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Langmuir-Blodgett (LB) film research has lofig-term aims (to construct devices 
for sensing, information processing and chemical processing, as inspired by 
biosystems) and more direct goals (modelling phenomena in physics, chemistry and 
biology depending on the precise molecular architecture; and the search for 
applications in any field where materials with basically new properties which 
depend on the organization at  the molecular level are of interest). Basic to both 
aspects is the challenge to develop pui-poselyplai:ined supramolecular solid systems 
(by interlocking appropriate molecules) and a matrix-controlled chemistry (specific 
reactions driven by the superstructure of interlocking molecules). To indicate ways 
to approach these goals a number of recent examples are discussed that illustrate the 
possibilities of constructing purposely designed, monolayers and monolayer 
assemblies. 

1. INTRODUCTION 

The Japanese "sumi nagashi" technique of forming monolayers at a water 
surface and depositing the film on a solid support was invented about 1000 years ago 
and is still in use. It is the first example of engineering at the molecular level: Chinese 
ink, a suspension of carbon particles in a protein solution, is spread on a water 
surface, and a- protein monolayer is formed (as concluded from the area covered after 
spreading), which is picked up by paper, using the horizontal lifting technique 1. 
Agnes Pockels z, 100 years ago, realized, when pushing together a soap film at a 
water surface, that the film pressure increased strongly below a certain area, and 
Rayleigh 3 concluded that this is due to the formation of a monomolecular layer and 
obtained a value for the size of a surfactant molecule, at a time when many scientists 
did not believe in the reality of atoms. Langmuir and Blodgett 4 studied the detailed 
structure of fatty acid multilayers obtained by depositing monolayers on a glass slide 
on top of each other and investigated the detailed conditions for producing such 
films. George Gaines' famous book 5 strongly catalyzed further developments. 

To see the present status and future prospects of Langmuir-Blodgett (LB) film 
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research it is helpful to consider the developments of biology, engineering and 
chemistry. The paradigm of biology is to consider living objects as organisms, 
consisting of organs, i.e. purposefully interacting parts, which co-operate and act as 
functional units. An organism constitutes an entity. Similarly, engineering considers 
machines as purposefully designed entities of interlocked and interacting parts, 
functional units, i.e. systems with basically new properties which result from the co- 
operation of the parts. In contrast, chemistry is concerned with molecules, and the 
paradigm to learn more about molecules is to focus on pure substances. By this 
paradigm tremendous development took place, culminating in the synthesis of 
complex compounds such as vitamins. However, today this paradigm has less 
driving force. From biology developed molecular biology: biosystems are viewed 
as supramolecular machines wl~ch consist of molecular functional units, i.e. the 
interacting interlocked parts are single molecules. The challenging prospect is a 
molecular and supramolecular engineering: the design and fabrication of artificial 
supramolecular machines. But how should we design a supramolecular machine? 
Chemists need to synthesize a set of appropriate molecules that interlock to form the 
machine. The synthesis of different kinds of molecules with the aim of interlocking, 
to form an entity of purposefully interacting parts should be seen as a new challenge 
in chemistry: the construction of supramolecular machines by appropriately 
designing organized molecular aggregates (organizates). 

What is the role of LB film research in this challenging new aim of chemistry? 
Assembling molecules at the air-water interface facilitates interlocking. The fabri- 
cation of supramolecular machines is simplified if the molecules can organize 
themselves at an interface. For that purpose the LB technique has to be extended: 

(1) Mixed monolayers: Instead of the fatty acids used in the original LB method 
a mixture of several kinds of amphiphilic and non-amphiphilic molecules is spread 
that are functionalized for a given purpose and purposefully designed to interlock to 
form the intended machinery. In addition, molecules in solution or in the gas phase 
can bind to the mixed monolayer in a planned manner, thus increasing the 
complexity of the molecular array. Such a self-organization of a designed assembly 
taking place at the air-water (gas-liquid) interface is a key feature of engineering at 
molecular dimensions 6. 

(2) Planned monolayer assembly: Different kinds of designed monolayers are 
deposited in a planned sequence on top of each other. This is a simple way of 
purposely arranging molecules such that they form a planned device 6'7. 

(3) Physical manipulation: This can be done in many ways 8. Monolayer 
assemblies can be cleaved between distinct monolayers and each part can be printed 
onto an appropriate surface. An assembly can be put into contact with another 
assembly with molecular accuracy. 

(4) Chemical manipulation: Highly specific reactions can take place driven by 
the planned superstructure of the designed monolayer assembly (in situ syntheses, in 
situ polymerizations, in-plane connections, interplane connections 6'9'1°. Chemical 
manipulaton is crucial for achieving highly complex future machineries. 

(5) Controlled adsorption and chemisorption, in situ modification and 
reaction 1~. The process is technically simple and thus of great interest in 
applications and in covering large areas with complex molecular assemblies, but it is 
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crucially dependent on the reliability of each reaction in producing well-organized 
molecular arrays. 

(6) Assembly modules: Prefabricated supramolecular elements instead of 
molecules are assembled using LB methods (such as vesicles stabilized by 
photopolymerization t° carrying recognition regions or, in the case of proteins and 
nucleic acids, entities obtained by gene-teehnology). This possibility should be of 
interest in building planned structures at several hierarchical levels. Assembly 
modules on a two-dimensional (2D) base to form three-dimensional (3D) complex 
structures should be of interest in future supramolecular engineering strategies. 

According to these considerations the challenging new goal in chemistry may 
be given by the paradigm: synthesize molecules that are tailored to interlock and 
interact to form a planned solid complex superstructure; use the superstructure as the 
matrix for chemical reactions--highly specific syntheses or reactions linking 
discrete parts of superstructure--thus increasing its complexity and intricacy in a 
planned manner. 

2. GOALS OF CONSTRUCTING PURPOSELY DESIGNED MONOLAYER ASSEMBLIES 

2.1. Long-term aims 
LB film research is a stimulus in the search for basic attempts at development of 

sensing and information-processing devices, inspired by biosystems, with molecular 
functional elements, molecular wiring, supramolecular switching and information 
processing of signals from moving particles: electrons, protons, solitons, photons. 
From the present 2D mass data storage one will have to proceed to higher-capacity 
3D storage, from 2D signal processing to 3D processing, from information 
processors based on microlithography to processors that emerge by self- 
organization at a 2D matrix and develop into 3D complex arrays 12. 

2.2. More direct goals: investigation of phenomena and attempted applications 
Investigation of phenomena has two aspects: 
(1) To construct simple artificial supramolecular machines in order to learn 

about possibilities for designing increasingly complex machines, to explore basic 
mechanisms and materials for a molecular electronics, to develop new methods to 
fabricate supramolecular devices, to investigate design principles of supramolecular 
machines, and to demonstrate feasibility as a stimulus to keep on going in a direction 
in which one cannot expect fast success in attempting important technological 
changes. 

(2) To model systems for research in physics and chemistry in order to 
investigate processes which depend on the exact molecular architecture, to model 
bio-functions for understanding bio-processes. Model systems are helpful in many 
different fields. 

Attempted applications can be13 
(1) to develop new materials (with controlled molecular architecture) for 

improving traditional technologies: magnetic tape, lubrication, surface coating, etc.; 
(2) to develop micro-sensors (pyro-, piezo-, photo-, chemo-sensors); 
(3) to develop materials based on co-operativity effects (conduction, photo- 
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conduction, magnetism) and switches based on co-operative turnover (supramol- 
ecular bistability); 

(4) to develop highly selective permeable membranes, surface catalysts for 
complex reactions, arrangements for solar energy conversion; 

(5) to develop materials for integrated optics and optoelectronic devices; 
(6) to develop memories with high storage capacity and active "molecular 

electronic devices" (macroscopic devices based on molecular co-operation, in 
contrast to the desired true molecular electronic devices considered in Section 2.1. 

A given effect depending on the co-operation between single molecules can 
have many aspects within this frame of reference. This may be illustrated for the 
energy transfer from a dye molecule that has absorbed a quantum of light (hv) to 
a second appropriate dye molecule that receives the energy and emits a light 
quantum hv'. This co-operation is possible only if the two molecules are at a 
sufficiently small distance. If the distance is slightly increased the co-operation is 
lost, and the first molecule emits a quantum hv'. 

The system can be considered 
(1) as a prototype of a supramolecular machine (transducing and transmitting 

signals) which consists of solid parts (the two dye molecules) and mobile parts (the 
light quanta) 14; 

(2) as a measure for distances in the 20-100/~ range, widely used in developing 
LB extensions; 

(3) as a basic physical process important in understanding photosensitization, 
as a basic bio-process in light harvesting; 

(4) as a tool to study deactivation processes (path of deactivation of excited dye 
molecules in photochemical reactions and singlet-triplet transitions, nature of dye 
sensitization ot photographic process (electron injection v.s. energy transfer)15; 

(5) as a physical basis for sensors (change in fluorescence color on changing the 
distance between the two molecules or on changing chemical conditions); 

(6) as a prototype of a supramolecular computer if each dye molecule can be 
switched (by chemical or optical means) from an active state 1 to a passive state 0 and 
back, thus acting as a logic element. 

3. ORGANIZED MONOLAYERS 

3.1. Formation of monolayers at air-water interface 
The process of self-organization during film compression can be studied by 

determining the surface pressure-area isotherm and the surface potential-area 
isotherm, by measuring the polarized fluorescence and reflection 16 (which is 
important to find the orientation of the chromophores at the interface). Recent 
X-ray and neutron-scattering studies have shown that, after spreading of a C22 fatty 
acid, islands of tilted molecules are present and that the tilt is gradually diminished 
when the area is reduced and finally the chains stay vertical. In the case of the 
cadmium salt the chains are vertical already in the islands. The difference in the 
surface pressure-area isotherms in the two cases is well explained by this study 1 v. 

Island formation in spreading a mixed layer makes planned molecular 
interlocking more difficult. To support transient contacts of molecules the formation 
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of 2D crystals (before the intended interlocking can have taken place) must be 
avoided. Temporary incorporation of a volatile oil (a molecular lubricant) is 
essential in complex cases 18. 

3.2. Designed interlocking 
Steric strain must be avoided, otherwise the interlocking sections cannot meet. 

This is important in a prefabricated hydrophilic polymer which carries in each 
monomer unit a hydrocarbon chain bound to the polymer backbone by a 
hydrophilic intersection 19. The flexible intersections and the coiled backbone must 
be sufficiently long to obtain lateral binding and vertical alignment of close-packed 
hydrocarbon chains, as found from polarized IR studies 2°. 

Interlocking sections of component molecules must be exactly planned in 
designing organized monolayer assemblies. Figure 1 shows some examples in 
schematic representation. In the first example (Fig. l(a)) 21, the molar mixing ratio 
1:2 of the two compounds with one and two hydrocarbon chains respectively is 
necessary to obtain a layer which is close packed at the same time in the 
hydrocarbon part and in the chromophore part. The surface pressure-area isotherm 
shows a fiat part (reflecting the transition from phase 1 to phase 2) followed by a 
steep rise when the area is reduced (reflecting the close-packed structure in phase 2). 

A cyanine dye and an azo-dye are designed to interlock according to Fig. l(b) 22. 
The assembly is formed in a surplus of fatty acid. This can be concluded from surface 
pressure-area isotherms and polarized light absorption. 

Figure l(c) 23 shows a monolayer of a cyanine dye with two hydrocarbon chain 
substituents mixed with a long-chain hydrocarbon in 1:1 molar ratio. The 
hydrocarbon fills the gaps as indicated, and a close-packed layer of hydrocarbon 
chains is formed; at the same time the chromophores are in a close-packed 
brickstone arrangement, with the chromophore axes parallel and the chromophore 
planes perpendicular to the layer plane. 

In Fig. l(d) 24 the same chromophore as in Fig. l(c) carries only one long-chain 
hydrocarbon substituent, and a 1:1 mixture with fatty acid is considered. At 
sufficiently large areas the fatty acid layer is separated from the dye layer. With 
decreasing area the fatty acid enters the dye layer and fills the gaps between the 
hydrocarbon substituents. This is indicated by a flat part in the surface 
pressure-area isotherm. Above 40 mN m-  ~ segregation takes place into a phase in 
which the hydrocarbon chains are close packed and an almost pure dye phase 
(containing 5 mol.~ fatty acid). In both phases the chromophores are in a brickstone 
arrangement, as found from electron diffraction. Thus the fatty acid forms a "solid 
phase" and a coexisting "vapour phase" within the solid matrix of the dye 
monolayer. 

In Fig. l(e) 2s the same chromophore with no long-chain hydrocarbon substitu- 
ents, dissolved in the subphase, binds to a fatty acid monolayer, again in a brickstone 
arrangement, as indicated by a strong narrow band in the reflection spectrum. This 
examlSle illustrates the design of a monolayer by binding a non-amphiphilic 
compound from the subphase. 
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3.3. Adjustment of charges in assembly design 
In Fig. l(f) 26 the importance of exact charge adjustment in designing mono- 

layers is indicated. The mixed monolayer of a neutral and a positively charged 
amphiphile has bound a dye (porphyrin derivative) with four negative charges 
dissolved in the subphase. A close-packed surfactant monolayer and a compact 
monolayer of flat dye molecules is obtained only if the ionic charges are well 
adapted, and this special situation is indicated in the reflection spectrum (which 
measures the surface coverage of the dye) and in the surface pressure-area isotherm 
(which shows a steep rise when the area is reduced as the compact arrangement is 
reached). 

If the charge adaptation is not given the dye monolayer can segregate to form 2D 
micro-crystals of uniform dimension and shape which result from a counterbalance 
between long-range electrostatic repulsion favouring stretched forms and line 
tension opposing this 27. A great variety of shapes of solid domains in fluid 
monolayers have been observed and studied 28. Domains can be manipulated by an 
electrically charged tip near the surface 29. Such well-defined domains in the 
micrometer range are of interest for engineering purposes. Design principles have 
been widely studied in aggregate formation in solution 1°'3°. 

3.4. Reactions of molecules in the monolayer with molecules in the subphase 
An amphiphilic cyclodextrine derivative forms good monolayers al. Small 

molecules in the suphase, such as azo-dyes, are bound by entering the hole in 
cyclodextrine, and an unhampered photoinduced trans to eis and cis to trans 
conversion takes place. Thus the amphiphile can recognize small molecules and the 
system with the dye acts as a supramolecular switch. 

A monolayer of a porphyrin derivative is of interest because of its co-operative 
binding and release of four protons. This is concluded from the pH dependence of 
the reflection spectrum, which changes completely when the pH is changed by only 
0.2, from pH 0.6 to pH 0.43z. 

Another remarkable co-operative effect is seen in the example of Fig. l(e) zS, 
when another dye is added in much higher dilution to the subphase. The first dye 
binds to the monolayer as in Fig. l(e), but after a certain time it is exchanged for the 
second dye, which is more strongly bound. Each dye forms a brickstone aggregate. 
No mixed aggregates appear, as seen from the time evolution of the reflection 
spectrum, which shows that the process is entirely co-operative. 

An interesting case of surface recognition is observed if an appropriate 
monolayer is produced at the surface of a solution of glycine. When the area covered 
by the film is decreased, a glycine crystal is formed after a certain surface pressure is 
reached. Thus a specific monolayer matrix must be present to trigger nucleation 33. 

Another example of surface recognition is observed in the case of a monolayer 
of a biotin lipid at the surface of a solution of a fluorescence-labelled protein with 
two specific binding sites (streptovidin). Well-shaped 2D crystals are formed. The 
action of an enzyme (phospholipase A2) can be observed in a monolayer of lecithin 
containing solid domains in the fluorescence-labelled fluid monolayer. This enzyme 
hydrolyzes the solid domains, seen in the fluorescence microscope. The domains 
appear to be gradually eaten up a4. 
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4. ORGANIZED MONOLAYER ASSEMBLIES 

4.1. Monolayer deposition 
In monolayer deposition it is important to check transfer ratio and speed. The 

transfer ratio is unity in usual cases (hydrophilic-hydrophilic and 
hydrophobic-hydrophobic contact). More critical is the transfer when 
hydrophobic-hydrophilic contact (with no reorganization taking place) is attempt- 
ed. Ifa slide with a hydrophobic surface (covered by a fatty acid monolayer) is taken 
out of water covered by a monolayer ofoctadecylamine this layer is not transferred; 
the transfer ratio is 0. However, if the fatty acid is exchanged for the fluorinated 
derivative with a CF 3 instead of a CH 3 head group, the layer is completely 
transferred; the transfer ratio is 135. 

The  maximum speed to transfer a layer depends on details in the molecular 
geometry and charge distribution. For example, a monolayer of arachidic acid is 
transferred with a maximum speed of 0.5 cm s-1 onto a hydrophilic surface by 
vertical lifting, whereas a monolayer of the corresponding methylester cannot be 
transferred. For a 1:1 mixture of acid and ester the maximum speed of transfer is 
highest (1.0 cm s- 1)36. 

Molecular orientation can take place during the deposition process dependmg 
on the rheological properties of the film and on geometrical conditions. For recent 
theoretical and experimental studies see ref. 37. 

4.2. Molecular replica formation 
In the arrangement of Fig. l(f) the negatively charged groups in the dye are 

compensated by counterions in the mixed monolayer of neutral and positively 
charged molecules which arrange themselves to form a replica of the pattern of 
negative charges. When the layer is deposited on a solid support this replica is frozen 
and the pattern of positive charges is unchanged when the dye is removed. The layer 
is again exposed to a solution of the dye and the dye is re-adsorbed, in contrast to 
what is observed when a corresponding monolayer with a frozen statistical charge 
distribution is exposed 3s. This example shows that artificial formation of a 
molecular replica and its recognition is possible. The result has implications in the 
search for sensors, surface-controlled catalysis and for copying information. 

Another case to demonstrate the feasibility of copying information at the 
molecular level is the deposition of a monolayer of a cyanine dye in fatty acid onto 
another layer of a cyanine dye in fatty acid which has been deposited on a solid 
support 39. The chromophores in this layer (first layer) are frozen in their position 
and orientation and the chromophores in the second layer arrange themselves 
accordingly by dimer formation with the chromophores in the first layer. The 
arrangement can be frozen by fixing the second layer to a solid, and the layers can 
then be separated. Thus information on the molecular arrangement in the first layer 
is copied and the copy is separated from the original. 

An interesting possibility of molecular recognition is created by making holes 
of molecular size in a monolayer, which are later occupied by molecules fitting 
in the hole. The holes are made by chemisorbing an appropriate amphiphile in 
the presence of a non-chemisorbing amphiphile which is later removed, leaving the 
molecular hole in the monolayer 4°. 
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4.3. Engineered monolayer assembly architecture 
4.3.1 Second harmonic generation ( SHG ) and pyroelectrics 
Polar chromophores should be aligned with their transition moment (SHG) or 

dipole moment (pyroelectrics) preferably perpendicular to the layer plane. How- 
ever, to obtain well-ordered multilayers the molecules in adjacent layers should stay 
head-to-head and tail-to-tail. The engineering problem then is to construct 
appropriate molecules for even- and odd-numbered layers respectively, with 
chromophore dipoles oriented oppositely relative to the direction from the 
hydrophilic to the hydrophobic part of the molecule (for examples see ref.41). 

Engineering the environment of a molecule is important. The chains of 
pentathienyl, in a mixed layer with fatty acid, stay perfectly perpendicular to the 
layer plane, as indicated by the absorption spectra for s and p polarization 42. Well- 
aligned chromophore axes would be important for SHG, but as pentathienyl is 
apolar the molecule seems useless for that purpose. However, by appropriately 
engineering the environment, i.e. by incorporating dipoles, this strongly polarizable 
chromophore can be polarized in one sense or in the opposite sense (for instance, by 
using fluorinated arachidic acid or octadecylamine respectively) and a correspond- 
ing SHG takes place 43. 

In another example, the group carrying the dipole is chemically bound to a 
strongly polarizable n-electron system. A monolayer of the compound is not well 
packed, but by interlocking an active compound which fills the gaps a reasonably 
well-packed mixed monolayer is obtained with reasonable properties as an SHG 
materiaP 4. 

The same type of compounds is of interest as pyro-electric material (for thermal 
IR imaging for night vision). In this case, the engineering problem is somewhat 
different. The strongly polarizable system is not required and mixing with fatty acid is 
important to avoid aggregation and to align the dipoles in a well-ordered matrix 45. 

4.3.2. Laterally conducting layer 
To engineer laterally conducting monolayers one may attempt close-packed 

stacks of n-electron systems in a mixed valence state. The requirement is fulfilled for 
a mixed monolayer of tetracyanoquinodimethane (TCNQ) chemically bound to a 
hydrocarbon chain and TCNQ-  constituting the counterion of a positively charged 
amphiphile (N-docosylpyridinium) in 1 : 1 molar mixing ratio 9. In this case, a rigid 
close-packed structure of the hydrocarbon chains, important for a well-defined 
monolayer architecture, a close-packing of TCNQ stacks and the conditions for a 
mixed valence state are simultaneously given. No flat part in the surface 
pressure-area isotherm is observed, which indicates the formation of TCNQ, 
TCNQ-  stacks when the area is decreased. 

Another engineering strategy to obtain a mixed valence state is complexing 
TCNQ, chemically bound to a hydrocarbon chain, with tetramethyltetrathiafulva- 
lene (TMTTF) 46. The monolayer was made at the surface of glycerin. High 
conductivity was observed after spreading and compressing the film; it increased 
exactly parallel with the surface pressure. To retain the high conductivity after 
depositing a single monolayer on a solid support seems to be difficult. Better 
engineering of the sublayer on which the conducting layer is deposited, to avoid lack 
of co-operativity, is probably crucial. 
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In a recently studied case, the high conductivity decreased with increasing 
temperature above 200 K, indicating a first case of metallic-like conduction in 
monolayers 47. Electron spin resonance studies on TCNQ-TMTTF compound 
monolayers and on monolayers of N-docosylpyridinium (TCNQ) z - indicate the 
presence of one-dimensional chains of TCNQ but a high disorder in the stacks, and a 
strong coupling of TMTTF radical spins and TCNQ radical spins in the compound 
monolayer 48. 

The field of synthetic metals, semi-conductors and high-temperature supercon- 
ductors seems to be a particularly challenging future prospect for LB film research. It 
offers a unique possibility to change the environment of the conducting portion by 
purposely structuring the amphiphilic portion of the monolayer and the contacting 
sublayer and in this manner to engineer the conduction mechanism. 

4.4. Planned chemical reactions in planned superstructure 
In the superstructure ofa monolayer assembly made of an amphiphile bound to 

an amino acid the formation ofa polypeptide takes place. The secondary structure of 
the polypeptide thus obtained depends dramatically on the architecture of the 
assembly. The polypeptide is formed between two monolayers joined head-to-head. 
If the heads of both monolayers carry the amino acid the polypeptide occurs in the 
a-helical form; if the heads of only one of the two layers carry the amino acid, the 
13-form is made. This shows that the conformation of a growing polymer can be 
controlled by the arrangement of the monomers in the monolayer assembly ag. 

Conducting multilayers made from TCNQ, TCNQ- derivatives were discus- 
sed in Section 4.3.2. Another engineering strategy is to build a multilayer of N- 
docosylpyridinium TCNQ- which is then partly oxidized with iodine to produce a 
mixed valence state. Before oxidation, TCNQ- dimers are present and the 
multilayer is loosely structured. Oxidation by iodine is accompanied by a 
fundamental reorganization into a very compact, specific, well-defined structure. 
The TCNQ, TCNQ- units form stacks, and a highly conducting mixed valence state 
is obtained 5°. 

4.5. Simple supramolecular machines 
4.5.1. Switching and amplifying 
In Section 2 energy transfer arrangements were considered as a molecular 

device for transducing and switching signals by bringing the molecules into an 
inactive state and back, chemically, say by protonation and deprotonation, or 
opticallyS 1. By combining an energy transfer arrangement with a semiconductor the 
molecular device can be made somewhat more complex sl. The molecule that has 
accepted the energy can transfer an electron to the semiconductor. A current flows, 
which can be triggered by changing the state of the energy donor or of the energy 
acceptor. 

Energy can be transferred from an excited dye molecule to a surface plasmon on 
a metal film at small distance, or vice versa 52. This is another possibility that might 
be used for molecular switching. 

The current in a conducting monolayer can be triggered by breaking and 
restoring co-operativity. This effect can be used for sensing, switching and signal 
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amplification s3. In the arrangement discussed in Section 4.3, octadecylpyridinium 
used as counterion of (TCNQ)2- has been exchanged foran azo-benzene derivative. 
The current in the conducting monolayer can be switched on and off by using azo- 
benzene as the trigger, which is photoconverted from trans to cis and cis to trans s4. 

Breaking co-operativity in a brickstone aggregate (Section 3.2) offers another 
possibility for switching and signal amplification. If a small amount of an 
appropriate dye is incorporated (one molecule among 10 000 of the host) and the 
host is illuminated, the energy absorbed by the host is transferred to the guest and 
the guest emits light 55. This effect disappears when the guest is shifted by a few 
~mgstrrms to the adjacent monolayer. Thus it should be possible to switch on and off 
the fluorescene of the guest by any slight modification. The system might be useful as 
a sensor and an efficient amplifier. 

4.5.2. Addressing single molecules 
Addressing a single molecule by light has not been achieved but it may be asked 

if this is feasible. An aperture of 500-/~ diameter has been made. The aperture was 
illuminated and the light that passed the aperture was observed. Its intensity was 
strongly changed by changes behind the aperture sr. Let us consider a monolayer of 
the aggregate, described above, in which one molecule of the guest is among 10 000 
or more molecules of the host. This monolayer is fixed close behind the aperture, 
thus usually none or occasionally one molecule of the guest will be in the range of the 
aperture. The fluorescence of the guest must then be usually absent, and is present 
when a guest molecule is in the range of the aperture. Thus it should be possible to 
address a single molecule of the guest. 

Addressing single molecules by electrons is feasible. Tunneling microscope 
images of fatty acid monolayers show the hexagonal arrangement of the chains 5 v. 
It will be of great interest to apply this technique to planned mixed 
monolayers, to identify and address particular single molecules. The current flow 
through the tip of the tunneling microscope (corresponding to 101° electrons s- 1) is 
much larger than the expected tunneling current through a fatty acid molecule (see 
next section), and this needs clarification. Tip touching and deformation of the film, 
diminishing strongly the distance between tip and conducting support, has been 
proposed as a possible explanation sa. It is supported by the fact that typical forces 
acting on the tip are of the order of 10- 9 N (ref, 59), sufficient to push the tip into the 
layer of flexible fatty acid chains towards the chain ends fixed at the solid support. 

4,5.3. Electron tunneling 
Stilbene was incorporated in a monolayer of fatty acid and paraquat in the 

adjacent monolayer. Stilbene was photoexcited and the electron transfer to 
paraquat studied 59. The distance between electron donor and acceptor was 
controlled by the length of the hydrocarbon chain bound to stilbene and used as 
spacer. Electron transfer competes with fluorescence, and the rate of electron 
transfer is then measured by the degree of flourescence quenching of stilbene. The 
rate decreases roughly exponentially with the distance. In the case of photoexcited 
cyanine dye as the donor, and again paraquat as the acceptor, the exponential 
decrease was demonstrated for fatty acid spacer layers with 14-22 carbon atoms 61. 
This result is explained by assuming that the electron tunnels through the 
hydrocarbon portion considered as insulating dielectric. The measured rate 
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corresponds to a nanosecond as the time for tunneling over a 20-A distance. In this 
case, the tunneling electron is at a high energetic level. The extrapolated tunneling 
rate from the ground state level is many orders of magnitude smaller. This rate can 
be measured by sandwiching a monolayer between metal electrodes. The current, for 
a given applied voltage, decreases exponentially with the spacer layer thickness, as 
shown for fatty acids with 14-23 carbon atoms 62'63. Related to a single arachidic 
acid chain and to an applied voltage of 40 mV, the current is 15 orders of magnitude 
smaller than that flowing through the tip of the tunneling microscope at the same 
applied voltage 57. 

It was recently questioned whether even this small current is due to tunneling 
through the fatty acid monolayer, or through pinholes and grain boundaries. The 
coherence of electron transfer measurements in very different situations 64 is a strong 
argument for tunneling. Deposited and adsorbed films show exactly the same 
distance dependence of the current 62'63 (it seems difficult to understand why such 
different methods should lead to the same pinhole density). Tunneling devices of 
1/3-mm diameter behaved uniformly; the current is scattered less than 20~/o 61 (if 
pinholes were present in the density observed by electro deposition (a few per square 
millimeter 65, part of the samples would have no pinholes, and part would have one 
or two pinholes; if the current flowed through the pinholes the scatter would be 
enormous). The current is 106 times larger for a spacer layer with 14 carbon atoms 
than for a spacer layer with 23 carbon atoms 63 (if the current flowed through grain 
boundaries it should be the same in both cases, provided the uncovered area 
between grains is equal, and there is no reason why this area should be much 
different in the two cases). 

4.5.4. Vectorial electron transfer 
Let us consider a dye molecule D that was excited by light. The electron moves 

to an acceptor A via a conducting element W, a molecular wire 22. The acceptor must 
be at a sufficiently large distance to avoid back-transfer by tunneling 66. The 
molecule that has lost the electron is recovered by accepting an electron from donor 
D'. Several attempts were made to approach this challenging supramolecular 
engineering problems to design a light-induced electron pump 22'42'67. In a recent 
approach 68, a molecule with three functional components D' D W was synthesized 
and incorporated into a fatty acid monolayer, and the layer was deposited on a gold 
film, which acted as acceptor A. The electronic properties of all components are well 
adapted and the geometry is engineered by connecting the chromophores with 
hydrocarbon chains of appropriate length. The measured photocurrent is propor- 
tional to the number of molecular devices that are active, i.e. where paraquat 
(component W) is in the oxidized state. In the case of a similar molecule but with no 
donor D', the photocurrent is smaller 69, showing that D' (ferrocene) is actively 
contributing. It will be a challenging task to demonstrate that the system really acts 
as the intended photo-induced battery. Mixed monolayers of the triad and an 
amphiphile bound to pyrene were investigated, to model photosynthesis. Pyrene 
served as an antenna, absorbing light and transferring the energy to component D 
(perylene), and thus inducing vectorial electron transfer 7°. Attempts to demonstrate 
photo-induced CO2 reduction were made by investigating monolayers of a nickel 
complex know to have high catalytic activity for reduction of CO271 
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5. OUTLOOK 

As mentioned in Section 2, the construction of purposely designed monolayer 
assemblies has long-term aims and more direct goals. Basic to both aspects is the aim 
to develop planned supramolecular solid systems (by interlocking appropriate 
molecules) and to plan matrix-controlled chemistry (specific reactions driven by the 
superstructure of  interlocking molecules). 

Thinking in terms of supramolecular machines should promote future 
developments.~ Questions arising are: how can complex molecular devices be 
constructed, what design principles can be imagined, how can noise and reliability 
problems in molecular electronic devices be overcome, how can biosystems be 
understood from the engineering point of view, how can these mechanisms be 
applied to engineer artificial systems, and how can a 3D complex system, consisting 
of several hierarchical levels, be self-organized at a 2D matrix? 

The question of  how the living machinery emerged (usually seen as a chemical 
problem concerning the nature of the starting material, or as a general physical 
problem concerning the development of  order from chaos) is a lso a challenging 
molecular engineering problem72: What is the basic mechanism in the origin of life, 
in the emergence of the genetic apparatus, what made the evolutionary machinery 
start and kept it going, and how can solutions of this problem drive thinking in terms 
of future technologies based on these evolutionary mechanisms? 

LB film research is a strong stimulus to propose theoretical models as attempts 
to answer such questions and to open the way for future attempts in molecular 
engineering besides its ultimate prospect of engineering entirely new materials and 
material systems. 
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