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The most interesting results obtained during 20 years of studies on reticulate doped poly-
mers preparation and properties are reviewed. All developed methods of preparation are
described and the influence of different parameters on the properties of obtained materi-
als is briefly discussed. The stress is put not so much on the electrical properties but on the
aspects of preparation and on the properties, which are interesting but deserved less at-
tention till now like structure, morphology and composition of the microcrystals and
their transformations, optical, magnetic and other properties.
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1. Introduction

The interest in organic conductors — charge transfer (CT) complexes was largely
stimulated by the discovery of highly conductive complexes, which show metal-like
temperature dependence of electrical conductivity in a broad temperature range — or-
ganic metals [1]. There was a great hope that organic conductors can find in the near
future practical applications, especially if Little’s idea of excitonic coupling mecha-
nism leading to high temperature superconductivity in organic systems [2] would
come truth. All the studies were performed on tiny single crystals or compacted pel-
lets. Neither of these forms seemed suitable for applications, mostly due to their poor
mechanical properties. One of possible solutions was embedding such conductive CT
complexes into a polymer, thereby combining high electrical conductivity of CT
complex and good mechanical properties of a polymer matrix. First attempts were not
really successful. To obtain conductive material high loadings (ca. 15%) were neces-
sary and the properties were poor [3]. This approach was to find a good solvent and a
polymer that could accommodate a lot of CT complex molecules. We tried at first to
follow the same way using recently discovered organic metal TTT-TCNQ, (tetra-
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thiotetracene-tetracyanoquinodimethane) (chemical structures of the compounds in-
vestigated can be found in Table 1). It was poorly soluble and it was our luck. We had
to use a low concentration but we obtained a surprisingly well conductive material!
This was the discovery that was the beginning of a new class of conductive polymer
composites: reticulate doped polymers (RDP) [4,5].

Since then over 70 scientists from different laboratories in 15 countries published
well over 100 papers exploring the possibilities opened by this approach and trying to
explain different physical aspects of the phenomenon of reticulate doping. The pur-
pose of this paper is to summarize briefly all aspects of reticulate doping and the most
important results obtained during 20 years that passed since the first pioneering paper
[4] appeared.

Although reticulate doping was at the beginning oriented mainly towards prepa-
ration of useful conductive materials, it turns out that behind simple application as-
pects there is a wealth of interesting phenomena and properties. Even if it is difficult
to suggest for them some application at the moment, they are interesting from scien-
tific point of view expanding our knowledge of new, often unexpected phenomena,
which are observed when organic additive synthesis and/or crystallization proceeds
in the presence of a polymer. The purpose of this work is to review the most interest-
ing findings (especially these not lying in the main stream of interest — conductivity).

2. General

The general idea behind the slightly misleading term “reticulate doping” is that
(contrary to inorganic semiconductors) the active “dopant” forms a separate reticu-
late phase, which penetrates an inert matrix or at least its surface layer. The electro-
active phase is usually a conductive CT complex. The inert matrix till now was
always a polymer. Such phase separated composite systems were of course known be-
fore, e.g. metals or carbon blacks were used as conductive phase. The originality of
reticulate doping consists in formation of the conductive phase crystals and of their
network in situ. This was the main difference as compared with two-phase systems
prepared by mixing of polymers with a conductive phase — crystallization in situ dur-
ing polymer matrix solidification leads to a specific organization of the conductive
phase within the matrix and allows its control. Indeed, by proper adjustment of the
crystallization conditions, it is possible to control the size of dopant grains, their form
(aspect ratio) and connectivity of the conductive phase. Practically unlimited possi-
bilities of changing composition of the system: using different conductive com-
plexes, polymers and solvents makes this method very flexible.

This basic approach was used in two variants called one-step and two-step
method, which led to three dimensional and two dimensional networks respectively.
Because both preparation technique and morphology of the obtained materials are
different, they will be discussed separately.

About 50 organic conductors or semiconductors and a dozen of polymer matrices
have been used to obtain conductive composites of different mechanical, electrical
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and optical properties. Some of the materials developed were patented [5—12] and
produced for several years. Bulk conductive systems have received at first bigger at-
tention, both from scientific and practical point of view. Early results are reviewed
more or less extensively in [13—15]. From the application point of view, the most at-
tractive feature of RDP is the very low percolation threshold (below 1 wt.%.), which
in turnresults in high transparency and negligible deterioration of mechanical proper-
ties of the conductive films as compared with pure polymer matrix. The most serious
disadvantage is their rather low resistance to organic solvents, which is inherently re-
lated to the wet method of preparation.

3. Preparation and morphology

3.1 3D networks — bulk conductive systems.

3.1.1 Preparation — one step method. In materials belonging to these classes a
3D network of additive crystallites penetrates the bulk of a polymer matrix. It is
achieved by preparing a solution containing the additive and the polymer in a com-
mon solvent and casting a film in appropriate conditions. The composition of the so-
lution, temperature and the solvent evaporation rate must be chosen so that the
additive crystallization begins at an appropriate stage of the solvent evaporation and
proceeds in non-equilibrium conditions. Because of the several parameters which in-
fluence the crystallization obtaining of a good material is usually a matter of both
knowledge and art. The influence of different parameters on the network morphology
was extensively studied by A. Tracz who developed also a mathematical model of the
composite film casting [15,16]. The most important conclusion is that the crucial pa-
rameters are crystallization rate and supersaturation at the beginning of crystalliza-
tion, which in turn are controlled to a large extent by viscosity (beside of solvent
evaporation rate and temperature). It is the interplay of viscosity that increases rap-
idly in the last stage of film formation and of the additive crystallization rate, which
determines the habit of the crystals as well as their aspect ratio and, therefore, the per-
colation properties of the network.

These findings can be used as guidelines, but still different systems can behave in
a somewhat different way and the choice of casting conditions can be additionally
limited by the requirements of good polymer film quality, its thickness, casting time
and so on.

In particular the importance of the film thickness was usually underestimated. It
is shown in [15,16] that the thickness of the cast solution is also an important parame-
ter, which influences the crystallization conditions and, thereby, network morphol-
ogy (sometimes also its composition). In most studies the films were 15-30 pm thick,
castin a usual way. In some cases it was shown that different techniques could also be
used. Some systems with TTT salts or TTF-TCNQ were prepared as very thin films
by spin-casting or doctor blade technique [17,18]. In the case of TTT(CuCl,)g45 or
tetraselenoteracene halides (e.g (TSeT),Cl) spray deposition can also beused [17].
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3.1.2 Morphology. For most of the systems studied the morphology of the
crystalline conductive network was studied using optical microscopy. Because the ad-
ditive crystals are embedded in the polymer matrix, the studies using electron micro-
scopy are difficult and are very scarce. Even spin cast films are too thick for transmis-
sion microscopy and only in some systems the crystals can be observed on the surface
using standard scanning electron microscope [19]. The best results were obtained us-
ing TEM, provided with a scanning attachment, which allows using high energy elec-
trons which penetrate deeper into the polymer matrix [20]. These studies revealed
nanoscopic structure of the networks of TTT-TCNQ, which consisted not of branched
microcrystals, as suggested by optical microscopy, but bundles of several um long
and only ca. 200 nm thick whiskers [20-22]. At this time it was not realised that these
were one of the first organic nanowires obtained.

Most images in the literature presented the morphology of the best conductive
systems obtained by the authors. Generally good results, i.e. conductive systems at
low additive content, were obtained for additives, which form crystals of high aspect
ratio (as expected from percolation theory). An additional feature observed in most
cases was branching of microcrystals, leading in many cases to dendritic structures
although e.g. in [11,17] branching is not observed and percolation threshold is low.
The influence of casting conditions on film morphology is best documented in
[15,16]. For the same system polymer-solvent-additive, the crystal form strongly de-
pends on the crystallization conditions. The rule is that the more rapid and the more
effective is the network formation, which is due to growth of non-equilibrium forms
of very high aspect ratio — long branched needles or whiskers. Topology of such net-
works could be described in terms of fractal theory, but because of the difficulty in de-
tailed imaging of the network only few attempts have been made [23].

3.2 2D networks — surface conductive systems.

3.2.1 Preparation — two step method. In the materials belonging to this class a
quasi-2D network of additive crystallites penetrates the bulk of polymer matrix. It is
achieved in a two-step process: first preparing a solution containing the additive and
the polymer in a common solvent and casting a film at elevated temperature. The
composition of the solution, temperature and solvent evaporation rate must be chosen
so that the additive crystallization does not take place. The film obtained contains a
“molecularly” dispersed additive, so its electrical conductivity is practically the same
as that of pure polymer. Such film is in the second step treated with a solvent vapour,
which increases the molecular mobility and results in swelling of the polymer matrix
and controlled crystallization of the additive in the surface layer of the film. Under ap-
propriate conditions, the network is continuous and after drying a surface conductive
material is obtained [9,24].

Another procedure developed later [25] is to start with a solid solution of a donor
alone and to treat it with mixed vapours of a solvent and of a volatile electron accep-
tor, like iodine or bromine. This method was the most widely used, because it allowed
using as additives an interesting class of molecular metals and superconductors,
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based on bis(ethylene(tetrathiofulvalene)) abbreviated as BEDT-TTF or ET [25-27]
and its oxygen substituted analogue BEDO-TTF or BO [28].

In both methods there are three most important parameters, which should be opti-
mized: kind of the solvent (or mixture of solvent), the treatment time and the vapour
partial pressure. Usually procedure is such that the solvent, which allows some flexi-
bility in other parameters, is selected first and then the optimum time is found. In the
case of treatment with acceptor vapours, solutions e.g. of iodine in methylene chlo-
ride are used, thus an additional very important parameter is the acceptor concentra-
tion [25-29]. Vapour treatment is usually performed at room temperature, but in
principle the temperature can also be changed to control better the crystallization con-
ditions and in some cases to obtain crystallization of a different phase. This approach
was successfully used to obtain directly the superconducting B-ET,I; form [30] (ele-
vated temperatures ca. 90°C) and transparent colourless BO iodide (low tempera-
tures) [31]. It is also possible to swell the pristine polymer film with a liquid solvent,
usually with appropriate mixture of solvents, containing (if needed) an electron ac-
ceptor. This method gives conducting films with less uniform properties and it was
used only for TTF-TCNQ [8] and non soluble organic superconductor ET,CuNCS [32].

3.2.2 Morphology. Micro- or nanocrystals forming 2D networks on the film sur-
face are generally much smaller and they can hardly be visible under optical micro-
scope. Their morphology was, therefore, studied using first SEM [20,28-30] and
later AFM and STM [33,34]. In most cases the microcrystals have a form of platelets
(sometimes elongated but not needles) lying flat parallel to the surface of the film, so
the material is highly anisotropic. The network is therefore quasi-2D not only from
the point of view of electrical conductivity, but also from the point of view of the ori-
entation of the crystal c-axis perpendicular to the platelet plane, which is usually the
plane of high conductivity.

Therefore, such a RD film is as a matter of fact composed of an insulating polymer
support (which is practically additive-free) and a submicrometer layer of oriented
nanocrystals on one surface. This led Laukhina et al. to use the term “bilayered films”
(BL) as equivalent of RDP films, obtained using two step method [35,36]. The high
orientation of nanocrystals allows X-ray studies of the subtle changes of the crystal
structure e.g. [34,37]. All the imaging techniques mentioned above allow
visualization of the film surface. To find out if there are microcrystals lying deeper in
the polymer, etching techniques must be used. Using chemical and plasma etching it
has been found that there are also somewhat deeper laying, usually bigger, well
formed microcrystals [34].

It was evident from the beginning that some crystals are not covered by the poly-
mer, because the good electrical contact to such systems can be obtained by gentle
touching with a thin metal wire. It was, however, surprising that so many crystals are
on the surface that even STM observations (which require in principle that the sample
is conductive on all its surface in submicrometer scale) are possible [34]. Morphology
of 2D networks is different in some systems (e.g. PC/TTT-TCNQ), where the addi-
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tive also forms platelets (contrary to 3D systems with the same CT complex), but
these platelets are oriented perpendicular to the film surface [20].

3.2.3 Role of the solvent. In the case of the two step method, the role of the sol-
vent is different in the two steps. In the first step a good solvent should be chosen, be-
cause it enables an easier preparation of the solid solution (polymer film with
molecular dispersion of the additive). It is generally much easier if a donor (or accep-
tor ) and not a CT complex is to be dissolved. In the second step, when the film is
treated with solvent vapours, solubility of the additive must be low, thus, poor sol-
vents give good results. It is not of primary importance, if the additive solubility is so
low that the pristine film has to be obtained at high temperature. It is also important if
the solvent is a good or poor solvent of the polymer, because it determines the quality
of the network in a different way for different additives.

For instance in the one of the most thoroughly studied system PC+ET),l; it has
been found that the best results are obtained using methylene chloride and tetra-
hydrofurane, while treatment with for instance chlorobenzene results in crystalliza-
tion of the organic metal (as confirmed by UV-Vis-NIR spectra), but the crystals do
not form a conductive network. Ethylenechloride or 1,1,2-trichloroethane give (at
room temperature) the films, which become conductive only after additional anneal-
ing. It is due to a too high iodine content in the microcrystals, but reduction of iodine
concentration also yields non conductive films, because additive crystallization takes
place also deep within polymer film (see [25,29] for more detailed discussion). The
kind of solvent can also have an influence on the crystal structure e.g. only a small
amount of o-dichlorobenzene in the film (cast from this solvent) leads to crystalliza-
tion of B-ET,I; instead of a-ET,I; [29]. Generally, it seems that in the case of
plate-like crystals good quality, well oriented networks are obtained when the
crystallization proceeds on the phase boundary solvent vapour/solution. The author’s
experiments on ET solution without polymer placed in I, vapours, in which a layer of
ET,l; crystals formed at the interface, confirm this hypothesis. On the other hand, in
the case of well soluble complexes, swelling with poor solvents of the polymer or
even solvents that can only slightly swell the matrix, leads to conductive networks.
For instance, in the case of PC/TTF-TCNQ system conductive networks were ob-
tained by swelling with acetone or dioxane.

3.3 Other preparation methods. Reticulate doped polymers were also obtained
using modified methods which should be briefly described. To obtain bulk conduc-
tive systems, using practically insoluble salts, people from Ciba-Geigy laboratories
modified the one step method. TSeT halides networks in polycarbonate were ob-
tained by selective chemical redox reaction during film casting. TSeT was oxidized in
situ with organic perhalides. The driving force is the insolubility of the salts formed,
so the growth of the microcrystals starts immediately after addition of halogen-
acceptor. In such a case the morphology of the network is not influenced by the type of
polymer or solution viscosity [38] (contrary to usual situation in the one step method).
Bulk conductive 3D conductive networks can also be obtained in two steps. Some or-
ganic electron donors (e.g. TTT) can crystallize in polymer matrices forming
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non-conductive, one-component continuous networks. Such networks can be subse-
quently rendered conductive by treatment with gaseous acceptor e.g. iodine. An im-
portant point is that donor microcrystals are transformed into corresponding CT
complexes without loosing continuity and connectivity of the network [34]. The term
‘three-step method’ has been recently used by Laukhina et al. [40] to describe the two
step method, followed by transformation of the conductive material in situ. This ap-
proach was used first to obtain organic superconductor network by phase transforma-
tion upon annealing at elevated temperature [27,41]. This term can also be used in the
future (but till now it was not) to describe a two-step method, followed by network
transformations by ion exchange (as described in [42]).

3.4 Network composition. Many organic donors and acceptors can form crystals
of different stoichiometry, depending on crystallization conditions and donor-to-
acceptor (D-A) ratio in the solution. As the crystallization conditions during RDP
preparation are non-equilibrium and change in time, it should be expected that
stoichiometry can be different from the input D-A ratio. Especially in 2D systems,
prepared by treatment with solvent/halogen vapours, the acceptor concentration in
the swollen layer depends on the distance from the surface and changes in time. Gen-
erally, it is difficult to prove real stoichiometry. In 3D systems in no case a direct evi-
dence from X-ray diffraction could be obtained. Indirect arguments were provided in
many systems by studying conductivity dependence on donor-to-acceptor ratio. In
few cases the conductivity alone proves formation of a new, unknown before well
conductive phase: when RDP conductivity at low loading is similar or higher than
conductivity of pure additive crystals [43,44]. In some cases it is possible to deter-
mine stoichiometry by UV-Vis spectra. The difference in absorption between com-
plexed and neutral molecules must be big enough to be used for quantitative
measurements (usually it is not, because of overlapping of absorption maxima of dif-
ferent components). Such analysis was, therefore, done only in few cases, the best
documented being TTT-TCNQ in PC [45]. The most interesting result shown in this
paper is that for the same input D-A ratio, the network stoichiometry strongly de-
pends on the casting temperature i.e. on the crystallization rate. Different stoi-
chiometry of whiskers was confirmed latter by ESR studies [46].

In the 2D systems with halogen acceptors (mostly iodine) it was shown that the
stoichiometry of the crystals, being formed, depends on halogen concentration during
vapour treatment. In particular, using too high concentration leads to formation of
non-conducting salts. However, in this case, due to high orientation of microcrystals,
itis possible to use UV-Vis and Raman spectra as well as X-ray diffraction to identify
the not only the stoichiometry but even the crystal form (a., B ect.). More detailed up
to date discussion of the influence of different phenomena can be found in [27,33,34].

3.5 Network transformations. Reticulate doping technique is unique in provid-
ing an organized stabilized assembly of micro and nanocrystals of usually well de-
fined size and orientation. Especially in the case of 2D networks, these crystals are
well oriented and located in the surface layer or directly on the surface. It provides a
unique opportunity to perform and study their properties and transformations. Con-
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trary to millimetre-size crystals such submicroscopic, often less than 50 nm thick
crystallites, usually transform quickly, completely and the crystal “survives” phase
transformations. In other cases the network can recrystallize, which leads to new
microcrystalline network.

The most thoroughly studied transformation was the temperature induced trans-
formation of the kinetically favoured a-phase to superconducting - or ar-phase of
Etyl5 (see [27] for a more extensive discussion). Even more interesting is, however,
the possibility of ion exchange without loosing continuity of the network. Different
aspects of this phenomenon are discussed in [34,42,47].

3.6 The role of polymer matrix. The fact that not only mechanical properties of
the film, but also the morphology of the conductive network depends on the chemical
structure of the polymer matrix was discovered at the very beginning. The fundamen-
talrole of the “inert” polymer in the reticulate doping process is something that makes
this technique particular and flexible. Contrary to widely used methods of mechani-
cal mixing of polymers with fillers in RD, the polymer matrix is not just an inert
binder. Of course in the solid film its role is similar — it determines the mechanical
properties and to a large extend resistance to heat, solvents etzc. However, in RD the
polymer-solvent system is an active component, controlling the additive crystalliza-
tion. Starting solutions contain usually around 5% ofthe polymer used, so it is the sol-
vent that determines the additive solubility. However, the requirement of high
viscosity during additive the crystallization imposes that the polymer concentration
at this stage of solvent evaporation is much higher (of the order of 50%) and growing
up to around 95% at the moment of solidification when further crystallization is hin-
dered. It means, that the kind of polymer (its polarity specific interactions) has a dom-
inant influence on the additive solubility and, therefore, crystallization conditions at
this stage. It has been found that in some polymers e.g. chlorinated PS crystallization
of the same additive that formed microcrystals in PS was practically not observed, in
spite of using the same or even higher concentration. Chemical structure and stiffness
of the polymer chain has also, beside of molecular weight, a profound influence on
the solution viscosity. Very recently it has been found, that also mechanical stress of
the polymer matrix, due to its contraction during solidification or cooling, can have a
profound influence on the additive crystals properties (see [34] for detailed discussion).

3.6.1 Semicrystalline polymeric matrices — mutual influence on crystalliza-
tion of an additive and the polymer. Semicrystalline polymers can also be used as
macromolecular matrices [19] and in such case crystallizations of the two com-
ponents influence each other. From the point of view of the network formation, the
crystallization of the polymer matrix is generally advantageous, because the low mole-
cular weight additive is “pushed out” of the growing polymer crystallites and the ef-
fectiveness of its crystallization is high. In polyolefines (PE, PP) practically all the
amount of the additive crystallizes as evidenced by UV-Vis spectra. In the case of
polymers, which can be used either as amorphous or as semicrystalline (e.g. PS), this
effect and its influence on the network morphology is most clearly observed. In prin-
ciple, depending on the casting conditions it is either the additive or the polymer
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which crystallizes first [19]. In most cases, however, the networks which have good
connectivity are obtained under such conditions that the additive crystallizes first. In
such a case, the influence of the additive network on polymer crystallization is also
observed, leading to modified film properties. Transcrystallization of the polymer on
organic conductor micocrystals has been observed in PE, PP isotactic PS and PVDF.
More detailed studies have been performed on PVDF, where the presence of TTF-
TCNQ network was found to lead also the preferential crystallization of PVDF, as a
piezoelectric B-phase, instead of electrically non-active a.-phase [48]. An influence
of TTF-TCNQ network on crystallization of PE and on mechanical properties of the
films (also oriented by stretching) was also studied [49]. Nucleation of polymer
crystallization on the microcrystals of the additive can have an important influence on
polymer film properties. For instance polypropylene films cast with 1% of TTF-
TCNQ have good mechanical properties, while cast at the same conditions without
the additive are granular, non continuous.

3.7 Anisotropic networks. The possibility to control network formation by
changing crystallization conditions was also used to obtain highly anisotropic net-
works and thereby films of high electrical and optical anisotropy [50,51]. The method
developed was called zone casting technique. It consists in a continuous providing of
solution, being cast on a moving support using a flat nozzle. Solvent evaporation
takes place in a narrow zone of solution meniscus and the resulting gradient of the ad-
ditive concentration makes the crystallization conditions highly anisotropic with
preferential crystal growth the direction of move. In these experiments PC, PE and PP
were used as polymer matrices and TTT-TCNQ or TTF-TCNQ as conductive phase
[50,51].

4. Properties

4.1 Electrical properties.

Electrical conductivity was always considered to be the most interesting property
of RDP and it is reported in practically all papers on these materials. However, sys-
tematic studies involving temperature and frequency dependence are scarce. The
most complete and detailed investigations were carried by Ulanski et al. for selected
systems [52—54 and references cited therein]. There are several aspects of electrical
properties of such systems that are interesting and astonishing: low percolation
threshold (even below 0.003 [21]), network continuity and surprisingly high conduc-
tivity (often higher than the upper limit obtained using Clausius-Mossotti approxima-
tion). Detailed results for different systems and their discussion can be found in
[12-14,52,54] and it will not be presented here. It is worth to note that also supported
current densities are surprisingly high (15-25 A/cm? at 1% additive content [17]). It
means that the current densities in the conductive crystals must be of the order of at
least 2000 A/cm? (similar estimation for different systems was made in [52,54]). This
can only be possible, because of an efficient dissipation of Joule’s heat, due to embed-
ding of the microcrystals in a polymer matrix.
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In recent years most of the effort was, however, devoted to surface-conducting
systems, in which conductive networks are formed of 2D organic metals and espe-
cially superconductors. First fully organic composite, showing superconductive tran-
sition, was obtained by thermal transformation of a-ET,I; into superconductive
B-phase (called usullay ot) [55]. Properties of the obtained materials and different as-
pects of film preparation and transformation to the superconductive phase studied,
using different techniques, are summarized in [27]. The most interesting point is that
in spite of polycrystalline morphology of the network and its recrystallization during
thermal transformation [34,56], an onset of superconductive transition at around 4K
is observed in d.c. measurements [55] (in spite of several attempts by different groups
it was never achieved in polycrystalline layers without a polymer matrix [27]). The
fact, that the transition temperature was lower by ca. 3 K as compared with single
crystals transformed in the same way, was recently explained by Tracz [57,58] as due
to the pressure of the polymer matrix at low temperatures, due to different thermal ex-
pansion factors of the organic metal and the polymer matrix. Generally, it should be
stressed that properties of the 2D networks, formed of organic conductors in which
electronic structure is quasi-two dimensional, are not much different from the corre-
sponding single crystals. It is not the case if the crystals are quasi-1D conductors, be-
cause in such case the network properties are much more sensitive to defects.
Thermoelectric power and its temperature dependence has been measured only in
several systems [59], although it provides a valuable information, complementary to
conductivity. This is due to different weight contribution of imperfect network ele-
ments. The sign of thermopower can show metallic character of dominant network el-
ements in spite of semiconductor-like temperature dependence of conductivity (e.g.
in PE+TTF-TCNQ).

4.2 Magnetic properties.

The magnetic properties, mostly electron spin resonance (ESR) are a useful and
sensitive tool, giving insight into properties of the crystalline network, because most
of organic conductors give strong ESR signals, while neutral molecules including
polymer matrix give only negligible impurity signals. It is, therefore, surprising that
there are only few papers in which this technique was used. Thorough studies were
done for TTT-TCNQ and TTF-TCNQ networks in PC [46,60]. It was shown that de-
tailed analysis of ESR spectra can provide information on the stoichiometry of the
crystals, concentration of defects and average orientation. The conclusions, which
probably apply also to other similar systems, were that (a) orientation of the micro-
crystals in the plane of the film is high (higher than expected, also in the case of 3D
networks), (b) concentration of defects, generally quite high 1-3% (as expected for
non-equilibrium crystallization), is non-uniform and perfection of the structure of a
considerable part of the network is quite good (below 0.2% of defects). ESR studies
of'the networks of cation radicals TTF dicarboxylate in poly(vinyl alcohol) have also
shown high orientation of the microcrystals in the plane of the film [61]. By compari-
son with single-crystal data on g-factor splitting and temperature dependence of
linewidth and spin susceptibility, one can identify the crystal phase and/or stoi-
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the additive degradation, which is responsible for deterioration of the material prop-
erties, although in many RDPs even after annealing for weeks the conductivity de-
creases, but still remains high (e.g. [17]). In the commercial films produced by
CIBA-Geigy (TSeT),Cl (stable even above 470 K) was used.

Resistance to organic solvents, similar to those used for preparation, is of course
low. In most cases it is the polymer matrix, which is much more sensitive than the ad-
ditive. Most of the systems studied are resistant to water. Recently RDP were ob-
tained also from water solutions [61] and these are more resistant to organic solvents,
but of course not to water. These systems based on poly(vinyl alcohol) are also
biocompatible. Last but not least it should be mentioned that diffusion controlled
crystallization allows a reduction of the size of the crystals obtained down to
nanoscopic level [20,21,34,64]. This possibility has been little exploited till now and
new properties of organic conductors related to nanosize can be found.

5. Applications

The first and the simplest idea of application was to use RD polymer films, as
antistatic films mostly for packaging sensitive electronic elements. Also for shielding
and absorbing of electromagnetic radiation (first of all in military applications) con-
ductive needles embedded in an insulating matrix are a material of choice. No infor-
mation on such applications was, however, widespread.

High transparency of some RDP’s (up to 95% both for 2D and 3D systems) makes
them potentially interesting for preparing electrodes in displays, based on liquid crys-
tals and smart windows [17]. Of several attempts [17,65—67] only Ciba-Geigy
[17,67] presented displays some 200 cm’ big. The biggest problem in this case is gen-
erally the low resistance of organic conductors to chemical and especially electro-
chemical degradation, due to ions present in liquid crystals. The organic conductor
used must be very stable or it must be protected by an additional layer, which how-
ever, is not much discouraging since ITO electrodes are usually also covered by a
polymer layer.

Several papers were devoted to studies of heterojunctions of RDP with metals or
inorganic semiconductors [68—70]. Rectifying junctions (rectification ratio up to 10*)
were obtained with some metals and especially with Si. Such junctions are more sen-
sitive to some gases than the conductivity of the film itself and sensor properties were
studied [68]. Gas sensors can also be made using single component networks [39], in
which the conductivity changes by several orders of magnitude on doping (as docu-
mented for iodine) and transformations of 2D networks especially of BO salts, which
can be reversibly cycled between forms which differ in conductivity and optical
properties [42]. Different thermoelectric power makes possible the preparation of
thermocouples based on two different RDP films or RDP and metals [71]. Such ther-
mocouples are flat and very thin (below 40 pm), so they can be useful for measuring
temperature gradients between flat surfaces.



216 J.K. Jeszka

6. Conclusions

The purpose of this work was to present a concept, which led to production of ma-
terials using a unique feature of organic conductors — solubility in organic solvents
and controlled crystallization and the most important results, collected in Table 1.
Summarizing briefly 20 years of studies we find that many ways, leading to new pos-
sibilities and new phenomena, have been exploited to a limited extend. From the sci-
entific point of view, it should be stressed that especially the two-step method
provides highly oriented polycrystalline layers that show the properties very similar
to those of single crystals. It gives a unique possibility to study properties of the crys-
tals and their interactions with environment.

Atthe moment it seems that the immense progress, made in last years in develop-
ing new materials based on organic conjugated polymers, rewarded in 2000 with the
Nobel Prize, has took most of the potential market and interest for organic conduc-
tors. However, the systems involving low molecular weight “organic metals” have
still a considerable potential, also from practical point of view.
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