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The optimization of organic materials in semiconductor are flexible enough to be soluble. In addition, the molecules
devices or as electrical conductors in devices is closely should be coded in a way which allows them to find their way
related to the optimization of electroactive molecular struc- from a disordered state in solution into a highly ordered solid
tures which can self-assemble into highly ordered solid state through proper recognition of their nearest neighbors.
films when cast from solution. This supramolecular optim- The current focus on research involving nanoscale devices
ization problem is dissected in the present feature article further emphasizes the need to control the micro- and nano-
by focusing on self-assembly of thin films at the interface scale structure of molecular architectures.1–6
between water and air (Langmuir films). Recent advances The present paper focuses on the status of rational assembly
towards fabrication of highly conducting Langmuir– of conducting organic thin films by use of the Langmuir–
Blodgett (LB) films is reviewed. Owing to new accurate Blodgett (LB) technique. This area of research offers a unique
structural methods, including synchrotron X-ray diffrac- opportunity for studies of the supramolecular assembly process
tion and scanning probe microscopy (in particular atomic because the air–water interface provides a very well definedforce microscopy, AFM), the steps in the assembly process

experimental situation in which the individual steps of theof Langmuir-Blodgett films can now be studied in unpre-
pseudo 2-dimensional assembly process can be addressed. Bycedented detail. This is exemplified for the electroactive
including highly accurate structural methods such as diffractionmolecular surfactant 2-octadecylsulfanyl-p-benzoquinone,
of synchrotron X-rays7,8 and, after transfer to solid supports,and for amphiphilic derivatives of regioregular polythio-
scanning probe microscopy,9 unprecedented insight into thephene. In the first case control over the packing of the
assembly process can be obtained.electroactive part of the molecule is lost because the alkyl

Systematic studies of the assembly process in general, includ-chains dominate the packing. For amphiphilic regioregular
ing assembly at the air–water interface, will hopefully evolvepolythiophene the ability to p stack is the important
with time into general rules for rational design of moleculesfeature that controls the assembly process leading to highly
suited for self-assembly into specific target structures.conducting polycrystalline films (s#100 S cm−1).

Comparisons of prototype systems such as disks, boards
and rods dressed with alkyl chains show that in cases 1.1. Status of supramolecular (crystal ) engineering
where p stacking is allowed to dominate over alkyl chain

Organic synthesis has presently reached a stage where almostpacking the structures formed at the air–water interface
resemble bulk structures of similar molecules. Based on any molecule can be synthesized. This tremendous deed has
these analogies the link between the LB-assembly process been accomplished by systematic dissection of the synthesis of
and other solution based methods for film fabrication complex molecules into steps where prototype chemical trans-
(such as spin coating) is discussed. formations are made. Compared to this advanced level of

scientific craftsmanship, our ability to organize organic mol-
ecules, once made, into larger predetermined ‘supramolecular’1 Introduction
architectures is almost non-existent. Of course important new

In order to take advantage of tailor-made organic molecules developments have emerged3,4 since the field of supramolecular
for devices it is of paramount importance to control the chemistry10 was initiated by the Nobel laureate from 1987,
supramolecular structure of the molecules in functional nano- Jean Marie Lehn. Nevertheless, the basic control of for
structures and materials since functions such as electrical example the supramolecular complex that initiates crystal
conductivity or chemical sensing depend crucially on the growth is not yet achieved, as evidenced by the tremendous
supramolecular arrangements of the material. In this context difficulties encountered in the field of crystal engineering.11,12
the assembly of molecular architectures that possess high In practice it is still impossible to predict the crystal structure
electrical conductivity is very ambitious because electrical of even simple molecules.13 The difficulties arise because the
conductivity depends on the supramolecular (or intermolecu- intermolecular interactions that hold non-ionic crystals
lar) contacts all the way from the source to the drain electrode. together are so weak and spatially complex that very subtle
The challenge is hence to control not only nearest neighbor effects, which are difficult to control, become decisive in
interactions but also the nano- and micro-scale morphology determining the overall structure (Fig. 1).
of the sample by proper molecular design and choice of sample In view of this level of complication the need to divide the
preparation method. In addition, controlled introduction of problem of 3-dimensional assembly of molecular architectures
charge carriers is also necessary. These challenges have to be into less complicated sub-tasks becomes evident. In analogy
met because self-assembled organic materials with good electri- to organic synthesis, the supramolecular chemistry probably
cal conductivity (or equivalently high carrier mobility) are has to be performed in steps in order to identify the important
very important for future improvement of organic materials interactions that govern the assembly process. As a starting
for electronic devices. point, one approach consists of separating the intermolecular

Owing to restrictions set by the preferred film fabrication from the intramolecular degrees of freedom,13 another in
methods (e.g. spin casting from solution) highly conducting reducing the effective dimensionality of the system to undergo

assembly.11 Using the first approach, predictions of the 3-organic materials should ultimately consist of molecules which
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Fig. 1 Schematic illustration of the relation between bond strength
and bond length (and type) for molecular structures on various scales.

dimensional crystal structures of non-flexible organic molecules
have been made with some success.13 The second approach
offers numerous examples of successful design and assembly
of structures in which the main interactions occur in one
dimension.11,14–16 With regard to pseudo 2-dimensional
assembly, interfaces play an important role. Among these the
air–water interface offers some advantages as discussed in the
next section.

1.2 Assembly at air–water interfaces—the Langmuir–Blodgett
technique

Fig. 2 The Langmuir–Blodgett technique. Left side: A, deposition of
the amphiphiles on the water subphase with a solid substrate sub-The Nobel prize in chemistry was awarded to I. Langmuir in
merged; B, by action of the barrier the monolayer is compressed;1932 for his pioneering studies of the physical–chemical
C, by pulling out the substrate vertically a monolayer is transferredproperties of organic surfactants spread from solution onto
to both sides of the substrate; D, a multilayered structure is built upan air–water interface of a simple trough.17 Langmuir and his by repeated up and down strokes of the substrate; E, transfer of

co-worker K. Blodgett found that for example long-chain fatty monolayer by horizontal lifting (Schaefer method). Right side:
acids form a mono-molecular layer at the interface, in which examples of different types of multilayer structures ( X, Y, and Z)

which can be built up by the LB technique.the carboxylic acid moieties are submersed in the water phase,
resulting in an overall orientation of the molecules perpendicu-
lar to the water surface. The molecules can be pushed together of this period to produce molecular electronic systems are
by moving barriers, initially placed at the ends of the trough. shown in Table 1. Included are key examples of surfactant
The area available per molecule on the surface can hence be derivatives of dyes, of electron donors and acceptors as well
controlled by the barrier positions. At the same time the 2- as of molecular push-pull systems; all of them have been used
dimensional pressure, p, exerted on the barriers by the fatty in connection with the Langmuir–Blodgett technique.
acids, can be measured, allowing the pressure–area relationship Intriguing and important physical properties have been
to be obtained. In particular, it is possible to compress the demonstrated from films of such molecules including (i) fair
monolayer into a dense film, which, if stable, can be transferred electrical conductivity,23,26,27 (ii) sizeable second order non-
to solid supports. Different techniques are used for the mono- linear optical response,28 and (iii) rectification of electrical
layer transfer. That most frequently used for films of low currents.29,30
viscosity is the Langmuir–Blodgett technique, in which the The recent development of synchrotron sources, providing
solid substrate simply is dipped and raised (Fig. 2A–D) verti- very high X-ray intensities, has allowed diffraction experiments
cally through the surface while maintaining constant surface to be performed directly on monomolecular films.7,8,31 This
pressure.18,19 This process can be repeated several times experiment allows the in-plane structure of the films to be
resulting in multilayer films. In the normal Langmuir–Blodgett elucidated for the first time. Once transferred to solid supports,
transfer process centrosymmetrical films of the Y type (Fig. 2, local probe methods such as atomic force microscopy9 may
right) will be built up. Other multilayered structures are also be used to study the in-plane structure of the surface of
possible: If the film is only transferred at the upstroke, films the films.32–38 In combination these two methods have provided
of the Z type are built up, while X type films will form if the the missing link which allows the molecular structure of the
monolayer is only transferred at the down stroke. The normal individual amphiphiles to be related to the resulting in-plane
vertical dipping technique is usually most successful for liquid- structure of the films assembled at the air–water interface, as
like monolayers of for instance long chain acids or phospholi- further addressed below.
pids. If the Langmuir film on the water surface is more viscous,
comprised of crystallites or aggregates, transfer by the vertical

2 Conducting Langmuir–Blodgett filmstechnique can be difficult because the high viscosity of the film
prevents it from flowing towards the substrate. In these cases 2.1 Background
a horizontal dipping of the substrate can lead to monolayer
transfer by the so called Schaefer method20 (Fig. 2E). The Langmuir–Blodgett technique has been proposed as a

possibility to achieve thin films which are conducting andThe early work by Langmuir and Blodgett revealed a simple
way to control molecular organization at the air–water processable at the same time23,26,27 and this goal has been

pursued by several groups. As shown in Table 2 the guidinginterface. In the ’60s Kuhn and co-workers exploited these
possibilities to study exciton formation in LB films of dye- structural motif in the first generation of functionalized surfac-

tants for conducting LB films has been taken from the p-containing surfactants.21,22 Later, as the field of molecular
electronics gained pace through the ’80s and ’90s, the stacked organic crystals (Fig. 3). By grafting alkyl side chains

to either electron donating or accepting head groups,Langmuir–Blodgett technique has seen a true renaissance as
evidenced by numerous reviews and books.23–25 Langmuir–Blodgett films of e.g. the TTF moiety can indeed

be fabricated and subsequently doped by iodine vapor. TheTypical examples of the molecules employed in the beginning

1976 J. Mater. Chem., 1999, 9, 1975–1990



Table 1 Examples of a fatty acid (A) and 1st generation molecules for ‘molecular electronic’ LB films (B–E). References: A,17,18 B,40 C,29,30
D;21,22,34,54 Review23

Table 2 Examples of 1st generation molecules for electrically conducting LB films

conductivity of these and similar systems lies in the range mobility intramolecularly along the conjugated back-
bone. Tetramethyltetraselenafulvalene hexafluorophosphatebetween 10−2 and 20 S cm−1,23,39,40 i.e. orders of magnitude

lower than the perfectly crystalline parent structure depicted ((TMTSF)2PF6), shown in Fig. 3B, contains p-stacked mol-
ecules which allows charge to delocalize intermolecularly alongin Fig. 3 which in the following serves as a reference, showing

two important structures that are excellent organic conductors the p stack. In both materials chemical or electrochemical
doping is necessary to create charge carriers on the conductingin their standard 3-dimensional crystal forms.

Polyacetylene, depicted in Fig. 3A, consists of extended backbones. The difference between the two materials lies in
part in the different band widths resulting from the tworows of overlapping p orbitals which can promote carrier
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Fig. 3 Structure of the organic conductors polyacetylene (A) and, (TMTSF)2PF6 (B). C: Schematic representation of the electronic band
diagram represented as the density of states for the materials in the undoped (semiconducting) and doped (conducting) state.

different types of p overlaps encountered and the magnitude On a macroscopic scale the conductivity, s, is defined as
of the on-site electron–electron repulsion (see Fig. 4). For

s=nmq (2)polyacetylene the p overlap is intramolecular, resulting in an
electronic coupling element, t#3 eV.41 By contrast the coup- where n is the concentration of charge carriers, m their mobility
ling is only #0.1 eV in (TMTSF )2PF642 due to the intermol- and q their nominal charge. Since the charge carriers are
ecular nature of the interaction as discussed below (see Fig. 4). created by thermal or external excitations in undoped neutral
The room temperature conductivity, s, of doped polyacetylene systems, conductivity increases with temperature as for semi-
is #105 S cm−1 43 and #1000 S cm−1 for (TMTSF)2PF6 .44 conductors, while the doped systems, having a temperature

Electrical conduction in these systems is a result of the independent concentration of carriers, can be metallic accord-
interplay between the key interactions illustrated in Fig. 4. ing to the tight binding model. Metallic conductivity is indeed
Electronic overlap between adjacent molecules results in tight observed in single crystals like (TMTSF)2PF6 but rarely in
binding (Hückel ) matrix elements ‘t’ defined as x

i
|H|x

j
� with polycrystalline samples of conducting polymers.48 This is

x
i
and x

j
being molecular orbitals of molecules in direct contact because the highly ordered (and highly conducting) crystalline

and H the effective Hamiltonian. The coupling element tparallel, grains of the polymer most often are connected through more
for example, represents a delocalization energy of charges disordered regions with lower conductivity. As recently
within a well ordered array of molecules (Fig. 4). The local reviewed,49 the relation between the interaction within grains
structure of the system will determine the size of the matrix (intragrain) and between grains (intergrain) is still a central
elements and the extent of the delocalized states. As mentioned question in the field of conducting polymers. This again
above t#0.1 eV is a typical value for p stacks and t#3 eV for emphasizes the need to control the structure of the sample not
the intramolecular coupling between adjacent atoms in conju- only on the molecular scale but also on the nano- and micro-
gated polymers. meter scales.

In a periodical system the electronic couplings will result in In summary, the molecules in an ideal thin film conductor
band formation, which, according to the tight binding model,45 should consist of low Hubbard U moieties which organize in
gives a dispersion of the local energy levels defined by highly regular arrays allowing efficient electronic overlap

between neighboring moieties. Preferably the interactionsEk=Elocal+2(tparallel×cos(kparallela)+
should extend in 2 or 3 dimensions to maximize carrier
mobility and to avoid instabilities typical of 1-dimensionaltperpendicular×cos(kperpendicularb)) (1)
systems.50 These crystallites should further connect efficiently

for the 2-dimensional system shown in Fig. 4. Here Elocal across domain boundaries allowing high mobility across
denotes the energy of the local orbitals, t the nearest neighbor boundaries. For use as semiconducting elements in field effects
coupling element as above, k the crystal orbital quantum transistors or light emitting diodes such films can be used
number (k µ (−p/a; p/a)), and a or b the periodicity in the directly.
2-dimensional lattice. The corresponding density of states To achieve high electrical conductivity, charge carriers must
diagram is shown in Fig. 3C for the uncharged and the be incorporated in the structure in a way that does not disturb
charged system. the requirements mentioned above. Expressed in terms of

The repulsion between electrons in the material counteracts Eqn. 2, high conductivity is reached by introducing a maximum
the delocalization effect promoted by the ‘transfer’ matrix number of carriers without degrading the carrier mobility
element, t, because mutual repulsion makes it difficult for governed essentially by the extend of the perfectly ordered
electrons to pass each other in the solid. Electron–electron local structures, and intergrain contacts.
repulsion hence drives the system towards localized electronic
states as described in a simple model by Hubbard46,47 who 2.2 Status of conducting Langmuir–Blodgett films—overview
took the electron–electron repulsion into account by introduc- over design strategies
ing the on-site repulsion element, U (Fig. 4B). The transition
between a delocalized regime (metallic) and a localized regime Since research in conducting Langmuir–Blodgett films was last

reviewed in 199523 a number of new studies have been per-(magnetic) occurs at U/t#1 according to this simple model.
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Fig. 4 A: Schematic diagram showing the electronic interactions (t) parallel and perpendicular to the stacking direction of electroactive molecules
in a LB film. B: Definition of on-site repulsion ‘U’. C: Band structure diagram of a 2-dimensional system, having tparallel=tperpendicular. D: Band
structure diagram of a 2-dimensional structure having tparallel=10tperpendicular resulting in a pseudo 1-dimensional band.

formed in which conductivity plays a central role. As a brief
review of the more recent work Table 3 summarizes studies
performed after 1995 which involve conductivity measure-
ments. The Table is ordered according to the prototype
molecules encountered. Selected results from before 1995 are
also included.

The prototype molecular structures have been included to
emphasize the gross design strategies which have been used in
various studies. Category (b) summarizes work where organic
charge transfer complexes have been mixed with simple amphi-
philes to produce composite LB films. As a natural extension of

Fig. 5 Schematic model of the conductivity hierarchy in polycrystalline
this design category (c) summarizes work where the surfactantsamples. Highly ordered domains are shown in black, being separated
and the electroactive group has been covalently linked as aby disordered areas shown in gray. Charge carriers will follow a path
molecule. By further linking the electroactive groups togetherminimizing the path length in the disordered areas as indicated by the

white line. into oligomers or polymers which resemble ‘boards’, conjugated
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Table 3 Examples of 2nd generation molecules of conducting LB films
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systems have been produced and studied either as pure com- offer little new insight compared to the pure crystalline or
polycrystalline samples of the native conductors. In the followingpounds (d, e, g) or as mixtures with simple surfactants (f ).

Lamellae structures have been organized at the air–water emphasis will hence be on non-composite systems.
Extensive spectroscopic studies of many of the conductinginterface either by grafting substituents directly onto molecular

disks (h) or by preorganizing the disks in lamellae through LB films shown in Tables 2 and 3 (see refs. 23,27 and refs.
therein) as well as X-ray scattering from the layers in the filmscovalent bonds as in so-called hairy rods (i). Finally globular

structures in the form of Buckminster fullerenes have been studied provide information about the average orientation of the
molecules. In general the results are in rough agreement with( j). As a gross structural guide, typical local packing patterns of

the prototype molecules are illustrated in Fig. 6. Leading refer- the anticipated overall structures expected to be obtained in
the Langmuir–Blodgett preparation procedure (Fig. 2). Theseences to the proposed structures are found in the figure caption.

From the values of the conductivity representing each proto- experiments do not explain in general the relatively low
conductivity found in these films compared with the bulktype structure it is clear that not all systems are well suited for

producing highly conducting films. For some categories the structures of the same electroactive moieties due to the average
nature of the structural methods employed. This thereforereason for this is quite clear: Hairy rigid rods for example (i) are

coated with an insulating cap (the hair) which insulates the calls for a more thorough structural characterization, as sug-
gested in 1992,53 because conductivity depends strongly on theindividual rods from each other (Fig. 6). Clearly such systems

have not been designed with an optimization of efficient 2- detailed interactions between neighboring molecules as well as
the nano- and micrometre-scale morphology of the sample.dimensional electronic contacts in mind. In other cases the low

values of the conductivity, as compared with bulk systems of the Such studies have now been performed for a member of the
simple amphiphiles with electroactive head groups (c) and forsame molecules, are most likely due to the lack of order in the

LB films (e.g. polyaniline shown for example in category (g)) or a member of the amphiphilic hairy board polymers (d) as
described in some detail in the next sections.formation of a highly irregular polycrystalline film as in the case

of C60 in category ( j).51
In effect only two categories have provided conductivities 2.3 Structural studies of Langmuir–Blodgett films of a simple

which approach the values measured for prototype crystals shown amphiphile with an electroactive head group (Table 3, c)
in Fig. 3. These are solid solutions of highly conducting (non-
surfactant) molecular or polymeric systems in simple amphiphiles To shed light on the local structural properties of a representa-

tive sample of the first generation of prototype functionalized(b, f ) or conjugated amphiphilic hairy board polymers (d). In
the composite films, crystallites of highly conducting grains are surfactants (Tables 1 and 2) a detailed structural study of 2-

octadecylsulfanyl-p-benzoquinone was performed. This wasmost likely connected by a percolation path through the non-
conducting host.38,52 In terms of understanding the packing of done by elucidating the structure both of the compressed

monolayer on water using synchrotron X-rays7,31,34,54 and ofthe molecules in the conductor these mixed systems therefore

Fig. 6 Typical in-plane packing motifs in monolayer films of prototype molecules shown in Table 3. Letters in parentheses refer to Table 3.
(a) Simple amphiphiles form hexagonal structures.7,82 (b) Segregation of electroactive molecules and long-chain fatty acids.38,52 (c) Simple
amphiphiles with an electroactive head group pack with tilted alkyl chains.34,54 Amphiphilic hairy board polymers (e) stack perpendicular to the
conjugation length, in a ‘lock and key’ arrangement, determined by the alkyl side chains.59,63 LB films of non-hairy ionic polymers are shown
to form fibrillar structures (g).37 Hairy disks (h) arrange in p-stacked lamellae, separated by alkyl chains.35,36,81,83,84 The hairy rigid rod polymers
(i) organize in lamellae separated by the alkyl side chains.68,70
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Fig. 7 A: Schematic illustration of diffraction experiment on a Langmuir film.7,31 B: Chemical structure of 2-octadecylsulfanyl-p-benzoquinone
and unit cell and tilt direction of alkyl chains (dotted line).34 C: Observed Bragg reflections from monolayer of the quinone.34 D: Model of two
adjacent molecules in Langmuir–Blodgett film inferred from fits to the observed Bragg peaks and Bragg rods.34

a Langmuir–Blodgett film transferred to a solid support by of the solid support the resulting Langmuir–Blodgett film is
not sufficiently planar to allow detection of the in-plane X-rayatomic force microscopy.34
scattering. Instead a variety of other techniques have beenThe X-ray scattering observed from a densely packed mono-
employed to characterize the film.34,54–56 Among these atomiclayer, compressed roughly to the collapse pressure of the film,
force microscopy (AFM) has been an extremely powerful toolreveals 3 distinct diffraction peaks corresponding to an oblique
as seen from the AFM image of the surface of the film shownunit cell with an area of 23.1 Å2 (Fig. 7B, Table 4). This area
in Fig. 8. The AFM provides direct images of the crystallineis very close to the projected area of the head group provided
domains in the film as evidenced by the contact mode imagingit is standing upright on the surface with the long axis of the
of the methyl end-groups of the alkyl chains protrudingquinone parallel to the surface normal.54 In other words, the
towards the AFM cantilever shown in Fig. 8A.34 Between thediffraction data show that the head groups are forced into a
ordered domains, domain boundaries extending over severalclose-packed arrangement providing good intermolecular over-
nanometres are observed as indicated in Fig. 8B.34laps and hence possibly good conduction as found for

Fourier analysis of the crystalline domains provide very(TMTSF)2PF6 for example.54 The alkyl chain only needs
accurate unit cell parameters, which are compared to the#19 Å2 in its upright position on the surface. Since the
values found for the compressed monolayer on water inavailable projected area per molecule is larger than this value,
Table 4.34,54 One sees that the area per molecule has expandeda tilting of the alkyl chain is possible and indeed
by 17% during transfer of the monolayer to the solid support,observed.34,54,55 From the widths of the diffraction peaks the
loosening, in other words, the contact between the quinonesize of the individual scattering domains can be estimated to
head groups. This expansion presumably leads to multilayerbe relatively small (about 30 Å in diameter).34
defects created during transfer. In addition the diameter ofTransfer of the monolayer to a solid support under constant
the domains has grown from #30 to #150 Å.34 These changessurface pressure proceeds smoothly.34,55 Due to the roughness
may be understood by observing that the packing of the alkyl
chains in the transferred film corresponds to a local energy

Table 4 Lattice parameters for Langmuir and Langmuir–Blodgett minimum packing motif of alkanes54 contrary to the packing
films of 2-octadecylsulfanyl-p-benzoquinone

motif found in the compressed monolayer on water (see
below). The transfer process thus seems to stimulate a kind ofPressurized film Transferred film on
annealing, where the energetically most favored arrangementParameter on water solid support
becomes predominant once the pressure exerted by the barriers

a/Å 5.60 5.87 is relieved.
b/Å 4.19 4.56 For the first time these data provided direct evidence of the
c/° 80 82.3 local packing motifs and nanoscale morphology of theArea/Å2 23.1 26.5

Langmuir and Langmuir–Blodgett films of functionalized sur-
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Fig. 8 A: AFM micrograph (31×31 nm) of a double layer of the electron acceptor 2-octadecylsulfanyl-p-benzoquinone on top of a double layer
of cadmium behenate (CH3(CH2)20COOCd).34 B: Schematic illustration of the highly ordered domains (black) connected through less ordered
regions (gray).

factants such as those exemplified in Tables 1 and 2. The between head and tail once the pressure on the film is released.
In return the head group interactions are sacrificed.observed expansion of the unit cell strongly indicates that the

molecules relax towards a structure allowing the alkyl chains As proposed in 199253 based on general arguments, these
observations provide direct structural evidence showing thatto pack more favorably once transferred to the solid sup-

port.34,54 The situation is illustrated schematically in Fig. 9 two serious problems are associated with the realization of
highly conducting LB films from this molecule: (i) the headshowing how the barrier on the Langmuir trough can easily

push the soft alkyl chains together in the lateral direction. The groups are not necessarily closely packed (rather the alkyl
chains are) and (ii) the domain boundaries are very broad (seehead groups hence become close-packed resulting in good

intermolecular contacts. This is, as mentioned earlier, the first below). To overcome the first problem stable local structures
transferred to solid supports are essential. These can apparentlyprerequisite for obtaining good conductivity. The alkyl chains,

on the other hand, are pushed into non-equilibrium positions best be realized if there is no strong competition between the
packing motifs of the head group and the alkyl chain. Toin the pressurized film. This imposes a stress in the film, kept
avoid this competition one could in principle useat bay by the barrier, which leads to the formation of rather
Kitaigorodskii’s packing tables for alkanes54,57 and try tosmall crystalline domains. Once transferred to a solid support,
design a head group that would fit perfectly to one of thethe alkyl chains relax resulting in an expansion of the area per
preferred packing motifs of alkanes. In practice this is notmolecule in the film.
easy. In fact it is likely to be as risky as trying to predictSince a major part of the cohesive energy in the monolayer
crystal structures in general, because of the very flexible natureis associated with the alkyl chains it is not surprising that this
of the surfactant molecule.structural sub-unit is able to win the packing competition

Viewed on the nanometre scale the pronounced domain
boundaries (Figs. 8 and 9) are also unfavorable for conducting
electrons which have to pass the boundaries during the conduc-
tion process. As discussed earlier in this section, the wider the
domain boundaries are the smaller the macroscopic conduc-
tivity will be due to the limiting conductivity of the grain
boundaries. Comparisons with Langmuir–Blodgett films of
simple fatty acids32,33 indicate that wide domain boundaries,
which are not present in fatty acid films of non-tilted molecules,
are due to the special packing problems encountered with the
functionalized surfactant. In particular, the tilt of the alkyl
chain must pose a problem at the boundaries of crystallites of
different orientation (see Fig. 9). To overcome this, one should
aim at non-tilting alkyl chains in the design of the func-
tionalized surfactants in order to achieve high conductivity.
Since the projection of the functionalized head group will
always be larger than the projection of one alkyl chain, this
requirement can only be fulfilled by grafting more than oneFig. 9 A: Schematic illustration of the packing in a pressurized
alkyl chain to each head group. Designing such molecules,Langmuir film on water and in a Langmuir–Blodgett film transferred
requiring close packing of two or more alkyl chains togetherto a solid support. B: Illustration of domain boundary between

domains with different tilt of the alkyl chains. with the head groups, will not be an easy task. Work following

J. Mater. Chem., 1999, 9, 1975–1990 1983



Fig. 10 A: Schematic illustration of hairy rods and hairy boards. B, C: Two possibilities of hinging molecular surfactants into hairy boards.
D–F: Examples of selected prototype structures (see text).

this general strategy39,53 has accordingly not led to highly tendency to diffuse into thermodynamically more stable and
functionally less interesting structures. Taken together theseconducting LB films so far.

In addition to these fundamental packing problems, it is data indicate that design of molecular surfactants is not the
most promising way towards highly conducting, stable andalso a problem that some Langmuir–Blodgett films tend to be

unstable over time.56,58 In the case of the surfactant described yet processable thin films.
above, films simply crystallize into their original 3-dimensional
crystal forms when kept under ambient conditions.56 Again 2.4 Structural studies of Langmuir–Blodgett films of
this is evidence in favor of the hypothesis that there is no amphiphilic hairy board polymers (Table 3, d)
strong cohesive energy keeping the local structure together.

Owing to problems with doping of LB films of 2-octadecyl- In an effort to merge the design of rigid rods, providing highly
stable films, with the attractive intramolecular electronicsulfanyl-p-benzoquinone, attempts to make measurements of

the conductivity were never made. properties found in the functionalized molecular surfactants,
the concept of hinging the molecular surfactants into amphi-
philic polymer boards was recently proposed.59 Clearly, if the2.3.1 Summary of structural studies of Langmuir–Blodgett

films of simple amphiphiles with electroactive head groups roughly circular hairy rods could be replaced by flat boards
standing edge-up on the water surface the contact between the(Table 3, c). In conclusion, investigations of the first generation

of functionalized surfactants launched in the late ’80s and electroactive parts would be decisively improved. This type of
structure could encompass conduction from both the conju-early ’90s (Tables 1 and 2) have shown that the Langmuir–

Blodgett technique can indeed be used to direct the molecules gated p electrons lengthwise and the p-stacked orbitals sidewise
(Fig. 10A, F) and one could hope to come close to more 2-into desired supramolecular structures. This can be useful

when the target physical property of the films is derived from dimensionally coupled conductors as it is known from for
example bulk poly(3-alkylthiophene)s.60–62the molecular properties by simply adding these up.

Preparation of second order non-linear optical Langmuir– From a molecular design point of view, the hinging strategy
opens a number of new possibilities as illustrated schematicallyBlodgett films and rectifying films are examples in this cate-

gory. Collective properties as for example electrical conduc- in Fig. 10B. First of all, covalent bonds between the functional
head groups ensure a much better edge-on electronic contacttivity can also be achieved in Langmuir–Blodgett films.

However, the control of the detailed molecular structures is between neighboring head groups allowing an extended p-
conjugated system to develop. Energetically, the change is verydifficult because of the flexibility of the molecules and because

of the competition between different packing motifs preferred dramatic and this should improve stability of the films in
addition to providing a highly conducting system along theby the individual molecular sub-units. In addition, the molecu-

lar surfactants are quite mobile, and, with time, they have a polymer ‘board’. Secondly, the hinging opens up the possibility
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Fig. 11 A: Orientation of an amphiphilic polythiophene derivative on a water surface (poly(3∞-dodecyl-4∞-(2,5,8-trioxanonyl )-2,2∞-bithiophene)).
B: Space filling model of a polymer segment on water showing the void space between the alkyl substituents. C: Side view of p-stacked dimer
on the water surface showing efficient overlap between p electrons on adjacent sites.

to place the polar and non-polar substituents on adjacent together. As recently demonstrated63,64 this strategy makes it
possible to use the Langmuir–Blodgett technique to promotefunctional moieties as illustrated in Fig. 10C, thereby

expanding the range of possible geometrical shapes of the the self-assembly of p-stacked conjugated polymer chains into
a stable monomolecular layer with a local structure that ispolymers considerably. This separation turns out to be of

particular importance for the packing of the individual surfac- optimal for electrical conductivity.
The results are achieved by synthesizing regioregular amphi-tants once pre-organized on the water surface (see below). The

separation of the polar and non-polar groups in combination philic polythiophene copolymers with alternating hydrophobic
and hydrophilic side groups (Fig. 11).63 These polymers canwith the hinging of the functional head groups has led to a

new type of amphiphilic polymeric surfactant illustrated in form a rigid board-like structure that has a hydrophobic side
and a hydrophilic side with the highly conjugated polythi-Fig. 10F which has been characterized recently by X-ray

diffraction63–65 as described in detail in section 2.4.1. ophene core as the functional element (Fig. 11).
By choosing this particular substitution pattern, theComposites of surfactants and non-amphiphilic conjugated

‘boards’ (e.g. poly(3-alkylthiophene)) have also been exten- preferred transoid conformation of adjacent thiophene units
will allow all the hydrophilic groups to interact with water ifsively studied.66,67 Conductivities ranging between 10 and 100

S cm−1 are typically measured for such systems in the most these molecules are spread on a water surface. Conversely, the
hydrophobic substituents will all point away from the waterfavorable cases (Table 3, f ). The in-plane structure of these

systems has not been studied so far. surface resulting in a molecular structure that is highly conju-
gated and amphiphilic. Owing to the relatively large spacingMultilayer LB films of non-amphiphilic polyphenylene

derivatives possessing large dichroic ratios have been studied between the alkyl chains, which is imposed by the polymer
backbone, there is room for an adjacent polymer floating onin relation to light emitting diodes and other applications.68–70

The in-plane structure of these films is suggested to be similar the water surface to dock to the first polymer leading to a
close-packed p-stacked structure in which adjacent pre-to that of hairy rods, i.e. stacked lamellae of the polymer

molecules. The resemblance to hairy rods rather than hairy organized polymers are displaced along the polymer direction
by one thiophene unit (Figs. 11 and 12). The self-assemblyboards is presumably due to the twisted backbone in the

polyphenylene polymer causing poor electronic interactions process on the water surface eventually results in the form-
ation of highly ordered (crystalline) domains. These areboth along the polymer and between adjacent chains. High

electrical conductivity can therefore not be expected from shown by X-ray diffraction ( XRD) to have a local structure
similar to structures known from studies of thick films ofthese systems.
regioregular poly(3-alkylthiophene) where electrical conduc-
tivities as high as 1000 S cm−1 are found for doped2.4.1 Langmuir–Blodgett films of amphiphilic regioregular

polythiophenes. In this section we will discuss briefly a concrete samples.60,62,71,72
The structure of the Langmuir monolayer of poly(3∞-realization of the above ideas of hinging functional sub-units
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Fig. 13 Summary of the self-assembly process of the amphiphilic
polythiophene derivatives on the water surface.

trioxanonyl )-2,2∞-bithiophene) by LB deposition to a substrate
that has been patterned into hydrophilic and hydrophobic
areas results in the replication of the pattern with polythi-
ophene domains covering the hydrophilic areas only. This has
been demonstrated by patterning a gold coated silicon wafer

Fig. 12 A: Side view of repeat unit of amphiphilic polythiophene by microcontact printing75 with a pattern taken from an
organized on a water surface. B: Top view of the thiophene units electronic chip (Fig. 14A).63,64 When transfer occurs at the up
(boxes) in a centered rectangular unit cell with a=7.66 and b=7.67 Å

stroke, the monolayer only sticks to the hydrophilic areas ofrepresentative of the monolayer packing. The gray scales designate
the substrate and selective transfer of the monolayer results.the two different orientations of the thiophene units in the cell as
After transfer, imaging by atomic force microscopy shows theindicated in A.
micro chip pattern now with conducting parts represented as
2.5 nm high lanes of p-stacked polythiophene (Fig. 14B). Thisdodecyl-4∞-(2,5,8-trioxanonyl )-2,2∞-bithiophene) compressed

to 30 mN m−1 pressure has very recently been studied by result demonstrates that the ‘hydrophobic effect’ known to
play a central role in biology in defining the structure ofgrazing incidence diffraction (GID) of synchrotron X-

rays63,65,73 as described for 2-octadecylsulfanyl-p-benzoquin- biomolecules can also be exploited to structure molecular
electronic systems on solid supports.one in section 2.3.7,31,34 A superposition of three peaks,

corresponding to interplanar spacings of 3.84 and 5.42 Å for
the narrow peaks and #4.6 Å for the broad peak, is 2.4.3 Conductivity of polythiophene monolayers. In the

characterization of conducting monolayers the size of theobserved.63 The resulting unit cell is shown in Fig. 12.
The width of the domains giving rise to coherent scattering, sample area under investigation can be a key factor for the

outcome of the measurement because of the polycrystallineinferred from the diffraction peak widths,65 corresponds
roughly to 13 parallel polythiophene chains forming a bundle nature of the sample. Pseudo 2-dimensional monolayers are

furthermore highly sensitive to disorder and impurities, soof highly structured molecular (semi)conductors. The size of
the domain along the direction of the polymers is presumably macroscopic measurements of conductivity may not reveal a

true picture of the intrinsic local conductivity. To relate thenot less than the average polymer length amounting to about
400 Å (M#21 000).63,74 Hence, the self-assembly process at supramolecular structure to the conductivity it is therefore

necessary to develop methods for probing the electronic trans-the water surface has led to an organization of more than 100
efficiently conjugated thiophene units along the polymer back- port properties also on the nanoscale. AFM microscopes

equipped with Kelvin Force capabilities76 represent one of thebone stacked in bundles of 10–15 units. This is illustrated in
Fig. 13 which summarizes the monolayer data. The domains few examples of such possibilities. In particular this technique

allows the doping state of a thin film to be characterizedcan be packed on the surface so that the entire surface is
covered by an organic equivalent of a polycrystalline semicon- because the technique maps out the electrochemical potential

of the surface with nanometre resolution. This is illustrated inductor wafer. The amphiphilic nature of the film allows
nanoscale manipulations through the hydrophobic effect as Fig. 15 showing a Kelvin Force AFM scan of an AuCl3

doped monolayer of poly(3-dodecyl-4∞-(2,5,8-trioxanonyl )-described briefly below.
2,2∞-bithiophene) on a SiO2 wafer. The monolayer is deposited
by horizontal dipping rendering the polar groups outwards as2.4.2 Self-assembly of electronic circuit structures of polythi-

ophene. Transfer of monolayers of poly(3-dodecyl-4∞-(2,5,8- indicated in Fig. 15A. Fig. 15B shows a height scan of the
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Fig. 14 A: Atomic force microscopy image of the ‘master’ electronic chip used as model for preparation of a polydimethylsiloxane (PDMS)
stamp for microcontact printing of alkylthioles on gold. B: Replica of the chip now as 2.5 nm high polythiophene ‘wires’. The picture is a
contact mode AFM image of a gold coated silicon wafer patterned into hydrophobic and hydrophilic areas by micro contact printing with
hydrophobic and hydrophilically terminated alkylthioles. Subsequently, the wafer has been drawn out of a Langmuir trough with a monolayer
of amphiphilic polythiophenes on the surface by the Langmuir–Blodgett technique as illustrated in C.63,64 The amphiphilic polythiophene only
sticks to the hydrophilic areas resulting in a replication of the original electronic chip pattern. D: Schematic illustration of cross section of the
AFM micrograph, B, along the depicted solid line.

doped film and the black dots on the micrograph correspond be further simplified; and one possibility for doing this seems
to be exemplified by designing amphiphilic hairy boards byto the location of gold clusters, which are formed during the

oxidation of the film. Since the cantilever used in the experi- hinging molecular surfactants together. The assembly process
of these macromolecules can be described as a stepwise processment is covered with gold, these clusters turn up as dark spots

with 0 V potential difference to the gold on the cantilever as illustrated in Fig. 13. (i) The individual macromolecules are
pre-organized as floating boards on the water surface bywhich serves as a reference for the potential measurement.

The screening of the clusters by the monolayer is clearly visible proper design of the hydrophilic/hydrophobic substituents on
the polymeric core. The long axis of these pre-organizedas shadows around each cluster (Fig. 15C ). In between the

gold clusters a uniformly doped monolayer of polythiophene objects is confined to the plane of the water surface (Fig. 13A,
B). (ii) The further assembly of the boards is now effectivelyis revealed. The conductivity of such monolayers is measured

to range between 50 and 100 S cm−1 as discussed in detail in a problem similar to ordering matches floating on water. Since
the individual boards can attract each other through p stackingforthcoming publications.71,77
they will cluster on the surface. The intermolecular interactions
between alkyl chains grafted onto the boards control the2.4.4 Summary of structural studies of Langmuir–Blodgett

films of amphiphilic hairy board polymers (Table 3, d). In relative orientation of adjacent p-stacked boards in the direc-
tion perpendicular to the p stack. In the case of amphiphilicsection 2.3 a number of problems that are inherent to func-

tionalized molecular surfactants with spatial mismatch between regioregular polythiophene derivatives the void space between
alkyl chains on one board will simply be filled by the similarlyhead and tail (Table 3, c) were described. In essence, the

competition between the optimum packing of either head or spaced alkyl chains on the adjacent board by displacing the
board by one thiophene unit relative to its neighbortail, combined with a substantial flexibility of the molecules,

appear as a hindrance to efficient crystal engineering at the 2- (Fig. 13C, D).
dimensional air–water interface. It is simply not enough to
reduce the dimensionality of the desired assembly process by 3 Discussion
one dimension as long as the molecules are still allowed total
rotational and orientational freedom as well as access to Spin cast films of poly(3-alkylthiophene)s are presently being

developed as the organic constituents in field effect transis-numerous intramolecular configurations. The process has to
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Fig. 15 A: Schematic representation of Kelvin Force Microscopy: gold coated tapping mode tip is used both to determine the topography and
probe the local potential in the film which consists of polythiophene doped with AuCl3 (red circles), and gold clusters (yellow circle). B: The
topography micrograph of the film surface recorded simultaneously with (C) the Kelvin Force micrograph revealing the surface potential relative
to gold. Protrusions appear double due to tip artifact (double tip).

tors.78–80 For this application the carrier mobility is one of the films. Control of domain boundaries and the nano- and micro-
scale morphology in general is therefore very likely to becomeessential parameters to optimize. The work with field effect

transistors therefore has many analogies to that on optimiz- the main challenge in the future.
For use as good conductors, a substantial number of dopantsation of the conductivity in the doped polythiophene films. In

both cases the successful optimization will rely on improved need to be incorporated in the preorganized films. With regard
to the distribution of dopants the Kelvin Force microscopyunderstanding and control of the structure of the sample on

all scales. Langmuir–Blodgett films will probably not find their method offers new and intriguing possibilities which are likely
to contribute to our further understanding of this crucial step.way to mass produced organic field effect transistors because

they are too complicated to make. However, from the assembly The successfully doped film, in which a highly conjugated and
highly structured polymer is organized, will certainly be anpoint of view they are interesting ‘two dimensional’ analogues

to the three dimensional films. One advantage is that unique excellent conductor. The possibilities of obtaining supercon-
ductivity in such structures should also not be neglected.structural characterization, both using X-rays and scanning

probes, is possible. Furthermore, the morphology of the Finally the successful preparation of highly conducting multi-
layer LB films of conjugated polymers remains an intriguingmonomolecular layers is easier to characterize because they

are confined to an interface. It is therefore interesting that scientific goal. This not the least due to the resemblance of such
structures to quantum well systems known from semiconductorssystems in which the assembly is directed by p stacking

organize in the same type of structure both on the water to produce a wealth of new electronic phenomena.
surface and as bulk films.62,63 The polythiophene samples
described above provide one example of this (Table 3, d). 4 Conclusions and outlook
Very recent studies81 show that this analogy also holds for p-
stacked hairy disks (Table 3, h). Contrary to these systems, Since 1995, when conducting LB films were last reviewed, a

number of new studies have provided significantly higherthe p stacking is not sufficiently strong for the simple amphi-
philes with electroactive head groups (Table 3, c) to direct the values of the in-plane conductivity which now approaches 100

S cm−1 . This value has been reached for appropriately dopedformation of stable local structures in which the electroactive
groups are efficiently stacked. amphiphilic conjugated polymers (Table 3, d), and for mixed

films of simple surfactants with conjugated polymers or chargeOn the nano- and micro-metre scale interesting lessons may
also be learned by studying LB films. The effect of tilted alkyl transfer systems (Table 3 b, f ). The success of using conjugated

polymers for conducting LB films hence represents one of thechains, resulting in wide domain boundaries, is one example
of this which gives an important pointer to new molecular major steps forward since 1995.

New structural techniques comprising scattering fromdesigns: to minimize domain boundaries tilted alkyl chains
should simply be avoided. In spite of this type of information, Langmuir films using synchrotron radiation, and atomic force

microscopy to characterize molecular and nanoscale structurethere is still a long way to go before the boundary formation
is fully understood and brought under control even in LB of Langmuir–Blodgett films, have opened a new window for
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