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CONVERSION OF LIGHT INTO ELECTRICAL POWER 
IN A MOLECULAR LAYER STRUCTUREfC 

FRANK WILLIG, KLAUS-PETER CHARLE, 
MARK VAN DER AUWERAERgCfC and KAY BITTERLING 
Fritz-Haber-Institut der Max-Planck-Gesellschaft, 
Faradayweg 4 - 6 ,  D-1000 Berlin 3 3 ,  West Germany 

Abstract A stepwise change in the standard redox po- 
tential with a total drop of about 0.5 eV has been re- 
alized in a molecular structure containing 3 different 
chromophores in successive molecular layers. With red 
light the molecular structure delivers a current yield 
of 0 . 3  holes per absorbed photon. Current yield and 
power conversion efficiency of the molecular converter 
are expressed in simple formulas in terms of experimen- 
tally accessible quantities. 

INTRODUCTION 

Separation of photo-generated electron-hole pairs in a down- 
hill potential gradient is an essential feature of semicon- 
ductor solar cells achieving conversion of light into elec- 
trical power ( 1 ) .  A similar downhill electron-hole pair 
separation can be realized in a molecular system through a 
stepwise change in the electrochemical standard redox po- 
tential along a molecular chain o f  acceptors for the mobile 

electron (or donors for the mobile hole). Such a downhill 
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330 F. WILLIG ef al. 

reaction sequence occurs in the electron transfer chain of 

the reaction center of bacterial photosynthesis (2). 
An electron transfer chain is not required for a molec- 

ular system where efficient electron-hole pair separation 
is to be achieved without concern for the energy loss. For 
example electron-hole pair separation with a yield close to 
1 has been found for the case of dye sensitized charge in- 

jection in the presence of a high applied electric field at 
the surface of ultrapure anthracene crystals where the mo- 
bile hole moves about between identical molecules or sites 
in the crystal ( 3 , 4 ) .  In this case the hole has to climb up 
a Coulombic hill (endergonic reaction sequence) in order to 

escape from recombination with its counter charge, i.e. the 
electron on the reduced dye. Yet recombination losses can 
be suppressed since the rate constant for recombination is 
in the range of lo8 s-*  in the singlet spin state of the 
electron hole pair and the effective rate constant for ir- 
reversible escape is enhanced to > I 0  s at applied elec- 
tric fields > I 0  V cm-l. 

9 - 1  

5 

However, application of a large external voltage as in 
the above case is prohibitive when aiming at the conversion 

of light into electrical power since, for carrying out ex- 
ternal work, the electrochemical potential of the charge 
carriers at the exit of the structure is equally as impor- 
tant as the current yield. Therefore, a downhill potential 
gradient provided by a change in electrochemical standard 
redox potential along an electron transfer chain is a 
necessary feature of a molecular device for the conversion 

of light into electrical energy. The simplest form of such 
an electron transfer chain comprises 3 chromophores. Moore 

et al. (5) were the first to report on such a functioning 
in-vitro electron transfer chain built in the form of a 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
13

 1
9 

Fe
br

ua
ry

 2
01

3 



331 CONVERSION OF LIGHT IN A MOLECULAR STRUCTURE 

molecular triad. 

A macroscopic molecular structure has to consist of a 
great number of such electron transfer chains. In this case 
recombination between electrons and holes at opposite ends 
of neighbouring chains is to be prevented. This is achieved 
by aligning all the chains in the same direction perpendicu- 
lar to the surface of the structure. 

To fulfill the above requirement in a simple molecular 
structure we have assembled three different molecular layers 
on top of each other. An anthracene monolayer followed by a 
mixed dye arachidic acid monolayer were deposited on top of 
a vapor grown perylene crystal. By using the surface layer 
of a single crystal as the third functional monomolecular 
layer instead of a corresponding third Langmuir-Blodgett 
film we have been able to utilize experimental techniques 
( 3 , 4 )  for the investigation of light driven charge separa- 
tion at the surface of an organic insulator crystal. In our 
3-layer structure electron-hole pairs are generated by exci- 
tation of the dye layer with red light. The anthracene 
layer functions as primary donor and the uppermost molecular 
layer of the perylene crystal functions as secondary donor 
for downhill hole transfer. Our paper addresses the question 
whether such a molecular 3-layer structure can perform di- 

rectional light driven electron-hole separation. We have 
not attempted to prepare a practical photovoltaic device. 

EXPERIMENTAL SYSTEM 

The molecular structure assembled by the Langmuir-Blodgett 
technique is shown in Fig. 1 .  Details of the chemical pre- 
paration procedures and of experiments revealing the almost 
vertical orientation of the anthracene molecules with re- 

spect to the macroscopic surface of the layer structure will 
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332 F.  WILLIG et al 

‘IF38 crystal 

0.5 eV I 
FIGURE 1 .  The molecular layer structure shown with 
the differences in the standard redox potentials for 
the consecutive stages which provide a downhill gra- 
dient for hole transfer. 

be described elsewhere. The steps in the electrochemical 
standard redox potential shown below the  structure have 
been estimated as follows. 

The change in electrochemical standard redox potential 
when the hole moves from the excited singlet state of the 
dye to the surface layer of the perylene crystal is in the 
range of 0.5 eV downhill. This estimate is based on the 

following data. The standard reduction potential is about 
0 V(NHE) for the dye 2,2-phenylindolocyanine in methanol 

( 6 ) .  A relative change in solvation energy by about 30 per 
cent is expected from the Born approximation (7 )  when the 
environment of the dye changes from a dielectric constant 
32 to 3 (8) as has been determined for a system similar to 
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CONVERSION OF LIGHT IN A MOLECULAR STRUCTURE 333 

our present one. A plausible estimate of the solvation 
energy of a large aromatic molecule in a solvent with a 

high dielectric constant appears to be 1.6 eV (7). Thus, 

in the present environment we expected the reduction poten- 

tial of the dye shifted to about -0.5 V ( N H E ) .  In the ex- 

cited singlet state this level is shifted by 1.9 eV ( 6 ) ,  

i.e. to about 1.4 V ( N H E ) .  The standard oxidation potential 

of the surface layer of perylene in contact with water (9, 
10) is 0.86 V (NHE)  and that of the anthracene crystal 

1.33 V ( N H E ) .  In a medium with approximately the same di- 
electric constant, about 3, as the organic crystal these 
values increase by about 0.25 eV (9). Finally we have to 

consider the Coulombic attraction between electron and hole 

in a medium of dielectric constant about 3 .  At 17 8 dis- 
tance (hole on the anthracene monolayer) it is about 

0.28 eV and at 27 8 distance (hole on the surface layer of 

perylene) it is about 0.17 eV. Thus, we arrive at a crude 
estimate of 0.5 eV downhill drop in standard redox energy 

for the transfer of the hole from the excited singlet state 

of the dye to the surface layer of the perylene crystal. 

Since there is an anthracene monolayer in the present sys- 

tem, and not a crystal surface, we expect that the oxida- 

tion potential is slightly higher than i n  the above esti- 

mate and the first step i s  only slightly downhill or even 

isoenergetic. In Fig. 1 the barrier for hole transfer be- 

tween anthracene and excited dye serves as an illustration 

of the actually much more involved reduction in  electronic 

overlap due to the presence of the saturated fatty acid 

chain ( 1 1 ) .  

Aqueous contact solutions containing I M  KC1 served as 

electrodes on both sides of the sample. The dye monolayer 

was separated from aqueous contact by several further 
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334 F. WILLIG et at. 

layers of Cd arachidate not shown in Fig. I .  The excitation 

spectrum and current voltage curve of the stationary photo- 

current were measured in a conventional set-up previously 

described (12 ) .  The 100 ps time resolved photocurrent 

transients were measured with the sample mounted on a 

microstrip using a sampling technique which will be de- 

scribed in detail elsewhere. 

REACTION SEQUENCE AND CURRENT YIELD 

Fig. 2 gives a comparison of the absorption spectrum (solid 

curve) of the dye monolayer on a glass slide and of the 

excitation spectrum of the stationary hole photocurrent 

(dashed curve) obtained with a similar dye layer ( I  dye 

molecule to 2 arachidic acid molecules) incorporated into 

the structure as shown in Fig. 1 .  The solid curve in Fig. 2 

was determined from a measurement of the transmission. A 

wavelength [nml 

FIGURE 2 .  
rent in the layer structure of Fig. 1 and absorption 
spectrum of the dye monolayer. 

Excitation spectrum of the hole photocur- 
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CONVERSION OF LIGHT IN A MOLECULAR STRUCTURE 335 

more precise determination of the absorption spectrum would 

require in addition the measurement of the weak reflected 

light (13 ) .  However, we consider the close similarity of 

the two spectra in Fig. 2 as sufficient evidence for the 

generation of electron-hole pairs via the excited singlet 

state of the dye molecules as is well known in the case of 

dye sensitized charge carrier injection into organic crys- 

tals (3,4,12) and into semiconductors (12 ) .  Thus, the re- 

action sequence of hole transfer occurring in perpendicular 

direction to the surface of the monolayers is that shown in 

Fig. 1. A s  a first approximation we are neglecting here 

transport processes and reactions that might occur within 

each of the monomolecular layers. 

the applied electric field F = Ud-’, where U = applied 

voltage and d = crystal thickness, typically 5 to 10 urn. 

The stationary photocurrent is plotted in Fig. 3 versus 

field strength [lo3 Vcni’l 

FIGURE 3 .  
strength in the layer structure of Fig. 1. 

Current yield versus applied field 
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336 F. WILLIG ef al. 

The shape of the curve in Fig. 3 is typical for charge car- 

rier injection into an organic insulator crystal for the 

case of negligible non-geminate recombination (10). The 

steeply rising branch is due to the influence of the in- 

jected space charge in the organic crystal. The space charge 

becomes negligible when the horizontal branch is reached. 

Only this latter branch is indicative of charge carrier in- 

jection at the crystal surface (10) and thus of light-in- 

duced electron hole pair separation in the 3 layer struc- 

ture on top of the crystal. The weak remaining increase at 

field strengths >lo4 Vcm-I is attributed to a slight ac- 

celeration of the fairly slow electron transfer from the 

anthracene monolayer through the saturated fatty acid chain 

to the excited singlet state of the dye (see below). We 

have found a current yield of 0 . 3  holes per absorbed photon 

from the absorption of the dye layer and from the magnitude 

of the photocurrent in the flat portion of the curve in 

Fig. 3 .  

The rise time of the photocurrent in a similar system 

to that shown i n  Fig. 1, but with the perylene crystal ex- 

changed for an anthracene crystal, has been determined as 

900 ps from a time-resolved photocurrent measurement at an 

applied field strength of 7x10~ V cm-' (Fig. 4 ) .  The noisy 

curve is the experimental current transient that can be 

fitted by a calculated transient (drawn out curve) with a 

rate constant of 1.1xlO for the rise time ( 3 ) .  In contrast 

to the previously investigated case of the directly ad- 

sorbed dye ( 3 )  this rise time is attributed here to the de- 

cay time of the excited dye molecules. The corresponding 

calculated rise and decay of the excited dye population is 

a l s o  shown in Fig. 4 where this response is convoluted to 

match the time resolution in the actual photocurrent 
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CONVERSION OF LIGHT IN A MOLECULAR STRUCTURE 331 
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S (1 

L L 

c 

FIGURE 4 .  Experimental (noisy curve) and calculated 
(drawn out curve) photocurrent transient indicating 
the decaygof-\he excited dye layer with a time constant 
of 1.1~10 s . Also shown is the corresponding cal- 
culated rise and decay of the excited singlet state in 
the dye layer . 

measurement also shown in Fig. 4 .  An anthracene crystal 

has been used for this experiment because of its much higher 

crystal purity compared to our perylene crystals. This al- 

lowed for a trap free fit of the transients without in- 

troduction of additional parameters for trapping and de- 

trapping events in addition to that for the rise time. 

Since the exchange of the crystal should not affect 

the decay of the excited dye molecules in the layer system 

we can take this value also f o r  the layer structure shown 

in Fig. 1. The current yield of 0.3 holes per absorbed 

photon indicates that the rate constant for electron trans- 

fer is one third of the measured decay constant, i.e. in 

the range of 3 . ~ 1 0 ~  s-' at low electric fields. This rather 
low value is ascribed to the reduction in electronic over- 

lap due to the 12 2 long saturated fatty acid chain se- 
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338 F. WILLlG et al. 

parating the two chromophores. 

The stationary photocurrent showed a decrease not larg- 

er than 10 per cent when a total number of charge carriers 

corresponding to several times the total number of dye mole- 

cules in the sample had passed as current through the struc- 

ture. Our present conjecture on the reaction that regenerates 

the ground state of the dye involves the diffusion of molec- 

ular oxygen through the monolayers to the reduced dye and 

its reoxidation by 02.  Such a regeneration process occurs 

when the dye molecules are in direct contact with an elec- 

trolytic contact containing oxygen (12). 

CONVERSION EFFICIENCY 

The stationary power output at the exit of a molecular light 

to electrical power converter is the product j, In our 

present system the exit is defined to be between first and 

second surface layer of the perylene crystal since the 3- 

layer structure i s  sufficient for electron-hole pair se- 
paration and the perylene crystal is used only to allow for 

a convenient experimental investigation of the current flow 

through the 3-layer structure. j = charge carrier flux and 

vf = electrochemical energy difference (potential times 

elementary charge) between the exit of the electron transfer 

chain when exposed to the light and nf its ground state in 
the dark, i.e. pf = pf - 1-1 + kT In -. The ss are the oc- 
cupation probabilities and the index zero indicates the 

standard state. The charge carrier flux can be written 

j = 2 k where k i s  an effective rate constant at the exit 

explained below. For any reasonable converter we can assume 

that the occupation probability under light is much 

greater than that in the dark. It is helpful to express u 
further in terms of quantities that can be determined in 

f ’  

0 0  Sf 
g 5 

f e  e 

f 

f 
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CONVERSION OF LIGHT IN A MOLECULAR STRUCTURE 

suitable experiments: 

339 

0 0  keSf ke 

g =U 

g I0 "i Iasg 

pf  = pi - p + (p; - p?) + kT In - - kT In - = 

H k i po-kT In - ) - ( P O  - po)-kT In 2 + kT In 1 i f  = ( v g  - 

Introducing the quantities Y = 2 = and pm = up - Po + 
L 1 s  g g 

H: 
kT In - U and finally a g  

I 
0 -  - (pp - po)  that will be discussed below one obtains: 

A'i,f f 

ke 

'i 
pf = urn - ApYYf - kT In - + kT In Y 

pm = maximum free energy change in the dye layer upon illu- 

mination in the absence of electron transfer quenching (16 ) .  

nuiyf = difference in the electrochemical standard redox 

potentials of the initial and the final stage, corresponding 

to the position of the mobile charge carrier at the origin 

and at the exit of the electron transfer chain, kT = thermal 

energy, k = effective rate constant for the charge carrier 

at the exit of the electron transfer chain, H = decay rate 

constant in the dye layer in the absence of electron trans- 

fer quenching typically of the order 10 ' s - ' .  Y = number of 
charge carriers passing through the structure per absorbed 

photon, i.e. the experimental current yield. F o r  reasonable 

devices Y > 0.1 and the last term in eqn. ( 1 )  can be ne- 

glected in comparison to the others. I0 = effective excita- 

tation rate constant ( 1 4 ) .  This depends on the absorption 

cross section 0 of the dye and the spectral distribution 

of the incident photon flux. Thus g = I s is the exci- 

tation rate or the average number of photons absorbed per 

second by a single dye molecule. 

0 

i 
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340 F. WILLIG et al. 

We will use as an estimate um = 1 . 3  eV for a typical 

monolayer of dye molecules with a lifetime of 1 ns, an ab- 
sorption cross section of some 10 cm , an energy of the 
excited state of about 1.9 eV as for the present dye, and 
an experimental photon flux of l o i 4  cm . The value of 
pm can change significantly with the light intensity, its 

spectral distribution, and with the absorption spectrum of 

the dye layer. The above estimate corresponds to monochro- 

matic light at the absorption maximum. Guided by the func- 

tioning of bacterial photosynthetic reaction centers (2) 
we will assume k e z 1 0  s as the feasible effective exit 

rate constant representing a reaction sequence that utilizes 

the electrical energy to form suitable chemical products. 

Except for this assumption we are not concerned here with 

this extraordinarily difficult part of a conversion cycle. 
In our present experimental system the hole enters the 

perylene crystal when leaving the electron transfer chain. 

The rate constant k at the exit, in our case between the 

first and second molecular layer of the perylene crystal, 

can in principle be controlled by the applied electric 

field so as to assume the above value of 10 s . The third 
term is then in the range of 0 .17  eV. The by far highest 

energy l o s s  is caused by the necessary drop in standard re- 

dox potential along the electron transfer chain. Our es -  
timate for the present structure is in the range A u o  = 

i,f 
0.5 eV (see above). Thus, the usable electrochemical poten- 

tial difference p at the exit of our structure under the 

above conditions is about 1 V. 

-16 2 

-2 -1  
s 

6 -1 

6 - 1  

f 

With E, the mean energy of the absorbed photons, we 

can define the power conversion efficienc PCE as ratio of 

power output to power input, i.e. PCE = - - Yvf. The 
J J f  - -  1 

gE E 
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CONVERSION OF LIGHT IN A MOLECULAR STRUCTURE 341 

experimental current yield, i.e. transferred charge carriers 

per absorbed photon is Y = 0.3 so that our conversion ef- 

ficiency with respect to absorbed photons is about 15 per 

cent for monochromatic photons with hv = 1.9 eV near the 
absorption peak at the above photon flux. 

KINETIC STEPS DETERMINING THE CURRENT YIELD 

The kinetic steps that control the current yield in our 

molecular structure can be determined with the simple model 

illustrated in Fig. 5. First order rate constants connect 
the different stages of the electron transfer chain cor- 

responding to different positions of the mobile charge 

carrier in the chain. The rate constant H~ and k have been 

explained above. klf describes the electron-hole pair gene- 

ration and k 
nation reaction of the electron-hole pair. Recombination at 

the back reaction. x 1  represents the recombi- Ir 

FIGURE 5. Kinetic scheme for the current flow per- 
pendicular to the plane of the 3-layer structure. 
Linear rate constants are connecting the different PO- 
sitions of the hole on the different chromophores 
(For Details see text.). 
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342 F. WILLIG et al. 

stage 2 of the chain is neglected. The kinetic scheme yields 
the following expression for the current: 

I j = g A[1 + (- exp (- 
ke 

We have assumed here a Boltzmann-type expression for the 
ratio of the rate constants-for backward and forward re- 

A!JV 
= exp(- *) where AuO k2r action, i.e. - k, is the differ- kT 1.2 Lr ence in the electrochemical standard redox potential between 

stages 1 and 2. Assuming plausible values for the deactiva- 
tion reactions n. = lo9 s-', and H = 10 for recombination 
via the singlet route ( 4 )  and provided that the reaction 
steps are sufficiently downhill, one can simplify consider- 
ably the above expression. n 1  is probably less than lo8 s-' 

due to the fatty acid barrier in the present system. How- 
ever, this barrier also makes k and thus the factor A 

small in equation (2) thus leading to the fairly small cur- 
rent yield Y = 0 . 3 .  

8 
1 I 

If 

For a discussion of the current flow according to the 
scheme in Fig. 5 let us consider first a properly designed 
layer structure without the barrier in Fig. 1 and with 
suitable differences in the standard redox potentials. With 

it is sufficient the above typical values for H 
to make the differences in standard redox potentials for 

the consecutive electron transfer steps about 0.3 eV down- 
hill in order to eliminate the influence of the back re- 

x 1  and k i' e 
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actions, 5.e. of klr and kZr, on the current yield. Ac- 
cording to equation (2) this is achieved since in this case 

H~ A exp(- - 
0 0 

*:$'I) i< H and (k2f) -1  >> (k,) -1 exp(- k~ %,2) 
1 ~ 

so that equation (2) is simplified to yield. 

The transition from eqn. (2) to eqn. (3) shows that in such 
a network of linear rate constants the influence of the 
back reactions can be suppressed without having to search 
for an unknown specific kinetic trick that is often assumed 
to be necessary for this purpose. The appropriate downhill 

difference in the standard redox potentials of the order 
of 0 . 3  eV between consecutive stages eliminates by virtue 
of the Boltzmann factor the influence of the back reactions. 
A corresponding reasoning as given above making use of a 
large ratio of forward over backward rate constant leads 
also from eqn. (2) to eqn. ( 3 )  when the first forward re- 
action does not take place from a vibrationally relaxed 
state. Such an ultra fast reaction has been discussed by 
Jortner ( 1 5 ) .  

Returning to our present structure we can ascertain in 
eqn. (2) that escape from recombination is satisfactorily 
achieved for the hole in our present structure. The escape 
via k2f, i.e. hole transfer from the anthracene layer to 
the perylene crystal surface, is about 0.4 eV downhill 
(see above). The room temperature hole diffusion coeffi- 
cient in the neat anthracene and perylene crystals is of 

the order of 2x10 cm s 

of about 10-32s between isoenergetic nearest neighbor 
molecules. Insertion of, e.g., k2f = 1012s-1 and of the 

-2 2 - 1  corresponding to a transfer time D
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344 F. WILLIG er al. 

other values given above into equation (2) shows that re- 
combination is negligible in our present structure. However, 

klf is even smaller than w 
current yield Y = 0.3 which is essentially controlled by 
the branching ratio A in the present system. It is clear 

from equations ( 1 )  and (2) that the conversion efficiency 

can be improved in a structure with a faster first electron 

transfer step, i.e. in the absence of the barrier and with 

a greater downhill value for A v o  

(see above) leading t o  the low i 

i,l' 

SUMMARY AND OUTLOOK 

We have found both by experiments and model calucations that 

a molecular layer structure assembled by the Langmuir-Blod- 

gett technique can function as light to electrical energy 

converter. Downhil l  electron-hole separation has been 

achieved through a sequence of 3 molecular layers with 

suitable differences in their electronic levels. One of the 

main problems is the realisation of a sufficiently short 

distance between the chromophores in the consecutive layers 

that allows for very fast electron or hole transfer. The 

performance of presently feasible molecular systems as 

photovoltaic devices is not competitive in comparison to 

inorganic devices. However molecular layer structures are 

very promising model systems. 

The reaction center of bacterial photosynthesis is a 

functioning molecular model system for converting light in- 

to electrical energy. The recently identified ground state 

structure (16) shows some surprising features. The center 

to center and also edge to edge distances appear to be very 

similar for electron transfer from the special pair, the 

primary donor, to two chlorophyll B monomers representing 
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CONVERSION OF LIGHT IN A MOLECULAR STRUCTURE 345 

the first potential acceptors in two different electron 

transfer chains. However, according to all the available 

experimental evidence only one particular monomer of these 

two and thus only one of the two electron transfer chains 

is populated via the excited special pair. The origin of 

this selectivity in the reaction mechanism is not known. 

In the present state of relative ignorance one is forced 
to speculate here since a conventional model of a simple 

electron transfer reaction is apparently not sufficient to 

explain the ultrafast (a few ps) primary electron transfer 

reaction that is directed only towards one of the two ad- 

jacent bacteriochlorophyll monomers. One can think of more 

complicated reactions, for example an ultrarapid molecular 

motion in the excited state of the special pair, which 

could decrease the distance between one of the two bac- 

teriochlorophyll molecules in the special pair and the 

bacteriochlorophyll monomer in the active branch, ac- 

companied by ultrafast electron transfer only into this 

branch. It is an open and speculative question at present 

whether such complicated reaction mechanisms beyond simple 

electron transfer do occur at all and whether they are 

perhaps even essential for efficient light to electric 

power conversion in a molecular machine. 

Considering the already known complexity of the 

molecular machine in the ground state (16 )  and the many 

open questions concerning the dynamics it appears worth- 

while and necessary to investigate in addition in vitro 

systems to gain further insight into the dynamics of light 

driven electron-hole separation and to obtain optimization 

criteria for the conversion process. In particular, a 

variation in the intermolecular distances and in the 
orientations with a fixed set of chromophores in the 
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electron transfer chain appears to be of great importance. 
Such variations appear feasible in suitable molecular struc- 

tures assembled with the Langmuir-Blodgett technique. 

ACKNOWLEDGEMENT 

The authors like to thank J. Lehnert for purification and 
growth of the organic single crystals. 

REFERENCES 

1 .  

2 .  

3. 

4.  

5. 

6. 

7. 
8. 
9. 

10. 

1 1 .  

12. 

13. 

14 .  

S. J. Fonash, Solar Cell Device Physics, Academic 
Press, New York 1981. 
P. L. Dutton, J. S. Leigh, R. C. Prince, D. M. Tiede, 
in Tunnelling in Biological Systems, eds. B. Chance 
et al. p. 319, Academic Press, New York 1979. 
M. Eichhorn, F. Willig, K.-P. Charl’e and K. Bitter- 
ling, 3. Chem. Phys., 76, 4648 (1982) .  
G. Papier, K.-P. Char16 and F. Willig, Ber. Bunsenges. 
Phys. Chem., 86, 670 (1982) .  
Th. A. Moore, D. Gust, P. Mathis, J.-C. Mialocq, C. 
Chachaty, R. V. Bensassons, E. J. Land, D. Doizi, P. 
A .  Liddell, W. R. Lehmann, G. A. Nemeth and A. L. 
Moore, Nature, 307, 630  (1984) .  
P. G. Gilman, Photographic Science and Engineering, 
18, 475 (1974) .  
M. E. Peover, Electrochim. Acta, 2, 1083 (1968) .  
B. Mann and H. Kuhn, J .  Appl. Phys., 41, 4398 (1971) .  
F. Willig and G. Scherer, Chem. Phys. Lett., 53, 
128 (1978) .  
F. Willig, Advances in Electrochemistry and Electro- 
chemical Engineering, Vol. 12, p .  1 ,  eds. C. W. 
Tobias and H. Gerischer, Wiley, New York 1981. 
D. A. Beratan and J. J. Hopfield, J. Am. Chem. SOC., 
106, 1584 (1984) .  
H. Gerischer and F. Willig, Topics in Current Chemis- 
try, Vol. 61, p. 31, ed. F. L. Boschke, Springer, Ber- 
lin 1976. 
H. Griiniger, D. Miibius and H. Meyer, J. Chem. Phys., 
- 79, 3701 (1983) .  
R. T .  Ross, J. Chem. Phys., 46, 4590  (1967);  
R. T. Ross and M. Calvin, Bizhys. Journal, 1, 595 
( 1  967).  

- 

- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
13

 1
9 

Fe
br

ua
ry

 2
01

3 



CONVERSION OF LIGHT 1N A MOLECULAR STRUCTURE 

15. J. Jortner, J. Am. Chem. SOC., 102, 6676 (1980). 
16. J .  Deisenhofer, 0. Epp, K. Miki, R. Huber and H. 

Michel, J. Mol. B i o l . ,  180, 385 (1984). 

347 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
13

 1
9 

Fe
br

ua
ry

 2
01

3 




