 4-ZE; 4-EE forms on a slower time scale 
(Figure 1). Similarly, 4-EZ is formed from 4-ZE when GSH 
and the isomerase are present. 

The KM for 4-EZ is 1.9 X M. The enzyme processes 4-EZ - 1.6 times faster than maleylacetone. When 4 - E 2  is the initial 
enzyme substrate, 4-EE and 4-ZE form in a branching ratio of 
1:3. 4-EE and 4-EZ form, however, in a branching ratio of 
approximately 2.7:l when 4-ZE is the initial substrate. A cal- 
culated equilibrium constant,1° [ 4 - Z E ] / [ 4 - E Z ]  N 21, compares 
reasonably with a measured value of 16 & 7 for the enzyme 
equilibration. 

Since the enzyme-catalyzed double isomerization requires GSH 
and substrate maleylacetone inhibits enzymatic processing of either 
4-ZE or 4-EZ,  the same active site is probably used by all three 
substrates. The mechanism for this extraordinary transformation 
remains to be elucidated, but we note here that it could be ac- 
commodated by a mechanism parallel to that for isomerization 
of maleylacetone (eq 2). As with maleylacetone, enzyme-bound 
GSH could add to C2 of enzyme-bound 4-EZ or 4-ZE to form 
a dienol intermediate (eq 3). If the carboxyl, the G S  backbone, 
and the enolic oxygen are utilized for binding to the enzyme then 
the termini of the intermediate would be relatively immobile. 
Internal concerted rotation about the C 2 4 3  and the C 4 2 5  single 
bonds could still occur, however, provided that the enzyme topology 
does not interfere.'2,'3 Rotation in this way would cause the two 
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(10) If  4-EZ equilibrates with 4-ZE through several intermediates it can 
be shown" that  the equilibrium constant, [ 4 - Z E ] / [ 4 - E Z ] ,  equals 
( ~ m a i . + ~ ~ / ~ m a i . ~ ~ ~ ) ( ~ ~ , + ~ ~ / ~ ~ , + ~ ~ ) C .  where C is a correction factor, (3/ 
4)/(1/3.7), to take account of the branching ratio for each substrate. 

(1 1) Plowman, K. B. "Enzyme Kinetics"; McGraw-Hill: New York, 1972; 

(1 2) During rotation (8 9) some small lateral movement of one terminus 
with respect to the other is necessary. 

(1 3) Similar molecular dynamics have been postulated in a model for the 
photoconversion of 1 1-cis-retinal in rhodopsin to its all-trans isomer by a 
concerted rotation ("bicycle pedal motion") in which the cis double bond 
migrates toward the Schiff base terminus (Warshel, A. Nature (London) 1976, 
260, 619) 

pp 21-36. 
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dienol intermediates, 8 and 9 ,  to equilibrate and subsequent ke- 
tonization with expulsion of GSH would provide 4-EZ and 4-ZE, 
respectively. Formation of 4-EE from either analogue could occur 
from the same dienol intermediate by suggesting that the enolic 
oxygen binding is weak. If the intermediate were held only at 
the GS/carboxyl terminus, the relaxation to the 4-EE geometry 
would appear to have a strong driving force. Consistent with this 
is the observation that 4-EE is the sole product of nucleophilic 
catalysis of isomerization of 4-EZ or of 4-ZE by thiocyanate ion 
at the same pH. 

The present results provide support for proposals which suggest 
that the enzyme binds maleylacetone in the region of the 6-oxo 
function as well as by its carboxyl group.' 
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As an extension of the work on long-distance intermolecular 
electron transfer (ET) in rigid matrices carried out by one of 
for some time, we have embarked on a study of intramolecular 
long-distance ET  in fluid solution. In a recent communication 
we have reported not only that such reactions can occur over 
considerable distance ( - 10 A) but also that, given the appropriate 
driving force (exothermicity), the observable rates can be very 
fast indeed.6 In this communication we wish to demonstrate the 
dependence of the ET rates on the exothermicity of the reaction 
and report a remarkable solvent dependence of the observed rates. 
The rates show a strong deviation from the classical Brmsted 
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(2) Miller, J .  R. Science (Washington, DC.) 1975, 189, 221. 
(3) Beitz, J .  V.; Miller, J .  R. J .  Chem. Phys. 1979, 71, 4579. 
(4) Miller, J. R.; Beitz, J. V.;  Huddleston, R. K .  J .  Am. Chem. SOC., in  

( 5 )  Miller, J. R.; Beitz, J .  V. J .  Chem. Phys. 1981, 74,  6746. 
(6) Calcatera, L. T.; Closs, G. L.; Miller, J. R. J .  Am. Chem. SOC. 1983, 

38 (Argonne) and NSF Grant CHE-8218164 (University of Chicago). 
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Table I. Rate Constants’ for Intra- and Intermolecular Electron Transfer in Anions of Bifunctional Steroids A-Sp-B- (B  = 

4-biphenylyl) at T = 296 K 

MTHF isooctane 

kintra, 1 O-9kinter,a kintrat 1 O-’kinterta 
acceptor group (A) -AGO, eV s-1 M-1 s-l S-1 M-1 s-I 

4-biphenylyl 0 5.6 x 1056 1 x 1096 
2-naphthyP 0.05‘ (1.5 f 0.5) X lo6 5.7 (1.5 f 0.5) X lo9 6.7 
9-phenanthr yl 0.1 6c (1.25 i 0.2) x 107 7.0 >2 x 109 13.9 
1 -pyrenyI 0.52d (1.5 & 0.5) X lo9 12.0 >2 x 109 13.5 
hexa hydronaphthoquinon-2-yl 1 .23d >2 x 109 11.1 (1.0 f 0.5) x 1 0 9  12.9 

2-benzoquinonyl 2.10d (2.5 A 0.3) X lo8 6.2 (3.6 f 0.8) X lo6 10.9 

5,6-dichlorobenzoquinon-2-yl 2.40d (7 i 3) x 107 3.0 f 1 (1.4 f 0.25) X lo8 9.8 

but were estimated by extrapolating from measured data. 
in DMF (ref 18-21). ‘The forward rate constant is reported. The rate of approach to equilibrium is kfwd + k,,,. 

2-naphthoquinonyl 1 .93d (3.8 i 1) X lo8 9.9 i I >2 x 109 17.1 

5-chlorobenzoquinon-5-yl 2.2gd (1.7 f 0.2) X lo8 4.4 (3.5 f 0.5) X lo6 9.5 

aUncertainties f15% (1 standard deviation) unless noted otherwise. bThe rate of the exchange reactions in B--Sp-B were not measured 
From equilibria measured by pulse radiolysis. dEstimated from redox potentials 

relationship and are a striking confirmation of ET  theories7-’* 
descending from the Marcus theory, which predicted such behavior 
almost 30 years ago’ but seemed to be contradicted by almost all 
experiments in soIution.I3J4 

W e  have synthesized a homologous series of eight compounds 
of the general structure A-Sp-B15 where B is 4-biphenylyl, S p  
is a rigid saturated hydrocarbon spacer, the steroidal Sa-androstane 
skeleton, and A is one of a series of eight different molecular 
groups with .rr-electron networks listed in Table I .  In all cases 
the distances between A and B are identical (-10 bi edge to edge). 
The experiment involves subjecting a liquid solution of these 
molecules in either 2-methyltetrahydrofuran (MTHF) or isooctane 
a t  room temperature to a 30-ps pulse of solvated electrons gen- 
erated by the Argonne 20-MeV Linac. The electrons are captured 
by either A or B with almost statistical probability. Photometric 
absorption measures the rates of how this initial ion distribution 
attains equilibrium. The sequence of events is summarized in the 
following scheme: 

A-Sp-E 

l e -  

/ \  
A-Sp--8- A--Sp-E 

T 

It  should be noted that the ET reactions are free ion reactions, 
as it is well-known that in ion pairs created by pulse radiolysis 
the average ion pair distances are quite large.’6J7 The inter- 
molecular contributions to the observed rates were assessed by 
measuring ET  rates in solutions of the monofunctional model 
compounds of structure A-Sp and B-Sp.” With these data it 
was possible to extract intramolecular ET rates in the bifunctional 
molecules. The rate constants are listed in the table and are plotted 
against the free energy change (AGO) in Figure 1. Here the AGO 
values are taken from electrochemical literature data18-21 with 

(7) Marcus, R. A. J .  Chem. Phys. 1956, 24, 966. 
(8) Levich, V. 0. Adu. Electrochem. Eng. 1966, 4, 249. 
(9) Dogonadze, R. R. In “Reactions of Molecules at Electrodes”; Hush, 

(10) Van Duyne, R. P.; Fischer, S. F. Chem. Phys. 1974, 5, 183. 
(11) Ulstrup, J.; Jortner, J. J. Chem. Phys. 1975, 63, 4358. 
(12) Ulstrup, J. “Charge Transfer Processes in Condensed Media”; 

Springer-Verlag: Berlin, 1979. This review contains references to many other 
papers. 

N.  S., Ed.; Wiley-Interscience: New York, 1971. 

(13) Rehm, D.; Weller, A. Isr. J .  Chem. 1970, 8,  259. 
(14) See ref 3 and 4 for an extensive list of references. 
(15) The attachment positions of A and B in the bifunctional molecules 

are 3-13 and 16-13, respectively, while A or B in the models is attached at 3-13. 
(16) Dorfman, L. M. Acc. Chem. Res. 1970, 3, 224. 
(17) Szwarc, M.; Jagur-Grodzinski, J. In “Ions and Ion Pairs in Organic 

Reactions”; Szwarc, M., Ed.; Wiley: New York, 1974; Vol. 2, Chapter 1.  
(18) Streitwieser, A.; Schwager, I .  J .  Phys. Chem. 1962, 66, 2316. 
(19) Peover, M. E. J .  Chem. SOC. 1962, 4540. 
(20) Prinz, R.; Bruce, J. M.; Dutton, P. L., to be published. 

1 0’ 

1 o8 

~~ 
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Figure 1. Intramolecular electron-transfer rate constants as a function 
of free energy change in MTHF solution at 296 K. Electrons transferred 
from biphenyl ions to the eight different acceptor groups, A (shown 
labeling the points), in eight bifunctional molecules having the general 
structure shown in the center of the figure. 

the exceptions of the first two points (@-naphthyl and 9-phenantryl) 
where actual equilibria were measurable in our pulse radiolysis 
experiments. 

Focusing first on the data obtained in MTHF, it is apparent 
that the rates span a range of more than 3 orders of magnitude 
with the maximum occurring a t  approximately 1.2 eV. According 
to theory7-12 this maximum should occur when -AGO matches the 
total reorganization energy A, accompanying the charge redis- 
tribution. The major contributions to X are the solvent reorg- 
anization energy, A,, and the change in internal vibrational modes, 
A,. The solid curve in Figure 1 was calculatedZ2 for X, - 0.75 
eV and A, = 0.45, very similar to values found in M T H F  glass.4 
Since the maximum of this curve has not yet been determined 
experimentally, there is some uncertainty (estimated a t  20%) 
associated with the A-values. The maximum rate corresponds to 
a transfer in which the Franck-Condon factors are maximized. 
The fall off a t  large exothermicity is caused by an increasing 
mismatch of the overlap of the vibrational wave functions. 

If the maximum of the curve is indeed defined by X of which 
the major component is the solvent reorganization energy, use of 
a less polar solvent than M T H F  should lead to a displacement 
of the curve to give a maximum a t  less negative AG. This is 
strikingly confirmed by the results obtained in isooctane. Although 
the data are not as complete because some of the reactions were 
too fast to measure with our present equipment, there is no doubt 

(21)  Richards, J. A.; Evans, D. H. J .  Electroanal. Chem. 1977, 81, 171. 
(22) See eq 111.4” of ref 11 or eq 4 of ref 4. 
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Figure 1. IH NMR spectra (90 MHz) of an acetone-d, solution con- 
taining 0.02 M chloranil and 0.02 M 2,2-dianisyl-l-methylenecyclo- 
propane (1, Ar = C6H40CH3) in the dark (bottom) and during UV 
irradiation (top), 

the two pairs of protons have the same signal direction and 
comparable enhancements. This finding suggests a common 
intermediate for the regeneration of 1 and for the formation of 
3 and 4. On the other hand, the fact that 1 shows emission, 
whereas 3 and 4 show enhanced absorption (Figure l ) ,  suggests 
that two different pathways exist between this intermediate and 
the "products." 

Two of the polarization-determining parameters,'* the initial 
spin multiplicity of the radical ion pairs ( p  > 0) and the relative 
magnitude of their g factors (Ag  < 0), can be assigned unam- 
biguously. The observed rearrangement3 and the polarization 
suggest that the methylene carbons bear positive spin density and 
that their protons have negative hyperfine coupling constants ( a  
< 0). Given these parameters, the signal direction of the adducts 
is compatible with singlet recombination ( e  > 0) of the inter- 
mediate radical ion pairs, whereas the starting material most likely 
is regenerated after separation of the geminate radical ion pairs 
( e  < 0). 

On the basis of these considerations, we propose a tri- 
methylenemethane radical cation (5) in which the spin density 

H 

Y 
H 5  6 

(1 1) The adducts are characterized by the following data. 3 mp 153-1 55 
OC (colorless needles); 'H  NMR (CDC13) d 3.22 (2 H, dd), 3.80 (6 H, s), 4.98 
(2 H, dd), 6.81-7.08 (8 H, m); mass spectrum, m / e  (25 eV, 120 "C) 514 (M+ 
+ 2, 7.1%), 512 (M', 12.7%), 510 (11.6%), 267 (100%). 251 (17.8%), 235 
(35.0%); IR (KBr) 1685, 1600, 1580, 1508, 1280, 1240 cm-'. Anal. Calcd 
for C24Hl8O4Cl4: C, 56.28; H, 3.54. Found: C, 56.46; H, 3.64. 4: mp 
194-196 OC dec (colorless needles); 'H NMR (CDC1,) 6 3.40 (2 H, dd), 3.80 
(6 H,  s), 5.25 (1 H,  td), 5.50 (1 H, td), 6.80-7.33 (8 H, m); mass spectrum, 
m / e  (25 eV, 120 "C), 514 (M+ + 2, 31.3%), 512 (M+, 55.8%), 510 (49.1%), 
405 (26.3%), 267 (loo%), 235 (30.8%), 214 (45.9%), 135 (54.9%); IR (KBr) 
1680, 1608, 1578, 1508, 1280, 1250 cm-'. Anal. Calcd for C24H1804C14: C 
56.28; H, 3.54. Found: C, 56.25; H, 3.65. 

(12) Kaptein, R. J. Chem. SOC., Chem. Commun. 1971, 732-733. 
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is primarily localized in an allyl moiety, whereas the charge is 
primarily localized in a diarylmethylene group attached in the 
2-position.') The previously proposed perpendicular (bisected) 
arrangement3 of the two T systems is consistent with the apparent 
localization of spin and charge. This type of intermediate is also 
favored as the least motion intermediate; its formation requires 
only rotation of the methylene group and not of the bulkier di- 
phenylmethylene moiety. 

Further insight into this system is provided by the photoreaction 
of chloranil with 2, which gives rise to strong emission for the 
cyclopropane singlet but does not result in any phenyl polarization. 
Moreover, this reaction does not produce any evidence for rear- 
rangement to 1. For the analysis of this polarization, p (>O) and 
Ag (<O) once again are unambiguous. The signal direction is then 
compatible either with singlet recombination ( e  > 0) and positive 
hfc's or with triplet recombination (e < 0) and negative hfc's. The 
latter combination of parameters is unlikely, since negative hfc's 
are characteristic for the ring-opened trimethylenemethane radical 
cation 5, which generates 1 as well as 3 and 4, none of which are 
observed. Accordingly, we assign positive hfc's to the intermediate 
and identify it as belonging to a principally different structure 
type, 6, which is in essence a diphenylethylene radical cation. The 
electron spin is localized principally on the tertiary cyclopropane 
carbon whereas the charge is localized in the diarylmethyl moiety. 
The cyclopropane bonds are not involved in delocalizing either 
charge or spin. This assignment is supported by photoreaction 
of chloranil with 1,l -diphenyl-2-methylpropene, formally a hy- 
drogenolysis product of 2. The CIDNP effects observed in this 
reaction are quite analogous to the results observed for 2: the 
allylic (methyl) protons show strong emission, whereas no po- 
larization is observed for the phenyl groups. 

The results reported here provide yet another example of two 
different radical cation structures derived from the same carbon 
skeleton. The accessibility of the structures is governed by sub- 
stituent effects. For the radical cation of 2 the geminal pair of 
aryl substituents restricts spin and charge to the R system, whereas 
the highly delocalized species 5 results from the interaction of the 
aromatic R system with the Walsh orbitals of the cyclopropane 
ring. 

(13) This charge distribution shows a similar trend as that derived for the 
1,l-diphenylallyl cation (Olah, G. A.; Spear, R. J. J .  Am. Chem. SOC. 1975, 
97, 1539-1546), but 5 shows an even stronger localization of the charge. 

Dependence of Rate Constants for Photoinduced Charge 
Separation and Dark Charge Recombination on the Free 
Energy of Reaction in Restricted-Distance 
Porphyrin-Quinone Molecules 

Michael R. Wasielewski,* Mark P. Niemczyk, 
Walter A. Svec, and E. Bradley Pewitt 

Chemistry Division, Argonne National Laboratory 
Argonne, Illinois 60439 

Received November 5, 1984 

The primary electron-transfer event of photosynthesis involves 
oxidation of the lowest excited singlet state of a chlorophyll electron 
donor by a nearby electron acceptor.' The distance between the 
donor and the acceptor is restricted by the surrounding reaction 
center protein. We recently prepared a series of restricted-distance 
porphyrin-quinone donor-acceptor molecules designed to study 
electron-transfer proceeding from the lowest excited singlet state 
of the porphyrin (Figure 1 ) . 2  We now report that the rate 
constants for both radical ion pair formation and recombination 
in these molecules depend on the exothermicity of the respective 

(1) Holten, D.; Hoganson, C.; Windsor, M. W.; Schenck, C. C.; Parson, 
W. W.; Migus, A,; Fork, R. L.; Shank, C. V. Biochim. Biophys. Acfo 1980, 
592, 461. 

(2) Wasielewski, M. R.; Niemczyk, M. P. J .  Am. Chem. SOC. 1984, 106, 
5043. 
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(6 H,  s), 5.25 (1 H,  td), 5.50 (1 H, td), 6.80-7.33 (8 H, m); mass spectrum, 
m / e  (25 eV, 120 "C), 514 (M+ + 2, 31.3%), 512 (M+, 55.8%), 510 (49.1%), 
405 (26.3%), 267 (loo%), 235 (30.8%), 214 (45.9%), 135 (54.9%); IR (KBr) 
1680, 1608, 1578, 1508, 1280, 1250 cm-'. Anal. Calcd for C24H1804C14: C 
56.28; H, 3.54. Found: C, 56.25; H, 3.65. 

(12) Kaptein, R. J. Chem. SOC., Chem. Commun. 1971, 732-733. 
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is primarily localized in an allyl moiety, whereas the charge is 
primarily localized in a diarylmethylene group attached in the 
2-position.') The previously proposed perpendicular (bisected) 
arrangement3 of the two T systems is consistent with the apparent 
localization of spin and charge. This type of intermediate is also 
favored as the least motion intermediate; its formation requires 
only rotation of the methylene group and not of the bulkier di- 
phenylmethylene moiety. 

Further insight into this system is provided by the photoreaction 
of chloranil with 2, which gives rise to strong emission for the 
cyclopropane singlet but does not result in any phenyl polarization. 
Moreover, this reaction does not produce any evidence for rear- 
rangement to 1. For the analysis of this polarization, p (>O) and 
Ag (<O) once again are unambiguous. The signal direction is then 
compatible either with singlet recombination ( e  > 0) and positive 
hfc's or with triplet recombination (e < 0) and negative hfc's. The 
latter combination of parameters is unlikely, since negative hfc's 
are characteristic for the ring-opened trimethylenemethane radical 
cation 5, which generates 1 as well as 3 and 4, none of which are 
observed. Accordingly, we assign positive hfc's to the intermediate 
and identify it as belonging to a principally different structure 
type, 6, which is in essence a diphenylethylene radical cation. The 
electron spin is localized principally on the tertiary cyclopropane 
carbon whereas the charge is localized in the diarylmethyl moiety. 
The cyclopropane bonds are not involved in delocalizing either 
charge or spin. This assignment is supported by photoreaction 
of chloranil with 1,l -diphenyl-2-methylpropene, formally a hy- 
drogenolysis product of 2. The CIDNP effects observed in this 
reaction are quite analogous to the results observed for 2: the 
allylic (methyl) protons show strong emission, whereas no po- 
larization is observed for the phenyl groups. 

The results reported here provide yet another example of two 
different radical cation structures derived from the same carbon 
skeleton. The accessibility of the structures is governed by sub- 
stituent effects. For the radical cation of 2 the geminal pair of 
aryl substituents restricts spin and charge to the R system, whereas 
the highly delocalized species 5 results from the interaction of the 
aromatic R system with the Walsh orbitals of the cyclopropane 
ring. 

(13) This charge distribution shows a similar trend as that derived for the 
1,l-diphenylallyl cation (Olah, G. A.; Spear, R. J. J .  Am. Chem. SOC. 1975, 
97, 1539-1546), but 5 shows an even stronger localization of the charge. 
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The primary electron-transfer event of photosynthesis involves 
oxidation of the lowest excited singlet state of a chlorophyll electron 
donor by a nearby electron acceptor.' The distance between the 
donor and the acceptor is restricted by the surrounding reaction 
center protein. We recently prepared a series of restricted-distance 
porphyrin-quinone donor-acceptor molecules designed to study 
electron-transfer proceeding from the lowest excited singlet state 
of the porphyrin (Figure 1 ) . 2  We now report that the rate 
constants for both radical ion pair formation and recombination 
in these molecules depend on the exothermicity of the respective 

(1) Holten, D.; Hoganson, C.; Windsor, M. W.; Schenck, C. C.; Parson, 
W. W.; Migus, A,; Fork, R. L.; Shank, C. V. Biochim. Biophys. Acfo 1980, 
592, 461. 

(2) Wasielewski, M. R.; Niemczyk, M. P. J .  Am. Chem. SOC. 1984, 106, 
5043. 
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Figure 1. Structures of the zinc, M = Zn, and free base, M = ZH, 
meso-triphenyltriptycenequinones: TPPAQ,  TPPNQ, TPPBQ, 
ZnTPPAQ, ZnTPPNQ, and ZnTPPBQ, where the fused quinones are 
anthraquinone, AQ, napthoquinone, NQ, or benzoquinone, BQ. 

electron-transfer reaction in the manner originally proposed by 
Marcus and later modified and extended by  other^.^ 

The porphyrinquinone molecules were excited with a 2-ps laser 
flash at 600 nm. The formation and decay of the porphyrin- 
quinone radical pair state was monitored at 460 and 650 nm with 
a 2-ps broad-band probe light pulse as described previously.2 
Measurements were performed at 21 O C  in toluene (e 2.4) and 
in butyronitrile (e 20). Each transient was analyzed by using the 
treatment of Provencher and could be described by a single ex- 
ponential rise or decay.4 It is important to note that the radical 
ion pair state of each molecule decays cleanly to ground state with 
no evidence of excited-state formation.2 

The exothermicity of the charge separation, -AG,,, and that 
of the charge recombination, -AGa, were obtained from eq 1 and 
2, respectively, where ,!?(SI) is the energy of the lowest excited 

-AGcs = ,!?(SI) -ED’’ + EAred + AG(6) 

-AGc. = EDOX - EAred - AG(t) 

(1) 

(2) 

singlet state of the molecule, EDOX and EArd are the measured EIj2 
values for the one-electron oxidation and reduction of the porphyrin 
donor and quinone acceptor, respectively,2 e is the solvent dielectric 
constant, and AG(c) is a term that incorporates both the sol- 
vent-dependent Coulomb energy change upon ion pair formation 
or recombination and the free energy of solvation of the ions. 
AG(c) was evaluated by using the recent treatment of Weller which 
is based upon application of the Born equation.5 With reference 
to eq 16 in Weller’s paper, an ionic distance a = 10.5 8, and an 
average ionic radius of 5.2 8, were used to calculate AG(e) = -0.45 
eV for toluene and -0.03 eV for butyronitrile. The correction for 
toluene agrees well with the fact that we did not observe radical 
ion pair state formation whenever E(&) < ED’’ - EAr* + 0.4 eV.* 

Figure 2 is a plot of rate constant vs. reaction exothermicity 
for both radical ion pair formation from the lowest excited singlet 
state of the porphyrin and for radical ion pair recombination 
leading back to the ground states of the donor and the acceptor.6 
At the 10.5 f 0.5 8, donor-acceptor distance’ in these molecules 
the charge separation rate constants for -AG > 0.4 eV approach 
the (2-4) X 10” s-I rate constants observed for the primary charge 

(3) (a) Marcus, R. A. J .  Chem. Phys. 1956, 24, 966. (b) Levich, V. 0. 
Adu. Electrochem. Electrochem. Eng. 1966, 4 ,  249. (c) Dogonodze, R. R. 
In “Reactions of Molecules at Electrodes”; Hush, N.  S., Ed.; Wiley-Inter- 
science: New York, 1971. (d) Van Duyne, R. P.; Fischer, S. F. Chem. Phys. 
1974, 5, 183. ( e )  Kestner, N. R.; Logan, J.; Jortner, J. J .  Phys. Chem. 1974, 
78, 2148. (0 Ulstrup, J.; Jortner, J. J .  Chem. Phys. 1975, 63, 4358. (g) 
DeVault, D. Q. Reu. Biophys. 1980, 13, 387. (h) Redi, M.; Hopfield, J. J .  
Chem. Phys. 1980, 72,  6651. (i) Brunschwig, B. S.; Logan, J.; Newton, M. 
D.; Sutin, N.  J .  Am.  Chem. Soc. 1980, 102, 5798. (j) Marcus, R. A,; Siders, 
P. J .  Phys. Chem. 1982,86, 622. 

(4) Provencher, S. W. J .  Chem. Phys. 1976, 64, 2772. 
(5) Weller, A. Z .  Phys. Chem. (Wiesbaden) 1982, 133, 93. 
( 6 )  The curves drawn in Figure 2 for both the charge separation and the 

charge recombination data are each the best fit to a quadratic f~nc t ion . ’~  
(7) The donor-acceptor distances were estimated by using Corey-Paul- 

ing-Koltun molecular models. 
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Figure 2. Plot of rate constant vs. exothermicity for the reaction ‘*P- 
Q - P+ - Q- and for Pt - Q- - P - Q, where P = porphyrin and Q = 
quinone. The B and T after the name of the compounds indicate data 
obtained in butyronitrile or in toluene, respectively. The maximum 
uncertainty in any given rate constant is i=200/0. 

separation of photosynthesis.’ 

Plotted on the same graph are the rate constants for the sub- 
sequent radical ion pair recombination reaction. Since each of 
these reactions proceeds directly to the ground electronic state 
without intermediate excited-state formation, the charge recom- 
bination rate constants can be measured at high exothermicities. 
The rate constant for this process dramatically decreases over 2 
orders of magnitude as the exothermicity of the recombination 
reaction increases. 

This large decrease in rate is predicted by theory and results 
from increasingly unfavorable Franck-Condon factors between 
the radical ion pair state and the corresponding neutral ground 
state.3 Miller et al. recently observed solvent-dependent 30- 
500-fold decreases in rate for highly exothermic electron transfer 
over a fixed 15-8, distance between aromatic radical anions and 
neutral molecules.* The electron-transfer rate constants observed 
in that work are about 1000 times smaller than those reported 
here presumably because the anion-neutral molecule distance is 
longer than the porphyrin-quinone distance, 15 vs. 10.5 A, re- 
spectively. Both of these fundamentally different experiments 
demonstrate that a key prerequisite for clear observation of the 
so-called inverted region in the rate vs. -AG dependence is the 
elimination of diffusion control of the electron-transfer 
This is highlighted by the fact that several of our measured rate 
constants are faster than the diffusion-control limit. 

Although the charge separation and recombination reactions 
involve different electronic states of the porphyrin donor, the 
dependences of the rate constants for each reaction on exother- 
micity shown in Figure 2 reach a common maximum at about 
k = 2.5 X lo1’ s-I and -AG = 0.9 eV. This is reasonable because 
the nuclear configuration and hence the vibrational energy level 
structure of the lowest excited T* singlet states of rigid molecules 
with extended a systems, e.g., porphyrins,’ is often very similar 
to that of the ground singlet state. By use of this assumption the 
maximum of the curve at about -AG = 0.9 eV can be interpreted 
as the approximate total reorganization energy for both the charge 
separation and recombination  reaction^.^ 

The question remains as to what fraction of this energy change 
is due to relaxation processes involving the solvent vs. the por- 
phyrin-quinone molecules. Interestingly, the measured reorg- 
anization energy is approximately solvent independent. The fastest 
electron transfers may be competing with dielectric relaxation of 
the solventlo and with vibrational relaxation” within the por- 
phyrin-quinone molecules. These effects would tend t o  reduce 

(8 )  Miller, J. R.; Calcaterra, L. T.; Closs, G. L. J .  Am.  Chem. Soc. 1984, 

(9) Seybold, P. G.; Goutermann, M. J .  Mol.  Speclrosc. 1969, 31, 1.  
( I O )  Huppert, D.; Kanety, H.; Kosower, E. M. Faraday Discuss. Chem. 

106, 3047. 
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anthraquinone, AQ, napthoquinone, NQ, or benzoquinone, BQ. 

electron-transfer reaction in the manner originally proposed by 
Marcus and later modified and extended by  other^.^ 

The porphyrinquinone molecules were excited with a 2-ps laser 
flash at 600 nm. The formation and decay of the porphyrin- 
quinone radical pair state was monitored at 460 and 650 nm with 
a 2-ps broad-band probe light pulse as described previously.2 
Measurements were performed at 21 O C  in toluene (e 2.4) and 
in butyronitrile (e 20). Each transient was analyzed by using the 
treatment of Provencher and could be described by a single ex- 
ponential rise or decay.4 It is important to note that the radical 
ion pair state of each molecule decays cleanly to ground state with 
no evidence of excited-state formation.2 

The exothermicity of the charge separation, -AG,,, and that 
of the charge recombination, -AGa, were obtained from eq 1 and 
2, respectively, where ,!?(SI) is the energy of the lowest excited 

-AGcs = ,!?(SI) -ED’’ + EAred + AG(6) 
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singlet state of the molecule, EDOX and EArd are the measured EIj2 
values for the one-electron oxidation and reduction of the porphyrin 
donor and quinone acceptor, respectively,2 e is the solvent dielectric 
constant, and AG(c) is a term that incorporates both the sol- 
vent-dependent Coulomb energy change upon ion pair formation 
or recombination and the free energy of solvation of the ions. 
AG(c) was evaluated by using the recent treatment of Weller which 
is based upon application of the Born equation.5 With reference 
to eq 16 in Weller’s paper, an ionic distance a = 10.5 8, and an 
average ionic radius of 5.2 8, were used to calculate AG(e) = -0.45 
eV for toluene and -0.03 eV for butyronitrile. The correction for 
toluene agrees well with the fact that we did not observe radical 
ion pair state formation whenever E(&) < ED’’ - EAr* + 0.4 eV.* 

Figure 2 is a plot of rate constant vs. reaction exothermicity 
for both radical ion pair formation from the lowest excited singlet 
state of the porphyrin and for radical ion pair recombination 
leading back to the ground states of the donor and the acceptor.6 
At the 10.5 f 0.5 8, donor-acceptor distance’ in these molecules 
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(3) (a) Marcus, R. A. J .  Chem. Phys. 1956, 24, 966. (b) Levich, V. 0. 
Adu. Electrochem. Electrochem. Eng. 1966, 4 ,  249. (c) Dogonodze, R. R. 
In “Reactions of Molecules at Electrodes”; Hush, N.  S., Ed.; Wiley-Inter- 
science: New York, 1971. (d) Van Duyne, R. P.; Fischer, S. F. Chem. Phys. 
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78, 2148. (0 Ulstrup, J.; Jortner, J. J .  Chem. Phys. 1975, 63, 4358. (g) 
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(5) Weller, A. Z .  Phys. Chem. (Wiesbaden) 1982, 133, 93. 
( 6 )  The curves drawn in Figure 2 for both the charge separation and the 

charge recombination data are each the best fit to a quadratic f~nc t ion . ’~  
(7) The donor-acceptor distances were estimated by using Corey-Paul- 

ing-Koltun molecular models. 

!OS ! I I I I 

0.0 0.5 : .O ! .5  2 . 0  

-AG [eVI 

Figure 2. Plot of rate constant vs. exothermicity for the reaction ‘*P- 
Q - P+ - Q- and for Pt - Q- - P - Q, where P = porphyrin and Q = 
quinone. The B and T after the name of the compounds indicate data 
obtained in butyronitrile or in toluene, respectively. The maximum 
uncertainty in any given rate constant is i=200/0. 

separation of photosynthesis.’ 
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these reactions proceeds directly to the ground electronic state 
without intermediate excited-state formation, the charge recom- 
bination rate constants can be measured at high exothermicities. 
The rate constant for this process dramatically decreases over 2 
orders of magnitude as the exothermicity of the recombination 
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This large decrease in rate is predicted by theory and results 
from increasingly unfavorable Franck-Condon factors between 
the radical ion pair state and the corresponding neutral ground 
state.3 Miller et al. recently observed solvent-dependent 30- 
500-fold decreases in rate for highly exothermic electron transfer 
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neutral molecules.* The electron-transfer rate constants observed 
in that work are about 1000 times smaller than those reported 
here presumably because the anion-neutral molecule distance is 
longer than the porphyrin-quinone distance, 15 vs. 10.5 A, re- 
spectively. Both of these fundamentally different experiments 
demonstrate that a key prerequisite for clear observation of the 
so-called inverted region in the rate vs. -AG dependence is the 
elimination of diffusion control of the electron-transfer 
This is highlighted by the fact that several of our measured rate 
constants are faster than the diffusion-control limit. 

Although the charge separation and recombination reactions 
involve different electronic states of the porphyrin donor, the 
dependences of the rate constants for each reaction on exother- 
micity shown in Figure 2 reach a common maximum at about 
k = 2.5 X lo1’ s-I and -AG = 0.9 eV. This is reasonable because 
the nuclear configuration and hence the vibrational energy level 
structure of the lowest excited T* singlet states of rigid molecules 
with extended a systems, e.g., porphyrins,’ is often very similar 
to that of the ground singlet state. By use of this assumption the 
maximum of the curve at about -AG = 0.9 eV can be interpreted 
as the approximate total reorganization energy for both the charge 
separation and recombination  reaction^.^ 

The question remains as to what fraction of this energy change 
is due to relaxation processes involving the solvent vs. the por- 
phyrin-quinone molecules. Interestingly, the measured reorg- 
anization energy is approximately solvent independent. The fastest 
electron transfers may be competing with dielectric relaxation of 
the solventlo and with vibrational relaxation” within the por- 
phyrin-quinone molecules. These effects would tend t o  reduce 

(8 )  Miller, J. R.; Calcaterra, L. T.; Closs, G. L. J .  Am.  Chem. Soc. 1984, 

(9) Seybold, P. G.; Goutermann, M. J .  Mol.  Speclrosc. 1969, 31, 1.  
( I O )  Huppert, D.; Kanety, H.; Kosower, E. M. Faraday Discuss. Chem. 

106, 3047. 

SOC. 1982, 74, 161. 

CS CR

D--A

D*--A

D.+--A.-

CS

CR
hν



Intramolecular ET 

Also found with the CR of D-B-A system with transition metal complexes

J. Am. Chem. SOC. 1989, 1 1  I ,  8305-8306 

18 

17 

16 

Ink  nr 15 

14 

13 

12 

8305 

- 

- 

- 

- 

- 

Intramolecular Electron Transfer in the Inverted Region 

Pingyun Chen, Rich Duesing, Gilles Tapolsky, and 
Thomas J .  Meyer* 

Department of Chemistry, University of North Carolina 
Chapel Hill, North Carolina 27599-3290 

Received June 12, 1989 

In 1960 Marcus predicted that rate constants for electron 
transfer should decrease with -AG in the inverted regi0n.I In 
the inverted region, -AG > A, where X is the reorganization energy 
and AG the free energy loss associated with the electron transfer. 
Experimental verification of this prediction has been difficult to 
obtain but has been found by pulse radiolysis in rigid organic 
glasses, by Closs, Miller, and co-workers in unsymmetrical, linked 
organics,2 in accounting for separation yields in photoinduced 
electron transfer,, and by light-induced electron transfer in linked 
porphyrinquinone systems4 We report here the first examples 
based on transition-metal complexes and, as predicted theoretically, 
that there is a clear relationship between electron transfer in the 
inverted region and nonradiative decay in a closely related family 
of excited states. 

Our experiments were based on the complexes [(4,4'-(x),- 
bpy)Re(CO),(py-PTZ)]+ (X = C02Et,  C(O)NEt,, H,  CH,, 
OCH,) and [(bpz)Re(CO),(py-PTZ)]+ (bpz = 2,2'-bipyrazine). 

W 
(4,4'-(Xh-bpy) (2,2'-bipyrarine) ( P Y - P W  

Earlier studies based on [(bpy)Re(CO),(py-PTZ)]+ (bpy = 
2,2'-bipyridine) have shown that following Re - bpy metal to 
ligand charge transfer (MLCT) excitation, rapid intramolecular 
electron transfer occurs to give a redox separated state, reaction 
1 .5 Subsequent decay of the redox separated state occurs by back 

[ (bpy'-)Re'1(C0)3(py-PTZ)]+* (1 a) 

hw 

[(bPY)Re'(Co),(PY-PTZ)I+ - 

[ (bpy'-)Re'(CO),(py-PTZ'+)]+* ( lb)  

electron transfer. This reaction, which is a ligand to ligand electron 
t r a n ~ f e r , ~ . ~  occurs with AG - -2.0 eV in 0.1 M [N(n- 
C4H9),](PF6) in CH3CN and is well within the inverted r e g i ~ n . ~  

The procedures-used for the preparation and characterization 
of the complexes have been described previou~ly.~ Electrochemical, 

were made in 
CH2ClCH2Cl (DCE) by using instrumentation and procedures 
that have been described e l~ewhere .~  Values of E, ,, for the 

(1) Marcus, R. A. Discuss. Faraday SOC. 1960, 29, 21. 
(2) (a) Beitz, J. V.; Miller, J. R. J .  Cfiem. Phys. 1979, 71, 4579. (b) 

Miller, J. R.; Beitz, J. V.; Huddleston, R. K. J .  Am. Cfiem. SOC. 1984,106, 
5057. (c) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller, 
J. V .  J .  P ~ Y s .  Chem. 1986,90,3673. (d) Gloss, G. L.; Miller, J. R. Science 

and transient absorbance 

1988, 240, 440. 
(3) (a) Gould, I .  R.; Ege, D.; Mattes, S. L.; Farid, S. J .  Am.  Cfiem. SOC. 

1987, 109, 3794. (b) Gould, I .  R.; Moser, J. E.; Armitage, B.; Farid, S. J .  
Am.  Cfiem. SOC. 1989, I l l ,  1917. (c) Gould, I. R.; Moody, R.; Farid, S. 1. 
Am. Chem. SOC. 1988, 110, 7242. 

(4) (a) Imine, M. P.; Harrison, R. J.; Beddard, G. S.; Leighton, P.; San- 
ders, J. K. M. Chem. Pfiys. 1986, 104, 315.  (b) Archer, M. P.; Gadzekpo, 
V. P. Y. ;  Bolton, J. R.; Schmidt, J. A,; Weedon, A. C. J.  Cfiem. SOC., Faraday 
Trans. 2 1986.82.2305. (c) Wasielewski. M. R.: Niewczvk. M. P.: Svec. W. 

(4,4'-(X)2-bpy)o/- and PTZ+/O couples for each com3ex were 
obtained by cyclic voltammetry. 

In Figure 1A is shown a plot of In klt for reaction 2 vs AEI12 
= E,j2(PTZ+/O) - El/2(4,4'-(X)z-bpy0/-) in DCE that was 0.1 M 
in [N(n-C,H,),] (PF,). The rate constants were determined by 
analyzing transient absorbance decay curves which were obtained 
following excitation at 355 nm bv using a Quanta Rav DCR-2A -~ 

A.; Pewitt, E. B. J .  Am. Chem. SOC. 1985, 107, 1080. 
* 

Nd:YAG laser.7b Analysis of the absorbance decay-profiles at 
= 51c-520 nm for mz.+ or at 370-390 nm, which is a region 

Of maximum absorbance for (4*4'-(X)2-bPY'-)* gave the Same 

( 5 )  (a) Chen, P.; Westmoreland, T. D.; Danielson, E.; Schanze, K.; An- 
thon, D.; Neveux, P. E., Jr.; Meyer, T. J.  Inorg. Chem. 1987, 26, 11 16. (b) 
Westmoreland. T. D.: Schanze. K. S.: Neveux. P. E.. Jr.: Danielson. E.: 

~ ~ ~ I ~ ~ . ~ ~  ~ I ~ .  

Sullivan, B. P.; Chen, P.; Meyer, T. J.'Znorg. Chem.1985, 24, 2596. 
(6) (a) Koester, V. J. Chem. Pfiys. Lett. 1975,32,575. (b) Crosby, G. A,; 

Highland, K. A.; Truesdell, K. A. Coord. Cfiem. Reu. 1985, 64, 41. (c) (7) (a) Tapolsky, G.; Duesing, R.; Meyer, T. J. J .  Phys. Chem. 1989, 93, 
Perkins, T. A.; Pourreau, D. B.; Netzel, T. L.; Schanze, K. S. J .  Pfiys. Cfiem. 3885.  (b) Danielson, E. Ph.D. Dissertation, University of North Carolina, 
1989, 93, 451 1. 1989. 
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In 1960 Marcus predicted that rate constants for electron 
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the inverted region, -AG > A, where X is the reorganization energy 
and AG the free energy loss associated with the electron transfer. 
Experimental verification of this prediction has been difficult to 
obtain but has been found by pulse radiolysis in rigid organic 
glasses, by Closs, Miller, and co-workers in unsymmetrical, linked 
organics,2 in accounting for separation yields in photoinduced 
electron transfer,, and by light-induced electron transfer in linked 
porphyrinquinone systems4 We report here the first examples 
based on transition-metal complexes and, as predicted theoretically, 
that there is a clear relationship between electron transfer in the 
inverted region and nonradiative decay in a closely related family 
of excited states. 

Our experiments were based on the complexes [(4,4'-(x),- 
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the inverted region, -AG > A, where X is the reorganization energy 
and AG the free energy loss associated with the electron transfer. 
Experimental verification of this prediction has been difficult to 
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organics,2 in accounting for separation yields in photoinduced 
electron transfer,, and by light-induced electron transfer in linked 
porphyrinquinone systems4 We report here the first examples 
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and AG the free energy loss associated with the electron transfer. 
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The photoinduced electron transfer (ET) reactions in solution

are regulated by various factors including the magnitude of
electronic interaction between donor (D) and acceptor (A), free
energy gap, and solvation dynamics as well as intramolecular
vibrations coupled with ET process.1-7 When the nonadiabatic
mechanism is applicable, the reaction can be well-understood on
the basis of the conventional theories,1-7 with an exception of
the lack of unambiguous observation of the inverted region in
the photoinduced charge separation (CS) reactions.3-6,8 In the case
of the reaction between D and A at diffusional encounter in polar
solutions, a larger solvent reorganization energy !s is favorable
to keep the rate constant kCS large for larger energy gap -!GCS,
and large !s means a large D-A encounter distance. This distance
distribution effect makes the observation of the inverted region
very difficult.3-6 Accordingly, quite many studies on distance-
fixed systems have been performed.3,6,8-12 Nevertheless, it was
difficult to synthesize such systems with various -!GCS values
including very large ones, and no unambiguous demonstration
of the inverted or whole normal and inverted regions is available.
For the unequivocal observation of the inverted region,

measurement of the ET from S2 state of zinc (II)-porphyrin (D)
to covalently linked acceptor is very fruitful, in view of the
relatively long lifetime of the S2 state (!2 ps measured in this
work) as well as a wide range of the available -!GCS.

Accordingly, we employed here a series of directly linked zinc
(II)-porphyrin (ZP)-imide (I) dyads as shown in Chart 1. The
direct linkage ensures the D-A electronic interaction strong
enough to realize the rapid CS reaction in competition with the
S2fS1 internal conversion. Nevertheless, we should note here
that the Soret bands of these ZP-I dyads and the excitation
energies !E(S2) " 2.9 eV are practically the same throughout
the series, being close to that of ZP itself. The imide group shows
no absorption band around the Soret band and longer wavelength
side. Moreover, no extra-absorption band due to charge transfer
(CT) as reported for the directly linked porphyrin-quinone
systems9,10 was observed in the neighborhood of S2 and below it,
and very weak S2 fluorescence spectrum observed for the ZP-I
series was in the same wavelength region as that of ZP itself.
Somewhat reduced D-A electronic coupling may be ascribed to
the nearly perpendicular conformation of the I moiety as revealed
by X-ray crystallography (Supporting Information). Moreover,
we have confirmed by MO calculation (PM3 INDO/S using
WinMOPAC), that the LUMO of the attached I moieties
commonly have a node at the connecting meso-positions, thereby
minimizing the electronic interactions.
We have measured one electron oxidation potential (Eox) and

reduction potential (Ered) of ZP-I in DMF (N,N-dimethylform-
amide) and have determined the free energy gaps (-!GCS) by
using the equation,-!GCS) !E(S2)- (Eox- Ered)- !GS, where
!GS is the correction term given by !GS ) (e2/2)(rD

-1 + rA
-1)

(!s-1 - !r-1) - (e2/!sr) on the basis of the dielectric continuum
model of the solvent.1 Here, rD and rA are effective radii of ZP

+

and I- ions, r is the center-to-center distance between the ions,
and !r is the dielectric constant of DMF, and !s is that of the
solvent used for the fluorescence measurements of the photo-
induced CS reactions. This evaluation of!GS in sufficiently polar
solvents such as tetrahydrofuran (THF), acetonitrile (ACN), and
GTA (glycerol triacetate) and using appropriate values for rD,
rA, and r taken from our previous studies on similar porphyrin-
acceptor linked compounds11,12 seem to provide reasonable values
for -!GCS. The values of (Eox - Ered)/eV determined by us are
as follows: 1.322 (ZP-NI), 1.592 (ZP-PI), 1.836 (ZP-Cl4PH),
2.034 (ZP-Cl2PH), 2.080 (ZP-ClPH), 2.140 (ZP-PH), 2.152
(ZP-MePH).
Figure 1 shows fluorescence decay curves of ZP and seven

ZP-I dyads in ACN solution measured by fs up-conversion
technique similar to that described elsewhere.13 All the decay
curves can be reproduced satisfactorily with single-exponential
functions. Quite similar decay curves have been observed also in
other solvents examined. From the single-exponential decay, kCS
has been determined by kCS ) "-1 - "0-1, where "0 (!2 ps) is
the lifetime of the S2 state of ZP itself. Figure 2 shows obtained
kCS values plotted against -!GCS. The inverted, top and normal
regions in the energy gap law for the photoinduced CS reaction
have been unambiguously observed here.
We have examined the dynamics of the transient absorption

spectra of ZP*(S2) - I and ZP+ - I- states with the fs-ps laser
photolysis apparatus described elsewhere.14 By analyzing time
dependencies of absorbances, we have obtained kCS values of ZP-
NI, ZP-PI and ZP-MePH in THF solutions as 9.5 # 1011 s-1,
5.1 # 1012 s-1 and 3.5 # 1012 s-1, respectively, which agree

* To whom correspondence should be addressed.
† Institute for Laser Technology.
‡ Kyoto University.
§ Osaka University.
(1) Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265.
(2) Barbara, P. F.; Jarzeba, W. AdV. Photochem. 1990, 15, 1.
(3) Mataga, N.; Miyasaka, H. Prog. React. Kinet. 1994, 19, 317.
(4) Matsuda, N.; Kakitani, T.; Denda, T.; Mataga, N. Chem. Phys. 1995,

190, 83.
(5) Kakitani, T.; Matsuda, N.; Yoshimori, A.; Mataga, N. Prog. React.

Kinet. 1995, 20, 347.
(6) Mataga, N.; Miyasaka, H. AdV. Chem. Phys. 1999, 107, 431.
(7) Bixon, M.; Jortner, J. AdV. Chem. Phys. 1999, 106, 35.
(8) A slight tendency of the inverted region has been reported for the

photoinduced CS from S1 state of porphyrin-quinone cyclophones. (a)
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The photoinduced electron transfer (ET) reactions in solution

are regulated by various factors including the magnitude of
electronic interaction between donor (D) and acceptor (A), free
energy gap, and solvation dynamics as well as intramolecular
vibrations coupled with ET process.1-7 When the nonadiabatic
mechanism is applicable, the reaction can be well-understood on
the basis of the conventional theories,1-7 with an exception of
the lack of unambiguous observation of the inverted region in
the photoinduced charge separation (CS) reactions.3-6,8 In the case
of the reaction between D and A at diffusional encounter in polar
solutions, a larger solvent reorganization energy !s is favorable
to keep the rate constant kCS large for larger energy gap -!GCS,
and large !s means a large D-A encounter distance. This distance
distribution effect makes the observation of the inverted region
very difficult.3-6 Accordingly, quite many studies on distance-
fixed systems have been performed.3,6,8-12 Nevertheless, it was
difficult to synthesize such systems with various -!GCS values
including very large ones, and no unambiguous demonstration
of the inverted or whole normal and inverted regions is available.
For the unequivocal observation of the inverted region,

measurement of the ET from S2 state of zinc (II)-porphyrin (D)
to covalently linked acceptor is very fruitful, in view of the
relatively long lifetime of the S2 state (!2 ps measured in this
work) as well as a wide range of the available -!GCS.

Accordingly, we employed here a series of directly linked zinc
(II)-porphyrin (ZP)-imide (I) dyads as shown in Chart 1. The
direct linkage ensures the D-A electronic interaction strong
enough to realize the rapid CS reaction in competition with the
S2fS1 internal conversion. Nevertheless, we should note here
that the Soret bands of these ZP-I dyads and the excitation
energies !E(S2) " 2.9 eV are practically the same throughout
the series, being close to that of ZP itself. The imide group shows
no absorption band around the Soret band and longer wavelength
side. Moreover, no extra-absorption band due to charge transfer
(CT) as reported for the directly linked porphyrin-quinone
systems9,10 was observed in the neighborhood of S2 and below it,
and very weak S2 fluorescence spectrum observed for the ZP-I
series was in the same wavelength region as that of ZP itself.
Somewhat reduced D-A electronic coupling may be ascribed to
the nearly perpendicular conformation of the I moiety as revealed
by X-ray crystallography (Supporting Information). Moreover,
we have confirmed by MO calculation (PM3 INDO/S using
WinMOPAC), that the LUMO of the attached I moieties
commonly have a node at the connecting meso-positions, thereby
minimizing the electronic interactions.
We have measured one electron oxidation potential (Eox) and

reduction potential (Ered) of ZP-I in DMF (N,N-dimethylform-
amide) and have determined the free energy gaps (-!GCS) by
using the equation,-!GCS) !E(S2)- (Eox- Ered)- !GS, where
!GS is the correction term given by !GS ) (e2/2)(rD

-1 + rA
-1)

(!s-1 - !r-1) - (e2/!sr) on the basis of the dielectric continuum
model of the solvent.1 Here, rD and rA are effective radii of ZP

+

and I- ions, r is the center-to-center distance between the ions,
and !r is the dielectric constant of DMF, and !s is that of the
solvent used for the fluorescence measurements of the photo-
induced CS reactions. This evaluation of!GS in sufficiently polar
solvents such as tetrahydrofuran (THF), acetonitrile (ACN), and
GTA (glycerol triacetate) and using appropriate values for rD,
rA, and r taken from our previous studies on similar porphyrin-
acceptor linked compounds11,12 seem to provide reasonable values
for -!GCS. The values of (Eox - Ered)/eV determined by us are
as follows: 1.322 (ZP-NI), 1.592 (ZP-PI), 1.836 (ZP-Cl4PH),
2.034 (ZP-Cl2PH), 2.080 (ZP-ClPH), 2.140 (ZP-PH), 2.152
(ZP-MePH).
Figure 1 shows fluorescence decay curves of ZP and seven

ZP-I dyads in ACN solution measured by fs up-conversion
technique similar to that described elsewhere.13 All the decay
curves can be reproduced satisfactorily with single-exponential
functions. Quite similar decay curves have been observed also in
other solvents examined. From the single-exponential decay, kCS
has been determined by kCS ) "-1 - "0-1, where "0 (!2 ps) is
the lifetime of the S2 state of ZP itself. Figure 2 shows obtained
kCS values plotted against -!GCS. The inverted, top and normal
regions in the energy gap law for the photoinduced CS reaction
have been unambiguously observed here.
We have examined the dynamics of the transient absorption

spectra of ZP*(S2) - I and ZP+ - I- states with the fs-ps laser
photolysis apparatus described elsewhere.14 By analyzing time
dependencies of absorbances, we have obtained kCS values of ZP-
NI, ZP-PI and ZP-MePH in THF solutions as 9.5 # 1011 s-1,
5.1 # 1012 s-1 and 3.5 # 1012 s-1, respectively, which agree
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The photoinduced electron transfer (ET) reactions in solution

are regulated by various factors including the magnitude of
electronic interaction between donor (D) and acceptor (A), free
energy gap, and solvation dynamics as well as intramolecular
vibrations coupled with ET process.1-7 When the nonadiabatic
mechanism is applicable, the reaction can be well-understood on
the basis of the conventional theories,1-7 with an exception of
the lack of unambiguous observation of the inverted region in
the photoinduced charge separation (CS) reactions.3-6,8 In the case
of the reaction between D and A at diffusional encounter in polar
solutions, a larger solvent reorganization energy !s is favorable
to keep the rate constant kCS large for larger energy gap -!GCS,
and large !s means a large D-A encounter distance. This distance
distribution effect makes the observation of the inverted region
very difficult.3-6 Accordingly, quite many studies on distance-
fixed systems have been performed.3,6,8-12 Nevertheless, it was
difficult to synthesize such systems with various -!GCS values
including very large ones, and no unambiguous demonstration
of the inverted or whole normal and inverted regions is available.
For the unequivocal observation of the inverted region,

measurement of the ET from S2 state of zinc (II)-porphyrin (D)
to covalently linked acceptor is very fruitful, in view of the
relatively long lifetime of the S2 state (!2 ps measured in this
work) as well as a wide range of the available -!GCS.

Accordingly, we employed here a series of directly linked zinc
(II)-porphyrin (ZP)-imide (I) dyads as shown in Chart 1. The
direct linkage ensures the D-A electronic interaction strong
enough to realize the rapid CS reaction in competition with the
S2fS1 internal conversion. Nevertheless, we should note here
that the Soret bands of these ZP-I dyads and the excitation
energies !E(S2) " 2.9 eV are practically the same throughout
the series, being close to that of ZP itself. The imide group shows
no absorption band around the Soret band and longer wavelength
side. Moreover, no extra-absorption band due to charge transfer
(CT) as reported for the directly linked porphyrin-quinone
systems9,10 was observed in the neighborhood of S2 and below it,
and very weak S2 fluorescence spectrum observed for the ZP-I
series was in the same wavelength region as that of ZP itself.
Somewhat reduced D-A electronic coupling may be ascribed to
the nearly perpendicular conformation of the I moiety as revealed
by X-ray crystallography (Supporting Information). Moreover,
we have confirmed by MO calculation (PM3 INDO/S using
WinMOPAC), that the LUMO of the attached I moieties
commonly have a node at the connecting meso-positions, thereby
minimizing the electronic interactions.
We have measured one electron oxidation potential (Eox) and

reduction potential (Ered) of ZP-I in DMF (N,N-dimethylform-
amide) and have determined the free energy gaps (-!GCS) by
using the equation,-!GCS) !E(S2)- (Eox- Ered)- !GS, where
!GS is the correction term given by !GS ) (e2/2)(rD

-1 + rA
-1)

(!s-1 - !r-1) - (e2/!sr) on the basis of the dielectric continuum
model of the solvent.1 Here, rD and rA are effective radii of ZP

+

and I- ions, r is the center-to-center distance between the ions,
and !r is the dielectric constant of DMF, and !s is that of the
solvent used for the fluorescence measurements of the photo-
induced CS reactions. This evaluation of!GS in sufficiently polar
solvents such as tetrahydrofuran (THF), acetonitrile (ACN), and
GTA (glycerol triacetate) and using appropriate values for rD,
rA, and r taken from our previous studies on similar porphyrin-
acceptor linked compounds11,12 seem to provide reasonable values
for -!GCS. The values of (Eox - Ered)/eV determined by us are
as follows: 1.322 (ZP-NI), 1.592 (ZP-PI), 1.836 (ZP-Cl4PH),
2.034 (ZP-Cl2PH), 2.080 (ZP-ClPH), 2.140 (ZP-PH), 2.152
(ZP-MePH).
Figure 1 shows fluorescence decay curves of ZP and seven

ZP-I dyads in ACN solution measured by fs up-conversion
technique similar to that described elsewhere.13 All the decay
curves can be reproduced satisfactorily with single-exponential
functions. Quite similar decay curves have been observed also in
other solvents examined. From the single-exponential decay, kCS
has been determined by kCS ) "-1 - "0-1, where "0 (!2 ps) is
the lifetime of the S2 state of ZP itself. Figure 2 shows obtained
kCS values plotted against -!GCS. The inverted, top and normal
regions in the energy gap law for the photoinduced CS reaction
have been unambiguously observed here.
We have examined the dynamics of the transient absorption

spectra of ZP*(S2) - I and ZP+ - I- states with the fs-ps laser
photolysis apparatus described elsewhere.14 By analyzing time
dependencies of absorbances, we have obtained kCS values of ZP-
NI, ZP-PI and ZP-MePH in THF solutions as 9.5 # 1011 s-1,
5.1 # 1012 s-1 and 3.5 # 1012 s-1, respectively, which agree

* To whom correspondence should be addressed.
† Institute for Laser Technology.
‡ Kyoto University.
§ Osaka University.
(1) Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265.
(2) Barbara, P. F.; Jarzeba, W. AdV. Photochem. 1990, 15, 1.
(3) Mataga, N.; Miyasaka, H. Prog. React. Kinet. 1994, 19, 317.
(4) Matsuda, N.; Kakitani, T.; Denda, T.; Mataga, N. Chem. Phys. 1995,

190, 83.
(5) Kakitani, T.; Matsuda, N.; Yoshimori, A.; Mataga, N. Prog. React.

Kinet. 1995, 20, 347.
(6) Mataga, N.; Miyasaka, H. AdV. Chem. Phys. 1999, 107, 431.
(7) Bixon, M.; Jortner, J. AdV. Chem. Phys. 1999, 106, 35.
(8) A slight tendency of the inverted region has been reported for the

photoinduced CS from S1 state of porphyrin-quinone cyclophones. (a)
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exactly with those obtained by the fluorescence up-conversion
studies. Moreover, our fs fluorescence studies on S2f S1 internal
conversion of ZP in THF showed clearly the rise of rather strong
S1 fluorescence in accordance with the decay of the S2 fluores-
cence.15 But no such rise of S1 fluorescence was recognized for
ZP-I systems, which means that the S2f S1 internal conversion
is strongly suppressed by competing CS.
It seems to be possible16 that the photoinduced ET dynamics

and its energy gap law depend on the excess vibrational energy
of the initial state. Our measurements in THF, where the excitation
wavelength was changed from 405 nm near the blue edge of the
Soret band to 425 nm at the red edge of the Soret band showed
the same CS rate constant in both cases, indicating that the
excitation to the hot S2 state is followed by ultrafast vibrational
redistribution which gives the vibrational states near the bottom
of S2, from which the ultrafast CS reaction takes place. This result
is compatible with the basic assumption for the conventional

formula of eq 1, and we have used it to reproduce the observed
results in Figure 2.

where V is the electronic coupling matrix element, S ) !"/p!#"
is the electron-vibration coupling constant, !" is the reorganization
energy associated with the averaged angular frequency !#" of
hfm (intramolecular high-frequency modes) and !s is the solvent
reorganization energy. The observed results in three polar solvents
are reasonably well reproduced by using parameters which are
close to those used in the related previous studies.6,8,11,12

In these polar solvents, the solvent reorganization in the course
of CS plays important role of reaction coordinate and causes an
activation barrier, giving rise to the normal region for ZP-MePH,
ZP-PH, ZP-ClPH, and ZP-Cl2PH with relatively small-!GCS
values in Figure 2. However, such normal region type energy
gap dependence was not recognized, but only the top and inverted
regions were detected in cyclohexane and toluene solutions, which
can be ascribed to the much smaller solvent reorganization
energies, leading to the negligibly small activation barrier at
relatively small -!GCS values. On the other hand, a very long
solvent relaxation time ($L ! 125 ps at 20 °C) has been reported
for GTA17 in contrast to those of ACN ("0.1 ps) and THF ("0.5
ps).18 Nevertheless, the fluorescence decay dynamics in GTA is
unambiguously single exponential, decay times in 100 fs regime
are very close to those observed in ACN and THF, and does not
show multiexponential or nonexponential decays due to the CS
at various solvation states along the slow solvation coordinate as
indicated by the previous works.2,7,17,20b,21

Thus, the observation of the normal region and very fast single
exponential decay dynamics caused by CS in highly viscous polar
solvent GTA raises a question concerning the fundamental nature
of the solvent reorganization coupled with photoinduced CS. It
seems to be necessary to invoke the ultrafast solvation2,19,20

coupled with CS reaction even in the viscous solvent GTA. We
have examined the dynamic Stokes shift (DSS) of coumarin dye
153 fluorescence in GTA and clearly recognized ultrafast DSS
in 100 fs regime in addition to main components with very long
relaxation times. Moreover, there was a study on the fast response
of GTA by using optical-heterodyne-detected Raman-induced
Kerr-effect spectroscopy, which predicted that about 25% of the
solvation dynamics will occur in 100 fs regime.22 Therefore, the
ultrafast solvent response in several 10 fs to 100 fs regime coupled
with ultrafast photoinduced CS is possible not only in the case
of such nonviscous polar solvents as ACN, THF, and so forth,
but also in such “slowly relaxing” viscous polar solvents as GTA
where the CS from S2 state of ZP-I seems to be completed in
100 fs regime owing to the coupling with the ultrafast response
component in the solvent reorganization dynamics.
Supporting Information Available: Molecular structure of ZP-Cl2-

PH revealed by X-ray crystallography. Evidence for the formation of the
ion-pair state from S2 excited state of ZP-I by means of time-resolved
transient absorption spectral measurements (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. Normalized fluorescence decay curves of ZP and ZP-I excited
at 405 nm and monitored at 430 nm at 20 °C in ACN. Observed
fluorescence rise and decay (open circles), simulation with single-
exponential function taking into account the apparatus response (solid
lines), apparatus response function (dashed line).

Figure 2. Energy gap dependencies of kCS and simulation with eq 1 at
20 °C. Observed values in THF (O), GTA (4), ACN (b), and simulation
(solid lines). ZP-I compounds: 1. ZP-MePH, 2. ZP-PH, 3. ZP-ClPH,
4. ZP-Cl2PH, 5. ZP-Cl4PH, 6. ZP-PI, 7. ZP-NI. Parameter values in
the global fitting with eq 1: V ) 0.024 eV, !" ) 0.3 eV, p!#" ) 0.15
eV throughout all three solvents, and !s for each solvent was determined
so as to get the best fit between kCS values calculated with eq 1 and the
observed values. The determined values are:!s (ACN) ) 0.76 eV, !s
(GTA) ) 0.69 eV, and !s (THF) ) 0.54 eV.
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exactly with those obtained by the fluorescence up-conversion
studies. Moreover, our fs fluorescence studies on S2f S1 internal
conversion of ZP in THF showed clearly the rise of rather strong
S1 fluorescence in accordance with the decay of the S2 fluores-
cence.15 But no such rise of S1 fluorescence was recognized for
ZP-I systems, which means that the S2f S1 internal conversion
is strongly suppressed by competing CS.
It seems to be possible16 that the photoinduced ET dynamics

and its energy gap law depend on the excess vibrational energy
of the initial state. Our measurements in THF, where the excitation
wavelength was changed from 405 nm near the blue edge of the
Soret band to 425 nm at the red edge of the Soret band showed
the same CS rate constant in both cases, indicating that the
excitation to the hot S2 state is followed by ultrafast vibrational
redistribution which gives the vibrational states near the bottom
of S2, from which the ultrafast CS reaction takes place. This result
is compatible with the basic assumption for the conventional

formula of eq 1, and we have used it to reproduce the observed
results in Figure 2.

where V is the electronic coupling matrix element, S ) !"/p!#"
is the electron-vibration coupling constant, !" is the reorganization
energy associated with the averaged angular frequency !#" of
hfm (intramolecular high-frequency modes) and !s is the solvent
reorganization energy. The observed results in three polar solvents
are reasonably well reproduced by using parameters which are
close to those used in the related previous studies.6,8,11,12

In these polar solvents, the solvent reorganization in the course
of CS plays important role of reaction coordinate and causes an
activation barrier, giving rise to the normal region for ZP-MePH,
ZP-PH, ZP-ClPH, and ZP-Cl2PH with relatively small-!GCS
values in Figure 2. However, such normal region type energy
gap dependence was not recognized, but only the top and inverted
regions were detected in cyclohexane and toluene solutions, which
can be ascribed to the much smaller solvent reorganization
energies, leading to the negligibly small activation barrier at
relatively small -!GCS values. On the other hand, a very long
solvent relaxation time ($L ! 125 ps at 20 °C) has been reported
for GTA17 in contrast to those of ACN ("0.1 ps) and THF ("0.5
ps).18 Nevertheless, the fluorescence decay dynamics in GTA is
unambiguously single exponential, decay times in 100 fs regime
are very close to those observed in ACN and THF, and does not
show multiexponential or nonexponential decays due to the CS
at various solvation states along the slow solvation coordinate as
indicated by the previous works.2,7,17,20b,21

Thus, the observation of the normal region and very fast single
exponential decay dynamics caused by CS in highly viscous polar
solvent GTA raises a question concerning the fundamental nature
of the solvent reorganization coupled with photoinduced CS. It
seems to be necessary to invoke the ultrafast solvation2,19,20

coupled with CS reaction even in the viscous solvent GTA. We
have examined the dynamic Stokes shift (DSS) of coumarin dye
153 fluorescence in GTA and clearly recognized ultrafast DSS
in 100 fs regime in addition to main components with very long
relaxation times. Moreover, there was a study on the fast response
of GTA by using optical-heterodyne-detected Raman-induced
Kerr-effect spectroscopy, which predicted that about 25% of the
solvation dynamics will occur in 100 fs regime.22 Therefore, the
ultrafast solvent response in several 10 fs to 100 fs regime coupled
with ultrafast photoinduced CS is possible not only in the case
of such nonviscous polar solvents as ACN, THF, and so forth,
but also in such “slowly relaxing” viscous polar solvents as GTA
where the CS from S2 state of ZP-I seems to be completed in
100 fs regime owing to the coupling with the ultrafast response
component in the solvent reorganization dynamics.
Supporting Information Available: Molecular structure of ZP-Cl2-

PH revealed by X-ray crystallography. Evidence for the formation of the
ion-pair state from S2 excited state of ZP-I by means of time-resolved
transient absorption spectral measurements (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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CH30H)], as outlined in Scheme I. The key conversion of the 
enantiomerically pure vinyl epoxide 7 to the 2-oxazolidone proceeds 
with complete retention of configuration. 

This metal-catalyzed facile (0 OC to room temperature) opening 
of vinyl epoxides with retention of configuration makes amino 
alcohol derivatives of defined stereochemistry readily available. 
The reaction course most simply may be interpreted in terms of 
path c of eq 1; however, the question of 0 vs. N alkylation in a 
kinetic sense is not established. W e  have determined that products 
of 0-alkylation do rearrange to the products of N-cyclization in 
the presence of the Pd(0) catalyst (eq 7). Thus, it is possible 

* ( 7 )  
!dba),Pd, CHCI, 

that the kinetic products of cyclization in the Pd(0) opening of 
vinyl epoxides with isocyanates are  the imino carbonates which 
subsequently rearrange to the presumed thermodynamically more 
stable 2-oxazolidones. Further work on the mechanism and scope 
of the reaction is in progress. 

Synthetically, the availability of vinyl epoxides from olefins 
makes this sequence the equivalent of hydroxyamination of an 
olefin. Alternatively, the availability of the vinyl epoxides via 

\ 
-OH- 

a sulfur ylide addition’’ to carbonyl partners makes this sequence 
equivalent to a regiocontrolled addition of an allylamine anion 
to a carbonyl group. 
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and the National Institutes of Health, General Medical Sciences, 
for their generous support of our programs. 
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mixture of the desired epoxide and its diastereomer. For an alternative 
approach for diastereoselective epoxidation, see: Hasan, I.; Kishi, Y. Tetra- 
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In recent years the physical and chemical properties of pho- 
toinduced electron-transfer reactions have been extensively 
studied,’ with particular emphasis on maximizing the efficiency 
of charge separation.2 However, energy-wasting return electron 
transfer, especially within the primary geminate radical ion pair 
for singlet-state reactions, often results in low quantum yields for 
free-ion formation.ls2 Detailed studies of the mechanisms and 
kinetics of product formation for several photosensitized elec- 
tron-transfer reactions suggest that a relationship exists between 
the thermodynamics and the kinetics of the return electron transfer 
process.laS3 In this work we summarize the results of laser flash 
photolysis studies which were specifically designed to study this 
relationship. The results provide a clear example of the Marcus 
“inverted region” in these p r o c e ~ s e s . ~  

Experiments were performed in degassed acetonitrile a t  room 
temperature  using 9, IO-dicyanoanthracene (DCA)  and 
2,6,9,10-tetracyanoanthracene (TCA) as the excited-state sen- 
sitizers and electron acceptors and naphthalene derivatives, di- 
phenylacetylene, and biphenyl as the electron donors (Table I). 
Absolute quantum yields for formation of free radical ions (@sep) 

were determined by using conventional laser flash photolysis. In 
each case, the excited acceptor was efficiently quenched by the 
electron donors; otherwise, minor corrections for incomplete in- 
terception were made. 4,4’-Dimethoxystilbene (DMS, 5 X 

M) was added to scavenge the radical cations which escaped the 
radical ion pair. The low concentration of DMS ensured that 
interception of the excited acceptor or of the geminate pair by 
D M S  was insignificant. The same transient species, the DMS 
radical cation, was monitored irrespective of the donor/acceptor 
pair. The relative amounts of DMS radical cation observed for 
the different donor/acceptor pairs gave the relative quantum yields 
for free-ion formation (asep) directly (Table I). The relative yields 
were converted to absolute yields by using the benzophenone triplet 
state as an  a ~ t i n o m e t e r . ~ ~ ~ ~ ~ ~  

A highly simplified mechanism which, however, includes the 
important processes required to understand the data is shown in 
Scheme I. Electron transfer from the donors to the excited-state 
acceptors is exothermic, and so other quenching mechanisms are 
not expected to be important. Weak exciplex emission can be 
detected for several of the donor/acceptor pairs, but the only 
process of significance for these exciplexes is geminate ion pair 
f o r m a t i ~ n . ~ ~ , ~  
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Table I. Absolute Quantum Yields for Separated Ion Formation for 

Quenching of Cyanoanthracene Excited Singlet States by Various 

Hydrocarbon Donors 

E,,, -AG,, 
donor acceptor asCp k,, s-’ V” eV 

biphenyl DCA -0.83’ -1.0 X 10’ 1.52 2.90 
diphenylacetylene DCA 0.760 1.58 X lo8 1.41 2.79 
naphthalene DCA 0.571 3.76 X los  1.36 2.74 
2-methyl- DCA 0.425 6.76 X lo8 1.24 2.62 

2,6-dimethyl- DCA 0.340 9.70 X IO’ 1.15 2.53 

biphenyl TCA 0.246 1.53 X lo9 1.52 2.40 

diphenylacetylene TCA 0.201 1.99 X l o 9  1.41 2.29 

naphthalene TCA 0.125 3.50 X lo9  1.36 2.24 

2-methyl- TCA 0.099 4.55 X IO9 1.24 2.12 

2,6-dimethyl- TCA 0.068 6.85 X I O 9  1.15 2.03 

naphthalene 

naphthalene 

naphthalene 

naphthalene 

“Oxidation potentials vs. ferrocene in methylene chloride with 2% 
trifluoroacetic acid and 2% trifluoroacetic anhydride a t  a frequency of 
5000 Hz with a 50-mV square-wave amplitude and a 5-mV step height 
(ref 5a, 8). Under the same conditions the oxidation potential of D M S  
is 0.61 and the reduction potentials of DCA and TCA are -1.38 and 

-0.88 V vs. ferrocene. The peaks of the reverse waves for biphenyl and 
naphthalene were not clearly defined. bThe  measured Gsep is 0.75. 
However, in this case geminate pair formation is almost isoenergetic, 
and we estimate that ion pairs are  formed a t  only ca. 90% efficiency. 

Scheme I 

1 *  
A + D  

f \  

IJ 
A + D  

\ D M S  

From steady-state product analysis studies the rate of diffusive 
separation (ksep)  for two reactions of the acceptors used in the 
present work has been determined to be ca. 5 X IO* s - I . ~  Inde- 
pendently, Weller et al. determined the same value for this rate, 
for the pyrene/dimethylanaline radical ion pair in acetonitrile a t  
room temperature.’ I t  is thus a reasonable assumption that 
variations in kSeq are not responsible for the variations in aSep, a t  
least for the radical ion pairs studied in the present work, which 
were designed to have very similar structures. The values of GSep 
are given by eq 1, k ,  can be evaluated by taking k,, as a constant 

a s e p  = ksep/(ksep + k-e) 

AG-e = E r e d ( A )  - Eox(D) 

(1) 

(2) 

value of 5 X I O 8  s-l (Table I). The free energy changes for each 
of the electron-transfer reactions, k ,  (AG-), were obtained from 
the oxidation potentials of the donors and the reduction potentials 
of the acceptors (eq 2, Table I). The redox parameters were all 
measured under identical conditions relative to ferrocene as a 
reference redox couple, using square-wave voltammetry a t  an 
ultramicro platinum disk electrode.* The decrease in k-, with 
increasing reaction exothermicity is clearly illustrated in Figure 
1. This effect is entirely analogous to the well-known example 
of radiationless transitions which become slower with increasing 
exothermicity (the energy gap law).9 More importantly, the data 

(7) Weller, A. Z .  Phys. Chem. (Munich) 1970, 69, 183. 
(8) (a) Osteryoung, J.  G.; Osteryoung, R. A. Anal. Chem. 1985.57, 101A. 

(b) Whelan, D. P.; O’Dea, J. J.; Osteryoung, J.  G. J .  Electroanal. Chem. 1986, 
202, 23. 

(9) Siebrand, W. J .  Chem. Phys. 1967, 46, 440. 
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Figure 1. Log k-, for return electron transfer within geminate ion pairs 
in acetonitrile at room temperature as a function of the free energy 

change for the reaction. The curve is calculated using eq 3 and the 

parameters shown in  the figure. The maximum calculated rate is 1.8 X 

10’0 S K I .  

provide a clear example of the Marcus inverted region in elec- 
tron-transfer proces~es,~ which obtained convincing experimental 
verification only re~ent1y . I~  The common feature of the elec- 
tron-transfer processes in which the inverted region has been 
observed is that the reactions are first order and do not depend 
upon diffusive encounter of the donor and acceptor. The important 
conclusion to be drawn from the present results is that the inverted 
region also plays an extremely important role in bimolecular 
reactions in homogeneous solution at rmm temperature. The data 
can be described in terms of an accepted formulation of recent 
electron-transfer theories (eq 3, Figure 1).i0a31’ We follow Miller 

k-, = ( a / h 2 X , k b T ) i / 2 1 q 2  

m 

(e -SSW/w!)  exp(-[(A, + LG + 
W=O 

WhU)2/4Askbr]l (3a) 

S = A,/hv (3b) 

and Closs and assume that the important skeletal vibrations can 
be approximated by a single averaged mode ( v  in eq 3) of fre- 
quency of 1500 cm-I, which is typical of carbon-carbon skeletal 
vibrations.Ioaab The other parameters are  S, which is the vibra- 
tional-electronic coupling strength (eq 3b); A, the reorganizational 
energy which is divided into solvation (A,) and vibration com- 
ponents (A”); and V, the coupling matrix element. The three 
parameters &, A,, and Vwere adjusted in order to fit the calculated 
rate constants to the data (Figure 1 ) .  The range of AG-e is not 
sufficient to accurately define the values of the parameters, and 
other values within 0.2 V can also be found to fit the data. 

Previously, Mataga et al. determined quantum yields for free-ion 
formation for various donor/acceptor pairs using flash p h o t o l y s i ~ . ~ ~  
However, in those studies either no correlation or very scattered 
correlations were observed between the kinetics and the ther- 
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diphenylacetylene TCA 0.201 1.99 X l o 9  1.41 2.29 

naphthalene TCA 0.125 3.50 X lo9  1.36 2.24 

2-methyl- TCA 0.099 4.55 X IO9 1.24 2.12 

2,6-dimethyl- TCA 0.068 6.85 X I O 9  1.15 2.03 
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“Oxidation potentials vs. ferrocene in methylene chloride with 2% 
trifluoroacetic acid and 2% trifluoroacetic anhydride a t  a frequency of 
5000 Hz with a 50-mV square-wave amplitude and a 5-mV step height 
(ref 5a, 8). Under the same conditions the oxidation potential of D M S  
is 0.61 and the reduction potentials of DCA and TCA are -1.38 and 

-0.88 V vs. ferrocene. The peaks of the reverse waves for biphenyl and 
naphthalene were not clearly defined. bThe  measured Gsep is 0.75. 
However, in this case geminate pair formation is almost isoenergetic, 
and we estimate that ion pairs are  formed a t  only ca. 90% efficiency. 
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From steady-state product analysis studies the rate of diffusive 
separation (ksep)  for two reactions of the acceptors used in the 
present work has been determined to be ca. 5 X IO* s - I . ~  Inde- 
pendently, Weller et al. determined the same value for this rate, 
for the pyrene/dimethylanaline radical ion pair in acetonitrile a t  
room temperature.’ I t  is thus a reasonable assumption that 
variations in kSeq are not responsible for the variations in aSep, a t  
least for the radical ion pairs studied in the present work, which 
were designed to have very similar structures. The values of GSep 
are given by eq 1, k ,  can be evaluated by taking k,, as a constant 

a s e p  = ksep/(ksep + k-e) 

AG-e = E r e d ( A )  - Eox(D) 
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value of 5 X I O 8  s-l (Table I). The free energy changes for each 
of the electron-transfer reactions, k ,  (AG-), were obtained from 
the oxidation potentials of the donors and the reduction potentials 
of the acceptors (eq 2, Table I). The redox parameters were all 
measured under identical conditions relative to ferrocene as a 
reference redox couple, using square-wave voltammetry a t  an 
ultramicro platinum disk electrode.* The decrease in k-, with 
increasing reaction exothermicity is clearly illustrated in Figure 
1. This effect is entirely analogous to the well-known example 
of radiationless transitions which become slower with increasing 
exothermicity (the energy gap law).9 More importantly, the data 
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Figure 1. Log k-, for return electron transfer within geminate ion pairs 
in acetonitrile at room temperature as a function of the free energy 

change for the reaction. The curve is calculated using eq 3 and the 

parameters shown in  the figure. The maximum calculated rate is 1.8 X 

10’0 S K I .  

provide a clear example of the Marcus inverted region in elec- 
tron-transfer proces~es,~ which obtained convincing experimental 
verification only re~ent1y . I~  The common feature of the elec- 
tron-transfer processes in which the inverted region has been 
observed is that the reactions are first order and do not depend 
upon diffusive encounter of the donor and acceptor. The important 
conclusion to be drawn from the present results is that the inverted 
region also plays an extremely important role in bimolecular 
reactions in homogeneous solution at rmm temperature. The data 
can be described in terms of an accepted formulation of recent 
electron-transfer theories (eq 3, Figure 1).i0a31’ We follow Miller 
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and Closs and assume that the important skeletal vibrations can 
be approximated by a single averaged mode ( v  in eq 3) of fre- 
quency of 1500 cm-I, which is typical of carbon-carbon skeletal 
vibrations.Ioaab The other parameters are  S, which is the vibra- 
tional-electronic coupling strength (eq 3b); A, the reorganizational 
energy which is divided into solvation (A,) and vibration com- 
ponents (A”); and V, the coupling matrix element. The three 
parameters &, A,, and Vwere adjusted in order to fit the calculated 
rate constants to the data (Figure 1 ) .  The range of AG-e is not 
sufficient to accurately define the values of the parameters, and 
other values within 0.2 V can also be found to fit the data. 

Previously, Mataga et al. determined quantum yields for free-ion 
formation for various donor/acceptor pairs using flash p h o t o l y s i ~ . ~ ~  
However, in those studies either no correlation or very scattered 
correlations were observed between the kinetics and the ther- 
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Direct Measurements of the Charge-Recombination Dynamics of Geminate Ion Pairs
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The rate constants of back-electron-transfer (BET) reaction within geminate ion pairs generated upon static
ET quenching of cyano-substituted anthracenes by aromatic amines and methoxy-substituted benzenes (MSB)
at high concentration in acetonitrile have been measured directly using ultrafast multiplex transient grating
spectroscopy. The free energy of BET, !GBET, was varied between -3.0 and -0.6 eV, a range corresponding,
in principle, to the inverted, barrierless, and normal regimes. When plotted vs !GBET, the measured rate
constants, kBET, exhibit a large scattering. Good fits of the semiclassical expression for nonadiabatic ET are
obtained if the rate constants are sorted according to the electron donor. The resulting electronic coupling
matrix elements V are larger and the solvent reorganization energies smaller than those reported for BET
within solvent-separated ion pairs, suggesting that BET takes place between ions in contact. However, in the
low exergonicity region, the observed BET rate constants are slower than those reported for contact ion pairs
formed by charge-transfer excitation. The dynamics of BET within radical pairs generated upon ET quenching
of the N-methylacridinium cation has also been investigated, and the role of the electrostatic interaction within
geminate ion pairs is discussed.

Introduction

Over the past 2 decades, there have been numerous reports
of the observation of the Marcus inverted region for electron-
transfer (ET) reactions.1-21 In most cases, the process was either
a charge recombination (CR) or a charge shift (CS). There are
only a very few cases where this effect has been observed in
the primary photoinduced ET.22

When CR within geminate ion pairs (GIPs) is discussed, two
types of intermediates have to be distinguished: contact ion
pairs (CIPs) and solvent-separated or loose ion pairs
(SSIPs).12,23-25 CIPs are generally formed by excitation in the
charge-transfer (CT) band of the ground-state complex. They
can also be generated upon diffusional ET quenching, when
the free energy of this process is small (!GET> ! -0.4 eV).26,27
On the other hand, SSIPs can be formed upon separation of

the CIP or upon diffusional ET quenching, when the free energy
of this process is sufficiently exergonic (!GET < ! -0.4 eV).26
In this case, contact is not a prerequisite for ET. The quencher
concentration must be sufficiently low to ensure that the
quenching is really diffusional and not static.
The free-energy dependence of CR in SSIPs can be apparently

well discussed within the framework of the semiclassical Marcus
theory of nonadiabatic ET. In most cases however, the rate
constant of back ET (BET) within SSIPs has been determined
indirectly from the measured free-ion yield, "ion, and by
assuming that the rate constant of separation of the GIP into
free ions was the same for a series of acceptor/donor (A/D)
pairs of similar size.5-7,11-13,17,20,28 Direct measurements of the
free-energy dependence of BET within SSIPs have been per-
formed by Mataga et al.8 In the barrierless region however, BET
was too fast to be determined with a reasonably low quencher
concentration and only lower limit values could be deduced.8

The free-energy dependence of BET within CIPs is apparently
different from that in SSIPs. Direct measurements performed
by several groups have shown that the decrease of the BET
rate constant with increasing exergonicity is substantially weaker
than that predicted by the Marcus theory for the inverted
region.24,27,29-31 Moreover, the normal region is absent; that is,
the BET rate constant increases monotonically with decreasing
free energy. Several hypotheses have been proposed to explain
this discrepancy.30-32

We present here a study of the free-energy dependence of
the rate constant of BET within GIPs, which are formed by ET
quenching of excited acceptors by donor molecules present at
high concentration, 1 M, in acetonitrile (ACN). In this case,
ET quenching is no longer diffusional, each excited acceptor
having a high probability to be in contact with a donor molecule.
Consequently, the resulting GIP can be expected to be a CIP
rather than a SSIP.

The electron acceptors (A) were cyano-substituted anthracenes
(see Chart 1 and Table 1), whereas the donors (D) were either
methoxy-substituted benzenes (MSB) or aromatic monoamines
(AMA) and diamines (see Chart 2 and Table 2). With these
A/D pairs, the free energy of BET, !GBET, could be varied from
-3.0 to about -0.6 eV. The rate constants of BET, kBET, were
determined directly by monitoring the decay of the GIP popu-
lation using ultrafast multiplex transient grating (TG) spectros-
copy. This technique was preferred to the more conventional
transient absorption spectroscopy for its superior sensitivity.33

To have a sufficiently large set of data, the CR dynamics of
GIPs with other electron acceptors (see Chart 1) has also been
measured.

An investigation of CS within geminate radical pairs (GRP)
generated by ET quenching of the N-methylacridinium cation
(see Chart 1) by various donors is also presented. The role of
electrostatic interaction will be studied by comparing the free-
energy dependence of CS in GRPs and that of CR in GIPs.
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ponents (A”); and V, the coupling matrix element. The three 
parameters &, A,, and Vwere adjusted in order to fit the calculated 
rate constants to the data (Figure 1 ) .  The range of AG-e is not 
sufficient to accurately define the values of the parameters, and 
other values within 0.2 V can also be found to fit the data. 

Previously, Mataga et al. determined quantum yields for free-ion 
formation for various donor/acceptor pairs using flash p h o t o l y s i ~ . ~ ~  
However, in those studies either no correlation or very scattered 
correlations were observed between the kinetics and the ther- 

( I O )  (a) Miller, J. R.; Beitz, J. V.;  Huddleston, R. K .  J .  A m .  Chem. SOC. 
1984, 106, 5057. (b) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, 
K. W.; Miller, J. R. J .  Phys. Chem. 1986, 90, 3673. (c) Wasielewski, M. R.; 
Niemczyk, M. P.; Svec, W. A,; Pewitt, E. 9. J .  Am.  Chem. SOC. 1985, 107, 
1080. (d) Irvine, M. P.; Harrison, R. J.; Beddard, G. S.; Leighton, P.; Sanders, 
J .  K. M. Chem. Phys. 1986, 104, 315. 

(11) (a) Van Duyne, R. P.; Fischer, S.  F. Chem. Phys. 1974, 5 ,  183. (b) 
Ulstrup, J.; Jortner, J. J .  Chem. Phys. 1975,63, 4358. (c) Siders, P.; Marcus, 
R. A. J .  Am. Chem. SOC. 1981, 103, 741, 748. 

(12) (a) Shiomaya, H.; Masuhara, H.; Mataga, N.  Chem. Phys. Letf .  
1982, 88, 161. (b) Ohno, T.; Yoshimura, A,; Mataga, N. J .  Phys. Chem. 
1986, 90, 3295. (c) Mataga, N.; Kanda, Y.;  Okada, T. J. Phys. Chem. 1986, 
90, 3880, 

centration of 1 M, the quenching is no longer diffusional, and

the ensuing ions must not be solvent-separated but rather in

contact. The use of eq 2 to extract ksep and kBET from kGIP for

A/D pairs with a substantial free-ion yield (!ion > 3%) is only

correct if CR within the SSIP is negligible. According to direct

investigations of CIP dynamics, the involvement of SSIPs in

CR is characterized by a biexponential decay of the IP

population, with the faster decay corresponding to the CIP and

the slower one to the SSIP.57-59 Because the decay of the GIP

population measured here was monoexponential, the assumption

of negligible CR in SSIP seems reasonable. In principle, a

monoexponential decay of the GIP population could also be

interpreted as a fast conversion of CIP into SSIPs followed by

CR in the SSIP. However, from an investigation of the

deuterium effect on the dynamics of CIPs composed of DCA

and weak donors, it could be shown that the free-ion yield was

essentially determined by the competition, within the CIP,

between CR and separation into free ions and that the role of

SSIPs was negligible.60

On the other hand, GIPs with a smaller free-ion yield (!ion

< 3%) decay predominantly by ultrafast CR, and thus kGIP !
kBET. Because CR is much faster than diffusion, the BET

distance must be essentially the same as the ET quenching

distance. Consequently, the CR processes investigated here must

take place at a contact distance.

kBET Values Sorted According to A. A plot of the kBET
values listed in Tables 3 and 4 as a function of the free energy

of BET, calculated as "GBET ) Ered(A) - Eox(D), shows a large

scattering of the data. Apparently much better correlations are

obtained if the kBET values are sorted according to the electron

acceptor, with the exception of the A/TMPD pairs. These corre-

lations can be fitted with parabolas, as predicted by the purely

classical Marcus theory.61 However, the theoretical parameters

obtained from a fit of the classical Marcus expression change

substantially from one acceptor to another in a way that is very

difficult to account for. Moreover, reasonable fits are only possi-

ble if the kBET values measured with the A/TMPD pairs are

omitted, and there is no reasonable explanation to justify this.

kBET Values Sorted According to D. Figure 5 shows the

measured kBET values sorted according to the electron donor.

The continuous lines are the best fits of the following semiclas-

sical expression for nonadiabatic ET:61,62

Figure 4. TG spectra measured with different A/D pairs in ACN at
various time delays after excitation.

TABLE 4: Kinetic Parameters of GIPs Containing Pe,
DMeA, and CNP

A/D
kBET
(ns-1)

!ion

(%)
ksep
(ns-1)

CNP/TMB 0.67 26 0.24
CNP/DMA 0.42 46 0.35
CNP/DEA 0.30 50 0.30
DMeA/TMPD 112 !0
Pe/TMPD 400 !0

TABLE 5: Maxima of the CT Band, !CT, Observed with
Various A/D Pairs

A/D
!CT
(nm) A/D

!CT
(nm) A/D

!CT
(nm)

CA/TMPD 450 TrCA/TMPD 650 TCA/DMA 572
DCA/DMA 470 TCA/TMB 500 TCA/DEA 602
DCA/TMPD 560 TCA/ANL 500 TCA/TMPD 764
TrCA/DMA 509 TCA/NMA 546

Figure 5. (A)-(E) Rate constants of BET sorted according to the donor
and best fits of eq 4. (F) Comparison of the calculated curves. The
numbers in the legends refer to the parameters listed in Table 7.

kBET )

2"

p
V
2
(4"!skBT)

-1/2!
n)0

" S
n

n!
exp(-S) exp[

"GBET + nh# + !s

4!skBT ]
(4)
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where V is a matrix element describing the electronic coupling

between the initial and final states, !s is the reorganization
energy associated with solvent modes and other low-frequency

intramolecular modes, " is the average frequency of the modes
coupled to ET, and S is the Huang-Rhys factor, which can be
considered as the average number of vibrational quanta excited

in the final state:

with !V being the reorganization energy associated with high-

frequency intramolecular modes.

For the fit, h" was fixed at 0.186 eV, which corresponds to
a vibrational frequency of 1500 cm-1.

The rate constants for pairs containing MSB donors correlate

very well with !GBET and decrease markedly with increasing
exergonicity (see Figure 5A). The resulting parameters of the

fit of eq 4 are listed in Table 6. Despite a rather large free-

energy range, the curvature of the free-energy dependence is

not pronounced enough to allow a univocal set of parameters

to be extracted. Table 6 shows other sets of parameters obtained

by fixing the value of !s during the fitting procedure (see also
Figure 5A). A value of !s higher than 1.2 eV results in a curve
that clearly does not fit the experimental data.

Although the MSBs seem to behave similarly, the situation

is substantially different with the AMAs and TMPD. Figure 5

shows that the BET rate constants in GIPs containing ANL,

NMA, DMA, DEA, and TMPD exhibit clearly a different free-

energy dependence. To have enough data to perform a fit of eq

4, the kBET values measured in GIPs with Pe, CNP, and DMeA

as electron acceptors are also reported. Although the AMAs

are structurally similar, kBET decreases continuously with

increasing substitution on the nitrogen atom, independently of

the acceptor, i.e., independently of the free-energy domain where

CR takes place. The parameters obtained from the best fit of

eq 4 to the BET rate constants measured in the A/DMA, A/DEA,

and A/TMPD pairs are listed in Table 6, and the corresponding

fits are shown in Figure 5. For the A/TMPD pairs, the curvature

of the free-energy dependence is too weak to allow a reliable

determination of the theoretical parameters. However, the rate

constants measured with the A/TMPD pairs present apparently

the same !GBET dependence as those found with the A/MSB
pairs (see Figure 5E). Grouping the data measured with these

two sets of GIPs allows a better fit of eq 4. The resulting

parameters are now more consistent with those obtained with

the A/DMA and A/DEA pairs. From these fits, it appears that

the solvent reorganization energy is almost constant. Because

the number of experimental points for the A/NMA and A/ANL

pairs is small, the !s value was fixed to 0.90 eV during the

fitting procedure, and only V and S were allowed to vary.

According to the best-fit parameters listed in Table 6, both

V and !V vary substantially with the nature of the donor. For

the AMAs, the decrease of V by an increasing substitution on

the nitrogen atom is accompanied by a parallel increase of !V.

It is reasonable to assume that the contribution of the acceptor

to !V must be about the same for all cyanoanthracenes. In

principle, the magnitude of this energy can be estimated from

the band shape of the electron transmission spectrum of A.63

Such spectra are not known, but those of benzene and

naphthalene have been reported.64 For these two molecules, !V
is on the order of 0.2 eV.64 It is therefore reasonable to assume

a similar reorganization energy for the acceptors used here.

Similarly, the intramolecular reorganization energy associated

with the neutralization of D•+ can be deduced from the band

shape of the photoelectron spectrum of D, i.e., from the

difference between its vertical and adiabatic ionization potentials,

!IP.65 As shown in Table 2, !IP decreases almost continuously
by going from ANL to DEA, which is in agreement with the !V
values obtained from the fit. Amines are known to have a

pyramidal structure around the N atom. However, this structure

is planar in the ionized state, and the reorganization energy

corresponds mainly to this structural change. The extent of

pyramidalization of the N atom in the neutral amine depends

on the size of the substituents. Neutral amines with three bulky

substituents, like triisopropylamine or triphenylamine, are known

to have a planar structure around the N atom.66,67 Thus, for such

amines, the reorganization energy upon ionization is small.

Consequently, the decrease of !IP, and hence of !V, observed

by going from ANL to DEA might be ascribed to a decrease of

the pyramidalization angle in the neutral amine by going from

H to ethyl substituents.

The decrease of V with an increasing substitution on the N

atom is probably due to the effect of charge dilution. In the

radical cation, the positive charge becomes more delocalized

as the size of the substituents increases, and the wave functions

involved in the CR are more diffuse in DEA•+ than in ANL•+.

Consequently, the electronic-coupling matrix element V, which

depends on the overlap of the wave functions of A•- and D•+,

becomes smaller. Such an effect has been invoked in a recent

investigation on the influence of steric crowding on the CR

dynamics within GIPs containing aliphatic amines.68 The

observed decrease of kBET with the increasing size of the

substituents on the N atom was too large to be entirely explained

by the effect of steric hindrance.

If the substitution of the AMAs has such a strong influence

on kBET, one wonders why this is not also the case with the

MSBs. The !IP values listed in Table 2 indicate that !V increases
with the number of methoxy substituents. It is reasonable that,

if each methoxy group undergoes some structural change upon

ionization, the total reorganization energy increases with the

number of groups.

The electronic-coupling matrix element V can be expected

to decrease with the number of methoxy substituents for the

reason discussed above with the AMAs. With the amines, this

decrease of V was accompanied by a parallel decrease of !V.

With the MSBs, this decrease of V is predicted to occur with

an increase of !V.

As was already mentioned above, the kBET values measured

with MSBs lie in the inverted region, and the fit of eq 4 does

not result in very reliable values of V and !V. At constant !s,
reasonably good fits can be obtained with different sets of V

TABLE 6: Parameters Obtained from the Fit of Equation 4
to the kBET Data Sorted According to the Donora

A/D
V

(cm-1)
!s

(cm-1)
!V(Sh")
(eV)

A/MSB 137 0.53 0.60 1
88 0.90b 0.41 2
73 1.20b 0.26 3

A/DEA 58 0.90 0.25 4
A/DMA 68 0.87 0.28 5
A/TMPD 80 0.40 0.93 6

89 0.90b 0.42 7
A/MSB-TMPD 92 0.86 0.44 8
A/NMA 73 0.90b 0.36 9
A/ANL 81 0.90b 0.45 10

a The vibrational frequency was fixed at 1500 cm-1. The numbers
in the last column correspond to the calculated curves shown in Figure
5. b !s was fixed at this value during the fit.

S )
!"

h" (5)
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Ultrafast is ‘useful’ (part 2) 

Intermolecular charge recombination
Direct determination

>90% of ion pairs

<10% of ion pairs

D+A

D*+A

D.+ A.-

CR



Intermolecular charge recombination

The reaction scheme for photoinduced intermolecular ET is more complex
than originally assumed so CR depend on what type of ion pair (IP) one looks at.

Because distance and orientation between D and A are not fixed, distribution
of IP structures.
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Intermolecular charge recombination

The reaction scheme for photoinduced intermolecular ET is more complex
than originally assumed so CR depend on what type of ion pair (IP) one looks at.

Because distance and orientation between D and A are not fixed, distribution
of IP structures.

Two limiting IP structures: 

tight IP (TIP) 

- direct excitation of DA complex
- weakly exergonic CS
- more exergonic CS by static quenching

loose IP (LIP) 

- moderate to highly exergonic CS at
weak concentration (diffusive quenching)



strong coupling
(TIP)

hot CR

weak coupling
(LIP)

thermal CR

CR of ion pairs formed by intermolecular ET 
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CR of ion pairs formed by charge-transfer excitation
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Non-adiabatic electron transfer

ET between weakly coupled reactants is quite well understood

In most cases, well described by semi-classical Marcus theory

Major remaining questions:

- Why no inverted region for photoinduced intermolecular CS ?

- What is the structure of the reaction intermediates  (ion pairs, exciplexes, ...) ?

- At what distance intermolecular ET takes place ?



Ultrafast electron transfer

Photoinduced intermolecular CS in electron donating solvents: 

oxazine in dimethylaniline: ~50 fs (Rubstov et al., J. Phys. Chem. A 103 (1999) 
1801)

Photoinduced charge injection into a semi-conductor:

alizarin on TiO2: ~6 fs (Huber et al., J. Phys. Chem. B 106 (2002) 6494)  

Photoinduced intramolecular CS in strongly coupled donor--acceptor systems:

ferrocene-nile blue: 90 fs (P. Gilch et al., Chem. Phys. Lett. 352 (2002) 176)

CR in strongly coupled ion pairs:

Perylene-TCNE: 120 fs (O. Mohammed et al., J. Phys.Chem. A 112 (2008) 5804)



Diffusive motion along a one-dimensional potential

Adiabatic ET in solution

Langevin equation:

 
m Q = −

dER,P

dQ
− ξ Q + R t( )

random forces 
friction coef. 

Review: H. Heitele, Angew. Chem. Int. Ed. 32 (1993) 359.

kET = A
τ s
exp − ΔG≠

kBT
⎛
⎝⎜

⎞
⎠⎟

solvent relaxation time

adiabatic solvent-controlled ET



Barrierless ET (ΔG≠=0) kET ≤ τ s
−1

ET cannot be faster than solvent relaxation 

kET = τ s
−1 found in many intramolecular CS processes 

example: in THF (τs= 0.2 ps + 1.5 ps) 

N

N

eh

2 ps

J. Phys. Chem. A 112 (2008) 9655

Adiabatic ET in solution



If ΔGET < 0  in apolar media, ET can be faster than solvation 

Sumi-Marcus 2D model

The barrier height depends on X: ΔG≠(X)

The ET rate constant depends on X: ΔG≠(X)

2-D model of ET reaction:
- vibrational reaction coordinate q (fast) 
- solvent reaction coordinate X (slow)



CR of excited donor acceptor complexes
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relaxation along X:
- inertial solvent motion (~50-100 fs)
- diffusive solvent motion (0.5-5 ps)AD

A-D+

solvent coordinate X

v=2

v=3

v=4

v=1

hybrid model for non-equilibrium (hot) CR
(Sumi-Marcus + vibrational quantum modes)

Barbara et al.JPC 96 (1992) 3728  

CR of excited donor acceptor complexes

X t( ) = xis exp −t τ is( )2 + xds exp −t τ ds( )



comparison with experimental data
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AD A-D+

solvent coordinate X

excitation wavelength dependence of CR

J. Chem. Phys., 121 (2004) 4643

Δ
A
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time delay (ps)
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620 nm

IDU/TCNE

J. Phys. Chem. A, 109 (2005) 8236

CR of excited donor acceptor complexes



In some cases, ET can be faster than vibrational relaxation and dephasing

ET and vibrational relaxation

- tuning the ET dynamics by selective excitation of vibration

- vibrational coherence in ET

- coherent control of ET

- ...

Still largely unexplored 



Still many things left to investigate: 

Outlook

- symmetry-breaking CS (control of the direction of the charge flow, ...)

- open questions in intermolecular ET (inverted regime, distance, structure, ...)

- non-equilibrium ET processes (excitation wavelength dependence, ...)

- electron flow in donor-bridge-acceptor systems

- proton-coupled ET 

- photoinduced ET at liquid interfaces

- ....



Photoinduced transmembrane proton gradient:

Photoinduced ET in organised systems (with S. Matile)
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Photoproduction of Proton Gradients
with p-Stacked Fluorophore
Scaffolds in Lipid Bilayers
Sheshanath Bhosale,1 Adam L. Sisson,1 Pinaki Talukdar,1 Alexandre Fürstenberg,2

Natalie Banerji,2 Eric Vauthey,2 Guillaume Bollot,1 Jiri Mareda,1 Cornelia Röger,3

Frank Würthner,3 Naomi Sakai,1 Stefan Matile1*

Rigid p-octiphenyl rods were used to create helical tetrameric p-stacks of blue, red-fluorescent
naphthalene diimides that can span lipid bilayer membranes. In lipid vesicles containing quinone
as electron acceptors and surrounded by ethylenediaminetetraacetic acid as hole acceptors,
transmembrane proton gradients arose through quinone reduction upon excitation with visible
light. Quantitative ultrafast and relatively long-lived charge separation was confirmed as the origin
of photosynthetic activity by femtosecond fluorescence and transient absorption spectroscopy.
Supramolecular self-organization was essential in that photoactivity was lost upon rod shortening
(from p-octiphenyl to biphenyl) and chromophore expansion (from naphthalene diimide to
perylene diimide). Ligand intercalation transformed the photoactive scaffolds into ion channels.

I
n biological systems, light harvesting uses
the energy in photons to drive chemical
reactions. Although many biomimetic and

supramolecular compounds have been de-
vised to collect photons, the output of these
systems often consists of photons of lower
energy. The outstanding challenge is to devise
schemes in which acceptor chromophores can
transfer the charge carrier (electron or hole)
to generate a chemical product (for example,
H! or O2) before relaxation to the initial state
occurs.

In proteins, a series of chromophores is used
to separate charges and avoid back reactions
(1–3). In smaller biomimetic assemblies, an al-
ternative strategy is to transfer charge to elec-
tron donors and acceptors in solution, provided
that these donors and acceptors can be spatially
separated and that these transfers occur faster
than the charge recombination (4–7). We report
the design, synthesis, and evaluation of blue,
red-fluorescent rigid-rod photosystems (1), in
which the p-stack apparently supports sufficient
charge-separation lifetimes for conversion into
chemical gradients (Fig. 1).

The construction of complex and multifunc-
tional p-architecture is difficult because of the
poor directionality of p,p-interactions (8–18).
Apart from a central role in oligonucleotide chem-
istry and biology (18), cofacial p-stack architec-
ture contributes very little to electron transfer in
biological (1–3) and synthetic (4–7) photosys-
tems, not to speak of the structure of biological
or synthetic ion channels or pores (19). Re-
cently, we have demonstrated that the rational
design of refined transmembrane p-stack archi-

tecture is feasible with the use of rigid-rod
molecules as preorganizing scaffolds (20, 21).
This strategy was applied not only to create
photosystem 1 but also to introduce multifunc-
tionality; that is, to enable photosystem 1 to
open up into ion channel 2 in response to the
intercalation of ligands 3 (Fig. 1).

Photosystem 1 was prepared by self-assembly
of four p-octiphenyls (4), each bearing eight

core-substituted naphthalene diimides (NDIs)
(22) along the rigid-rod scaffold (Fig. 2 and
scheme S1). The NDI octamer 4 was synthe-
sized from simple commercial starting ma-
terials 5 to 10 in 20 steps altogether. Pyrene 5
was oxidized to the core-chlorinated dianhy-
dride to allow for the introduction of terminal
(6 and 7) and central (8) amines before attach-
ment along the p-octiphenyl rod made from
four biphenyls (10) (23). The following control
molecules were synthesized in a similar man-
ner: NDI dimer 11, NDI monomer 12, perylene
diimide (PDI) octamer 13, and PDI dimer 14
(schemes S2 and S3).

Unsubstituted NDIs are colorless nonfluo-
rescent electron traps. However, recent findings
show that a minor change on the structural
level suffices to introduce all of the character-
istics needed for photosynthetic activity. Core
substitution with electron-donating alkylamines
produces compact blue, red-emitting push-
pull fluorophores (excitation wavelength lex 0
638 nm; emission wavelength lem 0 678 nm),
lowers the reduction potential by 300 mV, and
moves the oxidation potential within reach
(22). The resulting potentials for NDI reduc-
tion to the radical anion NDI&– Eredox poten-
tial (E1/2) 0 –710 mV^ and oxidation to
NDI&! (E1/2 0 !1290 mV) appeared compat-
ible with photoinduced charge separation in
p-stack architecture 1 for electron transfer to

1Department of Organic Chemistry, 2Department of Phys-
ical Chemistry, University of Geneva, Geneva, Switzerland.
3Institut für Organische Chemie, Universität Würzburg, Am
Hubland, D-97074 Würzburg, Germany.

*To whom correspondence should be addressed. E-mail:
stefan.matile@chiorg.unige.ch

Fig. 1. Smart photosystem 1 with an indication of the ligand-gated opening into ion channel 2
and fluorometric detection of photosynthetic activity in bilayer membranes with HPTS as internal
increase in pH after photoinduced charge separation (1CS), followed by external EDTA oxidation
and internal reduction of quinones (Q). hn, photonic energy.
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Rigid p-octiphenyl rods were used to create helical tetrameric p-stacks of blue, red-fluorescent
naphthalene diimides that can span lipid bilayer membranes. In lipid vesicles containing quinone
as electron acceptors and surrounded by ethylenediaminetetraacetic acid as hole acceptors,
transmembrane proton gradients arose through quinone reduction upon excitation with visible
light. Quantitative ultrafast and relatively long-lived charge separation was confirmed as the origin
of photosynthetic activity by femtosecond fluorescence and transient absorption spectroscopy.
Supramolecular self-organization was essential in that photoactivity was lost upon rod shortening
(from p-octiphenyl to biphenyl) and chromophore expansion (from naphthalene diimide to
perylene diimide). Ligand intercalation transformed the photoactive scaffolds into ion channels.

I
n biological systems, light harvesting uses
the energy in photons to drive chemical
reactions. Although many biomimetic and

supramolecular compounds have been de-
vised to collect photons, the output of these
systems often consists of photons of lower
energy. The outstanding challenge is to devise
schemes in which acceptor chromophores can
transfer the charge carrier (electron or hole)
to generate a chemical product (for example,
H! or O2) before relaxation to the initial state
occurs.

In proteins, a series of chromophores is used
to separate charges and avoid back reactions
(1–3). In smaller biomimetic assemblies, an al-
ternative strategy is to transfer charge to elec-
tron donors and acceptors in solution, provided
that these donors and acceptors can be spatially
separated and that these transfers occur faster
than the charge recombination (4–7). We report
the design, synthesis, and evaluation of blue,
red-fluorescent rigid-rod photosystems (1), in
which the p-stack apparently supports sufficient
charge-separation lifetimes for conversion into
chemical gradients (Fig. 1).

The construction of complex and multifunc-
tional p-architecture is difficult because of the
poor directionality of p,p-interactions (8–18).
Apart from a central role in oligonucleotide chem-
istry and biology (18), cofacial p-stack architec-
ture contributes very little to electron transfer in
biological (1–3) and synthetic (4–7) photosys-
tems, not to speak of the structure of biological
or synthetic ion channels or pores (19). Re-
cently, we have demonstrated that the rational
design of refined transmembrane p-stack archi-

tecture is feasible with the use of rigid-rod
molecules as preorganizing scaffolds (20, 21).
This strategy was applied not only to create
photosystem 1 but also to introduce multifunc-
tionality; that is, to enable photosystem 1 to
open up into ion channel 2 in response to the
intercalation of ligands 3 (Fig. 1).

Photosystem 1 was prepared by self-assembly
of four p-octiphenyls (4), each bearing eight

core-substituted naphthalene diimides (NDIs)
(22) along the rigid-rod scaffold (Fig. 2 and
scheme S1). The NDI octamer 4 was synthe-
sized from simple commercial starting ma-
terials 5 to 10 in 20 steps altogether. Pyrene 5
was oxidized to the core-chlorinated dianhy-
dride to allow for the introduction of terminal
(6 and 7) and central (8) amines before attach-
ment along the p-octiphenyl rod made from
four biphenyls (10) (23). The following control
molecules were synthesized in a similar man-
ner: NDI dimer 11, NDI monomer 12, perylene
diimide (PDI) octamer 13, and PDI dimer 14
(schemes S2 and S3).

Unsubstituted NDIs are colorless nonfluo-
rescent electron traps. However, recent findings
show that a minor change on the structural
level suffices to introduce all of the character-
istics needed for photosynthetic activity. Core
substitution with electron-donating alkylamines
produces compact blue, red-emitting push-
pull fluorophores (excitation wavelength lex 0
638 nm; emission wavelength lem 0 678 nm),
lowers the reduction potential by 300 mV, and
moves the oxidation potential within reach
(22). The resulting potentials for NDI reduc-
tion to the radical anion NDI&– Eredox poten-
tial (E1/2) 0 –710 mV^ and oxidation to
NDI&! (E1/2 0 !1290 mV) appeared compat-
ible with photoinduced charge separation in
p-stack architecture 1 for electron transfer to
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Fig. 1. Smart photosystem 1 with an indication of the ligand-gated opening into ion channel 2
and fluorometric detection of photosynthetic activity in bilayer membranes with HPTS as internal
increase in pH after photoinduced charge separation (1CS), followed by external EDTA oxidation
and internal reduction of quinones (Q). hn, photonic energy.
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