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In biological systems the molecules organize them- 
selves to functional entities, e.g., the photosynthetic 
unit. The processes occurring in these systems are 
controlled by the appropriate arrangement af the com- 
ponents in space and energy. The function is correctly 
performed only when all components of the complex 
system operate properly. The microscopic functional 
unit is a machinery with cooperating Components of 
molecular dimensions. So that artificial systems of 
similar complexity and with similar functions can be 
obtained, appropriate molecules must be organized to 
the adequate structure which enables the molecules to 
cooperate as intended. 

Various methods have been developed to approach 
this goal, and the resulting molecular organizates differ 
widely in structure and dynamics. These artificial 
systems which contain functional components besides 
the inert matrix molecules are the m ~ n o l a y e r , ~ ~ ~ ~ ~  the 
micelle$5 the lipid bilayer! monolayer membranes? the 
vesicle? the microemulsion,5 and the monolayer orga- 
ni~ate,’-~ which is a layered assembly of different com- 
plex monolayers. Spectroscopic meas~rements~“~ and 
the study of reactions of excited molecules incorporated 
in theses different forms of organized environment 
provide information on the mobility of the excited 
species.1° The monolayer organizates can be con- 
structed to prevent rotational and translational diffu- 
sion of the components. The immobilization of the 
molecules and the resulting fixed structure are essential 
requirements for the use of these systems in the in- 
vestigation of complex processes. 

This Account intends to demonstrate the potential 
of the monolayer technique in organizing molecules into 
complex functional units, especially those that are 
characterized by the cooperation of the different mo- 
lecular species. 

Compared with homogeneous solution, the organiza- 
tion of molecules is facilitated at interfaces since the 
interface introduces a directionality in the molecular 
interactions and causes orientation of the molecules. 
The average separation of molecules at  interfaces is 
generally far smaller than in bulk solution. The high 

Dletmar M5blus was born In Kosmeden, Germany. He received the Ph.D. 
degree from the University of Marburg In 1965. He has been at the Max- 
Planck-Instltut for biophyskallsche Chemie, Gttingen, since 1971. 

0001-4842/81/0114-0063$01.25/0 

local concentration increases the probability of forma- 
tion of the desired molecular units. On solid surfaces 
dense monolayers can be formed by adsorption or by 
a surface chemical reaction.” This method has gained 
much interest for attaching sensitizing dye molecules 
to semiconductor electrodes (chemically modified 
e1ectrodesl2). In most cases, however, no well-defined 
ponolayers have been obtained in this way. 

Monolayers of water-insoluble substances like long- 
chain fatty acids can easily be formed at  the air-water 
interfa~e.’~ The transfer of monolayers from the water 
surface to solid substrates14 provides the possibility of 
assembling monolayer organizates in a stepwise proce- 
dure. The potential of the monolayer technique in 
organizing different molecules to functional molecular 
units was realized by H. Kuhn and c ~ - w o r k e r s ~ J ~ ~ ~  who 
introduced long-chain substituted cyanine dyes into the 
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matrix of fatty acid monolayers. In this way strongly 
interacting molecules could be arranged either as probes 
or as active components in well-defined geometries by 
using the properties of long-chain fatty acid monolayers 
which are favorable for assembling complex systems. 

Spreading techniques had to be improved for the 
formation of multicomponent monolayers. Usually, the 
surface-active material is brought to the surface as a 
solution in a volatile solvent. The molecules of most 
cyanine dyes are homogeneously distributed in the fatty 
acid monolayer matrix. A phase separation, however, 
was detected with mixtures of arachidic acid and a 
merocyanine dye." In some cases the monolayers 
formed on the water surface become too rigid imme- 
diately after spreading to attain the equilibrium, and 
therefore are inhomogeneous. These difficulties have 
been overcome by transient modification of the envi- 
ronment, e.g., by cospreading of some slowly evapo- 
rating compound.18 The classical methods of monolayer 
formation and transfer have been improved, e.g., by 
incorporation of active proteins in complex monolayer 
0rgani~ates.l~ With the new technique of monolayer 
manipulation,20 monolayer systems can be cleaved with 
molecular precision at particular interfaces, and, after 
transfer to a new substrate, molecular contact has been 
achieved. The method was applied to a reinvestigation 
of the spectral sensitization of vacuum-deposited silver 
bromide layers with layer systems prefabricated on 
glass.21 In this way it was possible to exclude the in- 
fluence of possible defects in the monolayer systems 
which were assembled directly on the silver bromide as 
in the original investigation.22 

Systems of increasing number of interacting compo- 
nents have been assembled, e.g., linking energy-transfer 
processes with photochemical reactions like photo- 
isomerizationB and photoinduced electron transfeP or 
combining proton-, photon-, and electron-transfer 
processes.24 
Organization of a Complex Monolayer at the 
Air-Water Interface 

Cyanine dyes with octadecyl substituents instead of 
the usual methyl or ethyl groups on the nitrogen atoms 
(e.g., N,N'-dioctadecylthiacarbocyanine, dye I) are in- 
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I I 

I 
corporated in the monolayer matrix of arachidic acid 
molecules when a mixed solution is spread on the water 
surface. In the compressed film, the long-chain sub- 
stituents of the dye molecules are aligned with the hy- 
drocarbon chains of the fatty acid molecules, and the 
cationic chromophores are located at  the hydrophilic 
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Figure 1. Interlocking of the cyanine dye I and the azo dye I1 
(schematic representation) and surface pressure plotted vs. the 
area of 10 arachidic acid molecules for different monolayers. 
Isotherm 1, arachidic acid; isotherm 2, mixed monolayer of ara- 
chidic acid and azo dye 11, molar ratio acid:azo = 1O:l ;  isotherm 
3, mixed monolayer of arachidic acid, azo dye 11, and cyanine dye 
I, molar ratios acid:azo:cyanine = 1Ol:l. The azo dye I1 is 
squeezed out of the arachidate matrix according to (2) at  25 
dyn/cm, but is retained when the cyanine dye I is present. 

interface together with the carboxyl groups. The optical 
transition moment of the dye is oriented parallel to the 
water ~urface.~ 

For many purposes it is desirable to have ?r-electron 
systems oriented parallel to the hydrocarbon chains, i.e., 
perpendicular to the water surface. This was achieved 
by linking the nonionic chromophore of an azo dye 
chemically to a molecule of stearic acid, dye II.25 

O=C 
I 
0 
I 

H3C- (CH215 - CH-(CH2)lo- COOH 

I1 

Molecular models of the cyanine dye I and the azo dye 
I1 can be interlocked to a complex unit, as shown 
schematically in Figure 1, inset. The formation of such 
a 1:l complex in a mixed monolayer influences the 
mechanical properties of the monolayer and therefore 
must be detectable in the surface pressure-area iso- 
therm. 

In Figure 1 the isotherms of different monolayers are 
shown. The surface pressure is plotted vs. the area of 
10 arachidic acid molecules. The isotherm 1 refers to 
a monolayer of arachidic acid, which shows a steep in- 
crease of the surface pressure at 200 Hi2 on decreasing 
the monolayer area. This is reasonable, since the cross 
section of an arachidic acid molecule with perpendicular 
hydrocarbon chain is about 20 Hi2. The mixed mono- 
layer of arachidic acid and the azo dye 11, molar ratio 
acid: azo = lO: l ,  has the isotherm 2 with the steep 
increase at 240 Hi2. The shift is due to the presence of 
the additional azo dye molecule with a cross sectional 
area of about 40 Hi2 in an upright orientation. The 
monolayer becomes unstable at a surface pressure of 
about 25 dyn/cm as shown by the decrease in mono- 
layer area. Apparently, the azo dye molecules are 
squeezed out of the arachidic acid matrix at this surface 
pressure. Isotherm 3 in Figure 1 is obtained with a 
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mixture of arachidic acid, the azo dye 11, and the cya- 
nine dye I in the molar ratios acidazo:cyanine = 1Ol:l. 
The steep increase of the surface pressure on decreasing 
the monolayer area is displaced to about 280 A2, another 
40 A2 more with respect to isotherm 2. This additional 
area is occupied by the two octadecyl substituents of 
the cyanine dye which are tightly incorporated in the 
arachidic acid matrix. Since no instability is observed 
at  25 dyn/cm, the azo dye is no longer squeezed out of 
the three-component monolayer when the cyanine dye 
is present in at  least the same molar fraction as the azo 
dye.% When the fraction of the cyanine dye is smaller 
than that of the azo dye, the monolayer instability is 
again observed. These facts clearly indicate the for- 
mation of a 1:l molecular arrangement of the two dif- 
ferent dyes in the fatty acid matrix. 

As expected, the transition moment of the cyanine 
dye is oriented parallel to the water surface whereas the 
transition moment of the azo dye is oriented perpen- 
dicular to the surface,% as deduced from a measurement 
of the absorption of linearly polarized light under ob- 
lique i n c i d e n ~ e . ~ ~ ~ ~  This example of molecular cooper- 
ation in a complex monolayer at the air-water interface, 
which results in a tight incorporation of the azo dye I1 
in a fatty acid matrix at surface pressures exceeding 25 
dyn/cm, shows that simple geometrical considerations 
can lead to useful concepts of molecular organization. 

Extended Cooperative Systems 
In most monolayer organizates the matrix consists 

primarily of fatty acid molecules or mixtures of different 
inert matrix molecules in order to provide the appro- 
priate mechanical properties and optimal monolayer 
transfer. The dye molecules are only a small fraction 
of the monolayer. Consequently, the mobility of the dye 
molecules in the spread monolayer is strongly influ- 
enced by the composition of the matrix. In condensed 
monolayers the viscosity can be determined mainly by 
the interactions of the hydrophylic groups rather than 
by the adhesion of the hydrocarbon chains, as indicated 
by the results of surface viscosity measurements on 
monolayers of stearic acid and of stearyl alcohol on 
water.27 

In cases where intimate contact of the dye chromo- 
phores is intended in order to form associates (dimers 
or higher aggregates), the ionic or dipolar chromophores 
must not be separated by the hydrophilic groups of 
other surfactants. Densely packed monolayers of sur- 
face-active cyanine dyes, according to the absorption 
spectra, are composed of monomers and dimers.la 
When a compound like hexadecane or methyl stearate 
is added which transiently increases the mobility of the 
chromophores at  the interface (“molecular lubricant”), 
large two-dimensional arrays of ordered chromophores 
are formed. The additive separates the chromophores 
a t  the water surface and is slowly shifted under the 
applied surface pressure into the free space in the hy- 
drophobic portion of the condensed monolayer.28 The 
monolayer of dye 111, organized in this way and trans- 
ferred to a glass plate, reveals the strong and narrow 
absorption band and the resonance emission typical for 
large aggregates ( J-aggregatesB; see Figure 2a). This 
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appears to be a consequence of the strong interaction 
between the ordered chromophores. 

The condensed monolayers at  the water surface (or 
transferred to glass plates) are like two-dimensional 
solids. There are, however, possibilities to vary and 
control the molecular mobility. The optical absorption 
of a J-aggregate monolayer is isotropic in the layer 
plane. Immediately after deposition of the monolayer 
on a gypsum crystal the absorption becomes anisotropic, 
as shown in Figure 2b. The dye chromophores align 
slowly along the a axis of the freshly cleaved gypsum 
surface.30 The reorganization of the aggregate mono- 
layer is practically completed after 24 h (Figure 24. 
This totally ordered monolayer can be transferred by 
the techniques of monolayer manipulation via a water 
surface to a glass plate. The original J aggregate is 
re-formed without loss of preferential chromophore 
orientation (see Figure 2d). This experimental series 
demonstrates how molecular interactions can be con- 
trolled in order to achieve optimal organization for 
molecular cooperation. 

The extension of the two-dimensionally ordered ar- 
rays can be evaluated from a study of the energy 
transfer from the excited J-aggregate to an appropriate 
energy acceptor, which can be incorporated in the ag- 
gregate without interference with the long-range order. 
With the N,”-dioctadecylthiacyanine (IV) as acceptor, 

C18Hn C18Hm 

V 

the fluorescence of the aggregate of the N,N‘-diocta- 
decyloxacyanine (V) is quenched to half of the un- 
quenched intensity by one acceptor molecule per 10 O00 
donor molecules in the aggregate.l8 The energy accep- 
tors in these arrays are very dilute and act as energy 
traps, concentrating the energy absorbed anywhere in 
the aggregate. In this respect the organizate surpasses 
the energy-harvesting array in the photosynthetic unit 
of green plants which consists of 300-400 pigment 
molecules.31 

The efficiency of the energy transfer from the excited 
J aggregate to the acceptor incorporated in the mono- 
layer adjacent to the chromophores of the aggregate 
depends on the temperature. The experimental data 
were rationalized by a model of a coherent exciton ex- 
tending at room temperature over a domain of about 
10 donor molecules in the extended aggregate.32 The 
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_. domain size increases with decreasing temperature, and 
as a consequence of the molecular cooperation the rate 
of fluorescence emission increases. This effect has not 
yet been directly observed. 

Photoinduced Electron Transfer 
In the preceding section examples of molecular co- 

operation within the monolayer were described. The 
cooDeration of molecules incomorated in different 
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Figure 2. Preparation and manipulation of a highly ordered 
aggregate monolayer. (a) Absorption (solid line) and emission 
(dashed line) spectra of a mixed monolayer of cyanine dye 111 and 
hesadecane, molar ratio 1:1, organized in J aggregates. The 
absorption is isotropic in the layer plane (monolayer on glass 
coated with arachidate monolayers). (b) Absorption spectra 
parallel (11) and perpendicular (1) to the a exis of a freshly cleaved 
gypsum crystal coated with a monolayer as in (a) under normal 
incidence of the light; dye molecules partly reorganized along the 
a axis. (c)  Monolayer of (b) after 24 h in the dark; the reorgan- 
ization of the dye monolayer is completed. (d) Monolayer of (c) 
after separation from the gypsum crystal and transfer to a glass 
plate via a water surface. The anisotropy is unchanged and 
remains constant. 

moiolayers that are parts of monolayer organizates will 
be considered here. A particularly interesting process 
to apply the analytical potential provided by monolayer 
organizates is the photoinitiated electron transfer which 
is the basis of the energy conversion via photosynthesis. 

A molecule in the electronically excited state, either 
singlet or triplet, can act as electron donor since it has 
one electron in the excited-state orbital and also as 
electron acceptor since it has a vacancy in the ground- 
state orbital. In solution the electron transfer takes 
place when the donor molecule and the acceptor mol- 
ecule have come close to each other by diffusion.33 The 
molecular diffusion is inhibited in monolayer organi- 
zates with appropriate matrix. Therefore, the depen- 
dence of the efficiency of photoinduced electron transfer 
on the donor-acceptor separation can be easily inves- 
tigated by variation of the distance between the inter- 
faces at  which the donor and the acceptor chromo- 
phores are located. 

The use of octadecyl-substituted cyanine dyes like I 
and IV as electron donor and of the N,N’-diocta- 
decyl-4,4’-bipyridinium cation (VI) as electron acceptor, 

VI 

both located at hydrophilic interfaces, implies a prac- 
tical difficulty: In monolayer organizates assembled by 
the usual Langmuir-Blodgett transfer method the hy- 
drophilic interfaces are a t  contact or separated by an 
an even number of long hydrocarbon chains (Y depos- 
ition). In the case of contact of the hydrophilic inter- 
faces with the donor and acceptor chromophores, com- 
plete quenching of the donor emission is observed if the 
concentration of the acceptor chromophores is suffi- 
ciently high. No fluorescence quenching, i.e., no elec- 
tron transfer, is observed with the same acceptor con- 
centration in the case of donor-acceptor separation by 
two arachidate monolayers, corresponding to a distance 
of 54 A.18 The hydrophilic interfaces with the donor 
chromophores and the acceptor cations VI (viologen) 
must be separated by only one fatty acid interlayer. 

This can be achieved by deposition of the acceptor 
monolayer with its hydrophilic groups on top of the 
hydrophobic surface of the fatty acid interlayer, re- 
sulting in the structure shown schematically in Figure 
3, top. The transfer of a single monolayer on dipping 
and withdrawal of the slide from the monolayer-covered 
water surface has been observed with fatty acid mon- 
olayers.% The resulting structure, however, does not 
yield the contact of hydrophilic and hydrophobic in- 
terfaces, since rearrangement by overturning of the 

(32) D. Mhbius and H. Kuhn, Isr. J. Chem. 1979,18, 375. 
(33) D. Rehm and A. Weller, Zsr. J. Chem. 1970,8, 259. 
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Figure 3. Photoinduced electron transfer in monolayer orga- 
nizates. Layer system (schematic) with donor layer (dye IV) and 
fatty acid interlayer on the whole plate and acceptor layer 
(viologen VI) on the lower part. For clarity, the matrix molecules 
of the donor and acceptor layers (methyl arachidate and arachidic 
acid, molar ratio 1:9) are not represented. the fluorescence of the 
donor (intensity Io)  is reduced by the acceptor layer ( I ) .  The 
logarithm of (Io/I)-l is plotted vs. the distance d between donor 
and acceptor planes. The linear dependence indicates electron 
tunneling. 

molecules to the usual structure O C C U ~ S , ~ ~  as deduced 
from X-ray diffraction measurements.% The procedure 
used for the deposition of the electron-acceptor layer 
in our case is classified as Z dep0sition.l The glass plate 
with the donor layer covered by the long-chain fatty 
acid monolayer is immersed in the trough through the 
clean water surface. Then, the acceptor monolayer is 
spread, compressed, and transferred to glass plate on 
withdrawal of the plate. 

The deposition is complete if the acceptor monolayer 
has the appropriate composition and if the hydrophilic 
interface next to the hydrophobic surface has the ap- 
propriate composition. The replacement of one-tenth 
of the fatty acid molecules in the matrix of the donor 
layer by the methyl ester of the same fatty acid provides 
the optimal substrate for the attachment of the acceptor 
layer to the hydrophobic surface.37 This is another 
example of the strong effects caused by subtle changes 
in monolayer organizates. 

From the steady-state fluorescence intensities of the 
cyanine dye monolayer in the absence (lo) and in the 
presence of the acceptor layer ( I ) ,  the rate constant izel 
of the electron transfer is obtained from 

where r is the fluorescence lifetime of the donor in the 
absence of the electron acceptor. The electron transfer 
can occur via thermal activation of the electron in the 
excited state to the top of the energy barrier created 
by the fatty acid monolayer or by electron tunneling 
across this barrier. In the case of electron tunneling, 
the rate constant izel should decrease exponentially with 
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increasing distance d between the donor chromophores 
and the interface with the electron acceptor.38 

The distance dependence has been investigated with 
monolayers of the N,”-dioctadecylthiacyanine (IV) as 
donor and the viologen VI as acceptor.39p40 The values 
of ( l o / I )  - 1 were calculated from the measured 
steady-state fluorescence intensities and are plotted 
logarithmically in Figure 3 vs. the thickness d of the 
fatty acid interlayer. The fatty acids used are indicated 
by the number of their carbon atoms. From Figure 3 
it is obvious that the rate constant k,l decreases expo- 
nentially with increasing distance. Additional evidence 
for a tunneling mechanism of electron transfer in these 
monolayer organizates was obtained from an investi- 
gation of the influence of an energy acceptor reducing 
the electron-transfer efficiency40 and from donor 
fluorescence decay measurements. With monolayers of 
the cyanine dye V as donor, a decrease of the fluores- 
cence lifetime in agreement with the result of the 
steady-state quenching measurements has been ob- 
served for d = 25 A.41 

The distance of electron tunneling during the lifetime 
of the excited state of the cyanine dye, which is of the 
order of 1 ns, appears relatively large compared to re- 
sults of electron-transfer experiments in disordered 
solids42 or discussed in connection with photosynthe- 
s ~ s . ~ ~  However, the monolayer organizates differ fun- 
damentally from many other systems investigated The 
layered structure provides states at each interface4 
which primarily accept the electron and subsequently 
transfer it to the final acceptor, namely, viologen in the 
case considered here. If no subsequent reactions occur, 
the electron returns into the ground-state orbital of the 
oxidized donor, restoring the original situation. Occa- 
sionally the electron is provided by other donors in the 
monolayer organizate, and then the reduced acceptor, 
the violen radical, slowly accumulates. This species has 
been detected in monolayer organizates in air,45 in inert 
atmosphere like argon, helium, or nitrogen,40 and under 
vacuum by measuring the absorption spectrum or the 
ESR signal of the radical.46 

The various observed phenomena, the donor 
fluorescence quenching and lifetime shortening, the 
appearence of the reduced acceptor radical, the influ- 
ence of the interlayer thickness, and structure are de- 
termined by the cooperation of the different molecular 
species which in turn is controlled by the energetic and 
spatial organization. 
Photovoltage Generation by Vectorial 
Photoinduced Electron Transfer 

For the monolayer organizates depicted in Figure 3 
the electron transfer can take place only in one spatial 
direction. This is quite different from the usual situ- 
ation in solution or in other disordered systems. If the 
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Figure 4. Photovoltage generation by vectorial photoinduced 
electron transfer. Structure (schematic) of the monolayer orga- 
nizate with a monolayer of cadmium arachidate on aluminum 
(donor) covered by the monolayer of cyanine dye VI1 (photo- 
catalyst), the monolayer of azo dye I1 (conducting ?r-electron 
system), the monolayer of the viologen VI (primary electron 
acceptor), and the barium electrode (acceptor). The matrix 
molecules of the dye and acceptor layers are not represented. Rise 
and decay of the photovoltage on illumination of the system with 
green light absorbed by the cyanine dye. 

back transfer of the electron can be inhibited, the 
vectorial electron transfer results in the generation of 
an electrical field across the insulating monolayer. This 
can be achieved by appropriately shaping the potential 
profile of the monolayer organizate with donor, photo- 
catalyst, and acceptor layers.% Starting with the system 
of Figure 3, an electron source (the donor) should be 
added on the left of the dye layer, separated by a thin 
insulating barrier higher than the barrier between the 
dye, which is now the photocatalyst, and the acceptor 
layer. The electrons from the donor should be capable 
of tunneling to the photocatalyst interface and filling 
the ground-state orbital of the photocatalyst after ex- 
citation. The electron in the excited-state orbital is 
transferred to the acceptor, thereby loosing some energy 
in order to inhibit the back reaction. 

An effort to construct a monolayer organizate along 
these lines has been untertaken re~ently.~’ The pho- 
tocatalyst was NP-dioctadecylindobocyanine (VII), 

c18 H37 ClO Hn 
VI1 

and the viologen VI was used as intermediate acceptor. 
The system was arranged between a semitransparent 
aluminum electrode as donor and a barium electrode 
as ultimate electron acceptor. The fatty acid monolayer 
between the cyanine and the viologen was modified by 
incorporation of the azo dye I1 as a conducting element. 
This provides a low-lying unoccupied orbital for the 
transfer of the electron from the excited photocatalyst 
to the interface with the viologen as primary acceptor. 

(47) E. E. Polymeropoulca, D. Mbbius, and H. Kuhn, Thin Solid Film 
1980, 68, 173. 

The function of the azo dye ?r-electron system oriented 
parallel to the fatty acid hydrocarbon chains as a 
“molecular wire” has been demonstrated in an inves- 
tigation of the photoconduction in monolayer organi- 
zates between aluminium electrodes.z6 The complete 
system is shown schematically in Figure 4 (top). The 
dye and viologen monolayers are in fact mixed mono- 
layers, but for simplicity the matrix molecules (methyl 
arachidate and arachidic acid, molar ratio ester: acid 
r = 1:l for cyanine VII, r = 0:l for azo dye, r = 1:9 for 
viologen) are not represented. 

On illumination of the organizate under vacuum with 
light absorbed by the cyanine dye, a photovoltage is 
generated which decays when the light is turned off, as 
shown in Figure 4. The photovoltage action spectrum 
corresponds to the absorption spectrum of the cyanine 
dye, and the steady-state photovoltage is proportional 
to the light intensity in the range covered by the ex- 
periments.“ The kinetics has not yet been analyzed in 
detail. However, the initial phases of photovoltage rise 
and decay are probably influence by the slow filling and 
emptying, respectively, of electron traps in the mono- 
layer organizate. 

Qualitatively, the monolayer organizate shows the 
anticipated behavior. The electron transfer has the 
expected directionality as a consequence of the coop- 
eration of the different components appropriately se- 
lected to fulfii the energetic requirements and properly 
arranged in space. 
Concluding Remarks 

The controlled incorporation of various active and 
passive molecular components into inert monolayer 
matrices has made available modules which can readily 
be assembled to a planned functional unit. A few ex- 
amples have been selected from the experimentally in- 
vestigated monolayer organizates to demonstrate the 
strategy and methods for achieving cooperation in 
molecular dimensions. The dominant features of 
monolayer organizates are the simplicity in structure 
and the possibility of systematic variation of the pa- 
rameters controlling the phenomenon under investiga- 
tion. These are the reasons for the high potential of 
these artificial systems in the analysis of complex pro- 
cesses and in assembling molecular machines with 
photons, electrons, protons, or molecules as mobile 
parts. The structural requirements for the components 
of a planned molecular functional unit can be efficiently 
evaluated. 

The ultimate goal should be the construction of the 
molecular machinery by spontaneous organization of 
the molecules in homogeneous solution or at interfaces 
by a series of surface chemical reactions. It is a chal- 
lenge to modern chemistry to conceive and synthesize 
the adequate molecules which combine more and more 
functions. The monolayer technique which uses ex- 
ternal stimulus like the surface pressure exerted on a 
monolayer at the air-water interface to interlock ap- 
propriately shaped molecules provides methods to fa- 
cilitate and accelerate the evolution of such artificial 
functional units that might be used in solar energy 
conversion, in information storage and processing sys- 
tems, or in medical applications. 


